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Preface

This book is about RF power amplifiers used in wireless communications and many other RF
applications. It is intended as a concept-oriented textbook at the senior and graduate levels
for students majoring in electrical engineering, as well as a reference for practicing engineers
in the area of RF power electronics. The purpose of the book is to provide foundations
for RF power amplifiers, efficiency improvement, and linearization techniques. Class A, B,
C, D, E, DE, and F RF power amplifiers are analyzed and design procedures are given.
Impedance transformation is covered. Various linearization techniques are explored, such
as predistortion, feedforward, and negative feedback techniques. Efficiency improvement
methods are also studied, such as envelope elimination and restoration, envelope tracking,
Doherty amplifier, and outphasing techniques. Integrated inductors are also studied.

The textbook assumes that the student is familiar with general circuit analysis techniques,
semiconductor devices, linear systems, and electronic circuits. A communications course is
also very helpful.

I wish to express my sincere thanks to Simone Taylor, Publisher, Engineering Technology,
Jo Bucknall, Assistant Editor, and Erica Peters, Content Editor. It has been a real pleasure
working with them. Last but not least, I wish to thank my family for the support.

I am pleased to express my gratitude to Nisha Das for the MATLAB figures. The
author would welcome and greatly appreciate suggestions and corrections from readers,
for improvements in the technical content as well as the presentation style.

Marian K. Kazimierczuk
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Introduction

1.1 Block Diagram of RF Power Amplifiers

A power amplifier [1-15] is a key element to build a wireless communication system
successfully. To minimize interference and spectral re-growth, transmitters must be linear.
A block diagram of an RF power amplifier is shown in Figure 1.1. It consists of a transistor
(MOSFET, MESFET, or BJT), output network, input network, and RF choke. In RF power
amplifiers, a transistor can be operated

e as a dependent-current source;
e as a switch;

e in overdriven mode (partially as a dependent source and partially as a switch).

Figure 1.2(a) shows a model of an RF power amplifier in which the transistor is operated
as a voltage- or current-dependent current source. When a MOSFET is operated as a depen-
dent current source, the drain current waveform is determined by the gate-to-source voltage
waveform and the transistor operating point. The drain voltage waveform is determined
by the dependent current source and the load network impedance. When a MOSFET is
operated as a switch, the switch voltage is nearly zero when the switch is ON and the drain
current is determined by the external circuit due to the switching action of the transistor.
When the switch is OFF, the switch current is zero and the switch voltage is determined by
the external circuit response.

In order to operate the MOSFET as a dependent-current source, the transistor cannot
enter the ohmic region. It must be operated in the active region, also called the pinch-
off region or the saturation region. Therefore, the drain-to-source voltage vps must be
kept higher than the minimum value Vpgyin, i.€., vps > Vpsmin = Vs — Vi, where V; is
the transistor threshold voltage. When the transistor is operated as a dependent-current
source, the magnitudes of the drain current ip and the drain-to-source voltage vps are
nearly proportional to the magnitude of the gate-to-source voltage vgs. Therefore, this type

RF Power Amplifiers  Marian K. Kazimierczuk
© 2008 John Wiley & Sons, Ltd
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Figure 1.1

Block diagram of RF power amplifier.

Output
Network
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Figure 1.2 Modes of operation of transistor in RF power amplifiers. (a) Transistor as a dependent
current source. (b) Transistor as a switch.

of operation is suitable for linear power amplifiers. Amplitude linearity is important for
amplitude-modulated (AM) signals.

Figure 1.2(b) shows a model of an RF power amplifier in which the transistor is operated
as a switch. To operate the MOSFET as a switch, the transistor cannot enter the active
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region, also called the pinch-off region. It must remain in the ohmic region when it is ON
and in the cutoff region when it is OFF. To maintain the MOSFET in the ohmic region, it
is required that vpg < Vs — V,. If the gate-to-source voltage vgs is increased at a given
load impedance, the amplitude of the drain-to-source voltage vpg will increase, causing the
transistor to operate initially in the active region and then in the ohmic region. When the
transistor is operated as a switch, the magnitudes of the drain current ip and the drain-to-
source voltage vpg are independent of the magnitude of the gate-to-source voltage vgg. In
most applications, the transistor operated as a switch is driven by a rectangular gate-to-
source voltage vgs. A sinusoidal gate-to-source voltage Vg is used to drive a transistor
as a switch at very high frequencies, where it is difficult to generate rectangular voltages.
The reason to use the transistors as switches is to achieve high amplifier efficiency. When
the transistor conducts a high drain current ip, the drain-to-source voltage vps is low vpg,
resulting in low power loss.

If the transistor is driven by sinusoidal voltage vgs of high amplitude, the transistor is
overdriven. In this case, it operates in the active region when the instantaneous values of
vgs are low and as a switch when the instantaneous values of vgs are high.

The main functions of the output network are:

e impedance transformation;
e harmonic suppression;

o filtering of the spectrum of a signal with bandwidth BW to avoid interference with
communication signals in adjacent channels.

1.2 Classes of Operation of RF Power Amplifiers

The classification of RF power amplifiers with a transistor operated as a dependent-current
source is based on the conduction angle 26 of the drain current. Waveforms of the drain
current ip of a transistor operated as a dependent-source in various classes of operation
for sinusoidal gate-to-source voltage vgs are shown in Figure 1.3. The operating points for
various classes of operation are shown in Figure 1.4.

In Class A, the conduction angle 26 is 360°. The gate-to-source voltage vgs must be
higher than the transistor threshold voltage V;, i.e., vgs > V;. This is accomplished by
choosing the dc component of the gate-to-source voltage Vs sufficiently greater than
the threshold voltage of the transistor V; such that Vgg — Vi, > Vi, where Vg, is the
amplitude of the ac component of vgs. The dc drain current I, must be greater than the
amplitude of the ac component /,,, of the drain current i, . As a result, the transistor conducts
during the entire cycle.

In Class B, the conduction angle 26 is 180°. The dc component Vs of the gate-to-source
voltage vgs is equal to V; and the drain bias current I is zero. Therefore, the transistor
conducts for only half of the cycle.

In Class AB, the conduction angle 20 is between 180° and 360°. The dc component of
the gate-to-source voltage Vs is slightly above V; and the transistor is biased at a small
drain current Ip. As the name suggests, Class AB is the intermediate class between Class
A and Class B.

In Class C, the conduction angle 26 of the drain current is less than 180°. The operating
point is located in the cutoff region because Vs < V;. The drain bias current Ip is zero.
The transistor conducts for an interval less than half of the cycle.
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T 2n 3n ot 4n

(b)

I

2n 3n ot 4% T 2n 3t ot 4n

(© (d)

Figure 1.3 Waveforms of the drain current ip in various classes of operation. (a) Class A.
(b) Class B. (c) Class AB. (d) Class C.

Vps

(b)

Figure 1.4 Operating points for Classes A, B, AB, and C.

Class A, AB, and B operations are used in audio and RF power amplifiers, whereas
Class C is used only in RF power amplifiers.

The transistor is operated as a switch in Class D, E, and DE RF power amplifiers. In
Class F, the transistor can be operated as either a dependent current source or a switch.



INTRODUCTION 5

1.3 Parameters of RF Power Amplifiers

The dc supply power of an amplifier is
Py =1V;. (1.1)

When the resonant frequency of the output network f, is equal to the operating frequency
f, the power delivered by the drain to the output network (the drain power) is given by

1 1 V2
Pps = EImvm = E1,,21R = 2—}’; (1.2)

where I, is the amplitude of the fundamental component of the drain current ip, V,, is
the amplitude of the fundamental component of the drain-to-source voltage vps, and R is
the input resistance of the output network at the fundamental frequency. If the resonant
frequency f, is not equal to the operating frequency f, the drain power of the fundamental
component is given by

V2cos ¢
2R
where ¢ is the phase shift between the fundamental components of the drain current and

the drain-to-source voltage reduced by .

The power level is often referenced to 1 mW and is expressed as
[P(W)]
0.001
A dBm value or dBW value represents an actual power, whereas a dB value represents a

ratio of power, such as the power gain.
The instantaneous drain power dissipation is

1 1
Pps = 31nVin cos ¢ = EI,ﬁR cos¢p = (1.3)

P =10 log

(dBm) = —30 + 10 log[P (W)](dBW). (1.4)

pp(wt) = ipvps. (1.5)
The drain power dissipation is
1 2 1 2
Pp = —/ pp d(wt) = —/ ipvps d(wt) = P — Pps. (1.6)
27 Jo 27 Jo
The drain efficiency is
P P —P P
mp =28 17T __ D (1.7)
Py Py Py
The gate-drive power is
2w
P =— igvgs d(wt). (1.8)
2 0
For sinusoidal gate current and voltage,
Rglg,
PG = E gm Vgsm Cos g = ) (19)

where I, is the amplitude of the gate current, Vg, is the amplitude of the gate-to-source
voltage, Rg is the gate resistance, and ¢ is the phase shift between the fundamental
components of the gate current and the gate-to-source voltage.
The output power is
1 1, V2

Po ==1,,Vo = = L = =2, (1.10)
) om Y om 5tom 2R,
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The power loss in the resonant output network is

P, = Pps — Po. (1.11)
The efficiency of the resonant output network is
Po
Ny = —. (1.12)
Ppg
The overall power loss on the output side of the amplifier is
Pross = P — Po = Pp + P;. (1.13)
The overall efficiency of the amplifier is
Po  Po Ppg
=YY _ . 1.14
=g T By By, 0 (1.14)
The average efficiency is
Poy
nay = —240) (1.15)
Prav)

where Ppav) is the average output power and Pj4y) is the average dc supply power over
a specified period of time. The efficiency of power amplifiers in which transistors are oper-
ated as dependent-current sources increases with the amplitude of the output voltage V,,. It
reaches the maximum value at the maximum amplitude of the output voltage, which cor-
responds to the maximum output power. In practice, power amplifiers are usually operated
below the maximum output power. For example, the drain efficiency of the Class B power
amplifier is np = /4 =78.5% at V,, = V;, but it decreases to np = /8 = 39.27 % at
Vi = Vi /2.

The power-added efficiency is the ratio of the difference between the output power and
the gate-drive power to the supply power:

Output power — Drive power Po —Pg  Po < 1 > < 1 >

= - 1 -
NPAE kp

DC supply power Py P kp
(1.16)
If ky =Po/Pc =1, npap = 0. If k, > 1, npg =~ 1.
The output power capability is given by

o Po(max) _ nPy :L(1_1)<V1>
P NIpyVpsy ~ NlpyVpsu 2N \Upy Vbsm

-7 (7)) (%) () .17
2N \ I} Ipy Vi Vbsm

where Ipy; is the maximum value of the instantaneous drain current ip, Vpgys is the max-
imum value of the instantaneous drain-to-source voltage vpg, and N is the number of
transistors in an amplifier, which are not connected in parallel or in series. For example, a
push-pull amplifier has two transistors. The maximum output power of an amplifier with a
transistor having the maximum ratings Ipy; and Vpgy is

PO(max) = CpIDM Vpsm - (1.18)

As the output power capability ¢, increases, the maximum output power Po(nqy) also
increases. The output power capability is useful for comparing different types or families
of amplifiers.

Typically, the output thermal noise of power amplifiers should be below —130 dBm. This
requirement is to introduce negligible noise to the input of the low-noise amplifier (LNA)
of the receiver.
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Example 1.1

An RF power amplifier has Pp = 10W, P; =20W, P; = 1 W. Find the efficiency, power-

added efficiency, and power gain.

Solution. The efficiency of the power amplifier is

Po 10
=2 = _— =50%. 1.19
=5 T30 o (1.19)
The power-added efficiency is
Po—Ps; 10-—-1
U P, 20 o (1.20)
The power gain is
Po 10
ky, = — = — =10 =10 log(10) = 10dB. (1.21)
P 1
1.4 Conditions for 100 % Efficiency of Power
Amplifiers
The drain efficiency is given by
Ppg Pp
— 2 1= 1.22
D= P, (1.22)
The condition for achieving a drain efficiency of 100 % is
1 T
Pp = —/ ipvps dt = 0. (1.23)
0

T

For an NMOS, ip > 0 and vpg > 0 and for a PMOS, ip < 0 and vpg < 0. In this case, the

condition for achieving a drain efficiency of 100 % becomes

iD Vps = 0.

(1.24)

Thus, the waveforms ip and vpg should be nonoverlapping for an efficiency of 100 %.

Nonoverlapping waveforms ip and vpg are shown in Figure 1.5.

The drain efficiency of power amplifiers is less than 100 % for the following cases:

e The waveforms of ip > 0 and vps > 0 are overlapping (e.g., like in a Class C amplifier).

e The waveforms of ip and vpg are adjacent, and the waveform vpg has a jump at r = ¢,
and the waveform ip contains an impulse Dirac function, as shown in Figure 1.6(a).

e The waveforms of ip and vpg are adjacent, and the waveform ip has a jump at r = ¢,
and the waveform vpg contains an impulse Dirac function, as shown in Figure 1.6(b).

For the case of Figure 1.6(a), an ideal switch is connected in parallel with a capacitor
C. The switch is turned on at r = ¢,, when the voltage vps across the switch is nonzero.

At t = t,, this voltage can be described by

L . AV
vps(t,) = 5 |:111’1’1 vps () + lim (t):| = T

=1, t—1,

(1.25)
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N

Il
T
2

Figure 1.5 Nonoverlapping waveforms of drain current ip, and drain-to-source voltage vps .
At t =t,, the drain current is given by

ip(t,) = CAVS(t —t,). (1.26)

Hence, the instantaneous power dissipation is

1 2
sCAV=8(t —1t,) for t=1t,
t)=ipvps =1 2 1.27
pp(t) = ipvps { 0 —— (1.27)
resulting in the time average power dissipation
1 [T 1 5
Pp =— ipvps dt = —fCAV (1.28)
T Jo 2
and the drain efficiency
P CAV?
nDzl——Dzl—f : (1.29)

P; 2P,

In a real circuit, the switch has a small series resistance, and the current through the switch
is an exponential function of time of finite peak value.

Example 1.2

An RF power amplifier has a step change in the drain-to-source voltage at the MOSFET
turn-on Vpg = 5V, the transistor capacitance is C = 100 pF, the operating frequency is
f =2.4GHz, and the dc supply power is P; =5 W. Assume that all parasitic resistances
are zero. Find the efficiency of the power amplifier.

Solution. The switching power loss is

1 1
Pp = EfCAV,%S =5 x 2.4 x10° x 100 x 10712 x 52 =3 W. (1.30)
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Hence, the drain efficiency of the amplifier is

Po P —P P 3
m=—="L""2 121 _Z-40%. (1.31)
P Py Py 5

For the amplifier of Figure 1.6(b), an ideal switch is connected in series with an inductor
L. The switch is turned on at ¢ = ¢,, when the current ip through the switch is nonzero. At
t =t,, the switch current can be described by

1 Al
ip(ty) = = | lim ip(¢) + lim ip(¢) | = —. (1.32)
2 151y 11 2
v v
Output Output
Network Network
Wy 3|mre LT , Wy 3| Ao ool O |
I I I L |
I _ I I |
! . | S .
I I I
ip ¢ ! + | l | ip ¢ J + | !
/ Vps c I R§ / VDs : R§
s T | . |
I I I |
I hd [} I |
I I I_ ____________ |
Vps ID
e |AV o | Al
° / o /
0 I Tt 0 t T ot
ip CAVA(t-t,) Vps LAIS( - t,)
0 t, T t 0 to T t
pol(©) L cavas(t-1) Pold L 1ars(t- 1)
fCAV? fLAI?
g = Sy
D 5 D '» >
1 1
0 t, Tt 0 t, Tt

() (b)

Figure 1.6 Waveforms of drain current ip and drain-to-source voltage vps with delta Dirac func-
tions. (a) Circuit with the switch in parallel with a capacitor. (b) Circuit with the switch in series
with an inductor.
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At t = t,, the drain current is given by
vps(t,) = LAIS(t — t,).
Hence, the instantaneous power dissipation is
polE) = ipvos = i ILAI?S(t —t,)  for =1,
0 for t#t,,
resulting in the time average power dissipation

P ! fT j dr 1]LA12
= — 1l = —
D T 0 DVDS 2

and the drain efficiency

n =1—P—D=1—'}‘LN2
b P; 2P,

(1.33)

(1.34)

(1.35)

(1.36)

In reality, the switch in the off-state has a large parallel resistance and voltage with a finite

peak value developed across the switch.

1.5 Conditions for Nonzero Output Power at 100 %

Efficiency of Power Amplifiers

The drain current and drain-to-source voltage waveforms have fundamental limitations for
simultaneously achieving 100 % efficiency and Pp > 0 [9, 10]. The drain current ip and

the drain-to-source voltage vps can be represented by the Fourier series

o0 o0
ip =11 + Zidn =1+ Zldn sin(nwt + V¥, )

n=1 n=1

and

o0 o0
VDs = Vi + Z Vdsn = Vi + Z Vdsn Sil’l(l/l(,()t + ﬁn)~
n=1 n=1
The derivatives of these waveforms with respect to time are
;= dip i Lgn cos(nat + )
ip=——=w ) nlgcos(nw
D dr dn n
n=l1
and

d o0
Vps = Z[;S =w Z”V"S" cos(nwt + 9,).

n=1

Hence, the average value of the product of the derivatives is

T 2 > o0
1 . w 2 2 2
T ipvps dt = Y Zn 13, Visn cos ¢, = —w Zn Py,
0

n=l1 n=1

where ¢, = 9, — ¥, — . Next,

S T
ZnZP L invhe dt
n_l dsn = 47_[2]- 0 D VDS .

(1.37)

(1.38)

(1.39)

(1.40)

(1.41)

(1.42)
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If the efficiency of the output network is n, = 1 and the power at harmonic frequencies is
zero, i.e., Py» =0, Py3 =0, ..., then

1 T
Pa =Por =~ /O i vhs di. (143)

For multipliers, if 1, = 1 and the power at the fundamental frequency and at harmonic
frequencies is zero except that of the n-th harmonic frequency, then the power at the n-th
harmonic frequency is

1 T
Pdsn = POn = —W/O le[/)S dr. (144)
If the output network is passive and linear, then
g <Z (1.45)
2 -T2 '
In this case, the output power is nonzero
Pp >0 (1.46)
if
1 T
?/0 ipvps dt < 0. (1.47)
If the output network and the load are passive and linear and
1 T
?/(; ipvps dt =0 (1.48)
then
Pp=0 (1.49)

for the following cases:

e The waveforms ip and vpg are nonoverlapping, as shown in Figure 1.5.

e The waveforms ip and vpg are adjacent and the derivatives at the joint time instants #;
are ij,(t;) = 0 and v/,4(#j) = 0, as shown in Figure 1.7(a).

e The waveforms ip and vpg are adjacent and the derivative i;,(#;) at the joint time instant
t; has a jump and Vz/)s (#;) = 0, or vice versa, as shown in Figure 1.7(b).

e The waveforms ip and vps are adjacent and their both derivatives ip(#;) and Vps(z;)
have jumps at the joint time instant #;, as shown in Figure 1.7(c).

1.6 Output Power of Class E ZVS Amplifier

The Class E zero-voltage switching (ZVS) RF power amplifier is shown in Figure 1.8.
Waveforms for the Class E amplifier under zero-voltage switching and zero-derivative
switching (ZDS) conditions are shown in Figure 1.9. Ideally, the efficiency of this ampli-
fier is 100 %. Waveforms for the Class E amplifier are shown in Figure 1.9. The drain
current ip has a jump at t = 1,. Hence, the derivative of the drain current at t =1, is
given by

i (ty) = AIS(t — 1,) (1.50)
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Figure 1.7 Waveforms of power amplifiers with Py = 0.
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Figure 1.8 Class E ZVS power amplifier.
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Figure 1.9 Waveforms of Class E ZVS power amplifier.

and the derivative of the drain-to-source voltage at t = 7, is given by

t—t, 2

1 S
Vps(to) = 3 |:1irn_ vps () + lim v’DS(t):| == (1.51)
t—t,
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The output power of the Class E ZVS amplifier is

1 T 1 r
Pds =P0 = _WV/O lb\/bs dr = —m'/o VDSAI(S(I —lo)d[

AlLS, (T AIS
_ 2 8t —t,)dt = ——=" (1.52)
87T2f 0 87T2f
where Al < 0. Since
Al = —0.6988Ipy (1.53)
and
S, = 11.08fVpsu (1.54)
the output power is
AlS,
Po=— = 0.09811ppy Vpsur - 1.55
0 S2f pm Vsm (1.55)
Hence, the output power capability is
Po
cp = ——— = 0.0981. (1.56)
Ipm Vpsm

Example 1.3

A Class E ZVS RF power amplifier has a step change in the drain current at the MOSFET
turn-off Alp = —1 A, a slope of the drain-to-source voltage at the MOSFET turn-off S, =
11.08 x 108 V/s, and the operating frequency is f = 1 MHz. Find the output power of the
amplifier.

Solution. The output power of the power amplifier is

AlS, —1x 11.08 x 103

P = — = —
7 T gny 872 x 106

— 14.03W. (1.57)

1.7 Class E ZCS Amplifier

The Class E zero-current switching (ZCS) RF power amplifier is depicted in Figure 1.10.
Current and voltage waveforms under zero-current switching and zero-derivative switching
(ZDS) conditions are shown in Figure 1.11. The efficiency of this amplifier with perfect

Figure 1.10 Class E ZCS power amplifier.
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Figure 1.11 Waveforms of Class E ZCS power amplifier.

components and under ZCS condition is 100 %. The drain-to-source voltage vps has a jump
at t = t,. The derivative of the drain-to-source voltage at t = ¢, is given by

Vs (to) = AVt —1,) (1.58)

and the derivative of the drain current at ¢ = 7, is given by

in(t,) = % |:1im in(t) + lim+ ib(t):| = S (1.59)

i
t—1, t—t, 2
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The output power of the Class E ZCS amplifier is

1 T
Py =Pop = dr = in AV §(t — t,)dt
ds 0 zf/ lD DS 4 Qf./ 195} ( )
AVS; AVS;
= — 8(t —t,)dt = — . (1.60)
82 Jo 8 2f
Since
AV = —0.6988Vpsy (1.61)
and
S; = 11.08fIpy (1.62)
the output power is
AVS;
Po = ———— = 0.0981Ipy Vpsu - (1.63)
8 2f
Hence, the output power capability is
P
¢ = ——2— =0.0981. (1.64)
Ipy Vosu

Example 1.4

A Class E ZCS RF power amplifier has a step change in the drain-to-source voltage wave-
form at the MOSFET turn-on AVps = —100V, a slope of the drain current at the MOSFET
turn-on S; = 11.08 x 103 V/s, and the operating frequency is f = 1 MHz. Find the output
power of the amplifier.

Solution. The output power of the power amplifier is

AVpsS;  —100 x 11.08 x 107
Py = — - — 140.320 W. 1.65
o 82f 8772 x 106 (1.65)

1.8 Propagation of Electromagnetic Waves

An antenna is a device for radiating or receiving electromagnetic radio waves. A transmitting
antenna converts an electrical signal into an electromagnetic wave. It is a transition structure
between a guiding device (such as a transmission line) and free space. A receiving antenna
converts an electromagnetic wave into an electrical signal. The electromagnetic wave travels
at the speed of light in free space. The wavelength of an electromagnetic wave in free space
is given by

A= - (1.66)
f
where ¢ = 3 x 108 m/s is the velocity of light in free space.
An isotropic antenna is a theoretical point antenna that radiates energy equally in all
directions with its power spread uniformly on the surface of a sphere. This results in a
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spherical wavefront. The uniform radiated power density at a distance r from a transmitter
with the output power Pr is given by

Pr
p(r)= 2 (1.67)

The power density is inversely proportional to the square of the distance r. The hypothetical
isotropic antenna is not practical, but is commonly used as a reference to compare with other
antennas. If the transmitting antenna has directivity in a particular direction and efficiency,
the power density in that direction is increased by a factor called the antenna gain Gr. The
power density received by a receiving directive antenna is

Pr
4rr?’
The antenna efficiency is the ratio of the radiated power to the total power fed to the
antenna.

A receiving antenna pointed in the direction of the radiated power gathers a portion of the
power that is proportional to its cross-sectional area. The antenna effective area is given by

pr(r)=Gr (1.68)

A, = Gp— (1.69)
4

where Gy, is the gain of the receiving antenna and A is the free-space wavelength. Thus, the
power received by a receiving antenna is given by the Herald Friis formula for free-space
)\'2
Prec = Aep(r) = GrGrPr————= = GrGrPr (

transmission as
2
. 1.70
(4mr)? 47 1. ) (1.70)

The received power is proportional to the gain of either antenna and inversely proportional
to 2. For example, the gain of the dish (parabolic) antenna is given by

D\’ Df.\*
GT=GR=6<7> =6< ) (1.71)

c

where D is the mouth diameter of the primary reflector. For D =3 m and f = 10 GHz,
Gr = Gg = 60,000 = 47.8 dB.

The space loss is the loss due to spreading the RF energy as it propagates through free
space and is defined as

s, = LT (47”)2 101 < Pr ) 20 1 (47”) (1.72)
= = _ = [(e) = (0] E— . .
Y7 Prec A ¢ Prec S\

There are also other losses such as atmospheric loss, polarization mismatch loss, impedance
mismatch loss, and pointing error denoted by L. Hence, the link equation is

Ly GrGrPr (1
Prpc = —— | — | . 1.73
REC an)y? < p ) (1.73)
The maximum distance between the transmitting and receiving antennas is
" L GrGr (T (1.74)
Tmax = — . — . .
W g\ TR PREC (min)

Antennas are used to radiate the electromagnetic waves and transmit through the atmo-
sphere. The radiation efficiency of antennas is high only if their dimensions are of the same
order of magnitude as the wavelength of the carrier frequency f,. The length of antennas is
usually A/2 (a half-dipole antenna) or A/4 (quarter-wave antenna) and it should be higher
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than A/10. For example, the height of a quarter-wave antenna h, = 750m at f, = 100kHz,
h, =75m atf, = 1 MHz, h, =7.5cm at f, = 1 GHz, and h, = 7.5mm at f, = 10 GHz.
There are three groups of electromagnetic waves based on their propagation properties:

e ground waves (below 2 MHz);
e sky waves (2-30 MHz);

e line-of-sight waves, also called space waves or horizontal waves (above 30 MHz).

Wave propagation is illustrated in Figure 1.12. The ground waves travel parallel to the
Earth’s surface and suffer little attenuation by smog, moisture, and other particles in the
lower part of the atmosphere. Very high antennas are required for transmission of these low-
frequency waves. The approximate transmission distance of ground waves is about 1600 km
(1000 miles). Ground wave propagation is much better over water, especially salt water,
than over a dry desert terrain. Ground wave propagation is the only way to communicate
into the ocean with submarines. Extremely low frequency (ELF) waves (30—300 Hz) are
used to minimize the attenuation of the waves by sea water. A typical frequency is 100 Hz.

The sky waves leave the curved surface of the Earth and are refracted by the iono-
sphere back to the surface of the Earth and therefore are capable of following the Earth’s
curvature. The altitude of refraction of the sky waves varies from 50 to 400 km. The trans-
mission distance between two transmitters is 4000 km. The ionosphere is a region above
the atmosphere, where free ions and electrons exist in sufficient quantity to affect the wave
propagation. The ionization is caused by radiation from the Sun. It changes as the position
of a point on the Earth with respect to the Sun changes daily, monthly, and yearly. After
sunset, the lowest layer of the ionosphere disappears because of rapid recombination of
its ions. The higher the frequency, the more difficult is the refracting (bending) process.
Between the point where the ground wave is completely attenuated and the point where
the first wave returns, no signal is received, resulting in the skip zone.

The line-of-sight waves follow straight lines. There are two types of line-of-sight waves:
direct waves and ground reflected waves. The direct wave is by far the most widely used for
propagation between antennas. Signals of frequencies above HF band cannot be propagated

lonosphere
m / j Earth i) \
(a) (b)
Satellite Satellite

O\ /O
m arth

() (d)

Figure 1.12 Electromagnetic wave propagation. (a) Ground wave propagation. (b) Sky wave
propagation. (c¢) Horizontal wave propagation. (d) Wave propagation in satellite communications.
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for long distances along the surface of the Earth. However, it is easy to propagate these
signals through free space.

1.9 Frequency Spectrum

Table 1.1 gives the frequency spectrum. In the United States, the allocation of carrier
frequencies, bandwidths, and power levels of transmitted electromagnetic waves is regulated
by the Federal Communications Commission (FCC) for all nonmilitary applications. The
communication must occur in a certain part of the frequency spectrum. The carrier frequency
f. determines the channel frequency.

Low-frequency (LF) electromagnetic waves are propagated by the ground waves. They
are used for long-range navigation, telegraphy, and submarine communication. The medium-
frequency (MF) band contains the commercial radio band from 535 to 1705 kHz. This band
is used for radio transmission of amplitude-modulated (AM) signals to general audiences.
The carrier frequencies are from 540 to 1700 kHz. For example, one carrier frequency is
at f, = 550kHz, and the next carrier frequency f, = 560kHz. The modulation bandwidth
is S5kHz. The average power of local stations is from 0.1 to 1 kW. The average power of
regional stations is from 0.5 to SkW. The average power of clear stations is from 0.25 to
50kW. A radio receiver may receive power as low as of 10pW, 1 uV/m, or SOV across
a 300-Q2 antenna. Thus, the ratio of the output power of the transmitter to the input power
of the receiver is on the order of Py /Prgc = 101.

The range from 1705 to 2850kHz is used for short-distance point-to-point communi-
cations for services such as fire, police, ambulance, highway, forestry, and emergency
services. The antennas in this band have reasonable height and radiation efficiency. Aero-
nautical frequency range starts in MF range and ends in HF range. It is from 2850 to
4063 kHz and is used for short-distance point-to-point communications and ground-air-
ground communications. Aircraft flying scheduled routes are allocated specific channels.
The high-frequency (HF) band contains the radio amateur band from 3.5 to 4 MHz in the
United States. Other countries use this band for mobile and fixed services. High frequencies
are also used for long-distance point-to-point transoceanic ground-air-ground communica-
tions. High frequencies are propagated by sky waves. The frequencies from 1.6 to 30 MHz
are called short waves.

The very high frequency (VHF) band contains commercial FM radio and most TV
channels. The commercial frequency-modulated (FM) radio transmission is from 88 to

Table 1.1 Frequency spectrum.

Frequency range Band name Wavelength range
30-300Hz Extremely Low Frequencies (ELF) 10000-1000 km
300-3000Hz Voice Frequencies (VF) 1000-100 km
3-30kHz Very Low Frequencies (VLF) 100-10km
30-300kHz Low Frequencies (LF) 10—-1km
0.3-3MHz Medium Frequencies (MF) 1000-100m
3-30MHz High Frequencies (HF) 100-10m
30-300 MHz Very High Frequencies (VHF) 100-10cm
0.3-3GHz Ultra High Frequencies (UHF) 100-10cm
3-30GHz Super High Frequencies (SHF) 10—1cm

30-300GHz Extra High Frequencies (EHF) 10—1 mm
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Table 1.2 Broadcast frequency allocation.

Radio or TV Frequency range Channel spacing
AM Radio 535-1605kHz 10kHz

TV (channels 2-6) 54-72MHz 6 MHz
TV 76-88 MHz 6 MHz
FM Radio 88-108 MHz 200kHz

TV (channels 7-13) 174-216 MHz 6 MHz
TV (channels 14-83) 470-806 MHz 6 MHz

Table 1.3 UHF and SHF frequency bands.

Band Name Frequency Range Units
L 1-2 GHz
S 2-4 GHz
C 4-8 GHz
X 8-12.4 GHz
Ku 12.4-18 GHz
K 18-26.5 GHz
Ku 26.5-40 GHz

108 MHz. The modulation bandwidth is 15 kHz. The average power is from 0.25 to 100 kW.
The transmission distance of VHF TV signals is 160 km (100 miles).

TV channels for analog transmission range from 54 to 88 MHz and from 174 to 216 MHz
in the VHF band and from 470 to 890 MHz in the ultrahigh-frequency (UHF) band. The
average power is 100kW for the frequency range from 54 to 88 MHz and 316kW for
the frequency range from 174 to 216 MHz. Broadcast frequency allocations are given in
Table 1.2. The UHF and SHF frequency bands are given in Table 1.3. The cellular phone
frequency allocation is given in Table 1.4.

The superhigh frequency (SHF) band contains satellite communications channels. Satel-
lites are placed in orbits. Typically, these orbits are 37 786 km in altitude above the equator.
Each satellite illuminates about one-third of the Earth. Since the satellites maintain the same
position relative to the Earth, they are placed in geostationary orbits. These geosynchronous
satellites are called GEO satellites. Each satellite contains a communication system that can
receive signals from the Earth or from another satellite and transmit the received signal back
to the Earth or to another satellite. The system uses two carrier frequencies. The frequency
for transmission from the Earth to the satellite (uplink) is 6 GHz and the transmission
from the satellite to the Earth (downlink) is at 4 GHz. The bandwidth of each channel is
500 MHz. Directional antennas are used for radio transmission through free space. Satellite
communications are used for TV and telephone transmission. The electronic circuits in the
satellite are powered by solar energy using solar cells that deliver the supply power of about
1kW. The combination of a transmitter and a receiver is called a transponder. A typical
satellite has 12 to 24 transponders. Each transponder has a bandwidth of 36 MHz. The total
time delay for GEO satellites is about 400 ms and the power of received signals is very
low. Therefore, a low Earth-orbit (LEO) satellite system was deployed for a mobile phone
system. The orbits of LEO satellites are 500—1500 km above the Earth. These satellites are
not synchronized with the Earth’s rotation. The total delay time for LEO satellite is about
250 ms.
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Table 1.4 Cellular phone frequency allocation.
System Frequency range Channel spacing Multiple access
AMPS M-B 824-849 MHz 30 MHz FDMA
B-M 869-894 MHz 30 MHz
GSM-900 M-B 880-915MHz 0.2 MHz TDMA
B-M 915-990 MHz 0.2 MHz
GSM-1800 M-B 1710-1785MHz 0.2 MHz TDMA
B-M 1805-1880 MHz 0.2 MHz
PCS-1900 M-B 1850-1910kHz 30 MHz TDMA
B-M 1930-1990kHz 30 MHz
1S-54 M-B 824-849 MHz 30 MHz TDMA
B-M 869-894 MHz 30 MHz
1S-136 M-B 1850-1910 MHz 30 MHz TDMA
B-M 1930-1990 MHz 30 MHz
1S-96 M-B 824-849 MHz 30 MHz CDMA
B-M 869-894 MHz 30 MHz
1S-96 M-B 1850-1910 MHz 30 MHz CDMA
B-M 1930-1990 MHz 30 MHz
Transmitter —1
Switch

Receiver

]

Figure 1.13 Block diagram of a transceiver.

1.10 Duplexing
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In two-way communication, a transmitter and a receiver are used. The combination of a
transmitter and a receiver is called a fransceiver. A block diagram of the transceiver is
shown in Figure 1.13. Duplexing techniques are used to allow for both users to transmit
and receive signals. The most commonly used duplexing is called time-division duplexing
(TDD). The same frequency channel is used for both transmitting and receiving signals,

but the system transmits the signal for half of the time and receives for the other half.

1.11 Multiple-access Techniques

In multiple-access communications systems, information signals are sent simultaneously
over the same channel. Cellular wireless mobile communications use the following multiple-

access techniques to allow simultaneous communication among multiple transceivers:

e time-division multiple access (TDMA);
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e frequency-division multiple access (FDMA);

e code-division multiple access (CDMA).

In the TDMA, the same frequency band is used by all the users, but at different time
intervals. Each digitally coded signal is transmitted only during preselected time intervals,
called the time slots Tsy. During every time frame 7, each user has access to the channel
for a time slot Ts;. The signals transmitted from different users do not interfere with each
other in the time domain.

In the FDMA, a frequency band is divided into many channels. The carrier frequency
f. determines the channel frequency. Each baseband signal is transmitted with a different
carrier frequency. One channel is assigned to each user for a connection period. After the
connection is completed, the channel becomes available to other users. In FDMA, proper
filtering must be carried out to provide channel selection. The signals transmitted from
different users do not interfere with each other in the frequency domain.

In the CDMA, each user uses a different code (like a different language). CDMA allows
the use of one carrier frequency. Each station uses a different binary sequence to modulate
the carrier. The signals transmitted from different users overlap in both the frequency and
time domains, but the messages are orthogonal.

There are several standards of cellular wireless communications:

e Advanced Mobile Phone Service (AMPS);
e Global System for Mobile Communications (GSM);
e CDMA wireless standard proposed by Qualcomm.

1.12 Nonlinear Distortion in Transmitters

Power amplifiers contain a transistor (MOSFET, MESFET, or BJT), which is a nonlinear
device operated under large-signal conditions. The drain current ip is a nonlinear function
of the gate-to-source voltage vgs. Therefore, power amplifiers produce components which
are not present in the amplifier input signal. The relationship between the output voltage
v, and the input voltage vy of a ‘weakly nonlinear’ or a ‘nearly linear’ power amplifier,
such as the Class A amplifier, is nonlinear v, = f(vs). This relationship can be expanded
into Taylor’s power series around the operating point

Vo =f(VS) = VO(DC) —+ ajvg + azvf =+ a3vs3 + a4vs4 + a5vs5 4+ .- (1.75)

Thus, the output voltage consists of an infinite number of nonlinear terms. Taylor’s power
series takes into account only the amplitude relationships. Volterra’s power series includes
both the amplitude and phase relationships.

Nonlinearity of amplifiers produces two types of unwanted signals:

e harmonics of the carrier frequencys;
e intermodulation products (IMPs).
Nonlinear distortion components may corrupt the desired signal. Harmonic distortion

(HD) occurs when a single-frequency sinusoidal signal is applied to the power amplifier
input. Intermodulation distortion (IMD) occurs when two or more frequencies are applied
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at the power amplifier input. To evaluate the linearity of power amplifiers, we can use (1) a
single-tone test and (2) a two-tone test. In a single-tone test, a sinusoidal voltage source
is used to drive a power amplifier. In a two-tone test, two sinusoidal sources connected in
series are used as a driver of a power amplifier. The first test will produce harmonics and
the second test will produce both harmonics and intermodulation products (IMPs).

1.13 Harmonics of Carrier Frequency

To investigate the process of generation of harmonics, let us assume that a power amplifier
is driven by a single-tone excitation in the form of a sinusoidal voltage

vy(t) =V, coswt. (1.76)

To gain an insight into generation of harmonics by a nonlinear transmitter, consider an
example of a memoryless time-invariant power amplifier described by a third-order poly-
nomial

Vo(t) = ayvs(t) + aavi(t) + azv (). (1.77)
The output voltage of the transmitter is given by

Vo(t) = a;V,, coswt + azv,,f cos’ wt + as V,s cos’ wt

1 1
= a1V, coswt + Eazv,,z,(l + cos2wt) + Zang(3 cos wt + cos 3wt)

1 2 3 3 1 2 1 3
= EGQVm + <a1Vm + Zag Vm> coswt + Eaz\/m cos 2wt + Za3 V. cos3wt. (1.78)
Thus, the output voltage of the power amplifier contains the fundamental components of the
carrier frequency f| = f. and harmonics 2f; = 2f, and 3f] = 3f,, as shown in Figure 1.14.
The amplitude of the n-th harmonic is proportional to V.. The harmonics may interfere
with other communication channels and must be filtered out to an acceptable level.
Harmonics are always integer multiples of the fundamental frequency. Therefore, the
harmonic frequencies of the transmitter output signal with carrer frequency f, are given by

£, = nf.. (1.79)

(@)

[

f, 2f, 3 f
(b)

Figure 1.14 Spectrum of the input and output voltages of power amplifiers due to harmonics.
(a) Spectrum of the input voltage. (b) Spectrum of the output voltage due to harmonics.
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where n = 2,3,4,...1s an integer. If a harmonic signal of a sufficiently large amplitude falls
within the bandwidth of a nearby receiver, it may cause interference with the reception and
cannot be filtered out in the receiver. The harmonics should be filtered out in the transmitter
in its bandpass output network. For example, the output network of a transmitter may offer
37-dB second-harmonic suppression and 55-dB third-harmonic suppression.

Harmonic distortion is defined as the ratio of the amplitude of the n-th harmonic V), to
the amplitude of the fundamental V;

Vi Va
HD, = — =20log( — ) (dB). (1.80)
Vi Vi
The distortion by the second harmonic is given by
! V
v 52 Vm v
HD2=72= 2 ; - @ Y (1.81)
YoaVe+ Za3V,;2 2 (al + ZV,%)
For a; > 3a3V,2/4,
Vin
HD, ~ 27 (1.82)
2a1

The second harmonic distortion HD, is proportional to the input voltage amplitude V.
The distortion by the third harmonic is given by

1 3
HDy = 3 — A\ (1.83)
_ B3 5 — . .
Vi arV, + Zai&vys da; + 3a3Vm
For a; > 3a; Vn%/4,

VZ
HD; ~ 80m (1.84)

4611

The third-harmonic distortion HDs is proportional to V,2. Usually, the amplitudes of har-
monics should be —50 to —70dB below the amplitude of the carrier.

The ratio of the power of an n-th harmonic P, to the power of the carrier P, is

HD, = 21— 105 (4B 1.85
n=p = 105" (dBo) (1.85)
The term ‘dBc’ refers to ratio of the power of a spectral distortion component to the power
of the carrer.
The harmonic content in a waveform is described by the total harmonic distortion (THD)
defined as

VP vE v}

AR
tup— [P2tPitPite R TR TR T VP VI V4
Py v 15
2R
— \/HD} + HD} + HD? + - - . (1.86)

Higher harmonics (n > 2) are distortion terms.
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1.14 Intermodulation

Intermodulation occurs when two or more signals of different frequencies are applied to the
input of a nonlinear circuit, such as a nonlinear RF transmitter. This results in mixing the
components of different frequencies. Therefore, the output signal contains components with
additional frequencies, called intromodulation products. The frequencies of the intermod-
ulation products are either the sums or the differences of the frequencies of input signals
and their harmonics. For a two-frequency input excitation at frequencies f; and f>, the
frequencies of the output signal components are given by

JSiv = nfi £mf (1.87)

where n =0,1,2,3,...and m =0,1,2,3,... are integers. The order of an intermodulation
product for a two-tone signal is the sum of the absolute values of coefficients n and n
given by

kiyp = n +m. (1.88)

If the intermodulation products of sufficiently large amplitudes fall within the bandwidth of
a receiver, they will degrade the reception quality. For example, 2f; + /2, 2fi — f2, 2f> + fi,
and 2f, — f1 are the third-order intermodulation products. The third-order intermodulation
products usually have components in the system bandwidth. In contrast, the second-order
harmonics 2f; and 2f>, and the second-order intermodulation products f; +f> and fi — f>
are generally out of the system passband and are therefore not a serious problem.

A two-tone excitation test is used to evaluate intermodulation distortion of power ampli-
fiers. In this test, the input voltage of a power amplifier is given by

ve(t) = Vi1 coswit + Vy,n cos wnt. (1.89)

If the power amplifier is a memoryless time-invariant circuit described by a third-order
polynomial, the output voltage is given by

Vo(1) = arvy(1) + avi (1) + azv) (1)

=a;Vyicoswit + ayVy coswat + ay(Vyn coswit + Vyyn cos a)zt)2
+ a3(V,,1 coswit + Vo cos a)zt)3

= a1V coswit + ayVyn coswrt + aZV,31 cos? w1t + 2ay V1 Vino cOS w1t cOS wat
+ azv,,'fz COos wyt
+ a3V,31 cos’ w1t + 3a3Vm21Vm2 cos’ wit cos wat + 3az V1 anz coswit cos’ wyt
+ a3V?3, cos® wot. (1.90)

Thus,

3 2 3 3
Vo = a1V + Eagvmlvmz + Z“3Vr}z1 coswit

4

+ a2Vin1 Vina cos(wz — o)t + az Vi Vinz cos(wy + o)t

3 2 3 3
+ a1V + §a3szVm1 + —Vm2 COS wyt
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3 2 3 2
+ 1613 Vi1 Vim2 cosQw; — wn)t + 1613 Vi1 V2 cosQwi + wo)t

3 3
+ Zanganfz cosRwy — w)t + Za3leV,52 cosRwy +w))t +---. (1.91)

The output voltage contains:

e fundamental components f; and f>;
e harmonics of the fundamental components 2f, 2f> 3f1, 3/, . . .

e intermodulation products f> — f1, fi + /2, 2f1 — f2, 2f> — f1, 2f1 + f2, 22 + /1, 31 — 20,
3f2 —2f1,-...

The spectrum of the two-tone input voltage of equal amplitudes and several components
of the spectrum of the output voltage are depicted in Figure 1.15. If the difference between
f> and f; is small, the intermodulation products appear in the close vicinity of fj and f>.
The third-order intromodulation products, which are at 2f; — f, and 2f, — fi, are of the
most interest because they are the closest to the fundamental components. The frequency
difference of the IM product at 2f; — f> from the fundamental component at f; is

Af =fi—=Ch—f)=L—-fi. (1.92)
The frequency difference of the IM product at 2f, — f; from the fundamental component at
fois

Af =CHL-f)—-f=L-Nh (1.93)

For example, if fj = 800kHz and f, = 900kHz, then the IMPs of particular interest are
2f1 —f» =2 x 800 — 900 = 700 MHz and 2/, — f; = 2 x 900 — 800 = 1000 MHz. To filter
out the unwanted components, filters with a very narrow bandwidth are required.

Assuming that V,,; = V,,,n = V,,,, the amplitudes of the third-order intermodulation prod-
uct are
3 2
Var-ni = V- = 38V (1.94)
f f, f
(a)
"""" f
IDM
!

! 1

ofi—fy f,  h 26— f f
(b)

Figure 1.15 Spectrum of the input and output voltages in power amplifiers due to intermodulation.
(a) Spectrum of the input voltage. (b) Several components of the spectrum of the output voltage due
to intermodulation.
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Assuming that V,,;; = V,;0 =V, and a3 < aj, The third-order intermodulation distortion
by the IMP component at 2f] & f> or the IMP component at 2f> & f is given by

3 v3 3 V3
V . _a3 m _a3 m 3
IM; = %h-h _ 4 ~ 4 _ > <@) Vn%' (1.95)
sz 9 aIVm 4 aj
a) + 1613 Vin

As V,, is increased, the amplitudes of the fundamental components V;, and V;, are directly
proportional to V,,, whereas the amplitudes of the third-order IM products Vor _p, and
Vap,—f, are proportional to V,,. Therefore, the amplitudes of the IM products increase three
times faster than the amplitudes of the fundamentals and have an intersection point. If the
amplitudes are drawn on a log-log scale, they are linear functions of V,,.

1.15 Dynamic Range of Power Amplifiers

Figure 1.16 shows the desired output power Po(f>) and the undesired third-order inter-
modulation product output power Po(2f, — f1) as functions of the input power P; on a
log-log scale. This characteristic exhibits a linear region and a nonlinear region. As the
input power P; increases, the output power reaches saturation, causing power gain com-
pression. The point at which the power gain of the nonlinear amplifier deviates from the
fictitious ideal linear amplifier by 1dB is called the I-dB compression point. It is used as a
measure of the power handling capability of the power amplifier. The output power at the
1-dB compression point is given by

PO(ldB) (dBm) = A 4B + P;1dB) (dBm) = A 4, — 1 dB + P, 4B, (dBm)  (1.96)

where A, is the power gain of an ideal linear amplifier and A 4 is the power gain at the
1-dB compression point.

The dynamic range of a power amplifier is the region where the amplifier has a linear
power gain. It is defined as the difference between the output power P, g, and the
minimum detectable power Po,,in

dp = Po(]dB) — Pomin (1.97)
Po(f) Po (2 =)
Po(2f,~ ;) 0
IPo
Po(f)
Po(1dB)
POmin »
0
P;(1dB) P;

Figure 1.16  Output power Po(f>) and Po(2f, — f1) as functions of input power P; of power
amplifier.
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where the minimum detectable power Pg,,;, is defined as an output power level x dB above
the input noise power level Py,, usually x = 3 dB.

In a linear region of the amplifier characteristic, the desired output power Po(f>) is
proportional to the input power P;, e.g., Po(f>) = aP;. Assume that the third-order inter-
modulation product output power Po(2f> — f1) increases proportionally to the third power,
e.g.,Po(2h —f1) = (a/8)3P,-. Projecting the linear region of Pp(f>) and Po (2f> — f1) results
in an intersection point called the intercept point (IP), as shown in Figure 1.16, where the
output power at the IP point is denoted by IPy.

The intermodulation product is the difference between the desired output power Po(f2)
and the undesired output power of the intermodulation component Py (2f> — f1) of a power
amplifier

IMD (dB) = Po(f2) (dBm) — Po(2f> — f1) (dBm). (1.98)

1.16 Analog Modulation

The function of a communications system is to transfer information from one point to
another through a communication link. Block diagrams of a typical communication system
depicted in Figure 1.17. It consists of a transmitter whose block diagram is shown in
Figure 1.17(a) and a receiver whose block diagram is shown shown in in Figure 1.17(b).
In a transmitting system, a radio-frequency signal is generated, amplified, modulated, and
applied to the antenna. A local oscillator generates a signal with a frequency fro. The signals
with an intermediate frequency f;r and the local-oscillation frequency fro are applied to a
mixer. The frequency of the output signal of the mixer and a bandpass filter is increased
(up-conversion) from the intermediate frequency to a carrier frequency

Je =fro + fir. (1.99)
Antenna
Mixer
fi= 400 MHz f,= 900 MHz |
Baseband ADC + DSP ;
Filter Modulation Filter | PA
fLO =900 MHz
(a)
Antenna
Mixer
f,=900 MHz fir =400 MHz DAC + DSP
Filter —>— Filter N
f, =900 MHz Demodulation

f, 0 =500 MHz

Figure 1.17 (a) Block diagram of a transmitter. (b) Block diagram of a receiver.

(b)
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The RF current flows through the antenna and produces electromagnetic waves. Antennas
produce or collect electromagnetic energy. The transmitted signal is received by the antenna,
amplified by a low-noise amplifier (LNA), and applied to a mixer. The frequency of the
output signal of the mixer and a bandpass filter is reduced (down-conversion) from the
carrier frequency to an intermediate frequency

Jir =fe —Jro- (1.100)

The most important parameters of a transmitter are as follows:

e spectral efficiency;
e power efficiency;

e signal quality in the presence of noise and interference.

A ‘baseband’ signal (modulating signal or information signal) has a nonzero spectrum
in the vicinity of f = 0 and negligible elsewhere. For example, a voice signal generated
by a microphone or a video signal generated by a TV camera are baseband signals. The
modulating signal may consist of many, e.g., 24 multiplexed telephone channels. In RF
systems with analog modulation, the carrier is modulated by an analog baseband signal.
The frequency bandwidth occupied by the baseband signal is called the baseband. The
modulated signal consists of components with much higher frequencies than the highest
baseband frequency. The modulated signal is an RF signal. It consists of components whose
frequencies are very close to the frequency of the carrier.

RF modulated signals can be divided into two groups:

e variable-envelope signals;

e constant-envelope signals.

Modulation is the process of placing an information band around a high-frequency carrier
for transmission. Modulation conveys information by changing some aspects of a car-
rier signal in response to a modulating signal. In general, a modulated output voltage is
given by

Vo(t) = A(t) coslw.t + 0(1)] (1.101)
where A(?) is the amplitude of the voltage, f. is the carrier frequency, and 6(¢) is the phase
of the carrier. If the amplitude of v, is varied, it is called amplitude modulation (AM). If

the frequency of v, is varied, it is called frequency modulation (FM). If the phase of v, is
varied, it is called phase modulation (PM).

1.16.1 Amplitude Modulation

In amplitude modulation, the carrier envelope is varied by the modulating signal v, (7). A
single-frequency modulating voltage is given by

Vi (t) = Vi cOS wyyt . (1.102)
The carrier voltage is

Ve = V. cosw.t. (1.103)
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The amplitude-modulated (AM) voltage is

Vvo(t) = V(t)cosw.t = [V + v, (t)] cos ot = (V. + V,, cOs wy,t) COS w,t

V
=V, (1 + Vm cosa)mt) cosw.t = V. (1 4+ mcos w,t)cosw.t (1.104)

c

where the modulation index is

Vin
m=—<1. (1.105)
Ve
Applying the trigonometric identity,
COS w1 COS Wy, I = %[cos(a)c — wp)t + cos(we + wpy)t] (1.106)
we can express v, as
mV, mV,
Vo = V. cosw.t + - cos(we, — wp)t + - cos(we + wpy)t]. (1.107)

The AM voltage modulated by a pure sine wave consists of carrier at f., component at
fe — fm» and component at f. + f,,,. The AM waveform consists of (1) the carrier component
at f;, (2) the lower side component at f, — f;,,, and (3) the upper side component at f. + f,,.
If a band of frequencies is used as a modulating signal, we obtain the lower side band and
the upper side band. A phasor diagram for amplitude modulation by a single-modulating
frequency is shown in Figure 1.18.

The bandwidth of an AM signal is given by

BWam = (fe +fin) = e — fin) = 2fm- (1.108)

The frequency range of voice from 100 to 3000 Hz contains about 95 % of energy. The
carrier frequency f. is much higher than fi,¢nax), €.8., fo/finimax) = 200.
The power of the carrier is

V2
Pc=—=. 1.109
c=7p ( )
The power of the lower sideband Pyg is equal to the power of the upper sideband Py
2y2 2
m<V. m
Prc =P = C — P, 1.110
LS Us R 7 Fe ( )
The total transmitted power of the AM signal is given by
m?  m? m?
Psyy = Pc + Prs + Pys = 1+T+T Pc = 1+7 Pc. (L.111)
For m = 1, the total power is
1 1 3
Pammax = Pc + Prs + Pys = <1+4_¥+Z>PC =§Pc. (1.112)
(Dm
AN
o,

Figure 1.18 Phasor diagram for amplitude modulation by a single modulating frequency.
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Figure 1.19 Amplification of AM signal by linear power amplifier.

A high-power AM voltage can be generated by the following methods:

e AM signal amplification using linear power amplifiers;
e drain amplitude modulation;

e gate-to-source bias operating point modulation.

Variable-envelope signals, such as AM signals, usually require linear power amplifiers.
Figure 1.19 shows the amplification process of an AM signal by a linear power amplifier.
In this case, the carrier and the sidebands are amplified by a linear amplifier. The drain
AM signal can be generated by connecting a modulating voltage source in series with the
drain dc voltage supply V;. When the MOSFET is operated as a current source like in
Class C amplifiers, it should be driven into the ohmic region. If the transistor is operated
as a switch, the amplitude of the output voltage is proportional to the supply voltage and a
high-fidelity AM signal is achieved. However, the modulating signal v,, must be amplified
to a high power level before it is applied to modulate the supply voltage.

AM is used in commercial radio broadcasting and to transmit the video information
in analog TV. Variable-envelope signals are also used in modern wireless communication
systems.

Quadrature amplitude modulation (QAM) is a modulation method, which is based on
modulating the amplitude of two carrier sinusoidal waves. The two waves are out of phase
with each other by 90° and therefore are called quadrature carriers. The QAM signal is
expressed as

voam = I(t)cosw.t + Q(t) sin w.t (1.113)

where I(r) and Q(r) are modulating signals. The received signal can be demodulated by
multiplying the modulated signal vpap by a cosine wave of carrier frequency f.

VDEM = Vgam COs Wt = I (1) cos .t cos w.t + Q(t)sinw.t cos w.t

= %I(t) + %[I(t)cos(cht) + Q1) sinQw1)]. (1.114)

A low-pass filter removes the 2f. components, leaving only the /(¢) term, which is unef-
fected by Q(#). On the other hand, if the modulated signal vpay is multiplied by a sine
wave, and transmitted through a low-pass filter, one obtains Q(¢).
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1.16.2 Phase Modulation
The output voltage with angle modulation is described by

v, = V. cos[w.t + 0(t)] = V. cos ¢(t) (1.115)

where the instantaneous phase is

o) = wt +6(1) (1.116)
and the instantaneous angular frequency is
_de(r) do(r)

¢ 1.117
w(t) ” e ” ( )

Depending on the relationship between 6(¢) and v,,(¢), the angle modulation can be cate-
gorized as:

e phase modulation (PM);

e frequency modulation (FM).

In PM systems, the phase of the carrier is changed by the modulating signal v,,(#). In
FM systems, the frequency of the carrier is changed by the modulating signal v,,(¢). The
angle modulated systems are inherently immune to amplitude fluctuations due to noise.
In addition to the high degree of noise immunity, they require less RF power because
the transmitter output power contains only the power of the carrier. Therefore, PM and
FM systems are suitable for high-fidelity music broadcasting and for mobile radio wireless
communications. However, the bandwidth of an angle-modulated signal is much wider than
that of an amplitude-modulated signal.
The modulating voltage, also called the message signal, is expressed as

Vi (1) = Vi sinwy,t. (1.118)
The phase of PM signal is given by
0(t) = kpviu(t) = kp Vi sinwy,t = my, sinwy,t. (1.119)
Hence, the phase-modulated output voltage is
Vo = Ve cosloet + kpvy, (t)] = Ve cos(wet + k, Vi sinw,,t) = Ve cos(wet + my, sinwp,t)
= V. cos(w.t + A¢p sinw,,t) = V. cos ¢(t) (1.120)

where the index of phase modulation is the maximum phase shift caused by the modulating
voltage V,,.

my, =k,V,y = A¢. (1.121)
Hence, the maximum phase modulation is
Abmax = kpVinmar)- (1.122)
The instantaneous frequency is
w(t) = @ = w, ? = w¢ + k, Vi, cos wpt. (1.123)
Thus, the phase change results in a frequency change. The frequency deviation is
Af = finax —fo =fe Fkp Vit —fo =k Vinfn = mpfn. (1.124)

The frequency deviation Af is directly proportional to the modulating frequency f;,. Figure
1.20 shows plots of the frequency modulation Af as functions of the modulating frequency
fm and the amplitude of the modulating voltage V,,.
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Af EM : Af

PM PM
and
FM

fm VITI
(@) (b)

Figure 1.20  (a) Frequency deviation Af as a function of the modulating frequency f,.
(b) Frequency deviation Af as a function of the modulating voltage V,,.

1.16.3 Frequency Modulation

The modulating voltage is

Vi (1) = V,, cos wpt. (1.125)
The derivative of the phase is
de(r)
— =2k, (t). (1.126)
dr '
Thus, the phase is
kfVim .
0@) =21 | kpvy () dt =k V), | coswtdt = 7 Sin wy,t. (1.127)
The frequency-modulated output voltage is given by
kam .
Vo = V. coslw.t +0(t)] = V. cos | w.t + f— sin w,, t
m
Ar . .
= V. cos | w.t + f_ sinwyt | = Ve cos(wct + ny sinw,,t). (1.128)
The instantaneous frequency of an FM signal is given by
f@) =fc +kVipsinw,t = fo + Af sinwy,t (1.129)
where the frequency deviation is
Af = ki V. (1.130)

The frequency deviation of the FM signal is the maximum change of frequency caused by
the modulating voltage V,,. The frequency deviation is

Af = fnax —fe =Jfe +keVin —fo =k Vi (1.131)
The maximum frequency deviation is
Afmax = kf VM(max)' (1.132)

The frequency deviation of the FM signal is independent of the modulating frequency f,,.

The index of FM modulation is defined as the ratio of the maximum frequency deviation

Af to the modulating frequency f;,

AL
I Jm

my . (1.133)
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The angle-modulated signal contains components at f. = nf,,, where n =0,1,2,3,....
Therefore, the bandwidth of an angle-modulated signal is infinite. However, the amplitudes
of components with large values of n is very small. Therefore, the effective bandwidth of
the FM signal that contains 98 % of the signal power is given by Carson’s rule

A
BWpy = 2(mp + 1)y, =2 (f—f + 1) m = 2(Af + fin). (1.134)
If the bandwidth of the modulating signal is BW,,, the frequency-modulation index is
Afmax
= 1.135
"= Bw, ( )
and the bandwidth of the frequency-modulated signal is
BWrpy = 2(mp + 1)BW,,. (1.136)

Commercial FM radio stations with an allowed maximum frequency deviation Af of 75 kHz
and a maximum modulation frequency f,, of 15kHz require a bandwidth

BWgy =2 x (75 4+ 15) = 180kHz. (1.137)
For f. = 100 MHz and Af = 75kHz,
Af 75
— =——=0.075%. 1.138
£~ 100 x 106 ’ (1.138)

Standard broadcast FM uses a 200 kHz bandwidth for each station.

The only difference between PM and FM is that for PM the phase of the carrier varies with
the modulating signal and for FM the carrier phase depends on the ratio of the modulating
signal amplitude V,, to the modulating frequency f,,. Thus, FM is not sensitive to the
modulating frequency f,,, but PM is. If the modulating signal is integrated and then used
to modulate the phase of the carrier, the FM signal is obtained. This method is used in the
Armstrong indirect FM system. The amount of deviation is proportional to the modulating
frequency amplitude V,,. If the modulating signal is integrated and then used for phase
modulation of the carrier, an FM signal is obtained. This method is used in Armstrong’s
indirect FM systems.

The relationship between PM and FM is illustrated in Figure 1.21. If the modulating
signal amplitude applied to the phase modulator is inversely proportional to the modulating
frequency f,,, the phase modulator produces an FM signal. The modulating voltage is
given by

Vin .
V(1) = — sinw,t. (1.139)

m

V() f(1) V(1) fit)
PM — IR A
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Figure 1.21 Relationship between FM and PM.
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The modulated voltage is

kpVin .
v, =V, cos | w.t + sinw,,t | = V. cos¢(t). (1.140)
Wiy
Hence, the instantaneous frequency is
do(t
o(t) = % = W + ky Vi €OS @t (1.141)
where
kp Vi
Af = . (1.142)
2w

This approach is applied in the Armstrong frequency modulator and is used for commercial
FM transmission.

The output power of the transmitter with FM and PM modulation is constant and inde-
pendent of the modulation index because the envelope is constant and equal to the amplitude
of the carrier V.. Thus, the transmitter output power is

V2
= ﬁ'
FM is used for commercial radio and for audio in analog TV.

Both FM and PM signals modulated with a pure sine wave and having modulation index
m = my = m, can be represented as

Po (1.143)

Vo(t) = V. cos(w .t + m sin wy,t)
= V AJo(m) cos w.t + J1(m)[cos(w, + wy,)t — cos(we — wy,)t]
+ Jo(m)[cos(we + 2w )t — cos(we — 2wy, )t ]
+ J3(m)[cos(we + 3w,,)t — cos(we — 3wy)t] + - - -}

= 3" Acdu(m) cos[2(f. £ nfyu)i] (1.144)
n=0

where n = 0,1,2,... and J,(m) are Bessel functions of the first kind of order n and can
be described by

_(m 1 (m/2)? (m/2)* (m/2)°
Jumy = () [E TTet D 2mal 3w }

n+2k

o ()

= I(n +k)!

For m <« 1,
1 /m\»

Jam) ~ — (3) . (1.146)

The angle-modulated voltage consists of a carrier and an infinite number of components
(sidebands) placed at multiples of the modulating frequency f,, below and above the carrier
frequency f., i.e., at f, £ nf,,. The amplitude of the sidebands decreases with n, which
allows FM transmission within a finite bandwidth. Figure 1.22 shows the amplitudes of
spectrum components for angle modulation as functions of modulation index m.
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Figure 1.22 Amplitudes of spectrum components J,, for angle modulation as a function of mod-
ulation index m.

1.17 Digital Modulation

Digital modulation is special case of analog modulation. In RF systems with digital mod-
ulation, the carrier is modulated by a digital baseband signal, which consists of discrete
values. Digital modulation offers many advantages over analog modulation and is widely
used in wireless communications and digital TV. The main advantage is the quality of the
signal, which is measured by the bit error rate (BER). BER is defined as the ratio of the
average number of erroneous bits at the output of the demodulator to the total number of
bits received in a unit of time in the presence of noise and other interference. It is expressed
as a probability of error. Usually, BER >1073. A waveform of a digital binary baseband
signal is given by

vp =Y byv(t —nT,) (1.147)
n=1

where b, is the bit value, equal to O or 1. Counterparts of analog modulation are amplitude
shift keying (ASK), frequency-shift keying (FSK), and phase-shift keying (PSK).

1.17.1 Amplitude-shift Keying

The digital amplitude modulation is called the amplitude-shift keying (ASK) or ON-OFF
keying (OOK). It is the oldest type of modulation used in radio-telegraph transmitters. The
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Figure 1.23 Waveform of amplitude-shift keying (ASK).

binary amplitude-modulated signal is given by

V. cosw.t for v, =1

VBFSK = { 0 for Vi = 1. (1148)

Waveforms illustrating the amplitude-shift keying (ASK) are shown in Figure 1.23. The
ASK is sensitive to amplitude noise and therefore is rarely used in RF applications.

1.17.2 Phase-shift Keying

The digital PM modulation is called phase-shift keying (PSK). One of the most fundamental
types of PSK is the binary phase-shift keying (BPSK), where the phase shift is A¢ = 180°.
The BPSK has two phase states. Waveforms for BPSK are shown in Figure 1.24. When
the waveform is in phase with the reference waveform, it represents a logic ‘1’. When the
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Figure 1.24 Waveforms for binary phase-shift keying (BPSK).



38  RF POWER AMPLIFIERS

waveform is out of phase with respect to the reference waveform, it represents a logic ‘0’.
The modulating binary signal is

Vm = { _11 (1.149)
The binary phase-modulated signal is given by
o . | ve =V.cosw.t for v, =1
VBPSK = Vi X Ve = (£1) X v, = { v = —V, cos et for v, = —1. (1.150)

Another type of PSK is the quanternary phase-shift keying (QPSK), where the phase shift
is 90°. The QPSK uses four phase states. The systems 8PSK and 16PSK are also widely
used. The PSK is used in transmission of digital signals such as digital TV.

In general, the output voltage with digital PM modulation is given by

2 (i — 1
Vo = V. sin |:th + L} (1.151)
M
where i = 1,2,...,M, M =2V is the number of phase states, and N is the number of

data bits needed to determine the phase state. For M =2 and N = 1, a binary phase-shift
keying (BPSK) is obtained. For M = 4 and N = 2, we have a quadrature phase-shift keying
(QPSK) with the following combinations of digital signal: (00), (01), (11), and (10). For
M = 8 and N = 3, the 8PSK is obtained.

1.17.3 Frequency-shift Keying

The digital FM modulation is called frequency-shift keying (FSK). Waveforms for FSK are
shown in Figure 1.25. FSK uses two carrier frequencies, f; and f>. The lower frequency f>
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Figure 1.25 Waveforms for frequency-shift keying (FSK).
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may represent a logic ‘0’ and the higher frequency f; may represent a logic ‘1’. The binary
frequency-modulated signal is given by

V. coswet for v, =1

V. cos weot for v, =—1. (1.152)

VBFSK = {
Gaussian frequency-shift keying (GFSK) is used in the Bluetooth. A binary ‘one’ is repre-
sented by a positive frequency deviation and a binary ‘zero’ is represented by a negative
frequency deviation. The GFSK employs a constant envelope RF voltage. Thus, high-
efficiency switching-mode RF power amplifiers can be used as transmitters.

1.18 Radars

The term ‘radar’ is derived from radio detection and ranging. Radars are used in military
applications and in a variety of commercial applications, such as navigation, air traffic
control, meteorology as weather radars, automobile collision avoidance, law enforcement (in
speed guns), astronomy, radio-frequency identification (RFID), and automobile automatic
toll collection. Military applications of radars include surveillance and tracking of land,
air, sea, and space objects from land, air, ship, and space platforms. In monostatic radar
systems, the transmitter and the receiver are at the same location. The process of locating
an object requires three coordinates: distance, horizontal direction, and angle of elevation.
The radar antenna transmits a pulse of electromagnetic energy toward a target. The antenna
has two basic purposes: it radiates RF energy and provides beam focusing and energy
focusing. A wide beam pattern is required for search and a narrow beam pattern is neded
for tracking. A typical waveform of the radar signal is shown in Figure 1.26. The duty
ratio of the waveform is very low, e.g., 0.1 %. Therefore, the ratio of the peak power to
the average power is very large. For example, the peak RF power is P, = 200kW and
the average power is P4y = 200 W. Some portion of this energy is reflected (or scattered)
by the target. The echo signal (some of the reflected energy) is received by the radar
antenna. The direction of the antennas main beam determines the location of the target.
The distance to the target is determined by the time between transmitting and receiving
the electromagnetic pulse. The speed of the target with respect to the radar antenna is
determined by the frequency shift in the electromagnetic signal, i.e., the Doppler effect. A
highly directive antenna is necessary. The radar equation is

Prec _ GVA'Z 2
Pmd (477)3R4

(1.153)
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Figure 1.26 Waveform of radar signal.
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Figure 1.27 Block diagram of an RFID sensor system with a passive tag.

where P, is the power transmitted by the radar antenna, P, is the power received by the
radar antenna, o; is the radar cross section, and D is the directive gain of the antenna.

1.19 Radio-frequency Identification

A radio-frequency identification (RFID) system consists of a tag placed on the item to be
identified and a reader used to read the tag. The most common carrier frequency of RFID
systems is 13.56 MHz, but it can be in the range of 135kHz to 5.875 GHz. The tags are
passive or active. An passive tag contains an RF rectifier, which rectifies a received RF
signal from the reader. The rectified voltage is used to supply the tag circuitry. They exhibit
long lifetime and durability. An active tag is supplied by an on-board battery. The reading
range is of active tags is much larger that of passive tags and are more expensive. A block
diagram of an RFID sensor system with a passive tag is shown in Figure 1.27. The reader
transmits a signal to to the tag. The memory in the tag contains identification information
unique to the particular tag. The microcontroller exports this information to the switch on
the antenna. A modulated signal is transmitted to the reader and the reader decodes the
identification information.

The tag may be placed in a plastic bag and attached to store merchandise to prevent
theft or checking the store inventory. Tags may be mounted on windshields inside cars
and used for automatic toll collection or checking the parking permit without stopping the
car. Passive tags may be used for checking the entire inventory in libraries in seconds or
locating a misplaced book. Tags along with pressure sensors may be placed in tires to alert
the driver if the tire looses pressure. Small tags may be inserted beneath the skin for animal
tracking. IRFD systems are capable of operating in adverse environments.

1.20 Summary

e In RF power amplifiers, the transistor can be operated as a dependent-current source or
as a switch.

e When the transistor is operated as a dependent current-source, the drain current depends
on the gate-to-source voltage. Therefore, variable-envelope signals can be amplified by
the amplifiers with current-source mode of operation.
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When the transistor is operated as a switch, the drain current is independent of the
gate-to-source voltage.

When the transistor is operated as a switch, the drain-to-source voltage in the on-state is
low, yielding low conduction loss and high efficiency.

When the transistor is operated as a switch, switching losses limit the efficiency and the
maximum operating frequency of RF power amplifiers.

Switching power loss can be reduced by using the zero-voltage switching (ZVS) tech-
nique or zero-current switching (ZCS) technique.

In Class A, B, and C power amplifiers, the transistor is operated as a dependent current
source.

In Class D, E, and DE power amplifiers, the transistor is operated as a switch.

When the drain current and the drain-to-source voltage are completely displaced, the
output power of an amplifier is zero.

RF modulated signals can be classified as variable-envelope signals and constant-envelope
signals.

The most important parameters of wireless communications systems are spectral effi-
ciency, power efficiency, and signal quality.

dBm is a method of rating power with respect to 1 mW of power.

The carrier is a radio wave of constant amplitude, frequency, and phase.
Power and bandwidth are two scarce resources in RF systems.

The major analog modulation schemes are AM, FM, and PM.

AM is the process of superimposing a low-frequency modulating signal on a high-
frequency carrier so that the instantaneous changes in the amplitude of the modu-
lating signal produce corresponding changes in the amplitude of the high-frequency
carrier.

FM is the process of superimposing the modulating signal on a high-frequency car-
rier so that the carrier frequency departs from the the carrier frequency by an amount
proportional to the amplitude of the modulating signal.

Frequency deviation is the amount of carrier frequency increase or decrease around its
center reference value.

The major digital modulation schemes are ASK, FSK, and PSK.

BPSK is a form of PSK in which the binary ‘1’ is represented as no phase shift and the
binary ‘O’ is represented by phase inversion of the carrier signal.

A transceiver is a combination of a transmitter and a receiver.
Duplexing techniques allow for users to transmit and receive signals simultaneously.

The major multiple-access techniques are: time-division multiple access (TDMA) tech-
nique, frequency-division multiple access (FDMA) technique, and code-division multiple
access (CDMA) technique.



42  RF POWER AMPLIFIERS

1.21 References

[1] K. K. Clarke and D. T. Hess, Communications Circuits: Analysis and Design, Addison-Wesley
Publishing Co., Reading, MA, 1971; reprinted Krieger, Malabar, FL, 1994.

[2] H. L. Krauss, C. W. Bostian, and F. H. Raab, Solid State Radio Engineering, John Wiley &
Sons, New York, NY, 1980.

[3] E. D. Ostroff, M. Borakowski, H. Thomas, and J. Curtis, Solid-State Radar Transmitters, Artech
House, Boston, MA, 1985.

[4] M. K. Kazimierczuk and D. Czarkowski, Resonant Power Converters, John Wiley & Sons, New
York, NY, 1995.

[5] S. C. Cripps, RF Power Amplifiers for Wireless Communications, 2nd Ed., Artech House, Nor-
wood, MA, 2006.

[6] M. Albulet, RF Power Amplifiers, Noble Publishing Co., Atlanta, GA, 2001.

[7]1 T. H. Lee, The Design of CMOS Radio-Frequency Integrated Circuits, 2nd Ed. Cambridge
University Press, New York, NY, 2004.

[8] P. Reynaret and M. Steyear, RF Power Amplifiers for Mobile Communications, Dordrecht, The
Netherlands, Springer, 2006.

[9] B. Molnar, ‘Basic limitations of waveforms achievable in single-ended switching-mode tuned
(Class E) power amplifiers,” IEEE J. Solid-State Circuits, vol. SC-19, pp. 144—146, February
1984.

[10] M. K. Kazimerczuk, ‘Generalization of conditions for 100-percent efficiency and nonzero output
power in power amplifiers and frequency multipliers,” /EEE Trans. Circuits and Systems, vol.
CAS-33, pp. 805-807, August 1986.

[11] M. K. Kazimierczuk and N.O. Sokal, “Cause of instability of power amplifiers,” IEEE J.
Solid-State Circuits, vol. 19, pp. 541-542, August 1984.

[12] B. Razavi, RF Microelectronics, Prentice Hall, Upper Saddle River, NJ, 1989.

[13] A. Grebennikov, RF and Microwave Power Amplifier Design, McGraw-Hill, New York, NY,
2005.

[14] A. Grebennikov and N. O. Sokal, Switchmode Power Amplifiers, Elsevier, Amsterdam, 2007.

[15] M. K. Kazimierczuk, Pulse-width Modulated DC-DC Power Converters, John Wiley & Sons,
New York, NY, 2008.

1.22 Review Questions

1.1 What are the modes of operation of transistors in RF power amplifiers?
1.2 What are the classes of operation of RF power amplifiers?
1.3 What are the necessary conditions to achieve 100 % efficiency of a power amplifier?

1.4 What are the necessary conditions to achieve nonzero output power in RF power
amplifiers?

1.5 Explain the principle of ZVS operation of power amplifiers.
1.6 Explain the principle of ZCS operation of power amplifiers.
1.7 What is a ground wave?

1.8 What is a sky wave?

1.9 What is a line-of-sight wave?

1.10 What is an RF transmitter?
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1.27
1.28
1.29
1.30
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INTRODUCTION
What is a transceiver?
What is duplexing?
List multiple-access techniques.
When are harmonics generated?
What is the effect of harmonics on communications channels?
Define THD.
What are intermodulation products?
When intermodulation products are generated?
What is the effect of intermodulation products on communications channels?
What is intermodulation distortion?
Define the 1-dB compression point.
What is the interception point?
What is the dynamic range of power amplifiers?
What determines the bandwidth of emission for AM transmission?

Define the modulation index for FM signals.

43

Give an expression for the total power of an AM signal modulated with a single-

modulating frequency.

What is QAM?

What is phase modulation?

What is frequency modulation?

What is the difference between frequency and phase modulation?
What is FSK?

What is PSK?

Explain the principle of operation of a radar.

Explain the principle of operation of an RFID system.

1.23 Problems

1.1 The rms value of the voltage at the carrier frequency is 100 V. The rms value of the
voltage at the second harmonic of the carrier frequency is 1 V. The load resistance is

50 2. Neglecting all other harmonics, find THD.

1.2 The carrier frequency of an RF transmitter is 2.4 GHz. What is the height of a quarter-

wave antenna?

1.3 An AM transmitter has an output power of 10kW at the carrier frequency. The mod-
ulation index at f;, = 1 kHz is m = 0.5. Find the total output power of the transmitter.
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1.4

1.5

1.6

1.7

1.8

1.9

1.10

RF POWER AMPLIFIERS

The dc voltage of an RF transmitter with a Class C power amplifier is 24 V. The
minimum voltage of the transistor is Vpg,;, = 2 V. Find the maximum value of the
index modulation.

An intermodulation product occurs at (a) 3f; — 2f> and (b) 3f; + 2f>. What is the order
of intermodulation?

An FM signal of a transmitter is applied to a 50 Q2 antenna. The amplitude of the
signal is V,,, = 1000 V. What is the output power of the transmitter?

An FM signal is modulated with the modulating frequency f,, = 10kHz and has a
maximum frequency deviation Af = 20kHz. Find the modulation index.

An FM signal has a carrier frequency f. = 100.1 MHz, modulation index m; = 2, and
modulating frequency f,, = 15kHz. Find the bandwidth of the FM signal.

How much bandwidth is necessary to transmit a Chopin’s sonata through an FM radio
broadcasting system with high fidelity?

The peak power of a radar transmitter is 100 kW. The duty ratio is 0.1 %. What is the
average power of the radar transmitter?
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Class A RF Power Amplifier

2.1 Introduction

The Class A power amplifier [1-13] is a linear amplifier. A linear amplifier is supposed
to produce an amplified replica of the input voltage or current waveform. It provides an
accurate reproduction of both the envelope and the phase of the input signal. The input
signal may contain voice information or image information. The transistor in the Class
A amplifier is operated as a dependent-current source. The conduction angle of the drain
or collector current is 360°. The efficiency of the Class A amplifier is very low. In this
chapter, the basic characteristics of the Class A RF power amplifier are analyzed. The
amplifier circuits, biasing, current and voltage waveforms, power losses, efficiency, and
impedance matching are studied.

2,2 Circuit of Class A RF Power Amplifier

The Class A amplifier is shown in Figure 2.1. It consists of a transistor, a parallel-resonant
circuit L-C, an RF choke Ly, and a coupling capacitor C.. The operating point of the
transistor is located in the active region (the pinch-off region or the saturation region).
The dc component of the gate-to-source voltage Vs is higher than the transistor threshold
voltage V;. The transistor is operated as a voltage-controlled dependent-current source. The
ac component of the gate-to-source voltage vy, can have any shape. The drain current ip is
in phase with the gate-to-source voltage vgs. The ac component of drain current iy has the
same shape as the ac component of the gate-to-source voltage v, as long as the transistor
is operated in the pinch-off region, i.e., for vps > vgs — V;. Otherwise, the drain current
waveform flattens at the crest. We will assume a sinusoidal gate-to-source voltage in the
subsequent analysis. At the resonant frequency fy, the drain current ip and the drain-to-
source voltage vps are shifted in phase by 180°. The large-signal operation of the Class
A power amplifier is similar to that of the small-signal operation. The main difference is
the level of current and voltage amplitudes. The operating point is chosen in such a way

RF Power Amplifiers  Marian K. Kazimierczuk
© 2008 John Wiley & Sons, Ltd
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Figure 2.1 Class A RF power amplifier.

that the conduction angle of the drain current 26 is 360°. The vgs-v, characteristic of the
Class A power amplifier is nearly linear, yielding low harmonic distortion (HD) and low
intermodulation distortion (IMD). The level of harmonics in the output voltage is very low.
Therefore, the Class A power amplifier is a linear amplifier. It is suitable for amplification
of AM signals. In narrowband Class A amplifiers, a parallel-resonant circuit is used as a
bandpass filter to suppress harmonics and select a narrowband spectrum of a signal. In
wideband Class A amplifiers, the filters are not needed.

The RF choke can be replaced by a quarter-wavelength transmission line, as shown in
Figure 2.2. The input impedance of the transformer is given by

_%
=z
The load impedance of the transmission line in the form of a filter capacitor of the power
supply at the operating frequency is very low, nearly a short circuit. Therefore, the input
impedance of the transmission line at the drain for the fundamental component of the drain
current is very high, nearly an open circuit.

The current ripple of the choke inductor Ly is low, at least 10 times lower than the dc

component /7, which is equal to the dc component of the drain current Ip. Hence, X;r > R,
resulting in the design equation

Z; 2.1

X = wL > 10R. (2.2)
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Vas T

Figure 2.2 Class A RF power amplifier with a quarter-wavelength transformer used in place of
an RF choke.

The coupling capacitor is high enough so that its ac component is nearly zero. Since the dc
component of the voltage across the inductor L in steady state is zero, the voltage across
the coupling capacitor is

Vee = V. (23)
The ripple voltage across the coupling capacitor is low if X¢. << R. The design equation is
Xce = I _R 2.4)

“TwC 10 '

2.3 Power MOSFET Characteristics

For low drain currents, the drain current of an n-channel enhancement-type MOSFET with a
long channel and operating in the pinch-off region (or the saturation region) with a low-field
and constant carrier mobility in the channel is given by a square law

. _1 c w ( V)z
Ip = 2,“%0 ox L VGs t

=K(vgs — Vi) for vgs >V, and vps >ves — Vi (2.5)

1 w
K = E,U«ncnx (f) s (2.6)

Uno is the low-field surface electron mobility in the channel, C,x = €,, /1, is the oxide
capacitance per unit area of the gate capacitor, f,, is the oxide thickness, €,, = 0.345 pF/cm
is the silicon oxide permittivity, L is the channel length, W is the channel width, and V; is
the threshold voltage. Typically, fox = 0.1um, pu0Cor = 20uA/V?, C,, = ; mF/m?, and
Uno = 600 cm?/Vs for electrons in silicon at room temperature. The electron mobility in the
channel is substantially lower than that in bulk silicon and can be as low as 200 cm?/Vs. The
low-frequency large-signal model of the long-channel MOSTETs for the pinch-off region
at low drain currents is shown in Figure 2.3.

The drain current ip is inversely proportional to the channel length L. Once the channel
pinches off at vpsser = vgs — Vi, the channel charge nearly vanishes at the drain end and

where
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Figure 2.3 Low-frequency large-signal model of power MOSFETs for the pinch-off region at low
drain currents (i.e., at constant carrier mobility).

the lateral electric field becomes very high. An increase in vpg beyond vpss, causes the
high-field region at the drain end to widen by a small distance AL. The voltage drop
Vps — Vpssar 18 across AL. As the drain-to-source voltage vpg increases in the pinch-off
region, the channel pinch-off point is moved slightly away from the drain toward the source.
Thus, the effective channel length L, is shortened to

L.=L— AL 2.7)

This phenomenon is known as channel-length modulation and is more significant for short
channels. The drain current for MOSFETs with a short channel is given by

b = 2 ita0Cor ( —— ) (vas — Vi = S taC. Y e - w2
ip = = ln — | (vgs — = — Uy ———— | (vgs —
D ZM 0C ox L— AL GS t 2/“ 0C ox ( AL) GS t
L{l——
L
1 W ) AL )
R EMnOC()x A (ves = V) |1+ 7 )= K(vgs — Vi)"(1 + Avps). (2.3)

where the fractional change in the channel length is proportional to the drain-to-source
voltage vps and is given by

— =Avps = ——, (2.9)

A =1/V, is the channel-length modulation parameter, and V4 is a voltage similar to the
Early voltage. Another short-channel effect is the reduction of the threshold voltage V; as
the channel length decreases.

The transconductance for low drain currents at a given operating point determined by the
dc components of gate-to-source voltage Vs, drain current I, and drain-to-source voltage
VDS is

dip

8&m = dVGS

w
= 2K(VGS - V,) = 2\/KID = \/2/1,,,0C0x (I) ID. (210)

vGs =VaGs
Hence, the ac small-signal component of the drain current of an ideal MOSFET with
horizontal ip-vpg characteristics for low dc drain currents Ip is

. w

l(; = 8mVgs = 2K (Vgs — VI)VgS = /anOC()x <f) Vs — Vl‘)vgs = 2\/ KIDvgs~ (2.1
The horizontal ip-vps characteristics of real MOSFETSs have a slope in the pinch-off region.
As the drain-to-source voltage vps increases, the drain current ip slightly increases. The
small-signal output conductance of a MOSFET at a given operating point is
1 dip 1 Ip

w
g =—= = S 1n0Cox (—) (Vos — Viy*h ~ Ap = — (2.12)
o dDS vas=Vas 2 L VA
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resulting in the small-signal output resistance of the MOSFET

A 1 V, V,
= o= A — : (2.13)
i
PP G (—) (Vos = Vi)
2 L
Hence, the ac small-signal component of the drain current in the pinch-off region is

. Vd
Id = 8mVgs + 8oVds = 8mVgs T r_s (2.14)

A low-frequency small-signal model of power MOSFETs in the pinch-off region (with
neglected transistor capacitances) representing (2.14) is shown in Figure 2.4.

A high-frequency model of power MOSFETs for the pinch-off region is depicted in
Figure 2.5, where Cyq = C)y is the gate-to-drain capacitance, Cgg = Cigy — Cryy is the
gate-to-source capacitance, and Cyg = C,gs — Cry, 1s the drain-to-source capacitance. Capac-
itances Cgs, Ciss, and C,g are given in manufacturer’s data sheets of power MOSFETs.

The average drift velocity of current carriers in a semiconductor caused by the electric
field intensity E is given by

HoE
V= (2.15)
1+ Ko
Vsat
where (1o is the low-field carrier mobility and vy, is the saturation carrier drift velocity.
Typically, vey = 8 X 10° cm/s for electrons in silicon (Si) and vy, = 2.7 x 107 cm/s for
electrons in silicon carbide (SiC).

The average mobility of current carriers o decreases when electric field intensity E, the
doping concentration, and temperature 7 increase. The mobility as a function of the electric
field intensity E is given by

v Mo
h=—=—-—7— (2.16)

E

E 14 Ho

Vsat
The range of the electric field intensity E from point of view of the average mobility
can be divided into three ranges: low-field range, intermediate-field range, and high-field

range [13].

g
-
o
+
O-I = Vgs ImVYgs Iy
o c ° o

Figure 2.4 Low-frequency small-signal model of power MOSFETs for the pinch-off region.

Cyd g
P

Y . .
O |\ O
-] i

o = Vgs T Cgs ImYgs I /‘\ Cus
O L L 2 J- L 2 O

Figure 2.5 High-frequency small-signal model of power MOSFETs for the pinch-off region.
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In the low-field range, the average carrier mobility is approximately constant
wa~p for E <3x10°V/em. (2.17)

Therefore, the low-field average carrier drift velocity is directly proportional to the electric
field intensity E

v uE  for E <3 x10°V/em. (2.18)

For intermediate-field range, the carrier mobility x decreases when the electric field intensity
E increases and is given by (2.16). Consequently, the intermediate-field average drift carrier
velocity increases at a lower rate than that of the low-field average drift velocity. This range
of the electric field intensity is

3x10°V/em < E <6 x 10*V/cm. (2.19)

As the electric field intensity enters the intermediate range, the collisions of electrons with
the semiconductor lattice are so frequent and the time between the collisions is so short
that the current carriers do not accelerate as much as at low electric field intensity, slowing
down the movement of the current carriers as a group.

In the high-field range, the average carrier drift velocity reaches a constant value called
the saturation drift velocity and is independent of the electric field intensity E

V&g for E>6x10* V/em. (2.20)

In this region, the carrier mobility w is inversely proportional to the electric field intensity
E. The collisions rate is so dramatically increased and the time between the collisions is
so much reduced that the velocity of the movement of current carriers is independent of
the electric field intensity.

At the boundary between the ohmic region and the saturation region,

VDS = VGs — V,. (221)
The electric field intensity in the channel is

vps  ves — Vi

E=—=—7— 222
2 2 (222)
and the average carrier drift velocity in an n-channel is
-V
v =B =p2 = YOS~ (2.23)
L l
The drain current at the intermediate electric field intensity for the saturation region is
o=t (Y v =t (YY) = Lle w (VDS)
ip == — ) (vgs — == — )vps == v —
D zﬂn a\ 7 GS t 2/an ox \ DS 5 Cox DS Mn I
1 1 1 MnoE
= ~CoxWypspE = = CoxWypgv = ~Copx Wyps —————
2 2 2 MnoE
I+
Vsat
= EﬂnOCox (f) VDs 1+ MnoVDs — 5 Lt wnoas — Vi) Cox <f) (ves — Vi)

Lvsy Lvgy,

1 Mno w 2
N o o N i —v,
21+ 00vgs — V) ™ ( L ) (vos = Vo)

for vgs =V, and vps >vgs — V; (2.24)



CLASS A RF POWER AMPLIFIER 51

where the mobility degradation coefficient is

o Hn0
Lvgy

(2.25)

The shorter the channel, the higher is the mobility degradation coefficient. The drain current
ip follows the average carrier drift velocity v. The decrease in the current carrier mobility
M, in the channel is called the ‘short-channel effect.” The carrier mobility in the channel
for the n-channel MOSFET can be expressed as

_ MHno
1+6(Vgs — V)

Taking into account the channel-length modulation, the drain current for the intermediate
electric field intensity in the pinch-off region is

[ (2.26)

=t 0 o (W) s — VR )
21+60(gs — V) S\ L !
for vgg >V, and vps > vgs — V;. (2.27)

The ip-vgs characteristics are displayed in Figure 2.6.

For high drain currents, v = vy, and therefore the ip-vgs characteristic of an n-channel
enhancement-type power MOSFET for the pinch-off region (or the saturation region) is
nearly linear and is given by a linear law [13]

. 1
ip = Ecox Wyt (vgs — Vi) = Ksur(vgs — Vi) + Avps)

for vgs >V, and vpg >vgs — Vi (2.28)

16 T T T T

12F - . . . . . : : : . . Y -

O[]

Vs . Linear Law |

vas (V)

Figure 2.6 MOSFET ip-vgs characteristics described by a square low, linear law, and exact
equation for V, =1V, 0 = 600cm?/s, C, = %rnF/mz, W/L =10, vy =8 x 10%cm/s, and
= 0. Exact: L =2pm and 6 = 0.375. Linear: L = 0.5um and W = 0.5 x 10° um.
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ip
L
o O
4
o] = Vas ip= KsarlVas= V)
O— L 2 O

Figure 2.7 Low-frequency large-signal model of power MOSFETs for constant carrier drift veloc-
ity v & vy

where |
Ksar = E CoxWvgyr. (2.29)

Thus, the large-signal model of the MOSFET for high drain currents in the constant dift
velocity range consists of the voltage-dependent current source driven by the voltage vgs —
V, for vgs > V; and the coefficient of this source is Kj,. The low-frequency large-signal
model of power MOSFETs (with neglected capacitances) for constant carrier drift velocity
V & vy, is shown in Figure 2.7.
The transconductance of the MOSFET for high drain currents is
dip 1
8&m = = Ko = _Cox Wy (230)
dvas vGs =VGs 2

For high drain currents, g, is constant and independent of the operating point if vgs > V;.
The ac model of the MOSFET consists of a voltage-dependent current source iy driven by
the gate-to-source voltage v,s. The ac component of the drain current is

i 1
l(; = 8mVgs = KsarVgs = ECOJCWVsaIVgS- (2.31)
The small-signal output conductance of a MOSFET at a given operating point is
8o = — = 17— = Ksat(Vgs = Vi)'A = zCox Wvsy (Vs — Vi)"A X Alp = —
Yo dDS vas =Vas 2 VA
(2.32)
resulting in the small-signal output resistance of the MOSFET
Av 1 v, v,
r, = =08 _ 4 _ A . (2.33)

Ao Moo W (Vs — V)

The drain current is given by (2.14) and the low-frequency small-signal model for v & vy,

is displayed in Figure 2.4, where g,, and r, are given by (2.30) and (2.32), respectively.
Power MOSFETs operate with either characteristics intermediate between the constant

carrier mobility and the constant drift velocity regions (like in Class A power amplifiers)

or in all the three regions (like in Class B and C power amplifiers). A SPICE model of a

MOSFET can be used for high-frequency large-signal computer simulation.

2.4 Waveforms of Class A RF Amplifier

Figure 2.8 shows current and voltage waveforms in the Class A power amplifier. The
gate-to-source voltage is given by

vGs = Vs +vgs = Vs + Vg sinwt (2.34)
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T 2t ot

Pk——x——~—-

T 2 ot

Figure 2.8 Waveforms in Class A RF power amplifier.

where Vg is the dc gate-to-source bias voltage, Vg, is the amplitude of the ac component
of the gate-to-source voltage vy, and w = 27rf is the operating angular frequency. The dc
component of the voltage Vs is higher than the MOSFET threshold voltage V; such that
the conduction angle of the drain current is 260 = 360°. To keep the transistor in the active
region at all times, the following condition must be satisfied:

VGS - Vg‘ym > V,. (235)
The drain current in the Class A power amplifier is
ip = Ksat(Vgs + Vgsm coswt — V;) = Ksa; (Vs — Vi) + Ksar Vs €08 wt (2.36)

where Ky, is the MOSFET parameter and V, is the MOSFET threshold voltage. The drain
current is expressed as

ip=1Ip+i;=1Ip+1,coswt =1; + I, cos wt (2.37)
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where the dc component of the drain current Ip is equal to the dc supply current /;
Ip =1;. (2.38)
The ac component of the drain current is
iy =1, coswt (2.39)

where I, is the amplitude of the ac component of the drain current. To avoid distortion
of the sinusoidal ac component of the drain current, the maximum amplitude of the ac
component of the drain current is given by

Lynaxy =11 = Ip. (2.40)

An ideal parallel-resonant circuit L-C presents an infinite reactance at the resonant frequency
fo = 1/(2n+/LC). Therefore, the output current at the resonant frequency fy of the parallel-
resonant circuit is

i, = iCc =L —ip=L -1 —iy =—iy = —1I, coswt. (2.41)
The fundamental component of the drain-to-source voltage is
vgs = —Ri, = —RI,, coswt = —V,, cos wt (2.42)

where V,, = RI,. The drain-to-source voltage at the resonant frequency fy of the parallel-
resonant circuit is

vps = Vps + vas = Vps — Viucoswt = V; — V,,, cos wt (2.43)

where the dc component of the drain-to-source bias voltage Vpg is equal to the dc supply
voltage V;

Vps = V1. (2.44)

Since operation of an ideal transistor as a dependent-current source can be maintained only
when vpg is positive, it is necessary to limit the amplitude V,, to a value lower than V;

Vm(max) = le(max) = VI = VDS' (245)
The output voltage at the resonant frequency fy is
Vo =Vps — Vee = Vi + vy — Vi = vgg = =V, cos wt. (2.46)

in which the amplitude of the ac component of the drain-to-source voltage and the output
voltage is

Vin = RI,. (2.47)
The instantaneous drain power at the operating frequency f =fy = 1/Q2r~/LC) is
given by

L,V
5 (1 +cos 2). (2.48)

The instantaneous power dissipation in the transistor at f = fj is

Po(wt) =iyve = 1, Vi cos® wt =

pp(wt) = ipvps = (I; + I, cos wt)(V; — V,,, cos wt)

1, V,
=L 1+ Z2coswt |V [1——2coswt
I Vi
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I, V,
=P (1 + I—" cos wt) (1 — Vm cos a)t) . (2.49)

1 1
For I,, = I; and V,, = V;, the instantaneous power dissipation in the transistor at f = fj
becomes

P
pp(wt) =I;(1 +coswt)Vi(1 —coswt) = Pr(1 — cos’ wt) = 71(1 —cos2wt). (2.50)

The normalized instantaneous drain power loss pp(wt)/P; in the Class A power amplifier
at I, = I, f = fo, and selected values of V,,/V; are shown in Figure 2.9.
When the operating frequency f is different than the resonant frequency fy, the drain-to-
source voltage is
vps = Vi — V,, cos(wt + ¢) (2.51)
and the instantaneous power dissipation in the transistor is

pp(wt) = ipvps = (I} + I, coswt)[V; — V,, cos(wt + ¢)]

I V,
=1 (1 + 2 coswt) \%; |:1 — 2 cos(wt + ¢>)i|
I Vi

1

=P (1 + Ilﬂcos a)t> |:1 — “//—m cos(wt + ¢)] . (2.52)

1 1

The normalized instantaneous drain power loss pp(wt)/P; in the Class A power amplifier
at I, = I;, ¢ = 10°, and selected values of V,,/V; are shown in Figure 2.10.

1.25 T T T T T

0.75

Pp (0d)/P,

0.25

O 1 1 1
-180 -120 -60 0 60 120 180
ot (°)

Figure 2.9 Normalized instantaneous drain power loss pp(wt)/P; in the Class A amplifier for
L, = I, f = fo, and selected values of V,,,/V;.
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Figure 2.10 Normalized instantaneous drain power loss pp(wt)/P; in the Class A amplifier for
I, =11, ¢ = 10°, and selected values of V,,/V;.

2,5 Parameters of Class A RF Power Amplifier

The dc supply current is

Vinmaxy _ Vos Vi
I = Loy = m) 22 L 2.53
I (max) R R R (2.53)
The dc resistance seen by the power supply V; is
V
Rpc = —~ =R. (2.54)
Ip
The dc supply power (or the dc input power) is given by
V2
P =1IpVps = Inna) Vi = 1 Vi = —. (2.55)

The dc supply power is constant and independent of the amplitude of the output voltage
Vn. The power dissipated in the drain at f = f; is given by

2
ppg = mVn _Rby Ve L (VPN (V)T (2.56)
2 2 2R 2\ R Vi
For Viygmax) = VI, the drain power reaches its maximum value
Vi P
Pps, =1 - 2.57
DSmax R ) ( )

The output power is proportional to the square of the output voltage amplitude V,,. The
power dissipated in the transistor (excluding the gate-drive power) is

| 7 VA 7 1/ V)?
Pp=P —Pps =0V, — =L __m__Li1j__(2) [ 2.58
p =P —Pps =1LV —op =1 —70 =75 2<V1> (2.58)
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The maximum power dissipation in the transistor occurs at Pps = 0 (i.e., for V,, = 0)

43
Pppax =P =1;Vy = = (2.59)

A heat sink for the transistor should be designed for this power dissipation. The minimum
power dissipation in the transistor occurs at Ppgpax

VEooVE VP
R 2R 2R 2
Figure 2.11 shows plots of P;, Pp, and Pp as a function of the amplitude of the output

voltage V,,.
The drain efficiency of the Class A power amplifier at f = fj is given by

Ppmin = P1 — Ppspmax = (2.60)

V2
- 2 2 2
ot L) (l) LW
p=—"=z|"—)|\ =57 = = =—|-) .
Py 2\ Vi V_I2 2RV Lmax) 2RV, Vinmary 2\ Vy
R R
(2.61)
The maximum theoretical efficiency of the Class A RF amplifier with choke Ly is
Vm n
ND(mar) = 2(‘/]“") =05. (2.62)

The drain efficiency np as a function of V,, is shown in Figure 2.12.
In reality, a MOSFET behaves like a dependent current source above a minimum drain-
to-source voltage

Vpsmin = ves — Vi = Vas + Vg — Vi (2.63)
1.2 T T T T
P, /(VR)
1 T -

T N
< ~ . Pol(VAIR)
< osf ~ 1
3 .
£ ~
[\ RN
S 06 S
3 -
Q.
€ o 2 -
; Pps /(V[/R)
s

0.2 4

O 1 1 1 1
0 0.2 0.4 0.6 0.8 1
VoV,

Figure 2.11 DC supply power P;, output power Pg, and dissipated power Pp for Class A RF
power amplifier with choke inductor as functions of the output voltage amplitude V,,.
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Figure 2.12  Drain efficiency np of Class A RF power amplifier (with choke inductor) as a
function of the output voltage amplitude V,,.

and therefore the maximum amplitude of the ac component of vpg is given by
Vm(max) = VI - VDSmin = VI - VGS - Vgsm + Vt (264)
resulting in the maximum drain efficiency
Vm m Vi—=V, min 1 V, min
(max) VI DSl__(l_ D51)<0.5'

(2.65)

NDmax = =

2V, 2V, )

The efficiency of the Class A RF power amplifier is low. Therefore, this amplifier is used in
low-power applications or as an intermediate stage in a cascaded amplifier. The efficiency
of Class A audio power amplifiers is below 25% because the RF choke is replaced by a
resistor at low frequencies, which dissipates power.

Assuming that I, = I; and V,, = V;, the maximum drain current is

Ipy =1 +1,, =2I; (2.66)

1

and the maximum drain-to-source voltage is
Vosu = Vi + Vi =2V, (2.67)
The output power capability is

PO(max) np Py ( I; ) < \%i ) 1 1 1 1
Cc, = = = e = - X =X -==-= 0125 268
P IomVosu  Ipm Vpsu ' Ipy Vpsm 2 2 2 8 (2.68)

or

V2 v/
Poim 3R 2R !
Omax) 2R 2R =_-=0.125 (2.69)

c, = = =
P Vosulpn VD) <2V1>
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If the operating frequency is not equal to the resonant frequency, the drain power is
1
Pps = Elm Vin cos ¢ (2.70)

where ¢ is the phase shift between the drain current and the drain-to-source voltage. As a
result, some equations should be modified.
The gate-drive power is

PG = 1 Vigsm COS PG = l12 RG cos G = ﬁcosqsg (2.71)
) gm Y gsm 5'em 2RG
where Rg is the gate resistance and ¢¢ is the phase shift between the gate voltage and
current. The gate impedance consists of a gate resistance R and a gate input capacitance
Cy, = Cgs + (1 — Aj)Cy, where Cyy is the gate-to-source capacitance, Cgq is the gate-to-
drain capacitance, and A,, is the gate-to-drain voltage gain. The gate input capacitance is
increased by the Miller effect. The power gain of the amplifier is

P V. \> 1 R
ky = =2 = (—”) =G (2.72)
Pg Vesm cos¢ps R

2.6 Parallel-resonant Circuit

The resonant frequency of the resonant circuit is
1

wy) = —. (2.73)
~LC
The characteristic impedance of the parallel-resonant circuit is
Z—,/L— L= ! (2.74)
o=V T wol. = a)()C. .
The loaded-quality factor is
Maximum energy stored at fj [wr(wot) + we (wot) ] max
Qp =2m = (2.75)
Total energy lost per cycle at fj PoT
where the instantaneous energy stored in the capacitor C is
[P R
we (wot) = ECVO = §CV’" sin” wot (2.76)

and the instantaneous energy stored in the inductor L is

| S S 1 Vi \ 2 1 2.2
wr(wot) = ELIL = ELI’” cos” wot = EL a)(:nL cos” wot = ECV’” cos“wot.  (2.77)
Hence,
lcv2( s 2 2
7 CV,, (sin” wot + cos wot) R R
Qp =2m =wyCR = — = —. (2.78)
Vn%/zRf() Zo C()()L

The amplitude of the current through the inductor L and the capacitor C is

V,, R,
= — Oul. (2.79)

I :I = — =
Lm Cm a)()L CU()L
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For the basic parallel-resonant circuit, the output voltage v, is equal to the fundamental
component of the drain-to-source voltage vy

Vo = Vds1- (2.80)
The phasor of the output voltage V, in terms of the phasor of the fundamental component
of the drain current /; is given by
Iy

Vo=~Zli=~7 (2.81)

where the admittance of the parallel-resonant circuit is

1, 1 1 1 w wo .
Y=F=—+jloC——)=—|14+j0(——-—)|=IYI” 2.82
v o Rt (w wL) R[ +JQL(w0 w)] Y le (2.82)

in which
2
|Y|:l 1+ 0? L _* (2.83)
R LNowy o ’
and
¢y = arctan [QL (3 - @ﬂ . (2.84)
[O)) w
The impedance of the parallel-resonant circuit is
V, 1 1 R )
Id Y 1 + . C 1 1 + Q w ()
_ wC — — - _ 2
R J wL JeL wo w
where
R
|Z| = (2.86)
0w
\/ 1+0;7 (— - —0)
w w
and
¢z = — arctan [QL (ﬁ — @>:| . (2.87)
[O) w

Figures 2.13 and 2.14 show the normalized input impedance |Z|/R and phase ¢ of the
parallel-resonant circuit.

The parallel-resonant circuit acts like a bandpass filter. The voltage gain of the amplifier
decreases by 3dB when

IZ| 1
R 5 (2.88)
yielding
w ()
Or . =-1 (2.89)
and

Or <— - —) = 1. (2.90)
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O i
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Figure 2.13 Normalized magnitude of the input impedance of the parallel-resonant circuit |Z|/R.
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Figure 2.14 Phase of the input impedance of the parallel-resonant circuit ¢y.
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Hence, the lower 3-dB frequency is

P N asn
LR 20.)  20: '
and the upper 3-dB frequency is
fu =f 1+< ! >2+ ! (2.92)
e 20,) 200 | '
The 3-dB bandwidth of the resonant circuit is
BW =fy —fL = f—O. (2.93)
oL

2,7 Power Losses and Efficiency of Parallel
Resonant Circuit

Figure 2.15 shows the equivalent circuit of the Class A RF power amplifier with parasitic
resistances. The power loss in the equivalent series resistance (ESR) of the inductor ry is

rlf, Oty rQf
P, = = = Po. 2.94
L > > z Fo (2.94)
Similarly, the power loss in the ESR of the capacitor r¢ is
relé, _ reQily _ reQi
P,c = = = Po. 2.95
c > ) r Fo (2.95)
The power loss in the ESR r¢. of the coupling capacitor C, is
ch c
P = Cem _ ICep (2.96)

2 R
Neglecting the ac component of the current through the choke Ly and assuming that I; ~ I,,,
the power loss in the dc resistance of the choke is

Puy = rifl} = %Po. (2.97)
V)
vh
E
’0
—_—
Ly Cc rg, i»
| -
vip
+
|: Vps L © R% ;o
Vgs T/ - s rc -
Vs s Vas

Figure 2.15 Equivalent circuit of the Class A RF power amplifier with parasitic resistances.
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The overall power loss in the resonant circuit is

(re+ro)QME  recd?

P, =Py + Pyc +Pyce + Piy = 5 S rulf
2
+ +ree +
_ [QL(FL re) + ree VLf]PO (2.98)
R
resulting in the efficiency of the resonant circuit
Po 1 1
n = = = 5 . (2.99)
Po+Pr o Pr Qi(re+rc)+ree +riy
1+
Po R
The overall power loss of the transistor and the resonant circuit is
Prs = Pp + P, = Pp + Py + Prc + Prce + Priy. (2.100)
The overall efficiency of the amplifier is
Po  Po Ppg Po 1
Py Pps Pr Po + Prs | Prs
+ J—
Po
The gate-drive power is
I mV sm
P =2 _2g‘ . (2.102)
where I,,, is the amplitude of the gate current. The power-added efficiency is
P
Po—pP; O~ k_O P 1 1
o—1Ig¢ p 0
e Py Py Py < kp) ! ( kp) ( )
where the power gain is
P
ky = 2. (2.104)
Pg

When kp = 1, NPAE = 0.

Example 2.1

Design a basic Class A RF power amplifier to meet the following specifications: Py =
0.25W,f =1GHz, BW = 100MHz, V; =33V, r. =0.05Q, rc =0.01 2, re. = 0.07 2,
and r7y = 0.02 Q.

Solution. The loaded quality factor is
I
0L =By = 108
Assuming Vpgpin = 0.5V, the drain efficiency is
1 Vpsmi 1 0.5
np = ~ — —2Smin_ — = 0.4242 = 42.42%. (2.106)
2 2V, 2 2x33

Assuming the efficiency of the resonant circuit n, = 0.6, The total efficiency is

n = npn, = 0.4242 x 0.6 = 0.2545. (2.107)

= 10. (2.105)
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Hence, the dc supply power is

Po 025
P =-2 = = —09823W.
n 0.2545

The drain ac power is
Pps = npP; = 0.4242 x 0.9823 = 0.4167 W.

The power loss in the transistor is

Pp = P; — Pps = 0.9823 — 0.4167 = 0.5656 W.

The amplitude of the output voltage is

Vi = Vi — Vpsmin = 3.3 —-0.5=2.8V.
The maximum drain-to-source voltage is

Vosmax = Vi + Vi =334+28=6.1V.

The load resistance is

V.2 2.82
R=-""=—=15.68Q.
2Pp  2x0.25
The resonant inductance and capacitance are
R 15.68
L= = 0.25nH

w00L 27 x 10° x 10

and

oL 10
woR ~ 27 x 10° x 15.68

The reactance of the RF choke is
Xip = 10R =10 x 15.68 = 156.8

= 101.5pF.

resulting in the choke inductance
Xy 156.8

Ly = ——— =2496nH.
1) 27 x 109
The reactance of the coupling capacitor is
R 15.68
Xee = —=——=1.568Q
10 10
yielding
1 1

C. = — 101.5pF.

oXee 27 x 107 x 1.568

The amplitude of the load current and the ac component of the drain current is

V28
Iy = 2 = =" = 0.1786 A.
R~ 15.68

The dc component of the drain current is
Ip =1, =0.1786 A.

Let Ip = 1; = 0.1786 A. The maximum drain current is

Ipy =1Ip +1, =0.1786 + 0.1786 = 0.3572 A.

(2.108)

(2.109)

(2.110)

@2.111)

(2.112)

(2.113)

2.114)

2.115)

(2.116)

(2.117)

(2.118)

(2.119)

(2.120)

2.121)

(2.122)
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The power loss in the inductor ESR is
rdf,  rQfl  0.05 x 107 x 0.17867

P, = = =0.07975 W 2.123
rL ) 5 ) ( )
and the power loss in the capacitor ESR is
12 712 0.01 x 107 x 0.17867
pre = Clin _ reQiln _ 001X 107 x =0.0159W. (2.124)

2 2 2
The power loss in the ESR r¢. of the coupling capacitor C, is

reed,  0.07 x 0.1786

Pree = = 5 = 0.001 W. (2.125)
The power loss in the ESR of the choke is
Py = rplf = 0.02 x 0.1786% = 0.0006379 W. (2.126)

The power loss in the resonant circuit is

P, =P, + P.c + Prce + Py =0.07975 4 0.0159 + 0.001 + 0.0006379 = 0.09728 W.

(2.127)
The efficiency of the resonant circuit is
P 0.25
=—0 = = 71.98%. (2.128)
Po+ P, 0.25+40.09728
The efficiency of the amplifier is
n=npn, = 0.4242 x 0.7198 = 30.53%. (2.129)
The power loss in the transistor and the resonant circuit is
Prs = Pp + P, =0.5656 + 0.09728 = 0.66288 W. (2.130)

The maximum power is dissipated in the transistor at Pp = 0. Therefore, the heat sink
should be designed for Py = Py ~ 1 W.

Let us use a power MOSFET Q, with the following parameters: K, = 1, C,, = 0.142
mA/V2, V; =0.356 V, and L = 0.35 um. Assuming Vs = 1V, the aspect ratio of the power
MOSFET is given by

w 2Ip 2 x 0.1786

- = = = 6065 (2.131)
L K,(Vgs —V)* 0.142 x 1073(1 — 0.356)?
yielding the MOSFET channel width
W = 6065L = 6065 x 0.35 x 107% = 2122.75 um = 2.12275 mm. (2.132)

A current mirror can be used to bias the power transistor, as shown in Figure 2.16. The
reference current is

1 w
Lryp = Eﬂncox (L_11> (Ves — Vt)2 (2.133)

and the drain current of the power transistor O is

1 w 1
Ip = 31t Cox (f) (Vgs — Vi)? = 5 % 0.142 x 6065 x (I - 0.356)> = 178.59 mA.
(2.134)
Assuming the same length of both transistors (L = L;) and the dc current gain A; =
Ip /1,;¢ = 100, we obtain the dc current gain of the current mirror
Ip w

Al = = — = 100. (2.135)
! Iref Wl
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Iref | Lf
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Q |—<—| Q, 'C__l_ +

l == CC L R Vo
Figure 2.16 Class A RF power amplifier biased with a current mirror.

Let us select

Ip 178.59
Ly = — = —— =1.786 mA. 2.136
" =700~ 100 . (2130
Hence, the width of the current mirror MOSFET Q) is
w 2122.75
W=—= = 21.2275 um. (2.137)
100 100
The power consumption by the current mirror is
Po1 =1LV =1.786 x 1073 x 3.3 = 5.8938 mW. (2.138)

2,8 Impedance Matching Circuits

Figure 2.17 shows series and parallel two-terminal networks. These two networks are equiv-
alent at a given frequency. The reactance factor of these networks is given by [5]

=== 2.139
1=_=53 ( )

-

(a) (b)

Figure 2.17 Series and parallel two-terminal equivalent networks. (a) Series two-terminal net-
work. (b) Parallel two-terminal network.
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The impedance of the two networks is

S RX _ RXR-jX) _RX+jRX R L X
TRAX  RAXOR—X) R+X2 RN T a2
1+ (5) 1+ (%)
X R
__R j = 1 2.140
_1+q2+] T =rtix (2.140)
1+ F
Hence, the equivalent series components at a given frequency are given by
R
r= (2.141)
1+¢?
and
X
x = T (2.142)
I+ —
q2

Consider the matching circuit 7z 1 shown in Figure 2.18. The reactance factor of the section
to the right of line A is

R X,
ga = — =4, (2.143)
Xa  1a
I I I
1 I 1
C : B : Xag A :
Q o .
ML
1 I 1
X X =
: BCTQ: :C;‘\ A < Ry=R,
I I
PO G —
| Co@
1 1 |
1 1 \
1 1 1
1 1 XAB \ XA
$ Va2 | |/
1 L | A
1 1 \
1 4 1
Xgec /< ! ra=r
| Ci ! ATE
| I 1
< T 1
| ARCE
I I
I I
I I
ql 1
T
I
I I
X X Rz=R
: BCTC1 : ? ] )
I I
Q e o
I I

Figure 2.18 Impedance matching resonant circuit 71. (a) Impedance matching circuit.
(b) Equivalent circuit after the conversion of the parallel circuit R4-X4 into the series circuit rg-x4.
(c) Equivalent circuit after the conversion of the series circuit 74-(x4 + xg) into the parallel circuit
Rp-Xp.
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The equivalent series resistance and reactance of the circuit to the right of line A are

Ry Ry,
rA=rp = 5 = 5 (2.144)
1+gqy 1 +gqj
and
Xa
XA - (2.145)
14 =
n
The loaded quality factor is
o =22 (2.146)
TA
The series reactance to the right of the B line is
xg = xap — Xa = (QL — ga)ra. (2.147)
The reactance factor of the circuit to the right of line B is
R R
rg X Xcp
resulting in
Rg =R =rp(1 +q3) (2.149)
and
1
Xp=xp |1+ ). (2.150)
4p
Example 2.2

Design an impedance matching circuit to meet the specifications: Ry, = 50 2, R = 15.68 €,

and f = 1 GHz.

Solution. Assume g = 3. The reactance X¢p is

1 R 15.68
= — = ——=5227Q
woCy  gp 3

Xpc =
producing

1 1
C = =
DT woXpe | 27 x 109 x 5.227

Now
R 15.68

—— = ——— =1.568Q
l+g; 3+1

I'p = rp =

which gives

The reactance of C, is

= 30.45 pF.

(2.151)

(2.152)

(2.153)

(2.154)

(2.155)
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resulting in

| 1
C=— = — 17.69 pF. 2.156
27 Xy T 27 x 10° x 8.99 P (2.156)

The loaded quality factor is

O, =48 _ B\ TA 4 ga=3+5.558 = 8.558. (2.157)
1\ B 1\
Thus
Xag = woL = Qura = 8.558 x 1.568 = 13.419 Q. (2.158)
and
L= _ ngg — 2.136nH. (2.159)

wo 2 x 10

2,9 Class A RF Linear Amplifier

2.9.1 Amplifier of Variable-envelope Signals

Modern wireless communication systems use power amplifiers to amplify variable-envelope

signals. Linear amplifiers are required to amplify variable-envelope signals, such as AM

signals. The Class A amplifier is a linear amplifier. Figure 2.19 shows waveforms of gate-

to-source voltage vgs and drain-to-source voltage vpg in an ideal linear power amplifier.
The modulating voltage at the amplifier input is given by

Vim (t) = Vi COS w1 (2.160)
The carrier voltage at the amplifier input is
Vie = Vic cosw,t. (2.161)
The gate-to-source AM voltage at the input of a Class A RF amplifier is
vgs = Vgso + V() cosw.t = Vigsg + [Vie + vin(1)] cos w1
= Viso + [Ve + Vim cos opt]cos et = Vgsg + Vie (1 +m cos wpt) coswer  (2.162)

Figure 2.19  Amplification of AM signal in Class A linear amplifier.



70  RF POWER AMPLIFIERS

where

Vim
V.
To avoid distortion of the AM signal, the transistor must be ON at all times. The maximum
amplitude of the ac component of the gate-to-source voltage occurs at m = 1:

Vgsm(max) = Vie(l + mypax) = Vi (1 + 1) = 2V (2.164)

(2.163)

m =

The dc gate-to-source voltage at the operating point Q must satisfy the following condition:
VGSQ > 2Vi¢- (2165)
Assuming a linear vps = A, vgs relationship, we obtain the drain-to-source AM voltage

vps = Vpsg + A, Vie (1 +m coswy,t) coswct = Vpgg + Ve (1 + m cosw,,t) cos w.t.
(2.166)
where A, is the voltage gain of the amplifier and the amplitude of the carrer at the amplifier
output is

V. = A, V. (2.167)

To avoid distortion, the dc drain-to-source voltage at the operating point must satisfy the
condition:

Vpsg > 2V + Vgso — Vi (2.168)
The output AM voltage of the amplifier is

Vo = V. (1 + m cos w,,t) cos w,t. (2.169)

2.9.2 Amplifiers of Constant-envelope Signals

The Class A amplifier can be used to amplify constant-envelope signals, such as angle-
modulated signals (FM and PM signals). The gate-to-source FM voltage is

Ves = Vpsg + Vie cos(wct + my sinwy,t) (2.170)
where
Vpso > Vie. (2.171)
Hence, the drain-to-source FM voltage is

vps = Vpsp + A, Ve cos(w.t + my sinw,,t) = Vpsp + Ve cos(wt + my sinw,,t)  (2.172)

where
me = A—f (2.173)
fm
V. =A, Vi (2.174)
and

Vpso > Vie + Vgso — Vi. (2.175)
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2,10 Summary

e The conduction angle of the drain current is 20 = 360° in the Class A power amplifier.

e The operating point of the transistor in the Class A amplifier is above the transistor
threshold voltage V; such that the gate-to-source voltage waveform is above V; for the
entire voltage swing (Vyu, < Vs — V;). Therefore, the transistor never enters the cutoff
region.

e The transistor is biased at a current greater than the peak value of the ac component of
the drain current (1,, < Ip).

e There is no sharp dividing boundary between Class A power amplifiers and small-signal
amplifiers.

e The dc supply power P; is constant in Class A RF power amplifier and is independent
of the amplitude of the output voltage V,,.

e Power loss in the transistor of the Class A RF power amplifier is high.
e The Class A power amplifier dissipates the maximum power at zero output power.

e The maximum drain efficiency of Class A RF power amplifiers with the RF choke is
50% at I,, =I; and V,,, = V].

e The harmonic distortion in Class A power amplifiers is low. Therefore, these circuits are
linear amplifiers, suitable for the amplification of AM signals.

e The Class A power amplifier suffers from low efficiency, but provides a higher linearity
than other power amplifiers.

e Negative feedback can be used to suppress the nonlinearity.
e The amplitude of the current in the parallel-resonant circuit is high.

e Power losses in the parallel-resonant circuit are high because the amplitude of the current
flowing through the resonant inductor and the resonant capacitor is Oy, times higher than
that of the output current /,,,.

e The maximum drain efficiency of the Class A audio amplifier, in which the RF choke is
replaced by a resistor, is only 25% at I,, =1I; and V,,, = V.

e The linearity of the Class A RF power amplifier is very good.
e The amplitudes of harmonics in the load current in the Class A amplifier are low.

e Class A power amplifiers are used as low-power drivers of high-power amplifiers and as
linear power amplifiers.
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2.12 Review Questions

2.1 What is the value of the conduction angle of the drain current in the Class A power
amplifier?

2.2 What is the location of the transistor operating point for the Class A RF power ampli-
fier?

2.3 Does the dc supply power depend on the output voltage amplitude V,,?

2.4 Is the power loss in the transistor of the Class A amplifier low?

2.5 Are the power losses in the parallel-resonant circuit high?

2.6 Is the efficiency of the Class A RF power amplifier high?

2.7 Is the linearity of the Class A RF power amplifier good?

2.8 Are the harmonics in the load current of the Class A RF power amplifier high?

2.9 What are the upper and lower limits of the output voltage in the Class A amplifier for
linear operation?

2.13 Problems

2.1 Determine the drain efficiency of a Class A amplifier with an RF choke to meet the
following specifications:

(a) V=20V and V,, = 10V.
(b) Vy =20V and V,, = 18 V.



CLASS A RF POWER AMPLIFIER 73

2.2 Determine the maximum power loss in the transistor of the Class A amplifier with an
RF choke, which has V; =10V and I; = 1 A.

2.3 Design a Class A RF power amplifier to meet the following specifications: Py =
0.25W, Vi = 1.5V, Vps@miny = 0.2V, and f = 2.4 GHz.

2.4 Design an impedance matching circuit for the RF Class A amplifier with R; = 50 €2,
R =25, and f = 2.4GHz.
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Class AB, B, and C RF
Power Amplifiers

3.1 Introduction

The Class B RF power amplifier [1-7] consists of a transistor and a parallel-resonant circuit.
The transistor is operated as a dependent current source. The conduction angle of the drain
or collector current in the Class B power amplifier is 180°. The parallel resonant circuit
acts like a bandpass filter and selects only the fundamental component. The efficiency of
the Class B power amplifier is higher than that of the Class A power amplifier. The circuit
of the Class C power amplifier is the same as that of the Class B amplifier. However, the
operating point is such that the conduction angle of the drain current is less than 180°.
Class B and C power amplifiers are usually used for RF amplification in radio and TV
transmitters as well as in mobile phones. In this chapter, we will present Class AB, B, and
C RF power amplifiers with their principle of operation, analysis, and design examples.

3.2 Class B RF Power Amplifier
3.2.1 Circuit of Class B RF Power Amplifier

The circuit of a Class B RF power amplifier is shown in Figure 3.1. It consists of a transistor
(MOSFET, MESFET, or BJT), parallel-resonant circuit, and RF choke. The operating point
of the transistor is located exactly at the boundary between the cutoff region and the active
region (the saturation region or the pinch-off region). The dc component of the gate-to-
source voltage Vs is equal to the transistor threshold voltage V;. Therefore, the conduction
angle of the drain current 20 is 180°. The transistor is operated as a voltage-controlled
dependent-current source. Voltage and current waveforms in the Class B power amplifier

RF Power Amplifiers  Marian K. Kazimierczuk
© 2008 John Wiley & Sons, Ltd
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Figure 3.1 Class AB, B, or C RF power amplifiers.

are shown in Figure 3.2. The ac component of the gate-to-source voltage v, is a sine
wave. The drain current is a half sine wave and contains the dc component, fundamental
component, and even harmonics. The parallel-resonant circuit acts as a bandpass filter,
which attenuates all the harmonics. The ‘purity’ of the output sine wave is a function of
the selectivity of the bandpass filter. The higher the loaded quality factor Q;, the lower
is the harmonic content of the sine wave output current and voltage. The parallel-resonant
circuit may be more complex to serve as an impedance matching network.

3.2.2 Waveforms of Class B Amplifier

The gate-to-source voltage is given by
vGs = Vi + Vggn cOs wt. 3.1

For large-signal operation, the drain current is nearly proportional to the gate-to-source
voltage vgs, when vgg is above V;:

ip =K(gs — Vi) =KVggycoswt for vgs >V, (3.2)
and

iD =0 for VGs < Vt. (33)
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Figure 3.2 Waveforms in Class B RF power amplifier.

The drain current in the Class B amplifier is a half sine wave and is given by

T g
Ipys cos wt for —— < wt < —
. 2 2 3.4
D = T 3 G4
0 for 5 <ot < —

where Ipy; is the peak value of the drain current. The drain-to-source voltage is expressed as

vps = Vi — V,, coswt. 3.5)
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The instantaneous power dissipation in the transistor is

b4
pp(wt) = ipvps = Ipy coswt(Vy — V,, coswt) for — % <ot < ) 3.6)
and
b4 3n
pp(wt) =0  for ) < wt < - 3.7
The fundamental component of the drain current is
1 (2 I
I, = — f Iy cos® ot dwr) = 22 =T, (3.8)
)z 2 2
The drain current waveform is
ip =Ipy coswt = mlycoswt for — % <wt < % (3.9)
and
=0 for % <or<-Z (3.10)
ip = — —. .
P 2 =2
The drain-to-source voltage waveform is
V
vps = Vi —Vy,coswt =V, (1 — %) cos wt. (3.11)
I
The instantaneous power dissipation in the transistor at f = fj is
. Vm
pp(wt) =ipvps = Vimcoswt | 1 — A cos wt
1
Vin T T
=P;mcoswt | 1 — — coswt for —— <wt<— (3.12)
Vi 2 2
and 3
b4 b4
pp(wt) =0 for ) <ot < > (3.13)
Hence, the normalized instantaneous power dissipation in the transistor is
t V b4
M:ncoswt 1 — = coswt for —£<a)t§— (3.14)
Py Vi 2 2
and (wr) 3
() b4 b4
PO 0 for L o<t <X, (3.15)
Py 2 2

The normalized instantaneous power loss in the transistor at various values of V,,/V; and at
f = fo is shown in Figure 3.3 for the Class B power amplifier. As the ratio V,,/V; increases,
the peak values of pp(wt)/P; decrease, yielding higher drain efficiency.

3.2.3 Power Relationships in Class B Amplifier

The dc supply current is
1 [ Ipy 2 2V

1 2 z
I, = —/ ip dlwt) = —/ Ipy coswtd(wt) = — = —1,, = ——. (3.16)
2 _z 2 J_ T T

3
Hence, the dc resistance seen by the dc power supply V; is
V[ _ T V[

= 3.17
I 2V ©.17)

Rpc =
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Figure 3.3 Normalized instantaneous power dissipation pp(wt)/P; at various values of V,,/V;
and at f = fy for the Class B RF power amplifier.

For V,, =V;,
2V
Imax = ;E (3.18)
resulting in the dc resistance seen by the power supply V;
V[ b
Rpcmin = —— = —R. 3.19
DCmin Ilmax ) ( )

The maximum value of Rp¢ occurs at V,, = 0 and its value is Rpcyqe = 00. The amplitude
of the output voltage is

Vi = RI,. (3.20)
The dc supply power is
P =1LV = IDTMV, - %VII,, - ;V’;’" - % (%’2) (“//—’;’) . (3.21)
The output power is
Po = IV _ Va _1 (V—’z) (ﬂ>2‘ (3.22)
2 2R 2\ R Vi

The power dissipation at the drain of the MOSFET is

1 (7 2ViVy V2
Pp = — ipvps d(wt) = Pf — Pp = —
2 -z b4

R 2R

2 2 2
_2 (V_1> (ﬁ) ! (V_1> (V_> . (3.23)
7 \R Vi 2\ R Vi
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Figure 3.4 Normalized dc supply power P; /(VIZ/R), normalized drain power Po /(VIZ/R), and
normalized drain power dissipation Pp/ (VI2 /R) as a function of V,,/V; for the Class B RF power
amplifier.

The maximum power dissipation can be determined by taking the derivative of Pp with

respect to V,, and setting it to zero. Thus,
dpr 2V V,
—P_Z_Im_y, (3.24)
dv,, wR R

The critical value of V,, at which the maximum power dissipation occurs is

2Vp
Vm(cr) = 7 (325)

Hence, the maximum power dissipated in the drain of the transistor is
4VE 2VE 2 VP
PmeCZFY_EYZP?' (3.26)

Figure 3.4 shows plots of PI/(Vlz/R), Po /(VIZ/R), and Pp /(V12/R) as a function of V,,, /V;.

3.2.4 Efficiency of Class B Amplifier

The drain efficiency of the Class B RF power amplifier is

PO Y Vm Y (VI - VDSmin) T VDSmin
=P T d Yy, T3 v, 4( V1> (3.27)
For V,, =V;,
_ Pomax _ T 18549 (3.28)
Np = P, =3 . 0. .

The drain efficiency np as a function of V,,/V; is depicted in Figure 3.5.
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Figure 3.5 Drain efficiency np as a function of V,,/V; for the Class B RF power amplifier.

The maximum drain current is
Ipy = nl; =21, (3.29)
and the maximum drain-to-source voltage is
Vosu = 2V;. (3.30)

The output power capability is

P P L Vv 111
0 Wit o, T T S~ —0125. (331
IDM VDSM 4 T 2 8

Cp, = =
P
VosmIpy  VosmIpm

It is interesting to note that the value of ¢, of the Class B amplifier is the same as that of
the Class A amplifier.

Example 3.1

Design a Class B power amplifier to deliver power of 20 W at f = 2.4 GHz. The bandwidth
is BW = 480 MHz. The power supply voltage is V; = 24V and Vpgpin =2 V.

Solution. The maximum amplitude of the output voltage is
Vin = Vi — Vpsmin =24 —2=22V. (3.32)
The load resistance is
Ve 22
2Pp  2x20

=12.1Q. (3.33)
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Pick R = 12 Q. The amplitude the fundamental component of the drain current and the

output current is given by

V 22

I, = — == =1.833A.
R 12

The dc supply current is

2 2
Iy =—1,=— x 1833 =1.167A.
T b4

The maximum drain current is

Ipy =nl; = x 1.167 = 3.666 A
and the maximum drain-to-source voltage is

Vosu =2V =2 x 24 =48V.
The dc supply power is
P =0V, =1.167 x 24 =28 W.

The drain power dissipation is

Pp =P —Pp=28—-20=8W.

The drain efficiency is

np = 1;—([) = i—g =71.43 %.
The loaded quality factor is
f 2.4
The reactances of the resonant circuit components are
XLZXc=£=2:2.4Q
oL 5
yielding
XL 2.4
L=—=——"——-=0.1592nH
o 27 x2.4x10°
and

1 1
wXc 27 x24x10° x 2.4

= 27.6 pF.

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

3.3 Class AB and C RF Power Amplifiers

3.3.1 Waveforms of Class AB and C RF Power Amplifiers

The circuit of the Class C power amplifier is the same as that of the Class B RF power
amplifier. The operating point of the transistor is located in the cutoff region. The dc
component of the gate-to-source voltage Vs is less than the transistor threshold voltage
V,. Therefore, the conduction angle of the drain current 20 is less than 180°. Voltage
and current waveforms in the Class C power amplifier are shown in Figure 3.6. The only
difference is the conduction angle of the drain current, which is determined by the operating
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Figure 3.6 Waveforms in Class C RF power amplifier.

point. The drain current waveform for any conduction angle 0, i.e., for Class AB, Class B,
and Class C, is given by
I coswt — cos f P f <0
_— or —0<w
in=1{ """ “coso = (3.45)
0 for 0 <wt <2m—6.
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The drain current waveform is an even function of wt and satisfies the condition: ip(wt) =
ip(—wt). The drain current waveform can be expanded into Fourier series

o0
ip(wt) = Ipy |:(10 + Z an cosnwt] ) (3.46)
n=1
The dc component of the drain current is
I 17 I v t —cosf
I = —/ ip d(wt) = —/ ip d(or) = DM [ SOSOTTCOST 4y
2w J_p 7 Jo T Jo 1 —cos®
sinf — 6 cos 6 / (3.47)
= —_— = R
bm (1l —cosf) oM
where
I inf — 6 cos 6
o = A sin cos . (3.48)
Ipy (1l —cosf)

The amplitude of the fundamental component of the drain current is given by

1 7 2 (7 2 (9 coswt — cosh
I, = — ip coswt d(wt) = — ip coswt d(wt) = — _—
T J_p T Jo T Jo

cos wt d(wt)
1 — cos

_J 6 — sinf cos O
— oM (1l —cosH)

where

= OlIIDM (349)

L, B 6 — sinf cos O

o) = (3.50)

Ipy  w(l—cos@)

The amplitude of the n-th harmonic is

1 [ 2 [
Ly = —/ ip cosnwt d(wt) = —/ ip cosnwt d(wt)
0

T J_p T
2 /9 coswt — cosf L () = 1 2 sinn6 cosf — n cosnb sind I
= — ——— cosnwt d(wt) = — =q,
7)o 1-—cosh M 2 = 1)(1 — cos ) bm
(3.51)

where
Lywy 2 sinnBcosé —ncosnb sinf
a, = == for n=273,4,.... (3.52)
Ipy 7w nm?—=1)(1—cosh)
Figure 3.7 shows the Fourier coefficients o, as a function of the conduction angle 6.
The ratio of the amplitude of the fundamental component to the dc component of the

drain current is given by

Ly o 6 — sinf cosH

% (3.53)

15 " a  sinf—6cosd
The ratio 1,,/I; as a function of conduction angle 6 of the drain current is shown in
Figure 3.8.
The drain current waveform is given by
. w(coswt — cosb)
ip=lj———— for —0<wt<6. (3.54)
sinf — 6 cos 6
The drain-to-source waveform at f = fj is

\%
vps = Vi — V, coswt = Vy (1 — Vm) cos wt. (3.55)
1
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Figure 3.7 Fourier coefficients a,, of the drain current ip as a function of the conduction angle
6 for the Class AB, B, and C RF power amplifiers.
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Figure 3.8 Ratio of the fundamental component to the dc component 1, /I; of the drain current
ip as a function of conduction angle 6 for the Class AB, B, and C RF power amplifiers.
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Figure 3.9 Normalized drain power loss pp(wt)/P; at conduction angle § = 120° and at f = f;
for the Class AB RF power amplifier.

The waveform of the normalized drain power loss at f = fj is

pp(wt)  mw(coswt — cosh) Vi
= — — — coswt for —60 <owt <6. (3.56)
P; sinf — 0 cos 6 Vi

The waveforms of the normalized drain power loss for § = 120°, 60° and 0 = 45° at f = fy
are shown in Figures 3.9, 3.10, and 3.11, respectively. As the conduction angle 6 decreases,
the peak values of pp(wt)/P; increase.
The waveform of the normalized drain power loss at f not equal to fj is
pp(wt) m(coswt — cosb)
P, sin® —6Ocosd

V,
|:1 — Vm cos(wt + qb)] for —60<wt<6. (3.57)
1

The waveforms of the normalized drain power loss for & = 60° at ¢ = 15° are shown in
Figure 3.12.

3.3.2 Power of the Class AB, B, and C Amplifiers

The dc supply power is

P =1V =aolpuV;. (3.58)
The output power is
1 1
Po = Elmvm = EOllIDM Vin. (3.59)

The power dissipated in the transistor is

1
PD = P[ —PO = Ol()IDMVI — EallDMVm- (360)
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Figure 3.10 Normalized drain power loss pp(wt)/P; at conduction angle § = 60° and at f = f;

for the Class C RF power amplifier.
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Figure 3.11 Normalized drain power loss pp(wt)/P; at conduction angle § = 45° for the Class

C RF power amplifier.
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Figure 3.12 Normalized drain power loss pp (wt)/P; at conduction angle § = 60° and at ¢ = 15°
for the Class C RF power amplifier.

The ratio of the fundamental component of the drain-to-source voltage V,, to the dc supply
voltage V; is defined as
Vin

51271-

(3.61)

3.3.3 Efficiency of the Class AB, B, and C Amplifiers

The efficiency of the Class AB, B, and C amplifiers is given by

Po 1 /1, Vin 1 lay V, 1 /V,\ 6 —sin6cosb
=5 =) <T> (7) =N =V 2 (7) 6 —fcosh
6 — sinf cos 6 Vosmin
~ 2(sinf — 6 cosh) ( 7 )
The drain efficiency np as a function of the conduction angle 6 at selected values of V,,/V;
is illustrated in Figure 3.13. As the conduction angle 6 decreases from 180° to 0°, the drain

efficiency np increases from 50 % to 100 % at V,,, = V.
The maximum drain-to-source voltage is

(3.62)

Vosu = Vi + Vy =2V}, (3.63)
The maximum drain current is
L

Iy = 2. (3.64)
o
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Figure 3.13 Drain efficiency np as a function of conduction angle € at various values of V,, /V;
for the Class C RF power amplifier.

Thus, the maximum output power capability is

P IVal, I} 6 — sin@ cos§

Cp = 0 = 2 nom = " = ﬂ = . (365)
VDSMIDM 2V]1]_)M 41DM 4 47'[(1 — COS 9)

The output power capability ¢, as a function of V,,/V; is shown in Figure 3.14. As the

conduction angle 6 approaches zero, ¢, also approaches zero.

3.3.4 Parameters of Class AB Amplifier at 6 = 120°

For 90° < 6 < 180°, we obtain the Class AB power amplifier. The Fourier coefficients of
the drain current at the typical conduction angle 6§ = 120° are

L 3/3+2
wp=—L = 3VBH2T 0 406 (3.66)
IDM o
and [
I, 3J3+8
wp = m 2V TOT 6 536, (3.67)
IDM 187

The ratio of the fundamental component to the dc component of the drain current is given by

Iy o 33487
I a0 2343 +27)
The drain efficiency at 6 = 120° is

P 3 3 8 V min V min
np = -2 = V3 + 8n (1_ DS’>%0.6605<1— DS’>. (3.69)
P 4(3y/3 +27) Vi Vi

Vi = 1.321. (3.68)
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Figure 3.14 Output power capability c, as a function of conduction angle 6 for the Class C RF
power amplifier.

The output power capability at & = 120° is

Po 3V3 487
C) = =
P Vpsulpu 27

~ 0.13408. (3.70)

Example 3.2
Design a Class AB power amplifier to deliver power of 12 W at f = 5 GHz. The bandwidth

is BW = 500MHz and the conduction angle is # = 120°. The power supply voltage is
V[ =24V and VDSmin =1V.

Solution. The maximum amplitude of the output voltage is

Vin = Vi — Vpsmin =24 —1=23V. (3.71)
The load resistance is
V2 232
R=_" — =22Q. (3.72)
2Pp 2 x12
The amplitude of the output current is
Vi 23
I, = — = — = 1.04545 A. 3.73
R 22 3.73)
The dc supply current is
I,  1.04545
I =—= = 1.098 A. (3.74)

n 1321
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For # = 120°, the maximum drain current is

I 1.4508
Ipy = — = —— =3.573A. 3.75
P 0y T 0.406 G7)
The maximum drain-to-source voltage is
Vpsy =2V =2 x 24 =48 V. (3.76)
The dc supply power is
Pr =1V =1.098 x 24 =26.352W. (3.77)
The drain power dissipation is
Pp =P; — Pp =26.352 - 12 =16.9056 W. (3.78)
The drain efficiency is
_Po_ 12 yssha (3.79)
= T 6352 T T '
The loaded quality factor is
f 5
=—-——=—=10. 3.80
9= 3w =05 G50
The reactances of the resonant circuit components are
X =X, —R—ZZ—ZZQ (3.81)
L=4c = 0,10~ .
yielding
XL 2.2
L=—=———-—-=0.07nH (3.82)
@ 27 x5x10°
and
1 1
C = = 14.47 pF. (3.83)

wXe  2m x5 x 10° x 2.2

3.3.5 Parameters of Class C Amplifier at § = 60°

For 6 < 90°, we obtain the Class C amplifier. The Fourier coefficients of the drain current
at the typical conduction angle 6§ = 60° are

I 301
oy = —— = V3i_l 0.218 (3.84)
IDM b 3
and
I 2 3
o oo £ ~ 0.391. (3.85)

“Im 3 onm
The ratio of the fundamental component to the dc component of the drain current is given by
L, o 47 — 34/3

= = —=——" =1.7936. (3.86)
N T @ 26vE— )
The drain efficiency at 6§ = 60° is
P, 47 — 343 V, i V mir
= L0 = 7 V3 <1 _ M) ~ 0.8968 <1 - M) . (3.87)
P 433 —7) Vi Vi
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The output power capability at 6§ = 60° is
Po 1
c

= - = _ ~ 0.09777.
P Vpsmlpy 6

g

(3.88)

Example 3.3

Design a Class C power amplifier to deliver power of 6 W at f = 2.4 GHz. The bandwidth
is BW =240MHz and the conduction angle is & = 60°. The power supply voltage is

V] =12V and VDSmin =1V.

Solution. The maximum amplitude of the output voltage is
Vo = Vi — Vosmin =12 —1=11V.

The load resistance is

V2 112
R=—"= =109.
2Pg  2x6
The amplitude of the output current is
=tm A
"R 10
The dc supply current is
L 1.1
I =—=——=0.6133A.
y1  1.7936
For 6 = 60°, the maximum drain current is
I 0.6133
Ipy =+ = ——2 =28I3A.
ao 0.218

The maximum drain-to-source voltage is
Vosu =2V =2 x12=24V.
The dc supply power is
Pr =1;V; =0.6133 x 12 =7.3596 W.

The drain power dissipation is

Pp =P —Pp =7.3596 — 6 = 1.3596 W.

The drain efficiency is

_Po_ 6 4159
=P T 73506 O

The loaded quality factor is

0, = fo 24 10
FTBw T 024
The reactances of the resonant circuit components are

R 10

or 10

X, = Xc

yielding
Xy 1
L=—

- _0.0663nH
® 27 x 2.4 x 100 f

(3.89)

(3.90)

(3.91)

(3.92)

(3.93)

(3.94)

(3.95)

(3.96)

(3.97)

(3.98)

(3.99)

(3.100)



CLASS AB, B, AND C RF POWER AMPLIFIERS 93

and
1 1

C = =
wXc 2w x24x10° x 1

= 66.63 pF. (3.101)

3.3.6 Parameters of Class C Amplifier at ¢ = 45°

The Fourier coefficients of the drain current at the conduction angle § = 45° are

I 24 —

@ = — = M) o 601 (3.102)
Ipy 47 (2 —/2)

and
L, T =2

M- 7 x0.31016. (3.103)
Ipy 272 —4/2)

o) =

The ratio I, /I is
I o aq o \/5(77_2)

n=p=o G = 18808, (3.104)
The drain efficiency at 6 = 45° is
np = Po _ _7=2 <1 - VDS’"”") ~ 0.940378 (1 - @> . (3.105)
Pr V24 -m) Vi Vi
The output power capability at § = 60° is
G=—to T 007754, (3.106)
Vosmlpy 872 — V/2)

Various coefficients for Class AB, B, and C power amplifiers are given in Table 3.1.

Table 3.1 Coefficients for Class AB, B, and C amplifiers.

0 ao ay 4 np Cp
10° 0.0370 0.0738 1.9939 0.9967 0.01845
20° 0.0739 0.1461 1.9756 0.9879 0.03651
30° 0.1106 0.2152 1.9460 0.9730 0.05381
40° 0.1469 0.2799 1.9051 0.9526 0.06998
45° 0.1649 0.3102 1.8808 0.9404 0.0775
50° 0.1828 0.3388 1.8540 0.9270 0.08471
60° 0.2180 0.3910 1.7936 0.8968 0.09775
70° 0.2525 0.4356 1.7253 0.8627 0.10889
80° 0.2860 0.4720 1.6505 0.8226 0.11800
90° 0.3183 0.5000 1.5708 0.7854 0.12500

100° 0.3493 0.5197 1.4880 0.7440 0.12993

110° 0.3786 0.5316 1.4040 0.7020 0.13290

120° 0.4060 0.5363 1.3210 0.6605 0.13409

130° 0.4310 0.5350 1.2414 0.6207 0.13376

140° 0.4532 0.5292 1.1675 0.5838 0.13289

150° 0.4720 0.5204 1.1025 0.5512 0.1301

160° 0.4868 0.5110 1.0498 0.5249 0.12775

170° 0.4965 0.5033 1.0137 0.5069 0.12582

180° 0.5000 0.5000 1.0000 0.5000 0.12500
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Example 3.4

Design a Class C power amplifier to deliver power of 1 W at f = 2.4 GHz. The bandwidth
is BW = 240MHz and the conduction angle is § = 45°. The power supply voltage is

V] =5V and VDSmin =02V.

Solution. The maximum amplitude of the output voltage is
Vi = Vi — Vpsmin =5 —02=48V.

The load resistance is

V2 o 48
=" = =11.52¢Q.
2P 2x1
The amplitude of output current is
V 4.8
I, = — = —— =0416A.
R 11.52
The dc supply current is
I, 0.416
I =—=——=02211A.
Vi 1.808
For 6 = 45°, the maximum drain current is
Iow = L= 221 35074
P T 01613 T ‘

The maximum drain-to-source voltage is
Vosmy =2V =2 x5=10V.
The dc supply power is
Pr =05V, =0.2211 x5 =1.1055W.

The drain power dissipation is

Pp =P —Pp =1.1055—-1=0.1055W.

The drain efficiency is

Po 1
=—=———=90.45%.
=P, T 11055 ’
The loaded quality factor is
f 2.4
=-——=——=10.
9= 3w = 0.4
The reactances of the resonant circuit components are
R 11.52
Xr=Xc=—=—7=1152Q
oL 100
yielding
X 1.152
L=— = 0.07639 nH

© 27 x 2.4 % 10°

(3.107)

(3.108)

(3.109)

(3.110)

(3.111)

(3.112)

(3.113)

(3.114)

(3.115)

(3.116)

(3.117)

(3.118)
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d
an ] ]

oXe | 27 x 2.4 x 10° x 1.152

C = = 57.564 pF. (3.119)

3.4 Push-pull Complementary Class AB, B, and C RF
Power Amplifiers

3.4.1 Circuit

A circuit of push-pull CMOS Class AB, B, or C RF power amplifiers is shown in
Figure 3.15. It consists of complementary pair of transistors (NMOS and PMOS), a parallel-
resonant circuit, and coupling capacitor C¢. The transistors should have matched character-
istics and are operated as voltage-dependent current sources. Since complementary transis-
tors are used, the circuit is called a complementary push-pull amplifier or a complementary-
symmetry push-pull amplifier. If MOSFETs are used, the circuit is called a CMOS push-pull
power amplifier. The circuit may also employ complementary bipolar junction transistors
(CBJT): an npn transistor and a pnp transistor. A Class B push-pull amplifier uses one tran-
sistor to amplify the positive portion of the input voltage and another transistor to amplify
the negative portion of the input voltage. The coupling capacitor C¢ blocks the dc voltage
from the load. It also maintains the dc voltage V; /2 and supplies the PMOS transistor when
the NMOS transistor is not conducting. Also, two supply voltages V; can be connected to

Vi
ij
Vo,
Vpst o1~ Ipe iy
_ —_—> >
| L °
N , 1€
v ip2 + C. +
V.
! Vps2 I L3 RS v
(@)
4
ip1 2 it} |
Vpsi ip1— ipe

t
i D2 2 ID2 ¢ + CC +
¢ Vps2 L (o} RZ VY,

Figure 3.15 Circuit of push-pull CMOS Class AB, B, and C RF power amplifiers.
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Figure 3.16 Current and voltage waveforms in push-pull CMOS Class B RF power amplifier.

the drains of both transistors. Current and voltage waveforms for the push-pull CMOS
Class B RF power amplifier are shown in Figure 3.16. Similar waveforms can be drawn
for Class AB and C amplifiers.

3.4.2 Even Harmonic Cancellation in Push-pull Amplifiers

Let us assume that both transistors are identical. The drain current of the upper MOSFET
can be expanded into a Fourier series

ipi =1Ip +ig1 +igp+igzs+---=1Ip ~+ L1 coswt + 14, cos 2wt + 14,3 cos 3wt + - - -

(3.120)
The drain current of the lower MOSFET is shifted in phase with respect of the drain current
of the upper MOSFET by 180° and can be expanded into a Fourier series

ip2 = ip1(wt — 180°)
= Ip + Iyn1 cos(wt — 180°) 4 Iyo cos 2(wt — 180°) 4 I3 cos 3(wt — 180°) + - - -
= Ip — Iyn1 cos wt + 1, cos 2wt — 1,3 cos 3wt + - - - (3.121)
Hence, the load current flowing through the coupling capacitor Cg is
ip =ip1 — ipy = 214y cos wt + 31,3 cos 3wt + - - - . (3.122)

Thus, cancellation of all even harmonics of the load current takes place in push-pull power
amplifiers, reducing distortion of the output voltage and the THD. Only odd harmonics
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must be filtered out by the parallel-resonant circuit, which is a bandpass filter. The same
property holds true for all push-pull amplifiers operating in all classes.

3.4.3 Power Relationships

Let us consider the Class B RF power amplifier. The output voltage is

Vo = Vy cOs wt (3.123)
and the output current is
i, = I, coswt (3.124)
and
L, = % = 2l g, (3.125)

where 1, = Iz, 1s the peak value of the drain current. The ac output power is

Vil Vi Rl

Py = =2 = . 3.126
T2 TR 2 (3.126)
The dc supply power is equal to the average value of the drain current of the upper transistor
JT/2 Im Vm
I = — ipidlwt) = — = —. (3.127)
2 J_zp2 T TR
The dc resistance is
R Vi _ 1V (3.128)
DC = 7 = .
II Vm
For V,, =0, Rpc = o0. For V,, = V;, the dc resistance is
V
Rpsmin = —— = 7R. (3.129)
Ilmax
The dc supply power is
Vi ViV,
P =Vl = = m (3.130)
b R
The drain power dissipated in both transistors is
ViV V2
Pp =P —Pp = - 2. 3.131
p=P—Po=—p"—7¢ ( )
Setting the derivative of Pp to zero,
dPp Vi Vi
——=— 2= 3.132
dv,, =nwR R ( )
we obtain
Vi
Viniery = —. (3.133)
T
Hence, the maximum power dissipation in both transistors is
VZ
Ppmar = 55 (3.134)

272R’
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The drain efficiency is

PO T Vm
=—=—-——. 3.135
D P AV, ( )
For V,, =V;,
NDmax = % — 78.5%. (3.136)
For Vm(max) = VI - VDSmina
Vm max V, min
np = S lmman) Ty YDSmin ) (3.137)
4 Vv 4 Vi
3.4.4 Device Stresses
The transistor current and voltage stresses are
Ipy =1 (3.138)
and
Vpsmy = 2V;. (3.139)
The amplitudes of the currents through the resonant inductance and capacitance are
Iy =Icm = QLIm' (3140)
The output-power capability is
P 1/ 1 V, 1 1 1
.= — Lo =_<i)( m):—xlx—:—. (3.141)
2pmVpsm 4 \Ipm ) \ VDsu 4 2 38

Example 3.5

Design a CMOS Class B RF power amplifier to deliver power of SOW at f = 1.8 GHz.
The load resistance is Ry, = 50 Q2. The bandwidth is BW = 180 MHz. The power supply
voltage is V; =48V and Vpgpin, = 1 V.

Solution. Assuming the efficiency of the resonant circuit 7, = 0.95, the drain power is

P 50
Pps = -2 = T —52.632W. (3.142)

Ny 0.95

The amplitude of the drain-to-source voltage is
Vam = Vi — Vpsmin =48 — 1 =47V. (3.143)

The load resistance is

V2 47?

R = = = 20.985Q. (3.144)

© 2Pps 2 x52.632
The amplitude of the fundamental component of the drain current is

v, 47
Zdm T _292396A (3.145)
R~ 20.985

2 2
I = 2l = = x 2.2396 = 1.4257A. (3.146)
T T

Ly =
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The dc supply power is

Py = Vil =48 x 1.4257 = 68.43 W. (3.147)
The total efficiency is
Po 50
=—=——="73.06%. 3.148
"= T 6843 ’ (3-148)
The maximum power loss in each transistor is
V7 482
PDmar = —3 =11.124W. (3.149)

72R _ 72 x 20.985
The maximum drain current is

Ipy = Lgm = 2.2396 A. (3.150)
The maximum drain-to-source voltage is
Vs =2V =2 x 48 =96 A. (3.151)
The loaded-quality factor is
fe 1800
=——=——=10. 3.152
%= 3w = T80 -1

The resonant inductance is

Ry 20.985
wQr 27 x 1.8 x 10° x 10
The resonant capacitance is

o 10
wR; ~ 27w x 1.8 x 102 x 20.985

L=

= 0.1855nH. (3.153)

— 42.1pF. (3.154)

3.5 Transformer-coupled Class B Push-pull Amplifier
3.5.1 Waveforms

A circuit of the transformer-coupled push-pull Class AB, B, and C RF power amplifiers is
shown in Figure 3.17. Waveforms are depicted in Figure 3.18. The output current is

i, =1, sinwt = nly, sin wt (3.155)
where I, is the amplitude of the output current, Iz, is the peak drain current and 7 is the

transformer turns ratio, equal to the ratio of number of turns of one primary to the number
of turns of the secondary

I, m Vdm

=2 =9 3.156
8 Idm Vm ( )
The output voltage is
Vo = Vyy sinwt = ~2™ sinwr (3.157)
n

where the amplitude of the output current is

Vyu = IRy (3.158)
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Figure 3.17 Circuit of transformer-coupled push-pull Class AB, B, and C RF power amplifiers.

b 21 wt

0
T 2n ot
Vo i
Vm
0 |
b4 2n ot

Figure 3.18  Waveforms in transformer-coupled push-pull Class AB, B, and C RF power
amplifiers.
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The resistance seen by each transistor across each primary winding with the other primary
winding open is

R =n’R;. (3.159)

When the drive voltage is positive, transistor Q; is ON and transistor O, is OFF. The
waveforms are

ip1 = Iy, sinwt = %Sinwt for O<owt<m (3.160)
ipp =0 (3.161)
vp1 = —ipiR = —ip1n*R, = vyo = —Rlyy sinwt = —%"R sin ot
= —nl,y Ry sin wt (3.162)
and
vpsi = Vi +vp1 = Vi —ipiR =V —ip\n*Ry, = Vi — IR sinot
=V - InﬂR sinwt = V; — nl,, Ry sin wt. (3.163)
When the drive voltage is negative, transistor Q; is OFF and transistor Q; is ON,
ip=0 (3.164)
ipr = —Iy, sinwt = —Inﬂ sinwt for 7w < wt <2mw (3.165)
Vp2 = ipaR = ipon*Ry = vy = —IguR sinwt = —%"R sin wt
= —nl,, Ry sin wt (3.166)
and

vps2 = Vi —vpa = Vi — ipaR = Vi —ipan®Ry = Vi + IR sinwt = V; — %”RL sin wt
= Vi + nl, Ry sinwt. (3.167)
The voltage between the drains of the MOSFETs is
VD1D2 = Vp1 4 vp2 = —n*Ry(ip1 — ip2) = —2nR.1,, sinwt. (3.168)

Ideally, all even harmonics cancel out as shown in Section 3.4.1. The voltage across the
secondary winding is
VD1D2
Vs =
2n

The current through the dc voltage source V; is a full-wave rectified sinusoid given by

nRy . . .
= —T(l[)l —ip2) = —Ry I, sin wt. (3.169)

I
ii = ip1 +ipy = Iym|sinwt| = —=|sinwt|. (3.170)
n

The dc supply current is
1 [ , 1 (7 Ly 2Ly, 2V,

Lim | sinowt| d(wt) = — —|sinwt|dwt) = —— = ———. (3.171)

0 n

I[:— =
27 Jo 27 TN T nRy,
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3.5.2 Power Relationships

The dc supply power is given by
2 ViV

P =V =— . (3.172)
T I’lRL
The output power is
V2
Pp = . 3.173
0= 2R, ( )
The drain power dissipation is
2ViV V2
Pp =P —Py=—-1"m_ m (3.174)
T I’lRL 2RL

The derivative of the power Pp with respect of the output voltage amplitude V,, is

- _Tm_q (3.175)

resulting in the critical value of V,, at which the maximum value of the drain power loss

Pp occurs
2V
Vm(cr) = - (3176)
Ton

The maximum drain power loss in both transistors is
2 2
2V 2V

Ppmax = T2 n?R, =R (3.177)
The amplitude of the drain-to-source voltage is
Vam = Vo = %VI. (3.178)
n T
The drain efficiency is
,}sz;_?:%‘%":%%. (3.179)
For V4, = nV,, =V, the dc supply power is
P =V = 2V EV—’Z. (3.180)
nn?R, wR
the output power is
V2 a2y2
Po = R, = R, (3.181)
and the drain efficiency is .
NDmar = 7 = 78.5%. (3.182)

3.5.3 Device Stresses

The MOSFET current and voltage stresses are

I,
Iow = lan = = (3.183)
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Figure 3.19 A circuit of push-pull Class AB, B, and C RF power amplifiers with tapped
capacitor.

Figure 3.20 A circuit of push-pull Class AB, B, and C RF power amplifiers with tapped inductor.

and
Vosu =2V;. (3.184)
The output-power capability is

_ Pomax _ Pomax _1<Idm)<vm>_1 1_1
cp = = =—|—)|l—)=-x1x=-=-. (3.185)
2Ipy Vosm  2IpmVpsm 4 \Ism /) \ Vpsm 4 2 8
A circuit of the push-pull Class AB, B, and C RF power amplifiers with tapped capacitor
is depicted in Figure 3.19. This figure shows the distribution of the various components
through the circuit and the cancellation of even harmonics in the load network. A circuit
of the push-pull Class AB, B, and C RF power amplifiers with tapped inductor is shown
in Figure 3.20. All equations for these two amplifiers can be obtained by setting n = 1 in
the equations for the push-pull amplifier shown in Figure 3.17.

Example 3.6

Design a transformer-coupled Class B power amplifier to deliver power of 25W at f =
2.4 GHz. The load resistance is R;, = 50 2. The bandwidth is BW = 240 MHz. The power
supply voltage is V; = 28V and Vpgiy = 1 V.
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Solution. Assuming the efficiency of the resonant circuit 7, = 0.94, the drain power is

P 25
Pps = —2 = = = 26.596W.
Ny 0.94
The resistance seen by each transistor across one part of the primary winding is
vy mr 28?
2 Pps 2 26.596

The transformer turns ratio is

R [145.469 7
n=_|—= =17~ —.
Ry 50 4

The maximum value of the drain-to-source voltage is

Van =7V =m x 28 = 87.965 V.

The amplitude of the drain current is
Vam 87.965

Ly = — = = 0.605A.
TR T 145469
The amplitude of the output voltage is
m 7.
v, = Yan _ 87.965 _ 517,
n 1.7
The amplitude of the output current is
1% 51.74
I, = == = ——— = 1.0348 A.
Rr 50
The dc supply current is
b1 b4
1] = Eldm = E x 0.605 = 0.95 A.

The dc supply power is
Pr =Vl =28 x0.95=26.6W.

The total efficiency is

Py 25
=20 - 2 _93.98%.
=P, T 266 ¢

The loaded-quality factor is

The resonant inductance is

Ry 50

w0r 27 x 2.4 x 10° x 10
The resonant capacitance is

o 10
wR; 27 x 2.4 x 10° x 50

L=

= 13.26 pF.

= 0.3316nH.

(3.186)

(3.187)

(3.188)

(3.189)

(3.190)

(3.191)

(3.192)

(3.193)

(3.194)

(3.195)

(3.196)

(3.197)

(3.198)
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3.6 Class AB, B, and C Amplifiers of
Variable-envelope Signals

The Class AB, B, and C amplifier can be used to amplify variable-envelope signals, such
as AM signals. The ac component of the AM gate-to-source voltage is

VesAM) = Vggm (1 + my, cos w;, 1) cos wt. (3.199)

Figure 3.21 Amplification of AM signals in Class AB, B, and C RF power amplifiers. (a) Class
AB amplifier (m,,; > mjy,). (b) Class B linear RF power amplifier (m,,, = m;y,). (c) Class C amplifier
(mout < min)'
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Figure 3.22 Drain AM signals in Class AB, B, and C RF power amplifiers.

The overall AM gate-to-source voltage is
vGs = VGs + Vesam) = Vs + Vg (1 + my, cos wy,t) cos wt. (3.200)

The AM drain current waveform of a power MOSFET is

1
ip = Ecox Wvsar(vgs — Vi)

1
T2

Assuming that the impedance of the parallel-resonant circuit Z is equal to R (i.e., Z ~ R),
we obtain the AM drain-to-source voltage

CoxWvsi[Vgs — Vi + Vgs (1 + mjy, cos wpt) coswct]  for  vgs >V, (3.201)

vps ~ Rip
1
= ECOXWVsatR[VGS — Vi + V(1 +my, coswyt)coswct]  for  vgs > V;. (3.202)

The choice of the class of operation, i.e., the operating point Q, has an important effect
on nonlinear distortion of variable-envelope signals in RF power amplifiers in which tran-
sistors are operated as voltage-dependent current sources. The amplification of AM signals
in Class AB, B, and C amplifiers is shown in Figure 3.21. Figure 3.21(a) illustrates the
amplification of an AM signal in the Class AB amplifier, which produces an AM output
voltage with m,,; > m;,. The output voltage exhibits shallower modulation than the input
signal. Figure 3.21(b) illustrates the amplification of an AM signal in the Class B ampli-
fier, where m,,; = m;,. The Class B amplifier behaves like a linear RF power amplifier.
Its characteristic vps = f(vgs — V;) is nearly linear and starts at the origin. Figure 3.21(c)
illustrates the amplification of an AM signal in the Class C amplifier, which produces an
AM output signal with m,,, < m;,. The output voltage exhibits deeper modulation than the
input signal. Class AB and C amplifiers can be used for amplifying AM signals with a
small modulation index m.

Figure 3.22 shows a circuit of Class AB, B, and C power amplifiers with AM modulation.
In these amplifiers, an AM signal is generated by placing the modulating voltage source
vy, in series with the drain dc supply voltage source V; of a Class C RF power amplifier
that is driven into the ohmic (triode) region of the MOSFET. The gate-to-source voltage
vgs has a constant amplitude Vg, and its frequency is equal to the carrier frequency f..
The dc gate-to-source voltage Vs is fixed. Therefore, the conduction angle 6 of the drain
current ip is also fixed. These circuits require an audio-frequency transformer.

Class AB, B, and C power amplifiers can be used to amplify constant-envelope signals,
such as FM and PM signals.
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3.7 Summary

e The Class B RF power amplifier consists of a transistor, parallel resonant circuit, RF
choke, and blocking capacitor.

e The transistor in the Class B power amplifier is operated as a dependent-current source.

e The conduction angle of the drain or collector current in the Class B power amplifier is
180°.

e The drain efficiency of the Class B power amplifier np is high. Ideally, np = 78.5 %.

e The conduction angle of the drain or collector current in the Class C power amplifier is
less than 180°.

e The transistor is operated as a dependent-current source in the Class C power amplifier.

e The drain efficiency of the Class AB and C power amplifiers np increases from 50 % to
100 % as the conduction angle 6 decreases from 180° to 0° at V,, = V;.

e The drain efficiency of the Class C power amplifier is 89.68 % at 6 = 60° and V,, = V.
e The drain efficiency of the Class C power amplifier is 94.04 % at 6 = 45° and V,,, = V.

e Class B and C RF power amplifiers are narrowband circuits because the resonant circuit
acts like a bandpass filter.

e Class B and C RF power amplifiers are linear (or semilinear) because the amplitude of
the drain current is proportional to the amplitude of the gate-to-source voltage.

e Class B and C RF power amplifiers are used as medium and high-power narrowband
linear power amplifiers.

e A push-pull Class B power amplifier uses one transistor to amplify the positive portion
of the input voltage and another transistor to amplify the negative portion of the input
voltage. One transistor is ‘pushing’ the current into the load and the other transistor is
‘pulling’ the current from the load.

e In the push-pull topology, even harmonics are cancelled in the load, reducing distortion
of the output voltage and the THD.

e The transformer in the transformer-coupled push-pull power amplifier performs the
impedance matching function.
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3.9 Review Questions

3.1 List the components of the Class B RF power amplifier.

3.2 What is the transistor mode of operation in the Class B RF power amplifier?

3.3 What is the location of the operating point of the Class B RF power amplifier?

3.4 How high is the drain efficiency of the Class B RF power amplifier?

3.5 What is the mode of operation of the transistor in the Class C RF power amplifier?
3.6 What is the location of the operating point of the Class C RF power amplifier?

3.7 What is the drain efficiency of the Class C RF power amplifier at § = 60° and 6 =
45°7

3.8 Are the drain current and output voltage dependent on the gate-to-source voltage in
Class B and C amplifiers?

3.9 Explain the principle of operation of the CMOS push-pull Class B RF power amplifier.

3.10 Explain the principle of operation of the transformer-coupled push-pull Class B RF
power amplifier.

3.11 What kind of harmonics is present in the load in push-pull amplifiers?

3.12 How does the transformer contribute to the impedance matching in power amplifiers?

3.10 Problems

3.1 Design a Class B RF power amplifier to meet the following specifications: V; = 3.3V,
Po =1W, Vpgmin = 0.2V, BW = 240MHz, and f = 2.4 GHz.

3.2 Design a Class AB RF power amplifier to meet the following specifications: V; =48V,
Po =22W, Vpgin = 1V, 6 = 120°, BW = 90 MHz, and f = 0.9 GHz.

3.3 Design a Class C RF power amplifier to meet the following specifications: V; = 3.3V,
Po =0.25W, Vpguin = 0.2V, 6 = 60°, BW =240 MHz, and f = 2.4 GHz.

3.4 Design a Class C RF power amplifier to meet the following specifications: V; = 12V,
Po =6W, Vpsmin =1V, 0 =45°, BW = 240MHz, and f = 2.4 GHz.



4

Class D RF Power Amplifiers

4.1 Introduction

Class D RF resonant power amplifiers [1-18], also called Class D dc-ac resonant power
inverters, were was invented in 1959 by Baxandall [1] and have been widely used in
various applications [2—12] to convert dc energy into ac energy. Examples of applications
of resonant amplifiers are radio transmitters, dc-dc resonant converters, solid-state electronic
ballasts for fluorescent lamps, high-frequency electric heating applied in induction welding,
surface hardening, soldering and annealing, induction sealing for tamper-proof packaging,
fiber-optics production, and dielectric heating for plastic welding. In Class D amplifiers,
transistors are operated as switches. Class D amplifiers can be classified into two groups:

e Class D voltage-switching (or voltage-source) amplifiers;

e Class D current-switching (or current-source) amplifiers.

Class D voltage-switching amplifiers are fed by a dc voltage source. They employ (1)
a series-resonant circuit or (2) a resonant circuit that is derived from the series-resonant
circuit. If the loaded quality factor is sufficiently high, the current through the resonant
circuit is sinusoidal and the current through the switches is a half sine wave. The voltage
waveforms across the switches are square waves.

In contrast, Class D current-switching amplifiers are fed by a dc current source in the
form of an RF choke and a dc voltage source. These amplifiers contain a parallel-resonant
circuit or a resonant circuit that is derived from the parallel-resonant circuit. The voltage
across the resonant circuit is sinusoidal for high values of the loaded quality factor. The
voltage across the switches is a half-wave sinusoid, and the current through the switches is
square wave.

One main advantage of Class D voltage-switching amplifiers is the low voltage across
each transistor, which is equal to the supply voltage. This makes these amplifiers suitable
for high-voltage applications. For example, a 220V or 277 V rectified line voltage is used
to supply the Class D amplifiers. In addition, low-voltage MOSFETS can also be used. Such

RF Power Amplifiers  Marian K. Kazimierczuk
© 2008 John Wiley & Sons, Ltd
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MOSFETs have a low on-resistance, reducing the conduction losses and operating junction
temperature. This yields high efficiency. The MOSFET’s on-resistance rpg increases con-
siderably with increasing junction temperature. This causes the conduction loss rpsl?,; to
increase, where I, is the rms value of the drain current. Typically, rps doubles as the
temperature rises by 100 °C (for example, from 25 to 125 °C), doubling the conduction loss.
The MOSFET’s on-resistance rpg increases with temperature 7' because both the mobility
of electrons w, ~ K;/T>> and the mobility of holes u, ~ K,/T*" decrease with T for
100 K< T <400 K, where K; and K, are constants. In many applications, the output power
or the output voltage can be controlled by varying the operating frequency f (FM control)
or phase shift (phase control).

In this chapter, we study Class D half-bridge and full-bridge series-resonant amplifiers.
The design procedure of the Class D amplifier is illustrated with detailed examples.

4.2 Circuit Description

Figure 4.1 shows the circuit of a Class D voltage-switching (voltage-source) RF power
amplifier with a pulse transformer driver. The circuit consists of two n-channel MOSFETS,
a series resonant circuit, and a driver. It is difficult to drive the upper MOSFET. A high-
side gate driver is required. A pulse transformer can be used to drive the MOSFETs. The
noninverting output of the transformer drives the upper MOSFET and the inverting output
the transformer drives the lower MOSFET. A pump-charge IC driver can also be used. A
circuit of the Class D voltage-switching RF power amplifier with two power supplies V;
and —V; is depicted in Figure 4.2 [14].

Figure 4.3 shows a circuit of the Class D CMOS RF power amplifier, in which a PMOS
MOSFET Qp and an NMOS MOSFET Qpy are used as switching devices. This circuit
can be integrated for high-frequency applications, such as RF transmitters for wireless
communications. The CMOS Class D amplifier requires only one driver. However, cross-
conduction of both transistors during the MOSFETSs transitions may cause spikes in the
drain currents. Nonoverlapping gate-to-source voltages may reduce this problem, but the
driver will become more complex [16, 17]. The peak-to-peak value of the gate-to-source
drive voltage v¢ is equal or close to the dc supply voltage V;, like in CMOS digital gates.
Therefore, this circuit is appropriate only for low values of the dc supply voltage V;, usually
below 20 V. At high values of the dc supply voltage V;, the gate-to-source voltage should
also be high, which may cause voltage breakdown of the gate.

1 .
ﬂ;% %iﬁ Ao

Figure 4.1 Class D half-bridge voltage-switching (voltage-source) RF power amplifier with a
series-resonant circuit and a pulse transformer driver.
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Figure 4.2 Class D half-bridge voltage-switching (voltage-source) RF power amplifier with a
series-resonant circuit and a pulse transformer driver.

Ve l: RZ Vv,
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Figure 4.3 Class D CMOS half-bridge voltage-switching (voltage-source) RF power amplifier
with a series-resonant circuit.

+
QN Fl’é Vo

Figure 4.4 Class D half-bridge RF power amplifier with a voltage mirror driver [5].

Figure 4.4 shows the circuit of a Class D RF power amplifier with a voltage mirror
driver or voltage level shifter [5]. The dc supply voltage V; can be much higher than the
peak-to-peak voltage of the gate-to-source voltage. Therefore, this circuit can be used in
high voltage applications.

A circuit of the Class D half-bridge RF power amplifier [1-12] with a series-resonant cir-
cuit and a pulse transformer driver is shown in Figure 4.5(a). It consists of two bidirectional
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Figure 4.5 Class D half-bridge RF power amplifier with a series-resonant circuit. (a) Circuit.
(b)—(d) Equivalent circuits.

switches S; and S, and a series-resonant circuit L-C-R. Each switch consists of a transistor
and an antiparallel diode. The MOSFET’s intrinsic body-drain pn junction diode may be
used as an antiparallel diode in case of an inductive load, which will be discussed shortly.
The switch can conduct either positive or negative current. However, it can only accept
voltages higher than the negative value of a forward diode voltage —Vp,, =~ —1 V. A pos-
itive or negative switch current can flow through the transistor if the transistor is ON. If the
transistor is OFF, the switch can conduct only negative current that flows through the diode.
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The transistors are driven by nonoverlapping rectangular-wave voltages vgs and vgso with
a dead time at an operating frequency f = 1/T. Switches S; and S, are alternately ON and
OFF with a duty cycle of 50 % or slightly less. The dead time is the time interval, when
both the switching devices are OFF. Input resistance R is an ac load to which the ac power
is to be delivered. If the amplifier is part of a dc-dc resonant converter, R represents an
input resistance of the rectifier.

There has been increasing interest in designing RF power amplifiers in digital technology
in the age of a system-on-chip (SoC). There is a trend to integrate a complete transceiver
together with the digital baseband subsystem on a single chip. There are two main issues
in designing power amplifiers in submicron CMOS technology: oxide breakdown and hot
carrier effects. Both these problems became worse as the technology scales down. The
oxide breakdown is a catastrophic effect and sets a limit on the maximum signal swing on
the MOSFET drain. The hot carrier effect reduces the reliability. It increases the threshold
voltage and consequently degrades the performance of the transistors. Switching-mode RF
power amplifiers offer high efficiency and can be used for constant-envelope modulated
signals, such as Gaussian minimum shift keying (GMSK) used in Global Systems for
Mobile (GSM) Communications.

Integrated MOSFETs may be used at low output power levels and discrete power MOS-
FETs at high output power levels. In integrated MOSFETs, the source and the drain are
on the same side of the chip surface, causing horizontal current flow from drain to source
when the device is ON. When the device is OFF, the depletion region of the reverse-biased
drain-to-body pn junction diode spreads into the lightly doped short channel, resulting in a
low punch-through breakdown voltage between the drain and the source. The breakdown
voltage is proportional to the channel length L, whereas the maximum drain current is
inversely proportional to the channel length L. If an integrated MOSFET is designed to
have a high breakdown voltage, its channel length must be increased, which reduces the
device aspect ratio W /L and the maximum drain current decreases.

In integrated MOSFETS, two contradictory requirements are imposed on the region between
the drain and the source: a short channel to achieve a high drain current when the device is
ON and a long channel to achieve a high breakdown voltage when the device is OFF.

The ip-vps characteristics of a MOSFET in the ohmic region are given by

. w Vs
ip = UnCox T (vgs —Vivps — —==| for vgs >V, and vps <vgs —V;.

2
4.1
The large-signal channel resistance of a MOSFET in the ohmic region is given by
1
I'ps = VLS = W for Vps < VGs — Vt (42)
i
P Mn C()x <Z> (VGS -V, - VDS /2)
which simplifies to the form
1
rps ~ W for vps K 2(vgs — Vi). (4.3)
n Cox <f) (ves = V1)

The drain-to-source resistance of discrete power MOSFETs consists of the channel resis-
tance, accumulation region resistance, neck region resistance, and drift region resistance
[18]. The drift resistance is dominant in high voltage MOSFETs.

Equivalent circuits of the Class D amplifier are shown in Figure 4.5(b)—(d). In Figure
4.5(b), the MOSFETs are modeled by switches whose on-resistances are rpg; and rpg».
Resistance ry is the equivalent series resistance (ESR) of the physical inductor L and
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Figure 4.6 Waveforms in the Class D half-bridge voltage-switching RF power amplifier. (a) For
S <Jo. (b) For f = f,. (c) For f > f,.

resistance r¢ is the equivalent series resistance of the physical capacitor C. In Figure 4.5(c),
rps ~ (rps1 + rps2)/2 represents the average equivalent on-resistance of the MOSFETs. In
Figure 4.5(d), the total parasitic resistance is represented by

r=rps+r.+rc, (4.4)
which yields an overall resistance in the series-resonant circuit

Rir=R+r=R+rps+r.+rc. 4.5)

4.3 Principle of Operation

The principle of operation of the Class D amplifier is explained by the waveforms sketched
in Figure 4.6. The voltage at the input of the series-resonant circuit is a square wave of
magnitude V;. If the loaded quality factor Q; = /L/C /R of the resonant circuit is high
enough (for example, Qr > 2.5), the current i through this circuit is nearly a sine wave.
Only at f = f,, the MOSFETSs turn on and off at zero current, resulting in zero switching
losses and an increase in efficiency. In this case, the antiparallel diode never conducts.
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In many applications, the operating frequency f is not equal to the resonant frequency
f, = 1/(27+/LC) because the output power or the output voltage is often controlled by
varying the operating frequency f (FM control). Figure 4.6(a), (b), and (c) shows the
waveforms for f < f,, f =/,, and f > f,, respectively. The tolerance of the gate-to-source
voltage turn-on time is indicated by the shaded areas. Each transistor should be turned off
for f < f, or turned on for f > f, in the time interval during which the switch current
is negative. During this time interval, the switch current can flow through the antiparallel
diode. To prevent cross-conduction (also called shoot-through current), the waveforms of
the drive voltages vgs and vgs2 should be non-overlapping and have a sufficient dead time
(not shown in Figure 4.6). At turn-off, MOSFETs have a delay time and bipolar junction
transistors (BJTs) have a storage time. If the dead time of the gate-to-source voltages
of the two transistors is too short, one transistor remains ON while the other turns off.
Consequently, both the transistors are ON at the same time and the voltage power supply
Vi is short-circuited by the transistor on-resistances rpg; and rpg». For this reason, cross-
conduction current pulses of magnitude I, = V;/(rps1 + rps2) flow through the transistors.
For example, if V; =200V and rps; = rps2 = 0.5, I,x = 200 A. The excessive current
stress may cause immediate failure of the devices. The dead time should not be too long,
which will be discussed in Sections 4.3.1 and 4.3.2. The maximum dead time increases as
f/fo increases for f > f, or decreases for f < f,. This is because the time interval during
which the switch current is negative becomes longer. The shortest dead time must be at
f =/fo. There are commercial IC drivers available, which have an adjustable dead time, for
example, TI 2525.

4.3.1 Operation Below Resonance

For f < f,, the series-resonant circuit represents a capacitive load. This means that the
current through the resonant circuit i leads the fundamental component v;; of the voltage
vps2 by the phase angle ||, where ¥y < 0. Therefore, the switch current ig; is positive
after the switch turns on at wt = 0 and iy is negative before the switch turns off at wr = 7.
The conduction sequence of the semiconductor devices is Q;-Di-0»-D;. Notice that the
current in the resonant circuit is diverted from the diode of one switch to the transistor of
the other switch (Figure 4.5). This causes a lot of problems, which is explained shortly.
Consider the time, when the switch S, is turned on, as shown in Figure 4.5. Prior to this
transition, the current i flows through the antiparallel diode D; of the switch S;. When
transistor 0, is turned on by the drive voltage vgs2, vps» is decreased, causing vpg; to
increase. Therefore, the diode D; turns off and the current i is diverted from D; to Q.
There are three undesired effects, when the MOSFET turns on:

(1) reverse recovery of the antiparallel diode of the opposite switch;

(2) discharging the transistor output capacitance;

(3) Miller’s effect.

The most severe drawback for operating below resonance is the diode reverse-recovery
stress when the diode turns off. The MOSFET’s intrinsic body-drain diode is a minority
carrier device. Each diode turns off at a very large dv/dr, resulting in a large di/dr.

It generates a large reverse-recovery current spike (turned upside down). This spike flows
through the other transistor because it cannot flow through the resonant circuit. The resonant
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inductor L does not permit an abrupt current change. Consequently, the spikes occur in
the switch current waveform at both turn-on and turn-off transitions of the switch. The
magnitude of these spikes can be much (for example, 10 times) higher than the magnitude
of the steady-state switch current. High current spikes may destroy the transistors and
always cause a considerable increase in switching losses and noise. During a part of the
reverse-recovery interval, the diode voltage increases from —1V to V; and both the diode
current and voltage are simultaneously high, causing a high reverse-recovery power loss.

The turn-off failure of the power MOSFETs may be caused by the second breakdown of
the parasitic bipolar transistor. This parasitic bipolar transistor is an integral part of a power
MOSFET structure. The body region serves as the base of the parasitic BJT, the source as
the BJT emitter, and drain as the BJT collector. If the body-drain diode is forward biased
just prior to the sudden application of drain voltage, the turn-on process of the parasitic
bipolar transistor may be initiated by the reverse-recovery current of the antiparallel diode.
The second breakdown of the parasitic BJT may destroy the power MOSFET structure.
The second breakdown voltage is usually one-half of the voltage at which the device fails
if the diode is forward biased. This voltage is denoted as Vpgs by manufacturers. For the
reasons given above, operation at f < f, should be avoided if power MOSFETs are to
be used as switches. For example, the current spikes can be reduced by adding Schottky
antiparallel diodes. Silicon Schottky diodes have low breakdown voltages, typically below
100 V. However, silicon-carbide Schottky diodes have high breakdown voltages. Since the
forward voltage of the Schottky diode is lower than that of the pn junction body diode,
most of the negative switch current flows through the Schottky diode, reducing the reverse-
recovery current of the pn junction body diode. Another circuit arrangement is to connect
a diode in series with the MOSFET and an ultrafast diode in parallel with the series
combination of the MOSFET and diode. This arrangement does not allow the intrinsic
diode to conduct and to store the excess minority charge. However, the higher number
of components, the additional cost, and the voltage drop across the series diode (which
reduces the efficiency) are undesirable. Also, the peak voltages of the transistor and the
series diode may become much higher than V;. Transistors with a higher permissible voltage
and a higher on-resistance should be used. High voltage MOSFETs have high on-resistance.
However, high on-resistance increases conduction loss. This method may reduce, but cannot
eliminate the spikes. Snubbers should be used to slow down the switching process, and
reverse-recovery spikes can be reduced by connecting a small inductance in series with
each power MOSFET.

For f < f,, the turn-off switching loss is zero, but the turn-on switching loss is not zero.
The transistors are turned on at a high voltage, equal to V;. When the transistor is turned
on, its output capacitance is discharged, causing switching loss. Suppose that the upper
MOSFET is initially ON and the output capacitance C,,; of the upper transistor is initially
discharged. When the upper transistor is turned off, the energy drawn from the dc input
voltage source V; to charge the output capacitance C,,, from O to V; is given by

T T
Wr = / Viicow dt =V / icow dt = V70 (4.6)
0 0

where ic,,, is the charging current of the output capacitance and Q is the charge transferred
from the source V; to the capacitor. This charge equals the integral of the current ic,,, over
the charging time interval, which is usually much shorter than the time period 7 of the
operating frequency f. Equation (4.6) holds true for both linear and nonlinear capacitances.
If the transistor output capacitance is assumed to be linear, Q = C,,;V; and (4.6) becomes

Wi = Cou V7. 4.7)
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The energy stored in the linear output capacitance at the voltage V; is

1
We = 5 Cou V7. (4.8)

The charging current flows through a resistance that consists of the on-resistance of the
bottom MOSFET and lead resistances. The energy dissipated in this resistance is

1
W = Wi = We = >Cou v} 4.9)

which is the same amount of energy as that stored in the capacitance. Note that charging a
linear capacitance from a dc voltage source through a resistance requires twice the energy
stored in the capacitance. When the upper MOSFET is turned on, its output capacitance
is discharged through the on-resistance of the upper MOSFET, dissipating energy in that
transistor. Thus, the energy dissipated during charging and discharging of the transistor
output capacitance is

Wi = Cour V12- (4.10)
Accordingly, the turn-on switching loss per transistor is
We 1
Pion = —= = 5fCou /" .11

The total power loss associated with the charging and discharging of the transistor output
capacitance of each MOSFET is
WSW

Py, = - = fCou VP (4.12)

The charging and discharging process of the output capacitance of the bottom transistor
is similar. In reality, the drain-source pn step junction capacitance is nonlinear. An anal-
ysis of turn-on switching loss with a nonlinear transistor output capacitance is given in
Section 4.8.2.

Another effect that should be considered at turn-on of the MOSFET is Miller’s effect.
Since the gate-source voltage increases and the drain-source voltage decreases during the
turn-on transition, Miller’s effect is significant, by increasing the transistor input capaci-
tance, the gate drive charge, and drive power requirements, reducing the turn-on switch-
ing speed.

The advantage of operating below resonance is that the transistors are turned off at nearly
zero voltage, resulting in zero turn-off switching loss. For example, the drain-source voltage
vps1 is held at nearly —1V by the antiparallel diode D; when is; is negative. During this
time interval, transistor Q; is turned off by drive voltage vgg1. The drain-source voltage
vps1 is almost zero and the drain current is low during the MOSFET turn-off, yielding
zero turn-off switching loss in the MOSFET. Since vpg; is constant, Miller’s effect is
absent during turn-off, the transistor input capacitance is not increased by Miller’s effect,
the gate drive requirement is reduced, and the turn-off switching speed is enhanced. In
summary, for f < f,, there is a turn-on switching loss in the transistor and a turn-off
(reverse-recovery) switching loss in the diode. The transistor turn-off and the diode turn-on
are lossless.

As mentioned earlier, the drive voltages vgs; and vgsy are nonoverlapping and have
a dead time. However, this dead time should not be made too long. If the transistor Q;
is turned off too early when the switch current ig; is positive, diode D; cannot conduct
and diode D, turns on, decreasing vpsy to —0.7 V and increasing vpg; to V;. When the
current through D, reaches zero, diode D; turns on, vpg; decreases to —0.7V, and vpgs»
increases to V;. These two additional transitions of each MOSFET voltage would result
in switching losses. Note that only the turn-on transition of each switch is forced and is
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directly controlled by the driver, while the turn-off transition is caused by the turn-on of
the opposite transistor (i.e., it is automatic).

In very high power applications, thyristors with antiparallel diodes can be used as switches
in Class D amplifiers with a series-resonant circuit topologies. The advantage of such
an arrangement is that, for operation below resonance, thyristors are turned off naturally
when the switch current crosses zero. Thyristors, however, require more complicated and
powerful drive circuitry, and their operating frequency range is limited to 20 kHz. Such
low frequencies make the size and weight of the resonant components large, increasing the
conduction losses.

4.3.2 Operation Above Resonance

For f > f,, the series-resonant circuit represents an inductive load and the current i lags
behind the voltage v;; by the phase angle , where ¥ > (0. Hence, the switch current is
negative after turn-on (for part of the switch ‘on’ interval) and positive before turn-off. The
conduction sequence of the semiconductor devices is Di-Q1-D,-Q». Consider the turn-off
of switch S;. When transistor Q; is turned off by the drive voltage vgs1, vps1 increases,
causing vps» to decrease. As vpgy reaches —0.7 V, D, turns on and the current i is diverted
from transistor Q; to diode D,. Thus, the turn-off switch transition is forced by the driver,
while the turn-on transition is caused by the turn-off transition of the opposite transistor,
not by the driver. Only the turn-off transition is directly controllable.

The transistors are turned on at zero voltage. In fact, there is a small negative voltage
of the antiparallel diode, but this voltage is negligible in comparison to the input voltage
Vi. For example, transistor Q, is turned on by v, when ig, is negative. Voltage vpgo
is maintained at nearly —1V by the antiparallel diode D, during the transistor turn-on
transition. Therefore, the turn-on switching loss is eliminated, Miller’s effect is absent,
transistor input capacitance is not increased by Miller’s effect, the gate drive power is low,
and the turn-on switching speed is high. The diodes turn on at a very low di /d¢. The diode
reverse-recovery current is a fraction of a sine wave and becomes a part of the switch
current when the switch current is positive. Therefore, the antiparallel diodes can be slow,
and the MOSFET’s body-drain diodes are sufficiently fast as long as the reverse-recovery
time is less than one-half of the cycle. The diode voltage is kept at a low voltage of the
order of 1V by the transistor in on-state during the reverse-recovery interval, reducing
the diode reverse-recovery power loss. The transistor can be turned on not only when the
switch current is negative but also when the switch current is positive and the diode is still
conducting because of the reverse recovery current. Therefore, the range of the on-duty
cycle of the gate-source voltages and the dead time can be larger. If the dead time is too
long, the current will be diverted from the recovered diode D, to diode D; of the opposite
transistor until transistor Q» is turned on, causing extra transitions of both switch voltages,
current spikes, and switching losses.

For f > f,, the turn-on switching loss is zero, but there is a turn-off loss in the transistor.
Both the switch voltage and current waveforms overlap during turn-off, causing a turn-
off switching loss. Also, Miller’s effect is considerable, increasing the transistor input
capacitance, the gate drive requirements, and reducing the turn-off speed. An approximate
analysis of the turn-off switching loss is given in Section 4.8.3. In summary, for f > f,,
there is a turn-off switching loss in the transistor, while the turn-on transitions of the
transistor and the diode are lossless. The turn-off switching loss can be eliminated by
adding a shunt capacitor to one of the transistors and using a dead time in the drive
voltages.
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4.4 Topologies of Class D Voltage-source RF Power
Amplifiers

Figure 4.7 shows a Class D voltage-switching amplifier with various resonant circuits.
These resonant circuits are derived from a series-resonant circuit. In Figure 4.7(b), C,. is a
large coupling capacitor, which can also be connected in series with the resonant inductor.
The resonant frequency (that is, the boundary between the capacitive and inductive load)
for the circuits of Figure 4.7(b)—(g) depends on the load. The resonant circuit shown in
Figure 4.7(b) is employed in a parallel resonant converter. The circuit of Figure 4.7(d)
is used in a series-parallel resonant converter. The circuit of Figure 4.7(e) is used in a

|
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Figure 4.7 Class D voltage-switching amplifier with various resonant circuits.
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CLL resonant converter. Resonant circuits of Figure 4.7(a), (f), and (g) supply a sinusoidal
output current. Therefore, they are compatible with current-driven rectifiers. The ampli-
fiers of Figures 4.7(b)—(e) produce a sinusoidal voltage output and are compatible with
voltage-driven rectifiers. A high-frequency transformer can be inserted in places indicated
in Figure 4.7.

Half-bridge topologies of the Class D voltage-switching amplifier are depicted in Figure
4.8. They are equivalent for ac components to the basic topology of Figure 4.5. Figure 4.8(a)
shows a half-bridge amplifier with two dc voltage sources. The bottom voltage source
Vi /2 acts as a short circuit for the current through the resonant circuit, resulting in the
circuit of Figure 4.8(b). A drawback of this circuit is that the load current flows through
the internal resistances of the dc voltage sources, reducing efficiency. In Figure 4.8(c),
blocking capacitors Cp /2 act as short circuits for the ac component. The dc voltage across
each of them is V;/2, but the ac power is dissipated in the ESRs of the capacitors. An
equivalent circuit for the amplifier of Figure 4.8(c) is shown in Figure 4.8(d). This is a
useful circuit if the dc power supply contains a voltage doubler. The voltage stress across
the filter capacitors is lower than that in the basic circuit of Figure 4.5. In Figure 4.8(e),
the resonant capacitor is split into two halves, which are connected in parallel for the ac

V
o 5T . e v 2
L C R /W\_||
AN——4 I
V
V —_ _l
o—| ?’—_: °_| R 2
(a) (b)
Vi_| Cg
> 2T 2
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== FWN——9
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. 2T 2 z
C
2
C
¢
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Figure 4.8 Half-bridge topologies of the Class D voltage-switching amplifier. (a) With two dc
voltage sources. (b) Equivalent circuit of amplifier of Figure 4.8(a). (c) With two filter capacitors.
(d) Equivalent circuit of amplifier of Figure 4.8(c). (e) With a resonant capacitor split into two halfs.
(f) Equivalent circuit of amplifier of Figure 4.8(e).
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component. This is possible because the dc input voltage source V; acts as a short circuit for
the ac component of the upper capacitor. The disadvantage of all transformerless versions
of the half-bridge amplifier of Figure 4.8 is that the load resistance R is not grounded.

4.5 Analysis
4.5.1 Assumptions

The analysis of the Class D amplifier of Figure 4.5 is based on the equivalent circuit of
Figure 4.5(d) and the following assumptions:

(1) The transistor and the diode form a resistive switch whose on-resistance is linear, the
parasitic capacitances of the switch are neglected, and the switching times are zero.

(2) The elements of the series-resonant circuit are passive, linear, time invariant, and do
not have parasitic reactive components.

(3) The loaded quality factor Q; of the series-resonant circuit is high enough so that the
current i through the resonant circuit is sinusoidal.

4.5.2 Series-resonant Circuit

The parameters of the series-resonant circuit are defined as follows:

e the resonant frequency

1
w, = ——; (4.13)
° JIC
e the characteristic impedance
Zo=JE o= L (4.14)
o=\~ Wyl = 0,C 5 .
e the loaded quality factor
L
L 1 Z c
0, = 2o = Lo _VC. (4.15)
R+r w,C(R+r) R+r R+r
e the unloaded quality factor
L 1 Z
0, =22 = == (4.16)
r w,Cr r
where
r=rps +r.+rc 4.17)
and
R =R+r. (4.18)

The series-resonant circuit acts like a second-order bandpass filter. The bandwidth of this
circuit is

b

BW = —. (4.19)

073
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The loaded quality factor is defined as

Total average magnetic and electric energy stored at resonant frequency f,

=21
o Energy dissipated and delivered to load at resonant frequency f,
B Peak magnetic energy at f, Peak electric energy at f,,
~ 77 Energy lost in one cycle at £,  Energy lost in one cycle at f,
W&‘ Wv W
- S _» JfoW. . W W 0 (4.20)

= LT = =
T,Pg, P, Po +P, Po+P,

where W; is the total energy stored in the resonant circuit at the resonant frequency f, =
1/T,, and Q = w,W; is the reactive power of inductor L or capacitor C at the resonant
frequency f,.

The current waveform through the inductor L is given by

ir(wt) = I, sin(wt — ) 4.21)
resulting in the instantaneous energy stored in the inductor
wr(wt) = %u,}, sin* (ot — ). (4.22)
The voltage waveform across the capacitor C is given by
ve(wt) = Ve, cos(wt — ) (4.23)
resulting in the instantaneous energy stored in the capacitor
we (ot) = %cvgm cos’(wt — V). (4.24)
The total energy stored in the resonant circuit at any frequency is given by
wy(wt) = wr(ot) + we(ot) = %[u,ﬁ sin®(wt — ¥) + CV3, cos*(wt — y)].  (4.25)

Since Ve, = Xcly = 1, /(wC), the total energy stored in the resonant circuit at any fre-
quency can be expressed as

wy(wt) = %L]n%[sin2(a)t —Y)+ cos’(wt — )]

w?LC

1 .
= —LI? | sin’(wt — ) + cos* (wt — ) | . (4.26)

2 o \2

Wy

For w = w,, the total energy stored in the resonant circuit W; is equal to the peak magnetic
energy stored in the inductor L

1 1
wy(wt) = Euj [sin®(wt — ¥) + cos*(wt — P)] = 5”31 =Wy = Winax- (4.27)

Because I, = Ve /Xe = oCVey, the total energy stored in the resonant circuit at any
frequency becomes

wy(wt) = lcv2 [w?LC sin*(wt — ) + cos*(wt — )]
s - 2 Cm

1 2 A 2 2
= ECVCm (w_> sin“(wt — ) 4+ cos“(wt — ) | . (4.28)
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For w = w,, the total energy stored in the resonant circuit W; is equal to the peak electric
energy stored in the capacitor C

wy(wt) = %cvgm [sin®(wf — ) + cos?(wf — Y)] = Wy = Wemar- (4.29)

For steady-state operation at the resonant frequency f,,, the total instantaneous energy stored
in the resonant circuit is constant and equal to the maximum energy stored in the inductor

1

Wy = Wiax = Euj (4.30)
or, using (4.13), in the capacitor
Wy = Wemar = lCvg _! L _! L = lL12. (4.31)
2 "2 (@, 2(Cw2) 2"

Substitution of (4.30) and (4.31) into (4.20) produces

_w, LI} ®,CVE,
L= ZPRI o 2PR[ '

The reactive power of the inductor at f, is Q = (1/2)Vil, = (1 /2)wULI,,21 and of the

capacitor is Q = (1/2),, Ve, = (1/2)w, CVCZm. Thus, the quality factor can be defined as

the ratio of the reactive power of the inductor or the capacitor to the real power dissipated

in the form of heat in all resistances at the resonant frequency f,. The total power dissipated
inR, =R+ris

(4.32)

1o 1 2
Pr, = ERtlm = E(R +nri,. (4.33)
Substitution of (4.30) or (4.31), and (4.33) into (4.20) gives
L 1
0= 2= = (4.34)

“R+r w0, CR+1r)

The average magnetic energy stored in the resonant circuit is
1 2 1 5 1 2 5 1 5
14 = — wrpd(w,t) = =Ll X — sin“(w,t)d(wt) = — LI . 4.35
=5 [l = 5183 x5 [ den = Gk @39)
Similarly, the average electric energy stored in the resonant circuit is

1 2w 1 5 1 2w 5 1 5
WC(AV) = E A we d(w,t) = ECVCm X Z A cos“(wyt) d(wt) = ZCVCm. (4.36)

Hence, the total average energy stored in the resonant circuit is

oo 1 o LI
Ws = Wrav) + Weuy) = ZLIm + ZCVCm = Ele = ECVCm‘ 4.37)
This leads to the loaded quality factor.
For R =0,
1
P, = Eﬂ’i (4.38)
and the unloaded quality factor is defined as
woWs  w,L woL 1 1
0, = =— = = = . (4.39)
P, r rps +r.+rc w,Cr  w,C(rps + 1. +1c)
Similarly, the quality factor of the inductor is
4 L
Q=22 =2 (4.40)

Py L
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and the capacitor is

Wy Ws‘ 1

= = . 4.41
Qco Pe ~ w.Cre (4.41)

4.5.3 Input Impedance of Series-resonant Circuit

The input impedance of the series-resonant circuit is

. 1 . o w,
Z=R+r+j (wL——) :(R+r)|:1+jQL<———>}
oC

w, 0]
R .
=zg[ +r+j<ﬂ—&>:|=|2|e“ﬂ=R+r+jX (4.42)
Z() a)() w
where
2 2 2
R
Z| =(R+r)\/1+Q£ (3 - “’—) =ZO\/(( +r)) - (3 - &)
W, w Z, Wy w
1 w [oF 2
—z, Lo <_ _ _) (4.43)
o7 [oF w
¥ = arctan |:QL (3 - w—)} (4.44)
wWo w
Ri=R+r=|Z|cosy (4.45)
X = |Z|siny. (4.46)

The reactance of the resonant circuit becomes zero at the resonant frequency f,. From
(4.44),

cosy = ! . (4.47)

[ @ w, 2
el e

Figure 4.9 shows a three-dimensional representation of |Z|/Z, as a function of the normal-
ized frequency f/f, and the loaded quality factor Q;. Plots of |Z|/Z, and i as a function
of f/f, at fixed values of Q; are shown in Figures 4.10 and 4.11.

For f < f,, ¥ is less than zero, which means that the resonant circuit represents a
capacitive load to the switching part of the amplifier. For f > f,, v is greater than zero,
which indicates that the resonant circuit represents an inductive load. The magnitude of
impedance |Z| is usually normalized with respect to R;, but it is not a good normalization
if R changes, and therefore R, = R + r is variable at fixed resonant components L and C.

4.5.4 Currents, Voltages, and Powers

When S; is ON and S is OFF, v = V;. When S is OFF and S, is ON, v = 0. Referring to
Figure 4.5(d), the input voltage of the series-resonant circuit is a square wave

Vi, for O<owt<m

v~ Vps2 = { 0, for 1w < wt <2m. (4.48)
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Figure 4.9 Plots of |Z|/Z, as a function of f/f, and Q;.

1.5

Figure 4.10 Modulus of the normalized input impedance |Z|/Z, as a function of f /f, at constant

values of Qy.
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Figure 4.11 Phase of the input impedance v as a function of f/f, at constant values of Q.

This voltage can be expressed by Fourier series

Vi 2V, S 1 —(=1) >, sin[(2k — Dt
V%VDSQ:—I—{—TIZ#SIH(’,Z&)I)_VI{ +Zsln( )w]}

2 2k — 1
n=1 k=1
1 2 . 2 . 2
=V, |-+ —sinwt + — sin 3wt + — sinSwt + --- | . (4.49)
2 0w 3 S5
The fundamental component of voltage v is
vi1 = V,, sin wt (4.50)
where its amplitude is given by 5
%
Vi = —L ~0.637V]. 4.51)
T
This leads to the rms value of voltage v;;
Ve N2V,
Vims = 7’% = L ~0.45v,. (4.52)

The series-resonant circuit acts like a bandpass filter. For frequencies lower than the resonant
frequency f,, the series-resonant circuit represents a high capacitive impedance. On the
other hand, for frequencies higher than the resonant frequency f,, the series-resonant circuit
represents a high inductive impedance. If the operating frequency f is close to the resonant
frequency f,, the impedance of the resonant circuit is very high for higher harmonics, and
therefore the current through the resonant circuit is approximately sinusoidal and equal to
the fundamental component

i =1, sin(wt — ) (4.53)
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where from (4.46), (4.47), and (4.51)
Vm 2V1 _ 2V1 COSW _ 2V1

|Z] w|Z| TR, a) @, 2
o w

m

2V,
= ! . (4.54)

)+ (-2)

7Zy \=— ) +|{— ——

Z, Wy w

Figure 4.12 shows a three-dimensional representation of 7,,/(V;/Z,) as a function of f /f,
and R, /Z,. Plots of 1,,/(V;/Z,) as a function of f /f, at fixed values of O, are depicted in
Figure 4.13. It can be seen that high values of I,,/(V;/Z,) occur at the resonant frequency

f, and at low total resistance R;. At f = f,, the amplitude of the current through the resonant
circuit and the transistors becomes

2y

= . 4.55
<R, (4.55)

Imr

The output voltage is also sinusoidal
Vo = IR =V, sin(wt — V). (4.56)
The input current of the amplifier i; equals the current through the switch S; and is
given by
I, sin(wt — ), for O<wt<m

4.57)
0, for mw < wt <2m.

i =is1 =

In (V)/Z,)

D
O

7
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Figure 4.12 Normalized amplitude 1,,/(V;/Z,) of the current through the resonant circuit as a
function of f/f, and Qy.
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Figure 4.13 Normalized amplitude 7,,/(V; /Z,) of the current in the resonant circuit as a function
of f/f, at fixed values of Qy.

Hence, from (4.43), (4.46), and (4.51), one obtains the dc component of the input current

1 [ I, [T s v,
L= —/ is) d(wt) = ﬂ/ sin(wr — ) d(wr) = SV _ YncoSY
27 Jo 27 Jo b4

w|Z|
_ 2Vicos’y  2ViR, I
- 2 — 21712
TR, VA [ @, 2
7 J1+07 | ———
W, w
2Vy
= Rk (4.58)
2 2 (< Wy
TR |1 4+07 | ———
W, w
Atf :f()y
I, A% \%;
=7 2R,  5R, (4.59)

The dc input power can be expressed as

2V cos® ¥ 2V7
! R0 (L %
TR (1 + Q; ]
W,
_ 2V/R,

- . = (4.60)
222 <&> + <2 — &)
%o Z, w,
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Atf =fo,
P = 2V Vi 4.61)
"T 7R, TSR, '
Using (4.54), one arrives at the output power
Py = I;R _ 2V7PR cos® _ 2V7R
2 JTZRIZ w w, 2
T2R? [ 1+ 0} <— - —)
W,
2V7PR
= > T (4.62)
R, w W,
22| \=) +(———
Z, W, w
Atf :f()’
VAR 2VP
=—1l>~= (4.63)

o= s
n2R?  7w?R

Figure 4.14 depicts Po /(VIZR, /Zoz) as a function of f/f, and Qr. The normalized out-
put power Po /(V12Rt /Zoz) is plotted as a function of f/f, at different values of Q; in
Figure 4.15. The maximum output power occurs at the resonant frequency f, and at low

total resistance R;.

4.5.5 Current and Voltage Stresses

The peak voltage across each switch is equal to the dc input voltage
Vo = Vi. (4.64)

2)

Z,

Py/(VAR, !

0
Q, 0.5 f,

Figure 4.14 Normalized output power Po /(V*R,/Z2) as a function of f/f, and Q.
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Figure 4.15 Normalized output power Pg/ (VIZR, /Z2) as a function of f /f, at fixed values of Q.

The maximum value of the switch peak currents and the maximum amplitude of the current
through the resonant circuit occurs at f = f,. Hence, from (4.54)
Vin  2V;

R_t . R,

The ratio of the input voltage of the resonant circuit to the voltage across the capacitor C
is the voltage transfer function of the second-order low-pass filter. The amplitude of the
voltage across the capacitor C is obtained from (4.54)

In 2V,
Vem = - = ! . (4.66)

TG ()
(=) /(=) +(—-=
Wo Zo Wo w

A three-dimensional representation of V¢, /V; is shown in Figure 4.16. Figure 4.17 shows
plots of V¢, /V; as a function of f /f, at fixed values of Q.
The ratio of the input voltage of the resonant circuit to the voltage across the inductor

L is the transfer function of the second-order high-pass filter. The amplitude of the voltage
across the inductor L is expressed as

)

2 ()
o (4.67)

R; 2 w W, 2
/ (z) (%)
Figure 4.18 shows Vi, /V; as a function of f/f, and Qy. Plots of Vp,,/V; as a function of

f/fo at constant values of Q; are displayed in Figure 4.19. At f = f,,

2Vi0L
VCm(max) = VLm(max) = Zolmr = QLV = T . (468)

Isyy = Ly, = (465)

Vim = oLl =
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Figure 4.16 Normalized amplitude V(,,/V; of the voltage across the resonant capacitor C as a

function of f/f, and Qy.

fif,

Figure 4.17 Normalized amplitude V(,,/V; of the voltage across the resonant capacitor C as a

function of f/f, at fixed values of Qy.
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Figure 4,18 Normalized amplitude Vy,,/V; of the voltage across the resonant inductor L as a
function of f/f, and Qy.
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Figure 4.19 Normalized amplitude Vy,,/V; of the voltage across the resonant inductor L as a
function of f/f, at fixed values of Q;.
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The maximum voltage stress of the resonant components occurs at the resonant frequency
f = f,, at a maximum dc input voltage V; = Vj,,., and at a maximum loaded quality factor
Qr. Actually, the maximum value of Vp,, occurs slightly above f, and the maximum value
of V¢, occurs slightly below f,. However, this effect is negligible for practical purposes.
At the resonant frequency f = f,, the amplitudes of the voltages across the inductor and
capacitor are Qy, times higher than the amplitude V,, of the fundamental component of the
voltage at the input of the resonant circuit, which is equal to the amplitude of the output
voltage V.
The output power capability is give by

Po L (I Vin 1 2 1
(=0 = () () =-x1x(Z)=—=0.15. (4.69)
21SM VSM 4 ISM VSM 4 4 2
4.5.6 Operation Under Short-circuit and Open-circuit
Conditions

The Class D amplifier with a series-resonant circuit can operate safely with an open circuit
at the output. However, it is prone to catastrophic failure if the output is short-circuited at
f close to f,. If R = 0, the amplitude of the current through the resonant circuit and the
switches is

2V,
I, = ! . (4.70)

m/w (é)z(ﬂ - “’—)
r W, w

The maximum value of I, occurs at f = f, and is given by

2V;
Isy = Inr = — (4.71)
Tr
and the amplitudes of the voltages across the resonant components L and C are
Ly 2V, Z, 2V,
Vem = Vim = = woLlyy = Zolyy = [0 = I—QO (4.72)
w,C Tr T

For instance, if V; =320V and r =2, Isyy = I,,, = 102A and V¢, = V;,, = 80kV.
Thus, the excessive current in the switches and the resonant circuit, as well as the excessive
voltages across L and C, can lead to catastrophic failure of the amplifier.

L v,

Switching Resonant +
Vi = Network Network R Vo
MVs MVr -

Figure 4.20 Block diagram of a Class D amplifier.
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4.6 Voltage Transfer Function

The Class D amplifier can be functionally divided into two parts: the switching network and
the resonant network. A block diagram of the Class D amplifier is shown in Figure 4.20.
The switching part is composed of a dc input voltage source V; and a set of switches.
The switches are controlled to produce a square-wave voltage v. Since a resonant circuit
forces a sinusoidal current, only the power of the fundamental component is transferred
from the switching part to the resonant part. Therefore, it is sufficient to consider only the
fundamental component of the voltage v given by (4.50). A voltage transfer function of
the switching part can be defined as

My, = - (4.73)

where V,,,, is the rms value of the fundamental component v;; of the voltage v. The resonant
network of the amplifier converts the square-wave voltage v into a sinusoidal current or
voltage signal. Because the dc input source V; and switches S; and S, form a nearly ideal ac
voltage source, many resonant circuits can be connected in parallel. If the resonant circuit
is loaded by a resistance R, a voltage transfer function of the resonant part is

vV .
Myy = —29 a1y, | /¥ (4.74)
leS
where Vs is the phasor of voltage v;1 and Voums) is the phasor of the sinusoidal output

voltage vp across R. The modulus of My is
VO(rms)
Vrms

where Vo(ms) is the rms value of vp. A voltage transfer function of the entire amplifier is
defined as a product of (4.73) and (4.75)

|MVr| =

(4.75)

Vo,
My; = My, [My| = =7 (4.76)
1

Let us consider the half-bridge circuit. Using (4.52), one arrives at the voltage transfer
function from the input of the amplifier to the input of the series-resonant circuit

V2

My, = — = 0.45. (4.77)
T
The ac-to-ac voltage transfer function of the series-resonant circuit is
Vv R 4
My, = ~-20ms) _ - s = My|e¢ (4.78)
Vims . 1 . W W,
R+r+jlowL— — 14+jOr | —— —
oC W, w
from which
Vo@ms Nir
My, | = —2") = 4.79)
Vims w W, 2
1+07 (— - —)
W, W
®w W
¢ = — arctan |:QL <— — —>i| (4.80)
W,

where 1, = R/(R +r) = R/R; is the efficiency of the amplifier, by taking into account
the conduction losses only (see Section 4.8.1). Figure 4.21 illustrates (4.79) in a three-
dimensional space. Figure 4.22 shows the voltage transfer function |My;| as a function of
f/f, at fixed values of Q; for n; = 0.95.
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Q 0.5 1,

Figure 4.21 Three-dimensional representation of |My,| as a function of f/f, and Q; for
Nir = 0.95.

1My, |

Figure 4.22 Transfer function |My,| as a function of f/f, at fixed values of Q; for n;, = 0.95.
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Rearrangement of (4.79) yields
7T UMyl /i) + 4Q3(My | /i — /T — (M /11y )? s

= for <1 (4381
Jo 20 (IMv; | /n1r) fo
and
£ Myl + 4QFAMy | i) + /T = (M T/ )? o Lol as)
S or — >1. .
Jo 201(IMy; 1 /n1r) Jo
Comparison of (4.54) and (4.79) yields
2V My,
I, = 2ViiMvi| (4.83)
TRy

At constant values of |My, |, the amplitude of the current through the series-resonant circuit
I, is inversely proportional to the resistance R;.

Combining (4.77) and (4.79) gives the magnitude of the dc-to-ac voltage transfer function
for the Class D series-resonant amplifier

VO(rms) _ VO(rms) Vrms _ MV |MV | — \/Enlr (4 84)

VI Vrms VI w ) 2
. 1+ QL2 <— - —0)
w, w

The maximum value of My; occurs at f/f, = 1 and Mypuax = ﬁm, /7 = 0.45n;,. Thus,
the values of My; range from O to 0.457;,.

[My| =

4.7 Bandwidth of Class D Amplifier

Equation (4.79) represents the magnitude of the voltage transfer function of a bandpass
filter. The 3-dB bandwidth satisfies the following condition:

1 1
= —. (4.85)
fraGy
L o f
Hence,
2
0; (’i —é) =1 (4.86)
o [
resulting in two second-order equations. The first equation is
Or (L - &> = (4.87)
o
yielding the quadratic
2
1
(Ji) - — (J:) —1= (4.88)
f() QL ﬁ)

whose positive solution gives the upper 3-dB frequency

/ 1 1 1
=fH| [1+—+—|~f(1+—). 4.89
Ju f[ +4QI%+2QLj| f( +2QL) (4.89)
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Similarly, the second equation is

93 (}]; - J%) =-1 (4.90)
yielding the quadratic
2
@) - a)--

whose positive solution gives the lower 3-dB frequency
L =1 I+ ! ! ~ f, (1 ! ) (4.92)
e 207 200 "\ 20.)° '
Thus, the 3-dB bandwidth is obtained as

BW = Af =fi —fi = 22 4.93)

Or
As the loaded quality factor Q; decreases, the bandwidth BW increases.
4.8 Efficiency of Half-bridge Class D Power Amplifier

4.8.1 Conduction Losses

The conduction loss for the power MOSFET is

12
s = 2, (4.94)
4
for the resonant inductor is
I‘lez
P, = , (4.95)
2
and for the resonant capacitor is
12
Pre =G (4.96)
Hence, the conduction power loss in both the transistors and the resonant circuit is
rps +rp+r 1"21 rIn%
P, = 2Pyps + Py + Pr = 25 5 M _ = 4.97)
The output power is
I2R
Py = R (4.98)

Neglecting the switching losses and the gate-drive losses and using (4.60) and (4.62), one
obtains the efficiency of the amplifier determined by the conduction losses only

Po_ PO - R 1 r
Pr Po+P, R+r 1+% R+r

=1_<‘“”L>(r>= & (4.99)
R+r w,L Qo

N =
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Note that in order to achieve a high efficiency, the ratio of the load resistance R to the
parasitic resistance r must be high. The efficiency is high, when Qy is low and Q, is high.
For example, for Q; = 5 and Q, = 200, the efficiency is n; = 1 —5/200 = 0.975.

The turn-on loss for operation below resonance is given in the next section and the
turn-off loss for operation above resonance is given in Section 4.8.3. Expressions for the
efficiency for the two cases are given in those sections.

4.8.2 Turn-on Switching Loss

For operation below resonance, the turn-off switching loss is zero; however, there is a turn-
on switching loss. This loss is associated with the charging and discharging of the output
capacitances of the MOSFETs. The diode junction capacitance is

C; CioV}"
Ci(vp) = ! =B for vp < Vg (4.100)

Lo \" T Vs =y
Vp

where Cj is the junction capacitance at vp = 0 and m is the grading coefficient; m = 1/2
for step junctions and m = 1/3 for graded junctions. The barrier potential is
NaN,
VB = VTll’l ( AZD)

n;

(4.101)

where n; is the intrinsic carrier density (1.5 x 10'°cm™3 for silicon at 25°C), N, is the
acceptor concentration, and Np is the donor concentration. The thermal voltage is
kT T
Vi=—=—— (V) (4.102)
q 11609

where k = 1.38 x 10723 J/K is Boltzmann’s constant, qg = 1.602 x 10719C is the charge
per electron, and T is the absolute temperature in K. For p™n diodes, a typical value of the
acceptor concentration is Ny = 10'©cm™3, and a typical value of the donor concentration
is Np = 10"*cm™3, which gives Vg = 0.57 V. The zero-voltage junction capacitance is
given by

N,
Cio=A A [T for Np < Ny (4.103)
Wp (— + — ?
B<ND NA)

where A is the junction area in cm?, &, = 11.7 for silicon, and &, = 8.85 x 10~!* (F/cm).
Hence, Cjo/A = 3.1234 x 10~15\/Np (F/cm?). For instance, if Np = 10" cm™3, Cjo/A ~ 3
nF/cm?. Typical values of Cjo are of the order of 1nF for power diodes.

The MOSFET’s drain-source capacitance Cy is the capacitance of the body-drain pn
step junction diode. Setting vp = —vps and m = 1/2, one obtains from (4.100)

Cio Va
Cys(vps) = ﬁ = Cjo Ve for vpg > —Vp. (4.104)
/i Lo \ vps + Vg
Vp
Cast  [vps2+ Ve [vps2 (4.105)
Cas2 vps1 + Va VDS 1 ’

Hence,
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where Cyy is the drain-source capacitance at vpg and Cyyo is the drain-source capacitance at
vps2. Manufacturers of power MOSFETSs usually specify the capacitances Cygs = Cgq + Cys
and Cygy = Cyq at Vpg =25V, Vgg =0V, and f = 1 MHz. Thus, the drain-source capaci-
tance at Vpg =25V can be found as Cys25v) = Cpss — Crgs. The interterminal capacitances
of MOSFETs are essentially independent of frequency. From (4.105), the drain-source
capacitance at the dc voltage Vj is

254V, 5C 45005
Casevpy = Cuasasv),| 7 VZ ~ \/Sil—IV) (F). (4.106)

The drain-source capacitance at vpg = 0 is

25
Cio = Cys025v) A + 1~ 6.7C45025v) (4.107)
\ Vs
for Vg = 0.57 V. Also,

Vi+Vp _ Vi
Cus(vps) = Cusvy) s Ve Casvy) — (4.108)

Using (4.104) and dQ; = Cydvps, the charge stored in the drain-source junction capaci-
tance at vpg can be found as

VDS VDS
Q;(vps) =/ dQ; =/ Cus(vps) dvps
Vg Vg

s dypg
= Cjov/ VB / ———— =2Cjov/Vp(vps + Vp)
! —vg VVps + Vg !

vV,
=2CjoVp, /1 + VLBS = 2(vps + V5)Cas(vps) ~ 2vps Cas(vps) ~ (4.109)

which, by substituting (4.106) at vps = V;, simplifies to
Qi (Vi) =2V, Cysvy) = 10C4525v)+/ Vi (O). (4.110)

Hence, the energy transferred from the dc input source V; to the output capacitance of the
upper MOSFET after the upper transistor is turned off is

Vi Vi
WI:/ vidt:VI/ ide =Vi0;(Vy)

Vg Vg
= 2V Casvy) = 10,/ V Casasvy(W). (4.111)

Using dW; = (1/2)Q; dvps and (4.109), the energy stored in the drain-source junction
capacitance Cy; at vpg is

1 VDS VDS
W;(vps) = 5/ Q; dvps = Cjov/Vg / Vvps + Vg dvps
Vo Vo

2

2 2
= gC;O\/VB(VDs + Vi)? = 3 Cas(vps)(vps + V)~ 5cds(vDs)v;‘;S. (4.112)

Hence, from (4.106) the energy stored in the drain-source junction capacitance at vps =
V[ is

[S1[3%

2 10
W (V) = gcdsw,w = gcdsasm/vﬁa). (4.113)
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This energy is lost as heat when the transistor turns on and the capacitor is discharged
through rpg, resulting in the turn-on switching power loss per transistor

W (Vp) 2 3
Puon = D —mwiov) = G0V Vi(Vi + Vi)

2 10
= gfcdsw,)‘/f = ?fcdsasm/vﬂvv). (4.114)

Figure 4.23 shows Cys, Q;, and W; as functions of vps given by (4.104), (4.109), and
4.112).

Using (4.111) and (4.113), one arrives at the energy lost in the resistances of the charging
path during the charging process of the capacitance Cy;

4 20
Wenar (Vi) = Wi (Vi) — Wi(Vy) = ngs(VI)VI2 = ?Cds(ZSV)\/ V) (4.115)

| A Cye

|

|

| °

| \\

|

| =
-Vg 0 Vps
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|
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|

|

| A -
-Vb 0 Vps
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| A Wj-

|

|

|

|

| A -
_VB 0 VDS

(c)

Figure 4.23  Plots of Cy, Q;, and W; versus vps. (a) Cgs versus vps. (b) Q; versus vps. (¢) W;
Versus vpgs.
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and the corresponding power associated with the charging of the capacitance Cyq is

W h r(VI) 4 20
Popar = % = Wepar (Vi) = ngds(V,)VIZ = ?fcds(ZSV)\/ V2 (W). (4.116)
From (4.111), one arrives at the total switching power loss per transistor
W(Vr)
Pay = == = Wi (Vi) = 2fCoViy/Vs (Vi + Vi)

= 2fCusev) Vi = 10fCasasvyy/ VS (W). 4.117)

The switching loss associated with charging and discharging an equivalent linear capacitance
Ceq is Py = fCoy V. Hence, from (4.117)

10C525v)

4.118
VI (118)

Ceqg =2Cusvp) =

Example 4.1

For MTP5N40 MOSFETs, the data sheets give that C,; = 300pF and C,; = 80pF at
Vps =25V and Vgs = 0V. These MOSFETs are to be used in a Class D half-bridge
series-resonant amplifier that is operated at frequency f = 100kHz and fed by dc voltage
source V; = 350 V. Calculate the drain-source capacitance at the dc supply voltage V;, the
drain-source capacitance at vpg = 0, the charge stored in the drain-source junction capac-
itance at Vj, the energy transferred from the dc input source V; to the output capacitance
of the MOSFET during turn-on transition, the energy stored in the drain-source junction
capacitance Cy, at Vy, the turn-on switching power loss, and the total switching power loss
per transistor in the amplifier operating below resonance. Assume Vp = 0.57 V.

Solution. Using data sheets,

Cuss5vy = Cogs — Crye = 300 — 80 = 220 pF. (4.119)
From (4.106), one obtains the drain-source capacitance at the dc supply voltage V; = 350V
5Cgs0sv) 5 x 220 x 10712

C = = 58.79 =~ 59 pF. (4.120)
ds(Vr) m \/ﬁ p
Equation (4.107) gives the drain-source capacitance at vpg = 0
Cjo = 6.7Cas25v) = 6.7 x 220 x 107'? = 1474 pF. (4.121)

The charge stored in the drain-source junction capacitance at V; = 350V is obtained from
(4.110)

Qi (Vi) = 2V; Cygvyy = 2 x 350 x 59 x 10712 = 41.3nC. 4.122)

The energy transferred from the input voltage source V; to the amplifier is calculated from
(4.111) as

Wr (Vi) = ViQj(Vr) = 350 x 41.153 x 107° = 14.4 puJy (4.123)

and the energy stored in the drain-source junction capacitance Cy at V; is calculated from
(4.113) as

10 10
Wi (V) = ?cds(zsv),/vf = 5 X220 107'124/3503 = 4.8 uJ. (4.124)
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Using (4.116), the power associated with charging the capacitance Cy; is calculated as
20 20
Pepar = ?des(zw),/Vf =3 % 10° x 220 x 107124/350% = 0.96 W. (4.125)

From (4.114), the turn-on switching power loss per transistor for operating below reso-
nance is

10 10
Poon = ?des@sv),/ V3= 3 X 10° x 220 x 107'24/3503 = 0.48 W. (4.126)

Using (4.117), one arrives at the total switching power loss per transistor for operating
below resonance

Py = 10fCusa5v11/ V(W) = 10 x 10° x 220 x 107'2+/3503 = 1.44 W. (4.127)

ZPsw. The equivalent linear capacitance is C,; =

Note that P, = 1P, and Peer = 3

3
2Cds(V1) =2x59=118 pF

The overall power dissipation in the Class D amplifier is
2

rl /
Pr =P, 4+ 2P, +2P; = Tm + 20fCys25v) V13 + 2fQ4 VGspp - (4.128)
Hence, the efficiency of the half-bridge amplifier for operating below resonance is
_ Po Po
~ Po+Pr Po+Pr+2Py +2PG

n (4.129)

4.8.3 Turn-off Switching Loss

For operation above resonance, the turn-on switching loss is zero, but there is a turn-off
switching loss. The switch current and voltage waveforms during turn-off for f > f, are
shown in Figure 4.24. These waveforms were observed in various Class D experimental
circuits. Notice that the voltage vpg, increases slowly at its lower values and much faster at
its higher values. This is because the MOSFET output capacitance is highly nonlinear, and
it is much higher at low voltage vps» than at high voltage vpg>. The current that charges
this capacitance is approximately constant. The drain-to-source voltage vps, during voltage
rise time ¢, can be approximated by a parabolic function

vpsa = a(wr)?. (4.130)
Because vpso(wt,) = V;, one obtains
Vi
= —. 4.131
‘T oy 13D
Hence, (4.130) becomes
Vi(wr) (4.132)
Vps2 = . .
DS2 ()2

The switch current during rise time #, is a small portion of a sinusoid and can be approxi-

mated by a constant
is2 = loFr. (4.133)
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Figure 4.24 Waveforms of vpso, ip2, and isavps2 during turn-off for f > f,.

The average value of the power loss associated with the voltage rise time ¢, is

p 1 /2” . d(wr) Vilorr /wt’( 12 d(wr)
.= — i wt) = ——— 1) ®
=27 ), $2VDS2 @) )y

ot:Vilorr  ftVilorr _ t:Vilorr

= (4.134)
6 3 3T
The switch current during fall time 7y can be approximated by a ramp function
) wt
sy = IOFF (1 - —) (4135)
oty
and the drain-to-source voltage is
Vps2 = V] (4136)

which yields the average value of the power loss associated with the fall time #; of the
current of the semiconductor device

1 2 Vilorr ol wt
Py =— j dwt) = —— 1 — — ) d(wt
y=o ; is2vps2 d(wt) o fo v (wt)

_owyVilopr  ftrVilorr  1rVilorr
4 2 2T

(4.137)
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Hence, the turn-off switching loss is
t tr
Piop = Py + Py = fVilorr (;’ + %) . (4.138)

Usually ¢, is much longer than #;. The overall power dissipation in the Class D half-bridge
amplifier is
rlrﬁ 2t,
Pr =P, + 2Py +2Pg = > +fVilorr 3 + 17 ) + 20 Vaspp- (4.139)

Hence, the efficiency of the amplifier for operation above resonance is
__Po Po
" Po+Pr  Po+P.+2Puy +2P;

nr (4.140)

4.9 Design Example

A design procedure of the Class D voltage-switching power amplifier with a series-resonant
circuit is illustrated by means of an example.

Example 4.2

Design a Class D half-bridge amplifier of Figure 4.5 that meets the following specifi-
cations: V; = 100V, Pp =50W, and f = 110kHz. Assume Q; = 5.5, ¥ = 30° (that is,
cos?yr = 0.75), and the efficiency 7;, = 90 %. The converter employs IRF621 MOSFETs
(International Rectifier) with rpg = 0.5 2, Cys25v) = 110pF, and Q, = 11nC. Check the
initial assumption about 7, using Qr, = 300 and Q¢, = 1200. Estimate switching losses
and gate-drive power loss assuming Vgs,, = 15V.

Solution. From (4.99), the dc input power of the amplifier is
P 50
P =-2 =" —5556W. (4.141)
Nir 0.9

Using (4.60), the overall resistance of the amplifier can be calculated as
2V, 2 x 100°
R: = cos” Yy = ————— x 0.75 =27.35Q. (4.142)
2P, 72 x 55.56
Relationships (4.99) and (4.18) give the load resistance

R=n,R =09 x27.35=24.62Q (4.143)

and the maximum total parasitic resistance of the amplifier
r=R —R=27.35-24.62=273Q. (4.144)

The dc supply current is obtained from (4.60)

P 55.56
=L =0 —0556A. (4.145)
Vi 100

The peak value of the switch current is

2P0 2 x 50
Iy === =,/ =2.02A 4.146
" R 24.62 ( )

I
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and from (4.64) the peak value of the switch voltage is equal to the input voltage
Vs = V; =100V. (4.147)
Using (4.44), one arrives at the ratio f /f, at full load

f 1 [tany tan? 1 | tan(30°) tanZ(30°)
L == + 14| == + +4|=1054 (4.148
fo 2 ( oL Qz ) ( )

2 5.5 5.52
from which

110 x 103
S HOX 10T o kHy. (4.149)

- /fo) 1.054

The values of the reactive components of the resonant circuit are calculated from (4.15) as
OLR, 5.5 x 27.35
L= = =229.3uH 4.150
0, 27 x 1044 x 10° " (*4-150)
1 1

W, OLR; T 27 x 1044 x 103 x 5.5 x 27.35

z—‘/L— 229'3”(10_6—15142752 (4.152)
" Yc TV 10x10° 77 ‘ ’

The maximum voltage stresses for the resonant components can be approximated using
(4.68)

Jo

— 10nF. 4.151)

From (4.14),

2V, 2 x 100 x 5.5
VCm(max) = VLm(max) = ;TQL = . =350V. (4153)

Once the values of the resonant components are known, the parasitic resistance of the
amplifier can be recalculated. From (4.40) and (4.41),

oL 27 x 110 x 10° x 229.3 x 1076
O 300

" =0.53Q (4.154)

and
1 1

- wCQOc, T 27 x 110 x 103 x 10 x 109 x 1200
Thus, the parasitic resistance is
r=rps+r.+rc=05+053+0.12=1.152. (4.156)
From (4.94), the conduction loss in each MOSFET is
rpsI2 0.5 x 2.022
4 4
Using (4.95), the conduction loss in the resonant inductor L is
rl2 0.53 x 2.022
2 2
From (4.96), the conduction loss in the resonant capacitor C is
rel?  0.12 x 2.022
2 2
Hence, one obtains the overall conduction loss

P, = 2P,ps + Py + Prc =2 x 0.51 +1.08 +0.245 = 2.345W. (4.160)

re =0.12Q. (4.155)

Pips = =0.51W. (4.157)

Py =

— 1.0 W. (4.158)

P = =0.245W. (4.159)
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The efficiency 7, associated with the conduction losses only at full power is
Po 50

~ Po+ P, 5012345

Assuming the peak-to-peak gate-source voltage Vgs,, = 15V, the gate-drive power loss in

both MOSFETs is

2PG = 2fQu Vispy =2 x 110 x 10* x 11 x 107 x 15 = 0.036 W. (4.162)

nir = 95.52%. (4.161)

The sum of the conduction losses and the gate-drive power loss is
Prg =P, +2P; =2.2454+0.036 = 2.38 W. (4.163)

The turn-on conduction loss is zero because the amplifier is operated above resonance. The
efficiency of the amplifier associated with the conduction loss and the gate-drive power at
full power is

B Po _ 50
B Po + Prs T 504234

n = 95.45 %. (4.164)

4.10 Class D RF Power Amplifier with Amplitude
Modulation

A circuit of the Class D power amplifier with amplitude modulation is shown in Figure 4.25.
The modulating voltage source v, is connected in series with the dc supply voltage V;.
Amplitude modulation can be accomplished in the Class D amplifier because the amplitude
of the output voltage is directly proportional to the dc supply voltage V;. Voltage waveforms
that explain the AM modulation process are depicted in Figure 4.26. The modulating voltage
waveform is given by

Vin = Vi SIN Wt (4.165)

The AM voltage waveform across the bottom switch is

sin[(2k — Daw,t] } “166)

v |12 25
= Vvpgy = nSinw,t) 3 =+ —
V= vps2 =L A

vi(

)
e Jih o
I
v, =

g% %—*UE RZ Y,

Figure 4.25 Class D RF power amplifier with amplitude modulation.

~
-—~0
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Figure 4.26 Waveforms in Class D RF power amplifier with amplitude modulation.

Since ]
sinx siny = E[COS(X —y) —cos(x +y)] 4.167)

we obtain the AM output voltage

. 2 . 2 Vi . .
vo = (Vi +Vysinwet) | —sinw.t )| = —V; |1+ — sinw.t ) sinw.t
T T Vi

. . . mV, mV,
=V. (1l 4+ msinw.t)sinw.t =V, sinw.t + = cos(we, — wp )t — - cos(we + wp)t

(4.168)
where the amplitude of the carrier is
2

V. =2V, (4.169)
T

4.11 Transformer-coupled Push-pull Class D
Voltage-switching RF Power Amplifier

4.11.1 Waveforms

A push-pull Class D voltage-switching (voltage-source) RF power amplifier is shown in
Figure 4.27. Transistors are switched on and off alternately. Current and voltage waveforms
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Figure 4.27 Push-pull Class D voltage-switching (voltage-source) RF power amplifier.

VGsi
o1 [
T 2r ot
VGs2
0 |
b 2n ot
%
DS1 2V,
0
T 2r ot
Vps2 2VI .
0
T 2r ot
Ip1 N
Im/n
0 v /
T 2n ot
Im/n
v
0
T 2r ot
iy f
Im
¥
0
n\I:/Zn ot
m
v, T

%
oL~
n\*/Zn ot
Vim
]

Figure 4.28 Waveforms in push-pull Class D voltage-switching (voltage-source) RF power
amplifier.

are depicted in Figure 4.28. The drain-to-source voltages vps; and vpgy are square waves
and the drain currents ip; and ip, are half-sine waves.

For the operating frequency equal to the resonant frequency, the series-resonant circuit
forces a sinusoidal output current

iy = I, sinwt (4.170)
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resulting in a sinusoidal output voltage
Vo = Vi sinwt (4.171)
where
Vin = Rl (4.172)

The resistance seen by each transistor across each primary winding with the other primary
winding open is given by

R =n’R; (4.173)

where n is the transformer turn ratio of one primary winding to the secondary winding.
For 0 < wt < m, the drive voltage is positive and the transistor Q; is ON and the transistor
Q0> is OFF. The current and voltage waveforms are

Vp2 = V[ = Vpi1 (4.174)
vps1 =Vi+vp1 =V +V; =2V, (4.175)
V
o= b 2 T (4.176)
n n n
and
. . L, .
ipy =1y sinwt = —sinwt  for O <wt <m “4.177)
n
and
ipp =0 (4.178)

where 1, is the peak drain current.
For m < wt < 2m, the drive voltage is negative and transistor Q; is OFF and transistor
(O, is ON. The waveforms for this time interval are

Vpl = —V1 = Vp1 (4.179)
vps2 =V —vp =V — (=V)) =2V, (4.180)

V

n n n
ip1 =0 (4.182)

and
. . I, .
ipr = —lgy sinwt = ——sinwt  for 7w < wt < 2m. (4.183)
n

The amplitude of the fundamental component of the drain-to-source voltage is

4
Van = —Vr. (4.184)
i
The amplitude of the output voltage is
Vay 4V,
Vv, =m0 (4.185)
n T on

The current through the dc voltage source V; is a full-wave rectified sinusoid

I
ii = ip1 +ipy = Iyn| sinwt| = == | sinwt|. (4.186)
n
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The dc supply current is

1 [ Iml in oot| d(wr) 2 Iy 21 2 Vy 8 V; 4.187)
= — 2isinot|dwt) = =2 = 2y, = -2 = — )
27 Jo m i) 7 7 n?R;,  w?n?R;

The dc resistance presented by the amplifier to the dc supply source V; is

I

2 2
Vil op Vi _ T p (4.188)
L 8

Rpc = — = —n
DC I 3 L

4.11.2 Power

The output power is

1% 8 V2 8 V?
Pp=-m - 1 _° 1 4.189
T 2R, T 7’n’R, 7’ R ( )

The dc supply power is

8 V7
72 n2R,’
Neglecting conduction losses in the MOSFET on-resistances and switching losses, the drain
efficiency is

P =Vl =

(4.190)

Po

= =1. 4.191
P, ( )

D

4.11.3 Current and Voltage Stresses

The MOSFET current and voltage stresses are

I
Iy = 7’" (4.192)

and
Ve =2V = —V,,. (4.193)

The output-power capability is

Pome 1 /1 V, 1 2 1
cp=%=—<l) (—) — o XX — =—=015.  (4.194)
2Ipy Vpsmu 4 \Upu Vbsm 2

4.11.4 Efficiency
The rms value of the drain current is

1 [ 12 I I,
Irz = — 2 d(wt) = L —m. 4.195
Srms o /ﬂ 12 (1) }’l\/i «/5 ( )

Hence, the conduction power loss in the MOSFET on-resistance rpg is

rpsl;,  rpsly DS
Pips = rpslg,, = 2dm =53 = aniw; Fo- (4.196)
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The drain efficiency is

S N S— (4.197)
77D_Po-l-ZPrDS_ 2P,ps _1+ "ps - ’
1+ —— 2R
PO n=iKrp
The power loss in the ESR of the resonant inductor r, is
rilaQf  rQf
P, = =L — P 4.198
L > R, L0 ( )
and the power loss in the ESR of the resonant capacitor r¢ is
1202 2
po = ClnQ _ e, (4.199)
2 R
The total power loss is
2
r rL +r
Pross = 2Pps + Py + Prc = Po | o + Qi tre)| (4.200)
n RL RL
Hence, the overall efficiency is
P P 1
p=-2 = 0 = - . (4.201)
P Po + Prog L Q;(rp +rc)
anL RL

Example 4.3

Design a push-pull Class D voltage-switching RF power amplifier to meet the follow-
ing specifications: V; =28V, Pp =50W, Ry, =502, BW = 240MHz, and f = 2.4 GHz.
Neglect switching losses.

Solution. Assuming the efficiency of the resonant circuits 7, = 0.96, the drain power is
P 50
Pps = -2 =~ —52.083W. (4.202)
0y 0.96
Assume the minimum value of the drain-to-source voltage Vpgnin = 1 V. The resistance
seen across one part of the primary winding is
R— 8 (Vi — Vosmin)* _ 8 (28—1)
iz Pps w2 52.083

The transformer turns ratio is

R 11.345
n=|— =, —— =0.476. (4.204)
RL 50

= 11.345W. (4.203)

Pick n = 1.
2
The amplitude of the fundamental component of the drain-to-source voltage is
4 4
Vim = =V = — x 28 =35.65V. (4.205)
b4 b4

The amplitude of the fundamental component of the drain current is

Vi 35.65
Ly, = 288 _ —3.142A. 4206
dm = TR T 11.345 (4.206)
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The dc supply voltage is
2 2
I} = —1;,=— x3.142=2V.
T g
The dc supply power is

P[ =V1[1 =28 x2=56W.

The rms value of each MOSFET is

1 3.142
ISrms = % = —\/E =2.222A.

Assuming rps = 0.2 2, we obtain the conduction loss in each MOSFET
Pops = rpslg,,. = 0.2 x 2.222* = 0.9875W.
The drain efficiency is
B Po B 50
Po +2P,ps  50+2 x0.9875

The maximum drain current is

=96.2%.

D

Isy = Igm = 3.142 A.
The maximum drain-to-source voltage is
Ve =2V =2 x28=56V.
The loaded-quality factor is

fo 2400

— == _ 0.
% =3w = 0

The resonant inductance is

R 10 x 11.345
= QR 10X — 7.523nH.
W, 27 x 2.4 x 10°

The resonant capacitance is
1 B 1
w.QrRy 2w x 2.4 x 10° x 10 x 11.345

= 0.585 pF.

(4.207)

(4.208)

(4.209)

(4.210)

4.211)

4.212)

(4.213)

(4.214)

4.215)

(4.216)

4.12 Class D Full-bridge RF Power Amplifier

4.12.1 Currents, Voltages, and Powers

The circuit of a Class D full-bridge with a series-resonant amplifier is shown in Figure 4.29.
It consists of four controllable switches and a series-resonant circuit. Current and voltage
waveforms in the amplifier are shown in Figure 4.30. Notice that the voltage at the input of
the resonant circuit is twice as high as that of the half-bridge amplifier. The average resis-
tance of the on-resistances of power MOSFETSs is rg = (rps1 + rpsa + rps3 + rpsa)/4 ~

2rps. The total parasitic resistance is represented by

r~2rps +rp+rc

4.217)
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Figure 4.29 Full-bridge Class D power amplifier with a series-resonant circuit.
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Figure 4.30 Waveforms in the Class D full-bridge power amplifier. (a) For f < f,. (b) Forf = f,.

(c) For f > f,.

which yields

the overall resistance

Ri=R+r~R+2rps+r.+rc.

(4.218)

When the switches S| and S3 are ON and the switches S> and S4 are OFF, v = V;. When
the switches S; and S3 are OFF and the switches S, and S4 are ON, v = —V;. Referring to
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Figure 4.30, the input voltage of the series-resonant circuit is a square wave described by

_ Vi, for O<owt<m
V= { -V, for 7w <ot <2m7. (4.219)
The Fourier expansion of this voltage is
4V L= (=1, 4Vr K sin[(2k — Dot ]
= — _ t JE—
- ; m ommer=g 2:% % — 1
4 4 . 4
=V;| —sinwt + — sin3wt + — sinSwt + --- | . (4.220)
b4 3r S
The fundamental component of voltage v is
Vi1 = Vy sinwt (4.221)
where its amplitude is given by
4V
V= L ~ 1.273V;. (4.222)
b4
Hence, one obtains the rms value of v;;
Vin 242V,
Vs = —2 = V2V, ~ 0.9V;. (4.223)
V2
The current through the switches S; and S3 is
.| Lysin(er — ), for O<wt<m
51 =153 = { 0, for mw<wt <2mw (4.224)
and the current through the switches S, and Sy is
. . 0, for O<wt<m
52 =154 = { —1,, sin(wt — ), for 7 <wt <2m. (4.225)
The input current of the amplifier is
i = ig1 + is4. (4.226)

The frequency of the input current is twice the operating frequency. Hence, from (4.43),
(4.46), and (4.222), one obtains the dc component of the input current

1 [m I (™ . 21, 2V, 8V,
I = —/ is1d(wt) = —/ sin(or — )d(wn) = 2meSY _ 2Vmcosy _ 8Vicosy
T Jo T 0 T

nZ 27
_ 8Vjcos’y  8V/R, 21,
T @R, w272 T o\ 2
()
W, w
8V,
- ! —. (4.227)
7R, [1 + Q2 (3 = &) ]
W, w
Atf :f()y
21 8V,
=" (4.228)
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The dc input power is

8V 2 cos? gV 2
P =1V, =— v_ L 5
TR, , (@ o
TR |14+ 07| ———
w, w
= BV/R, (4.229)
- 2 27" :
7.[222 & + 2 — &
° Z{) a)() C()
Atf =f0’
gV 2
P = —L. (4.230)
4R,

The current through the series-resonant circuit is given by (4.53). From (4.46), (4.47), and
(4.222), its amplitude can be found as

1= Vm _ 4V1 _ 4V1 COS{b _ 4V1
"z wnZ  nwR > o\’
7R, |1+ 0} (———”)
w,
4V,
— . (4.231)
(G (%)
72l =) +———
Z, w, w
Atf :f()y
4V
Isy = 1Ln(f,) = —. (4.232)
TR,
The voltage stress of each switch is
Vsu = Vi. (4.233)
The output power is obtained from (4.231)
Py = IR _ 8VPRcos’y _ 8V/R
2 ﬂthz w w, 2
e
w, w
8V72R
= > Ak (4.234)
R, w W,
7272 - +— - =
¢ Z, , w
Atf :f;)’
_ 8VZR 8V} 4.235)
°T 7R T 2R '
From (4.231), one obtains the amplitude of the voltage across the capacitor C
L 4V,
Vem = — = . (4.236)

TG )
(=) /(=) +(—-=
Wo Zo Wo w
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Similarly, the amplitude of the voltage across the inductor L is

w
v <_)
Vim = L, = @o . (4.237)

(E) (%)

Atf :ﬁ),

(4.238)

4.12.2 Efficiency of Full-bridge Class D RF Power Amplifier

The conduction losses in each transistor, resonant inductor, and resonant capacitor are given
by (4.94), (4.95), and (4.96), respectively. The conduction power loss in the four transistors
and the resonant circuit is
rI,fl _ Qrps +r. + rc)lrﬁ
2 2 '
The turn-on switching loss per transistor for operation below resonance Py, is given by
(4.117). The overall power dissipation in the Class D amplifier for operation below reso-
nance is

P, =

(4.239)

2

rl /
Pr =P, +4P,, +4P; = Tm + 40Cds(25V) V13 + 4qu VGSpp- (4.240)
Hence, the efficiency of the full-bridge amplifier operating below resonance is
Po Po

nr (4.241)

T Po+Pr  Po+ P 4Py, +4PG
The turn-off switching loss per transistor operating above resonance Py is given by (4.138).
The overall power dissipation in the amplifier operating above resonance is

2

rl, 4t,
Pr =P, + 4Py + 4P = > +fVilorr <T + 2tf> + 410, Vispp (4.242)

resulting in the efficiency of the Class D full-bridge series-resonant amplifier operating
above resonance
Po Po

T Po+Pr  Po+Pr+4Py + 4P

Il (4.243)

4.12.3 Operation Under Short-circuit and Open-circuit
Conditions

The Class D amplifier with a series-resonant circuit can operate safely with an open circuit
at the output. However, it is prone to catastrophic failure if the output is short-circuited at
f close to f,. If R = 0, the amplitude of the current through the resonant circuit and the
switches is

4v;
Ly = . (4.244)

m/H (éf (2- &)2
r W, w
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The maximum value of [,, occurs at f = f, and is given by

4V,
= L (4.245)
Tr
The amplitudes of the voltages across the resonant components L and C are
Ly 4ViZ 4V,
VCm =Vim = = woLlyy = Zo Ly = [0 = IQU . (4246)
w,C Tr T

4.12.4 Voltage Transfer Function

Using (4.223), one obtains the voltage transfer function from the input of the amplifier to
the input of the series-resonant circuit

Vims 232
vi 1
The product of (4.79) and (4.247) yields the magnitude of the dc-to-ac voltage transfer
function for the Class D full-bridge series-resonant amplifier

v rms v rms VrmS 2 2 T
Olms) _ 20Gms) Trms _ a1 My, = V2 . (4.248)

VI Vrms VI ) , 2
.1 + QI% (w— - ;)

The maximum value of My; occurs at f/f, = 1 and equals My, = 2\/5171, /= 0.9n;,.
Thus, the values of My; range from 0O to 0.97,.

My, = 0.9. (4.247)

My, =

Example 4.4
Design a Class D full-bridge amplifier of Figure 4.29 to meet the following specifications:

V; =270V, Pop =500W, and f = 110kHz. Assume Q; = 5.3, ¥ = 30° (that is, cos? W
= (0.75) and the efficiency ;. = 94 %. Neglect switching losses.

Solution. The input power of the amplifier is

Po 500
PI = — = —
Nir 0.94
=531.9W. (4.249)
The overall resistance of the amplifier can be obtained from (4.234)
R 8V12 2y B x 2707 0.75 =83.3Q (4.250)
= —— COS = —— X U. = . . .
T onlpy 72 x 531.9
Following the design procedure of Example 4.2, one obtains:
R=n,R, =094 x83.3=783Q (4.251)
r=R, —R=833-783=5Q (4.252)
P, 5319
| =—=——=197A (4.253)

Vv, T 270
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2P 2 x 500
1, = \/ Rirms) _ \/ x = 3.574A (4.254)
R 78.3
1t tan? 1 | tan(30° tanZ(30°
f_lfany  Jancy ) _ L] anG0) | jentGOD s 4.255)
- 2\ 02 2| 53 5.32
110 x 103
=t MO0 ey (4.256)
(f /1) 1.054
R 5.3 x 83.3
L= &R _ X — 674pH (4.257)
, 27 x 104.2 x 103
1 1
C = - — 3.46nF (4.258)
w,OrR, 2w x 104.2 x 10° x 5.3 x 83.3
, [T 674x 106 o 4.259)
" Vc \V346x10° T '

From (4.246), the maximum voltage stresses for the resonant components are

4viQr  4x270x5.3
b4

Vem = Vim = = 1822V. (4.260)

Referring to (4.233), the peak value of the switch voltage is equal to the input voltage
Vsu = Vi =270V. (4.261)

4.13 Phase Control of Full-bridge Class D Power
Amplifier

Figure 4.31 shows a full-bridge Class D power amplifier with phase control. The output
voltage, output current, and output power can be controlled by varying the phase shift A¢
between the gate-to-source voltages of the left leg and the right leg, while maintaining a
constant operating frequency f. The operating frequency f can be equal to the resonant
frequency f,. Constant-frequency operation is preferred in most applications. Equivalent
circuits of the amplifier are shown in Figure 4.32. Figure 4.33 shows the waveforms of the
gate-to-source voltages and the voltage across the resonant circuit.

Figure 4.32(a) shows the equivalent circuit, when S; and S3 are ON and S, and S; are
OFF, producing the voltage across the resonant circuit v = 0. Figure 4.32(b) shows the
equivalent circuit, when S| and S; are ON and S, and S3 are OFF. In this case, the voltage
across the resonant circuit is v = V;. Figure 4.32(c) shows the equivalent circuit, when S
and S3 are OFF and S, and S4 are ON, generating the voltage across the resonant circuit
v = 0. Figure 4.32(d) shows the equivalent circuit, when S; and S4 are OFF and S, and S3
are ON. In this case, the voltage across the resonant circuit is v = —V;. The duty cycle
corresponding to the width of the positive pulse or the negative pulse of the voltage across
the resonant circuit v is given by

Ag

T—4A¢ _ 1 (4.262)
27 2 27’ '

D =
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Figure 4.31 Full-bridge Class D power amplifier with phase control.
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32 S4
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Figure 4.32 Equivalent circuits of full-bridge Class D power amplifier with phase control. (a) S|
and S3 ON, while S, and S4 OFF. (b) S| and S4 ON, while S, and S3 OFF. (c) S, and S4 ON, while S
and S3 OFF. (d) S; and S3 ON, while S| and S4 OFF.

(d)

When the phase shift A¢ increases from 0 to m, the duty cycle D decreases from 50 % to
zero. The phase shift A¢ in terms of the duty cycle D is expressed by

1
Ap =m —2nD =21 <§ — D) for 0<D <0.5. (4.263)

The even harmonics of the voltage v are zero. The amplitudes of the odd harmonics of the
voltage v are

4V,
Vinny = BACE sin(neD) for 0<D <05 and n=1,3,5,.... (4.264)
mn
Higher harmonics are attenuated by the resonant circuit, which acts as a bandpass filter.
The amplitude of the fundamental component V,, of the voltage v is given by
4y 4V

A
Vi = sin(zD) = — cos (—d)) for 0<D <0.5. (4.265)
T T 2
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Figure 4.33 Waveforms of full-bridge Class D power amplifier with phase control.

Thus, the amplitude of the fundamental component V,, of the voltage v decreases from
Vintmax) = 4Vr/m to zero as D decreases from 0.5 to 0, or A¢ increases from 0 to 7.
Therefore, the output current, the output voltage, and the output power can be controlled
by varying the phase shift Ag.

4.14 Class D Current-switching RF Power Amplifier

4.14.1 Circuit and Waveforms

The Class D current-switching (current-source) RF power amplifier of Figure 4.34(a) was
introduced in [12]. This circuit is dual to the Class D voltage-switching (voltage-source)
RF power amplifier. An equivalent circuit of the amplifier is shown in Figure 4.34(b).
Voltage and current waveforms, which explain the principle of operation of the amplifier,
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Figure 4.34 Class D current-switching (current-source) RF power amplifier [12]. (a) Circuit.
(b) Equivalent circuit.

are depicted in Figure 4.35. If can be seen the MOSFETs are operated under ZVS conditions.
The dc voltage source V; and the RF choke RFC form a dc current source /;. When the
MOSFET switch S is OFF and the MOSFET switch S, is ON, the current flowing into the
load network is

ipp =1r. (4.266)

When the MOSFET switch S; is ON and the MOSFET switch S, is OFF, the current flowing
into the load network is

ips = 0. (4.267)

Thus, dc voltage source V;, RF choke RFC, and two MOSFET switches form a square-
wave current-source whose lower value is zero and the upper value is I;. The parallel-
resonant circuit behaves like a bandpass filter and filters out all harmonics and only the
fundamental component flows to the load resistance R. When the operating frequency is
equal to the resonant frequency fy = 1/(2w+/LC), the parallel-resonant circuit forces a
sinusoidal voltage

v, = V,, sinwt (4.268)
yielding a sinusoidal output current
ip = Iy sinwt (4.269)
where the amplitude of the output current is
L, = V_ (4.270)
R

The dc input voltage is

1

2w 1 2w
v, = _/ vps1 d(wt) = —/ Vi sinwt d(wt) =
2 0 2 0

V. IuR
mo_ m® 4.271)
T T
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Figure 4.35 Waveforms in Class D current-switching (current-source) RF power amplifier.

The amplitude of the output current is

Hence,

The dc resistance is
\%i 2 Vi

2
Rpc = — = —— = —R = 0.2026R.

I n? 1, w2

4.14.2 Power

The output power is

p,=_m_ = "I
°T22R 2R

The dc supply power is
n? V12
Pr=Vilj = ——

(4.272)

(4.273)

(4.274)

(4.275)

(4.276)
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Hence, the drain efficiency for the idealized amplifier is
Po

= =1. 4.277
P, ( )

Uh)

4.14.3 Voltage and Current Stresses

The transistor current and voltage stresses are

VDSM = 7TVm (4278)
and
Ipy =1;. (4.279)
The peak currents in the resonant inductor L and capacitor are
Iy = Icm = Orln (4.280)
where the loaded-quality factor is
R R
= — =wyCR = — 4.281
1) ool 20 Z ( )
and the characteristic impedance of the resonant circuit is
Z L L ! (4.282)
= - = W = —. .
TN T T we
The output power capability is
P 1/ 1 V 1
(=2 = (_’> ( ! ) = — =0.159. (4.283)
2IpyVosm 2 \Ipm ) \ Vpsm 2n

4.14.4 Efficiency

The rms value of the MOSFET current is

I ! /2ﬂ12d( ) I (4.284)
rms — ~_ wl) = ——. .
. 2m Jo ! V2

Hence, the conduction power loss in the MOSFET on-resistance rps is

2 2
rpsll _ T~ Ips

Prps = rpslg,, = —+ = - —-Po. (4.285)
The drain efficiency is
S A S (4.286)
nD_P0+2PrDs_1+2PrDS_1+yr_2r,i' '
Po 2 R

The power loss in the ESR od the RF choke rgrc is

2 2
__ TUTTRFC ,» _ T IRFC

Prrc = rrrclf = 1 =75 Po. (4.287)
The power loss in the ESR of the resonant inductor r is
12 2 2
p, = O _ 101, (4.288)

2 R
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and the power loss in the ESR of the resonant capacitor r¢ is

relaOF  rcQf Py

e = 4.289
c > R ( )
The total power loss is
2 2 2
werps | worrre | Qp(rL+re)
PLoss = 2Pyps + Prrc + Pr + Prc = Po [ TR T } . (4.290)
Hence, the overall efficiency is
Po Po 1
n=-2 = - 5 5 . (4.291)
Pr Po + Prog |4 T ros +rrec |, Qp(re+rc)
2 R R
Example 4.5

Design a push-pull Class D current-switching RF power amplifier to meet the following
specifications: V; = 12V, Pp = 10 W, BW = 240MHz, and f. = 2.4 GHz.

Solution. Assuming the efficiency of the resonant circuit is 7, = 0.94, the drain power
is
Po 10

Pps = -2 = — —10.638 W. 4.292
DS = T 0.94 ( )

The load resistance is
nr VP @t o122

= ——=— = 66.799 W. (4.293)
2 Pps 2 10.638
The peak value of the drain-to-source voltage is
Vmw=nV; =m x12=37.7V. (4.294)

The amplitude of the fundamental component of the drain current is
V 37.7

I, = — = = 0.564 A. (4.295)
R 66.799
The dc supply power is
I = %Im - % x 0.564 = 0.8859 A. (4.296)
The dc supply power is
P =Vl =12 x0.8859 = 10.631 W. (4.297)
The rms value of the switch current is
I 0.8859
Igms = —— = ———— — 0.626 A. (4.298)
NCAN;
Assuming rps = 0.1 2, the conduction power loss of each MOSFET is
P.ps = rpslg, = 0.1 x 0.626% = 0.0392 W. (4.299)
The drain efficiency is
Po 10
np =99.22 %. (4.300)

= Po+2Pps 10+ 2 x 0.0392
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The loaded-quality factor is

0L = Jo_ _ 2400 10 (4.301)
L=Bw ~ 240 '
The resonant inductance is
R 66.799
L= = 0.443 nH. (4.302)

0.0L 27 x 2.4 x 10° x 10
The resonant capacitance is

0L 10
T wR 27w x 2.4 x 107 x 66.799

= 9.93pF. (4.303)

4.15 Transformer-coupled Push-pull Class D
Current-switching RF Power Amplifier

4.15.1 Waveforms

A circuit of a push-pull Class D current-switching power amplifier is shown in Figure 4.36.
It is the dual of the push-pull voltage-switching Class D amplifier. The impedance matching
of the load to the transistors is achieved by the transformer. The magnetizing inductance
on the transformer secondary side is absorbed into the resonant inductance L.

Current and voltage waveforms are shown in Figure 4.37. The transistors turn on at zero
voltage if the switching frequency is equal to the resonant frequency of the parallel-resonant
circuit. The output current is

ip = Iy sinwt (4.304)
and the output voltage is
Vo = Vp sinwt (4.305)
where
Vin = Rply. (4.306)

When the drive voltage is positive, transistor Q; is ON and transistor Q, is OFF. The
drain currents are

ipi=0 for O<wtr<m (4.307)

Ip2

Figure 4.36 Push-pull Class D current-switching (current-source) RF power amplifier.
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VGst
0 1
T 2n ot
VGs2
o— 1 [
) T 2n ot
D1 I
0
) T 2n ot
Ipp II —
0
. T 2n ot
! nl, ——
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Figure 4.37  Waveforms in push-pull Class D current-switching (current-source) RF power

amplifier.

and

ipp=1; for O<owt<m.
The transformer output current is
i =nipy=nl; for 0<owt<m.

The voltage across the upper half of the primary winding is

. Vdm .
Vp1 = —hv, = nVy sinwt = - sinwt.

The drain-to-source voltages are
Vps1 = Vp1 +Vp2 = 2vp1 = Vg sinwt = 2nV, sinwt  for

and

vps2 =0 for O<owt<m
where the peak value of the drain-to-source voltage is

Vim = 2nV,,.

O<wt <m

(4.308)

(4.309)

(4.310)

4.311)

4.312)

(4.313)

When the drive voltage is negative, transistor Q; is OFF and transistor O is ON. The drain

currents are

ipr=1; for mw<owt<2n

(4.314)
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and
ipp =0 for 7w <wt<2m. (4.315)
The transformer output current is
i = —nipp) = —nl; for 7w <owt<2m. (4.316)
The voltage across the lower half of the primary winding is
Vp2 =NV, = —nV,, sinwt = —Vizm sinwt for 7w < wt <2m. 4.317)
The drain-to-source voltages are
vps1 =0 for 7w <wt<2m (4.318)
and
vps2 = Vp1 = —Vgu sinwt = —2nV,, sinwt  for 7 <ot <2m. (4.319)

The output current of the transformer is

 4nVp o sin[(2k — Do ]
i=— > ) (4.320)

2k —1
k=1

The parallel-resonant circuit presents a very low reactance for current harmonics and an
infinite reactance for the fundamental frequency component. Therefore, only the fundamen-
tal component flows through the load resistance, resulting in sinusoidal output current and
voltage waveforms.

The amplitude of the fundamental component of the drain current is

2
Lim = —1;. (4.321)
i
The amplitude of the output current is
4
L, = —nl; = 2nly,. (4.322)
b4
The dc supply voltage is
Vdm 2an
vV, = 22— . (4.323)
bid i
yielding -
Vi = —Vi. (4.324)
2n
The resistance seen by each MOSFET is
R = n’R;. (4.325)
4.15.2 Power
The dc supply current is
i xl, wV, =%V 72V
"7 T 4w T 4R, 8n’R. 8 R (4:320)
The dc resistance seen by the dc power supply is
V 8
Rpc = -~ = =R. (4.327)

11 7'[2
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The output power is
2 2 y2 2y/2
Vo = Vi w7V,

Py = - — .
T 2R, 8n’R, 8 R

The dc supply current is
V7 _n V7
8 n?R, 8 R’

P =V =

Ideally, the drain efficiency is

= =1.
Py

4.15.3 Device Stresses

The current and voltage stresses of the MOSFETs are
Ipy =1
and
Vpsu = 7Vy.

The output-power capability is
Py Py IV, _ 1

Cp = = =
P 2o Vosm  2IpmVpsu 2Ipu Vosu 27

4.15.4 Efficiency

The rms drain current is

Isms = 1/2”1%1( f) = I
Srms — 7 i I w _ﬁ

Hence, the conduction power loss in the MOSFET on-resistance rps is

2 2
_ rDSI[ _7[ rps

2
P.ps = rpslg,s = Po.

2 4 n2R,
The drain efficiency is
Po 1 1
nD:Po—I—ZPrDs:l_i_ZPﬂZ +7T_2rDS.
Po 2 n’R;

The power loss in the ESR of the RF choke rgrc is

2 2
P o ]2 4 rRFCIZ T~ YRFC

RFC = 'RFC = = A
! 4 M7 2 nlR

The power loss in the ESR of the resonant inductor r7, is

o -

1202 02
PrL _ L mQL _ LQLPO
2 Ry

= — =0.159.

(4.328)

(4.329)

(4.330)

(4.331)

(4.332)

(4.333)

(4.334)

(4.335)

(4.336)

(4.337)

(4.338)
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and the power loss in the ESR of the resonant capacitor r¢ is

relnOf FcQLZPO

= = 4.339
c 3 R, ( )
The total power loss is
2 2
w(rps + 1 rp 4 r
PL()SS - 2PrDS +PRFC + PrL + PrC - PO ( o) B RFC) QL( L C) . (4340)
2n RL RL
Hence, the overall efficiency is
Po Po 1
p=-2— — - 5 . (4.341)
P Po + Pprogs |4 s +rrre . Qr(rL+rc)
2 anL RL
Example 4.6

Design a transformer-coupled push-pull Class D current-switching RF power amplifier to
meet the following specifications: V; =12V, Pp = 12W, BW = 180 MHz, R; = 50 €2,
and f, = 1.8 GHz.

Solution. Assuming the efficiency of the resonant circuit is 7, = 0.93, the drain power
power is
Pps = Fo = 12 =12.903W. (4.342)
Ny 0.93
The resistance seen across one part of the primary winding is
2 vP o ont o122
8 Pps 8 12.903

= 13.768 2. (4.343)

The transformer turns ratio is

R 13.768
n= |— = = 0.5247. (4.344)
Ry 50

Pick n = % The resistance seen by each MOSFET is

1\2
R =n’R;, = <E> x50 = 12.5Q. (4.345)
The peak value of the drain-to-source voltage is
Vam =V =7 x 12 =37.7V. (4.346)
The amplitude of the output voltage is
4 b4
Vi =—V, = 12=37.7V. 4.347
"= T 2x05 (4347)
The dc resistance seen by the dc power supply is
Vi 8 8
Rpc = — = —R=— x13.768 = 11.16 Q. (4.348)
I, n? 72
The amplitude of the fundamental component of the drain current is
Vam 377
Ipw =~ = 222 3016 A (4.349)

R 125
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The dc supply current is

72V 72 12

| =——=——=1.184A.
8 R 8 12.5
The amplitude of the output current is
Vi 377
I, = — = —— =3.016A.
R 12.5
The output power is
vz 3177
Pp =2 = = 14.21W.
ZRL 2 x50

The dc supply power is
P, =ViI; =12 x 1.184 = 14.208 W.

The rms value of the switch current is
I 1.184

Irms:_——
BV RN

Assuming rps = 0.1 , the conduction power loss in each MOSFET is
P,ps = rpslg,,, = 0.1 x 0.8372% = 0.07 W.

= 0.8372A.

The drain efficiency is
Po 1 1

D =
"= Po +2Pps 7% rps n?

= 14—
4n? R 4 x0.5212.5
Assuming the resistance rgrc = 0.11 2, we have
Prrc = rrrel® = 0.11 x 1.184% = 0.154 Q.

The loaded-quality factor is

1
Je = 1800 = 10.
BW 180

0L =

The resonant inductance is

R, 50
w01 27w x 1.8 x 10° x 10
The resonant capacitance is

0L 10
weRL 27 x 1.8 x 109 x 50
Assuming r;, = 0.009  and r¢ = 0.01 2, we get

rl2Q}  0.009 x 3.016% x 10

= 0.442nH.

= 17.68 pF.

P, = = =4.09W
rL P )
I120%  0.01 x 3.016% x 10?
P =€ ;QL — X : S — 4548 W.

Hence, the total power loss is

0.1

(4.350)

(4.351)

(4.352)

(4.353)

(4.354)

(4.355)

(4.356)

(4.357)

(4.358)

(4.359)

(4.360)

(4.361)

(4.362)

Pross = 2P,ps + Prpc + Py + Pre =2 x 0.07 +0.154 + 4.09 4+ 4.548 = 8.932 W.

The overall efficiency is
B Po B 14.21
T Po 4 Prs 1421 +8.932

n =61.4%.

(4.363)

(4.364)
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4.16 Bridge Class D Current-switching
RF Power Amplifier

A circuit of a bridge Class D current-switching (current-source) RF power amplifier is
shown in Figure 4.38(a). When one transistor is ON, the other transistor is OFF. Current and
voltage waveforms are shown in Figure 4.39. Figure 4.38(b) shows an equivalent circuit
when transistor Q is OFF and transistor O, is ON. For the switching frequency equal to the
resonant frequency of the parallel-resonant circuit, the transistors turns on at zero voltage,
reducing switching losses. The main disadvantage of the circuit is that the currents of both
chokes flow through one of the transistors at all times, causing high conduction loss.
The current and voltage waveforms are given by

i=I for O<owt<m (4.365)
ipi=0 for O<owt<m (4.366)
ipp=2I; for O<owt<m (4.367)

TV
RFC| W L I} |HFC
— 1€
Vip1 R ’Dz
+ I_/\/\/\_J
°‘| ZDS1 + v, - VDsz |‘° +
Vgs1 L r Vc-;sz
- T
(a)
TV
RFC| | // L I |RFC
C
|
llr’m Iﬁ l'D2 =2/
VDs1 1/ Vost T Vo — VDsz%
hs
(b)
+
HFC| Vi I} |RFC

L
4[]
Ip1=21, ll Iﬁ ’D2¢ l
+
Vost T Vo — VDSZ
'bs -

Figure 4.38 Bridge Class D current-switching (current-source) RF power amplifier. (a) Circuit.
(b) Equivalent circuit when transistor Q; is OFF and transistor Q5 is ON. (c¢) Equivalent circuit when
transistor Q1 is ON and transistor Q, is OFF.

—
Ste
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Figure 4.39 Waveforms in bridge Class D current-switching (current-source) RF power amplifier.

and

vps1 = Vi sin wt

for

0<wt <.

(4.368)

Figure 4.38(c) shows an equivalent circuit when transistor Q; is ON and transistor Q5 is

OFF. The waveforms are as follows:

i =-—I; for
ipy =2I; for
ipp =0 for

and
vps2 = —V,, sin wt

The output voltage is

for

v, = V), sinwt

T <ot <27
T <ot <2m

T < ot <27.

T < wt <27.

(4.369)
(4.370)
4.371)

(4.372)

(4.373)



CLASS D RF POWER AMPLIFIERS 173

where
Vi =RI,, =7V].
The output current is
i, = I, sin wt

where the amplitude of the output current is

4
I, =—1I
resulting in
v, 2y,
11=Zlm=i m =7T__1
4 4 R 4 R
The dc resistance is
R — Vi 2
be = 2]1 72

The dc supply power is

The output power is

—__m _ __m _ 1L
2R 2 2 R’
The rms value of the switch current is

2 2 2y2
py Vi Rl _ 7V

1 2w 5 1 b4
Isims = E /0 Ip2 d(wr) = E /0 (211)2 d(wt) = \/EII-

Hence, the conduction loss in each transistor is
2

2
2 > b D) T~ Ips
PrDS = rpslsrms = 27’D511 = ?rDSIm = 771:’0.
The drain efficiency is
Po 1
D = = .
Po +2P,ps I+ JT_2 DS
2 R
The power loss in each RFC choke resistance rgpc is
2y/2 22 2
-V -V TT° YRFC
P, =rprcl? =7 — 2 = — = Po.
RFC RFCLf RFC 16 R RFC 16 R s R O

The power loss in the ESR of the resonant inductor r7 is

r 12 2 r 2
PrL _ L mQL _ LQL PO
2 Ry,

and the power loss in the ESR of the resonant capacitor r¢ is

rela Qi _ rcQf
Pc = ; L= R Lpo.
L

The total power loss is

2 2 2
iy T, (rp +re)
ps | TUIRFC 0O;

Pross = 2Pps + 2Pgpc + Pz + Prc = Po |: R iR R

(4.374)

(4.375)

(4.376)

(4.377)

(4.378)

(4.379)

(4.380)

(4.381)

(4.382)

(4.383)

(4.384)
(4.385)

(4.386)

} . (4.387)
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Hence, the overall efficiency is

Po Po 1
]’] = — = = > ) B . (4388)
P; Po + Progs | o Torps | T rRiC Qi (r+rc)
2 R 4 R R

Example 4.7

Design a bridge Class D current-switching RF power amplifier to meet the following spec-
ifications: V; =5V, Pp = 6 W, BW = 240MHz, and f. = 2.4 GHz.

Solution. Assuming the efficiency of the resonant circuit is 7, = 0.92, the drain power is

Po 6
Pps = — = —— =6.522W. (4.389)

n-  0.92

The load resistance is
2 VP mt 5

2 Pps 2 6522
The amplitude of the output voltage and the peak value of the drain-to-source voltage
is

= 18.916 Q2. (4.390)

Vm=nmV; =m x5=15.708 V. (4.391)
The dc resistance seen by the dc power supply is
R Vi 2 R 2 18.916 = 3.833 Q2 (4.392)
=—=—R=— x18. =3. . .
be 2I; w2 w2
The amplitude of the output current is
Vi 15.708
I, =— =——=0.83A. (4.393)
R 18.916
The dc supply current is
7'[2 V] 7T2 5
I =——="— = 0.652 A. 4.394
"T4R T 418916 (4399
The dc supply power is
P =21V =2 x0.652 x5 =6.522W. (4.395)
Assuming rps = 0.1 €2, the conduction power loss in each MOSFET is
P.ps = rpsl} = 0.1 x 0.6522 = 0.0425W. (4.396)
The drain efficiency is
Po 1 1
]’]D = = 5 = 5
Po + 2P,ps - T° Ips 14 < 0.1
2 R 2 18.916
=97.46 %. (4.397)

Assuming the resistance rgrc = 0.12 €2,

Porrrc = rrrclf = 0.12 x 0.6522 = 0.051 Q. (4.398)
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The loaded-quality factor is

f- 2400
L= 3w = 240 (4.399)
The resonant inductance is
R 18.916
L=—L — 0.1254 nH. (4.400)

0. 0L 27 x 2.4 x 10° x 10
The resonant capacitance is

or 10

= = = 35.06 pF. 4.401
o.R. 27 x 2.4 x 109 x 18.916 P (4.401)
Assuming r;, = 0.08 Q and rc = 0.05 2, we get
1207 0.08 x 0.832 x 10?
J "21QL _ e : X 27556 W (4.402)
1207 0.05 x 0.832 x 102
P =€ ’;QL = R : 7 12w, (4.403)

Hence, the total power loss is
Pross = 2P,ps + 2Prpc + Pz + Pic
=2 x0.0425 +2 x 0.051 +2.7556 + 1.722 = 4.6646 W. (4.404)

The overall efficiency is
B Po B 5
" Po+ Pross 5 +4.6646

0 =51.74%. (4.405)

4.17 Summary

e The maximum voltage across the switches in both Class D half-bridge and full-bridge
amplifiers is low and equal to the dc input voltage V;.

e Operation with a capacitive load (that is, below resonance) is not recommended. The
antiparallel diodes turn off at a high di/d¢. If the MOSFET’s body-drain pn junction
diode (or any pn junction diode) is used as an antiparallel diode, it generates high reverse-
recovery current spikes. These spikes occur in the switch current waveforms at both the
switch turn-on and turn-off, and may destroy the transistor. The reverse-recovery spikes
may initiate the turn-on of the parasitic BIT in the MOSFET structure and may cause
the MOSFET to fail due to the second breakdown of parasitic BJT. The current spikes
can be reduced by adding a Schottky antiparallel diode (if V; is below 100 V), or a series
diode and an antiparallel diode.

e For operation below resonance, the transistors are turned on at a high voltage equal to V;
and the transistor output capacitance is short-circuited by a low transistor on-resistance,
dissipating the energy stored in that capacitance. Therefore, the turn-on switching loss is
high, Miller’s effect is significant, the transistor input capacitance is high, the gate drive
power is high, and the turn-on transition speed is reduced.

e Operation with an inductive load (that is, above resonance) is preferred. The antiparallel
diodes turn off at a low di /dt. Therefore, the MOSFET’s body-drain pn junction diodes
can be used as antiparallel diodes because these diodes do not generate reverse-recovery
current spikes and are sufficiently fast.
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For operation above resonance, the transistors turn on at zero voltage. For this reason, the
turn-on switching loss is reduced, Miller’s effect is absent, the transistor input capacitance
is low, the gate drive power is low, and turn-on speed is high. However, the turn-off is
lossy.

The efficiency is high at light loads because R /r increases when R increases [see Equation
(4.99)].

The amplifier can operate safely with an open circuit at the output.

There is a risk of catastrophic failure if the output is short-circuited when the operating
frequency f approaches the resonant frequency f,.

The input voltage of the resonant circuit in the Class D full-bridge amplifier is a square
wave whose low level is —V; and whose high level is V;. The peak-to-peak voltage
across the resonant circuit in the full-bridge amplifier is twice as high as that of the half-
bridge amplifier. Therefore, the output power of the full-bridge amplifier is four times
higher than that in the half-bridge amplifier at the same load resistance R, at the same
dc supply voltage V;, and at the same ratio f /f,.

The dc voltage source V; and the switches form an ideal square-wave voltage source,
and therefore many loads can be connected between the two switches and ground, and
can be operated without mutual interactions.

Not only MOSFETs, but other power switches can be used, such as MESFETs, BJTs,
thyristors, MOS-controlled thyristors (MCTs), gate turn-off thyristors (GTOs), and
isolated-gate bipolar transistors (IGBTSs).
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4.19 Review Questions

4.1 Draw the inductive reactance X;, capacitive reactance X¢, and total reactance X; —
Xc versus frequency for the series-resonant circuit. What occurs at the resonance
frequency?

4.2 What is the voltage across the switches in Class D half-bridge and full-bridge ampli-
fier?

4.3 What is the frequency range in which a series-resonant circuit represents a capacitive
load to the switching part of the Class D series-resonant circuit amplifiers?

4.4 What are the disadvantages of operation of the Class D series-resonant circuit amplifier
with a capacitive load?

4.5 Is the turn-on switching loss of the power MOSFETSs zero below resonance?
4.6 Is the turn-off switching loss of the power MOSFETs zero below resonance?
4.7 Is Miller’s effect present at turn-on or turn-off below resonance?

4.8 What is the influence of zero-voltage switching on Miller’s effect?

4.9 What is the frequency range in which a series-resonant circuit represents an inductive
load to the switching part of the amplifier?

4.10 What are the merits of operation of the Class D amplifier with an inductive load?
4.11 Is the turn-on switching loss of the power MOSFETs zero above resonance?
4.12 TIs the turn-off switching loss of the power MOSFETs zero above resonance?

4.13 What is the voltage stress of the resonant capacitor and inductor in half-bridge and
full-bridge amplifiers?

4.14 What are the worst conditions for the voltage stresses of resonant components?

4.15 What happens when the output of the amplifier is short-circuited?
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4.16
4.17

4.18

Is the part-load efficiency of the Class D amplifier with a series-resonant circuit high?

What kind of switching takes place in Class D current-switching power amplifiers
when the operating frequency is equal to the resonant frequency?

What is the role of the transformer in impedance matching in push-pull power ampli-
fiers?

4.20 Problems

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

Design a Class D RF power amplifier to meet the following specifications: V; = 3.3V,
Po=1W, f=f,=1GHz, rps =0.12, Op =7, Qr, = 200, and Q¢, = 1000.

A series-resonant circuit consists of an inductor L = 84 uH and a capacitor C =
300 pF. The ESRs of these components at the resonant frequency are rp = 1.4 Q and
rc = 50mS2, respectively. The load resistance is R = 200 2. The resonant circuit
is driven by a sinusoidal voltage source whose amplitude is V,, = 100 V. Find the
resonant frequency f,, characteristic impedance Z,, loaded quality factor Oy, unloaded
quality factor Q,, quality factor of the inductor Qy,, and quality factor of the capacitor

QCO .

For the resonant circuit given in Problem 4.2, find the reactive power of the inductor
QO and the total real power Pg.

For the resonant circuit given in Problem 4.2, find the voltage and current stresses for
the resonant inductor and the resonant capacitor. Calculate also the reactive power of
the resonant components.

Find the efficiency for the resonant circuit given in Problem 4.2. Is the efficiency
dependent on the operating frequency?

Write general expressions for the instantaneous energy stored in the resonant inductor
wr(t) and in the resonant capacitor wc (), as well as the total instantaneous energy
stored in the resonant circuit w,(t). Sketch these waveforms for f = f,,. Explain briefly
how the energy is transferred between the resonant components.

A Class D half-bridge amplifier is supplied by a dc voltage source of 350-400V.
Find the voltage stresses of the switches. Repeat the same problem for the Class D
full-bridge amplifier.

A series-resonant circuit, which consists of a resistance R = 25 2, inductance L =
100 uH, and capacitance C = 4.7nF, is driven by a sinusoidal voltage source v =
100sinwt (V). The operating frequency can be changed over a wide range. Calcu-
late exactly the maximum voltage stresses for the resonant components. Compare
the results with voltages across the inductance and the capacitance at the resonant
frequency.

Design a Class D half-bridge series-resonant amplifier that delivers power Pp = 30 W
to the load resistance. The amplifier is supplied from input voltage source V; = 180 V.
It is required that the operating frequency is f = 210kHz. Neglect switching and
drive-power losses.

Design a full-bridge Class D power amplifier with the following specifications: V; =
100V, Pp =80W, f =f, =500kHz, and Q; = 5.
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Class E RF
Zero-voltage-switching RF
Power Amplifier

5.1 Introduction

There are two types of Class E power amplifiers [1-69], also called Class E dc-ac inverters:
(1) Class E zero-voltage-switching (ZVS) power amplifiers, which are the subject of this
chapter, and (2) Class E zero-current-switching (ZCS) power amplifiers. In Class E ampli-
fiers, the transistor is operated as a switch. Class E ZVS power amplifiers [1-35] are the
most efficient amplifiers known so far. The current and voltage waveforms of the switch
are displaced with respect to time, yielding a very low power dissipation in the transistor.
In particular, the switch turns on at zero voltage if the component values of the resonant
circuit are properly chosen. Since the switch current and voltage waveforms do not over-
lap during the switching time intervals, switching losses are virtually zero, yielding high
efficiency.

We shall start by presenting a simple qualitative description of the operation of the Class
E ZVS amplifier. Though simple, this description provides considerable insight into the per-
formance of the amplifier as a basic power cell. Further, we shall quickly move to the quan-
titative description of the amplifier. Finally, we will present matching resonant circuits and
give a design procedure for the amplifier. By the end of this chapter, the reader will be able
to perform rapid first-order analysis as well as design a single-stage Class E ZVS amplifier.

5.2 Circuit Description

The basic circuit of the Class E ZVS power amplifier is shown in Figure 5.1(a). It consists
of power MOSFET operating as a switch, L-C-R series-resonant circuit, shunt capacitor Cy,

RF Power Amplifiers  Marian K. Kazimierczuk
© 2008 John Wiley & Sons, Ltd
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Figure 5.1 Class E zero-voltage-switching RF power amplifier. (a) Circuit. (b) Equivalent circuit
for operation above resonance. (¢) Equivalent circuit with the dc voltage source V; and the RF choke
Ly replaced by a dc current source I; and the series-resonant circuit replaced by an ac current source
i. (d) Equivalent circuit with the two current sources combined into one current source I; —i.

and choke inductor Ly. The switch turns on and off at the operating frequency f = w/(27)
determined by a driver. The transistor output capacitance, the choke parasitic capacitance,
and stray capacitances are included in the shunt capacitance C;. For high operating frequen-
cies, all of the capacitance C; can be supplied by the overall shunt parasitic capacitance.
The resistor R is an ac load. The choke inductance Ly is assumed to be high enough so
that the ac current ripple on the dc supply current I; can be neglected. A small inductance
with a large current ripple is also possible [41].

When the switch is ON, the resonant circuit consists of L, C, and R because the capac-
itance C| is short-circuited by the switch. However, when the switch is OFF, the resonant
circuit consists of C;, L, C, and R connected in series. Because Cy and C are connected
in series, the equivalent capacitance

CcC
C+C
is lower than C and C,. The load network is characterized by two resonant frequencies
and two loaded quality factors. When the switch is ON,

fol =

Ceq = .1

(5.2)

and

On=——= - (5.3)
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Figure 5.2 Class E zero-voltage-switching RF power amplifier with a transformer.

When the switch is OFF,
1

Jo2 = ﬁ (54
21 [ ———
C+C
and
a)(,zL 1
O = R = waRCC, (5.5)
C+C
The ratio of the two resonant frequencies is
Jo _Qu _ | G (5.6)

fr QO \Ci+C

An equivalent circuit of the amplifier for operation above resonance is shown in Figure
5.1(b). In Figure 5.1(c), the dc source V; and RF choke Ly are replaced by a dc current
source /; and the series-resonant circuit is replaced by an ac current source i. Figure 5.1(d)
shows an equivalent circuit of the Class E amplifier with the two current sources combined
into one current source I; —i.

If the operating frequency f is greater than the resonant frequency f, 1, the L-C-R series-
resonant circuit represents an inductive load at the operating frequency f. Therefore, the
inductance L can be divided into two inductances, L, and L;, connected in series such that
L=1L,+ L, and L, resonates with C at the operating frequency f, that is,

1
o= Nisreh (5.7)
The loaded quality factor is defined at the operating frequency as
Qsz—sz(L”+Lh)= 1 +a)_L;,.
R R oCR R
A transformer version of the Class E amplifier is shown in Figure 5.2. The transformer
leakage inductance can be absorbed into the inductance L.

(5.8)

5.3 Circuit Operation

Circuits with hard-switching operation of semiconductor components, such as PWM power
converters and digital gates, suffer from switching losses. The voltage waveform in these
circuits decreases abruptly from a high value, often equal to the dc supply voltage V;, to
nearly zero, when a switching device turns on. The energy stored in the transistor output
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capacitance and load capacitance C just before the turn-on transitions (assuming that these
capacitances are linear) is given by

1 2
W=V, (5.9)

where V; is the dc supply voltage. When the transistor is turned on, the current is circulating
through the transistor on-resistance rpg, and all the stored energy is lost in the on-resistance
rps as heat. This energy is independent of the transistor on-resistance rps. The switching
power loss of the transistor is given by

1
Py =3 fCV7E. (5.10)

The switching losses can be avoided if the voltage across the transistor vg is zero, when
the transistor turns on

Vs (twrn—on) = 0. (5.11)

Then the charge stored in the transistor output capacitance is zero, and the energy stored
in this capacitance is zero. The main idea of the Class E RF power amplifier is that the
transistor turns on as a switch at zero voltage, resulting in zero switching loss and high
efficiency. The Class E power amplifier in its basic form contains a single switch. The
switch turns on at zero voltage (ZVS), and the switch may also turn on at zero derivative
(ZDS). In general, this type of operation is called soft-switching.

Figure 5.3 shows the current and voltage waveforms in the Class E ZVS amplifier for
three cases: (1) dvs(wt)/d(wt) = 0; (2) dvs(wt)/d(wt) < 0; and (3) dvs(wt)/d(wt) > 0 at
wt = 2 when the switch turns on. In all three cases, the voltage vg across the switch and
the shunt capacitance C| is zero when the switch turns on. Therefore, the energy stored in
the shunt capacitance C; is zero when the switch turns on, yielding zero turn-on switching
loss. Thus, the ZVS condition is expressed as

vs(2m) = 0. (5.12)

The choke inductor Ly forces a dc current /;. To achieve zero-voltage switching turn-on
of the switch, the operating frequency f = w/(2m) should be greater than the resonant
frequency f,; = 1/(2m+/LC), that is, f > f,;. However, the operating frequency is usually
lower than f,» = 1/(27,/LC,), that is, f < f,2. The shape of the waveform of current
i depends on the loaded quality factor. If Qy is high (i.e., Qr > 2.5), the shape of the
waveform of current i is approximately sinusoidal. If Oy is low, the shape of the waveform
of the current i becomes close to an exponential function [22]. The combination of the
choke inductor L; and the L-C-R series-resonant circuit acts as a current source whose
current is I;-i. When the switch is ON, the current I;-i flows through the switch. When the
switch is OFF, the current /;-i flows through the capacitor Cy, producing the voltage across
the shunt capacitor C; and the switch. Therefore, the shunt capacitor C; shapes the voltage
across the switch.

5.4 ZVS and ZDS Operation of Class E Amplifier

When the transistor turns on at wf = 2 in the Class E power amplifier, the zero-voltage
switching (ZVS) condition and zero-derivative switching (ZDS) condition are satisfied

vs(2m) =0 (5.13)
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Figure 5.3 Waveforms in Class E zero-voltage-switching amplifier. (a) For optimum operation.
(b) For suboptimum operation with dvg(wt)/d(wt) < 0 at wt = 27. (¢) For suboptimum operation
with dvg(wt)/d(wt) > 0 at wt = 2.

and
dvg(wt)
d(wt)

Current and voltage waveforms for ZVS and ZDS operation are shown in Figure 5.3(a).
Zero-voltage switching implies that the energy stored in the shunt capacitance C; is zero
when the transistor turns on, yielding zero turn-on switching loss. Because the derivative of
vs is zero at the time when the switch turns on, the switch current ig increases gradually from
zero after the switch is closed. The operation for which both the ZVS and ZDS conditions
are satisfied simultaneously is called the nominal operation or optimum operation. Both the
switch voltage and the switch current waveforms are positive for the optimum operation.
Therefore, there is no need to add any diode to the switch.

Relationships among Cy, L, R, f, and D must be satisfied to achieve optimum opera-
tion [22]. Therefore, optimum operation is achieved only for the optimum load resistance

=0. (5.14)

wt=21
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R = R,y In addition, the operating frequency f for optimum operation must be located
between two resonant frequencies

Jor <f < Jo2. (5.15)

If R > R, the amplitude I,, of the current i through the L-C-R series-resonant circuit
is lower than that required for the optimum operation, the voltage drop across the shunt
capacitor C; decreases. Also, the switch voltage vg is greater than zero at turn-on. On the
other hand, if R < R,;, the amplitude /,, is higher than that required for optimum operation,
the voltage drop across the shunt capacitor C; increases, and the switch voltage vs is less
than zero at turn-on. In both cases, assuming a linear capacitance Cj, the energy stored in
C just before turn-on of the switch is W (2w —) = %C 1vS2(271—). This energy is dissipated
in the transistor as heat after the switch is turned on, resulting in a turn-on switching loss.
To obtain the ZVS operation at a wider load range, an antiparallel or a series diode can be
added to the transistor. This improvement ensures that the switch automatically turns on at
zero voltage for R < R,;.

5.5 Suboptimum Operation

In many applications, the load resistance varies over a certain range. The turn-on of the
switch at zero voltage can be achieved for suboptimum operation for 0 < R < R,;. For
suboptimum operation, vs(2m) = 0 and either dvs(wt)/d(wt) < 0 or dvs(wt)/d(wt) > 0.
Figure 5.3(b) shows the current and voltage waveforms for the case when vg(27) = 0 and
dvg(wt)/d(wt) < 0 at wt = 2. Power MOSFETs are bidirectional switches because their
current can flow in both directions, but their voltage can only be greater than —0.7 V. When
the switch voltage reaches —0.7 V, the antiparallel diode turns on and therefore the switch
automatically turns on. The diode accelerates the time at which the switch turns on. This
time is no longer determined by the gate-to-source voltage. Since the switch turns on at zero
voltage, the turn-on switching loss is zero, yielding high efficiency. Such an operation can
be achieved for 0 < R < R,;. In addition, if R < R,,,, the operating frequency f* and the
transistor ON switch duty cycle D, can vary in bounded ranges. When the switch current is
negative, the antiparallel diode is ON, but the transistor can either be ON or OFF. Therefore,
the transistor ON switch duty cycle D; is less than or equal to the ON switch duty cycle of
the entire switch D. When the switch current is positive, the diode is OFF and the transistor
must be ON. Hence, the range of D; is D; ,;;, < D, < D, as indicated in Figure 5.3(b) by
the shaded area.

Figure 5.3(c) depicts current and voltage waveforms for the case when vg(27) = 0 and
dvs(wt)/d(wt) > 0 at wt = 2. Notice that the switch current ig is always positive, but
the switch voltage vy has positive and negative values. Therefore, a unidirectional switch
for current and a bidirectional switch for voltage is needed. Such a switch can be obtained
by adding a diode in series with a MOSFET. When the switch voltage vg is negative the
diode is OFF and supports the switch voltage, regardless of the state of the MOSFET. The
MOSFET is turned on during the time interval when the switch voltage is negative. Once
the switch voltage reaches 0.7 V with a positive derivative, the diode turns on, turning the
entire switch on. The series diode delays the time at which the switch turns on. The range
of D, is D < D; < Dy, as shown in Figure 5.3(c) by the shaded area. The disadvantages
of the switch with a series diode are higher on-voltage and higher conduction loss. Another
disadvantage is associated with the transistor output capacitance. When the switch voltage
increases, the transistor output capacitance is charged through the series diode to the peak
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value of the switch voltage and then remains at this voltage until the transistor turns on
(because the diode is OFF). At this time, the transistor output capacitance is discharged
through the MOSFET on-resistance, dissipating the stored energy.

5.6 Analysis
5.6.1 Assumptions

The analysis of the Class E ZVS amplifier of Figure 5.1(a) is carried out under the following
assumptions:

1. The transistor and the antiparallel diode form an ideal switch whose on-resistance is
zero, off-resistance is infinity, and switching times are zero.

2. The choke inductance is high enough so that the ac component is much lower than the
dc component of the input current.

3. The loaded quality factor Q; of the LCR series-resonant circuit is high enough so that
the current i through the resonant circuit is sinusoidal.

4. The duty ratio D is 0.5.

5.6.2 Current and Voltage Waveforms

The current through the series-resonant circuit is sinusoidal and given by
i = I, sin(wt + ¢) (5.16)

where [, is the amplitude and ¢ is the initial phase of the current i. According to
Figure 5.1(a),

is +ici =1 —i =1; — I, sin(wt + @). (5.17)
For the time interval 0 < wt < 7, the switch is ON and therefore ic; = 0. Consequently,

the current through the MOSFET is given by

; { Iy — I, sin(wt + ¢), for 0 <ot <m,
S =

0, for 7 < wt <2m. (5.18)

For the time interval m < wt < 2w, the switch is OFF which implies that ig = 0. Hence,
the current through the shunt capacitor C; is given by

P 0, for O<owt <m, (5.19)
cr= I; — I, sin(wt + ¢), for 7w <wt <2m. ’
The voltage across the shunt capacitor and the switch is
1 wt 1 wt
Vs =vc1 = —/ ic1d(wt) = —/ [ — I sin(wt + ¢)] d(wr)
oCy J, wCy Jy
0, for O<owt <m,
= (5.20)

1
—C{II(a)t — 1)+ Iy[cos(wt + @) + cos ]}, for 7w <wt <2m.
wC]
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Substitution of the ZVS condition vg(27) = 0 into (5.20) produces a relationship among
I, I, and ¢:
b4
—1I .
2cos ¢
Substitution of (5.21) into (5.18) yields the switch current

Ly = (5.21)

is _ { 1+ Te0sd sin(wt +¢), for 0 <owt <7, (52)
Oa

Iy for mw < owt <2m.

Likewise, substituting (5.21) into (5.19), one obtains the current through the shunt capaci-
tor C

; 0, for 0 <owt <m,
e _ T (5.23)
I - + sin(wt + ¢), for m < wt <2m. )
2cos ¢
From (5.21), equation (5.20) becomes
0, for 0 < wt <m,
vy = I 3 5.24
§ 1 a)——n— il [cos(wt + @)]|, form < wt < 27. (5.2
wC 2 2cos ¢
Using the condition dvg /d(wt) = 0 at wt = 27, one obtains
2
tangp = —— (5.25)
T
from which
2 o
¢ = m — arctan <—> = 2.5747rad = 147.52". (5.26)
T
Using trigonometric relationships,
2
singg = —— (5.27)
7 +4
and
¢ i (5.28)
CosS¢p = ———. .
72 +4
Substitution of (5.28) into (5.21) yields
244
I, = ET—'—I] ~ 1.86211;. (5.29)
Hence,
. N2
s _ ] 1- %—i_ sin(wt + ¢), for 0 <owt <m, (5.30)
I 0, for m < wt <2,
; 0, for 0 <owt <m,
cl1
— = /72 +4 (5.31)
I 1-— —5 sin(wt + ¢), for 7 < wt <2m,
and
0, for 0 < wt <,

vy = I 3 m . (5.32)
— | wt — — — —coswt —sinwt |, formw < wt <27.
wC 2 2
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The dc component of the voltage across an ideal choke inductor is zero. From (5.24), the
dc input voltage is found as

1 2 I] 2 3 b . ]1
Vi=— vs d(wt) = wt — — — —coswt — sinwt | dlwt) =
- - 2 2

2 27 wC) 7wC;’
(5.33)
Rearrangement of this equation produces the dc input resistance of the Class E amplifier
Vi 1
Rpc = — = . 5.34
P =TT Tl (5.34)
Hence,
w2 +4
I, = TﬂwClVI. (5.35)
Using (5.32), one arrives at the normalized switch voltage waveform
0, for 0 < wt <27,
1%
= = 3w , (5.36)
Vi T a)t—T—Ecoswt—smwt , form < wt <2m.
5.6.3 Current and Voltage Stresses
Differentiating (5.22),
dig vt 44
= —] t = 0, 5.37
d(wn) 1= cos(wt +¢) (5.37)
one obtains the value of wt at which the peak value of the switch current occurs
3 o o o
Wty = 7” — =270° — 147.52° = 122.48". (5.38)
Substitution of this into (5.22) yields the switch peak current
244
Iy =1, (% + 1) — 2.8621;. (5.39)
Differentiating the switch voltage waveform vg in (5.24)
dvs Vil1+ " sin(wr + )| =0 (5.40)
=7 sin(w = .
d(wt) ! 2cos
yields the trigonometric equation
2cos¢p

sin(wty, + ¢) = — =sing =sin(wr — ¢) =sinw + 7 — ¢p) (5.41)

7 +4
the solution of which gives the value of wt at which the peak value of the switch voltage
occurs

Wty = 31w —2¢ =3 x 180° — 2 x 147.52° = 244.96°. (5.42)
Hence,
Veu =2n(mr — ¢)V; =2 (w —2.5747)V; = 3.562V]. (5.43)
The amplitude of the voltage across the resonant capacitor C is
In
Vem = 1 Xc(Pllm = — (5.44)

oC
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and the amplitude of the voltage across the resonant inductor L is
VLm = XL(f)Im = a)LIm (545)
Neglecting the power losses, the ac output power Py is equal to the dc input power
P; = ViI;. Hence, using Isy /I; and Vsy, /V;, one obtains the power-output capability
Po LV 1 1 1

IsyVsu  IsuVsu  mw(r —@)Wn2+4+2) 2.862 3.562

Cp

(5.46)

5.6.4 Input Impedance of the Series Resonant Circuit

The current through the series-resonant circuit is sinusoidal. Consequently, higher harmonics
of the input power are zero. Therefore, it is sufficient to consider the input impedance of the
series-resonant circuit at the operating frequency f. Figure 5.4 shows an equivalent circuit of
the series-resonant circuit above resonance at the operating frequency f. A phasor diagram
of the voltages at the fundamental component is depicted in Figure 5.5. The voltage across
the load resistance R is

VR = iR = Vg, sin(wt + ¢) (5.47)

where Vg, = RI,, is the amplitude of the output voltage and ¢ is the initial phase. The
voltage vx across the L-C components is nonsinusoidal, equal to vy = vg — vg. The fun-
damental component of the voltage across the C-L, circuit is zero because the reactance of
this circuit at the operating frequency f is zero. The fundamental component of the voltage
across the inductance L;, is

Vb1 = Viem1 cos(wt + ¢) (5.48)
L
+ + Vip1— +
Vsi R 2 va

Figure 5.4 Equivalent circuit of the series-resonant circuit above resonance at the operating

frequency f.
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Figure 5.5 Phasor diagram of the voltages at the operating frequency f.
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where Vipn1 = wLpl,. The fundamental component of the switch voltage, which is the
input voltage of the series-resonant circuit at the operating frequency, is given by

Vs1 = VR + Vip1 = Vi SiN(@? + @) + Vipm1 cos(ot + ). (5.49)
Using (5.24) and the Fourier trigonometric series formula,

1 21
Vem = — / vs sin(wt + ¢) d(wt)
s T

1 [ 37 T .
= / Vi |:a)t - — — cos(wt + ¢)i| sin(wt + ¢) d(wt)

2 2cos ¢
4

Substituting (5.24) into the Fourier formula and using (5.33), the amplitude of the funda-
mental component of the voltage across the input reactance of the series-resonant circuit
(equal to the reactance of the inductance L;) is obtained as

1 2
Viom1 = oLpl, = — / vg cos(wt + ¢) d(wt)
T

/g

1 [ 3n bid
= / Vi [wt - — = cos(wt + ¢>)} cos(wt + @) d(wt)

2 2cos ¢
n(7? —4)
= ———V; ~ 1.2378V]. 5.51
aTera! I (5.51)

5.6.5 Ouvutput Power

From (5.50), one obtains the output power
Ve 8 V2 43

Po = = L ~0.5768-L. 5.52
9T 2R T w2+4R R (5:52)
5.6.6 Component Values
Combining (5.21), (5.33), and (5.50), we get
4 V
—W
Vrm 2 8
R JRm _ n-+4 - (5.53)
L 72+ 4 7(m? +HwC
77‘[(1)C1 V[
2
resulting in
8
wCiR = ———— ~ (0.1836. (5.54)
a(r?+4)
Similarly, using (5.21), (5.33), and (5.51),
w(w? —4) v
"y, 5
Viem /2 —4
Xp=wly =2l —_dvme+4 7 (5.55)
) 7244 2(7‘[2 + DHwC

na)C1 I
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producing

2,0 = 24~ 02116 (5.56)
w = — X 0. . .

P T o2 1 4

The ratio of (5.56) to (5.54) is

szbCl _ a)Lh _ 7T(JT2—4)

= ~ 1.1525. 5.57
a)ClR R 16 ( )

From (5.7), (5.8), and (5.57), the reactance of the resonant inductor is
wL = Q1R (5.58)

and the reactance of the resonant capacitor is

1 wLy,
Xe=—F=owli=ol—L))=Q0R—wly =R\ 0L — ——
oC R
n(n?—4)
=R|0r — 16 |= R (QOr — 1.1525). (5.59)
The dc input resistance of the Class E amplifier is
1 244
Rpc = =T R~ 17337, (5.60)
TL’a)Cl

5.7 Maximum Operating Frequency

At high frequencies, the transistor output capacitance C, becomes higher than the shunt
capacitance C| required to achieve the ZVS and ZDS operation. The maximum frequency
occurs when C; = C,. Assume that the transistor output capacitance C, is linear. For
D = 0.5, the maximum operating frequency f,,,, at which Class E ZVS and ZDS operation
is achievable is determined by the condition

27 fnax CoR = . (5.61)
yielding
4 0.02922
Ine = A HCGR T CGR (5.62)
Since
8 V7
= 2 rapy (5.63)

we obtain the maximum operating frequency of the Class E amplifier that satisfies both the
ZVS and ZDS conditions at D = 0.5

Yo~ 0.050662 5.64
Fmaz = 22,V C, VA (5.64)
A higher maximum operating frequency than that given by (5.64) for D = 0.5 can be
obtained when only the ZVS condition is satisfied, but the ZDS condition is not. The
maximum operating frequency of the Class E amplifier under the ZVS and ZDS conditions
increases as the duty cycle D decreases [68]. However, at low values of D (usually for
D < 0.2), the efficiency of the amplifier decreases [55]. For f > f4x, @ Class CE operation
can be obtained, which offers a reasonably high efficiency [27].
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5.8 Choke Inductance

When the switch is ON, the voltage across the choke inductor is

Vif = V[ (5.65)
and the current through the choke inductance Ly is
1 V
iy =— / vip dt 4 igp(0) = / Vi dt +igp(0) = —’z + gy (0). (5.66)
Ly Ly
Hence,
i (5) = 2 i) = S + iy (0. (5.67)
|\ = — 41 .
W\2) T, T fL H
The peak-to-peak current ripple through the choke inductor is
Ay =iy (L ) = Vi (5.68)
i . —_— l .
iy =y ) Lf fL

Thus, the minimum choke inductance required for the maximum peak-to-peak current rip-
ple is

L V] V] RDC 7'[2 +4 R
“finin = . = - = - = -
2f Ai Lfinax A U finax A U finax 16 A U fimax
2 2
5i0} 7 f 2 f 2
R
~ 0.86685—— . (5.69)
f Al fimax
I
For AiLfmax/II = 0.1,
R
Lenin = 8.6685}7. (5.70)

An alternative method for determining Ly, is by separating the low-frequency modulating
voltage and the high-frequency carrier voltage in a Class E RF transmitter with amplitude
modulation (AM). The minimum value of choke inductance Ly, to obtain the peak-to-peak
current ripple less than 10 % of dc current /; is given by [17]

w2 R TR

5.9 Summary of Parameters at D = 0.5

The parameters of the Class E ZVS amplifier for the duty cycle D = 0.5 are as follows:

T
) —sinwt —coswt +1, for 0 < wt <m,
5_ ) e @ @h= (5.72)
I 0, for 7 <wt <27

0, for 0 < wt <m,
Vs
— = 3w . (5.73)
\%i T a)t—T—Ecosa)t—smwt , form <owt <2m
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i) 0, for 0 <owt <m,
<1 7 (5.74)
I; Esmwt—cosa)t—i—l, for 7 <wt <21
2
tangp = —— (5.75)
T
2
sing = ——— (5.76)
T2 +4
¢ i (5.77)
COS = - .
72 +4
2
¢ = m — arctan <—> = 2.5747rad = 147.52° (5.78)
T
Rpe= VoL _ T4 o (5.79)
DC_II_T[a)Cl_ 8 o ’
I Vit 4
LU L T R (5.80)
I 2
Vsm
M _on(r — ¢) = 3.562 (5.81)
Vi
UL ! 0.0981 (5.82)
Cr, = = = U. .
P I Ven  w(m — )2+ T2+ 4)
1, 214
Im _NTTHE g6y (5.83)
I 2
Vem _ 4 o; (5.84)
Vi Vr?y4 .
Viom 2_y4
i AT =D a0 (5.85)
Vi 42+ 4
V2 8 V2 V2
Py = B — L =0.5768—L (5.86)
2R 72 +4 R R
ClR= —— —0.1836 5.87
B (7% +4) 87
wL, w(m?—4)
= 2 1525 5.88
R 16 (5-88)
e = T4 oot (5.89)
w = —— = U. .
D YE SR
1 wL;, 7(m?—4)
. _2 ) o, -2 TP~ 0, —1.1525. 5.90
+CR (QL R ) |:QL T: ()3 (5.90)

5.10 Efficiency

The power losses and the efficiency of the Class E amplifier will be considered for the duty
cycle D = 0.5. The current through the input choke inductor Ly is nearly constant. Hence,
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from (5.83) the rms value of the inductor current is
Iif,,,, =11 = i (5.91)
’ 72 +4
The amplifier efficiency is defined as n; = Po/P; and Py = RI,,% /2. From (5.86) and (5.91),
the power loss in the dc ESR r7; of the choke inductor Ly is

41,2 rLf SrLf
Poy = riplims = (n2"+ D= AR Po. (5.92)

For the duty cycle D = 0.5, the rms value of the switch current is found from (5.72)

, 1 /” 2 deor) LVTT+28 I, [7i+28 (5.9%)
= —_— l w = = — .
Sms =N\ 2m Jy S 4 2\ 72+4

resulting in the switch conduction loss

rpsI2(m? +28) (2 4 28)rps
A2 +4) 22+ 4R
Using (5.74), the rms value of the current through the shunt capacitor C; is

[ LNm2—4 I, [72—4
Ietms = — | 2, dr="Y"2_m JT =2 (5.95)
27 J, 4

PrDS = rDSI.Sgrms = Po. (594)

2\ 72+4
which leads to the power loss in the ESR r¢; of the shunt capacitor C

reli(m?—4)  (n? —Drey

Prct = 1l m = = 5.96
crErerCms = Ty )y T 2 + AR ©.96)
The power losses in the ESR r; of the resonant inductor L is
}’L12 ry,
Py=—"==P 5.97
L > zFo (5.97)
and in the ESR r¢ of the resonant capacitor C is
rcl’i rc
=—" = __PpP,. 5.98
rC > 7 Fo (5.98)

The turn-on switching loss is zero if the ZVS condition is satisfied. The turn-off switching
loss can be estimated as follows. Assume that the transistor current during the turn-off time
1y decreases linearly

wt — 7

is =2I; (1— ), for 7 <wt <7+ ot (5.99)

wly
The sinusoidal current through the resonant circuit does not change significantly during
the fall time #r and is i ~ 2/;. Hence, the current through the shunt capacitor C; can be
approximated by

2wt —7)

ici for m <wt <7+ wiy (5.100)
wly

which gives the voltage across the shunt capacitor C; and the switch
ot I (wt)? —2nowt + 7 B Vizt[(wt)? — 2wt + 2]

= — icidlwt) = —
wC Jr c1d(r) wCy wly wly

Vs

(5.101)
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Thus, the average value of the power loss associated with the fall time # is

1 T+witf (wtf)Z (a)tf)2
Py = — | d 1) = P =~
¢ 2n/7, fsvs dln) = =5=Pr > =5

From (5.92), (5.94), (5.96), (5.102), (5.97), and (5.98), one obtains the overall power loss
Prs = Py + Pips + Prci + P+ Prc + Py

Po. (5.102)

8riy (2 +28)rps | rei(@r—4)  ri+re | (o) (5.103)
L@ +4HR " 22+ 4HR | 22+ 4R R 2 |
The efficiency of the Class E amplifier is given by
Po Po 1
n_PI_Po-l—PLS_ Prgs
I+ —
Po
1
- 2 3 = (5.104)
L7 (= +28)rps (= —Drecy  ro+re | (i)
@ HHR T g2+ 4HR 2w+ 4R R 12

Figure 5.6 shows a plot of the efficiency n; as a function of R.
The gate-drive power of each MOSFET that is required to charge and discharge a highly
nonlinear MOSFET input capacitance is given by

PG = fVGsmOg (5.105)

where Vs, is the peak value of the gate-to-source voltage vgs and Q, is the gate charge
at vgs = Vgsm-

100
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Figure 5.6 Efficiency of the Class E ZVS amplifier as a function of load resistance R for
ry =0.15Q, rps =0.85Q, 1. =0.5Q, rc =0.058, rc; =0.076 2, and #; = 20ns.
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The power-added efficiency is
Po —Pg _ Po—Pg

= = . 5.106
NPAE P, Po T PLs ( )
The power gain of the Class E ZVS amplifier at D = 0.5 is given by
P 8 V7
ky=— = L (5.107)

Pg ~ 7244 RVosnQs
The maximum efficiency of the Class E amplifier is achieved under ZVS and ZDS conditions
only when all the components are ideal with zero parasitic resistances. However, real Class
E amplifiers are built using real components. The transistor on-resistance is nonzero, and
the inductors and capacitors have non-zero ESRs. The maximum efficiency of the Class
E amplifier with real components is obtained when the ZVS and ZDS conditions are not
satisfied. The switch voltage when the transistor turns on Vy,,,_,, is positive, usually

Viurn—on = (0.03 — 0.15)V;. (5.108)

The derivative of the switch voltage when the switch turns on is usually slightly positive.
Under these conditions, there is a non-zero switching power loss at the transistor turn-
on time

(5.109)

turn—on*

1 2
Py, = Efsclv

However, the shapes of the current waveforms and their rms values are modified so that
the conduction losses in different components are reduced, yielding the maximum overall
efficiency [69].

5.11 Design of Basic Class E Amplifier

The component values of the resonant circuit of the basic Class E amplifier shown in
Figure 5.1(a) are obtained from (5.8), (5.86), (5.87), and (5.90) for optimum operation at
D =0.5:

8 V2 %%
R=——-L ~05768—_ (5.110)
s 44 Po Po
1 24+ 4R
Xy = — = TR S sac6R (5.111)
wC) 8
X; = oL = QiR (5.112)
1 72 —4)
Xe=—=|0,— ——= | R~ (Q — 1.1525)R. (5.113)
wC 16

Suboptimum operation (i.e., for only ZVS operation) occurs for load resistance Ry lower
than that given in (5.110), that is,
0 =< R(sub) <R. (5114)

The Class E ZVS amplifier with the basic resonant circuit shown in Figure 5.1(a) operates
safely under short-circuit conditions.

The basic resonant circuit of Figure 5.1(a) does not have matching capability. In order
to transfer a specified amount of power Py at a specified dc voltage V;, the load resistance
R must be of the value determined by (5.110).
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Example 5.1

Design a Class E ZVS amplifier of Figure 5.1(a) to satisfy the following specifications:
Vi =100V, Pomaxy = 80W, and f = 1.2 MHz. Assume D = 0.5.

Solution. 1t is sufficient to design the amplifier for the maximum power. Using (5.86), the
full-load resistance is

8 V7 1002
R = —— =0.5768 x —— =172.19. (5.115)
7244 Pg 80
From (5.79), the dc resistance of the amplifier is
w2 +4
Rpc = R =1.7337 x72.1 = 125 Q. (5.116)

The amplitude of the output voltage is computed from (5.84)

4

The maximum voltage across the switch and the shunt capacitor C; can be calculated from
(5.81) as

Vsu = Veim = 3.562V; = 3.562 x 100 = 356.2'V. (5.118)
From (5.79), the dc input current is
8 V 100
| = L —0.5768 x — = 0.8 A. (5.119)
72 +4R 72.1
The maximum switch current obtained using (5.80) is
72 +4
Isy = — +1)1; =2.862 x 0.8 =229A. (5.120)
The amplitude of the current through the resonant circuit computed from (5.83) is
Va2 +4
= ”TJFI, = 1.8621 x 0.8 = 1.49A. (5.121)

Assuming Q7 = 7 and using (5.58), (5.87), and (5.90), the component values of the load
network are:
OIR 7 x72.1
® 2w x 1.2 x 106
- 8 _ 8 —3374pF  (5.123)
(% +dHwR 2722 +4) x 1.2 x 100 x 72.1

Let C, = 50pF. Hence, the external shunt capacitance is

L= = 66.9 uH (5.122)

Ciexy = Cy — C, =337.4 — 50 = 287.4 pF. (5.124)
Pick Ci.y = 270 pF and 18 pF in parallel/400 V. Next,
1 1
C = 3 = = 314.6 pF.
w(m-—4) 27 x 1.2 x 100 x 72.1 x (7 — 1.1525)
wR QL — 716

(5.125)
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The peak voltages across the resonant capacitor C and the inductor L are

I, 1.49

V = — =
m = oC ~ 27 x 1.2 x 106 x 314.6 x 10-12

=628.07V (5.126)

and
Vim = oLL, =21 x 1.2 x 10° x 66.9 x 107° x 1.49 = 751.57 V. (5.127)

Pick C = 330pF/700 V.

It follows from (5.71) that in order to keep the current ripple in the choke inductor
below 10 % of the full-load dc input current /;, the value of the choke inductance must be
greater than

Lo s ) B2 7X72 o ssum (5.128)
T\ 4 7T T2xa0e T TR '

The peak voltage across the RF choke is
Vign = Vsy — Vi =356.2 — 100 = 256.2 V. (5.129)

Assume that the dc ESR of the choke Ly is r;y = 0.15 2. Hence, from (5.92) the power
loss in ryz is

Py = riplf =0.15 x 0.8% = 0.096 W. (5.130)
From (5.93), the rms value of the switch current is
Iv/7? +28
Toms = % — 0.8 x 1.5385 = 1.231 A. (5.131)

Select an International Rectifier IRF840 power MOSFET, which has Vpgs = 500V, Ipyu. =
8A, rps =0.85%Q, t; =20ns, and Q, = 63nC. The transistor conduction power loss is

Pps = rpslg,,. = 0.85 x 1.231% = 1.288 W. (5.132)
Using (5.95), one obtains the rms current through the shunt capacitance C;
INm?—4
Icims = % = 0.8 x 0.6057 = 0.485 A. (5.133)

Assuming the ESR of the capacitor C; to be ¢y = 76 m2, one arrives at the conduction
power loss in r¢

Prci = reilE,,, = 0.076 x 0.485% = 0.018 W. (5.134)

Assume the ESRs of the resonant inductor L and the resonant capacitor C to be rp = 0.5Q
and r¢ = 50mS2 at f = 1.2 MHz, the power losses in the resonant components are

rl2 0.5 x 1.49?

Py = =0.555W 5.135

L 5 5 ( )
rel?  0.05 x 1.49?

Pre ==t = 5 =0.056 W. (5.136)

The drain current fall time is #; = 20ns. Hence, oty = 2w x 1.2 x 10° x 20 x 1079 =
0.151 rad. From (5.102), the turn-off switching loss is
_ (wif)*Po _ 0.151% x 80

Py = = =0.152W. 5.137
U 12 12 (5.137)
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The power loss (excluding the gate-drive power) is
Prs = Py + Prps + Prc1 + Pro + Prc + Py
=0.096 + 1.288 + 0.018 + 0.555 + 0.056 + 0.152

=2.165W. (5.138)
The efficiency of the amplifier becomes
P 80
n o = 97.365 %. (5.139)

T Po+Prs 8042165
Assuming Vs, = 8V, one obtains the gate-drive power

PG = fVismQg = 1.2 x 10° x 8 x 63 x 107 = 0.605 W. (5.140)

The power-added efficiency (PAE) is
Po —Pg  Po—Pg  80—0.605

ME = T T p L p T 8012165 002 % (5.141)
The power gain of the amplifier is
k:P—0=ﬂ=13223 (5.142)
P Pg 0.605 o '
The equivalent capacitance when the switch is OFF is
Coy = CCy _ 330 x 337.4 — 167 pF. (5.143)
C+C 330+3374
The resonant frequencies are
1 1
Jo1 = S JIE ~ a6 x 0 x o o M G149
and
= ! = ! = 1.51MHz (5.145)
Jo2 27 /LC,y  27/669 x 1076 x 167 x 1012 ' '

Notice that the operating frequency f = 1.2 MHz is between the resonant frequencies f,|
and f,».

5.12 Impedance Matching Resonant Circuits

The purpose of the impedance matching network is to convert the load resistance or
impedance into the impedance required to produce the desired output power Po at the
specified supply voltage V; and the operating frequency f. According to (5.110), V;, Po,
and R are dependent quantities. In many applications, the load resistance is given and is
different from that given in (5.110). Therefore, there is a need for a matching circuit that
provides impedance transformation downwards or upwards. A block diagram of the class E
amplifier with an impedance matching circuit is shown in Figure 5.7. Figure 5.8 shows
various impedance matching resonant circuits. In the circuits shown in Figure 5.8(a) and
(c), impedance transformation is accomplished by tapping the resonant capacitance C, and
in the circuits shown in Figure 5.8(b) and (d) by tapping the resonant inductance L. All
these circuits provide downward impedance transformation. The vertical inductance L, in
Figure 5.8(b) and the vertical inductance L; in Figure 5.8(d) can be replaced by a step-up
or step-down transformer, yielding additional impedance transformation. The topologies of
these circuits are similar to the Greek letter 7.
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Ly
fm Impedance +
v, o] == C, | Matching R.Z vp
Circuit -
T ‘ i_»
Z=R+ joL,

Figure 5.7 Block diagram of the Class E amplifier with impedance matching resonant circuit.

L G Cc L
o -
T G Cs T R TG L, SR
O < e, A
(a) (b)
L Cs c Ly
= C T C, R =g, L, R,
e . e

Figure 5.8 Matching resonant circuits. (a) Resonant circuit 7 1a. (b) Resonant circuit 72a. (c)
Resonant circuit 77 1b. (d) Resonant circuit 7 2b.

5.12.1 Tapped Capacitor Downward Impedance Matching
Resonant Circuit = 1a

Figure 5.9(a) shows the tapped capacitor matching circuit with downward impedance trans-
formation. Its equivalent circuit is shown in Figure 5.9(b). Let us assume that the load
resistance Ry is given. Using (5.110), the series equivalent resistance for optimum operation
at D = 0.5 is given by

8 V7 43
R=R, = — ~0.5768 . (5.146)
7244 Pg Po

The components C; and L are given by (5.111) and (5.112):

1 2+ 4R
Xer = — = TR s pacor (5.147)
wC) 8

and
X; = wL = Q[R. (5.148)
The reactance factor of the R;-C3 and R,-C; equivalent single-port networks is

SR _Xe
XC3 R;

. (5.149)
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L G
o N\’\_K l

~C T Cs $R
O <

(@)
CZ Cs

o——’W‘—|H(

_~ C1 C Rs
e,

Figure 5.9  Tapped capacitor impedance matching resonant circuit 7 la providing downward
impedance transformation. (a) Matching circuit 7 1a. (b) Equivalent circuit of the matching circuit
la.

Resistances Ry and Ry, as well as the reactances X¢y and X3 are related by

Ry R
R,=R= - . (5.150)
14 q2 14 ( Ry, )
Xc3
and
X X
Xey= ——p = ——%—. (5.151)
e 148y
Ry
Hence,

1 Xc3\®
C, =Cs <l + —2) =C;|1+ <—> . (5.152)
q Ry

Rearrangement of (5.150) gives
Ry
qg=[——1. (5.153)

From (5.149) and (5.153),

Xc3 = (5.154)

Substitution of (5.153) into (5.149) yields

IR
Xcs = qRy = R, ——1 (5.155)

Referring to Figure 5.9 and using (5.113) and (5.155), one arrives at

a)C3 l
L

Xer = =X —Xe = | 0 T =D e _op
C2—wC2— C Cs = L 16 s T I

2 _
=Ry |:QL - % — % — 1:| . (5.156)
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o]

Xc3

Rsmax= P

o 38

1Ri=Xc3 R,
(b)
Figure 5.10  Series equivalent resistance R, and reactance X, as functions of load resistance

Ry, in the circuit 7 la. (a) R, versus R;. (b) X¢, versus R;.

It follows from (5.154) that the circuit shown in Figure 5.8(a) can match the resistances
that satisfy the inequality

R; <Rp. (5.157)
Suboptimum operation is obtained for
0 < Ry(sup) < Ry (5.158)
which corresponds to
Rp < Riupy < 00. (5.159)

Expressions (5.150) and (5.151) are illustrated in Figure 5.10. As Ry is increased from 0 to
Xc3, R increases to X¢3/2, Ry reaches the maximum value R, = Xc3/2 at Ry = X¢3,
and as Ry is increased from X¢3 to 0o, Ry decreases from Xc3/2 to 0. Thus, the R -Cs
circuit acts as an impedance inverter [20] for Ry, > X¢3. If the optimum operation occurs
at Ry = X¢3, then Ry,0x = Xc3/2 and the amplifier operates under ZVS conditions at any
load resistance Ry [28]. This is because Ry < Ry, = Xc3/2 at any values of Ry. As Rp,
increases from 0 to oo, X¢y increases from 0 to X¢3, and C; decreases from oo to Cs.

Example 5.2

Design a Class E ZVS amplifier of Figure 5.1(a) to satisfy the following specifications:
Vi =100V, Pomaxr = 80W, Ry =150, and f = 1.2MHz. Assume D = 0.5.

Solution. 1t is sufficient to design the amplifier for full power. The required series resis-
tance is

g V2 1002
Ry =R=—-1L =05768 x — =72.19. 5.160
: 2 +4P, * 780 (5-160)

Thus, the amplifier requires a matching circuit. The reactance factor is

R 150
g=|—=—1=,/——1=1039. (5.161)
R, 72.1
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Hence,

Xc3 = oCs = =109 " 144.37 Q (5.162)
resulting in the capacitance \

1 1
C = =
T Xy 27w x 1.2 x 106 x 144.37

The amplitude of the voltage across the capacitor C3 is the same as the amplitude of the
voltage across the load resistance R;. Thus,

— 919 pF. (5.163)

Veam = Vem = v2RLPo = /2 x 150 x 80 = 155 V. (5.164)
Pick C3 =910pF/200V. Let QO = 7. Hence,
1 n(n? —4)
Xeo=—=Xc —Xes =R | O — —— —¢q | =72.1(7T — 1.1525 — 1.039)
a)Cz 16
=346.7Q (5.165)
yielding
C = Lo ! = 383 pF (5.166)
2T oXes  2mx 12x 106 x 3467 OOPE '
The amplitude of the voltage across the capacitor C, is
Veom = Xcoly = 346.7 x 1.49 =517 V. (5.167)

Select C, = 390 pF/600 V. All other parameters are the same as those in Example 5.1.

5.12.2 Tapped Inductor Downward Impedance Matching
Resonant Circuit = 2a

Figure 5.11(a) shows the tapped inductor matching resonant circuit of Figure 5.8(b) that
provides downward impedance transformation. Its equivalent circuit is depicted in Figure
5.11(b). The values of R;, Xci, and X¢c for the resonant circuit can be calculated for

c L
o IM °
- C, L, R,
o
(a)
c L L
o
\_W_/
_~ C1 L Rs
O

Figure 5.11 Tapped inductor downward impedance matching circuit 72a. (a) Matching circuit
m2a. (b) The parallel impedance R;-L, is converted into a series impedance Ry-L;.
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optimum operation at D = 0.5 from (5.146), (5.111), and (5.113), respectively. The series
resistance is

Ro—R=—" /N 0.5768 vy (5.168)
soE T 1244 Po e Po '
1 m(w* + 4R
Xci= — = ———"— R~ 54466R (5.169)
a)Cl 8
and
1 w(m? —4)
Xe=—=|0,— ——|R~(Qr — 1.1525)R. (5.170)
wC 16
The reactance factor of the R;-L, and R,-L, equivalent single-port networks is
Ry Xps
== = . 5.171
1= TR ( )
Resistances Ry and Ry, as well as the reactances Xz, and X;, are related by
R R
Ry=R=—"5 = L (5.172)
I+¢ 14 ( Ry )
X2
and
X X
Xp = —2 — 2 . (5.173)
q RL
Hence,
L L
L=—2 = }2( 5. (5.174)
14+ — 1 AL3
q2 + ( R,
The reactance factor is
Ry
= |——1. 5.175
q R, ( )
Hence,
R R
Xp=wly = = =L (5.176)
q RL
— -1
R;
Since
o =2k _ X (5.177)
TR TR '
and
Xrs = gRy (5.178)

one obtains

R
Xy =l =wlL—- L) =X, — X1y = (0 —g)R; = (QL —/ R—L - 1) R,.  (5.179)
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The range of resistances that can be matched by the circuit shown in Figure 5.8(b) is

Ry < Ry. (5.180)
Suboptimum operation takes place for
0 < Ryup) < Ry (5.181)
and consequently for
R1, < Rupy < 00. (5.182)

It follows from (5.172) that when R is increased from O to X;», Ry increases from 0 to
Rgnax = X12/2, and when Ry is increased from Xj, to oo, Ry decreases from Xj,/2 to 0.
It is clear that the R;-L, circuit behaves like an impedance inverter for Ry > Xj,. If the
optimum operation occurs at Ry = X, then Ry = X1,/2 and the ZVS operation occurs at
any load resistance [25, 30]. In this case, Ry < Rynax = X12/2. As Ry, increases from 0O to
00, Xy increases from 0 to X;,, and L increases from O to L,.

The vertical inductance L, can be replaced by a step-up or step-down transformer, pro-
viding additional impedance transformation. The transformer leakage inductance can be
absorbed into the horizontal inductance L;. Figure 5.2 shows a Class E RF power amplifier
with a transformer. The impedance transformation is increased by the square of the trans-
former turn ratio. The transformer leakage inductance Lj, is absorbed into the inductance
L. The magnetizing inductance L,, is used as an inductor L, connected in parallel with
the load reflected to the primary side of the transformer. The load of this circuit can be a
rectifier. The transformer may be used for wireless power transmission. The circuit can be
used to charge a battery installed inside a person’s body.

Example 5.3

Design a Class E ZVS amplifier with the tapped inductor downward impedance matching
circuit w2a shown in Figure 5.11(a) to satisfy the following specifications: V; = 100V,
Pomaxr = 80W, R, =150, and f = 1.2 MHz. Assume D = 0.5.

Solution. The series resistance Ry is
8 V2 100?
= L =05768 x — =72.1Q. (5.183)
7244 Py 80

A matching circuit is needed. The reactance factor is

_ R 1—,/150 1 =1.039 (5.184)
T=\g ~ TN721 T '

R, =R

The reactance X, is

Ry 150
Xp=owl,=—=—=—==14437Q (5.185)
q 1.039
resulting in the inductance
X1 144.37

L = = 19 uH. (5.186)

o 2m x12x10°

The amplitude of the voltage across the inductance L, is the same as the amplitude of the
voltage across the load resistance Ry. Thus,

Viom = Vam = v2R.Po = +/2 x 150 x 80 = 155 V. (5.187)
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Let O; = 7. Hence,
Xin=owL =X, — X =R (Qr — q) =72.1(7 — 1.039) = 429.79 Q (5.188)

producing

_Xu 429.79

o 27 x 1.2 x 109
The amplitude of the voltage across the inductor L; is

Viim = Xeily, = 429.79 x 1.49 = 640.387 V. (5.190)

All other parameters are identical to those in Example 5.1.

L = 57uH. (5.189)

5.12.3 Matching Resonant Circuit = 1b

Figure 5.12(a) shows the tapped capacitor downward impedance matching circuit. The
values of Ry, Xci, and X; for the circuit shown in Figure 5.12(a) can be calculated for
optimum operation at D = 0.5 from (5.146), (5.111), and (5.112), respectively. The series
resistance R;, and the reactances of the shunt capacitance C; and the resonant inductance

L are
g8 V? v?

R, = L ~0.5768—-L (5.191)
72 +4 Py Po
1 2+ DR
Xer = = TOEDR 5 sucer (5.192)
a)Cl 8
and
X, = OiR. (5.193)
L B A G
o 7)) S o—|

o

)|
Al
o
)

N
o

2

L B A
o N,
= C; =C, <C,3 Rp
(e}
(b)
L B Cs
o——N\’\—o—|
7T C1 Rs
O

(©

Figure 5.12 Tapped capacitor downward impedance matching circuit 7 1b. (a) Matching circuit
m1b. (b) The series impedance R;-C3 is converted to a parallel impedance R,-C,. (c) The parallel
impedance R,-Xp is converted to the series impedance R;-C;.
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The reactance factor of the series circuit R;-C3 located to the right of point A in Figure
5.12(a) is

== - _F 5.194
qa R X ( )

The series circuit R7-C3 can be converted to the parallel circuit R,-C, as depicted in
Figure 5.12(b), using the following equations:

2 Xe3 )\
R, =R (1+qg)=R. |1+ R (5.195)
L
1 R \?
Xep =Xce3 |1+ | = Xez |1+ — (5.196)
q; Xc3
and
G
G =—7 (5.197)
1+ —
a3

The total capacitance to the right of point B is Cg = C; + C,, and the total reactance to
the right of point B is
11 1
Xg  Xco * Xep'
The parallel impedance R,-Xp can be converted to the series impedance R;-C; as shown
in Figure 5.12(c). The conversion equations are

(5.198)

R, Xcs
= £ = 5.199
qB X R ( )
R R
R, =R = "22 d 5 (5.200)
1 +gq; - R,
Xp
X X
Xey =Xe = —2 = . (5.201)
1+ (%
9 R,
On the other hand, the reactance of the capacitance C is
w(n? —4)
Xe =Xes = |01 — 1 R ~ (Qp — 1.1525)R. (5.202)
Hence, the reactance factor of the impedance to the right of point B is
Xes  Xc m(m? —4)
= =— =0, - ——~ ~(Qp — 1.1525. 5.203
qB R, R, oL 16 oL ( )

The parallel resistance is

(2 —4)

2
R,,:R(1+61§)=R{1+[QL— v ”:R[(QL—1.1525)2+1]. (5.204)

The reactance factor of the impedance to the right of point A is

ga= -2 1. (5.205)
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Hence, the design equation for the reactance of the capacitor C3 is

1 R —1.1525)2 +1
X3 = —— = quRy = RL\/ (O Ul Y (5.206)
a)C3 RL
The parallel reactance is
1 R[(Qr — 1.1525)%> + 1
Xep = Xc3 (1 + —2) — [ )+ 1 (5.207)
‘n R[(Qr — 1.1525)% + 1] |
RL
The parallel reactance is
R R —1.1525)% + 1
Xy = % _ Rl y+ 1 (5.208)
4qB QL —1.1525
The reactance X¢; is given by
1 1 1
S —— (5.209)
Xc2 X X
This gives the design equation for the reactance X¢; as
1 R —1.1525)% + 1
Xy = = [(Oc )+ 1] ' (5.210)
@tz R[(Qr — 1.1525)* + 1
QL—1.1525—\/ Qs : Pl
L

The resistances that can be matched by the above-mentioned circuit are
R
(Qr — 1.1525)2 + 1
Suboptimum operation takes place for

Ry(supy < R; (5.212)

<R, <Ry (5.211)

and therefore for

Rs(sub) < RL- (5213)

Example 5.4
Design a Class E ZVS amplifier with tapped capacitor downward impedance matching

circuit 7 1b depicted n Figure 5.12(a) to satisfy the following specifications: V; = 100V,
Pomaxr = 80W, R, = 1502, and f = 1.2 MHz. Assume D = 0.5.

Solution. Assuming Q; = 7, the reactance of the capacitor C; is calculated as

1 R —1.1525)2 + 1 72.1[(7 — 1.1525)2 + 1
Xen L _ g [RLQ P s 7200 241
a)C3 RL 150
=598.43 Q2 (5.214)
resulting in
1 1
C3 = = 221.6285 pF. (5.215)

wXcs 27 x 1.2 x 106 x 598.43
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The amplitude of the current through the load resistance R; and the capacitance C3 is

ey = 2P0—,/2X80—1067A (5.216)
Rm — RL = 150 = 1. . .

Hence, the amplitude of the voltage across the capacitance C3 is
Vesm = Xeslrn = 598.43 x 1.067 = 638.32V. (5.217)

Pick C3 = 220pF/700 V.
The reactance of the capacitor C; is

1 R[(Q1 — 1.1525)> + 1]
XC2 - a)Cz - 2
RI(Qr — 1.1525)2 + 1
QL—1.1525—\/ (0L Pl
Ry
72107 — 1.1525)2 + 1
= L 1 =1365.69Q  (5.218)
72.1[(7 — 1.1525)% + 1]
7 —1.1525 — -1
150
yielding
e ! =97.115pF (5.219)
27 oXer 2w x 12 x 106 x 1365.69 O PF '
The amplitude of the current through the capacitor C; is
Vean =/ V2, + V&, = v/160.052 + 638.322 = 658.08 V. (5.220)

Pick C; = 100pF/700 V. All other parameters are the same as those in Example 5.1.

5.12.4 Matching Resonant Circuit = 2b

The values of Ry, Xc1, and X¢ for the circuit shown in Figure 5.13(a) can be calculated for
optimum operation at D = 0.5 from (5.146), (5.111), and (5.113), respectively. The series
resistance R, and the reactance of the shunt capacitance C; are

8 V7 43
Ry =R = L~ 05768 (5.221)
7244 Py Po
and
Xei= — =0 (=47, (5.222)
LY 16 ' '

The reactance factor of the series circuit R;-L, and the equivalent parallel circuit R,-L, is

given by

X R

gp="2=r (5.223)
R, Xy
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Figure 5.13 Tapped inductor downward impedance matching resonant circuit 772b. (a) Matching
resonant circuit 72b. (b) Series impedance R;-L, is converted into a parallel impedance R),-L,. (c)
Parallel impedance R,-L,-L; is converted into a series impedance R,-L;.

The parallel components are

X 2
R, =Ry (1+43) =Ry [1 + (R—“> } (5.224)
L
1 R\’
Xy =Xpa (14— ) =Xe2 | 14 (o (5.225)
qi X1

and

1 R, \?
L=h(l+=)=L|1+(3-) | (5.226)
qa X0

The reactance of the components Li-L,-R, is
1 1 1

— =+ . (5.227)
Xp  Xu Xy
The series components Rs-L; can be described by

Rp XLs XL
— —r _ 2L _ 2k 5.228
OL=gqs X, ~ R, R ( )

R R
R, =R=—2~ L (5.229)
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and
X X
X =X, = Bl - B (5.230)
1+ (X
o) R,,
The parallel resistance is
R, = Ry(1+g3) =R + 0}). (5.231)
Next,
/ Ry R(QL D_ (5.232)
Hence,

R(Q? +1
X1 = qaR = Ry, % —1. (5.233)
L

The parallel reactance is

1 R(Q? +1
X1, =X <1 + —2) = L (5.234)
i R(Q} + 1) .
Ry
The parallel reactance is
R, R(Q?+1
Xp =L = M. (5.235)
qB )3
Using
1 1 1
—_—— (5.236)
X X X
we obtain )y
R +
X =l = @ +b (5.237)
RQ}+ 1)
0 — | =L 1
R
This circuit can match resistances in the range
RL
5 <Ry <Ry. (5.238)
or +
Suboptimum operation takes place for
Rs(sub) < Rs (5239)
and therefore for
Rs(sub) <R;. (5240)

Example 5.5

Design a Class E ZVS amplifier with tapped inductor downward impedance matching
circuit 72b shown in Figure 5.13(a) to satisfy the following specifications: V; = 100V,
Pomaxr = 80W, R, = 1502, and f = 1.2 MHz. Assume D = 0.5.
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Solution. Assume that Q; = 7. The reactance of the inductance L; is
R(QL 72.1(7* +

R(QL +1) /72 1(72 1)
VTR 150

Hence, the inductance L, is
X 1638.1

==
! w 2 x 1.2 x 100

XLl = a)Ll = 1638.1 Q. (5241)

= 217.26 uH. (5.242)

The reactance of L, is

R(Q? +1 72.1(72 + 1
X =Ry RO+ D 5o 714D 7198060, (5.243)
RL 150

Hence, the inductance L, is
X1 719.896
L2 e
D) 27 x 1.2 x 100

All other parameters are identical to those of Example 5.1.

= 95.48 uH. (5.244)

5.12.5 Quarter-wavelength Impedance Inverters

An impedance inverter can be realized using a quarter-wavelength transmission line inserted
between the series-resonant circuit and a load impedance Z;, as shown in Figure 5.14. The
length of the transmission line is [ = A/4 or is an odd number of multiple of a quarter-
wavelength [ = A/[4(2n — 1)]. The input impedance of the A/4 transmission line loaded
with impedance Z; is given by

Z + iz, tan [ 22
an{ ——
LT %o v a) 72

Zi =27 = .
' ° 27 A ZL
Zy, 4 jZ tan

(5.245)

4

Figure 5.15 shows two quarter-wavelength impedance inverters using m-configuration
lumped-element resonant circuits. The characteristic impedance of both circuits is given by

1

wC
The input impedance of the impedance inverter of Figure 5.15(a) is
ZoZ 7} z?
= —jZl| (JZ + #) =jl|l—5 = . (5.247)
Z; —JjZ, ZL—jZ, Zp
Y
Ly c T4

Figure 5.14 Class E RF power amplifier with a quarter-wavelength impedance inverter.
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L
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(b)

Figure 5.15  Quarter-wavelength impedance inverters using 7 networks consisting of
lumped-element reactances. (a) Quarter-wavelength impedance inverter consisting of two capaci-
tors and an inductor. (b) Quarter-wavelength impedance inverter consisting of two inductors and a
capacitor.

Likewise, the input impedance of the impedance inverter of Figure 5.15(b) is

; 2 2
7 =it (=it + 3 ) =l = 2 (5.248)
ZL —JjZ

The expression for the input impedance Z; of these circuits is the same as that for the input
impedance of a quarter-wavelength impedance inverter using a transmission line. As |Zy |
increases, |Z;| decreases.

If Z;, = Ry and Z; = R, then the required reactances of the quarter-wavelength matching
circuits are given by

1
Z,, = XL =wlL = Xc = _C = \/RRL. (5249)
w

Example 5.6

Design a Class E ZVS power amplifier with a quarter-wavelength impedance inverter with
the lumped-element parameters shown in Figure 5.15(a) to satisfy the following specifica-
tions: V; = 100V, Poaxr = 80W, Ry = 150, and f = 1.2 MHz. Assume D = 0.5.

Solution. The reactances of the quarter-wavelength impedance inverter are given by
1

Z, =X, =wL=X¢c = Vel = /RR; =+/72.1 x 150 = 103.995 Q2. (5.250)
w
Hence, the inductance is
Z, 103.995

L= = 13.79uH (5.251)

27w x 1.2 x 106
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and the capacitances are
I 1
wZ, 27w x 1.2 x 100 x 103.995

All other parameters are the same as those of Example 5.1.

= 1.2753nF. (5.252)

Figure 5.16 shows two T-type quarter-wavelength transformers made up of lumped
components. These transformers are introduced here. In the circuit of Figure 5.16(a), the
capacitances C and C; can be combined into a single capacitor. In the circuit of Figure
5.16(b), the inductances L and L, can be combined into a single inductor. The characteristic

impedance of both circuits is given by
1
Z, = wL=—. (5.253)
oC

The input impedance of the transformer shown in Figure 5.16(a) is

iZo(—jZo + Z z?

7= —jz, + 2L _ % (5.254)
JZo —jZo +Z1 7

The input impedance of the transformer shown in Figure 5.16(b) is

(_jZ())(jZ() +ZL) o Z_oz

7, = iz, + —J20” = %o
C e 7o+ 4L

(5.255)

VI
E|RFC
l L C o o
r—f—o—]
+
o— -~ C4 L RZ v,
(a)
7
| RFC
C L L Ly
M‘—C’_’\N\—'
+
°_| rl\ C1 ~ Ct R v,

Figure 5.16  Quarter-wavelength impedance inverters using T-type networks consisting of
lumped-element reactances. (a) Quarter-wavelength impedance inverter consisting of two capaci-
tors and an inductor. (b) Quarter-wavelength impedance inverter consisting of two inductors and a
capacitor.
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5.13 Push-pull Class E ZVS RF Amplifier

A push-pull Class ZVS RF power amplifier with two RF chokes is depicted in Figure 5.17
[5]. The circuit with the two RF chokes can be simplified to the form depicted in Figure 5.18.
This amplifier consists of two transistors, two shunt capacitors Cy, RF choke, center-tapped
transformer, and series-resonant circuit driven by the secondary winding of the transformer.
The transformer leakage inductance is absorbed into the resonant inductance L, and the
transistor output capacitances are absorbed into shunt capacitances C.

Voltage and current waveforms, which explain the principle of operation of the amplifier
of Figure 5.18, are depicted in Figure 5.19. The dc supply voltage source V; is connected
through an RF choke to the center tap of the primary winding of the output transformer.
The switching transistors (MOSFETS) are driven on and off in opposite phase. The voltage
across the secondary winding consists of positive and negative Class E pulses. The series-
resonant circuit filters out all harmonics, and only the voltage of the fundamental component
appears across the load resistance R;. The odd harmonics ideally are zero in all push-pull
amplifiers. The amplitude of the output voltage is twice the amplitude of the single-transistor
Class E amplifier. As a result, the output power increases four times.

Figure 5.18 Push-pull Class E ZVS RF power amplifier.
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Figure 5.19 Waveforms in push-pull Class E ZVS RF power amplifier.

The load resistance seen by each transistor across each primary winding is given by
R = n’R; (5.256)

where n is the transformer turns ratio of the number of turns of one primary winding to the
number of turns of the secondary winding. The relationships among component values are

8 8

C, = = 5.257
T TG+ HR T 122 + 4R, (5-257)
L 24
oy n@" -4 (5.258)
R 16
1 —(o wlp\ 0 7 —4) (5.259)
wCR,  \“F T R, ) [*F 16 ' '
The output power is
Po = 2V (5.260)
0T 224 n2R;’ '

The Class E ZVS symmetrical RF power amplifiers are shown in Figure 5.20 [50, 58].
The amplitudes of harmonics in the load are reduced in these amplifiers, like in push-pull
amplifiers.
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Figure 5.20 Class E ZVS symmetrical RF power amplifiers with reduced harmonics in the load.
(a) Class E symmetrical amplifier with series-resonant circuit [50]. (b) Class E symmetrical amplifier
with series-parallel circuit [58].

5.14 Class E ZVS RF Power Amplifier with Finite
DC-feed Inductance

The Class E power amplifier can be operated with a finite dc-feed inductance Ly instead of
an RF choke, as shown in Figure 5.21. The output network is formed by a parallel-series
resonant circuit. The inductance Ly and the shunt capacitance C; form a parallel-resonant
circuit and the capacitor C and the inductor L form a series resonant circuit. This circuit
is easier to integrate because the dc-feed inductance is small. A small dc-feed inductance
has a lower loss due to a smaller equivalent series resistance. In addition, if the amplifier
is used as a radio transmitter with AM or any envelope modulation, it is easier to reduce
distortion [17]. One such application of the Class E amplifier is in the envelope elimination
and restoration (EER) system. The current and voltage waveforms of the Class E power
amplifier with a dc-finite inductance are depicted in Figure 5.22. The peak-to-peak current
of the finite dc-feed inductance Ly increases as Ly decreases and becomes larger than
the dc input current ;. Table 5.1 gives the parameters for the Class E amplifier with a

, |
s J fet Vi
+ L +
AL, e e [ A% v

Vas -|- v
O _

Figure 5.21 Class E power amplifier with finite dc-feed inductance L.

)
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Figure 5.22 Waveforms in Class E power amplifier with finite dc-feed inductance Lj.
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Table 5.1 Parameters of Class E amplifier with finite DC-feed
inductance.
oLy /Roc wlf/R  oCR  ol/R  RPo/V}
's) 00 0.1836 1.152 0.5768
1000 574.40 0.1839 1.151 0.5774
500 289.05 0.1843 1.150 0.5781
200 116.02 0.1852 1.147 0.5801
100 58.340 0.1867 1.141 0.5834
50 29.505 0.1899 1.130 0.5901
20 12.212 0.1999 1.096 0.6106
15 9.3405 0.2056 1.077 0.6227
10 6.4700 0.2175 1.039 0.6470
5 3.6315 0.2573 0.9251 0.7263
3 2.5383 0.3201 0.7726 0.8461
2 2.0260 0.4142 0.5809 1.0130
1 1.3630 0.6839 0.0007 1.3630
0.9992 0.7320 0.6850 0.0000 1.3650
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finite dc-feed inductance [41]. As wLs/Rpc decreases, oCR and PoR/ V12 increase, and
wL, /R decreases. For the last set of parameters in Table 5.1, L, =0, L, = L, and the
resonant frequency of the components L and C is equal to the operating frequency so that
w = 1/+/LC. Assuming the value of the loaded quality factor Q;, these components can
be calculated from the following relatiLonship1 [51]:

)

=——=0;j. 5.261
R —acR - & ( )

Example 5.7

Design a Class E ZVS power amplifier to satisfy the following specifications: V; = 3.3V,
Pomar = 0.25W, f = 1 GHz, and the bandwidth BW = 0.2 GHz. Assume D = 0.5.

Solution. Let us assume that wLs /Rpc = 1. The load resistance is

V7 3.3%
R =1.363— =1.363 x —— = 59.372 Q. (5.262)
Po 0.25
The shunt capacitance is
0.6839 0.6839
= = = 1.833 pF. 5.263
'T TR 2n x 109 x 59.372 P (5263)
The dc feed inductance is
1.363R  1.363 x 59.372 12.879 nF (5.264)
= = = . nr. .
f 10) 27 x 109
The loaded quality factor is
f 10°
= = ——— = 5_ 5.265
OL= 5w =02 x 109 (5:265)
The inductance of the series-resonant circuit is
R 5x59.372
L= AR _5x — 47.246 nH. (5.266)
1) 27 x 10°
The capacitance of the series-resonant circuit is
1 1
= 0.537pF. (5.267)

T WRO. 21 x 10° x 59.372 x 5
The dc input resistance is
Vi ol 2w x 10° x 12.879 x 1077

Rpc = — = = 80.921 Q. 5.268
pe =7 I 1 ( )
Assuming the efficiency n; = 0.8, we obtain the dc input power
P 0.25
Pp=-2="""203125W (5.269)
nr 0.8
and the dc input current
P 0.3125
L =-1= — 94.7mA. (5.270)

TV, 33
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5.15 Class E ZVS Amplifier with Parallel-series
Resonant Circuit

A special case of a Class E ZVS amplifier with a finite dc inductance Ly is obtained, when
the series components L and C are resonant at the operating frequency f = w/(27) [65]

1
0=y = —. (5.271)
VLC
The resonant frequency of the parallel-resonant circuit is
1
W, = . 5.272
= e (5.272)

The ratio of the two resonant frequencies is

1 VIC
g=22_ 2 _ = . (5.273)

ws @ oyLC LG

The output current is assumed to be sinusoidal

i = I, sin(wt + ¢). (5.274)
From KCL,
iy =is +ici+i. (5.275)
When the switch is ON,
vg =0 (5.276)
VLf = V[ (5277)
dVS
ic1 = oC =0 5.278
icl = ' Swr) ( )
= — /w d() + i1y (0) = — /MVd< 0 + it (0) = —wot + i (0)
ljf = ——— Vi dlw 1353 = — 1 Alw lrf = —w lrf
d a)Lf 0 d 4 a)Lf 0 d a)Lf d
(5.279)
and the switch current is given by
Vi
is =iy —i = let +i1r(0) — I, sin(wt + ¢) for O<wt<m. (5.280)
. ol .
Since
is(0) = ifs(0) — I, singp =0 (5.281)
irg(0) = I, sin ¢. (5.282)
Hence,
' VI i1 sin ¢ (5.283)
iif = —wt — .
Lf wa m
and v
is = —L’wt + Iylsing — sin(wt +¢)]  for 0 < wt < 7. (5.284)
w

f
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When the switch is OFF, the switch current i is zero, vp = V; — vg, and the current through
the shunt capacitance C;

dVS 1 ot

"d(wt) oLy

icy = iLf —1 v d(wt) + iLf(ﬂ) — I, sin(wt + ¢)

1 wt
= — (Vi —vs)d(wt) + irp(m) — I, sin(wt +¢)  for 7 < wt <27 (5.285)
a)Lf T
where vg(r) = 0 and

TV
irp(m) = w——i—l sin¢. (5.286)

Equation (5.285) can be differentiated to obtain a linear nonhomogeneous second-order
differential equation

d2
21.C
N G2

The general solution of the differential equation is

+vs — Vi —wLsl, cos(w + ¢) = 0. (5.287)

:/—S = Ay cos (g + Azsin (gen) + 1+ 77 - cos(wr + 9) (5.288)
I
where
_ ksl (5.289)
p= v, .
Wy 1
=L = 5.290
1= = C ( )
Al qu 1[q cospcosmg + (2g*> — ) singsinmg —cosmg —mgsinmg  (5.291)
and

Ay = qqui 1[q cos¢sinmwg — (Zq2 — 1)singcosmqg +mwgcosmg —sinmg. (5.292)

The three unknowns in (5.288) are: p, g, and ¢. Using the ZVS and ZDS conditions for
vs at wt = 27 and the equation for the dc supply voltage

1 21
Vi = —/ vs d(wt) (5.293)
27 J,
one obtains the numerical solution of (5.288)
_er_ 1 (5.294)
T wy/LrCy .
a)LfIm
p= Sl oy (5.295)
Vi
and
¢ = 195.155°. (5.296)

The dc supply current is given by

1 [ I, (7?2
= 2_/ is d(wt) = 2—” <2— +2cos¢p — 1 sin¢> ) (5.297)
7 Jo T \2p
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The component of the switch voltage at the fundamental frequency is dropped across the
load R and therefore its reactive component is zero

1 21
V1 = — / vs cos(wt + ¢) d(wt) = 0. (5.298)
T Jo
The final results obtained from numerical solution are as follows:
(,()Lf
— =0.732 (5.299)
R
wCiR = 0.685 (5.300)
oL _ 1 _p (5.301)
R wCR ~* '
R
tan Y = — — wC|R (5.302)
a)Lf
Y = 145.856° (5.303)
Vi = 0.945V; (5.304)
I; = 0.8261,, (5.305)
I, =1.211I; (5.306)
V7
Py = 1.365? (5.307)
Ipy = 2.6471; (5.308)
Vpsu = 3.647V; (5.309)
¢, =0.1036 (5.310)
and
Po
Jmax = 0.0798 - (5.311)
oVy

5.16 Class E ZVS Amplifier with Nonsinusoidal
Output Voltage

Figure 5.23 shows a circuit of the Class E amplifier with nonsinusoidal output voltage
[18]. This circuit is obtained by replacing the resonant capacitor C in the Class E amplifier
of Figure 5.1 with a blocking capacitor C;,. The loaded quality factor Q; becomes low,
and therefore the output voltage contains a lot of harmonics. The circuit of the Class E
amplifier shown in Figure 5.23 is able to operate under ZVS and ZDS at any duty cycle
D. Waveforms in the Class E amplifier with a nonsinusoidal output voltage are shown in
Figure 5.24.
From KCL,

is =1 —icy1 —1I. (5.312)
From KVL,
vs = Vi +vp +v,. (5.313)
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Vi

L i
NN
+V -

Figure 5.23 Class E amplifier with nonsinusoidal output voltage.
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Figure 5.24 Waveforms of Class E amplifier with nonsinusoidal output voltage.
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When the switch is ON for 0 < wt <27D or 0 <t <1,

vs =0 (5.314)
dVS
ic1 =C;—— =0 and 5.315
ici 'dn an ( )
Vi .
L — _SLI(s)+ Li(0) — RI(s) (5.316)
S

where i(0) is the current through the inductor L at # = 0. Under the ZVS and ZDS conditions
vs(0) = 0 and dvg(0)/dt =0 at t =0, is(0) = 0 and i¢1(0) = 0. Therefore,

i(0)=—1I,. (5.317)
From (5.316),
TR R)P UL '
resulting in
. . V Rwt
s =1 —i= (1, + ?1) exp (_E) . (5.319)
The dc supply current is obtained as
1 [ a Vv
I} = — is d(wt) = — 5.320
1= [ sden = 2= (5.320)
where
0 2nAD
=D+ — — 5.321
a + A |:exp< 0 ( )
1
A= J& = (5.322)
f w+/LCy
o=k _ 1 (5.323)
- R - a)oClR '
and
! (5.324)
woy = . .
'~ VLG
Substitution of (5.320) into (5.319) yields the normalized switch current
is 1 Awt
—=—|l—exp|—— for 0 <wt <27D (5.325)
I a 0
and
’Ii =0 for 27D <ot <27 (5.326)
1
When the switch is OFF for 27D < wt <2m ort; <t <T,
is =0 (5.327)
1,
Vs(s) = €19) (5.328)
sCq

1 )
Iei(s) =1(s) + ——e ™ (5.329)
SC]
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and
_ & —sty __ . —stp __
Vs(s) = —e sLI(s) + Li(t))e RI(s) (5.330)
s
where i(t1) is the initial condition of the inductor current at ¢t = t;. Thus,
B Vi I . ]
— = + si(t1)
1 I
Ve(s) = | — L LG + o e, (5.331)
sC1 n Es n RS s2C
L L LC i
For the oscillatory case (Q > %),
B Vi I . ]
- - + si(t1)
1 L LG I
V. =|— + == S 5.332
5(s) O Gralia? a0 |¢© ( )

where @ = R/2L and w, = wo+/1 — 1/4Q2. Substituting (5.320) into (5.332) and taking
the inverse Laplace transform, we obtain the normalized switch voltage
:/—S =0 for 0<ar<27D (5.333)
1

and

vs 1 {1 e [_A(wt _ 27rD)] [Cos (A,/4Q2 1wt — 27tD)>

1
Vi 1—a 20 20

207 (1 —exp (- Z4PY) 4

- P 0 n [AVAQ7 ~ T(@t — 27D) “
402 — 1 20

for 27D < wt <2m. (5.334)

Imposing the ZVS and ZDS conditions on the switch voltage, we obtain the relationship
among D, O, and A in the form of a set of two equations:

o |:JTA(1 — D)/402 — 1}

0

2Q2 |- _27‘[AD _
exp 0 o |:nA(1 — D)J40? — 1}

407 — 1 0
~ exp [#} (5.335)
and <_ 27rAD> L
. {m(l - D;m] _ Jior 1 o Q0 (5.336)

( 2w AD n 1) ’
exp| ———
Q

These equations can be solved numerically. For D = 0.5, the solutions for which the ZVS
and ZDS conditions are satisfied and the switch voltage is nonnegative are

A = 1.6029 (5.337)
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and
0 = 2.856. (5.338)
The output voltage is given by
L . A9 for 0 <wr < 27D (5.339)
— = —exp| ——— or <w T .
Vi a—1 1-a P\720 =
and
v a \/Qz [1 ( 2nAD>T .\ ( 27rAD>
— = —exp | — exp | —
Vi Ta-1 00-a) "Io PAITo
A(wt — 27D A/40?% — 1(wt — 27D
20 20
1 .| AV40?% — 1(wt — 27 D) " }
— sin —
402 — 1 10
for 27D < wt <2m. (5.340)
where
V40?2 -1
Y = arctan (5.341)
27 AD
2021 —exp| — -1
0
The major parameters of the amplifier at the duty cycle D = 0.5 are [18]:
V72
Po = 0.17887 (5.342)
Vi
Rpc = T = 2.7801R (5.343)
I
Vs = 3.1014V; (5.344)
Isy = 4.27041; (5.345)
woL
= = = 2.856 5.346
Q R a)()C]R ( )
wCiR = 0.288 (5.347)
wlL
o =2.4083 (5.348)
Po
p = = 0.0857 (5.349)
Ism Vsm
and
Po
finax = 1.6108 5 (5.350)
oVy

where C, is the transistor output capacitance. At f = fax, C1 = C,.

Example 5.8

Design a Class E ZVS power amplifier with nonsinusoidal output voltage to satisfy the
following specifications: V; = 100V, Popuex = 80W, and f = 1.2 MHz.
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Solution. Let us assume the duty cycle D = 0.5. The load resistance is

V72 1002
R =0.1788—/— = 0.1788—— = 22.35Q. (5.351)
Po 80
The dc input resistance seen by the power supply V; is
V
Rpc = I_I =2.7801R = 2.7801 x 22.35 = 62.135 Q. (5.352)
1
Assuming the amplifier efficiency n = 0.95, the dc supply power is
Po 80
Pp=—=—=28421W. (5.353)
n 0.95
Hence, the dc supply current is
=282 (5.354)
"Tv, T 100 ‘ '
The voltage stress of the switch is
Vsu = 3.1014V; = 3.1014 x 100 = 310.14 V (5.355)
and the current stress of the switch is
Iy = 4.27041; = 4.2704 x 0.8421 = 3.59 A. (5.356)
The resonant frequency is
fo=Af =1.6029 x 1.2 x 10® = 1.923 MHz. (5.357)

The inductance is
OR 2.856 x 22.35

L=—= = 5.283 uH. 5.358
wo | 27 x 10° x 1.923 ! (-358)
The shunt capacitance is
1 1
= 28.98 nF. (5.359)

Owo  2.856 x 27 x 1.923 x 106

5.17 Class E ZVS Power Amplifier with Parallel
Resonant Circuit

Figure 5.25 shows a circuit of the Class E power amplifier with a parallel resonant circuit.
This circuit is also called a Class E amplifier with only one capacitor and one inductor
[11-15]. Another version of this amplifier is depicted in Figure 5.26 in which the dc supply
voltage source V; is connected in series with the inductor L and a blocking capacitor is
connected in series with the load resistance R. The circuit of the amplifier is obtained from
the conventional Class E ZVS power amplifier by replacing the RF choke with a dc-feed
inductance and the series resonant circuit by a blocking capacitor Cy. Current and voltage
waveforms are shown in Figure 5.27. The drain current waveform is an increasing ramp
and the voltage waveform can satisfy both ZVS and ZDS conditions. The ZVS and ZDS
conditions can be satisfied at any duty cycle D. From KCL and KVL,

is =i +ic+1i (5.360)
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it
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o—||: Vg LS C/~ R vo
° I
VI

Figure 5.26 Another version of Class E amplifier with only one capacitor and one inductor.

and
vs = Vi —v,.

Let us consider the amplifier circuit of Figure 5.25.
27D or 0 < wt <1y,

(5.361)

When the switch is ON for 0 < wt <

vs =0 (5.362)
v =V (5.363)
Vi
= — 5.364
i= 4 ( )
dv,
i = wC = 5.365
ic =w (D) ( )
1 [ 1 [ Viwt
ip = —/ v, d(wt) + i (0) = —/ Vi d(wt) +ip(0) = ! +i.(0) (5.366)
L Jo L Jy wL
. % 4 Viwt +i,0) (5.367)
s = R oL 175 . .
Since i5(0) = 0, ir.(0) = —V;/R. Hence,
Viwt Vi
= - — 5.368
iL=—" R ( )
and
Viwt
is =ip+i = —o. (5.369)
wlL
The dc supply voltage is
1 2nD 1 2nD Vot DZV
L =— / i d(owr) = — / T (ot = 221 (5.370)
2 0 2 0 wL wlL
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Vas
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| | |
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Figure 5.27 Waveforms of Class E amplifier with only one capacitor and one inductor.

where 2 D = wt;. Hence, the dc resistance seen by the dc supply voltage source is given by

Rpe = L = “L (5.371)
be =0, T ap¥ '
The normalized switch current waveform is given by
] t
52 for 0<awr<27D (5.372)
]1 7'L’D2
and .
15
Ii =0 for 27D <t <27. (5.373)
1
When the switch is OFF for 27D < wt <2m orwt] <t < T,
is =0 (5.374)

Ip(s) +1c(s) +1(s) =0 (5.375)
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V.
I(s) = Yols) (5.376)
R
Ic(s) = sCV,(s) — Cv,(t;) e (5.377)
V. i (t
I(s) = o) | i) (5.378)
sL s
where v,(t;) = V; and ir(t;) = V;(t;/L — 1/R). Hence,
5] 1
§—
Vo(s) = v, —RE_RE (5.379)
24 % 4 -
+ RC + LC
For the oscillatory case (Q > %),
(s — a)étl + 20)e™51
V. =V, 5.380
) = Vi (5.380)
where !
w,
0= =2 (5.381)
2RC 20
and
wp =Jw§ —a? = wpy/1 — 1/402. (5.382)
Thus, the normalized switch voltage is
:/—S =0 for 0<ar<27D (5.383)
1
and
A A/402 — 1
Yo 1 —exp|—==(wt —21D) | cos L(wt —2nD)
Vi 20 20
4TAQD — 1 | | AJ/40%2 -1
— sin (wt =271 D) for 27D < wt <2m (5.384)
402 — 1 20
where 1
wy = —— 5.385
"= Vic 389
1
A= ]& = (5.386)
[ wJLC
and R
0 = woRC = —. (5.387)
a)()L

Using the ZVS and ZDS conditions for the switch voltage at wt = 2w, we obtain a set of
two equations:

cos {ma — D)\/40?% — 1] _ 4mAQD -1 |:71A(1 - D)\/m}
0 402 -1 0

— exp [#] (5.388)

and

(5.389)

wAD — Q

. |:71A(1 —D)/40? — 1} _ mAD\/40? — 1
5 - .
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These set of equations can be solved numerically. At D = 0.5, the solutions are

A =1.5424 (5.390)
and
0 = 1.5814. (5.391)
The output voltage waveform is
‘V/—O —1 for O0<ar<27D (5.392)
1
and
A AJ40% -1
Yo _ exp| —=—=(wt —2mD) | { cos L(a)t —2nD)
Vi 20 20

4TAQD —1 . | AV402 -1
— sSin
402 — 1 20

The most important parameters of the amplifier at the duty cycle D = 0.5 are given by [15]

(wt — 2nD)] } for 27D < wt <2m. (5.393)

Vi
Rpc = -+ = 0.522R (5.394)
1
Isy = 41 (5.395)
Vour = 3.849V; (5.396)
43 43
Po =nADQ-L- = 191581 (5.397)
Jo
A=" = 15424 (5.398)
S
R
0 = wyCR = — = 1.5814 (5.399)
wolL
wCR = 1.0253 (5.400)
L
O _0.41. (5.401)
R
P
Cp = —2— =0.0649 (5.402)
Isp Vsy
and
Po
frnax = 0.5318——. (5.403)
C,V;

Example 5.9

Design a Class E ZVS power amplifier with a parallel resonant circuit to satisfy the fol-
lowing specifications: V; = 3.3V, Ppoy = 1 W, and f = 2.4 GHz.

Solution. We will assume the duty cycle D = 0.5. The load resistance is

2 2

v, 3.3
R=19158_L = 1.9158 x ~— =20.86 Q. (5.404)
o
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The dc input resistance seen by the power supply V; is

Rpc = ‘I/—II = 0.522R = 0.522 x 20.86 = 10.89 Q. (5.405)
Assuming the amplifier efficiency n = 0.8, the dc supply power is
P = P70 = 01_8 =1.25W. (5.406)
Hence, the dc supply current is
I = i = 125 =0.379A. (5.407)
Vi 3
The voltage stress of the switch is
Vsy = 3.849V; =3.849 x 3.3 =12.7V (5.408)
and the current stress of the switch is
Iy =41 =4 x 0379 = 1.516 A. (5.409)
The resonant frequency is
fo =Af = 1.5424 x 2.4 x 10° = 3.7 GHz. (5.410)

The resonant inductance is
I — 0.41R 0.41 x 20.86

T o 2m x24x10°

= 0.567nH. (5.411)

The resonant capacitance is
C— 1.0253 1.0253
 wR 27 x 2.4 x10° x 22.86

= 2.974 pF. (5.412)

5.18 Amplitude Modulation of Class E ZVS RF Power
Amplifier

The output voltage waveform in the Class E ZVS amplifier for continuous-wave (CW)
operation, i.e., without modulation, is given by

Vo = V. coswt. (5.413)

where w, is the carrier angular frequency and V. is the carrier amplitude. The amplitude
of the output voltage of the Class E ZVS RF power amplifier V,, is directly proportional
to the dc supply voltage V;. For the duty cycle D = 0.5, the output voltage amplitude is

4
Ve = +4V1. (5.414)
This property can be used for obtaining amplitude modulation, as proposed in [17].
Figure 5.28 shows the circuit of a Class E ZVS RF power amplifier with drain amplitude
modulation [17]. The source of the modulating voltage v,, is connected in series with the
dc supply voltage source V;, e.g., via a transformer. The voltage waveforms in the AM
Class E amplifier are shown in Figure 5.29. A modulating voltage source v,, is connected
in series with the dc voltage source V;. The modulating voltage is given by

Vi = Vi COSwy,t. (5.415)
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Figure 5.28 Class E ZVS RF power amplifier with drain amplitude modulation.

“haaann

(a)

(d)

Figure 5.29 Waveforms in Class E ZVS RF power amplifier with drain amplitude modulation.
(a) CW drain-to-source voltage vps. (b) Modulating voltage v,,. (c) AM drain-to-source voltage vps.

(d) AM output voltage v,.

Therefore, the supply voltage of the amplifier with amplitude modulation is
vi(t) = Vi +v,,(t) = V; 4+ V,, cosw,t.

The amplitude of the output voltage is

Vm(t) = [VI + vm(t)] = (VI + Vi COS(,()ml).

4 4
V244 V2 +4

The switch voltage is vs = 0 for 0 < .t < 7 and

(5.416)

(5.417)

3w
vs = (Vi + V), cos wy, ) (a)ct + > 3 COS w.t — sina)ct> for m < w.t < 2m.

(5.418)
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Assuming an ideal bandpass filter of the Class E amplifier, the output voltage waveform is

Vo = Viu(t) cosw.t = (Vi + V,, cos w,,t) cos w.t

4
V244

4
= ———Vi(1 +mcosw,t)cosw.t = V.(1 +mcosw,t)cosw.t (5.419)

Ne=gr

where the modulation index is

Vin
= —. 5.420
m= ( )
The output voltage waveform can be rearranged to the form
mV, mV,
v, = V. cosw.t + — cos(we — wp)t + — cos(we + wy)t. (5.421)

In reality, the voltage transfer function of the series-resonant circuit in the Class E amplifier
under ZVS and ZDS conditions is not symmetrical with respect to the carrier frequency.
The carrier frequency f. is higher than the resonant frequency of the series-resonant circuit
fr (.e., fo > f). Therefore, the two sideband components are transmitted from the drain to
the load resistance R with different magnitudes and different phase shifts (i.e., delays). The
upper sideband is attenuated more than the lower sideband. In addition, the phase shift of
the upper sideband is more negative than that of the lower sideband. The phase shift of the
lower sideband may become even positive. These effects cause harmonic distortion of the
envelope of the AM output voltage [17].

5.19 Summary

e The Class E ZVS RF power amplifier is defined as the circuit in which a single transistor
is used and is operated as a switch, the transistor turns on at zero voltage, and the transistor
may turn on at zero derivative.

e The transistor output capacitance, the choke parasitic capacitance, and the stray capaci-
tance are absorbed into the shunt capacitance C; in the Class E ZVS power amplifier.

e The turn-on switching loss is zero.

e The operating frequency f is greater than the resonant frequency fy = 1/(2w+/LC) of
the series-resonant circuit. This results in an inductive load for the switch when it is ON.

e The antiparallel diode of the switch turns off at low di /d¢ and zero voltage, reducing
reverse-recovery effects. Therefore, the MOSFET body diode can be used and there is
no need for a fast diode.

e Zero-voltage-switching operation can be accomplished in the basic topology for load
resistances ranging from zero to R,,. Matching circuits can be used to match any
impedance to the desired load resistance.

e The peak voltage across the transistor is about four times higher than the input dc voltage.
Therefore, the circuit is suitable for low input voltage applications.

e The drive circuit is easy to build because the gate-to-source voltage of the transistor is
referenced to ground.

e The circuit is very efficient and can be operated at high frequencies.
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e The large choke inductance with a low current ripple can be replaced by a low inductance
with a large current ripple. In this case, the equations describing the amplifier operation
will change [24].

e The loaded quality factor of the resonant circuit can be small. In the extreme case, the
resonant capacitor becomes a large dc-blocking capacitor. The mathematical description
will change accordingly [18].

e The maximum operating frequency of Class E operation with ZVS and ZDS or with
ZVS only is limited by the output capacitance of the switch and is given by (5.62).

e The maximum operating frequency of the Class E power amplifier increases as the duty
cycle decreases.
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5.21 Review Questions

5.1 What is the ZVS technique?
5.2 Is the transistor output capacitance absorbed into the Class E ZVS inverter topology?

5.3 Is it possible to obtain the ZVS operation at any load using the basic topology of the
Class E ZVS inverter?

5.4 Is the turn-on switching loss zero in the Class E ZVS inverter?

5.5 Is the turn-off switching loss zero in the Class E ZVS inverter?

5.6 Is it possible to achieve the ZVS condition at any operating frequency?
5.7 Is the basic Class E ZVS inverter short-circuit proof?

5.8 Is the basic Class E ZVS inverter open-circuit proof?

5.9 Is it possible to use a finite dc-feed inductance in series with the dc input voltage
source V;?

5.10 Is it required to use a high value of the loaded quality factor of the resonant circuit
in the Class E ZVS inverter?

5.22 Problems

5.1 Design a Class E RF power amplifier for wireless communication applications to meet
the following specifications: V; =3.3V, Pp =1W, f =1GHz, C, = 1pF, Q; =5,
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5.2

53

54

5.5

5.6

5.7

5.8

59

rps = 0.01 2, r;y =0.012Q, rc1 =0.08Q, rc =0.05, 1, = 0.1, and t; = 0. Find
the component values, reactances of reactive components, component stresses, and
efficiency.

The Class E RF power amplifier given in Problem 5.1 had a load resistance Ry, = 50 Q.
Design the impedance matching circuit.

Design an optimum Class E ZVS inverter to meet the following specifications: Py =
125W, V; =48V, and f = 2 MHz. Assume Q; = 5.

The rms value of the US utility voltage is from 92 to 132 V. This voltage is rectified
by a bridge peak rectifier to supply a Class E ZVS inverter that is operated at a switch
duty cycle of 0.5. What is the required value of the voltage rating of the switch?

Repeat Problem 5.4 for the European utility line, whose rms voltage is 220 % 15 %.

Derive the design equations for the component values for the matching resonant circuit
mr2a shown in Figure 5.8(b).

Find the maximum operating frequency at which pure Class E operation is still achiev-
able for V; =200V, Pp = 75W, and C,,, = 100 pF.

Design a Class E power amplifier for wireless communications applications to meet the
following specifications: V; = 12V, Pp = 10W, f =2.4GHz, Co = 1pF, QO = 10,
rps = 0.01, r;y = 0.01, rcy = 0.08, r¢ = 0.01, rp = 0.1, and # = 0. Find the compo-
nent values, reactances of reactive components, component stresses, component losses,
and efficiency.

The Class E amplifier given in Problem 5.8 has R; = 50. Design the impedance match-
ing circuit.
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Class E Zero-current-
switching RF Power
Amplifier

6.1 Introduction

In this chapter, a Class E RF zero-current switching (ZCS) power amplifier [1-4] is
presented and analyzed. In this amplifier, the switch is turned off at zero current, yielding
zero turn-off switching loss. A shortcoming of the Class E ZCS amplifier is that the switch
output capacitance is not included in the basic amplifier topology. The switch turns on at
a nonzero voltage, and the energy stored in the switch output capacitance is dissipated in
the switching device, reducing the efficiency. Therefore, the upper operating frequency of
the Class E ZCS amplifier is lower than that of the Class E ZVS amplifier.

6.2 Circuit Description

A circuit of a Class E ZCS RF power amplifier is depicted in Figure 6.1(a). This circuit
was introduced in [1]. It consists of a single transistor and a load network. The transistor
operates cyclically as a switch at the desired operating frequency f = w/(27). The simplest
type of load network consists of a resonant inductor L; connected in series with the dc
source V;, and an L-C-R series-resonant circuit. The resistance R is an ac load.

The equivalent circuit of the Class E ZCS amplifier is shown in Figure 6.1(b). The
capacitance C is divided into two series capacitances, C, and Cj, so that capacitance C,
is series resonant with L at the operating frequency f = w/2x

1
LC,

w =

6.1)

RF Power Amplifiers  Marian K. Kazimierczuk
© 2008 John Wiley & Sons, Ltd
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|°<+

Figure 6.1 Class E RF zero-current-switching amplifier. (a) Circuit. (b) Equivalent circuit.

The additional capacitance Cj signifies the fact that the operating frequency f is
lower than the resonant frequency of the series-resonant circuit when the switch is ON
fo1 = 1/(2m+/LC). The loaded quality factor Q; is defined by the expression
Xer _ Cat Gy
‘R wRC,C,
The choice of Qy involves the usual tradeoff among (1) low harmonic content of the power

delivered to R (high Qr), (2) low change of amplifier performance with frequency (low
0r), (3) high efficiency of the load network (low Qr), and (4) high bandwidth (low Qy).

0L = (6.2)

6.3 Principle of Operation

The equivalent circuit of the amplifier is shown in Figure 6.1(b). It is based on the following
assumptions:

(1) The elements of the load network are ideal.

(2) The loaded quality factor Q; of the series-resonant circuit is high enough that the output
current is essentially a sinusoid at the operating frequency.

(3) The switching action of the transistor is instantaneous and lossless; the transistor has
Zero output capacitance, zero saturation resistance, zero saturation voltage, and infinite
‘off” resistance.

It is assumed for simplicity that the switch duty ratio is 50 %, that is, the switch is ON
for half of the ac period and OFF for the remainder of the period. However, the duty ratio
can be any arbitrarily chosen if the circuit component values are chosen to be appropriate
for the chosen duty ratio. It will be explained in Section 6.4 that a duty ratio of 50 % is
one of the conditions for optimum amplifier operation. The amplifier operation is deter-
mined by the switch when it is closed and by the transient response of the load network
when the switch is open. The principle of operation of the amplifier is explained by the
current and voltage waveforms, which are shown in Figure 6.2. Figure 6.2(a) depicts the
waveforms for optimum operation. When the switch is open, its current is is zero. Hence,
the inductor current iy; is equal to a nearly sinusoidal output current i. The current iy,
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Figure 6.2 Current and voltage waveforms in the Class E ZCS amplifier. (a) For optimum oper-
ation. (b) For suboptimum operation.
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produces the voltage drop vz across the inductor L;. This voltage is approximately a
section of a sine wave. The difference between the supply voltage V; and the voltage vy
is the voltage across the switch vg. When the switch is closed, the voltage vg is zero,
and voltage vy equals the supply voltage V;. This voltage produces the linearly increas-
ing current iz;. The difference between the current ir; and current i flows through the
switch.

In the Class E ZCS amplifier, it is possible to eliminate power losses due to on-to-off
transition of the transistor, yielding high efficiency. Assuming that the transistor is turned
off at wt,y = 2, the ZCS condition at turn-off is

is(27) = 0. 6.3)

For optimum operation, the zero-derivative switching (ZDS) condition should also
be satisfied:
dig

d(wt)
If condition (6.3) is not satisfied, the transistor turns off at nonzero current. Consequently,
there is a fall time of the drain (or collector) current during which the transistor acts as a
current source. During the fall time, the drain current increases and the drain-source voltage
increases. Since the transistor current and voltage overlap during the turn-off interval, there
is a turn-off power loss. However, if the transistor current is already zero at turn-off, the
transistor current fall time is also zero, there is no overlap of the transistor current and
voltage, and the turn-off switching loss is zero.

Condition (6.3) eliminates dangerous voltage spikes at the output of the transistor. If this
condition is not satisfied, the current ig changes rapidly during turn-off of the transistor.
Hence, the inductor current iz; also changes rapidly during turn-off. Therefore, inductive
voltage spikes appear at the output of the transistor and device failure may occur. The rapid
change of i;; during turn-off of the transistor causes a change of the energy stored in the
inductor L;. A part of this energy is dissipated in the transistor as heat, and the remainder
is delivered to the series-resonant circuit L, C, and R. If condition (6.4) is satisfied, the
switch current is always positive and the antiparallel diode never conducts. Furthermore,
the voltage across the switch at the turn-off instant will be zero, that is, vg(27) = 0, and
during the ‘off’ state the voltage vs will start to increase from zero only gradually. This
zero starting voltage vg is desirable in the case of the real transistor because the energy
stored in the parasitic capacitance across the transistor is zero at the instant the transistor
switches off. The parasitic capacitance comprises the transistor capacitances, the winding
capacitance of L, and stray winding capacitance. The optimum operating conditions can
be accomplished by a proper choice of the load-network components. The load resistance
at which the ZCS condition is satisfied is R = R,;.

Figure 6.2(b) shows the waveforms for suboptimum operation. This operation occurs
when only the ZCS condition is satisfied. If the slope of the switch current at the time the
switch current reaches zero is positive, the switch current will be negative during a portion
of the period. If the transistor is OFF, the antiparallel diode conducts the negative switch
current. If the transistor is ON, either only the transistor conducts or both the transistor and
the antiparallel diode conduct. The transistor should be turned off during the time interval
the switch current is negative. When the switch current reaches zero, the antiparallel diode
turns off.

The voltage across the inductor L; is described by the expression

— 0. (6.4)

wt=21

dir
d(wt)’

Vil = (,()Ll (65)
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At the switch turn-on, the derivative of the inductor current iz; changes rapidly from a
negative to a positive value. This causes a step change in the inductor voltage v;; and
consequently in the switch voltage vg.

According to assumption (3), the conduction power loss and the turn-on switching power
loss are neglected. The conduction loss dominates at low frequencies, and the turn-on
switching loss dominates at high frequencies. The off-to-on switchingtime is especially
important in high-frequency operation. The parasitic capacitance across the transistor is
discharged from the voltage 2V; to zero when the transistor switches on. This discharge
requires a nonzero length of time. The switch current ig is increasing during this time. Since
the switch voltage vg and the switch current ig are simultaneously nonzero, the power is
dissipated in the transistor. The off-to-on switching loss becomes comparable to saturation
loss at high frequencies. Moreover, the transient response of the load network depends
on the parasitic capacitance when the switch is open. This influence is neglected in this
analysis. According to assumption (1), the power losses in the parasitic resistances of the
load network are also neglected.

6.4 Analysis
6.4.1 Steady-state Current and Voltage Waveforms

The basic equations of the equivalent amplifier circuit shown in Figure 6.1(b) are

is =i — 1 (6.6)
vs = Vi —vr1. (6.7)
The series-resonant circuit forces a sinusoidal output current
i =1, sin(lwt + @). (6.8)
The switch is OFF for the interval 0 < wt < 7. Therefore,
is =0, for O<w<m. (6.9)
From (6.6), (6.8), and (6.9),
irg =i = I, sin(wt + ¢), for 0 < wt <m. (6.10)
The voltage across the inductor L; is
vl = oL ch,L);) = oLl cos(wt + @), for 0 <ot <. 6.11)
Hence, (6.7) becomes
vs =V —vp =V —wlil, cos(wt + ¢), for 0 < owt <m. (6.12)

Using (6.10) and taking into account the fact that the inductor current iy is continuous,
inf(m+) = ip1(w—) = Ly sin(w + ¢) = —1I, sing. (6.13)
The switch is ON for the interval m < wt < 27w during which
vg =0, for 7 < wt <2m. (6.14)
Substitution of this into (6.7) then produces

vip =V, for wm<wt<2m. (6.15)
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Thus, from (6.13) and (6.15), the current through the inductor L; is

1 wt 1 wt
iLl = — / VLI(M) du + iLl(JT+) = — V](M)du + iLl(JT+)
Ly J; ol J;
Vi .
= —(wt —m)—I,sing, for 7 <wt<2m. (6.16)
(,()Ll

From (6.6) and (6.8), the switch current is obtained as
%
is =g —i = —L’(wt — 1) — Ly[sin(t + @) +sin @], for 7 <wt <27. (6.17)
wL;

Substituting the ZCS conditon is(27) = 0 into (6.17),

T
L, =V ——. 6.18
! 2wl sin ¢ ( )
Because 7, > 0,
0<g<m. (6.19)
From (6.9), (6.17), and (6.18),
0, 0<owt <m,
g = V 3
's L wr — 7 n sin(wt + ¢) |, T <ot <27m. (6.20)
wl 2 2sing
Substitution of the condition of optimum operation given by (6.4) into (6.20) yields
tang = 3. ©.21)
From (6.19) and (6.21),
¢ = arctan (%) — 1.0039 rad = 57.52°. (6.22)
Consideration of trigonometric relationships shows that
T
Singp = —— (6.23)
v 72 +4
2 (6.24)
CosSp = ——. .
v 72 +4
From (6.20) and (6.21),
0, 0<wt <m,
] = V 3
s - wt——n—zcoswt—sina)t s T < ot <27. (6.25)
Cl)Ll 2 2

Using the Fourier formula, the supply dc current is

1 [ v 2 3t =& , Vi
I} = — is d(wt) = wt — — — —coswt — sinwt | dlwt) =
27 Jx - 2

27TC()L] 2 JTa)Ll '
(6.26)
The amplitude of the output current can be found from (6.18), (6.23), and (6.26)
Nrr4+4 v V2 +4
=Y IV 5 8490, 6.27)

2wl 2
Substitution of (6.27) into (6.25) yields the normalized steady-state switch current waveform

. 0, O<wt<m
is

= 3w . (6.28)
I T a)t—T—Ecoswt—sma)t s T < wt <27,
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From (6.12), (6.18), and (6.21), the normalized switch voltage waveform is found as

V_s_{ Z sinwt — coswt + 1, O<owt<m 6.29)

V1_ 0, T < wt <27.

6.4.2 Peak Switch Current and Voltage

The peak switch current I5; and voltage Vsys can be determined by differentiating wave-
forms (6.28) and (6.29), and setting the results equal to zero. Finally, we obtain

Iy = (7 — 29); = 3.5621; (6.30)
and
214
Ve = <7”2+ + 1) V; =2.8621V;. (6.31)

Neglecting power losses, the output power equals the dc input power P; = I;V;. Thus, the
power-output capability ¢, can be computed from the expression

Py IV,
C, = =
P Iy Venr — Isu Vsu

— 0.0981. (6.32)

It has the same value as the Class E ZVS amplifier with a shunt capacitor. It can be proved
that the maximum power output capability occurs at a duty ratio of 50 %.

6.4.3 Fundamental-frequency Components

The output voltage is sinusoidal and has the form
VR1 = Vi sin(wt + @) (6.33)
where
Vi = RI,. (6.34)

The voltage vx across the elements L, C,, and Cj, is not sinusoidal. The fundamental-
frequency component vy of the voltage vy appears only across the capacitor Cj, because
the inductance L and the capacitance C, are resonant at the operating frequency f and their
reactance wL — 1/(wC,) = 0. This component is

vx1 = Vxi cos(wt + @) (6.35)
where
Vx1 = I (6.36)
X1 = oCy- .

The fundamental-frequency component of the switch voltage is
vs1 = Vg1 + vx1 = Vi sin(wt + @) + V1 cos(wt + ¢). (6.37)

The phase shift between the voltages vg; and vg is determined by the expression

V 1
tany = X .
Vm a)CbR

(6.38)
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Using (6.29) and the Fourier formulas, we can obtain

1 /2” 4
Vip = — vs sin(wt + @) d(wt) = ————=V; = 0.3419V;
7 Jo TN+ 4

and
Vx1 = — /Qn vs cos(wt + ¢)d(wt) = —ﬂ
7 Jo 4T+ 4
Substituting (6.26) and (6.27) into (6.39) and (6.40),

Vi = —1.4681V].

Vin = ———wlLi1,
T(w? +4)
2
T+ 12
Vi = ———wlq1,,.
X1 2(ﬂ2+4)w 1m

The fundamental-frequency components of the switch current

is1 = I sin(wt + y)

2 2 q2

2

where

and

o bid
y =180 + arctan(
T

) = 196.571°.

The switch voltage is
Vg1 = Vi1 sin(wt + )

where

16 (2 + 12)?
V24 V2 =V = 1.5074V,
CRIEY ’\/n2(n2+4)+16(n2+4) '

and

9 =9+ ¢ =—19.372°.

(6.39)

(6.40)

(6.41)

(6.42)

(6.43)

(6.44)

(6.45)

(6.46)

(6.47)

(6.48)

The phase ¢ of the input impedance of the load network at the operating frequency is

¢ =180° + 9 —y = —35.945°,

(6.49)

Figure 6.3 Phasor diagram of the fundamental-frequency components of the currents and voltages

for optimum operation of Class E ZCS amplifier.
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This indicates that the input impedance of the load network is capacitive. Figure 6.3 shows a
phasor diagram for the fundemental-frequency currents and voltages for optimum operation
of the Class E ZCS amplifier.

6.5 Power Relationships

The dc input power P; is

P =1V,. (6.50)
From (6.39), the output power Py is
V2 8 V? V?
Po=-"=_—_—— L —005844-L. 6.51
TR T xini+4) R R 6.51)

6.6 Element Values of Load Network

From (6.34), (6.38), (6.41), and (6.42),
oLy 7 +4)

o= T 54466 (6.52)
16
wCpR = m =0.2329 (6.53)
and 5
Y = arctan (E) = — arctan [M} = —76.89°. (6.54)
Vi 16

Hence, according to Figure 6.1(b), the capacitor C; should be connected in series with Cg,
L, and R. The values of L and C, can be found from formulas (6.1) and (6.2).
From (6.27) and (6.52),

[ S (6.55)
Y VAT F4AR '
From (6.26) and (6.52), . v
1
I =———7——. 6.56
"= 2@ Y 4 R (6.56)
The dc input resistance of the amplifier is obtained from (6.26) and (6.52)
Vi 2n(mr+4) 1 7%+ 4)
Rpc=— = = = R =17.11R. 6.57
pC =T TIOM T 00 10) WGy 8 6.57)
The element values of the load network can be computed from the following expressions:
8 V7 V72
R=————-— =0.05844— (6.58)
72(n2+4) Po Po
2+ 4R R
L="T DR 5 466" (6.59)
8 w 1)
16 1 0.2329
Ch=——F——7—-= (6.60)
7(w? +12) wR R
1
C = (6.61)

wRO;



248 RF POWER AMPLIFIERS

and

2
T +12) 12)} R R (6.62)
w

— = —4.2941
T: > (0L )

It is apparent from (6.62) that the loaded-quality factor Oy must be greater than 4.2941.

L=[QL—

6.7 Design Example

Example 6.1

Design the Class E ZCS RF power amplifier of Figure 6.1(a) to meet the following speci-
fications: V; =5V, Popmax = 1 W, and f = 1 GHz.

Solution. 1t is sufficient to design the amplifier for the full power. From (6.58), the full-load
resistance is
8 V7 5
= ————— =0.05844 x — =1.146 Q. (6.63)
72(r2+4) Py 1
According to Section 6.6, the loaded-quality factor Q; must be greater than 4.2941. Let
Q. = 8. Using (6.59), (6.61), and (6.62), the values of the elements of the load network are:

2+4R 1.461
L= 68669 x = 1.2665nH (6.64)
16 f 10°
L ! = 13.62pF (6.65)
T WRO,  2xmx10° x 1461 x8 P '
and
n(m?+12)]R n(r?+12) 1.461
L= - | —=8= =0.862nH. (6.66
[QL 16 ]w [ 16 2% x 100 ni. (6.66)
The maximum voltage across the switch can be obtained using (6.31) as
Va4 4
Ve = (”TJr + 1) V, =2.8621 x 5 = 14.311 V. (6.67)
From (6.56), the dc input current is
8 Vi 5
I =—————=0.0584 x —— =0.2A. (6.68)
7372+ 4) R 1.461
The maximum switch current is calculated using (6.30) as
Isy = mw(mw —2¢); =3.562 x 0.2 =0.7124 A (6.69)
and from (6.55) the maximum amplitude of the current through the resonant circuit is
I, = 4 VI—03419>< > =1.17A (6.70)
" a7t +4 R 1461 T ’
The dc resistance seen by the dc power supply is
i +4)

Rpc = —————R=17.11 x 1.461 = 25Q. 6.71)
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The resonant frequency of the L-C series-resonant circuit when the switch is ON is

1 1
f — —
o! 2n/LC  27m+/0.862 x 1079 x 13.62 x 10~ 12
and the resonant frequency of the L;-L-C series-resonant circuit when the switch is OFF is

1 1
ﬁ)Z = =
2r/C(L+ Ly) 271\/13.62 x 10~12(1.2665 + 0.862) x 10—°

— 1.469 GHz (6.72)

= 0.9347 GHz.

(6.73)

6.8 Summary

e In the Class E ZCS RF power amplifier, the transistor turns off at zero current, reducing
turn-off switching loss to zero, even if the transistor switching time is an appreciable
fraction of the cycle of the operating frequency.

e The transistor output capacitance is not absorbed into the topology of the Class E ZCS
amplifier.

e The transistor turns on at nonzero voltage, causing turn-on power loss.

e The efficiency of the Class E ZCS amplifier is lower than that of the Class E ZVS
amplifier, using the same transistor and the same operating frequency.

e The voltage stress in the Class E ZCS amplifier is lower than that of the Class E ZVS
amplifier.

e The ZCS condition can be satisfied for load resistances ranging from a minimum value
of R to infinity.

e The load network of the amplifier can be modified for impedance transformation and
harmonic suppression.
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6.10 Review Questions

6.1 What is the ZCS technique?
6.2 What is the turn-off switching loss in the Class E ZCS amplifier?
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6.3 What is the turn-on switching loss in the Class E ZCS amplifier?
6.4 Is the transistor output capacitance absorbed into the Class E ZCS amplifier topology?

6.5 Is the inductance connected in series with the dc input source V; a large high-frequency
choke in the Class E ZCS amplifier?

6.6 What are the switch voltage and current stresses for the Class D ZCS amplifier at
D =0.5?

6.7 Compare the voltage and current stresses for the Class E ZVS and ZCS amplifier at
D =0.5.

6.11 Problems

6.1 Design a Class E ZCS RF power amplifier to meet the following specifications: V; =
15V, Pp = 10W, and f = 900 MHz.

6.2 A Class E ZCS amplifier is powered from a 340-V power supply. What is the required
voltage rating of the switch if the switch duty cycle is 0.5?

6.3 Design a Class E ZCS power amplifier to meet the following specifications: V; = 180V,
Pop =250W, and f = 200 kHz.

6.4 It has been found that a Class E ZCS amplifier has the following parameters: D = 0.5,
f =400kHz, L; = 20puH, and Pp = 100 W. What is the maximum voltage across the
switch in this amplifier?

6.5 Design the Class E ZCS power amplifier to meet the following specifications: V; =
100V, Popax =50W, and f = 1 MHz.
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Class DE RF Power Amplifier

7.1 Introduction

The Class DE RF switching-mode power amplifier [1-11] consists of two transistors,
series-resonant circuit, and shunt capacitors connected in parallel with the transistors. It
combines the properties of low voltage stress of the Class D power amplifier and zero-
voltage switching of the Class E power amplifier. Switching losses are zero in the Class DE
power amplifier, yielding high efficiency. In the Class DE power amplifier, the transistors
are driven in such a way that there are time intervals (dead times) when both transistors
are OFF. In this chapter, we will present the circuit of the Class DE amplifier, its principle
of operation, analysis, and design procedure.

7.2 Analysis of Class DE RF Power Amplifier

A circuit of the Class DE RF power amplifier is depicted in Figure 7.1. It consists of
two transistors, series-resonant circuit, and shunt capacitors connected in parallel with the
transistors. The transistor output capacitances are absorbed into the shunt capacitances. At
high frequencies, the shunt capacitances can be formed by the transistor output capacitances.
We assume that the duty cycle of each transistor is fixed at D = 0.25. This means that the
duty cycle of the dead time is also 0.25. In general, the duty cycle D can be in range from
zero to 0.5. Figure 7.2 shows equivalent circuits for four time intervals during the cycle of
the operating frequency f;. Current and voltage waveforms are shown in Figure 7.3. During
the dead-time intervals, the load current discharges one shunt capacitance and charges the
other. When the transistor turns on, the Class E ZVS and ZDS conditions are satisfied.
Therefore, the efficiency of the Class DE power amplifier is high.
The series-resonant circuit forces nearly a sinusoidal current

i, = I, sin(wt + @) (7.1)

RF Power Amplifiers  Marian K. Kazimierczuk
© 2008 John Wiley & Sons, Ltd
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Figure 7.1 Class DE RF power amplifier.
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Figure 7.2 Equivalent circuits for Class DE RF power amplifier. (a) S| is ON and S, is OFF.
(b) S; and S, are OFF. (c) S is OFF and S; is ON. (d) S; and S, are OFF.
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Figure 7.3 Voltage and current waveforms for Class DE RF power amplifier.

where [, is the amplitude and ¢ is the phase of the output current. From KVL,

vps1 + Vps2 = V;.

253

(7.2)

(1) For the time interval 0 < wt < /2, switch S is ON and switch S, is OFF. An equivalent
circuit of the Class DE amplifier for this time interval is shown in Figure 7.2(a). The

drain current of the bottom transistor is

isp = 0.

The drain-to-source voltage of the bottom transistor is

vps2 = Vi
) c dvpsa dvy
l = w —_— =W =
e * d(wt) *d(wr)

The voltage across the upper transistor is

vps1 =0

(7.3)

(7.4)

(7.5)

(7.6)
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(@)

yielding

. dvpsi
— oC —0. 7.7
el ! d(wt) .7)

The output current i, flows through switch S;:

is1 = iy = Iy sin(wt +¢) for 0<aor< % (1.8)

For the time interval 7/2 < wt < 7, both switches S| and S, are OFF. An equivalent
circuit of the Class DE amplifier for this time interval is shown in Figure 7.2(b). During
this time interval, the capacitor C| is charged and capacitor C; is discharged. Therefore,
the voltage vpg; increases from zero to V; and the voltage vpg, decreases from V; to
zero. From KVL,

vps1 = Vi — vps2. (7.9)
Note that
d d
VDS1 _ VDSZ. (7.10)
d(wt) d(wt)
From KCL,
—ic1 +icy = —lp. (7.11)
This leads to
dvpsi dvpsa )
—wC C = -1, t 7.12
1) ' den) +w 2 dwn) sin(wt + ¢) (7.12)
resulting in
d(Vr —vps2) dvpsa .
- _ = -1, t . 7.13
wC d(on) wCy d(eon) sin(w? + ¢) (7.13)
Hence,
w052 e D2 ot 4 ), (7.14)
d(wt) d(wt)
Rearrangement of this equation gives
dvpsa Iy .
= — sin(wt + ¢). 7.15
d(wt) o(Cy + C) ( ?) 715

The condition for zero-derivative switching (ZDS) of voltage vpsy at wt = m is
given by

dvpsa(@r) =0. (7.16)
d(wt) |,
Imposing this condition on (7.15), we obtain
sin(mr +¢) = 0. (7.17)
The solutions of this equation are
¢=0 (7.18)
and
b =rm. (7.19)

Only ¢ = 0 is the physical solution, which allows the charging of the capacitor C; and
discharging of the capacitor C.
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The voltage vps> is

I ot b4 I
- in wt d(wt) + (—)27’” t+Vr.
VDS?2 o1+ Co) /:5 sin wt d(wt) + vps2 5 o+ Co) cos w fi

(7.20)
The zero-voltage switching (ZVS) condition of voltage vpg, at wt = 7 is given by
vpsa(m) = 0. (7.21)
Imposing this condition on (7.20), we get
In
o1 0o =V. (7.22)
Hence, the voltage across the bottom switch is
vpsa = Vi(coswt + 1) (7.23)
and the voltage across the upper switch is
vps1 = Vi —vpsas = —Vj coswt. (7.24)
The current through the upper capacitor is
ic1 = l—a = lIm sin wt (7.25)
2 2
and the current through the bottom capacitor is
io |
ico = ) = _Elm sin wt. (7.26)

(3) For the time interval w < wt < 3w /2, the switch §; is OFF and the switch S, is ON.
An equivalent circuit of the Class DE amplifier for this time interval is shown in
Figure 7.2(c). The drain-to-source voltage of the bottom transistor is

VDs2 = 0 (7.27)
which gives
) dvps2
= wC = 0. 7.28
ic2 =w(C d(n) (7.28)
The drain-to-source voltage of the upper transistor is
vps1 = Vi (7.29)
producing
d dv,
i1 = wC 225 — o, =L . (7.30)
d(wt) d(wt)
The load current is
3
iy=I,sinor for 7w <aot< 7” (7.31)
Therefore, the current through the switch § is
. . . 3
iso = —i, = —1I, sinwt for 7w <owt< - (7.32)

(4) For the time interval 37 /2 < wt < 2w, both switches are OFF. An equivalent circuit of
the Class DE amplifier for this time interval is shown in Figure 7.2(d). From KCL,

ic1 —icy =1, =1, sinwt. (7.33)
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Hence,
dvpsi dvps .
— =1 t. 7.34
0] ld(a)t) w 2d(a)t) ' SIN @ ( )
Since
vps2 = Vi — vpsi (7.35)
we have
d d(v; —
we, st o WV Zves) (7.36)
d(wt) d(wt)
which gives
oy PSL L e, DSt (1.37)
" d(wt) dwr) " ' ‘
Thus,
d L
DL _ sin ot (7.38)
d(wt) o(C; 4+ )
resulting in
L, / ot (371) L,
Vps| = ——————— sinwt d(wt) + v — | =————coswt +V;.
P we+ o) ) @n st 3 o(Ci + C) !
(7.39)
Applying the ZVS condition to the above equation at wt = 2,
VDSl(ZJT) =0 (740)
we obtain
I
— =V, 7.41
oC+Cy 740
Hence, the voltage across the switch Sy is
vps1 = Vi(1 — coswt) (7.42)
and the voltage across the switch S, is
vps2 = Vi —vps1 = Vj coswt. (7.43)
The output current and voltage are
i, =1, sinwt (7.44)
and
Vo =V, sin wt (7.45)

where V,, = RI,,.

The dc component of the current through the shunt capacitance C; is zero for steady-
state operation. Therefore, the dc input current is

1 [ 1 (3 1 Ci+C
I = —/ is1d(wt) = —/ I, sinwr dwr) = 2 = 2CFD Y 546
2w Jo 27 Jo 2 2
The dc input resistance of the amplifier is
% 2
Ripc) = — = (7.47)

I o(C+C)



CLASS DE RF POWER AMPLIFIER 257

7.3 Components

The output voltage is

v, = V), sinwt

where V,,, = RI,,. The fundamental component of the voltage across inductance L is

vi1 = Vi cos wt
where Vi, = wLl,,. From Fourier analysis, the amplitude of the output voltage is

1 2
Vin = — / Vps2 sin wt d(wt)
T Jo

(7.48)

(7.49)

(7.50)

V; cos? a)t(da)t)i|

(7.51)

(7.52)

3 T 2
= % |:/0 : Vi sinwt d(a)t)—f-/; Vi(cos wt+1) sinwt d(a)t)+/h Vi cos wt sin wt d(a)t):|
2 T
T
and
1 2w
Vim = — vpsa2 cos wt d(wr)
T Jo
1 2 T 2
— |:/0 Vi cos® wt d(a)t)+ﬁ Vi(cos wt + 1) cos wt d(wt)+/;ﬂ
2 2
=5
Hence,
VLm Cl)L}; T
Vu R 2

The fundamental component of the voltage vps> is
. 1 . 1
V1 = Vo +vr1 = Vi sinwt + Vi, coswt = Vp | — sinowt + 3 coswt | .
big

The output power is
_Va_ W
2R 2m’R’
Assuming that the efficiency is 100 %, the output power can also be expressed as
w(Cy + C)V}
2 '

Po

Po =P =1;Vi =
Therefore,
1
o(Ci + C)R = —.
b4
Assuming that C; = Cy,

1
wClR = (UCQR = —.
2

(7.53)

(7.54)

(7.55)

(7.56)

(7.57)
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The loaded-quality factor is defined as

Hence,

Since w? = 1/(L,C),

1 1
C — —
o’y wR(QL— %)
7.4 Device Stresses
The maximum drain current is given by
V Vi
IDMmax = Im(max) = ?m = E

The maximum drain-to-source voltage is

Vbsmax = V1.

The maximum voltage across the series capacitor C is

Im(mux)
oC
The maximum voltage across the series inductor L is

VCm(max) =

VLm(max) = c‘)LIm(max)-

7.5 Design Equations

The design equations for the component values are:

— VI2
- 27T2P0
1 P
C, = =—2
2roR 0V
R
.- LR
w
1
wR(QL — 7)

7.6 Maximum Operating Frequency

(7.58)

(7.59)

(7.60)

(7.61)

(7.62)

(7.63)

(7.64)

(7.65)

(7.66)

(7.67)

(7.68)

There is a maximum operating frequency f,,x at which both the ZVS and ZDS condi-
tions are satisfied. This frequency is limited by the transistor output capacitance C, and is

determined by
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1
Co=C=0C=——— 7.69
o 1 2= Rl (7.69)
resulting in
1 Po
Jmax = (7.70)

47°RC, ~ 2C,V}

where C, is the transistor output capacitance.

Example 7.1
Design a Class DE RF power amplifier to meet the following specifications: Pp = 0.25W,

Vi =3.3V, and f = 1 GHz. Assume that the transistor output capacitance C, is linear and
is equal to 1.5 pF.

Solution. Assuming Q; = 10, we can calculate the component values as follows:

V7 3.3
-0 —22Q 7.71)
272Pp  27m?% x 0.25
1 wPo T x 0.25
C = = = = 11.5pF 7.72
'T 2R T oV T 21 x 100 x 3.32 P 7.72)
Ciexy = C1 — C, = 11.5— 1.5 = 10pF (1.73)
OR  10x22
L= = =3.5nH 7.74
w 27 x 109 1 (7.74)
and
1 1

C = = = 8.58 pF. 7.75
WRQL— %) 27 x 10° x2.2x (10— ) P (7.75)
These components have low values and can be integrated. The output network may need a
matching circuit.
The resonant frequency of the series-resonant circuit is

1 1

= = = 0.9184 GHz. (7.76)
Jo = aVIC T A X0 <85 X 10T
The ratio of the operating frequency to the resonant frequency is
! — 1.0931. (1.77)
fo 09184

Thus, the operation is well above the resonance.
Assuming the amplifier efficiency n = 0.94, the dc supply power is

Py = Fo = 0.23 =0.266 W (7.78)
n 0.94
and the dc supply current is
I = P = 0.266 = 0.08 A. (7.79)
Vi 3.3

The amplitude of the output voltage is
Vim = /2PoR = /2 x 0.25 x 2.2 = 1.0488 V (7.80)
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The amplitude of the output current /,, and the MOSFET current stress sy, are
V, 1.0488

= —0.4767A. (7.81)

ISMmax = Im(max) = ?m 20

The voltage stress of the MOSFETS is
Vs =V =33V. (7.82)

The MOSFET should have Vpss =5V and Ipgu. = 1 A. The maximum voltage across
the series capacitor C is
Dngnax) 0.4767

wC 27 x 10° x 8.58 x 10-12

VC max —

—8.84V. (7.83)

7.7 Class DE Amplifier with Only One Shunt
Capacitor

Figure 7.4 shows the two circuits of Class DE power amplifier with only one shunt capaci-
tor. A single shunt capacitance C; can be connected in parallel with the bottom transistor as
in Figure 7.4(a) or in parallel with the upper transistor as shown in Figure 7.4(b). Figure 7.5
shows equivalent circuits for the Class DE power amplifier with only one capacitor con-
nected in parallel with the bottom transistor. Voltage and current waveforms in the Class
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Q ¥ — +
f
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Figure 7.4 Class DE RF power amplifiers with only one shunt capacitance. (a) Shunt capacitance
across the bottom transistor. (b) Shunt capacitance across the upper transistor.
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Figure 7.5 Equivalent circuits for Class DE RF power amplifiers with only one shunt capacitance
connected in parallel with the bottom transistor. (a) S; is ON and S, is OFF. (b) Both transistors are
OFF. (c) S; is OFF and S; is ON. (d) Both transistors are OFF.

DE power amplifier with only one capacitor connected in parallel with the bottom transistor
are depicted in Figure 7.6.

(1) For 0 < wt < /2, the switch S is ON and the switch S, is OFF. The equivalent circuit
for this time interval is depicted in Figure 7.5(a). The analysis for this time interval is
the same as that already presented for the case with two shunt capacitances C; and C;.

(2) For /2 < wt < m, both switches S; and S, are OFF. The equivalent circuit for this
time interval is depicted in Figure 7.5(b). The current through the shunt capacitor is

d
ice = wC, P52 — i — _I sin(wt + ¢). (7.84)
d(wt)

Using the ZDS condition, ¢ = 0. The output current waveform is

i, =1, sinwt. (7.85)
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The current through the shunt capacitor is

icy = —i, = —1I,; sinwt. (7.86)
VGst
]
0 = on of
VGSZT 2
[ ]
; T 3t 21 of
o I 2
Im
0 —
ot
N
0
ot
Vbsi
VI I~
0
. wt
Is2 /
° of
. ®
0 : —
I/ ot
Vps2
Vi
0
ot

Figure 7.6 Voltage and current waveforms in Class DE RF power amplifiers with only one shunt
capacitance connected in parallel with the bottom transistor.

The drain-to-source voltage vpg, is given by

Vps2 = oC. /;Z icsd(wt) +V; = —(jzs /;t sinwt d(wt) + V; = afrgs coswt + V.
(7.87)
Imposing the ZVS condition, we obtain
Cj"c’ = V. (7.88)
Hence,
vps2 = Vi(coswt + 1) (7.89)
and
vps1 = Vi —vpsa = —Vj coswr. (7.90)

(3) For m < wt <3m/2, the switch S; is OFF and the switch S, is ON. The equivalent
circuit for this time interval is depicted in Figure 7.5(c). The analysis for this time
interval is the same as that already presented for the case with two shunt capacitances
C 1 and Cz.
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(4) For 37 /2 < wt < 2m, switches S| and S, are OFF. The equivalent circuit for this time
interval is depicted in Figure 7.5(d). The current through the shunt capacitor is

d
ice = wC, 2252 — i — _I sin(wt + ¢). (7.91)
d(wt)

The drain-to-source voltage vps» is given by

@t . Im ot . II‘VL
Vps2 = icsd(wt) = — sin wt d(wt) = coswt + V. (7.92)
wCy z wCy z wCy
Imposing the ZVS condition, we obtain
I
=V. 7.93
oC. i (7.93)
Hence,
vpsa = Vi(coswt + 1) (7.94)
and
vps1 = Vi — vpso = —Vj cos wt. (7.95)
The dc input current is
1 [ 1 [ I C;
I = —/ i d(wt) = —/ Ly sinowt d(wr) = 2 = 20y, (7.96)
2 0 2 0 21 2
The dc input resistance of the amplifier is
V[ 2
R == = . 7.97
100 == oe (7.97)
7.8 Components
The output power is
vz o VP
Pp=-2= 7.98
°T 2R T 27°R (7.98)
Neglecting power losses, the efficiency is 100 %. The output power can be expressed as
GV}
Po=P =0V; = kAl B (7.99)
Hence,
1
wCR = —. (7.100)
T
Thus,
1
C =2C =—-. (7.101)
TwR

The single-shunt capacitance external to the transistors is given by
Cs(exy = Cs —2C, = 2C1(en) (7.102)

where C, is the transistor output capacitance and Cj.y) is the external shunt capacitance.
In the Example 7.1, the two external shunt capacitances Cj() = 10 pF can be replaced by
a single-shunt capacitance Cy(ex) = 2C1(exr) = 20 pF.
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7.9 Cancellation of Nonlinearities of Transistor
Output Capacitances

The transistor output capacitance C, is nonlinear. The output capacitance C, is large when
the drain-to-source voltage vps is low, and it is low when the drain-to-source voltage vpg
is high. The total voltage across both transistor output capacitances is constant

vps1 + vps2 = Vi. (7.103)

In the Class DE amplifier, the transistor capacitances are connected in parallel for the
ac component [1]. When the voltage vpg, across the lower output capacitance C,j is
low, the capacitance C,, is high. At the same time, the voltage vpgi is high and C,; is
low. Therefore, there is a partial cancellation of the nonlinearities of the total transistor
output capacitance C,; = C,| + C,. The parallel combination of the shunt capacitance is
approximately constant. For this reason, the expressions for load network components and
the output power of the Class DE RF power amplifier are not affected by the nonlinearity
of the transistor output capacitances [10, 11]. The shunt capacitances can be composed
of only nonlinear transistor output capacitances or can be the combinations of nonlinear
transistor output capacitances and linear external capacitances.

7.10 Summary

e The Class DE RF amplifier consists of two transistors, a series-resonant circuit, and shunt
capacitors.

e The transistors in the Class DE amplifier are operated as switches.

e There is a dead time in the gate-to-source voltages during which the drain-to-source
voltage of one transistor goes from high to low, and the drain-to-source voltage of the
other transistor goes from low to high, and vice versa.

e The transistor output capacitances are absorbed into the shunt capacitances.

e Switching losses in the Class DE RF power amplifier are zero due to ZVS operation,
like in the Class E amplifier.

e The voltage stress of power MOSFETs is low and equal to the supply voltage V;, like
in the Class D amplifier.

e The nonlinearity of the transistor output capacitances does affect the values of the load
network components and the output power.

e The Class DE power amplifier can be implemented with only one shunt capacitor and
the output capacitances of the transistors can be included in the circuit topology.
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7.12 Review Questions

7.1 How large are the switching losses in the Class DE RF power amplifier?

7.2 How large are the current and voltage stresses in the Class DE power amplifier?

7.3 How many transistors are used in the Class DE amplifier?

7.4 How are the transistors driven in the Class DE amplifier?

7.5 Can the Class DE power amplifier operate under ZVS condition?

7.6 Can the Class DE power amplifier operate under ZDS condition?

7.7 Is there any limitation for the operating frequency of the Class DE power amplifier?

7.8 How does the nonlinearity of the transistor output capacitances affect the values of the
load network components and the output power of the Class DE power amplifier?

7.13 Problems

7.1 Design a Class DE amplifier to meet the following specifications: V; =5V, Pp = 1W,
and f = 4 GHz. Assume that the output capacitances of the transistors are linear and
equal to 1pF.

7.2 Design a Class DE amplifier with a single shunt capacitance to meet the following spec-
ifications: V; =5V, Pp = 1 W, and f = 4 GHz. Assume that the output capacitances
of the transistors are linear and equal to 1 pF.
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Class F RF Power Amplifier

8.1 Introduction

Class F RF power amplifiers [1-24] utilize multiple-harmonic resonators in the output
network to shape the drain-to-source voltage such that the transistor loss is reduced and the
efficiency is increased. These circuits are also called polyharmonic or multi-resonant power
amplifiers. The drain current flows when the drain-to-source voltage is flat and low, and
the drain-to-source voltage is high when the drain current is zero. Therefore, the product
of the drain current and the drain-to-source voltage is low, reducing the power dissipation
in the transistor. This method of improving the efficiency is the oldest technique and was
invented by Tyler in 1919 [1]. Class F power amplifiers with lumped-element resonant
circuits tuned to the third harmonic or to the third and fifth harmonics have been widely
used in high-power amplitude-modulated (AM) broadcast radio transmitters in the LF range
(30-300kHz), the MF range (0.3—3 MHz), and the HF range (3—30 MHz). Class F power
amplifiers with a quarter-wavelength transmission line controls all the odd harmonics and
are used in VHF (30-300 MHz) frequency-modulated (FM) broadcast radio transmitters
[1]. They are also used in UHF (300 MHz to 3 GHz) FM broadcast radio transmitters [2].
Dielectric resonators can be used in place of lumped-element resonant circuits. Output
power of 40 W has been achieved at 11 GHz with an efficiency of 77 %. In this chapter, we
will present Class F power amplifier circuits, principle of operation, analysis, and design
example.
There are two groups of Class F RF power amplifiers:

e odd harmonic Class F power amplifiers;
e cven harmonic Class F power amplifiers.
In Class F amplifiers with odd harmonics, the drain-to-source voltage contains only odd har-
monics and the drain current contains only even harmonics. Therefore, the input impedance

of the load network represents an open circuit at odd harmonics and a short circuit at even
harmonics. The drain-to-source voltage vps of Class F amplifiers with odd harmonics is

RF Power Amplifiers  Marian K. Kazimierczuk
© 2008 John Wiley & Sons, Ltd
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symmetrical for the lower and upper half of the cycle. In general, the drain-to-source voltage
vps of Class F amplifiers with odd harmonics is given by

o
vps = Vi — V,, cosw,t + Z Vi COSnw,t (8.1)
n=357...

and the drain current is

oo
ip =11 +1,, cosw,t + Z Ly, cosnw,t. (8.2)
n=24.,,...

In Class F amplifiers with even harmonics, the drain-to-source voltage contains only even
harmonics and the drain current contains only odd harmonics. Hence, the load network
represents an open circuit at even harmonics and a short circuit at odd harmonics. The
input impedance of the load network at each harmonic frequency is either zero or infinity.
The drain-to-source voltage vps of Class F amplifiers is not symmetrical for the lower and

upper half of the cycle.
The drain-to-source voltage vpg of Class F amplifiers with even harmonics is given by

o
vps = Vi — V,, cosw,t + Z Vi COSnw,t (8.3)
n=24.6....

and the drain current is

o0
ip =11 +1, cosw,t + Z L, cosnw,t. (8.4)
n=357,...
No real power is generated at harmonics because there is either no current or no voltage
present at each harmonic frequency. There are finite and infinite order Class F power
amplifiers.
Two particular categories of high-efficiency Class F power amplifiers can be distin-
guished:

e Class F power amplifiers with maximally flat drain-to-source voltage;

e Class F power amplifiers with maximum drain efficiency.

For Class F amplifiers with symmetrical drain-to-source voltage vpg, the maximally flat
voltage occurs at two values of w,f, at the bottom part of the waveform and the top
part of the waveform. For Class F amplifiers with unsymmetrical drain-to-source voltage
vps, the maximally flat voltage occurs only at one value of w,t at the bottom part of the
waveform. All the derivatives of voltage vpg are zero at wot at which the voltage vpg is
maximally flat.

8.2 Class F RF Power Amplifier with Third Harmonic

The circuit of the Class F RF power amplifier with a third harmonic resonator [1] is shown
in Figure 8.1. This circuit is called the Class F3 power amplifier. It consists of a transistor,
load network, and RF choke (RFC). The load network consists of a parallel-resonant LC
circuit tuned to the operating frequency f, and a parallel-resonant circuit tuned to the third
harmonic 3f,. The two resonant circuits are connected in series. The ac power is delivered
to the load resistance R.
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Figure 8.1 Class F; power amplifier with a third harmonic resonator. (a) Circuit. (b) Equivalent
circuit.

Figure 8.2 shows the voltage and current waveforms of the Class F power amplifier with
a third harmonic. The drain current waveform may have any conduction angle 26 < 27,
which contains higher harmonics. In most applications, the conduction angle is 6 = 7, like
in the Class B amplifier. In this case, the drain current is a half-sine wave given by

b4 T
Ipyr cos w,t for —— < Wyt < —
. 2 2
ip = (8.5)
b4 3
0 for — < wet < —.
2 2

where Ipy, is the peak value of the drain current, which occurs at wt = 0. Other values of
the conduction angle 6 are also possible.

The output resonant circuit tuned to the fundamental frequency f, acts like a band-pass
filter and filters out all the harmonics of the drain current. Therefore, the output voltage
waveform is sinusoidal

Vo = —V,, COSw,t. (8.6)
The fundamental component of the drain-to-source voltage is
Vis1 = Vo = —V,, COSwyt. (8.7)
The voltage across the parallel-resonant circuit tuned to the third harmonic 3f,, is
Vas3 = Vipz coS 3w, t. (8.8)

The third harmonic voltage waveform is 180° out of phase with respect to the fundamental
frequency voltage v;s1. The voltages at all other harmonic frequencies are zero. The drain-
to-source voltage waveform is given by

vps = Vi + Vg1 +vas3 = Vi — Vyycosw,t + Vi3 cos3w,t. (8.9)
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Figure 8.2 Waveforms in Class F RF power amplifier with a third harmonic peaking.

The third harmonic flattens the drain-to-source voltage vpg so that the drain current ip flows
when the drain-to-source voltage vps is low, as shown in Figure 8.2. When the drain-to-
source voltage vpgs is high, the drain current is zero. Therefore, the average value of the
drain voltage-current product is reduced. This results in both high drain efficiency np and
high output-power capability c,,.

When the third harmonic is added to the fundamental component, the peak-to-peak swing
2V, of the ac component of the composed drain-to-source voltage waveform is reduced,
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and the peak value of the resulting ac component of the drain-to-source voltage V) is lower
than the amplitude of the fundamental component V,,. The waveform of vpg changes as
the ratio V,,3/V,, increases.

(1) For 0 < V,;3/V,, < 1/9, the resulting waveform of vps has a single valley at w,t =0
and a single peak at wf = . In other words, the minimum value of vpg occurs at
w,t = 0 and the maximum value of vpg occurs at w,t = m. The peak value of the ac
component of vpg is

Vok = Vi = Vpsuin =V —vps Q) =V, = Vi + Vi = Viuz = Vip — Vipz. (8.10)
For an ideal transistor, Vpgpi» = 0 and V,x = V. Hence,
Vi Vi Vin 1

Ym _ Ym — . 8.11)
Vpk Vi Vin = Vi3 1— E
Vin

As V,,3/V,, increases, V,,/V; also increases.

(2) At V,3/V, = 1/9, the waveform of vpg is maximally flat. The minimum value of vpg
occurs at w,t = 0 and the maximum value of vpg occurs at w,t = 7.

(3) For V,,;3/V,, > 1/9, the waveform of vpg exhibits a ripple with double peaks, as shown
in Figure 8.2. There is a local maximum value of vpg at w,t = 0 and two local adjacent
minimum values. In addition, there is a local minimum value of vpg at w,t = w and
two local adjacent maximum values.

4) As V,3/V,, increases from 1/9, the ratio V,,/V; reaches its maximum value at V,,3/
Vim = 1/6 and is given by
|% V 2
L == (8.12)
Vpk VI \/5
(5) For V,,,;3/V,, > 1/6, the waveform of vpg has double valleys and a peak at low voltages
and double peaks and one valley at high voltages. The ratio V,,/V, decreases as
Vn3/ Vi increases.

It is possible to increase the ratio V,,/V; by adding a small amount of third harmonic,
while maintaining vps > 0. When V; and [; are held constant, P; is constant. As V),
increases, Pp = V,,1,,/2 increases, and therefore np = Po/P; also increases by the same
factor by which V,, is increased.

8.2.1 Maximally Flat Class F; Amplifier

In order to find the maximally flat waveform of vpg, we determine its derivative and set
the result to be equal to zero

dvps
d(w,t)
= sinwyt(V;n — V3 + 12V,u3 sin® w,1) = 0. (8.13)

=V sinw,t — 3V,,3sin3w,t = V,, sinw,t — 3V,,3(3 sinw,t — 4sin’ w,t)

One solution of this equation at non-zero values of V,, and V,,3 is

sin wpty = 0 (8.14)
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which gives the location of one extremum (a minimum or a maximum) of vpg at

Wotyy =0 (8.15)
and the other extremum of vpg at

Woly = T (8.16)

The other solutions are

Wz — Vi \%
i thy =+, | ——  fi Vinz = —. 8.17
sin w, / 12V or 325 (8.17)

The real solutions of this equation do not exist for V,,3 < V,,/9. For w,t > V,,/9, there
are two minimum values of vpg at

Wz — Vi
Wotyy = 4 arcsin | 12— ™ (8.18)
12V,,3
and two maximum values of vpg at
. 9Vm3 - Vm
wot, = m *arcsin, [ ———. (8.19)
12V,3
For v |
m3
= — 8.20
V=9 (8.20)

the location of three extrema of vpg converges to 0 and the location of the other three
extrema converges to 7. In this case, the waveform of vpg is maximally flat at w,t =0
and at w,t = 7.

For the symmetrical and maximally flat drain-to-source voltage vpgs, the minimum value
of vps occurs at w,t = 0 and the maximum value occurs at w,t = . The Fourier coeffi-
cients for the maximally flat waveform of vpg can be derived by setting all the derivatives
of vps to zero. The first and the second-order derivatives of voltage vpg are

d
DSy sinwyt — 3V sin 3wt (8.21)
d(w,1)
and
dszS
= Vi cosw,t — 9V,,3 cos 3w, 1. (8.22)
d(w,1)?

The first-order derivative is zero at w,t =0 and w,t = &, but it does not generate an
equation because sin0 = sinw = 0. From the second-order derivative of vpg at w,t = 0,

dZVDS
d(w, t)z Wt =0

Thus, a maximally flat waveform of the drain-to-source voltage occurs for

=V — 9V,3 = 0. (8.23)

Vs 1
—_— = 8.24
Vo9 (8.24)
Idealy, the minimum drain-to-source voltage is
V 8
Vosnin =vos(©) = Vi = Vi + Vs = Vi =V + = = Vi =5V =0 (825
producing the maximum amplitude of the output voltage
9
Vim = <Vr. (8.26)

8
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Figure 8.3 Maximally flat waveform of the normalized drain-to-source voltage vps /V; for Class
F RF power amplifier with third harmonic peaking.

Similarly,
Vosmin =vps(0) =V =V + V3 =V —9V,3 + Vs = Vi —8V3 =0 (8.27)

yielding the amplitude of the third harmonic voltage

V
Vs = §1 (8.28)
The maximum drain-to-source voltage is
9 1

Vosu =vps(m) =V +Vy = Vs =V, + gVI - §V1 =2V. (8.29)

The normalized maximally flat waveform of vpg is

Vin Vin 9 1

VVLIS =1- 71 cos w,t + 713 cos3w,t =1 — 3 CcoS Wyt + 3 cos 3w,t. (8.30)

Figure 8.3 shows the maximally flat waveform of the normalized drain-to-source voltage
vps/V; with the third harmonic peaking.
The fundamental component of the load current is equal to the drain current

i, = ig1 = I, cosw,t (8.31)
where
1 [7 1 [z 5 Ipm
I, = — ip cosw,t d(w,t) = — Ipy cos” wot d(wyt) = — (8.32)
T J_x T J =z
2 2
or
Vm 9(VI - VDSmin)
Iy=—=—"—""—. 8.33
m=p R (8.33)
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The dc input current is equal to the component of the drain current

: % : % ! 2 oV =V min
I = —/ ip d(wot) = —f Ipp cos ot d(wpt) = 22 = 2 = w_
2 J_ - ;- -

b4 27 J_=x 4R
2 2
(8.34)
The dc input power is given by
oV, (V; =V, min OV (V; =V min
P = VI, = 1(Vi — Vpg ): 1(Vi — Vps ). (8.35)

47 R 47 R

The drain current ip contains the dc component, fundamental component, and even harmon-
ics. The drain-to-source voltage vps contains the dc component, fundamental component,
and third harmonic. Therefore, the output power contains only the fundamental component

P—IIV—IXIDng(V v -)—91 (Vi = Vismin) (8.36)
o0 = ) mYm — ) ) 3 1 DSmin) = 32 DM\V] DSmin .
or
V2 81(V; — Vpsmin)? Vi — Vpsmin)?
Py = Ym _ % DSmin) :0.6328( i DSmin) . (8.37)
2R 128R R

Hence, the drain efficiency of the amplifier is

Po 1/1, Vin 1 =n Vin aVm T 9 VDsmin
}”D = — = — _— B = — X — X —_— = —— = — X — l e
Py 2\ [y \%i 2 2 \% 4V 4 8 \%

9 Vismi Vismi
= 2 (1 — IBsmin ) _ 8836 (1 — L2Smin ) (8.38)
32 V[ Vl

The ratio of the drain efficiency npr3) for the Class F amplifier with the third harmonic to
the efficiency of Class B amplifier at Vpgi, = 0 is

9
DED _ 2 _ 125, (8.39)
D(B)

Thus, the improvement in the efficiency of the Class F amplifier over that of the Class
B amplifier is by a factor of 1.125 from 78.54 % to 88.36 %. Note that the amplitude of
the fundamental component V,, = V; is increased in the Class F amplifier with the third
harmonic to V,, = 9V; /8 = 1.125V;. Thus, the drain efficiency np and the ratio V,,,/V; are
increased by the same factor, equal to 1.125.

The output-power capability is

P P 9 Vismi Vpsmi
e 0 0 (1 _ YDSm ’) — 0.1406 (1 - %) (8.40)

" Vosulpw  2Vilpy 64 Vi i

where the maximum value of the drain-to-source voltage is Vpsyr = 2V;. The dc input
resistance is

V[ V%
Rpc = — = —R ~ 1.396R. (8.41)
I 9

Example 8.1

Design a Class F power amplifier employing third harmonic peaking with a maximally
flat drain-to-source voltage to deliver a power of 10W at f. = 800 MHz. The required
bandwidth is BW = 100 MHz. The dc power supply voltage is 12V and Vpg;n = 1 V.
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Solution. The maximum amplitude of the fundamental component of the drain-to-source

voltage is
9 9
Vi = g(VI — VDsmin) = §(12 —1)=12.375V.
The amplitude of the third harmonic is
Von = Vip 12375 1375V
m3 — 9 - 9 - L .
The load resistance is
V2 o 123752
=" = =7.657 2.
2Po 2x 10

The maximum drain-to-source voltage is
Vosmax =2V =2 x 12 =24V.

The amplitude of the fundamental component of the drain current is
Vi 12375

In = =

= 1.616A.
R 7.657

The maximum drain current is
Ipy =21, =2 x 1.616 =3.232A.

The dc supply current is
Ipy _ 3.232

I} =—=——=1.029A.
T b4

The dc supply power is
P =10V =1.029 x 12 = 12.348 W.
The drain power loss of the transistor is
Pp =Py — Pp =12.348 — 10 = 2.348 W.

The drain efficiency is

_Po_ 10 _¢ho59
TP, 12348 0

The dc resistance presented by the amplifier to the dc source is

Uh)

4
Rpc = gR — 1.396 x 7.657 = 10.689 Q.

The loaded quality factor is
_Je 800
L= Bw =100~
The definition of the loaded quality factor for a parallel-resonant circuit is

= = W, .
L CL c

The inductance of the resonant circuit tunned the fundamental is
I— R 7.657

T w0, 2rx08x109x8
The capacitance‘ of the resonant circuit tunned the fundamental is
oL 8

w.R 2w x 0.8 x 10° x 7.657

= 0.19nH.

C =

= 207.855 pF.

(8.42)

(8.43)

(8.44)

(8.45)

(8.46)

(8.47)

(8.48)

(8.49)

(8.50)

(8.51)

(8.52)

(8.53)

(8.54)

(8.55)

(8.56)
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8.2.2 Maximum Drain Efficiency Class F; Amplifier

The maximum drain efficiency np and the maximum output-power capability ¢, do not
occur for the maximally flat drain-to-source voltage vpg, but when the waveform vpg
exhibits slight ripple. From (8.17),

9Vn13 1 Vm
CoOS Wty =4/ 1 — sin® Woly = = |-+ . (8.57)
12Vm3 4 12V,3

The minimum value of vpg occurs at w,t, and is equal to zero

vps(woty) = Vi — V, cos woty, + Vs cos 3w, t, = 0 (8.58)
which gives
Vi =V, coswety, — Vipz cos3wety, = Vi coswyty, — Vinz (4 cos’ Wty — 3COSwyty,)
by (Vip — 4V, 2 Woty 4 3V3) l+ 2V +2V,
= COSWol(Vim — m3 COS™ Wyl m3) = - B m
} . 4 12v,,13 3 }
2 2V 1 Vi
=YV, -4+ — - 8.59
’”{(ﬁ v,,,) 4+12vm3} (8.59)
Hence, v 1
= . (8.60)
Vi 1 N Vi 2 2V
4 12V,3 \3 Vi
In order to maximize the drain efficiency
Po 1 /1, Vi
— -0 _ _n 8.61
D P, 2 (11 v, (8.61)

at a given waveform of drain current ip, i.e., at a given ratio 1,,/I;, we will maximize the
ratio V,,/V;. As V,3 increases when V,, is held constant, V; first decreases, reaches its
minimum value, and then slowly increases. To maximize V,,/V;, we take the derivative
and set it to zero

d Vin
vi) 9 1 < Vi )2 1 1 o
d(@) o 3Vn P2 Vs \ Vo o4 (g N 2\4,,3)2
Vin + Vin3 3 Vin Vin3 3 Vin
(8.62)
producing )
Vin Vin
18( 3) +3< 3)-1: : (8.63)
Vm Vm
Solution of this equation yields |
Vin3
— = — =~ 0.1667. 8.64
V"6 (8.64)

Using this relationship, we obtain
Vi =V, coswety, — Vipz cos3wety, = Vi coswyty, — Vipz (4 cos’ Wty — 3COSwyty,)

11 142 1 V3
=V -+=|1=2 —|=v,— 8.65
., 4+2[ 3( ! )+2} W (8.65)
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resulting in

V, 2
2=~ 1.1547. (8.66)
\%; V3
Finally,
Vm VI
V, — = (8.67)
m3 6 3«/§
yielding
Vin 1
A 0.19245. (8.68)
Vi 3V3
The minimum values of vpg occur at
Wz —V, . (1 o
wyt,, = £ arcsin Zim3 T Tm +arcsin | = | = £30". (8.69)
12V,3 2

The normalized waveform vpg /V; for achieving the maximum drain efficiency is given by

Vv, V, 2 1
Yps 1 — 2 cosw,t + m3 cos3w,t = 1 — — cosw,t + ——= cos 3w, 1. (8.70)

v v % V3 3V3

The normalized drain-to-source voltage waveform vpg/V; for the Class F amplifier with
the third harmonic peaking for the maximum drain efficiency is shown in Figure 8.4. The
drain efficiency is

Po 1y Vi

1 2 T
= = — = —— ~90.67%. (8.71)
P, 20V 2

RNVIREN

T
X_
D )

1.81

1.6

1.4f

Vps /VI

0 45 90 135 180 225 270
ot (%)

Figure 8.4 Waveform of the normalized drain-to-source voltage vps/V; for Class F RF power
amplifier with third harmonic peaking, yielding the maximum drain efficiency and output-power
capability.
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The ratio of the maximum drain efficiency npmax(r3) of the Class F amplifier with the third
harmonic to the drain efficiency of the Class B amplifier at Vpg;, = 0 is

2
IDmaxB3) _ =~ 1.1547. (8.72)

e V3
Thus, the maximum drain efficiency is increased from 78.54 % to 90.67 % by the same
factor as the ratio V,,,/V; is increased, i.e., by a factor of 2/ V3~ 1.1547.
In general, the drain efficiency of the Class F amplifier is given by

Np = 1NB (“//—7) = % <“//—’:) . (8.73)
Hence,
D —Z 1_1‘,m3 for 0< “//”: < é (8.74)
Vin
and
b Vi _ 1
np = for V—m > 5 (8.75)

1 Vin 2 2Vus
4 + 12V,3 (3 * Vin )

Figure 8.5 shows V,,/V; as a function of V,,3/V,,. The drain efficiency np as a function
of V,;3/V,, is shown in Figure 8.6.

The ratio of the maximum drain efficiency npmaxr3) of the Class F amplifier with the
third harmonic to the drain efficiency of the Class B amplifier with maximally flat waveform

M N

Vo lV,

Bl N
N RN NN NN N
wal /N

toob /N

. : : : : : : :
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
V!V,

Figure 8.5 Ratio V,,/V; as a function of V,3/V,, for Class F RF power amplifier with third
harmonic peaking.



CLASS F RF POWER AMPLIFIER 279
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Np (%)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
V!V

78

Figure 8.6 Drain efficiency np as a function of V,,3/V,, for Class F RF power amplifier with
third harmonic peaking.

vps at Vpsmin = 0 is
NIDmax(F3) 16
ND(F3) 93

Thus, the improvement in the efficiency is by 2.64 %. The maximum drain-to-source volt-
age is

~ 1.0264. (8.76)

Vpsm = 2Vp. (8.77)
The maximum output-power capability is
P P IV 1 1 1
==t =y, 1 =<”>(—)<—)=—m0.1443.
IpmVosm  Ipm Vbsm Ipm Vosm 2/3) \m ) \2 43

(8.78)
The maximum output-power capability at any value of V,,3/V,, is given by

1/ 1, Vin 1[I, Vin 1 (Vn Vin (8.79)
o ==— =—|l—)l=)==z—)=¢ — . .
P2 \Upy Vpsu 2 \Ipu ) \2V; 8\ Vi P&\,

Thus,
! for 0<Ym 1 (8.80)
Cp = — or — .
P 8 1 — @ - Vm -9
Vi
and
1 Vs 1
cp = for 22 >~ (8.81)
8 1 + Vm 2 2VmS Vm 9
4 12V, \3 'V,
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0.14} h

S 0135} 1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
V! Vi

0.125

Figure 8.7 Output power capability c, as a function of V,,3/V,, for Class F RF power amplifier
with third harmonic peaking.

Figure 8.7 shows ¢, as a function of V,,3/V,,. For odd harmonic Class F amplifiers, the
maximum drain efficiency and the maximum output power capability occur at the same
voltage amplitude ratios.
The dc resistance of the amplifier presented to the dc power supply is
Vi b4 «/g

Rpc = — = —R ~ 1.36R. 8.82
pe =7 > (8.82)

Example 8.2

Design a Class F power amplifier employing third harmonic peaking and having a maximum
drain efficiency to deliver a power of 10 W at f, = 800 MHz with BW = 100 MHz. The dc
power supply voltage is 12V and Vpg;, = 1 V.

Solution. The maximum amplitude of the fundamental component of the drain-to-source
voltage is

Vi = %(Vl — Vpsmin) = 1.1547(12 — 1) = 12.7 V. (8.83)
The amplitude of the third harmonic is
Vs = Vo 27 517w, (8.84)
6 6
The load resistance is
V2 12.7%

— = = 8.0645 Q. (8.85)
2Pp  2x 10
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The maximum drain-to-source voltage is

VDsmax =2V =2 x 12 =24V. (8.86)
The amplitude of the fundamental component of the drain current is
1% 12.7
I, = — = = 1.575A. (8.87)
R 8.0645
The maximum drain current is
Ipy =21, =2 x 1575 =3.15A. (8.88)
The dc supply current is
I 3.15
=22 _ 27 100267 A. (8.89)
T T
The dc supply power is
Pr =1;Vi =1.00267 x 12 = 12.03204 W. (8.90)
The drain power loss of the transistor is
Pp = P; — Pp =12.03204 — 10 = 2.03204 W. (8.91)
The drain efficiency is
Po 10
=—=—""—=283.11%. 8.92
=P, T 12.03204 ’ (8:92)
The dc resistance presented by the amplifier to the dc power supply is
T3
Rpc = TR ~ 1.36 x 8.0645 = 10.97 Q. (8.93)

From Example 8.1, L =0.19nH and C = 207.855 pF.
The loaded quality factor of the resonant circuit tunned to the fundamental of the carrier
frequency is

fe 800
= =— = 8.94
%= 3w = 100 899
The resonant circuit components of the output circuit are
R 8.0645
L= = =0.2nH (8.95)
.01 2w x 0.8 x 10° x 8
and
8
c= & — 197.35 pF. (8.96)

w.R 27 x 0.8 x 10° x 8.0645

8.3 Class F RF Power Amplifier with Third and Fifth
Harmonics

8.3.1 Maximally Flat Class F35 Amplifier

The circuit of a Class F RF power amplifier with both the third and fifth harmonics is
depicted in Figure 8.8. This circuit is called the Class Fs5 amplifier. The voltage and
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7
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> Vos L C R3v,
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Figure 8.8 Class F power amplifier with third and fifth harmonic resonators. (a) Circuit.
(b) Equivalent circuit.

current waveforms are shown in Figure 8.9. The drain-to-source voltage waveform is
vps = Vi — V, coswet + V3 cos 3wyt — Vs cOs Sw,t. (8.97)
The derivatives of this voltage are

dv DS

=V sinw,t — 3V,,3sin3w,t + 5V,,5 sin Sw, t (8.98)
d(w,t)
dZVDS
—— =V, cosw,t —9V,,;3cos3w,t + 25V,,;5 cos Sw,t (8.99)
d(w,1)?
d*vps . . .
= =V sinw,t + 27V,,3 sin 3w,t — 125V,,;5 sin Sw, t (8.100)
d(w,t)?
and
d4VD5
= =V, cosw,t + 81V,,;3cos3w,t — 625V,,5 cos Sw,t. (8.101)
d(w,t)*

All the terms of the first and third-order derivatives are zero at w,f = 0 and do not give
any equations. The second and the fourth-order derivatives are zero at w,t = 0, yielding a
set of two simultaneous equations

dv
d(T[;S)Z wnio = Vin = Vi3 +25Vyus = 0 (8.102)
0
and
d4
d(%; oiso = Vi + 81V,u3 — 625V,,5 = 0. (8.103)
0
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— V3.
25 m3

Vins =

and
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Now
Vi Vi 64
vps) =V = Viu + Vi3 = Vs = Vi =V + ? - % =V - %Vm =0 (8.107)
producing
Vin = 75V ~ 1.1719V, (8.108)
m = 64 1 ~ L. I- .
Similarly,
3Vu3 128
vps(0) =V _Vm+Vm3_Vm5=VI_6Vm3+Vm3_F =V —gvm =0
(8.109)
yielding
Vinz = 25 Vi =~ 0.1953V, (8.110)
my = g1 Y 1 .
Finally,
25 128
vps(0) = Vi = Viu + Viuz — Vius = Vi = 50V,5 + ?VmS — Vs =V — T ms =0
(8.111)
leading to
3
Vs = —V; ~ 0.02344V;. 8.112
m5 128 1 1 ( )
The maximum drain-to-source voltage is
V = @ =Vi+V, Vinz +V, —V+75V 25V—i—3V—2V
DSM = VDS =V m m3 ms = VI 64 1 128 1 128 1 =<V
(8.113)
The normalized maximally flat voltage is given by
1% v, £
Vs _ oy Im cos @yt + -2 cos 3wyt — -2 cos Sw,t
VI VI m m
=1 I t+25 3w,t 5 Sw,t (8.114)
= o COS W, 3 cos 3w, 3 coS Sw,t. .

Figure 8.10 shows the maximally flat waveform of the normalized drain-to-source voltage
vps /Vr with the third and fifth harmonics.
The amplitude of the fundamental component of the current is

Vi  T15Vp
I,= — = ——. (8.115)
R 64 R
The dc input current is
2 75 Vi
Iy =—I)=——. 8.116
"= %" xR ( )
The dc input power is
P =1V, = 5 Vi (8.117)
T T 3 R '
The output power is
V2 5625V} V72
o=-"=""-L ~0.6866-L. (8.118)
2R 8192 R R
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n=1,3,5

1.2
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0ot (°)

0 30 60 90 120 150 180 210 240 270

Figure 8.10 Maximally flat waveform of the normalized drain-to-source voltage vps /V; for Class

F RF power amplifier with third and fifth harmonics.

The drain efficiency is

_Po DT 904
= T 56 T
The maximum drain-to-source voltage is
The output-power capability is
P 1 ([ Vil 175 1 75
cpzioz— PR ) =-x = x = =—= =0.1465
VosmIpy 2 \2Viipy 4 6 2 512
The dc input resistance is
V[ 32
Rpc = = ——R =~ 134R
T T s

(8.119)

(8.120)

(8.121)

(8.122)

Example 8.3

Design a Class F power amplifier employing third and fifth harmonics peaking with a
maximally flat drain-to-source voltage to deliver a power of 16 W at f. = 1 GHz. The
required bandwidth is BW = 100 MHz. The dc power supply voltage is 24 V and Vpgin =

1V.

Solution. The maximum amplitude of the fundamental component of the drain-to-source

voltage is

75 75
Vi = a(VI — Vbsmin) = a(24 —1)=126.953V.

(8.123)
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The amplitude of the third harmonic is

Vin 26.953
Viz=— = —=4.492V.
T 6 6
Vin 26.953
Vs = — = =0.5391 V.
> 50 50
The load resistance is
2 26. 2
Vi _ 6.953 =22.7%.

R=—=
2Po 2x 16
The maximum drain-to-source voltage is

Vbsmax =2V =2 x 24 =48 V.

The amplitude of the fundamental component of the drain current is

26.
4] = 0953 = 1.187A.
R 22.7

I, =

The maximum drain current is
Ipy =21, =2 x 1.187 = 2.374 A.

The dc supply current is
I 2.374
=22 22 07556 A
bid i

The dc supply power is
P =1;V; =0.7556 x 24 = 18.1344 W.
The drain power loss of the transistor is
Pp =P; —Pp =18.1344 — 16 = 2.1344 W.

The drain efficiency is
P 16

=-2= = 88.23 %.
Py 18.1344

The dc resistance presented by the amplifier to the dc source is

D

327
Rpc = FR =1.34 x22.7 =30.418 Q.

The loaded quality factor is
1
— Je — @ =10.
BW 100

oL

The inductance of the resonant circuit tunned the fundamental frequency is

R . 22.7
w01 2w x 107 x 10

L= = 0.36128 nH.

The capacitance of the resonant circuit tunned the fundamental frequency is

oL 10

C = =
w:R 2w x 109 x 22.7

=70.11 pF.

(8.124)

(8.125)

(8.126)

(8.127)

(8.128)

(8.129)

(8.130)

(8.131)

(8.132)

(8.133)

(8.134)

(8.135)

(8.136)

(8.137)
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8.3.2 Maximum Drain Efficiency Class F35 Amplifier

The maximum drain efficiency and the output-power capability of the Class F amplifier
with the third and fifth harmonics is obtained for [20]

Vi

12071 (8.138)
Vi
v

m3 _ 0.2804 (8.139)
Vi
VmS
3 0.07326 (8.140)
Vi
v,

™ (.2323 (8.141)
Vin
v

V”’S — 0.0607 (8.142)

and

VmS
M3 0.2613. (8.143)
Vm3

The normalized waveform vpg/V; for the maximum drain efficiency is given by

VDS V Vin3 Vins
— =1 — 2 coswyt + —= coS Wyt + —= CcOS Sw,t
Vi Vi m Vi

=1—1.2071 cos w,t + 0.2804V,, cos w,t + 0.07326 cos Sw,t. (8.144)

The waveform of normalized drain-to-source voltage vps/V; in the Class F amplifier with
the third and fifth harmonics, yielding the maximum drain efficiency and the maximum
output-power capability, is shown in Figure 8.11.

The amplitude of the fundamental component of the drain current is

Ve 1.207V;
I, =—= . (8.145)
R R
The dc supply current is
2 2 x 1.207 V; Vi
I =—I,=—— =0.7684—. (8.146)
b4 b4 R R
The dc supply current is
V2
Pr=LV, = 0.768471. (8.147)
The output power is
V2 1(1.207Vp)? V72
Pp=-"2=—-——""=0.7284—. (8.148)
2R 2 R R

The maximum drain efficiency is

_Po _1(In) (Vu _1(”)(1207)—”x1207~948t7 (8.149)
W= Ta\n )\ ) T2 \g) e E g A e '

Hence,

Momax 948 _ 4 o6 (8.150)
npF3s) 924
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Figure 8.11 Waveform of the normalized drain-to-source voltage vps/V; for Class F RF power
amplifier with third and fifth harmonics, yielding the maximum drain efficiency and output-power
capability.

The maximum value of vpg is
2
Vosuy =2V = ——V,, = 1.657V,,. (8.151)

1.207
The output-power capability is

Po 1/ I, Vi 1 /1 1
Cp=7—"—"=72 <—) ( ) =-X <—> X (—) =0.1509.  (8.152)
Ipy Vpsy 2 \Upy Vpsm 2 2 1.657

The dc input resistance is

1%
Rpc = 1—’ ~ 1.3R. (8.153)
I

The normalized voltage amplitudes in odd harmonics Class F power amplifiers that give the
maximally flat waveform of vpg are given in Table 8.1. The normalized voltage amplitudes
of these amplifiers that ensure the maximum drain efficiency are given in in Table 8.2.

Table 8.1 Voltage amplitudes in odd harmonic maximally flat Class F power amplifiers.

Vin Vin3 Vins Vin3 Vins
Class — —_— —_— _— -—
V; 7 v Vin Vin
F 9—1125 1—0125 0 1—01111
} g8 g8 9 -
5 25 3 1 1
Fss = =1.1719 == =0.1953 — =0.02344 - =1.667 — =0.02
64 128 128 6 50
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Table 8.2 Voltage amplitudes in odd harmonic maximum drain efficiency Class F power

amplifiers.
Vm Vm VWL Vm m
Class — m3 m3 m3 Yins
V] V] VI Vm Vm
F 2 _ 1.1547 L _ 0.1925 0 I _ 0.1667
’ N 33 6
Fss 1.207 0.2804 0.07326 0.2323 0.0607

8.4 Class F RF Power Amplifier with Third, Fifth,
and Seventh Harmonics

For the maximally flat Class F3s7 amplifier,

Vi
Vs = ?' (8.154)
Y, = Y (8.155)
mS — 25 .
le
Vs = 8.156
m7 245 ( )
Yo = 22y (8.157)
" 1024 '
Vo= 2By, (8.158)
™= 004 ! '
Vs = 2y (8.159)
™= 1024 ‘
and 5
Vi = — V. 8.160
7= Tooa"! ( )

8.5 Class F RF Power Amplifier with
Parallel-resonant Circuit and
Quarter-wavelength Transmission Line

Figure 8.12(a) shows the circuit of a Class F power amplifier with a quarter-wavelength
transmission line and a parallel-resonant circuit. The quarter-wavelength transmission line
is equivalent to an infinite number of parallel-resonant circuits, which behave like an
open circuit for odd harmonics and like a short circuit for even harmonics, as shown in
Figure 8.12(b). This circuit is referred to as Class Fy, amplifier. It is widely used in VHF
and UHF frequency-modulated (FM) radio transmitters [2]. Current and voltage waveforms
are shown in Figure 8.13. The drain current waveform is a half sine wave. The conduction
angle of the drain current is & = . The drain-to-source voltage is a square wave. These
current and voltage waveforms constitute the waveforms of an ideal Class F amplifier. The
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I JRNY
* Vps L Cc =< RZ Y
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-1
(a)
7
0 ‘RFC @k+ 1)f, 5f, 3f,
i f,
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. 1€ 1€ s .
Vps L C—~ RzZVv,
s - Rn=1
f 0,n=2,4,6,...
,n=3,5,7,..

(b)

Figure 8.12 Class F power amplifier employing a parallel-resonant circuit and a quar-
ter-wavelength transmission line, where n = (2k 4+ 1) with k =0,1,2,3,.... (a) Circuit. (b) Equiv-
alent circuit at Z, = R.

transmission line may be difficult to integrate, thus preventing full integration of the Class F
power amplifier on a single chip. At f = 2.4GHz, 1/4 ~ 2cm.
The drain current waveform ip can be expanded into a Fourier trigonometric series
B N nmw
: 1 2 ¢ % (7)
Ip :IDM —+—COS(1)(,I+;ZI_7’12

coSnw,t
T 2

n=2

=Ipy l + l cos w,t + i Ccos 2w, t — i cosdw,t + i cos 6w, t + - - ] .
LT 2 3n 157 357
(8.161)
Thus, the drain current waveform ip contains only the dc component, fundamental compo-
nent, and even harmonic components.
The drain-to-source voltage vpg is a square-wave and it can be expanded into a Fourier
series

4 1 1 1
vps = Vi {1 + — [coswot -3 cos 3w,t + gcos5w0t 5 cos 7wt + -+ i“ . (8.162)
T

The drain-to-source voltage vps contains only the dc component, fundamental component,
and odd harmonic components.
The peak value of the drain-to-source voltage is

Vpsm = 2ViVpsu = 2V (8.163)
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Figure 8.13 Voltage and current waveforms for Class F RF power amplifier with a paral-
lel-resonant circuit and a quarter-wavelength transmission line.

The amplitude of the drain-to-source voltage is

4
Vin = ;(VI - VDSmax) (8164)

and the amplitude of the drain current is

I}
I, = % (8.165)

The input impedance of the load network seen by the drain and source terminals at the
fundamental frequency f, is

4
Vi V1= Vosmin) g
m

=1
> iom

Vi — VbSmax Z;
% DSmax) —R = 2o, (8.166)
Ipy R
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the impedance at even harmonics is

Vm(n) _ 0

Z(nfo) = Z(2kf,) = = — =0 for n=246,... (8.167)
Ly  finite value
and the impedance at odd harmonics is
1% finite val
Znf) = ZI2k + 1y = -2 = TE Y o0 for 0 =3,57,... (8.168)

Im(n) 0
where k = 1,2,3,....

The input impedance of the transmission line is given by

. 2
Z1, + jZ, tan Tl

z() =2, (8.169)

) 2
Zy, + jZi tan Tl

where [ is the length of the transmission line, the wavelength in the transmission line is

Vp c

AN

where v, = c¢/,/€, is the phase velocity, c is the speed of light, €, is the relative dielectric
constant, and X, is the wavelength in free space.
The input impedance of the transmission line for / = 1/4 is

(8.170)

7 + 7, tan ( 222
A L T J4o tan 4 Zoz
Z =7, = (8.171)

4 21 A\ 7
Z iZ; t. —_——
0+]Lan<k4>

In this case, the transmission line acts like an impedance inverter. The input impedance of
the transmission line for [ = A /2 is

71 + 7y tan | 22

A L T J4o tan 2
z(Z2) =2 =7 (8.172)

2 Z, + jZ; tan 2—”&

o T JLL 12

The transmission line under this condition acts like an impedance repeater. The capacitor
in the parallel-resonant circuit represents a short circuit for all harmonics. The quarter-
wavelength transmission line converts short circuits at its output to open circuits at its
input at odd harmonics, and it converts short circuits to short circuits at even harmonics.
The high impedances at odd harmonics shape a square wave of the drain-to-source voltage
vps shown in Figure 8.13 because this voltage waveform contains only odd harmonics.
The low impedances at even harmonics shape a half sine wave of the drain current ip
since this current waveform contains only even harmonics. Ideally, the voltage and current
waveforms in the Class F and Class D amplifiers are identical.
The fundamental component of the drain-to-source voltage is given by

4
Vin = =(Vi — VDsmin)- (8.173)
b

The fundamental component of the drain current is

ig1 = I, cos w,t (8.174)
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where
1 (2 1 (2 I
I, = —f ip cosw,t d(w,t) = —/ Ipy cos® wot dlw,t) = -om
Tz T Joz 2
or
_ Vi _ 41 = VDsmin)
" R,‘ JTRi ’
The dc input current is equal to the dc component of the drain current
1 [ 1 [ I 2 8(V,
I = —/ ip d(wyt) = —f Ipp cos ot d(wpt) = 22 = 2 = Vi
2 .4 2 -z T T
The dc input power is given by
IpmV
Py =1V, = pMm V1
b4

The output power is

1 1 Ipy 4
Po = =1,V = = X — X =(Vi = Vpsmin) = —Ipm (Vi — VDsmin)
2 2 2 T T
or
’ Ve 8(Vi = Vpgmin)?

- 2R,‘ - /g 2R,‘
The drain efficiency of the amplifier is
_Po _ | — VDsmin

Np = P, v,

The output-power capability is

p 1 V min V min
Cp=70=_<1_L>=0.159<1_L>.
IpyVpsu 27

The dc resistance is

The rms value of the drain current is

1 /2 Im
Ipsims = E //2 I,% cos2 wotd(w,t) = 7
T

(8.175)

(8.176)

— VDSmin)

JTZRZ'
(8.177)

(8.178)

(8.179)

(8.180)

(8.181)

(8.182)

(8.183)

(8.184)

If the transistor is operated as a switch, the conduction loss in the MOSFET on-resistance

rps 1s given by

2 rpsl}
Pyps = rDSIDSrmS = 4
The output power is
R;I?
Po = —".
)
Hence, the drain efficiency is
_Po Po B 1 . 1 . R; _ 1
nD_PI_Po-l-PrDs_ PrDS_1+rDS_R.+m_S_ R
1+ 2R T2 ’
Po i

(8.185)

(8.186)

(8.187)
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Example 8.4

Design a Class F power amplifier with a quarter-wave transmission line to deliver a power
of 16 W to a load of 50 2 at f, = 5 GHz. The dc power supply voltage is 28 V and Vpgin =
1V. The MOSFET on-resistance is rps = 0.2 2.

Solution. The maximum amplitude of the fundamental component of the drain-to-source
voltage is

4 4
Vin = —(Vi — Vpsmin) = —(28 — 1) =34.377V. (8.188)
T T
The input resistance of the load circuit is
V2 343777
R =2 = =36.93Q. (8.189)
2Po 2 x 16
The maximum drain-to-source voltage is
Vosmax =2V =2 x 28 =56V. (8.190)
The amplitude of the fundamental component of the drain current is
I, = Vi _ 34377 _ 0.9308 A (8.191)
"R 3693 ' '
The maximum drain current is
Ipy =21, =2 x 0.9308 = 1.8616 A. (8.192)
The dc supply current is
1 1.8616
=2 0 05926 A. (8.193)
T T
The dc supply power is
Py =1;V; =0.5926 x 28 = 16.5928 W. (8.194)
The drain power loss of the transistor is
Pp =P; — Pp =16.5928 — 16 = 0.5928 W. (8.195)
The drain efficiency is
_Po_ 10 o644 (8.196)
= T 165928 ‘

The dc resistance presented by the amplifier to the dc source is

2
Rpc = %Ri = 1.2337 x 36.93 = 45.56 Q2. (8.197)

The characteristic impedance of the transmission line is

Z, = vVRiR = +/36.93 x 50 = 42.97 Q. (8.198)

Assume the dielectric constant used for construction of the transmission line to be €, = 2.1.
The wavelength in the transmission line is

c 3 x 108
A= = =4.14cm. (8.199)

Vefe /2.1 x5 % 10°
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Hence, the length of the transmission line is

A 414

Assume that the loaded quality factor Q; = 7. The loaded quality factor for a parallel-
resonant circuit is defined as

O = R = wCR;. (8.201)
oL
Hence, the inductance of the resonant circuit tunned the fundamental is
R 50
CL)CQL:27TX5X109X7
The capacitance of the resonant circuit tuned to the fundamental is

7
CZQL

— 0.227nH. (8.202)

= = 4.456 pF. 8.203

wR 27 x5 x 10° x 50 P (8:203)
Neglecting switching losses, the drain efficiency is
R; 36.93

Ub) = =99.73 %. (8.204)

Ri+ % 3693+ %

8.6 Class F RF Power Amplifier with Second
Harmonic

8.6.1 Maximally Flat Class F, Amplifier

A circuit of the Class F RF power amplifier with a second harmonic peaking is shown in
Figure 8.14. This circuit is called the Class F, amplifier. Figure 8.15 shows the voltage
and current waveforms. The drain current waveform is a square wave. The drain-to-source
voltage waveform vpg is given by

vps = Vi — Vi coswet + Vo cos2w,t. (8.205)
The derivative of this voltage with respect to w,t is
dvps = Vi sinw,t — 2V,,;» sin 2w, t
d(w,t)
= Vyusinw,t — 4V,,» sinw,t cos w,t
= sinw,t(V,, — 4V,n cosw,t) = 0. (8.206)
One solution of this equation is
sinwyt,, =0 (8.207)
yielding the extremum at
Wotm =0 (8.208)

and the maximum at

Woly = 1. (8.209)
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Figure 8.14 Class F power amplifier with second harmonic. (a) Circuit. (b) Equivalent circuit.

The other solution is

v,
<. (8.210)
4V,

For 0 < V,,;2/V,, < 1/4, the waveform of vpg has only one minimum value at w,t = 0 and
only one maximum value at w,t = 7. For Vpgpi, = 0,

COS Wyl =

V, V, V, 1
=t n_ = . (8.211)
Vpk Vi Vin — Vin2 1— Vin2
Vin
The waveform of vpg is maximally flat for
V, 1
om_ (8.212)
Vin 4
The solutions do not exist for V,,;» > V,, /4.
Using the trigonometric identity sin® w,t + cos? w,t = 1, we get
2
sin® w,t = 1 — cos® w,t =1 — ——. (8.213)
16V,

Hence,

y?2 16v2, — V2 v,
Sinwpty =+ |1 — —2 =4 [—m2 ' m g5 Y o >_" 8.214
TV aevE, Y 16V, mr=y (8.214)

For V,;» < V,,/4, real solutions of this equation do not exist. For V,,,» > V,, /4, the wave-
form of vpg has two maxima at

V2

wyt, = tarcsin_[1 — .
o 16V2,

(8.215)
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Figure 8.15 Waveforms in Class F RF power amplifier with a second harmonic.

The derivatives of the voltage vpg are

dvps . .
= Vysinwy,t — 2V,,» sin 2w, t (8.216)
d(w,t)
and
d2vD5
=V, coswyt — 4V,,0 cos 2w, t. (8.217)

d(w,1)?
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Both terms of the first-order derivative at w,t = 0 are zero. Using the second derivative,
we get

Fvps =V, — 4V =0 (8.218)
d(wo1)? Tom e ‘
wet=0
yielding
V,
Vo = - (8.219)
Hence, v 3
vps() =V =V, =V + Vo =V =V + T’” =Vi= V=0 (8.220)
producing A
Vip = EV" (8.221)
Similarly,

vpsO) =V =V =V + Vo =V —4V20 + Vo =V =3V, =0 (8.222)
which gives
Vi

Vi = 3 (8.223)
The maximum value of the drain-to-source voltage is
4 1 8
Vosu =vps@)=Vi+V, + Vo =V, + gV[ + §V1 = §V1. (8.224)
The normalized maximally flat waveform vpg/V; is given by
VDS V, Vv, 2 4 1
% =1- V_’:l CoS w,t + % cos2w,t =1 — 3 coS w,t + 3 cos 2w, 1. (8.225)

Figure 8.16 depicts the maximally flat waveform of the normalized drain-to-source voltage
vps/V; with a second harmonic peaking.
The amplitude of the drain current is

1,
I, = 21 (8.226)
2
or
V. 4V,
I, = —=—-——. 8.227
R 3R ( )
Hence, the maximum drain current is
8V 32V,
Ipy =2, = —— = — —. 8.228
DM f 3R o R ( )
The dc input current is
IDM b b V[
| =—=—-1,=——. 8.229
=" 7y 3R (8-229)
The dc input power is
7 V72
P =5V, ==-L. 8.230
1 =0Vi=34 ( )
The output power is
v:Z 8V?
Py = -2 L (8.231)
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Figure 8.16 Maximally flat waveform of the drain-to-source voltage vpgs/V; for Class F RF
power amplifier with the second harmonic peaking.

The drain efficiency is
P 1 /1, Vin 1 4 4 8
== () (2)=-x I x- =2 ~8488%. (8.232)

P 2\ 1%} 2 w3 3m
The ratio of the drain efficiency of the Class F amplifier with the second harmonic and
maximally flat voltage to the drain efficiency of the Class B amplifier at Vpgy, = 0 is

given by

oy _ 32
npwy 3’

~ 1.0808. (8.233)
The output-power capability is

Po npPr nplrVy 8 1\ /3 1
cp = = = =(— — — | = — ~0.1592.
IpyVpsm  IpmVosm  Ipm Vpsm 3m)\2/)\8 T

(8.234)

The dc input resistance is

v, 3
Rpc = - = 2R ~ 0.9549R. (8.235)
I[ b

Example 8.5

Design a Class F power amplifier employing second harmonic peaking with a maximally flat
drain-to-source voltage to deliver a power of 25 W at f, = 900 MHz with BW = 100 MHz.
The dc power supply voltage is 32V and Vpgpin = 1 V.
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Solution. The maximum amplitude of the fundamental component of the drain-to-source

voltage is

4 4
Vin = g(VI — VDsmin) = 5(32 —1)=41333V.

The amplitude of the third harmonic is
Vin  41.333

Ve = — =10.332 V.
S 4
The load resistance is
V2 41.3332
R=-" =—"— =34163Q.
2Po 2 x 25
The maximum drain-to-source voltage is
8V 8 x 32
Vismar = - = == = 85.333 V.
3 3
The amplitude of the fundamental component of the drain current is
Vi  41.333
I, =—=——=12097A.
"R 34168

The maximum drain current is

T T

The dc supply current is

I 1.9
L =22 =2 =095A.
2 2

The dc supply power is
Pr =01V =095 x%x32=304W.
The drain power loss of the transistor is
Pp =P —Pp=304—-25=54W.
The drain efficiency is

Py 25
=0 _ = _g239%.
P, 304 v

The dc resistance presented by the amplifier to the dc source is

b

3
Rpc = ;R = 0.9549 x 34.168 = 32.627 2.

The loaded quality factor of the resonant circuit tuned to the fundamental is

0, = fe 900
YT BW T 100
Hence, the components of this circuit are
R 34.168
w.Qr 2w x09x10°x9
and
9
C— oL

@R 27 x 0.9 x 10° x 34.168

= 46.58 pF.

(8.236)

(8.237)

(8.238)

(8.239)

(8.240)

(8.241)

(8.242)

(8.243)

(8.244)

(8.245)

(8.246)

(8.247)

(8.248)

(8.249)
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8.6.2 Maximum Drain Efficiency Class F, Amplifier

The optimum amplitudes of the fundamental component and the second harmonic for
achieving the maximum drain efficiency for the Class F amplifier with the second har-
monic are derived below. The minimum value of the drain-to-source voltage with ripple is
given by

vps(woty) = Vi — Vyycoswuty, + Vo cos2w,t,, = 0. (8.250)
Using (8.210),

Vi =V, coswuty, — Viuo cos 2wty = Vi COSwoty, — Vipn (2 cos? Woty, — 1)

v, Yo Vi | 2 Vi 1 Vi +V (8.251)
=V, x ———=V, X - = ' .
W "\ Tev, 8V "
producing
Vi 1
— = 8.252
Vi Ym | Vm 8252
Vm 8Vm2
To maximize the ratio V,,,/V;, we take the derivative and set it equal to zero
() esli)
V 8 \ Vi
1/ = 2. _—0 (8.253)

Vin Vi 8V
yielding the optimum ratio of the amplitudes of the second harmonic and the fundamental

component

Vm2 1
Mt T A 0.3536. (8.254)
Vi 242

The dc supply voltage V; can be expressed in terms of V,, to give

V, 1 V,
Vi = Vi €08 Wolym — Vina (208> wptyy — 1) = —”; —2V2 (2 x5 1) =—2  (8.255)

V2 V2

producing

Y _ 3. (8.256)

Vi
Finally,

V2 = Ym_ = Vi (8.257)
2v2 2

yielding

Yz = l (8.258)

Vi 2

When V; reaches its minimum value, the ratio V,,/V; reaches the maximum value, and
therefore the drain efficiency also reaches the maximum value. The maximum drain-to-
source voltage is

Vs = vps(T) = Vi + Vi + Vo = V; + V2V + 0.5V, = (1.5 + V2)V; ~ 2.914V,.
(8.259)
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The two minimum values of vpg for the maximum efficiency are located at

1 (Vu)° 1 2 1 .,
wyty, = ftarcsin,/1l — — | — ) = Farcsin,/1 — — (2\/5) = Farcsin — = 45"
16 \ V3 16

V2
(8.260)
The normalized waveform vpg /V; at the maximum drain efficiency is given by
Vin i 1
Yps 1— —cosw,t + 2 cos 2wt =1 — «/zcosa)gt + —cos2 w,t (8.261)
Vi I Vi
and is illustrated in Figure 8.17.
The amplitude of the fundamental component of the drain current is
Vin 2V,
I, = -2 = V2 L (8.262)
R R
The dc supply current is
T 72 Vi
L =—-I,=———. 8.263
1 4 m 4 R ( )
The dc supply power is
T2V}
Pr=nLvi=———. 8.264
=1V TR ( )
The output power is
V2 2V V7
py = Yo _ 2V VP (8.265)
2R 2R R
3 T T T T T T T
2.5
2 -
=
1.5
g
1 -
0.5 '\\
0 1 1 1 1 1 1 1
-90 -45 0 45 90 135 180 225 270
0ot (%)

Figure 8.17 Waveform of the drain-to-source voltage vpgs/V; for Class F RF power amplifier
with the second harmonic peaking at the maximum drain efficiency.
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The drain efficiency is

P 2LV 2
The ratio of the maximum drain efficiency npuax(r2) to the drain efficiency with maximally
flat voltage is

Y7 X 90.03 %. (8.266)
T

15, V, 1 4 22
D =-x—x2= V2
T

Momasry _ 32 s (8.267)
ND(F2) 4
The ratio of the maximum drain efficiency npuax(r2) to the drain efficiency of the Class B
amplifier is
Nomax(Fy) _ 32
npw) 3T’
The drain efficiency of the Class B amplifier with a square-wave drain current and a
sinusoidal drain-to-source voltage is given by

~ 1.0808. (8.268)

=0 _2 (8.269)
P; g
The drain efficiency of the Class F amplifier with the second harmonic is expressed as
Vin 2 (Vy
p =1NB <71) == <71) . (8.270)
Thus,
— v | o032 <] 8271)
Vin
and 2 I Vor _ 1
D == X N 7 for v z (8.272)
Vi 8V

The ratio V,,/V; as a function of V,,»/V,, is shown in Figure 8.18. Figure 8.19 shows the
drain efficiency as function of V,,»/V,,.
The output-power capability is

c = PO(max) _ npPr . VA% _ 2\/5 « l o« 1
P IpmVosu  Ipm Vosu Ipy Vpsmu b4 2 /2415
2
V2 0.1545. (8.273)
7(V2+1.5)

The maximum output power capability at any value of V,,3/V,, is given by

o= =3 () (0) =2 (0) (G ) == () (55)
P IpmVosu 2 \Upu Vpsu 2 \7 Vpsm 7 \V; Vosu )

(8.274)

Thus,
(8.275)

Bl—

V
¢y =— for Ogvizg
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Figure 8.18 Ratio V,,/V; as a function of V,,2/V,, for Class F power amplifier with second
harmonic.
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Figure 8.19 Drain efficiency np as a function of V,,5/V,, for Class F power amplifier with second
harmonic.
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Figure 8.20 Output power capability ¢, as a function of V,,»/V,, for Class F power amplifier
with second harmonic.

and
1 1 V, 1
¢ =— for M2 s (8.276)
b 1 + 2Vm2 + Vm Vm 4
Vi 8Vimo
Fig 8.20 shows ¢, as a function of V,2/V,,.
The dc input resistance is
%3 4
Rpc = — = ——=R ~ 0.9R. (8.277)
e 72

8.7 Class F RF Power Amplifier with Second
and Fourth Harmonics

8.7.1 Maximally Flat Class F,4 Amplifier

Figure 8.21 shows the circuit of a Class F RF power amplifier with the second and fourth
harmonics. This circuit is called the Class F,4 amplifier. The voltage and current waveforms
are depicted in Figure 8.22. The drain-to-source voltage is

vps = Vi — Vycoswyt + Vo cos 2wt — Vg cosdw,t. (8.278)
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Figure 8.21 Class F power amplifier with second and fourth harmonics. (a) Circuit. (b) Equivalent
circuit.

The derivatives of this voltage are

d
DSy Sin @t — 2V $in 2yt + 4V sin 4oyt (8.279)
d(w,1)
dZVDS
——— =V, cosw,t — 4V,;n cos 2w,t + 16V,,4 cos 4w, t (8.280)
d(w,1)?
dPvps . . .
= —V,sinw,t + 8V,,2 sin 2w,t — 64V,,4 sindw,t (8.281)
d(w,1)?
and
d4VD5
= =V, cosw,t + 16V,;» cos 2w,t — 256V,,4 cosdw,t. (8.282)
d(wot)4

The first and third-order derivatives are zero at w,¢t = 0 and do not generate any equations.
Using the second and forth-order derivatives, we obtain

d2VDS
=V, -4V, 16V,4, =0 8.283
d(a)gt)z o m m2 + mé ( )
and
d4VDS
=V, —16V, 256V,4 = 0. 8.284
Q@) | o 2+ 4 ( )
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Figure 8.22 Waveforms in Class F RF power amplifier with second and fourth harmonics peaking.

Solution for this set of equations yields

(8.285)

\% —SV
m2—16m

1
Vs = —=Vp
m4 64

(8.286)
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and
Vina = 20V 4. (8.287)
Hence,
O)=V, =V, +V, % V V—+—5V 1V % 5 0
v = VI — Vm m2 — Vmd = VI — Vm T T Vm — Vm = - — Vm =
DS 1 2 4 i 16 o4 1~
(8.288)
producing
64
Vin = EVI. (8.289)
Now
16 1 9
vps(0) = Vi = Vi + Vo = Vs = Vi — ?VmZ + Vin2 — %VmZ =V - ZVmZ =0
(8.290)
yielding
4
Vo = §V1, (8.291)
Finally,
vps) =V =V + Vo = Vs =V — 64V, +20V,4 — Vs =0 (8.292)
giving
1
Vina = — V7. 8.293
m4 45 1 ( )
The maximum drain-to-source voltage is
64 4 1
Vosu =vps (@) =V +Viu + Vo = Vina = Vi + EVI + §V1 - EVI
128
45
The normalized maximally flat waveform vpg/V; is given by
Vin Vin Vin
vps =1— —cosw,t + m2 cos 2w, t — Zmd cosdw,t
V[ V1 V[ VI
1 04 t+4 2w,t ! 4w,t (8.295)
=1— —cosw,t + = cos2w,t — — cosdw,t. .
45 "Wl T g EOR ol T s SRR
and is shown in Figure 8.23.
The amplitude of the fundamental component of the drain current is
2
I, = —Ipy (8.296)
b4
and
Vi 64V
Iy=—=——. 8.297
"7 R 45R (8297
Thus,
b4 327V,
Ipy = =1y = ——. 8.298
pm = Sln == ( )
The dc input current is
I I, 16mV
=M T DT (8.299)
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Figure 8.23 Maximally flat waveform of the drain-to-source voltage vpgs/V; for Class F RF
power amplifier with the second and fourth harmonic peaking.

The dc input power is

Py =y = 2TV (8.300)
P TS R '
The output power is
po_ Va _ 208V} (8.300)
©T 2R T2025R" '
The drain efficiency of the amplifier is
_Po _ 138 40549 (8.302)
W= Tasy T :
The maximum drain-to-source voltage is
V =vps(@)Vi +V, +V, Vina =V 1—1—644-4 ! —128V’V2844V
DSM = VDS(TT) V] m m2 m4 = Vi 459 25) = 45 172 I-
(8.303)
The output-power capability is
Po np Py ( I ) ( Vi )
Cp = = = nD —_—
VosmIpm — VpsmIpm Ipm ) \ Vpsm
128 1 45 1
=— X=X — =— =x0.1592. (8.304)
457 2 128 2«
The dc input resistance is
V 45
Rpc = —- = ——R ~ 0.8952R. (8.305)

1[ - 167
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8.7.2 Maximum Drain Efficiency Class F,4 Amplifier

To find the extrema of the drain-to-source voltage vpg, we take the derivative of this voltage
and set the result equal to zero

dVDs
d(wt)
= Vusinw,t — 4V,,» sinw,t cos w,t + 8V,,4 sin 2w, cos 2w, t

= Vusinw,t — 2V,,» sin2w,t + 4V,,4 sindw, t

=V sinwyt — 4V, sinw,t cos wyt + 16V,,4 sin w,t cos w,t cos 2w, t
= sinwyt(V,, — 4V,u0 cos w,t + 16V,,4 cos w,t cos 2w, t)
= sinw,t[V,, — 4V,0 cosw,t + 16V,,4 cos w,1(2 cos’ w,t — 1)] = 0. (8.306)

Hence, one solution is

sinwyty, =0 (8.307)
which gives
Wotm =0 (8.308)
and
Woly = T (8.309)
The second equation is
32Vn4 c08” 0ot — (4Vin2 + 16V,u4) cos wpt + V= 0 (8.310)

which can be rearranged to the form

1% v, 1%
30 os® wot — <4 "2 4 et

This equation can only be solved numerically. The Fourier coefficients of the drain-to-source
voltage waveform vpg for achieving the maximum drain efficiency are [20]

Vin

>cosa),,t +1=0. (8.311)

M 15 8.312
v, ( )
Vm2
m2_0.389 (8.313)
Vi
and
1%
it 0.0556. (8.314)
Vi

The normalized waveform vpg /V; is given by

v V V, V,
DS _ - 7’" cos w,t + VLZ cos2w,t — —md cosdw,t

Vi i i i
=1-—1.5cosw,t + 0.5835cos2w,t — 0.0834 cos 4w,t. (8.315)

The waveform of vpg/V; for the maximum efficiency is shown in Figure 8.24.
The amplitude of the fundamental component of the drain current is

Vin 1.5V,
I,=—= . 8.316
n =g R ( )
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Figure 8.24 Waveform of the normalized drain-to-source voltage vps/V; for Class F RF power
amplifier with the second and fourth harmonic peaking for the maximum drain efficiency.

The maximum drain current is

b4 /4 V V
Iow = Sln =5 x 1.5 x FI ~ 2.356;’. (8.317)
The dc supply current is
T b4 Vi Vi
I =—-I,=—x15x —=—~1.178—. 8.318
1 4 m 4 X X R R ( )
The dc input current is
v2
P =1LV = 1.1787’. (8.319)
The output power is
V2 o (1.5v)? 43
Py = - = ASVI™ a5 Ve (8.320)
2R 2R R
The drain efficiency is
Py
np = — = 0.955. (8.321)
Py
The maximum drain-to-source voltage is
Vosu = vps() = V(1 + 1.5+ 0.389 — 0.0556) = 2.833V/. (8.322)

The output-power capability is

P 1/ 1 v, 1 2 1
C__0=_<i)( m):—x—x—=0.1123. (8.323)

Ppr 2 \py Vosm
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Table 8.3 Voltage amplitudes in even harmonic maximally flat Class F power amplifiers.

Vm Vm 2 Vm 4 Vm 2 Vm 4
Class — —_—
Vi Vi Vi Vin Vin
F 4—1333 l—0333 0 l—025 0
2 3 3 47
64 4 1 5 1
Faq — = 1422 — = (.4444 — =0.02222 — =0.3125 — =0.01563
45 9 45 16 64

Table 8.4 Voltage amplitudes in even harmonic maximum drain efficiency Class
F power amplifiers.

Vm Vn12 Vm4 Vm2 Vm4
Class — —
V[ V] V[ Vm Vm
1 1
F, V2 =1.4142 3= 0.5 0 1= 0.25 0
Foy 1.5 0.5835 0.0834 0.389 0.0556
The dc input resistance is
Vi
Rpc = T = 0.8489R. (8.324)
1

The normalized voltage amplitudes in the even harmonic Class F amplifiers that ensure the
maximally flat waveform of vpg are given in Table 8.3. The ratios of voltage amplitudes
that give the maximum drain efficiency are given in Table 8.4.

8.8 Class F RF Power Amplifier with Second, Fourth,
and Sixth Harmonics

For the maximally flat Class Fp46 amplifier,
175

Vinz = mvm (8.325)
Vina = ! V, (8.326)
" 056" '

1

Vm6 = mvm (8327)
64

Vil = —V, 8.328

m = 35Vi ( )
4

Vi = §V1 (8.329)

and

1

Vipa = —Vj. (8.330)



CLASS F RF POWER AMPLIFIER 313

8.9 Class F RF Power Amplifier with Series-resonant
Circuit and Quarter-wavelength Transmission
Line

A Class F RF power amplifier with a series-resonant circuit and a quarter-wavelength trans-
mission line was introduced in [7] and is shown in Figure 8.25(a). The quarter-wavelength
transmission line is equivalent to an infinite number of series-resonant circuits, which
behaves like short circuits for odd harmonics and like open circuits for even harmonics.
The equivalent circuit of the amplifier is depicted in Figure 8.25(b). Voltage and current
waveforms of the amplifier are shown in Figure 8.26. The drain current is a square wave
and the drain-to-source voltage is a half-sine wave. The circuit and its waveforms are dual
to those of the Class F amplifier with a parallel-resonant circuit. The drain current and the
drain-to-source voltage waveforms are interchanged. This circuit will be referred to as the
Class F; amplifier or Class F inverse amplifier.
The drain current is a square wave and it can be expanded into a Fourier series

1 2 1 1 1
ip = Ipy {E + p [coswat 3 cos 3w,t + 5 cosSw,t — 7 cos 7wt + -+ “ . (8.331)

The drain current ip contains only the dc component, fundamental component, and odd
harmonic components.

(@)

<L TTT

(b)

Figure 8.25 Class F power amplifier employing a series-resonant circuit and a quarter-wavelength
transmission line, where n = 2k + 1 withk =0, 1,2,. ... (a) Circuit. (b) Equivalent circuit at Z, = R.
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Figure 8.26 Voltage and current waveforms in Class F RF power amplifier with a series-resonant
circuit and a quarter-wavelength transmission line [7].

The drain-to-source voltage waveform vpg can be expanded into a Fourier trigonometric
series

11 2 < cos (&)
vps = Vosu |:; + z COS w,t + ; ; ﬁ coSnw,t

1 1 2 2 2

= Vpsm |:; + 3 cos w,t + T cos2w,t — T5m cos4dw,t + T cos 6w, t + - - :| .

(8.332)

Thus, the drain current waveform ip contains only the dc component, fundamental compo-
nent, and the even harmonic components.

The output voltage is equal to the fundamental component of the drain-to-source voltage

vy = —V,, cosw,t (8.333)

where

LDSM T
[/ = = — ‘/ . 8.334
m ) ) 1 ( )
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The output current is equal to the fundamental component of the drain current

i, = ig1 = I, cosw,t (8.335)
where
2 4
I, = —Ipy = —1I (8.336)
T T
or
Vm JTV1
I, =—=—. 8.337
m=p R ( )

The dc supply current is equal to the dc component of the drain current

I 2y,
=M _ T, T (8.338)
2 4 8R
and dc supply voltage is
V
v, = 2™ (8.339)
T

Hence, the dc supply power is

IpuVi  Ipm Vpsm

Pr=05LV, = = 8.340
1 =1V > o ( )
The output power is
1 1 2 Vosm 1
Po=-1,V,, == x — x 1, = —IpuV, 8.341
0= 5InVm =25 x — xIpy — 57 1o Vsu ( )
or
V2 m?v}
Po=-2="TL, 8.342
©T 2R T B8R (8:342)
The efficiency of the amplifier is
Po
= =1. 8.343
n=p ( )
The output-power capability is
P 1
=2 = — =0.159. (8.344)
IpmVpsm 27
The dc resistance is
Vi 8
Rpc = — = —R ~ 0.811R. (8.345)
I[ 7'[2

The input impedance of the load network seen by the drain and source terminals at the
fundamental frequency f, is

v z?
Z(fo) = ﬁ =R =7 (8.346)
the impedance at even harmonics is
Z0nf,) = Z(2kf,) = Y:(:’; MMV _ o for m=246... (8347
and the impedance at odd harmonics is
Zofy=zZiok+ 1 =@ = O g for w=357... (3348)

Lny  finite value
where k =1,2,3,....



316 RF POWER AMPLIFIERS

The rms value of the drain current is

I ! / ﬂ/212 d(w,t) Iom (8.349)
DSrms — ~ Wol) = —=. .
21 Jupp M V2

If the transistor is operated as a switch, the conduction loss in the MOSFET on-resistance
rps is given by

rDSIri 7T2
PrDS = rDSIgSrms = B = ? DSIri‘ (8350)
The output power is
12
Py = ”’ST'" (8.351)
Thus, the drain efficiency is
P P 1 1
= —2 = °©__ _ = —. (8.352)
Pr Po+Pps Prps T rps
+ I+ ——
Po 4 R,

Example 8.6

Design a Class F power amplifier with a quarter-wave transmission line to deliver a power
of 10W at f. = 5GHz. The required bandwidth is BW = 500 MHz. The dc power supply
voltage is 28 V and Vpgpin = 1 V. The load resistance is R = 50 2. The MOSFET on-
resistance is rpg = 0.2 Q.

Solution. The maximum amplitude of the fundamental component of the drain-to-source
voltage is

Vi = %(VI — VDSmin) = %(28 —1)=42.41V. (8.353)
The input resistance of the load circuit is
P = Vo = 2417 =89.93Q (8.354)
T 2Py 2x10 ' ’
The maximum drain-to-source voltage is
Vosmax = wVy =1 x 28 = 87.965V. (8.355)
The amplitude of the fundamental component of the drain current is
fyo= Y AL oA (8.356)
"R 8993 ' '
The maximum drain current is
Ipy = %Im = % % 0.472 = 0.7414 A. (8.357)
The dc supply current is
I 0.7414
I = % = —5—=037A (8.358)

The dc supply power is
P =05V, =037 x28 =10.36W. (8.359)
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The drain power loss of the transistor is

Pp =P; —Pp =1036—-10=0.36W. (8.360)
The drain efficiency is
Po 10
= — = —— =96.525%. 8.361
=P T 1036 ’ (8361

The dc resistance presented by the amplifier to the dc source is

8
Rpc = R =0.81 x 89.93 =72.84 Q. (8.362)
b4

The characteristic impedance of the transmission line is
Z, = +vRiR =+89.93 x 50 =67 Q. (8.363)

Assume the dielectric constant used for construction of the transmission line to be ¢, = 2.1.
The wavelength in the transmission line is

c 3 x 108
A= = =4.14cm. (8.364)

Vefe V2.1 x5 % 10°

Hence, the length of the transmission line is

l r_ 414 1.035 (8.365)
=-=—=1.035cm. .
=g 1

The loaded quality factor is
fe 5% 10°
OL= o = o 7¢
BW 500 x 10
The loaded quality factor for a series-resonant circuit is defined as

= 10. (8.366)

w:L
0 = R = w.CR. (8.367)
Hence, the inductance of the resonant circuit tuned to the fundamental is
R 10 x 50
L= 2R _ * — 15.915nH. (8.368)
e 2w x 5 x 102
The capacitance of the resonant circuit is tunned to the fundamental frequency is
1 1
= = 0.06366 pF. (8.369)

T @ OR 21 x5x 107 x 10 x 50
The drain efficiency is

np = = =99.45%. (8.370)

8.10 Summary

e The drain efficiency and the output-power capability for Class F RF power amplifiers are
given in Table 8.5, where npur) and c,r) are the drain efficiency and the output-power
capability for the maximally flat waveform of vpg, respectively, and By is the Class B
amplifier with rectangular drain current and sinusoidal drain-to-source voltage.

e The load network in Class F RF power amplifiers has resonant circuits tuned to the
fundamental frequency and to one or more harmonic frequencies.
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Table 8.5 Drain efficiencies and output power capabilities of Class F power amplifiers.

Class D (MF) NDmax Cp(MF) Cpmax
B T — 78549 L _ 0125
— 7 =8 o — g =V
9 9 I
F T _8836%  —— =90.67% 2 —0.1406 = 0.1443
32 23 64 43
75 225
Fas DT 90.23% 902.04% 2= —0.1465 0.2071
256 1536
8 212 1 2
F, 8 _aigse 22 o0 L o2 — Y2 _gises
3 m 2n T(V2+1.5)
128 1
Fou =% _9054% 95.5% — —0.1592 0.1061
457 27
1 I
Fo 100 % 100 % — —0.1592 — —0.1592
27 2
1
B, - 2 —63.67% - = 0.1592
2

The addition of harmonics of the correct amplitudes and phases into the drain-to-source
voltage flattens the vpg voltage, reducing the transistor loss and improving the efficiency.

The circuit diagram of the Class F power amplifier is complex.

The Class F RF power amplifier consists of a transistor and a parallel or series resonant
circuit tuned to the fundamental frequency and resonant circuits tuned to the harmonics.

The transistor in the Class F amplifier with third harmonic or with third and fifth harmonic
is operated as a dependent current source.

The conduction angle of the drain or collector current in the Class F power amplifier is
usually 180°.

The drain efficiency of the idealized Class F power amplifier at Vpgpin, = 0 for the
maximally flat waveform of vpg (1) with the third harmonic is 88.36 %, (2) with the
third and fifth harmonics is 90.23 %, (3) with the second harmonic is 84.88 %, (4) with
the second and fourth harmonics is 90.54 %, and (5) and with the transmission line is
100 %.

The maximum drain efficiency of the idealized Class F power amplifier (1) with the third
harmonic is 90.67 %, (2) with the third and fifth harmonics is 92.04 %, and (3) with the
second harmonic is 90.03 %.

The Class F power amplifier with a parallel-resonant circuit and a quarter-wavelength
transmission line ideally has a square wave drain-to-source voltage vps and a half-
sinusoidal drain current ip.

The Class F power amplifier with a series resonant-circuit and a quarter-wavelength
transmission line forms a square-wave drain current ip and a half-sinusoidal drain-to-
source voltage vpgs.

Transmission lines can be used to create higher-order harmonics in Class F power ampli-
fiers.

There is a trade-off between the efficiency and circuit complexity of Class F amplifiers.
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e The transistor output capacitance can dominate the total impedance of the output net-
work and hamper the synthesis of the desired output network with high impedances at
harmonics in the Class F power amplifiers.
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8.12 Review Questions

8.1 What is the principle of operation of Class F RF power amplifiers?

8.2 What is the topology of the Class F power amplifier?

8.3 Are the topologies of Class F power amplifiers simple or complex?

8.4 What is the mode of operation of the transistor in the Class F power amplifier?
8.5 How high is the efficiency of Class F power amplifiers?

8.6 What should be the amplitude of the third harmonic voltage in the Class F amplifier
with the third harmonic peaking?

8.7 How can the transmission lines be used to control the impedances at harmonics in
Class F power amplifiers?

8.8 What are the applications of the Class F RF power amplifiers?

8.9 Does the transistor output capacitance affect the operation of Class F RF power
amplifiers?

8.10 List the applications of Class F RF power amplifiers.

8.13 Problems

8.1 Design a Class F power amplifier employing third-harmonic peaking with a maximally
flat drain-to-source voltage to deliver a power of 100 W at f = 2.4 MHz. The dc power
supply voltage is 120V and Vpgin = 1 V.

8.2 Design a Class F power amplifier employing third-harmonic peaking with maximally
drain efficiency to deliver a power of 100 W at f = 2.4 MHz. The dc power supply
voltage is 120V and Vpgpin = 1 V.

8.3 Design a Class F power amplifier employing second-harmonic peaking with a maxi-
mally flat drain-to-source voltage to deliver a power of 1 W at f = 2.4 MHz. The dc
power supply voltage is 5V and Vpgyi, = 0.3 V.

8.4 Design a Class F3 RF power amplifier to meet the following specifications: V; = 48V,
Po = 100W, Vpguin =2V, 68 = 60°, R, =502, f, — 88 MHz, and BW = 10 MHz.
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Linearization and Efficiency
Improvement of RF Power
Amplifiers

9.1 Introduction

High efficiency and high linearity of power amplifiers are of primary importance in wireless
communications systems [1—41]. High efficiency is required for low energy consumption,
a longer battery lifetime, and thermal management. Linearity is required for achieving low
distortion of the amplified signals. The RF power amplifier specifications call for IM levels
of —60 dBc. Linearity and efficiency enhancement techniques of RF power amplifiers, which
are used in transmitters, are studied in this chapter. Signals used in modern communications
systems have a time-varying envelope and time-varying angle. A nonconstant envelope
signal requires linear power amplifiers in the transmitters. The output power in CDMA2000
and WCDMA transmitters may vary in a wide dynamic range of 80dB. The average
output power is usually lower than the peak power by 15-25dB. The transmitters must
be designed for the maximum output power. The maximum efficiency of linear power
amplifiers such as Class A, AB, and B amplifiers occurs at the maximum output power. In
this case, the maximum amplitude of the drain-to-source voltage V,, is nearly equal to the
supply voltage V;. This corresponds to the AM modulation index equal to 1. However, the
average AM modulation index is in the range of 0.2—-0.3, when the amplitude of the drain-
to-source voltage V,, is much lower than the supply voltage V;. Therefore, the statistical
average efficiency of linear power amplifiers with AM modulation is much lower than
their maximum efficiency. In wireless communications, there are two types of transmitters:
base-station transmitters and handset transmitters.

Ideal characteristics of a power amplifier are depicted in Figure 9.1. The efficiency n
should be very high over a wide range of the output power, as shown in Figure 9.1(a).
The output voltage v, should be a linear function of the input voltage v;, as shown in

RF Power Amplifiers  Marian K. Kazimierczuk
© 2008 John Wiley & Sons, Ltd
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(b)

Figure 9.1 Ideal characteristics of a power amplifier. (a) Efficiency 1 as a function of the output
power. (b) Output voltage v, as a function of the input voltage v;.

Figure 9.1(b). In this case, the voltage gain of the amplifier A, =v,/v; is constant over a
wide range of the input voltage.

Power control of RF transmitters is required in modern digital wireless communications.
In CDMA, power control is used in both base-station transmitters and handset transmitters.
In base-station transmitters, a higher power is required to transmit the signal to the edges
of a cell. In handset transmitters, the output power should be transmitted at variable levels
so that the power levels of the signals received at the base station are similar for all users.

9.2 Predistortion

Nonlinear distortion in the output signal of a power amplifier is caused by changes in
the slope of the transfer function v, = f(v;). These changes are caused by the nonlinear
properties of transistors (MOSFETs or BJTs) used in the power amplifier. The changes in
the slope of the transfer function cause changes in the gain at different values of the input
voltage or power. There are several techniques for reduction of nonlinear distortion.
Predistortion is a technique that seeks to linearize a power amplifier by making suitable
modifications to the amplitude and phase of the power amplifier input signal. A block dia-
gram of a power amplifier with predistortion is depicted in Figure 9.2. A nonlinear block is
connected in the signal path to compensate for the nonlinearity of the power amplifier. This
block is called a predistorter or a predistortion linearizer. Predistortion can be performed
either at RF or baseband frequencies. Predistortion at baseband frequencies is favorable
because of digital signal processing (DSP) capabilities. This is called ‘digital predistortion.’

Vi Predistortion Vo
RN - .
Linearizer

Figure 9.2 Block diagram of power amplifier with a predistortion system.
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DSP ICs can be used to perform digital predistortion. It is an open-loop system, which is
inherently stable. The disadvantage of the system is the difficulty in generating the transfer
function of the predistorter such that the transfer function of the overall system is linear.

Example 9.1

A power amplifier voltage transfer function has the gain A; = 100 for small signals and
the gain A, = 50 for large signals, as depicted in Figure 9.3(a). Find the transfer function
of the predistorter to achieve a linear transfer function of the overall system.

Solution. Let us assume the gain of the predistorter for small signals to be A3 = 1. The
ratio of the two gains of the power amplifiers is

A 100
= _9 9.1
A 50 ©-
Hence, the gain of the predistorter for large signals is
Ay =12. 9.2)

(© (d)

Vot AG A
A
5 As, Ag
0 0
Vit Vit

(e) (f)

Figure 9.3 Transfer functions of a power amplifier using predistortion. (a) Nonlinear transfer
function of a power amplifier v, = f(v;). (b) Transfer function of the predistorter A. (c) Transfer func-
tion of the predistorter v,, = f(vip). (d) Transfer function of a predistortion amplifier A,. (¢) Transfer
function of the total amplifier A. (f) Linearized transfer function of the overall system v, = f(vi/).
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The gain of the overall system for low signals is

As = A1A3 =100 x 1 =100 9.3)
and for large signals is

Ag = ArA4 = 50 x 2 = 100. 9.4)

Thus, Ag = As, resulting in a linear transfer function over a wide range of the input sig-
nal. Figure 9.3 illustrates the linearization of a power amplifier using the predistortion
technique.

9.3 Feedforward Linearization Technique

A block diagram of a basic power amplifier system with feedforward linearization technique
[1-6] is shown in Figure 9.4(a). The feedforward linearization technique relies on the
cancellation of the distortion signal. This is done by generating a proper error voltage and

Main Power
Amplifier
v, v,
A, (4 p

Va
i Oy Ye |A
W/ | v Veo
Error
Amplifier
(a)
| )
|Av Ted

. A | A
pd / | v
Error
Amplifier

(b)

Figure 9.4 Block diagram of a power amplifier system with feedforward linearization. (a) Basic
feedforward system. (b) Feedforward system with delay blocks.
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subtracting it from the distorted output voltage of a nonlinear power amplifier. The input
voltage v; is applied to two channels. The voltage in one channel is applied to the input of
the main power amplifier with the voltage gain A, and it is amplified. The other channel
uses the original input voltage v; as a reference signal for future comparison. The output
voltage of the main power amplifier containsthe undistorted and amplified input voltage
A,v; and the distortion voltage v; produced by the amplifier nonlinearity

vy = AV +vg. 9.5)

The total output voltage of the main power amplifier is attenuated by a circuit with the
transfer function equal to 1/A,

1% Vd
va=A—1;=vi+A—v. 9.6)

The attenuated voltage is compared with the original voltage v; in the subtractor to produce

an error voltage v,:
Vd Vd
Ve =Vg — Vi =Vi+ — — Vi = —.
A, A,

The error voltage v, is amplified by the error amplifier with the voltage gain A, , yielding

9.7

Vd
Veo =AVe = A, — = vy. 9.8)
Ay
Next, the output voltage of the main power amplifier v, is compared with the error amplifier
output voltage v,, by a subtractor, producing the output voltage of the entire system

Vo =Vp —Veo =AyVi +Vg —vg = Ay, 9.9)

It can be seen that the distortion signal v, is cancelled out for perfect amplitude and phase
matching at each subtractor. In addition to the cancellation of the nonlinear component,
the system suppresses the noise added to the signal in the main power amplifier. The
first loop is called the signal cancellation loop and the second loop is called the error
cancellation loop.

The feedforward linearization system offers a wide bandwidth, reduced noise level, and
is stable in spite of large phase shifts at RF because the output signal is not applied to
the input. Wideband operation is useful in multicarrier wireless communications such as
wireless base stations.

The main disadvantage of the feedforward linearization system is the gain mismatch and
the phase (delay) mismatch in the signal channels. The amount of linearization depends on
the amplitude and phase matching at each subtractor. If the firstloop from the input voltage
v; to the first subtractor has a relative gain mismatch AA/A and the phase mismatch
A¢, the attenuation of the magnitude of the intermodulation terms in the output voltage

is [2, 4]
AA AAN?

To improve the signal quality, delay blocks can be added as shown in Figure 9.4(b). A
delay block 7}, is added in the bottom path to compensate for the delay introduced by the
main power amplifier and the attenuator. The other delay block 7., is added in the upper
path to compensate for the delay introduced by the error amplifier. The delay blocks can
be implemented using passive lumped-element networks or transmission lines. However,
these blocks dissipate power and reduce the amplifier efficiency. In addition, the design of
wideband delay blocks is difficult.
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9.4 Negative Feedback Linearization Technique

A block diagram of a power amplifier with a negative feedback is depicted in Figure 9.5.
The transfer function v, = f(vy) of a power amplifier can be considerably linearized through
the application of negative feedback, reducing nonlinear distortion. Large changes in the
open-loop gain cause much smaller changes in the closed-loop gain.

Let us assume that the output voltage of a power amplifier without negative feedback
contains a distortion component (an intermodulation term of a harmonic) given by

vg = Vysinwyt. 9.11)

The distortion component of the output voltage of the power amplifier with negative feed-
back is
Vaf = Vdf sin wyt. 9.12)

We wish to find the relationship between v, and v4e. The feedback voltage is
Vr = ,Bvdf. (9.13)

The reference voltage for the distortion component is zero. Hence, the input voltage of the
power amplifier is

Ve = —Vf = —ﬁvdf. (9.14)
The distortion component at the power amplifier output is
Vod = Ave = —AVf = —,BAVdf. (9.15)

Thus, the output voltage contains two terms: the original distortion component generated
by the power amplifier v, andthe component v,;, which represents the effect of negative
feedback. Hence, the overall output voltage is
Vdf =Vd — Vod = Vd — ﬂAvdf (9.16)
yielding . .
YU T 4T
Since A is generally a function of frequency, the amplitude of the distortion component
must be evaluated at the frequency of the distortion component f; = wy/(27).
It follows from (9.17) that the nonlinear distortion reduction is large when the loop gain
T = BA is high. However, the voltage gain of RF power amplifiers is low, and therefore
the loop gain T is also low at RF. In addition, stability of the loop is of great concern
due to a large number of poles introduced by various parasitic components. A high-order
power amplifier may have an excessive phase shift, causing oscillations. For a large loop
gain T = A,

9.17)

1
A~ g (9.18)
=20 N Vo
Vr
p

Figure 9.5 Block diagram of a power amplifier system with negative feedback.
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Figure 9.6 Block diagram of a power amplifier system with negative feedback linearization.

This equation indicates that the gain depends only on the linear feedback network 8. The
output voltage of a power amplifier is given by
Vo = Apvy & (9.19)
B
Thus, the transfer function is nearly linear. However, the feedback amplifier requires a
larger input voltage in order to produce the same output as the amplifier without feed-
back.

Figure 9.6 shows a block diagram of a power amplifier with negative feedback and
frequency translation. The forward path consists of a low-frequency high-gain error ampli-
fier, an up-conversion mixer, and a power amplifier. The mixer converts the frequency of
the input signal f; to an RF frequency frr =fi +frLo, Where fio is the frequency of the
local oscillator. The feedback path consists of a down-conversion mixer and a low-pass
filter (LPF). The mixer converts the frequency of the RF signal fzr to the input frequency
fi =frrF — fro. In this system, ahigh loop gain T is obtained at low frequencies. There-
fore, the negative feedback is very effective in reducing the nonlinear distortion. The total
phase shift in the upper path by the error amplifier, the mixer, and the power amplifier
usually exceeds 180°. Therefore, a phase shift is added to the local oscillator to ensure loop
stability.

Example 9.2
An open-loop power amplifier has a gain A; = 100 for small signals and a gain A, = 50.
The transfer function of the feedback network is § = 0.1. Find the closed-loop gains of the

power amplifier with negative feedback.

Solution. The ratio of the open-loop gains is

A 100
Ao (9.20)
Ay 50
The relative change in the gain of the open-loop power amplifier is
A —Ay 100 —-50
= =50 %. 9.21)
A 100
The loop gain for small signals is
T = BA; =0.1 x 100 = 10 (9.22)
and the closed-loop gain for small signals is
A 100
Ar = = ——— =9.091. (9.23)

14+7;, 1410
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Figure 9.7 Transfer functions of a power amplifier without and with negative feedback.
(a) Transfer function v, = f(v;) without negative feedback. (b) Transfer function A without nega-
tive feedback. (c) Transfer function V,; = v, with negative feedback. (d) Transfer function A with
negative feedback.

The loop gain for large signals is

T =BA,=0.1 x50=5 (9.24)
and the closed-loop gain for large signals is
As 50
App = = —— = 8.333. 9.25
P15 1+5 ©:25)
The ratio of the closed-loop gain is
A 9.091
S 1091, (9.26)
A 8.333

The relative change in the gain of the closed-loop power amplifier is
A1 — A 9.091 —8.333

An 9.091
Thus, the open-loop transfer function changes by a factor of 2, whereas the closed-loop

transfer function changes by a factor of 1.091. Figure 9.7 illustrates the linearization of a
power amplifier using the negative feedback technique.

= 8.333 %. (9.27)

Example 9.3

The relationship between the input voltage v, and the output voltage v, of a power stage
of an RF amplifier is given by

Vo = AvZ, (9.28)



Figure 9.8 Output voltage as a function of input voltage for a power amplifier without negative

feedback.

Figure 9.9 Output voltage as function of input voltage for a power amplifier with negative

feedback.
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Find the relationship between the input voltage vy and the output voltage v, for the RF
amplifier with negative feedback. Draw the plots of v, = f(v,) and v, = f(vs) for A = 100
and g = 1/10.

Solution. The error voltage is

Ve = Vs — BV, (9.29)
Hence, the output voltage with negative feedback is
vo = Ay = Bvo)’. (9.30)

Solving for v, we get

v()
c= g+ ]2 9.31
vs = Pvo + 1 (9.31)

S
vy = 5 _ Yo (9.32)
B BV A
Figures 9.8 and 9.9 illustrates the linearization of a power amplifier using the negative
feedback technique. It can be seen that the plot of the amplifier with negative feedback is

much more linear.

or

9.5 Envelope Elimination and Restoration

A block diagram of a power amplifier with an envelope elimination and restoration system
(EER) is shown in Figure 9.10. The concept of the EER system was first presented by
Kahn in 1952 [8]. It has been used to increase linearity and efficiency of radio transmitters.
One path of the EER system consists of an RF limiter and an RF nonlinear high-efficiency
switching-mode power amplifier. The other path consists of an envelope detector and an
AM modulator, which is a low-frequency power amplifier.

An amplitude modulated (AM) and phase modulated (PM) voltage applied to the amplifier
input can be represented by

v; = V(t)cos[w.t + 0(1)]. (9.33)

LF PA
Modulator

Envelope Ym
Detector b AVim

Limiter |

Switching
RF PA

Figure 9.10 Block diagram of power amplifier with envelope elimination and restoration (EER).
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This voltage is applied to both an RF limiter and an envelope detector. The output voltage
of an RF limiter is a constant-envelope phase-modulated (CE PM) voltage

vpy = Ve coslwct + 0(1)]. (9.34)

The RF limiter should be designed to minimize amplitude-to-phase conversion. The output
voltage of an envelope detector is

v (t) = V(). (9.35)

The envelope of the input voltage is extracted using an envelope detector, usually a diode
AM detector to obtain the AM modulating voltage v,,(¢). Next, it is amplified by a low-
frequency power amplifier with the voltage gain A,, producing a modulating voltage
A, v, (t). The envelope is eliminated from the AM-PM voltage using a limiter. The PM
voltage vpys is simultaneously amplified and amplitude modulated by an RF power ampli-
fier to restore the original amplitude and phase information contained in the input signal v;.
The PM voltage vpy, is applied to the gate of the transistor in the RF power amplifier and
the modulating voltage v, is used to modulate the supply voltage of the RF power ampli-
fier, producing vpp = v, (t)A, Vpp. In switching-mode RF power amplifiers, the amplitude
of the output voltage is directly proportional to the supply voltage Vpp. A very important
advantage of the EER system is that a linear RF power amplifier is not required. Linear RF
power amplifiers exhibit very low efficiency, which decreases when the AM modulation
index decreases. The average AM modulation index is in the range from 0.2 to 0.3. A
highly efficient nonlinear RF power amplifier can be used in the EER system. Switching-
mode RF power amplifiers, such as Class D, E, DE, and F amplifiers, exhibit a very high
efficiency, greater than 90 %. Their efficiency is approximately independent of the AM
modulation index. An amplitude-modulated high-efficiency Class E power amplifier was
studied in [15].

The EER system suffers from a couple of shortcomings. First, there is mismatch between
the total phase shift (delay) and gain in the two paths. It is a hard task because the phase
shift in the low-frequency path is much larger than that in the high-frequency path. The
intermodulation term due to the phase mismatch is given by [10]

IDM ~ 27 BWi, At? (9.36)

where BWgr is the bandwidth of the RF signal and At is the delay mismatch.

Second, phase distortion is introduced by the limiter. Limiters are built using nonlinear
devices and exhibit a considerable AM-to-PM conversion at high frequencies, corrupting the
phase 9(¢) of the PM signal vpy,. Third, the phase distortion is introduced by the nonlinear
transistor capacitance due to the AM modulation of the supply voltage of the RF power
amplifier.

9.6 Envelope Tracking

The main goal of the envelope tracking technique is to maintain a high efficiency over a
wide range of the input power. A block diagram of a power amplifier with envelope tracking
(ET) is shown in Figure 9.11 [17-21]. This system is also called a power amplifier with
adaptive biasing or a power amplifier with dynamic control of supply voltage. The system
consists of two paths. One path contains a linear power amplifier and a delay block 7,;. The
other path consists of an envelope detector and a dc-dc switching-mode power converter.
The ET system is similar to the EER system, but it uses a linear power amplifier and
does not have an RF limiter as the EER system does. Instead of modulating the RF power
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Figure 9.11 Block diagram of power amplifier with envelope tracking (ET).

amplifier, it adjusts the level of the supply voltage so that V,,,/V; is always close to 1 to
allow efficient linear amplification.

The drain efficiency of current-mode power amplifiers decreases as the amplitude of
the drain-to-source voltage V), decreases. In the current-mode power amplifiers, such as
Class A, AB, B, and C amplifiers, the transistor is operated as a dependent current source.
In these amplifiers, the amplitude of the drain-to-source voltage V,, is proportional to the
amplitude of the input voltage Vj,. The drain efficiency of the power amplifiers at the
resonant frequency is given by

PDS 1 Im Vm
_fos _ LI\ (Y 9.37
= p, 2<11)<V1> O3

It can be seen from this equation that the drain efficiency np is proportional to the ratio
Vi /Vi. As V,, decreases due to an increase in V;,, at fixed value of the supply voltage V;,
the ratio V,,/V; also decreases, reducing the drain efficiency. If the supply voltage V; is
increased proportionally to the amplitude of the input voltage V;,,, the ratio V;, /V;, then
the ratio V,,,/V; can be maintained at a fixed value close to 1 (e.g., 0.9), resulting in high
efficiency at any amplitude V,,. When V,, is varied in current-mode power amplifiers, the
conduction angle of the drain current remains approximately constant and the ratio 7, /I;
is also constant. For instance, for the Class B amplifier, /,,/I; = /2. The efficiency is
improved, while low distortion of the RF linear power amplifier is preserved.

9.7 The Doherty Amplifier

The Doherty power amplifier was first proposed in 1936 [23]. The main purpose of this
system is to maintain high efficiency over a wide range of the input voltage of a linear
power amplifier with AM signals. The average efficiency of linear power amplifiers with
AM modulation is very low because the average AM modulation index is very low, usually
from 0.2 to 0.3. The Doherty power amplifier architecture delivers high efficiency with input
signals that have high peak-to-average power ratio (PAR) in the range of 6—10dB. This
system has the potential to deliver high efficiency in base station transmitters. Current and
emerging wireless systems produce high PAR signals, including WCDMA, CDMA2000,
and OFDM (orthogonal frequency division multiplexing). For example, at 3-dB output
power backoff (i.e., at 50 % of full power), the efficiency of the Class B power amplifier
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Figure 9.12 Block diagram of Doherty power amplifier.

decreases to 7 /4 = 39 %. The transmitter accounts for a high percentage of the overall
power consumption. Increased efficiency can lower the electricity cost and minimize cooling
requirements.

A block diagram of a Doherty power amplifier is shown in Figure 9.12. It consists of a
main power amplifier and an auxiliary power amplifier. The main power amplifier is called
a carrier amplifier and the auxiliary power amplifier is called a peak amplifier. The main
power amplifier is usually a Class B (or a Class AB) amplifier and the auxiliary amplifier
is usually a Class C amplifier. A quarter-wave transformer is connected at the output of
the main power amplifier. Also, a quarter-wave transformer is connected at the input of the
auxiliary amplifier to compensate for a 90° phase shift introduced by the transformer in the
main amplifier. The transistors in both amplifiers are operated as dependent current sources.
The main amplifier saturates at high input power and therefore its voltage gain decreases.
The auxiliary amplifier turns on at high input power when the main power amplifier reaches
saturation. As a result, the linearity of the overall system is improved at high input power
levels. The system maintains good efficiency under power backoff conditions. It is common
for power amplifiers in mobile transmitters to operate at output power levels of 10—40dB
backoff from peak power.

9.7.1 Condition for High Efficiency Over Wide Power Range

The efficiency of power amplifiers at the resonant frequency is given by

CPos U (L\ (Va\ 1[I\ (R 038
=T\ )\, ) T2\ )\, ) :

When Vj, is varied in current-mode power amplifiers (like the Class B and C amplifiers),
the peak drain current is proportional to Vj,, the conduction angle of the drain current
remains approximately constant, and therefore the ratio /,,/I; also remains constant. The
ratio V,,/V; should be held close to 1 (e.g., equal to 0.9) to achieve high efficiency at
any value of the output voltage amplitude. This can be accomplished if V,,,/V; = RI,,/V;
is maintained at a fixed value close to 1. At a fixed supply voltage Vj, the following
condition should be satisfied:

V,n = RI,, = Const (9.39)
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where R is the load resistance. If [, is decreased, R should be increased so that the product
RI,, remains constant. This idea is partially realized in the Doherty amplifier because the car-
rier power amplifier is presented with a modulated load impedance, dynamic load variation,
drive-dependent load resistance or load-pulling effect, which enables high efficiency and a
constant voltage gain over a wide input power range. The main shortcoming of the Doherty
power amplifier is its poor linearity. However, recent advancements in digital and analog
predistortion and feedforward techniques can dramatically reduce nonlinear distortion.

9.7.2 Impedance Modulation Concept

The load impedance of a current source can be modified by applying a current from another
current source. Consider the circuit depicted in Figure 9.13. The current source I; represents
the transistor of one power amplifier operated as a current source. Similarly, the current
source I represents the transistor of another power amplifier operated as a current source.
From KCL,

I =L+1 (9.40)
and from Ohm’s law,
VL
R, = £, (9.41)
3
The load impedance seen by the current sources /; is
R=—r-_Y Y __ Vi R (145 (9.42)
R A L\ L \ L) '
In(1-—= I(1—-—
L Li+1h

Thus, the load resistance seen by the current source /; is dependent on the current /. If the
currents /; and I, are in phase, the load voltage V is increased, and therefore the current
source /; sees a higher load resistance. For I, = I,

Ry = 2R;. (9.43)
For I, =0,
R =R;. (9.44)

The changes of the load resistance R; in the circuit shown in Figure 9.13 are not compatible
with power amplifier requirements because R; decreases as I,/I; decreases.
Similarly, the load resistance of the current source I, is expressed as

1% I
Ro=—=Rr [1+2). (9.45)
L A
Iy

Vi
+
D azv o O
— |
- |

Ry

Figure 9.13 Circuit with load impedance modulation.
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9.7.3 Equivalent Circuit of the Doherty Amplifier

Both the main and auxiliary power amplifiers should deliver the maximum powers at the
maximum overall output power. As the overall power is decreased, the power of each
amplifier should be reduced.

The peak drain current is proportional to the peak gate-to-source voltage in Class A,
AB, B, and C amplifiers. The maximum output power occurs at the maximum value of
the fundamental component of the drain current /j,,,.. The amplitude of the fundamental
component of the drain-to-source voltage also has the maximum value V,,(nax) at the max-
imum output power Po(nax). The load resistance seen by the drain and source terminal at
the operating frequency for Pgguay) 1S

Vm (max)

Ri = Ri@opr) = (9.46)

I Ilmax

As the drive power is decreased, the output power decreases, and the fundamental compo-
nent of the drain current decreases. In order to maintain a constant value of the fundamental
component of the drain-to-source voltage V,,, when I, is decreased, the load resistance R;
should be increased. Therefore, an impedance inverter is needed between the load R; and
the current source /; as shown in Figure 9.14. A quarter-wave transmission line transformer
acts as an impedance inverter

2
_%4
R3
where Zj is the characteristic impedance of the transmission line. As Rj3 increases, R

decreases. Lumped-component impedance inverters are depicted in Figure 9.15. The com-
ponents of these inverters are given by

R, (9.47)

1
oL = el 2. (9.48)
The phase shift of the impedance inverter shown in Figure 9.15(a) is —90° and the phase
shift of impedance inverter shown in Figure 9.15(b) is 90°.
An equivalent circuit of the most basic form of the Doherty amplifier is shown in
Figure 9.14. The load resistance of the quarter-wave transformer is given by

R=Y-o Y Vgl (14D (9.49)
3_13_IL_I2_I 1_1_2 =R =k L) .
L Iy L+

b s B bk

; : ULE
D by O

ma acll) Wl
R1I R3| I,q2

Figure 9.14 Equivalent circuit of the Doherty power amplifier.
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Figure 9.15 Lumped-component impedance inverters. (a) Two-capacitor single-inductor 7
impedance inverter. (b) Two-inductor single-capacitor 7 impedance inverter.

The load resistance of the current source /; is
2 2
4y Z

R [ b\
)
I

As I, decreases, R increases. Therefore, as I; decreases, V,,, remains constant. For I, = I3,

R, (9.50)

R, = Z_02 (9.51)
2R,
and for I, = 0,
R = Z—O2. (9.52)
RL

As I, decreases from its maximum value to zero, the load resistance of the current source
I increases from ZOZ/(ZRL) to ZOZ/RL.
The load resistance of the current source I, is given by

I
Ry =R, (1 + —3) . (9.53)
I4)

9.7.4 Power and Efficiency of Doherty Amplifier

The output power averaged over a cycle of the modulating frequency of the main power
amplifier with AM single-frequency signal is

2

m m
Py = (l - —+4+ —) Pc (9.54)
b4 4

where P¢ is the power of the carrier and m is the modulation index. The average output
power of the auxiliary amplifier is

2
Py = (ﬂ + m—) Pe. (9.55)
T 4
For m =1,
1 1
Py = (1 - — 4+ —) =0.9317P¢ (9.56)
T 4
1 1
Py = (— + —) = 0.5683P¢ (9.57)
T 4

and the total average output power is

Pr =Py + Py = 1.5Pc. (9.58)
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For m =0,
Pr =Py =Pc¢ (9.59)
and
Py =0. (9.60)

The drain efficiency averaged over a cycle of the modulating frequency of the main power
amplifier with AM single-frequency signal is
2

m m
ny = (1 T + T) nc 9.61)

where nc¢ is the drain efficiency for the operation at carrier only (m = 0). The average
drain efficiency of the auxiliary amplifier is

I =
nav = LIS | =+ —-m | nc. (9.62)
2 8
The average drain efficiency of the overall amplifier is
m?
I+ 5
Mav = —— 5 Mc- (9.63)
14+ 1.15—m
T

The total average efficiency can be expressed in terms of the amplitude of the input voltage
Vi normalized with respect to its maximum value V..

Vi Vi
n= z ! for 0<V;, < e 9.64)
2 Vimax 2

80 T T T T

70 - i

60 1

50 1

40t 1

n (%)

30 1

20t -

10f -
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Figure 9.16 Efficiency of the Doherty power amplifier as a function of the normalized input
voltage Vi /Vimax-
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Figure 9.17 Voltage and current amplitudes of the main power amplifier (M) and the auxiliary
power amplifier (A) as functions of V;/Viu. in the Doherty system. (a) V,,/Viun) versus Vi/Vipax.
(b) 1/1, versus Vi/Vipux .
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Figure 9.16 depicts the overall efficiency of the Doherty power amplifier as a function of
the normalized input voltage amplitude V;/ V.. Figure 9.17 shows the normalized voltage
and current amplitudes in the main power amplifier (M) and the auxiliary power amplifier
as functions of the normalized input voltage amplitude V;/ V..

9.8 Outphasing Power Amplifier

An outphasing power amplifier system was invented by Chireix in 1935 [31] to improve the
efficiency of AM signal power amplifiers. The system is depicted in Figure 9.18. It consists
of a signal component separator (SCS) and phase modulator, two identical nonlinear high-
efficiency power amplifiers, and RF power adder (combiner). Power amplifiers can be Class
D, E, or DE switching-mode constant-envelope amplifiers. The signal separator and phase
modulator is a complex stage. The outphasing power amplifier was studied in [33-40].
The subsequent analysis shows the possibility of a linear amplification with nonlinear
components (LINC) [32].
A bandpass signal with amplitude and phase modulation can be described by

v; = V(t)cos[w.t + ¢p(t)] = cos[w.t + ¢(t)] cos[arccos V (1)]. (9.66)

Using the trigonometric relationship,

cosa cos B = %cos(a + B) + %cos(a - B) (9.67)
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Figure 9.18 Block diagram of outphasing power amplifier system.

the AM signal can be represented as the sum of two constant-envelope phase-modulated
signals

Vi =Vv]+ W (9.68)
where
Vv = % cos[w.t + ¢(t) + arccos V ()] (9.69)
and
vy = % cos[w.t + ¢(t) — arccos V (1)]. (9.70)

Both the amplitude and phase information of the original input signal v; is included in the
phase-modulated component signals v; and v,. The constant-envelope signals v; and v, can
be amplified by nonlinear high-efficiency switching-mode power amplifiers, such as Class
D, E, and DE circuits.

Using the trigonometric formula,

B a—p
cos
2 2
the two amplified signals can be added up to form the output signal

cosa + cos B = 2cos ¢ (9.71)

Vo = A, (v + ) = A, cos[w.t + ¢(t)] cos [arccos V()] = A,V (t) cos[w.t + ¢(1)].
(9.72)

The output signal v, contains the same AM and PM information as v; does. The practical
implementation of the outphasing power amplifier is very difficult. The signal component
separator is not an easy circuit to design and build. The phase of the voltages v; and v;
must be modulated by a highly nonlinear functions = arccos V ().

An alternative method of splitting the input signal is given below. The input signal is

v;i = V(t)cos[w.t + ¢(t)] = cos[w.t + ¢(t)] sin [arcsin V (1)]. (9.73)
From the trigonometric relationship,
1 1
cosasinfB = 3 sin(a + B) — 3 sin(a — B) (9.74)
we obtain two constant-amplitude phase-modulated voltages

v = % sinfw.t 4 ¢(t) + arcsin V (1)] (9.75)
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and !
V) = —3 sin[w.t 4+ ¢(t) — arcsin V (¢)]. (9.76)

From the relationship
+p sin 2= P
2 2

sina@ — sin 8 = 2 cos ¢ 9.77)

we obtain
Vo = A, (v + vp) = cos[w.t + ¢(t)] sin[arcsin V ()] = A, V (¢) cos[w.t + ¢(t)]. (9.78)

There are two more combinations of splitting and adding the signals.

9.9 Summary

e The predistortion technique linearizes power amplifiers by making suitable modifications
to the amplitude and phase of its input signal so that the overall transfer function of the
system is linear.

e The principle of operation of the feedforward linearization system of power amplifiers is
based on cancellation of the distortion signal produced by the nonlinearity of the power
amplifier.

e The feedforward linearization system of power amplifiers is wideband, low noise, and
stable.

e The feedforward linearization system of power amplifiers suffers from gain and phase
(delay) mismatches of signals in two channels.

e The negative feedback reduces nonlinear distortion by a factor 1 4 7.

e The EER system improves the linearity and efficiency of RF power transmitters with
amplitude and phase modulation.

e In the EER system, the AM-PM signal is first decomposed into a constant-envelope PM
signal by a limiter and an envelope signal by an envelope detector. Next, the two signals
are recombined by an AM modulation of an RF power amplifier to restore the amplitude
and phase of the original signal.

e Highly nonlinear RF power amplifiers can be used in the EER system, such as Class D,
E, DE, and F amplifiers.

e A phase shift and gain mismatch in two signal paths is a drawback of the EER system.

e The phase distortion, introduced by the limiter and the nonlinearity of the transistor
output capacitance, is a shortcoming of the EER system.

e The envelope tracking technique adjusts the supply voltage of a power amplifier so that
Vin/Vi = 1, yielding high efficiency of a linear power amplifier.

e The load impedance of power amplifiers can be modulated by driving the load with
another current-source power amplifier.

e A Doherty power amplifier requires an impedance inverter to increase its load resistance
when its output power decreases. Therefore, the amplitude of the drain-to-source voltage
V,» = R1I; remains constant when /; decreases.
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e The outphasing power amplifier separates the AM input signal into two constant-envelope
signals, amplifies them by high-efficiency nonlinear amplifiers, and combines the ampli-
fied signals into one output signal.
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9.11 Review Questions

9.1 Explain the principle of reduction of nonlinear distortion using the predistortion tech-
nique.

9.2 Explain the principle of operation of the feedforward linearization system of power
amplifiers.
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9.13
9.14
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List advantages of the feedforward linearization system of power amplifiers.
List disadvantages of the feedforward linearization system of power amplifiers.

How large is the reduction of nonlinear distortion using the negative feedback tech-
nique?

Explain the principle of operation of the EER system.

What are advantages of the EER system?

What are disadvantages of the EER system?

What is the principle of operation of envelope tracking?

What is the difference between the EER and envelope tracking techniques?
What is the main goal of using the Doherty power amplifier?

Why is an impedance inverter used in a Doherty power amplifier?

Is the linearity of the Doherty amplifier good?

Explain the principle of operation of the outphasing power amplifier.

9.12 Problems

9.1

9.2

9.3

9.4

An RF power amplifier has the voltage gain A} = 180 for vy = 0to 1 V and the voltage
gain Ay = 60 for vy = 1 to 2 V. Find the voltage transfer function of predistorter to
obtain a linear function of the entire amplifier.

The voltage gains of the power stage of nn RF power amplifier are A; = 900 for
vi =0-1V, Ay =600 for v; = 1-2V, and A3 = 300 for v; = 2—-3 V. Negative feed-
back with 8 = 0.1 is used to linearize the amplifier. Find the gains of the amplifier
with negative feedback.

The relationship between the input voltage v, and the output voltage v, of an power
stage of an RF amplifier is given by

vV, = Ave2.

Find the relationship between the input voltage v, and v, of the amplifier with negative
feedback. Draw the plots v, = f(v,) and v, = f(vs) at A = 50 and 8 = 1/5. Compare
the nonlinearity of both plots.

The relationship between the input voltage v, and the output voltage v, of an power
stage of an RF amplifier is given by

2
v, = 100 <ve + é”) .

Find the relationship between the input voltage vy and v, of the amplifier with neg-
ative feedback. Draw the plots v, = f(v.) and v, = f(vs) at § = 1/20. Compare the
nonlinearity of both plots.
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Integrated Inductors

10.1 Introduction

Capacitors can easily be integrated in CMOS technology using polysilicon layers, resulting
in high capacitances per unit area. One of the largest challenges in making completely
monolithic intergated circuits is to make integrated inductors [1-45]. Lack of a good
integrated inductor is the most important disadvantage of standard IC process for many
applications. Front-end radio-frequency (RF) integrated circuits (ICs) require monolithic
integrated inductors to construct resonant circuits, impedance matching networks, band-
pass filters, low-pass filters, and high-impedance chokes. RF IC inductors are essential
elements of communication circuit blocks, such as low-noise amplifiers (LNAs), mixers,
intermediate frequency filters (IFFs), and voltage-controlled oscillators (VCOs) that drive
cellular-phone transmitters. Monolithic inductors are also used to bias RF amplifiers, RF
oscillators, tuning varactors, PIN diodes, transistors, and monolithic circuits. The structure
of planar spiral inductors is based on the standard CMOS and BiCMOS technologies as
the cost is one of the major factors. Applications of RF IC inductors include cell phone,
wireless local network (WLN), TV tuners, and radars. On-chip and off-chip inductors are
used in RF circuits. There are four major types of integrated RF inductors: planar spiral
inductors, meander inductors, bondwire inductors, and MEMS inductors. In this chapter,
integrated inductors will be discussed.

10.2 Skin Effect

At low frequencies, the current density J in a conductor is uniform. In this case, the ac
resistance of the conductor R, is equal to the dc resistance R,., and the conduction power
loss is identical for ac and dc current if I,,,; = I;.. In contrast, the current density J at
high frequencies is not uniform due to eddy currents. Eddy currents are present in any
conducting material, which is subjected to a time-varying magnetic field. The skin effect is
the tendency of high-frequency current to flow mostly near the surface of a conductor. This

RF Power Amplifiers  Marian K. Kazimierczuk
© 2008 John Wiley & Sons, Ltd
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Figure 10.1  Semiinfinite slab. (a) Conductor. (b) Current density distribution. (c) Equivalent
circuit.

causes an increase in the effective ac resistance of a conductor R,. above its dc resistance
Ryc, resulting in an increase in conduction power loss and heat.

Consider a semiinfinite slab of a conductor with conductivity o = 1/p that occupies
z <0, where p is the resistivity of the conductor. The semiinfinite conductor is shown in
Figure 10.1(a). The harmonic electric field incident on the conductor is given by

Ex(z) = Ex ei% (10.1)

where Ey, is the amplitude of the electric field just on the surface of the conductor and the
skin depth is
b= L _ [P (10.2)
Vrpof Tuf’ '

The current density in the conductor is

E
Jo(z) =0E(z) = % =Jwe

Sl

(10.3)

where J,, = 0E,, = E,,/p is the amplitude of the current density at the surface. The
current density distribution in the conductor is shown in Figure 10.1(b). The current density
J, exponentially decays as a function of depth z into the conductor.

The current flows in the x-direction through the surface extending into the z-direction
from z = 0 to z = co. The surface has a width w in the y-direction. The total current is
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obtain as

=00 pw B
I :/ f Joe 5 dydz = J,ws. (10.4)
=0 Jy=0
Thus, the equivalent current is obtained if we assume that the current density J, is constant,
equal to J,,, from the surface down to skin depth § and is zero for z > §. The area of a
rectangle of sides J,, and § is equivalent to the area the exponential curve. It can be shown
that 95 % of the total current flows in the thickness of 35 and 99.3 % of the total current
flows in the thickness of 56.
The voltage across the distance [ in the x-direction is

V =Ewl = pJyl. (10.5)

Hence, the ac resistance of the semiinfinite conductor of width w and length [ that extends
fromz =0toz =00 is

Re=L -2 (i) _ (i) Jouf- (10.6)

I 5 \w a8 \w

As the skin depth § decreases with increasing frequency, the ac resistance R, increases.

Example 10.1

Calculate the skin depth at f = 10 GHz for (a) copper, (b) aluminum, (c) silver, and (d)
gold.

Solution. (a) The resistivity of copper at T = 20°C is p¢c, = 1.724 x 1078 Qm. The skin
depth of the copper at f = 10 GHz is

PCu 1.724 x 10-8
dcu = = = 0.6608 pm. (10.7)
7T of 7 X 4w x 1077 x 10 x 10°

(b) The resistivity of aluminum at 7 = 20°C is py = 2.65 x 1078 Qm. The skin depth
of the aluminum at f = 10 GHz is

PAl 2.65 x 10-8
Su = | - —0.819um. 10.8
A= Tl \/n <47 x 107 x 10 x 10° Hm (108)

(c) The resistivity of silver at T =20°C is psy = 1.59 x 10~8 Qm. The skin depth of
the silver at f = 10 GHz is

. 1.59 x 108
Sag = | A8 = - — 0.6346 um. (10.9)
7 of 7 x4r x 1077 x 10 x 109

(d) The resistivity of gold at T = 20°C is p4, = 2.44 x 1078 Qm. The skin depth of the
gold at f = 10 GHz is

5 PAU 2.44 x 108 0.786 (10.10)
= = = U. m. .
A 7 of 7 x4 x 1077 x 10 x 10° K
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10.3 Resistance of Rectangular Trace

Consider a trace (a slab) of a conductor of thickness #, length /, and width w, as shown in
Figure 10.2(a). The dc resistance of the trace is

l
Rye = p—. (10.11)
wh
The harmonic electric field incident on the conductor is given by
Ey(z) = Egpe 5. (10.12)
The current density at high frequencies is given by
Jy=Jywe 5 for 0<z<h (10.13)
and
Jy,=0 for z>h. (10.14)

The current density distribution in the trace conductor is shown in Figure 10.2(b). Hence,
the current the total current flowing in the conductor is

h w
I = / / Joe 5 dydz = wély, (1 - e—%> . (10.15)
z=0 Jy=0

le— h——> — —

N

@

h z
(b)

Figure 10.2 Slab conductor. (a) Slab. (b) Current density distribution. (c) Equivalent circuit.
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Since E,, = pJy,, the voltage drop across the conductor in the x-direction of the current
flow at z =0 is

J
V =Ewl = =21 = pJyl. (10.16)
o

The ac trace resistance is given by

Vv ol l
Rye = — = = VT for & <h. 10.17
“COI T ws (1—e ) w(l—e ) ouf ( %
At high frequencies, the ac resistance of the metal trace R, is increased by the skin effect.
The current density in the metal trace increases on the side of the substrate. The equivalent
circuit of the trace conductor for high frequencies is shown in Figure 10.2(c).
The ratio of the ac-to-dc resistances is
_ Rac _ h
Ric 51 —e3)
The ratio R,./R4. as a function of i /§ is shown in Figure 10.3. As h/§ increases with

increasing frequency, R,./R,. increases.
For very high frequencies, this expression can be approximated by

h / h
Rom~ M on [P e s (10.19)
8 P 5

The power loss in the metal trace resistance due to the flow of a sinusoidal current of
amplitude 7,,, is given by

Fg

(10.18)

1
PRrac = ERacl,i. (10.20)

5.5 T T T T

h/d

Figure 10.3  R,./Ry as a function of /8.
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Example 10.2

Calculate the dc resistance of a copper trace with [ = 50pum, w = I um, and 4 = 1 um.
Find the ac resistance of the trace at 10 GHz. Calculate F.

Solution. The resistivity of copper at T = 20°C is pc, = 1.724 x 1078 Qm. The dc resis-
tance of the trace is

[ 1.724 x 1078 x 50 x 107¢

Ric = pcu— = =0.862 Q. 10.21
de = PClh 1 x 106 x 1 x 10~ (10.21)
The skin depth of the copper at f = 10 GHz is
1.724 x 108
Scu = 2O = - — 0.6608 pm. (10.22)
7 jof 7 x4 x 1077 x 10 x 10°
The ac resistance of the trace is
ol 1.724 x 1078 x 50 x 10~°
Rac = = - =1.672Q. (10.23)

wé (1 —e ) |4 106 x 0.6608 x 10-6 (1 - e—m)

The ratio of the ac-to-dc resistances is

Ree 1672
Rae _ 1012 93, (10.24)

Fp = =
R = R ~ 0.862

10.4 Inductance of Straight Rectangular Trace

A straight rectangular trace inductor is shown in Figure 10.4. The self-inductance of a
solitary rectangular straight conductor at low frequencies, where the current density is
uniform and skin effect can be neglected, is given by Grover’s formula [7]

L

! 21 h
=M L 050049 | (H) for w <20 and h <2 (1025)
27 w+h 31

where [, w, and h are the conductor length, width, and thickness in m, respectively. Since
o = 2 x 1077, the trace inductances is

B . 20 w+h
L=2x10""1|In + +0.50049 |(H) for w <2l and h <2I
w+h 3]
(10.26)

o

|<—:-—>4\

—w—]

Figure 10.4  Straight rectangular trace inductor inductor.



INTEGRATED INDUCTORS 351

where all dimentions are in m. Grover’s formula can be also expressed as

2 h
L = 0.0002/ | In LM 050049 | mH) for w <2 and h <2l
w+h 31

(10.27)

where [, w, and h are the conductor length, width, and thickness in um, respectively.
The inductance L of a trace increases as / increases and w decreases. Straight traces are
segments of inductors of more complex structures of integrated planar inductors, such as
square integrated planar inductors. They are also used as interconnections in integrated
circuits.

The quality factor of the straight rectangular trace at frequency f = w/(27) is defined as

0=2 Peak magnetic energy stored in L oL
= T = —

— = . (10.28)
Energy dissipated per cycle Rac

Another definition of the quality factor is given by
Peak magnetic energy — Peak electric energy

=2 . 10.29
Q d Energy dissipated per cycle ( )

Example 10.3

Calculate the inductance of a straight rectangular trace with / = 50um, w = 1 um, h =
1 um, and u, = 1. Find its quality factor Q at a frequency of 10 GHz.

Solution. The inductance of the straight trace is

I 21 h
L:“—O[ln( )+W+ +0.50049}

21 w+h 31
47 x 1077 x 50 x 107 2 x 50 141
= n + 0.50049
2 1+1 3 x50
= (0.04426 nH. (10.30)

From Example 10.2, R,. = 1.672 Q2. The quality factor of the inductor is

wL _ 27 x 10 x 10° x 0.4426 x 10~°
Rae 1.672

— 1.7092. (10.31)

10.5 Meander Inductors

Meander inductors have a simple layout as shown in Figure 10.5. It is sufficient to use only
one metal layer because both metal contacts are on the same metal level. This simplifies
the technological process by avoiding of two levels of photolithography. They usually have
a low inductance per unit area and a large ac resistance because the length of the trace
is large, causing a large dc resistance. This results in a low quality factor. The meander
inductor can be divided into straight segments. The self-inductance of each straight segment
is given by (10.27). The total self-inductance is equal to the sum of the self-inductances of
all straight segments and is given by [44]

Lself =2L, +2L, + NL. + (N + 1)L; (10.32)
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c
b N P 4,
>
a s b

where
L, =4 2a N wHh 6 s0040] @) (10.33)
“T 2m w+h ’ 1 '
b[ [ 2b h 1
L, =12 ( ) + ¥ + +0.50049 | (H) (10.34)
o w+h |
Lo= 00 [ (226 ) 4 R L 6s000] ) (10.35)
‘T 2m w+h ’ i )
wos [ 2s w+h i
L, =" 0.50049 | (H 10.36
: 2 _n<w+h>+ 3s + | (H) ( )

N is the number of segments of length ¢ and L,, Ly, L., and L, are self-inductances of the
segments. All dimensions are in m.

The mutual inductance between two equal parallel conductors (segments) shown in
Figure 10.6 is given by [7]

i l 1\? 2
M=+ Sy i (L) |- 1+(5) 20 @ (10.37)
21 K K [ [

where [ is the length of the parallel conductors and s is the center-to-center separation of
the conductors. All dimensions are in m. If the currents flow in both parallel segments in
the same direction, the mutual inductance is positive. If the currents flow in the parallel seg-
ments in the opposite directions, the mutual inductance is negative. The mutual inductance
of perpendicular conductors is zero.

It can be shown that the input inductance of a transformer with the inductance of each
winding equal to L and both currents flowing in the same direction is

Li=L+M. (10.38)

The input inductance of a transformer with the inductance of each winding equal to L and
both currents flowing in the opposite directions is

Li=L—-M. (10.39)

i

L
|

7
M
™

F

Figure 10.6 Two equal parallel straight rectangular conductors.
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The total inductance of the meander inductor is the sum of the self-inductances of all
segments and the positive and negative mutual inductances.
The monomial equation for the total inductance of the meander inductor is given by [44]

L= 0.00266(10'0603/’10'4429N()‘954S0'606W —0.173 (IIH) (1040)

where a = c¢/2. All dimensions are in um. The accuracy of this equation is better than
12 %.

Example 10.4

Calculate the inductance of a meander inductor with N =5, w =40um, s =40um, a =
40um, & = 100 um, and p, = 1.

Solution. The inductance of the trace is
L = 0.00266¢ 0603 1,0-4429 57 0.954 0.606 ,~0.173

= 0.00266 x 4000003104429 50.9544)0-60640=0173 — ( 585 nH. (10.41)

10.6 Inductance of Straight Round Conductor

The inductance of a round straight inductor of length / and conductor radius a, when
the effects of nearby conductors (including the return current) and the skin effect can be
neglected, is given by [7]

L P A
L_zn [1n<a>+l 4} (H) (10.42)

where the dimensions are in m. This equation can be simplified to the form
21
L = 0.0002/ [ln <—) + % — 0.75} (nH) (10.43)
a

where the dimensions are in pm.
Another expression for a round straight conductor is

ul
T8t
The inductance at high frequencies decreases with frequency. The high-frequency induc-
tance of a round straight inductor when the skin effect cannot be neglected is given by
L [up

Lyp = — |— f 8 . 10.45
HE dra\ nf o =« ( )

L for §>a. (10.44)

Example 10.5

Calculate the inductance of a round straight inductor with / =2mm, a = 0.1 mm, and
ur =1 for § > a. Also, calculate the inductance of a copper round straight inductor with
a =0.1mm at f = 1 GHz.
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Solution. The inductance of the round straight inductor for § < a (low-frequency operation)
is given by

L= ol [m (g> n % _ 0.75} (H)

2 a
4 1077 x 2 x 1073 2x2 0.1
T xex In(Z22) + 2= —0.75| = .1.1956nH.  (10.46)
2 0.1 2
The skin depth in copper at f = 1 GHz is
5 1.724 x 10-8
8§ = — — 2.089 um. (10.47)
7T hof 7 x 4w x 1077 x 1 x 10°

Since a = 0.1 mm = 100 um, § < a. Therefore, the operation at f = 1 GHz is the high-
frequency operation. The inductance of the round straight inductor at f = 1 GHz is

/ 2% 1073 4 x 107 x 1.724 x 108
Lyp = — B2 . Tx X X 4179pH.
dra\ wf 4w x 0.1 x 1073 7 x1x10°
(10.48)
Hence,
Luyr  4.179 x 10712 _3
Fr=—2C - = 7 _3493x 100 = —. 10.49
R =T 11956 x 109 x 286 (10.49)

10.7 Inductance of Circular Round Wire Loop

The inductance of a circular loop of round wire with loop radius r and wire radius a is [7]

L= uoa [m (8—r> - 1.75] (H). (10.50)
a

All dimensions are in m. The dependence of the inductance on wire radius is weak.
The inductance of a round wire square loop is

L= M—Ol |:1n <L> — 0.52401:| (H) (10.51)
2 da

where [ is the loop length and a is the wire radius. All dimensions are in m.

10.8 Inductance of Two-parallel Wire Loop

Consider a loop formed by two parallel conductors whose length is [ radius is r, and the
distance between the conductors is s, where / > s. The conductors carry equal currents in
opposite directions. The inductance of the two-parallel wire loop is [7]

_ Mol
T

L [m (;) - ; + 0.25] (H). (10.52)
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10.9 Inductance of Rectangle of Round Wire

The inductance of a rectangle of round wir eof radius r with rectangle side lengths x and
y is given by [7]

2 2
L= |:x In (_x) +vyln (_y) +2y/x2 4+ y2 — x arcsinh (i)
T a a y
—y arcsinh (X) —175(x + y)] (10.53)
X
10.10 Inductance of Polygon Round Wire Loop
The inductance of a single-loop polygon can be approximated by [7]
2 2
L~E2 [m (—p> —In (p—) + 0.25} (H) (10.54)
2 r A

where p is the perimeter of the coil, A is the area enclosed by the coil, and a is the wire
radius. All dimensions are in m. The inductance is strongly dependent on the perimeter and
weakly dependent on the loop area and wire radius. Inductors enclosing the same perimeter
with similar shape have approximately the same inductance.

The inductance of a triangle is [7]

l l
L=1 |:1n (—) — 1.15546} (H) (10.55)
2 3a
where a is the wire radius. The inductance of a square is
T ) i
L="1" (—) —0.52401 ] (H). (10.56)
2r | \4a ]
The inductance of a pentagon is
T ) i
L="5" 1 (—) —0.15914 | (H). (10.57)
2r | \Sa ]
The inductance of a hexagon is
7 [ i
=1 (= + 0.09848 | (H). (10.58)
2r | \6a |
The inductance of an octagon is
7 [ i
L="2%m(—)+046198| (H). (10.59)
2r | \8a ]

All dimensions in m.

10.11 Bondwire Inductors

Bondwire inductors are frequently used in RF ICs. Figure 10.7 shows a bondwire inductor. It
can be regarded as a fraction of a round turn. Bondwires are often used for chip connections.
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Figure 10.7 Bondwire inductor.

The main advantage of bondwire inductors is a very small series resistance. Standard
bondwires have a relatively large diameter of about 25um and can handle substantial
currents with low loss. They may be placed well above any conductive planes to reduce
parasitic capacitances and hence increase the self-resonant frequency f,. Typical inductances
range from 2 to 5 nH. Since bondwires have much larger cross-sectional area than the traces
of planar spiral inductors, these inductors have lower resistances and hence a higher quality
factor Qy,, typically Oy, = 20-50 at 1 GHz. These inductors may be placed well above any
conductive planes to reduce parasitic capacitances, yielding a higher self-resonant frequency
fr- The inductance of bondwire inductors is given by

L~ M—Ol |:ln <%> — 0.75i| (H) (10.60)
21 a

where [ is the length of the bondwire and a is the radius of bondwire. A standard bondwire
inductance with / = 1 mm gives L = 1 nH, or 1 nH/mm. The resistance is

B [
" 2wado

(10.61)

where o is the conductivity and § is the skin depth. For aluminum, o =4 x 107 S/m.
The skin depth for aluminum is §4; = 2.5 um at 1 GHz. The resistance per unit length is
Ry /1 = 0.2 Q/mm at 2 GHz. The major disadvantage is low predictability. Bondwire induc-
tance depends on bonding geometry and the existence of neighboring bondwires, making
accurate prediction of the inductance value difficult. However, once the configuration for
a particular inductance is known, it is rather repeatable in subsequent bondings. Com-
mon bondwire metals include gold and aluminum. Gold is generally preferred because of
its higher conductivity and flexibility. This allows higher quality factor Qy, with shorter
physical lengths to be bonded for a given die height.

Example 10.6

Calculate the inductance of a round bondwire inductor with / = 2mm, ¢ = 0.2 mm, and
ur =1for § > a.

Solution. The inductance of the round straight inductor for § < a is

! 21 47 x 1077 x 2 x 1073 2 %2
L~ ’;_0 [m <_> _ 0,75] _ X el [m( x ) - 0.75} — 0.8982 nH.
a

T 2 0.2
(10.62)
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10.12 Single-turn Planar Inductors

The self-inductance is a special case of mutual inductance. Therefore, an expression for the
self-inductance of an inductor can be derived using the concept of the mutual inductance.
This is demonstrated by deriving an expression for the inductance of a single-turn planar
inductor.

Figure 10.8 shows a single-turn strip inductor of width w, inner radius b, and outer radius
a. The concept of mutual inductance can be used to determine a self-inductance. Consider
two circuits: a line circuit along the inner surface of the strip and a line current along the
axis (middle) of the strip. The vector magnetic potential caused by circuit 2 is

udly
Gy 4 h '

The integration of the vector magnetic potential A, along circuit 1 resulting from the current
I, in circuit 2 gives the mutual inductance between the two circuits

A =1 (10.63)

1
M = —ff A, - dly. (10.64)
L Je,
Hence, the mutual inductance of two conductors is given by
dly - dl
M = ﬂyg yg e (10.65)
4 C JC h
From geometrical consideration and the following substitution
0=m—2¢ (10.66)
we have
dl; = |dly| = adf = —2ad¢ (10.67)
yielding
dly - dl; = dl; dl; cos 8 = 2a cos 2¢dl,d¢ (10.68)

&

U

Figure 10.8 Single-turn planar inductor.
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and

h =+ (acos® —b)2 + (asin0)2 = Va2 + b2 — 2ab cos 6 = /a2 + b2 + 2ab cos 2¢

= /a2 + b2 +2ab(1 —2sin® ¢) = \/(a +b)> —4absin’> ¢ = (a +b)/1 —k?sin’ ¢

(10.69)
where
4ab (a — b)?
- —1- ) 10.70
(a+b)? (a+b)? ( )
Also,
fdlz =2nbh. (10.71)

The mutual inductance is

" =i§£dlz /2” acosf do _ 2pab /”/2 (2sin® ¢ — 1)d¢
4 0 0

VaZ+ b2 —2abcosd a+b V1= k2sin? ¢
T2y ein2 4
- /L«/abk/ @sin" g —Dde _ b [(3 — k) K (k) — %E(k)} (10.72)
0 1 — k2sin’ ¢ k k

where the complete elliptic integrals are

/2
E(k)=/ V1= Kk2sin’® ¢ dg (10.73)
0

and
/2 d
K (k) :/ 7(]5 (10.74)
0 1—k2%sin’¢
The width of the strip is
w=a—b (10.75)
resulting in
a+b=2a—-w (10.76)
ab = a(a —w) = a’ (1 — K) (10.77)
a
and
2 w?
k — . 10.78
2a — w)? ( )
Ifw/akl, k=1 Ek)~1,
2 2
KR=1— id _ 2%1—;”—2 (10.79)
2 v a
4a (1 Za)
and
4 3
K(k) ~ In ~1n —In (—“) . (10.80)
w
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Hence, the self-inductance of a single-turn inductor is given by

8 ! 8
L~ ua [m <—“> — 2} - [m <—“) _ 2} for a>w (10.81)
w 2 w

where | = 2ma.

Example 10.7

Calculate the inductance of a single-turn round planar inductor with a = 100 um, w = 1 um,
and u, =1 for § > a.

Solution. The inductance of the single-turn round planar inductor for § < a is

8 8 x 100
L~ ua [ln <—“> — 2} =47 x 1077 x 100 x 107° [m ( Xl ) — 2} = 0.58868 nH.
w

(10.82)

10.13 Inductance of Planar Square Loop

The self-inductance of a square coil made of rectangular wire of length / > w and width
w is

L~ ,u_ol |:arcsinh (L> — l] [H]. (10.83)
b4 2w

Both [ and w are in m.

10.14 Planar Spiral Inductors
10.14.1 Geometries of Planar Spiral Inductors

Planar spiral inductors are the most widely used RF IC inductors. Figure 10.9 shows square,
octagonal, hexagonal, and circular planar spiral inductors. A planar spiral inductor consists
of a low-resistivity metal trace (aluminum, copper, gold, or silver), silicon dioxide SiO, of
thickness 7,,, and a silicon substrate, as shown in Figure 10.10. A metal layer embedded
in silicon dioxide is used to form the metal spiral. The topmost metal layer is usually the
thickest and thus most conductive. In addition, a larger distance of the topmost metal layer
to the substrate reduces the parasitic capacitance C = €A,, /1,,, increasing the self-resonant
frequency f, = 1/(2w+/LC) where A,, is the metal trace area. The substrate is a thick
silicon (Si), gallium arsenide (GaAs), or silicon germanium (SiGe) layer of thickness of
the order of 500—700 um. The thin silicon dioxide SiO; of thickness 0.4—3 um is used to
isolate the metal strips of the inductor from the silicon substrate. The outer end of the spiral
is connected directly to a port. The connection of the innermost turn is made through an
underpass by another metal layer or via an air bridge. The whole structure is connected
to pads and surrounded by a ground plane. Commonly used shapes of spiral inductors
are square, rectangular, hexagonal, octagonal, and circular. Hexagonal and octagonal spiral
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(b)

Figure 10.9  Planar spiral integrated inductors. (a) Square inductor. (b) Hexagonal inductor.
(c) Octagonal inductor. (d) Circular inductor.

z‘LIOX

Silicon substrate

Figure 10.10 Cross-section of a planar RF IC inductor.
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inductors generally have less inductance and less series resistance per turn as compared to
square spirals. Since the hexagonal and octagonal structures occupy larger chip aream they
are rarely used. A planar spiral integrated inductor can only be fabricated with technologies
having two or more metal layers because the inner connection requires a metal layer different
than that used for the spiral to connect the inside turn of the coil to outside. Square
inductor shapes are the most compatible with IC layout tools. They are easily designed
with Manhattan style physical layout tools, such as MAGIC. Hexagonal, octagonal, and
higher-order polygon spiral inductors have higher quality factor Qy, than square spirals.
The parameters of interest for integrated inductors are the inductance Ly, the quality factor
O, and the self-resonant frequency (SRF) f,. The typical inductances are the range from
1 to 30nH, the typical quality factors are from 5 to 20, and the typical self-resonant
frequencies are from 2 to 20 GHz. The geometrical parameters of an inductor are the
number of turns N, the metal strip width w, the metal strip height &, the turn-to-turn space
s, the inner diameter d, the outer diameter D, the thickness of the silicon substrate fg;,
the thickness of the oxide layer ¢,,, and the thickness of oxide between the metal strip
and the underpass t,,,. The typical metal strip width w is 30 um, the typical turn-to-turn
spacing s is 20 um, and the typical metal strip sheet resistance is Rgpeer = p/h = 0.03 to
0.1 2 per square. IC inductors require a lot of chip area. Therefore, practical IC inductors
have small inductances, typically L < 10nH, but they can be as high as 30 nH. The typical
inductor size is from 130 x 130 um to 1000 x 1000 um. The inductor area is A = D?. The
topmost metal layer is usually used for construction of IC inductors because it is the thickest
and thus has the lowest resistance. In addition, the distance from the topmost layer to the
substrate is the largest, reducing the parasitic capacitances. The preferred metalization for
integrated inductors is a low-resistivity, inert metal, such as gold. Other low-resistivity
metals such as silver and copper do not offer the same level of resistance to atmospheric
sulfur and moisture. Platinum, another noble metal, is two times more expensive than gold
and has higher resistivity. The thickness of the metal /4 should be higher than 2§ one skin
depth & on the top of the trace and one skin depth on the bottom. The direction of the
magnetic flux is perpendicular to the substrate. The magnetic field penetrates the substrate,
inducing eddy currents. A high substrate conductivity tends to lower the inductor quality
factor Q;,. The optimization of the spiral geometry and the metal trace width leads to
minimization of the trace ohmic resistance and the substrate capacitance. To reduce power
losses in the substrate, the substrate can be made of high resistive silicon oxide such as
silicon-on-insultaor (SOI), thick dielectric layers, or thick and multilayer conductor lines.

10.14.2 Inductance of Square Planar Inductors

Several expressions have been developed to estimate RF spiral inductances. In general, the
inductance of planar inductors L increases when the number of turns N and the area of an
inductor A increase.

The inductance of a single loop of area A and any shape (e.g., circular, square, rectangular,
hexagonal, or octagonal) is given by

L~ ugvmA. (10.84)
Hence, the inductance of a single-turn round inductor of radius r is
~ wpor =472 x 1077 = 4 x 107% (H). (10.85)

For example, L = 4nH for r = 1 mm.
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The inductance of an arbitrary planar spiral inductor with N turns, often used in ICs, is
given by
L~muorN? =472 x 1077rN? = 4 x 107°N? (H) (10.86)

where N is the number of turns and r is the spiral radius.

Bryan’s Formula

The inductance of the square planar spiral inductor is given by an empirical Bryan’s
equation [7]

: D+d
L =6.025 x 10_7(D + d)N% In [4 (D——}_dﬂ (H) (10.87)
where the outermost diameter is
D =d+2Nw + 2(N — 1)s. (10.88)

N is the number of turns, and D and d are the outermost and innermost diameters of the
inductor in m, respectively.

Example 10.8

Calculate the inductance of a square planar spiral inductor with N =5, d = 60um, w =
30um, s = 20 um, and p, = 1 for § > h. Use Bryan’s formula.

Solution. The outermost diameter is
D=d+2Nw+2(N —1)s =60+2x5%x304+2x(5—1)x20=520um. (10.89)

The inductance of the round planar inductor for § < 4 is

D+d
L=6.025x10"7(D +d)N3 In [4 (D—J’d)} (H)

520 + 60

—6.025 x 1077(520 + 60) x 1076 x 53 In |4 [ 22—
520 — 60

):| = 8.266nH. (10.90)

Wheeler’s Formula

The inductance of a square spiral inductor is given by modified Wheeler’s formula [3, 32]

L= 1.17M0N2% (H) (10.91)
14275—2
D+d
where
D =d +2Nw +2(N — Ds. (10.92)

All dimensions are in m.

Example 10.9

Calculate the inductance of a square planar spiral inductor with N =5, d = 60um, w =
30um, s = 20um, and pu, = 1 for § > h. Use Wheeler’s formula.
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Solution. The outermost diameter is
D=d+2Nw+2(N —1)s =604+2x5x30+2x(5—1)x20=520um. (10.93)

The inductance of the square planar inductor for 6 < & is

D+d
L= 1.17M0N2% (H)

14+275——
* D+d

(520 + 60) x 107°
520 — 60
520 + 60

=117 x 4 x 1077 x 5% x = 6.7nH. (10.94)

14275 x

Greenhouse Formula

The inductance of spiral inductors is given by Greenhouse’s equation [13]

1.76 h
L=10"°DN? {180 [log ( L.76(w + h) + 7.312} (nH). (10.95)

b\, 5]
475w + h))

All dimensions are in m.

Example 10.10

Calculate the inductance of a square planar spiral inductor with N =5, d = 60um, w =
30um, s = 20um, 2 =20 um, and p, = 1 for § > h. Use Greenhouse’s formula.

Solution. The outermost diameter is
D=d+2Nw+2(N —1)s =60+2x5%x304+2x (5—1)x20=520um. (10.96)

The inductance of the single-turn round planar inductor for § < A is

1.76(w + h)

L= 1090N2{ 180 [log ( + 7.312} (nH)

D
4.75(w + h)) + 5]
520 ) . 5} 1.76(30 + 20)
4.75(30 + 20) 520

= 12.59nH. (10.97)

=10 x 520 x 52{180 [bg( +7.312}

Grover’s Formula

The inductance of a square or rectangular spiral planar inductor with a rectangular cross-
section of the trace is expressed as [7, 30]

ol 21 w+h
L=—1|1 0.50049 | (H 10.98
o |:n<w+h)+ TR :|() ( )

where the length of the metal trace is

[ =2(D4+w)+2N@2N — D)(w +5) (10.99)
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the outer diameter is
D =d+2Nw +2(N — 1)s (10.100)

and 4 is the metal trace height. All dimensions /, w, s, and & are in m. This equation is
identical to that for a straight trace inductor. It accounts for the self-inductance only and
neglects mutual inductances between the traces.

Example 10.11

Calculate the inductance of a square planar spiral inductor with N =5, d = 60um, w =
30um, s = 20um, 2 = 20 um, and p, = 1 for § > h. Use Grover’s formula.

Solution. The outer diameter is
D=d+2Nw+2(N —1)s =604+2x5%x30+2x(5—1)x20=520um. (10.101)
The length of the metal trace is
I =2(D4+w)+2N@2N — )(w +5) = 2(5204+30) + 2 x 5(2 x 5 — 1)(30 + 20)
— 5600 pm. (10.102)

The inductance of the square spiral planar inductor for § < & is

! 21 h
L=t [m( > puth 0.50049} (H)

T om w+h 3l
47 x 1077 x 5600 x 10~° 2 x 5600 (30 + 20)
= n +0.50049
2 30 4+ 20 3 x 5600
= 6.608 nH. (10.103)

Rosa’s Formula
The equation for the inductance of square planar spiral inductors is expressed as [1, 8, 32]

207D +d)]  0.18(D —d) D —d\*
_ 2 - -
L=03175uN% (D +d){1n|: D }+ —d +0.13< +d) } (H).

(10.104)
All dimensions are in m.

Example 10.12

Calculate the inductance of a square planar spiral inductor with N =5, d = 60um, w =
30um, s = 20um, 2 =20 um, and p, = 1 for § > h. Use Rosa’s formula.

Solution. The outer diameter is

D=d+2Nw+2(N —1)s =604+2x5%x30+2x(5—-1)x20=520um. (10.105)
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The inductance of the square spiral planar inductor for § < £ is

2.07(D +d)] 0180 —d) . (D — d)2}

D —d D +d

L=03175u0N? (D +d) {1
noN~ (D + ){H|: D1d

=0.3175 x 47 x 1077 x 5% (520 + 60) x 107°
2.07(52 18(520 — 20 — 60>
X{ln[ 07(5 0+60)}+0 8(520 — 60) o.13<50 60) }

520 — 60 520 + 60 520 + 60
= 6.849 nH. (10.106)

Cranin’s Formula

An empirical expression for the inductance of spiral planar inductors that has less than
10 % error for inductors in the range from 5 to 50nH is given by [21]
A3
-7 m
L~13x10 78 (nH) (10.107)
AMOWLTS (4 5)025

where A,, is the metal area, A,,; is the total inductor area, w is the metal trace width, and
s is the spacing between metal traces. All dimensions are in m.

Example 10.13

Calculate the inductance of a square planar spiral inductor with N =5, d = 60um, w =
30um, s =20um, 2 = 20um, and u, = 1 for § > h. Use Cranin’s formula.

Solution. The outer diameter is
D=d+2Nw+2N —1)s =60+2x5%x304+2x%x(5—1)x20=520um. (10.108)
The length of the metal trace is
[ =2(D4+w)+2N@2N — 1)(w +5) =2(520 +30) + 2 x 5(2 x 5 — 1)(30 + 20)

= 5600 um. (10.109)
Hence, the total area of the inductor is
Awe = D? = (520 x 107%)? = 0.2704 x 107% m>. (10.110)
The metal area is
A =wl =30 x 107 x 5600 x 107¢ = 0.168 x 10~° m? (10.111)

The inductance of the square spiral planar inductor for § < & is
A53

m

L~13x107 —
AW T (w 4 )0-25

(0.168 x 106)3/3
(0.2704 x 10-6)1/6[30 x 10-6]1-/5[(30 + 20) x 10-6]0-25
— 8.0864 nH. (10.112)

=13x 107"
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Monomial Formula

The data fitted monomial empirical expression for the inductance of the square spiral
inductor is [32]

D +d

2.4
5 ) N178g=003 (nH). (10.113)

L = 0.00162D 121y, =0-147 <

All dimensions are in pum.

Example 10.14

Calculate the inductance of a square planar spiral inductor with N =5, d = 60um, w =
30um, s =20um, 2 = 20um, and u, = 1 for § > h. Use the monomial formula.

Solution. The outer diameter is
D=d+4+2Nw+2N —1)s =60+2x5%x304+2x(5—1)x20=520um. (10.114)

The inductance of the square spiral planar inductor for § < a is

D+d

2.4
5 ) N 1.78S—0.03 (nH)

L =0.00162D 121y, =0-147 (

520 + 60

2.4
. ) 517820003 — 6.6207nH.  (10.115)

— 0.00162 x (520) 121y, ~0-147 (

Jenei’s Formula

The total inductance consists of the self-inductance Ly and the sum of the positive mutual
inductances Mt and the sum of the negative mutual inductances M ~. The derivation of
an expression for the total inductance is given in [34]. The self-inductance of one straight
segment is [7]

2 +h

where Iy, is the segment length, w is the metal trace width, % is the metal trace thickness.
The total length of the conductor is

I = @&N + 1)d + (4N; + DN;(w + 5) (10.117)

1 21
Loy = 2008 [m (W =t ) +0.5} (10.116)

where N is the number of turns, N; is the integer part of N, and s is the spacing between
the segments. The total self-inductance of a square planar inductor is equal to the sum of
4N self-inductances of all the segments.

= NLgeir1 = —MOZ 1 721 — (10.118)
[ = 4NL; = n 02]1. 0.118
sel self 1 21 Nw +h)

The antiparallel segments contribute to negative mutual inductance M ~. The sum of all

interactions is approximately equal to 4N? average interactions between segments of an

average length and an average distance. The negative mutual inductance is
0.47woNI

2

M~ (10.119)
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The positive mutual inductance is caused by interactions between parallel segments on the
same side of a square. The average distance is

(BN —2N; — )(N; + 1)

b= . 10.120
DTN SN, - D (10-120
For N; =N,
N +1
b= W (10.121)
The total positive mutual inductance is
wol (N — 1) I \> 1 ANb\*> 4Nb
Mt =200 | 1+ [ — S [ R (i -
2 "W\ ) Taw 7)) T
(10.122)
The inductance of a square planar inductors is
L=Leys+M +M"
l l
=B | —— | —02-047N
2 Nw +h)
+WN=DIm| 1+ ! 2+ ! N 2+4Nb (10.123)
4Nb 4Nb ! L ‘

All dimensions are in m.

Example 10.15

Calculate the inductance of a square planar spiral inductor with N = N; =5, d = 60 um,
w =30um, s =20um, 2 = 20um, and u, = 1 for § > h. Use Jenei’s formula.

Solution. The total length of the conductor is
[ =@AN 4+ 1)d + (4N; + 1N;(w +5)

=@Ax5+1)x60x107%+ (4 x5+ 1)530+20) x 107°

= 6500 um. (10.124)
The average distance is

(BN —2N; — I)(N; + 1)
32N —N; — 1)
6B3x5=2x5-DG6+1)
32x5-5-1)

The inductance of the square spiral planar inductor for § < & is

! !
L= — | —02-047N
2 Nw +h)

ey = | e (L) 4 Ly () e
N VL 4ND\?  4Nb
ANb 4ANb l l

b=Ww+ys)

= (30 +20) x 10~ = 100 um. (10.125)
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47 x 1077 x 6500 x 107° 6500
- 1 —02-047x5+(5-1
o <n[5(30+20)} x3+6-D

6500 2 6500
x { In 1+ +
4 x5x 100 4 x5 x%x 100

- 4% 5% 100 2+4><5><100
6500 6500

= 6.95nH. (10.126)

Dill’s Formula
The inductance of a square planar inductor is [9]

L=238.5x107'°N%3 (H). (10.127)
For N =5, L =12.427nH.

Terman’s Formula

The inductance of a square planar spiral single-turn inductor is

0.7874 x 10~*D?

L=184173 x 107D [log (
w+h

) — 10g(0.95048 x 104D)}

+ 107 x [7.3137D + 1.788(w + h)] (nH). (10.128)

All dimensions are in pm.
The inductance of a square planar spiral multiple-turn inductor is

0.7874 x 10~*D?

L=184173 x 107*DN? [log( ) — 10g(0.95048 x 10—40)}

w+h
+8 x 107*N2[0.914D + 0.2235(w + h)] (nH). (10.129)
where the outer diameter is
D =d +2Nw +2(N — 1)s. (10.130)

All dimensions are in m.

Example 10.16

Calculate the inductance of a square planar spiral inductor with N =5, D = 520 um, w =
30um, 7 = 20um, and p, = 1 for § > h. Use Terman’s formula.

Solution. The inductance of a square planar spiral multiple-turn inductor is

0.7874 x 10~4D2

L=18.4173 x 107*DN? [log (
w+h

) —10g(0.95048 x 10—41))}

+8 x 107*N2[0.914D + 0.2235(w + h)] (nH)
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0.7874 x 10~ x 5202
=18.4173 x 107* x 520 x 5% |1
X X X |: og ( 30 + 20 )
— 10g(0.95048 x 10~ x 520)}

+ 8 x 107%5%[0.914 x 520 + 0.2235(30 + 20)]
=32.123 (nH). (10.131)

Rosa’s, Wheeler’s, Grover’s, Bryan’s, Jenei’s, and monomial formulas give similar values
of inductance. Geenhouse’s, Cranin’s, Terman’s formulas give higher values of inductance
than those calculated from the former group of formulas.

10.14.3 Inductance of Hexagonal Spiral Inductors

Wheeler’s Formula

The inductance of a hexagonal spiral inductor is given by modified Wheeler’s formula
(3, 32]

L =1.165uN? b +Dd_d (H) (10.132)
1+3.82——
D +d
where
D =d +2Nw + 2(N — 1)s. (10.133)

All dimensions are in m.

Rosa’s Formula

The equation for the inductance of hexagonal planar spiral inductors is expressed as [1, 8,
32]

B 5 2.23(D +d) D —d\?
L=0.2725uN*(D +d) {m[iD — }+0.17 (D—+d) } (H). (10.134)

All dimensions are in m.

Example 10.17

Calculate the inductance of a hexagonal planar spiral inductor with N =5, d = 60 um,
w =30um, s =20um, 2~ =20 um, and p, = 1 for § > h. Use Rosa’s formula.

Solution. The outer diameter is
D=d+2Nw+2N —1)s =60+2x5%x304+2x(5—1)x20=520um. (10.135)
The inductance of the square spiral planar inductor for § < & is

B ) 2.23(D +d) D—d\’
L=0.2725uN* (D +d) {m[i[)_d ]+0.17 <D—+d) } (H).
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=0.2725 x 47 x 1077 x 5% (520 + 60) x 107°

2.23(520 + 60 —60\?
« 1 # +0.17 M
520 — 60 520 + 60

= 5.6641 nH. (10.136)

Grover’s Formula

The inductance of a hexagonal planar inductor is [7]

L= % [(L> +0.09848] (H). (10.137)
T 6r

All dimensions are in pm.

Monomial Formula

The data fitted monomial empirical expression for the inductance of the hexagonal spiral
inductor is [32]

2.47
L =0.00128D 124, ~0.174 (DT”> N 177570089 (g, (10.138)

All dimensions are in pum.

10.14.4 Inductance of Octagonal Spiral Inductors

Wheeler’s Formula

The inductance of an octagonal spiral inductor is given by a modified Wheeler’s formula
[3, 32]

D+d
L= 1.125M0N2% (H) (10.139)
1+3.55——
D+d
where
D =d +2Nw +2(N — D)s. (10.140)

All dimensions are in m.

Rosa’s Formula

. The inductance of an octagonal planar spiral inductors is expressed as [1, 8, 32]

3 > 2.29(D +d) D—d\’
L=0.2675uN* (D +d) {m [70 — } +0.19 (D—+ d) } (H).  (10.141)

All dimensions are in m.
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Grover’s Formula

The inductance of an octagonal planar inductor is [7]

L= [(i> - 0.03802] (H). (10.142)

T r

All dimensions are in m.

Monomial Formula

The data fitted monomial empirical expression for the inductance of an octagonal spiral
inductor is [32]

D +d

L =0.00132D~ 121y, 0163 ( 5

2.43
) N1 g=0089 (yp), (10.143)

All dimensions are in Wm.
The inductance of octagonal inductors is almost the same as that of hexagonal inductors.

10.14.5 Inductance of Circular Spiral Inductors

Rosa’s Formula

The inductance of a circular planar spiral inductors is expressed as [1, 8, 32]

3 ) 2.46(D + d) D-d\’
L=0.25uN?(D +d){1n[7D_d }+o.19 (D—+d> } (H). (10.144)

All dimensions are in m.

Example 10.18

Calculate the inductance of a circular planar spiral inductor with N =5, d = 60um, w =
30um, s =20 um, and u, = 1 for § > h. Use Rosa’s formula.

Solution. The outer diameter is
D=d+2Nw+2N —1)s =60 +2 x5x30+2x (5—1)x 20 = 520 um. (10.145)

The inductance of the circular spiral planar inductor for § < a is

e 2460 +d) D-dy’
L =0.25uN (D—I—d){ln[ D—d :|+0.19<D+d) } H)

=0.25 x 47 x 1077 x 52 (520 + 60) x 107

2.46(520 + 60) 520 — 60\
x {n| =" 4019 =———
520 — 60 520 + 60

= 5.7nH. (10.146)
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Wheeler’s Formula

The inductance of a circular planar inductor is [2]

2

L= 31.33,1,sz (H). (10.147)

All dimensions are in m.

Schieber Formula

The inductance of a circular planar inductor is [15]
L =0.8747 x 107°DN2(H). (10.148)

All dimensions are in m.

Spiral IC inductors have high parasitic resistances and high shunt capacitances, resulting
in a low Qr, and low self-resonant frequencies. It is difficult to achieve Qr, > 10 and f;,
greater than a few GHz for planar inductors due to the loss in the substrate and metalization.
The RF MEMS technology has the potential to improve the performance of RF IC inductors
by removing the substrate under the planar spiral via top-side etching, which decouples the
RF IC inductor performance from substrate characteristics.

10.15 Multimetal Spiral Inductors

Multimetal planar spiral inductors (called stacked inductors) are also used to achieve com-
pact high-inductance magnetic devices. A double layer spiral inductor can be implemented
using metal 1 and metal 2 layers, as shown in Figure 10.11 [39, 40]. An equivalent circuit
of a two-layer inductor is shown in Figure 10.12.

The impedance of a two-layer inductor is given by

Z =jo(ly + Ly +2M) = jo(Ly + Ly + 2k/ L1 L) ~ jo(Ly + Ly +2/L1L;) (10.149)
where the coupling coefficient k ~ 1. If both inductors are equal,

Z~jo(L+ L+ 2L) = jw(4L) = joLs. (10.150)

Metal 2

1
1
Metal 1 :\>

Metal around ring

Ground shield with
n-type diffusion

Figure 10.11 Multimetal spiral inductor that uses metal 1 and metal 2.
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Figure 10.12 Equivalent circuit of two-layer inductor.

Thus, the total inductance Ly for a two-layer inductor increases nearly four times due to
mutual inductance. For an m-layer inductor, the total inductance is increased by a factor
of m? as compared to a self-inductance of a single-layer spiral inductor. Modern CMOS
technologies provide more than five metal layers and stocking inductors or transformers
gives large inductances in a small chip area.

A patterned ground shield reduces eddy currents. Many RF IC designs incorporate several
inductors on the same die. Since these structures are physically large, substrate coupling
can cause significant problems, such as feedback and oscillations.

The spiral inductors have several drawbacks. First, the size is large compared with other
inductors for the same number of turns N. Second, the spiral inductor requires a lead wire
to connect the inside end of the coil to the outside, which introduces a capacitance between
the conductor and the lead wire, and this capacitance is the dominant component of the
overall stray capacitance. Third, the direction of the magnetic flux is perpendicular to the
substrate, which can interfere with the underlying circuit. Fourth, the quality factor is very
low. Fifth, the self-resonant frequency is low.

10.16 Planar Transformers

Monolithic transformers are required in many RF designs. The principle of planar trans-
formers relies on lateral magnetic coupling. They can be used as narrowband or wideband
transformers. An interleaved planar spiral transformer is shown in Figure 10.13. The cou-
pling coefficient of theses transformers is k & 0.7. Figure 10.14 shows a planar spiral
transformer, in which the turns ratio n = N,, : N; is not equal to 1. The coupling coefficient k
is low in this transformer, typically £ = 0.4. Stacked transformers use multiple metal layers.

Figure 10.13 Interleaved planar spiral transformer.
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Figure 10.14  Planar spiral transformer in which the turns ratio n = N, : N, is not equal to 1.

10.17 MEMS Inductors

Microelectromechanical system (MEMS) technology can improve the performance of inte-
grated inductors MEMS inductors usually are solenoids fabricated using surface microma-
chining techniques and polymer/metal multilayer process techniques. Figure 10.15 show
an integrated solenoid inductor [29]. These inductors may have air cores or electroplated
Ni-Fe Permalloy cores. The winding is made up of electroplated copper layers. There is an
air gap between the metal winding and the substrate. This geometry gives small inductor
size, low stray capacitance Cg, high self-resonant frequency f,, low power loss, and high
quality factor. However, it requires a 2D design approach.
The magnetic field intensity inside the solenoid is uniform and given by

B “lN’ (10.151)
where /. is the length of the core and N is the ;umber of turns. The magnetic flux is
$p=AB = % (10.152)
where A, is the cross-sectional area of the core. Thce magnetic linkage is
A=N¢ = %ZIAC (10.153)
¢

)

Substrate

Figure 10.15 Integrated MEMS solenoid inductor [29].
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Figure 10.16 Ratio L/Ly versus r/I..

The inductance of the infinitely long MEMS solenoid inductor is given by
A uNZA,

1 le

The inductance of a short solenoid is lower that of an infinitely long one. The inductance of
a round solenoid of radius r and length /. can be determined from Wheeler’s equation [2]

(10.154)

L AcN?
[=—"2 - H — (10.155)
I+09- 4, (1 + 0.9—)
c lc
For a square solenoid, we can use an equivalent cross-sectional area of the solenoid
A=h?>=nr? (10.156)
yielding
h (10.157)
y = —. .
JT

Figure 10.16 show a plot of L/Ls as a function of r/I..

Example 10.19

Calculate the inductance of a MEMS solenoid made of N = 10 turns of square wire with
thickness 7 = 8 um and space between the turns s = 8 um. The solenoid has a square shape
with width w = 50 um.



376 RF POWER AMPLIFIERS

Solution. The cross-sectional area of the MEMS solenoid is
Ac=w?=(50x10"%?=25x 10719 m?. (10.158)
The length of the solenoid is
=N —-Dh+s)=10—1)8+8) x10° =144 x 10°® m = 144pum.  (10.159)
The inductance of the solenoid is

uNZ?A, _ 4w ox 1077 x 10? x 25 x 10719

L=
le 144 x 106

= 2.182nH. (10.160)

Brooks Inductor

The maximum inductance with a given length of wire is obtained for a/c = 3/2 and
b = ¢, where a is the coil mean radius, b is the coil axial thickness, and c¢ is the coil radial
thickness. The inductance in this case is [16, 17]

L =1.353aN">. (10.161)

10.18 Inductance of Coaxial Cable

The inductance of a coaxial cable is

L= M—lln <é> (10.162)

2 a

where a is the inner radius of the dielectric, b is the outer radius of the dielectric, and [ is
the length of the coaxial cable.

10.19 Inductance of Two-wire Transmission Line

The inductance of a two-parallel-wire transmission line is

wl d d\?
L=—|In|— )+ — ] =1 (10.163)
T 2a 2a

where a is the of the wires and d is the distance between the centers of the wires, and [ is
the length of the transmission line.

10.20 Eddy Currents in Integrated Inductors

The performance degradation of planar spiral inductors is caused by the following effects:

(1) trace resistance due to its conductivity (o < 00);

(2) eddy-current losses due to magnetic field penetration into the substrate and adjacent
traces;
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Figure 10.17 RF IC inductor with a variable trace width.

(3) substrate ohmic losses;

(4) capacitance formed by metal trace, silicon oxide, and substrate.

When a time-varying voltage is applied between the terminals of the inductor, a time-varying
current flowing along the inductor conductor induces a magnetic field. The magnetic field
induces eddy current in the substrate.

A broken guard ring made up of nt or p™ diffusion regions surrounding the coil and
connected to ground is often used. The purpose of the guard ring is to provide a low-
impedance path to ground for currents induced in the substrate, reducing the substrate loss
and increasing the inductor quality factor.

Another method for reducing the loss in the substrate is to insert a high-conductivity
ground shield between the spiral and the substrate. The ground shield is patterned with
slots to reduce the paths for eddy currents.

If an n-well is fabricated beneath the oxide, the p-substrate and the n-well form a
pn junction. If this junction is reverse biased, it represent a capacitance C;. The oxide
capacitance C,, and the junction capacitance C; are connected in series, reducing the total
capacitance. Therefore, the current flowing from the metal trace to the substrate is reduced,
reducing substrate loss and improving the quality factor.

Various structures may be used to block eddy currents. Eddy currents flow in paths
around the axis of the spiral. This can be accomplished by inserting narrow strips of n™
regions perpendicular to the eddy current flow to create blocking pn junctions.

The magnetic field reaches the maximum value near the axis of the spiral inductor. The
current density is higher in the outer turns than that in ihe inner turns. Therefore, the series
resistance and the power loss can be reduced if the outer turns are wider than the inner
turns, as illustrated in Figure 10.17. Also, the spacing between the turns can be increased
the center of the spiral to the outer turns.

10.21 Model of RF Integrated Inductors

A two-port 7-model of RF IC planar spiral inductors is shown in Figure 10.18 [25]. The
components Ly, Ry, and C; represent the inductance, resistance, and capacitance of the metal
trace. The capacitance C,, represents the metal-oxide-substrate capacitance. The compo-
nents Ry; and Cgs; represent the resistance and capacitance of the substrate. The inductance
L is given by one of the equation given in Section 10.14. The ac resistance is given by
(10.17).



378 RF POWER AMPLIFIERS

Figure 10.18 Lumped-parameter physical model of an RF IC spiral inductors.

The shunt stray capacitance is formed by the overlap of the underpass and the spiral
inductor turns. It is given by

Nw?
Cs = €px . (10164)

oxX
The turn-to-turn capacitances C; are small even for very small spacing s between the
turns because the thickness of the metal trace 4 is small, resulting in a small vertical
area. The lateral turn-to-turn capacitances are connected in series and therefore the equiv-
alent interturn capacitance C, /N is small. The adjacent turns sustain a very small voltage
difference. The electric energy stored in turn-to-turn capacitances is proportional to the
square of voltage. Also, the displacement current through the turn-to-turn capacitance
ic =Cydv/dt = C,Av /5t is very low. Therefore, the effect of the turn-to-turn capaci-
tances is negligible. The effect of the overlap capacitance is more significant because the
potential difference between the underpass and the spiral turns is higher. The stray capac-
itance allows the current to flow directly from the input port to the output port without
passing through the inductance. The current can also flow between one terminal and the
substrate through capacitances C,, and Cg;.
The capacitance between the metal trace and the silicon substrate is

A
Cor = €op m— = Wi (10.165)
2tox 2tox

where w is the trace width, [ is the trace length, A = wl is the area of the metal trace, 7, is
the thickness of the silicon dioxide SiO», and €,, = 3.9¢( is the permittivity of the silicon
dioxide. The typical value of ¢,, is 1.8 x 10~8 m.

The capacitance of the substrate is

[Csu
Cy ~ b > b (10.166)
where Cy, = 1073 to 1072 fF/urnQ.
The resistance representing the substrate dielectric loss is given by

Re — 2
T Wleub

where Gy, 1s the substrate conductance per unit area, typically Gy, = 1077 S/umz.

(10.167)

10.22 PCB Integrated Inductors

A printed circuit board (PCB) inductor is shown in Figure 10.19. The types of inductors
that can be used for printed circuit boards technology are

e coreless inductors;
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Figure 10.19 PCB inductor

e inductors with planar windings and magnetic plates;

e closed-core structure.

The simplest structure of a PCB inductor is a coreless winding. The maximum inductance is
achieved by fitting the largest number of winding turns in each of the PCB layers. Typically,
there are six layers in a PCB. The maximum power capability of the coreless PCB inductor
is limitted by the maximum temperature rise.

The magnetic plates on either side of the planar winding structure increase the inductance.
The inductance also increases when the plate thickness increases. PCB inductors with
magnetic plates offer better EMI performance than coreless inductors.

The closed-core structure of a PCB inductor consists of a core area provided by magnetic
holes. The inductance increases with the inner core radius and the number of winding turns.

The advantages of planar inductors are:

low profile;

high power density;

excellent repeatability;

low leakage inductance;

high magnetic coupling;

e reduced winding ac resistance and power losses.

10.23 Summary

e Inductors are key components of radio transmitters and other wireless communication
circuits.

e The family of integrated inductors includes planar inductors, meander inductors, bondwire
inductors, and MEMS inductors.

e Planar inductors are compatible with integrated circuit technology.
e planar inductors are compatible with integrated circuit technology.
e The range of integrated inductances is from 0.1 to 20 nH.

e Integrated inductors require a large amount of chip area.

e Intergated inductors have a very low quality factor.
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e Planar spiral RF IC inductors are the most widely used inductors.
e Meander inductors require only one metal layer.

e Meander inductors have a low inductance-to-surface area ratio.

e Planar inductors usually require two metal layers.

e Planar spiral inductors have a high inductance per unit area.

e The direction of magnetic flux is perpendicular to the substrate and therefore can interfere
with the circuit.

e In square planar inductors, the total self-inductance is equal to the sum of self-inductances
of all straight segments.

e In square planar inductors, the the mutual inductance is only present between parallel
segments.

e The mutual inductance between parallel segments is positive if the currents in parallel
conductors flow in the same direction.

e The mutual inductance between parallel segments is negative if the currents in parallel
conductors flow in the opposite directions.

e The inductance of planar inductors is approximately proportional to the trace length /.

e An increase in the conductor width w and spacing s reduces the inductance and the
resistance.

e The conductor thickness does not affect the inductance value and significantly reduces
the resistance.

e The magnetic flux of RF IC inductors penetrates the substrate, where it induces high-loss
eddy currents.

e Patterned ground shield can be used to reduce eddy current loss.

e MEMS solenoid inductors are more complex to fabricate than the planar spiral inductors.
e MEMS inductors have a higher quality factor than the planar integrated inductors.

e The predictability of bondwire inductors is low.

e The parasitic capacitance of integrated planar inductors can be minimized by implement-
ing the spiral with the topmost metal layer, increasing the self-resonant frequency.
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10.25 Review Questions

10.1 List the types of integrated inductors.

10.2 What is the range of integrated inductances?

10.3 Is it easy to achieve good performance of integrated inductors?

10.4 What kind of integrated inductors are the most widely used?
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What is the main disadvantage of planar integrated inductors?

How many metal layers are usually used in RF IC planar inductors?
What is underpass in spiral planar inductors?

What is air bridge in integrated inductors?

When is the mutual inductance between two conductors zero?

When is the mutual inductance between two conductors positive and when is it
negative?

Is the quality factor high for integrated inductors?

What is the self-resonant frequency of an inductor?

What is the main disadvantage of bondwire inductors?

What is the advantages and disadvantage of planar inductors?
What are the advantages and disadvantage of MEMS inductors?
How can eddy current losses be reduced?

What are the components of the model of planar spiral inductors?

10.26 Problems

10.1

10.2

10.3

10.4

10.5

10.6

10.7
10.8

10.9

10.10

10.11

Calculate the skin depth at f = 1 GHz for (a) copper, (b) aluminum, (c) silver, and
(d) gold.

Calculate the dc resistance of a copper trace with / =50um, w = 1um, and h =
I um. Find the ac resistance of the trace at 10 GHz. Calculate Fg.

Calculate the inductance of a straight trace with / = 100um, w = 1 um, 7 = 1 um,
and u, = 1.

Calculate the inductance of a meander inductor with N =10, w =40um, s =
40um, @ =40um, h = 100 um, and u, = 1.

Calculate the inductance of a round straight inductor with / = 2mm and p, =1
for 6 > h. Find the inductance of the above copper round straight conductor for
a =20um at f = 2.4 GHz.

Calculate the inductance of a bondwire with / = I mm and @ = 1 um.
Find the inductance of the spiral planar inductor with N = 10 and r = 100 um.

Calculate the inductance of a square planar spiral inductor with N = 10, s = 20 um,
w = 30um, and d = 40 um. Use Bryan’s formula.

Calculate the square planar spiral inductance with N = 10, s = 20um, w = 30 um,
and d = 40 um. Use Wheeler’s formula.

Calculate the square planar spiral inductance with N = 15, s =20 um, w = 30 um,
h =20um, and d = 40 um. Use Greenhouse’s formula.

Calculate the square planar spiral inductance with N = 10, s = 20 um, w = 30 um,
h =20um, and d = 40 um. Use Rosa’s formula.
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Calculate the square planar spiral inductance with N = 10, s =20 um, w = 30 um,
h =20um, and d = 40 um. Use Cranin’s formula.

Calculate the square planar spiral inductance with N = 10, s = 20um, w = 30 um,
h =20um, and d = 40 um. Use the monomial formula.

Calculate the square planar spiral inductance with N = N; = 10, s =20um, w =
30um, 2 =20 um, and d = 40 um. Use Jenei’s formula.

Calculate the square planar spiral inductance with N = 10, w = 30 um, 7 = 20 um,
and D = 1000 um. Use Terman’s formula.

Calculate the hexagonal planar spiral inductance with N =10, s =20um, w =
30um, 2 =20 um, and d = 40 um. Use Rosa’s formula.

Calculate the octagonal planar spiral inductance with N = 5, s = 20 um, w = 30 um,
h =20pum, and d = 60 um. Use Rosa’s formula.

Calculate the circular planar spiral inductance with N = 15, d =40 um, w = 30 um,
and s = 20 um. Use Wheeler’s formula. Use Wheeler’s formula.

Calculate the inductance of a MEMS solenoid with N = 20. The thickness of the
square wire is 7 = 10um and the separation between the turns is s = 10 um. The
solenoid has a square shape with w = 100 um.
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A

SPICE Model of Power
MOSFETs

Figure A.1 shows a SPICE large-signal model for n-channel enhancement MOSFETs. It
is a model for integrated MOSFETs, which can be adopted to power MOSFETs. SPICE
parameters of the large-signal model of enhancement-type n-channel MOSFETs are given
in Table A.1. The diode currents are

YBD
isp = IS (e i 1) (A1)
and
vBS.
ips = IS (e I — 1> . (A.2)
The junction capacitances in the voltage range close to zero are
CJ)AD
Cpp = u for vgp < (FC)(PB) (A.3)
PB
and
(CI)AS)

Cps = for vps < (FC)(PB) (A.4)

PB
where CJ is the zero-bias junction capacitance per unit area, AD is the drain area, AS is

the source area, PB is the built-in potential, and MJ is the grading coefficient.
The junction capacitances in the voltage range far from zero are

(CJ)AD) VBD
Cpp = W [1 — (1 +MJ)FC —i—MJﬁ] for vgp = (FC)(PB) (A.5)
and
(CI)AS) VBD
BS = W [1 — (1 +MJ)FC —i—MJﬁ] for vgg = (FC)(PB). (A.6)
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Figure A.1 SPICE large-signal model for n-channel MOSFET.

Table A.1 Selected SPICE Level 1 NMOS large-signal model parameters.

Sym. SPICE S. Model parameter Default value Typical value
Vio VTO Zero-bias threshold voltage ov 03-3V
uCor  KP Process constant 2 x 1075 A/V? 20 to 346 pA/V?
A Lambda Channel-length modulation ov-~! 0.5-1073v~!
y Gamma Body-effect V, parameter 0 V% 0.35 V%
2¢F PHI Surface potential 0.6V 0.7V

Rp RD Drain series resistance 0 0.2Q

Rg RS Source series resistance 0Q 0.1

Rg RG Gate series resistance 0 1Q

Rp RB Body series resistance 0 1Q

Rps RDS Drain-source shunt R 00 1 MQ
Rsy RSH Drain-source diffusion sheet R 0 20 ©2/Sq.
I IS Saturation current 1074 A 107°A
M; MJ Grading coefficient 0.5 0.36

Cjo CJ Zero-bias bulk junction C/m? 0F/m? 1 nF/m?
Vi PB Junction potential 1V 0.72V
M, MISW Grading coefficient 0.333 0.12
Ciosw CISW Zero-bias junc. perimeter C/m O0F/m 380 pF/m
Vesw PBSW Junction sidewell potential 1V 042V
Cepo CGDO Gate-drain overlap C/m 0F/m 220 pF/m
Csso CGSO Gate-source overlap C/m O0F/m 220 pF/m
Cepo CGBO Gate-bulk overlap C/m OF/m 700 pF/m
Fe FC Forward-biased C; coefficient 0.5 0.5

tox TOX Oxide thickness 00 4.1-100 nm
Hons Uo Surface mobility 600 cm?/V's 600 cm?/Vs

sub NSUB Substrate doping Ocm™3/Vs 0cm™3/Vs
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The typical values:

Cox = 3.45 x 107> pF/um

for =4.1 x 1073 um

€ox(5i0,) = 3.9€0

Cjo =2 x 107 F/m?

Cjsw = 107 F/m

Cgpo =2 x 1071°F/m

Cepo = Cgso = 4 % 107" F/m

SPICE NMOS Syntax

Mxxxx D G S B MOS-model-name L = xxx W = yyy
Example:
M1 2100MI-FET L = 0.18um W = 1800um

SPICE NMOS Model Syntax

.model model-name NMOS (parameter=value ...)
Example:
.model M1-FET NMOS (Vto = 1VKp = E-4)

SPICE PMOS Model Syntax

.model model-name PMOS (parameter=value .. .)

SPICE Subcircuit Model Syntax

xname N1 N2 N3 model-name

Example:

x1 2 1 0 IRF840

Copy and paste the obtained device model.
.SUBCKT IRF840 12 3

and the content of the model.






B

Introduction to SPICE

SPICE is an abbreviation for Simulation Program for Integrated Circuits Emphasis. PSPICE
is the PC version of SPICE. Analog and digital electronic circuit designs are verified widely
by both industry and the academia using PSPICE. It is used to predict the circuit behavior.

Passive Components: Resistors, Capacitors, and Inductors

Rname N+ N- Value [IC = TCl1]

Lname N+ N- Value [IC = Initial Voltage Condition]
Cname N+ N- Value [IC = Initial Current Condition]
Examples:

R112 10K

L2232M

C3 3 4 100P

Transformer

Lp Np+ Np- Lpvalue
Ls Ns+ Ns- Lsvalue
Kname Lp Ls K
Example:

Lp10 1mH

Ls 2 4 100uH

Kt Lp Ls 0.999

Temperature

.TEMP list of temperatures
Example:
.TEMP 27 100 150

RF Power Amplifiers  Marian K. Kazimierczuk
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Independent DC Sources

Vname N+ N- DC Value
Iname N+ N- DC Value
Examples:

Vin 1 0 DC 10V

Is 1 0 DC 2A

DC Sweep Analysis

.DC Vsource-name Vstart Vstop Vstep
Example:
.DC VD 0V 0.75V 1mV

Independent Pulse Source for Transient Analysis

Vname N+ N- PULSE (VL VH td tr tf PW T)
Example:
VGS 1 0 PULSE(0O 1E-6 0 1 1 10E-6 100e-6)

Transient Analysis

.TRAN time-step time-stop
Example:
.TRAN 0.1ms 100ms Oms 0.2ms

Independent AC Sources for Frequency Response

Vname N+ N- AC Vm Phase
Iname N+ N- AC Im Phase
Example:

Vs 23 AC 230

Is23 AC 0.5 30

Independent Sinusoidal AC Sources for Transient Analysis

Vname N+ N- SIN (Voffset Vm f T-delay Damping-Factor Phase-delay)
Iname N+ N- SIN (Ioffset Im f T-delay Damping-Factor Phase-delay)
Examples:

Vin 1 0 SIN (0 170V 60Hz 0 -120)

Is 1 0 SIN (0 2A 120Hz 0 45)

AC Frequency Analysis

.AC DEC points-per-decade fstart fstop

Example:
.AC DEC 100 20 20kHz



APPENDICES 393

Operating Point
.OP

Getting Started the SPICE Program

1. Open the PSpice A/D Lite window (Start > Programs > Orcad9.2 Lite Edition >
PSpice AD Lite).

2. Create a new text file (File > New > Text File).
3. Type the example code.

4. Save the file as fn.cir (for example, Labl.cir), file type: all files, and simulate by pressing
the appropriate icon.

5. To include the Spice code of a commercial device model, visit the web site, e.g.,
http://www.irf.com, http:www.onsemi.com, or http://www.cree.com. For example, for
IRF devices, click on (Design > Support > Models > Spice Library).

Example Program

Diode I-V Characteristics

*Joe Smith

VD 1 0 DC 0.75V

DIN4001 1 0 Power-Diode

.model Power-Diode D (Is=195pA n=1.5)
.DC VD 0V 0.75V 1mV

.TEMP 27C 50C 100C 150C

.probe

.end






C

Introduction to MATLAB

MATLAB is an abbreviation for MATrix LABoratory. It is a very powerful mathematical
tool used to perform numerical computation using matrices and vectors to obtain two and
three-dimensional graphs. MATLAB can also be used to perform complex mathematical
analysis.

Getting Started

1. Open MATLAB by clicking Start > Programs > MATLAB > R2006a > MATLAB
R2006a.

Open a new M-file by clicking File > New > M-File.

2.

3. Type the code in the M-File.

4. Save the file as fn.m (e.g., Labl.m).
5.

Simulate the code by doing one of the following:

(a) Click on Debug > Run.

(b) Press F5

(c) On the tool bar, click the icon Run.

Use HELP by pressing F1.

Use % at the beginning of a line for comments.

1. Generating an x-axis Data

x=Initial-Value: Increment:Final-Value;
Example:

x=1:0.001:5;

or

x=[list of all the values];

Example:

x =11,2,3,5,7,10];
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or
x = linspace(start-value, stop-value, number-of-points);
Example:

x = linspace(0, 2*pi, 90);

or

x = logspace(start-power, stop-power, number-of-points);
Example:

x = logspace(1, 5, 1000);

1. Semilogarithemic Scale
semilogx(x-variable, y-variable);
grid on

1. Log-log Scale

loglog(x, y);
grid on

1. Generate an y-axis Data

y = f(x);
Example:
y = cos(x);
z = sin(x);

Multiplication and Division

A dot should be used in front of the operator for matrix multiplication and division.
¢ = a.*b;

or

¢ = a./b;

1. Symbols and Units

Math symbols should be in italic. Math signs (like ( ), =, and +) and units should not be
in italic. Leave one space between a symbol and a unit.

1. x-axis and y-axis Labels
xlabel(‘{ \it x} (unit) )
ylabel(‘{ \it y} (unit) *)
Example:

xlabel(‘{\it v_{GS}} (V)*)
ylabel(‘{\it i_{DS} } (A)’)
set(gca, ‘ylim*, [1, 10])
set(gca, ‘ytick®, [0:2:10])

Greek Symbols

Type: \alpha , \beta , \Omega , \omega , \pi, \phi, \psi, \gamma , \theta , and \circ
to obtain: «, B, 2, w, @, ¢, ¥, y, 6, and o.

Plot Commands

plot (x,y, “.-’, X, z, - -")
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set(gca, ‘xlim’, [x1, x2]);

set(gca, ‘ylim’, [yl, y2]);

set(gca, ‘xtick’, [x1:scale-increment:x2]);
text(x, y, ‘{\it symbol} = 25 V’);
Examples:

set(gca, ‘xlim’, [4, 10]);

set(gca, ‘ylim’, [1, 8]);

set(gca, ‘xtick’, [4:1:10]);

text(x, y, ‘{\it V} =25 V’);

3 D Plot Commands

plot3(x1, yl1, z1);
Example:

t = linespace(0, 9*pi);
xlabel(‘sin(t)’)
ylabel(’cos(t)’)
zlabel(’t”)

plot(sin(t), cos(t), t)

Bode Plots

f = logspace(start-power, stop-power, number-of-points)

NumF = [al a2 a3]; %Define the numerator of polynomial in s-domain.
DenF = [al a2 a3]; %Define the denominator of polynomial in s-domain.
[MagF, PhaseF] = bode(NumF, DenF, (2*pi*f));

figure(1)

semilogx(f, 20*log10(MagF))
F = tf(NumF, DenF) %Converts the polynomial into transfer function.
[NumF, DenF] = tfdata(F) 90Converter transfer function into polynomial.

Step Response

NumFS = D*NumF;

t =[0:0.000001 : 0.05];

[x, y] = step(NumFS, DenF, t);
figure(2)

plot(t, Initial-Value + y);

To Save Figure

Go to File, click Save as, go to EPS file option, type the file name, and click Save.

Example Program

clear all

clc

x = linspace(0, 2*pi, 90);
y = sin(x);

Z = cos(x);
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grid on

xlabel(‘{\it x}")

ylabel(* {\ity }, {\it z }*)
plot(x , y, -, x, z, - ")

Polynomial Curve Fitting

x = [00.51.01.52.02.53.0];

y =[10121624303751];

p = polyfit(x, y, 2)

ye = polyval(p, x);

plot(x, y, X’, X, yc)

xlabel(‘x”)

ylabel(‘y’), grid

legend(‘Actual data’, ‘Fitted polynomial’)



Answers to Problems

CHAPTER 1

1.1 THD = 1%.
1.2 h, =3.125cm.
1.3 Pyy = 11.25kW.
1.4 myg =91.67 %.
1.5 (a) kpyp = 5. (b) kpyp = 5.
1.6 Pp = 10kW.
1.7 my =2.
1.8 BW = 90kHz.
1.9 BW = 210kHz.
1.10 Pyy = 100 W.

CHAPTER 2

2.1 (a) np = 12.5%. (b) np = 40.5%.
22 P =10W.

2.3 L=0.0224nH, C =196.2pF, L;=224nH, [, =0.3846A, Ipy =0.7692A,
Vpsy = 2.8V, Prs =0.6545W, n = 17.375%, W /L = 13061, W = 4.5713 mm.

24 C; =6.631pF, C; =4.872pF, L =1.4117nH.
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CHAPTER 3

31 R=4805%, V,, =3.1V, [, =0.66 A, I; =042A, Ipy = 1.32A, Pp =0.386W,
Py =1.386W, np =72.15%, L =0.03117nH, and C = 141 pF.

32 R=509Q,V, =47V, 1, = 0.94A, [, = 0.7116 A, Ipyy = 1.7527 A, Pp = 12.1568 W,
P; = 34.1568 W, np = 64.41 %, L = 0.8841nH, and C = 35.36 pF.

33 R=19.22Q, V,,=3.1V, [, =0.161A, I; =0.08976 A, Ipy =0.4117A, Pp =
0.0462W, P; = 0.2962W, np = 84.4%, L = 12.74nH, and C = 0.345pF.

34R=10Q, V,, =11V, I, = 1.1A, I, = 0.5849 A, Ipy = 3.546 A, Pp = 1.0188 W,
P; =7.0188W, np = 85.48 %, QO = 10, L = 0.0663nH, and C = 66.31 pF.

CHAPTER 4

4.1 L=2215nH, C = 11.437pF, I, = 1.057 A, Vi, = Vi = 1471V, 5 = 90.7 %.
42 fy= 1 MHz, Z, = 529.2Q, O = 2.627, Q, = 365, O, = 378, Qc, = 10584.
43 Q =652VA, Pp =248 W.

44 Ve = Vi, =262.7V, 1, = 0.4964 A, O = 65 VA, and f, = | MHz.

45 n, =99.2%.

4.7 Vg =400V,

4.8 fe, = 230.44kHz, f;,, = 233.87kHz.

49 R=162.9Q, L=675uH, C = 938pF, I; = 0.174 A, I,, = 0.607 A, f, = 200kHz,
Vem = Vim = 573 V.

410 P; =88.89W, R =82.07Q2, L =145.13uH, C = 698.14 pF.

CHAPTER 5

510 R=6281Q2, C;=4.65pF, L=5nH, C =6.586pF, Lf=4356nH, Vg =
11.755V, Isy =0.867A, Vg, =13.629V, Vi, =17.719V, Vi, =8455V, n =
97.09 %.

52 R=6.2819Q, L=>5nH, C, =4.65pF/12V, C, = 20.99 pF/10V, C; = 8.4pF/3 V.

53 R=10.63Q, Iy =7.44A, Vg = 170976V, L=423uH, C; = 1.375nF, L; =
36.9 uH.

5.4 Vg = 665 V.
5.5 Vgy = 1274.5V.
5.7 foar = 0.95 MHz.

58 R =8.306%, C; =1.466pF, L =5.51nH, Vs = 11.755V, Isyy = 0.867 A, Ly =24
nH, C = 0.9024 pF, V¢, = 114V, Vi, = 12879V, and n = 96.15 %.

5.9 R =8.306%, C; =1.466pF, L =5.51nH, C, = 1.21pF, C3 =2.97pF, and V¢, =
85.07 V.
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CHAPTER 6

6.1 R =13149Q, L; =1.2665nH, C = 16.8pF, L =0.862nH, Vs, =42.931V, [; =
0.66 A, Isy =2.351A, I,, =39A, Rpc =22.49Q, f,; =1.32GHz, f,, = 805.63
MHz.

6.2 Vgyy =973.1V.
6.3 R=757Q,L=425uH, L, =32.8uH, C =21nF, Isyy =4.95A, Vsyy =515.2V.
6.4 R=923Q, V; =125.7V, Vgyy =359.7V.

6.5 R=11.7Q, L; = 10.1 uH, C = 3.02nF, L = 0.383uH, Vg = 2862V, [; = 0.5 A,
Isy = 178 A, I, = 2.92 A, Rpc = 200 2.

CHAPTER 7

71 R =1.2662, C; =5pF, C =3.73pF, L =0.504nH, f, = 3.67GHz, P; = 1.0638 W,
I} =0212A,V,, = 1.591V, Isgna = 1.257T A, Vsyy =5V, and Ve = 13.41V.

7.2 C; = 10pF, Cy(exr) = 8pF.

CHAPTER 8

8.1 V,, = 133.875V, V,3 = 14.875V, R =89.613Q, Vpsma = 240V, I, = 1.494 A,
Ipy =2.988A, I; =0.951 A, P; = 114.12W, Pp = 14.12W, np = 87.63%, and
Rpc = 125.12Q.

82 V,, =137.409V, V,3 =22902V, R =94.406 2, Vpsmax =240V, I, = 1.4555A,
Ipy =2911A,I; =09266A, Py = 111.192W, Pp = 11.192W, np = 89.93 %, and
Rpc = 128.392 Q.

83 V,, =626V, V,n =1.565V, R =19.59Q, Vpsmaxr = 13.33V, I, =0319A, Ipy =
0.501A,I; =025A, Py =125W, Pp =0.25W, np =80 %, and Rpc = 18.7 Q2.

CHAPTER 9

91 A,1=1 forO<v, <1V, A,p=3 forlV<y; <2V,
9.2 Ar; =9.89, Ay =9.836, Arz = 9.6774.

9.3 v, = v /B+ Vo /A
9.4 v, = 100[v, — Bv, + (v — Bv,)?/2).

CHAPTER 10

10.1 8¢, = 2.0897 um, 84 = 2.59 um, 84, = 2.0069 um, 84, = 2.486 jm.
10.2 Ry = 1.325Q, Ry = 2.29Q, Fg = 1.728.
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10.3 L =0.1022nH.
104 L =1.134nH.
10.5 L =0.1nH, § = 1.348 um, Lyr = 0.0134nH.
10.6 L =1.37nH.
10.7 L =39.47nH.
10.8 D = 1000 um, L = 42.64 nH.
10.9 D = 1000 um, L = 43.21 nH.
10.10 D = 1500 um, L = 354.8 nH.
10.11 D = 1000 um, L = 45nH.
10.12 D = 1000 um, / = 21060 um, L = 59.13 nH.
10.13 D = 1000 um, L = 41.855nH.
10.14 [ = 22140 wm, b = 183.33 um, L = 54.59 nH.
10.15 L = 495.679 nH.
10.16 D = 1000 um, L = 36.571 nH.
10.17 D = 520um, L = 5.75nH.
10.18 D = 1000 um, L = 122.38 nH.
10.19 /. =380 um, L = 13.228 nH.
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AM modulator, 330
Amplifier, 1, 3, 45, 321

Class A, 45

Class AB, 75

Class B, 75

Class C, 75

Class D, 109

Class E, 179, 239

Class DE, 251

Class F, 267

high efficiency, 7

power amplifier, 7, 56
Amplifier design, 63
Amplifier power gain, 67
Amplitude modulation (AM), 29, 146
Amplitude-shift keying (ASK), 36
AM-PM conversion detector, 331
Analog modulation, 28

amplitude modulation (AM), 29

frequency modulation (FM), 33

phase modulation (PM), 32
Angle modulation, 32, 35
Antenna, 16, 17, 28
Armstrong frequency modulator, 35
Armstrong frequency modulation, 35
Average efficiency, 6, 337

Bandwidth, 20, 26, 30, 34, 35, 136, 137
Base station, 331, 322

Baseband signal, 29

BFSK (binary FSK), 37, 38

Binary modulation, 37, 38
BFSK (binary FSK), 37
BPSK (binary PSK), 37

Bondwire inductance, 355

Capacitor, 49, 59
Carrier, 22, 23, 29, 30, 32

voltage, 29
Carson’s rule, 34, 345
Cellular system, 345
Channel, 19, 20, 29
Channel-length modulation, 48
Class A amplifier, 45
Class AB amplifier, 75
Class B amplifier, 75
Class C amplifier, 75
Class D amplifier, 109
Class DE amplifier, 251
Class F amplifier, 267
Code-division multiple access (CDMA), 22
Constant-envelope voltage, 70, 331
Compression point, 27

Demodulation, 330

Detection, 330, 331

Digital modulation, 36
amplitude-shift keying (binary ASK), 36
binary BFSK (binary FSK), 37
frequency-shift keying (FSK), 38
phase-shift keying (PSK), 38
binary PSK (BPSK), 37

Dirac delta function, 8, 10, 11, 15

Doherty amplifier, 332
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Down-conversion, 29
Drift velocity, 49
Duplexing, 21

Dynamic range, 27, 321

Efficiency, 5, 6, 7, 57, 132, 152, 156, 174,
192, 194, 198

Electromagnetic waves, 16

Envelope of AM wave, 331

Envelope detection and restoration (EER),
330

Envelope detector, 331

Envelope tracking, 331

Equivalent circuit, 32

Feedback, 326
Feedforward, 324
power amplifier linearization, 324
power amplifier linearization, 326
FET, 47
Fifth harmonic, 281
Filter, 26, 46, 269
FM, 33
FM-indirect, 34, 35
FM transmitter, 35
Fourth harmonic, 305
Frequency-division multiple access (FDMA),
22
Frequency-division multiplexing, 22
Frequency mixers, 28
Frequency modulation (FM), 29
Frequency modulator, 33
Frequency shift keying (FSK), 38
FSK, 38
Fundamental, 23, 26, 269, 335

Gain, 6, 7, 59, 195, 198, 323, 326, 328, 331
Gate, 5, 45, 77, 194, 198, 335
Global positioning system (GSM), 22, 113

Harmonic distortion, 23, 46
Harmonics, 23, 269

Impedance inverter, 201, 335, 336
Impedance matching, 66
Impedance matching network, 66, 119, 198,
199
Impedance transformation, 3, 66, 198, 199,
202
Inductors, 345
integrated inductors, 345
RFIC inductors, 345
Integrated inductors, 345
Intercept point, 27
Intermediate frequency (IF), 28

Intermodulation (IM), 25, 46, 326, 331
Intermodulation distortion (IMD), 46
Intermodulation product (IMP), 22, 25, 27

LC resonant circuit, 45

Linearization, 321

Linear amplification with nonlinear
components (LINC), 338

Linear law, 51, 68

Linear power amplifier, 69, 331, 332

Linear transmitter, 69

Load, 1, 67, 196, 198

Local oscillator, 28

Lossy circuit, 62

Matching circuit, 66, 119, 198, 199
impedance matching circuit, 66, 119, 198,
199
Meander inductor, 351
Miller’s effect, 77
Mixer, 28
Mobile RF communications, 32
Mobility, 49, 50
Mobility degradation coefficient, 51
Modulating voltage, 69, 231
Modulation, 28, 29
amplitude modulation (AM), 29
analog modulation, 29
angle modulation, 29
digital modulation, 36
frequency modulation (FM), 33
phase modulation (PM), 33
Modulation index, 30, 33, 34
Modulator, 330
MOSFET, 47, 49, 110
Multiple access techniques, 21
code-division multiple access (CDMA), 22
frequency-division multiple access (FDMA),
22
time-division multiple access (TDMA), 21

Nonlinearity, 22
Nonlinear distortion, 22, 326
harmonics, 23
intermodulation, 46
Nonlinear power amplifiers, 109, 179, 239,
251, 330, 331, 340
Class D amplifier, 109
Class DE amplifier, 251
Class E amplifier, 179, 239
Nonoverlapping waveforms, 8, 12, 13, 15

On-resistance of MOSFET, 110
Ohmic region, 1, 50
Outphasing power amplifier, 338



Parallel resonant circuit, 46, 59

PCB inductors, 378

Phase modulation, 29, 32, 34

Phase-shift keying (PSK), 36

Polyphase, 267

Power-added efficiency (PAE), 6, 198

Power amplifier, 1, 45
high-efficiency amplifier, 321, 330
linear amplifier, 45, 69
nonlinear amplifier, 109, 179, 239, 251,

267, 338
switching-mode power amplifier, 109, 179,
239, 251, 267, 330, 331

Power gain, 6

Power splitter, 338

Predistortion, 322

Propagation, 16

Push-pull amplifier, 99, 165, 214
Class AB, B, and C amplifier, 99
Class D amplifier, 147
Class E amplifier, 214

Quadrature amplitude modulation (QAM),
Quadrature phase shift keying (QPSK), 38
Quality factor, 59, 60, 351-
loaded quality factor, 59, 60, 63, 69
unloaded quality factor, 123
Quarter-wavelength transformer, 47, 211, 335
Quarter-wavelength transmission line, 46, 47,
211, 289, 313, 333, 335

Radio frequency (RF), 28, 40, 345

Radio-frequency identification (RFID), 40

Radar, 39

Receiver, 28

Resonance, 46, 59, 110, 179, 184

Resonant circuit, 46, 59, 110, 179, 184

Resonant frequency, 59, 110, 198

RF amplifier, 1, 45, 75, 109, 179, 239, 267,
321

RF choke, 1, 45

Second harmonic, 24, 295
Sensor, 40

INDEX 405

Series resonant circuit, 110, 179, 184
Short-channel effect, 51

Side frequencies, 30

Sideband, 30

Signal cancellation, 324

Skin effect, 345

Spectrum, 19, 26

Spiral inductor, 345, 359

Square law, 47, 68

Tapped capacitor, 199, 200, 205
Tapped inductor, 202, 209
Third harmonic, 24, 268
Third-harmonic peaking, 270
Third-intercept point, 28
Time-average power, 5
Time-division multiple access (TDMA), 21, 22
Time-division multiplexing, 21
Total-harmonic distortion (THD), 24
Tracking envelope, 331
Transceiver, 21
Transfer function, 157
Transconductance, 48
Transformer-coupled amplifier, 99

Class AB, 99

Class B, 99

Class C, 99

Class D, 147
Transmission line, 46, 211, 289, 313, 335
Transmission-line transformer, 46, 211, 335
Transistor, 1, 4, 47
Transmitter, 21, 22, 28, 29, 35, 321, 330
Two-terminal parameter relations, 66

Up-conversion, 28
Variable-envelope signals, 31

Wavelength, 46, 289, 313:w
Wide-band amplifier, 46
Wireless communications, 31, 322

Zero-current switching (ZCS), 239
Zero-voltage switching (ZVS), 179



