+ Static analysis

— Low frequency response

* Real circuit response

* capacitances

¢ Inductors

* Reactances are also
constructive

Typical operational amplifier
response

*Gain strongly dependent
on frequency

Frequency response

— Response without time dependent elements

— Strongly dependent on frequency
— Small signal behavior with reactive passives

— Planar technology have parasitic capacitors all over the place

20 bog | Atan) |
(48)

80
40

20

Frequency response

» Signal out changing with input signal frequency

" ——1\ [\
W —>— "W\
TR p——

* Magnitude (amplitude) may change

* Phase (delay) may change

Al 1‘ Roll-Off
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Passive low-pass filter example

» Passive filter

cht
Vi n

A
1 ] 1.0
Viné)? %(ﬂ V:ut ~

» high impedance a low frequency

* Reduced impedance with increasing frequency
— Giving gain of 1 in passband
— Higher frequencies — reduced gain (transition band)
— Phase?

» Circuit behavior with time-dependent elements

|

Laplace transform

» Solving differential equations
— Differentials — polynomials

* Reactive circuit elements time dependent

— Capacitor:
i(t) _ Cﬂ e Open at low frequency
ot T Short at high frequency
: Short at low frequency
Inductor: a
— Inductor: v(t)=L— Open at high frequency

ot

» Laplace enable frequency analysis directly in frequency
domain
— Analysis for circuit performances
— Analysis for circuit stability
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Transfer function

* In frequency domain (Laplace transformed from time-domain)
Xou () =H(s) X;, (5)
» Limited types of transfer functions
— Stick to real values (avoid complex voltages and currents)
— Limited to lumped circuit

* Transfer function form

H(s)=

* aand b are reals and normally m<n
» All b positive for stability

— Alternative forms
3]

H(s)=K (s+2)(s+2,)...(s+2,) _a

SECDECTUN Y

a,+as+...+a,s"
2 n
1+bs+bs™+...+bs

Poles and zeros

12 121>
H(s)=K ((: . ;;E: ; ;2))((212’)) N {1}%%1*29}'((“2})

@ @,
— Poles and zeros are real or complex conjugates
— The actual roots are the negatives of the poles and zeros
— Referred to as a positive frequency
* Magnitude and phase _ _
. . el et
— Sinusoidal: X, (1) = A, cos(a,t) = A, —

Euler’s formula

— Frequency domain two solutions s= jo, and s=-ja,
— May find for particular s = jo,:

Xou (1) = %lH (jan)| (" +e ) = A |H (@, ) cos(et +9)

— Where magnitude is |H ( jo, )| and phase ¢=2H(ja,)
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Decibels

+ Linear electric circuit excited by sinusoidal
— Always give an output with the same frequency
— Magnitude modified by |H (ja, )|
— And phase modified by ~ ¢=2H(ja,)
» Decibel
— Magnitude response often logarithmic
20|0910|H (e, )|dB

— Two linear systems H,(ja,)and H,(ja,)in series
— Have magnitude response

dB

20log,, (|H1( j@,)

Hz(ja’m)

)dB = 20log,,|H, ( je,)

dB +20logy, |H, (je,)

First-order circuit

» Like passive 1. order low-pass filter

H(S)Z AO — A\J — A\‘) gl? ¢——tan’12
1+ 1+ jﬂ o) B @
Wy Wy I+ ~— .
@y Rads/s or Hz will do here
Units cancel.

» Example: passive low-pass filter

1 1 , R 1
H (s) = = eW Vm(t) Vnul(t) a)o = —
2
1+sRC \/1+ (@RC) IT C 1 RC
— Assume R =100Q and C =0.00001F — RC =0.001 f.= 27RC =159Hz
P

— For f =50Hz > w=2750=314.5 we get:

1 1
H(s)= 7 ;
J1+(@RC)  |1+(314.5.0.001)

— For f=159Hz > 0 =27159=999 we get: |H(s) ~0.7074=-3dB
» Signal reduced to half in magnitude 159

b= —tant 2= —tan’lﬂ ~-175
@ 159

~0.9530 =-0,42dB

9/19/2012



Impulse response

» Large signal step response

— Slur-rate
» Sharp transition —less steep Vi

Problem in digital and analog
— Ringing
* More or less damped oscillations Vou
+ Signal distortion
» Step response function

— Laplace u(t) = 0fort<0 1
1fort>0 U(t)zg

— Output of linear system and step response

Xor(1)=A, 2
9
Slur rate
* Frequency — time A
— 1. order LP filter H(s)=
’ 1+
— Applied step response @,
Xou (5)= A, =2
S14+%
a)O

— Residue method

Kou(5) A -

S+,

— Inverse Laplace give time domain

xm<t>=u<tmnpb[1_e-ij =

10
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Slur rate with zero LS
* May be extended H(E)=A 1+iz

xm<t>=u<t>AnAb[1{1-j}5]

z

* And solved
+ Example: 1. order passive LP filter

R
Vol —MWT Vol (5) = 1
C (S) 1+sRC w, :i
% " " RC
R =10Q and C = 0.14F —> RC =0.000001 f , = —— =159kHz
— Time constant: 2zRC
— Voltage at 2us assuming 1V supply: RC =10us
210°
Xout (t+2,us):1£1—e 10 le—e2 =0.8647V
#
2. order LP transfer function
* Real roots
H (s): K _ K _ Kw,o,,
(1+sz,)(1+57,) [HSJ[HSJ (s+oy)(s+a,)
@, @,

» Coefficients real and positive or conjugate pairs

— Popular form

H (s)= Ko,o,, K}

~=
1)
wplwp2+s(wpl+wp2)+s R +sD s

— Wy — resonant frequency, Q — Q (quality) factor and K DC gain
— Avoiding complex numbers (almost)

12
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2. order transfer

Kay
Analyze some cases N B
— May equate denominators Q

D(s)=a} +S%+s2 =(s+ 0y )(s+ @, )= 00, +5(0,+o,)+s°
— Equating coefficients: o = 0,0, %:(wlerwpz)

— Solving yields
[0}
0,0, =%(1i1/1—4Q2)
— Assuming roots w,,<<w,, giving Q<<tand  1-4Q° =1-2Q°
Dy

Wy = 0Q @y, >

13

Simplifications for 2. order LP

o Uo<<(.0p1
‘H (a))‘ =K 20log|p H (w)]
° w:wp1
K ) Cré\;sar:gver
\H(w)\=$ ZH (w)=-45 oL AN\

Wy Wp2 w (log scale)

L o
_ Ka)pl - 5 —oc® \ w (log scale)
H (@) =— ZH ()= -90 .

. w:wpz [BH(w)
K
\H(w)\:ﬁaa’)p1 ZH ()= 135
. w)wpz p2

‘H (a))‘ _ Ka)pla)pZ Z/H (a)) =~ -180°

14
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Bode plot

* 1. order system

A
20log(A) —
—20dB/decade
Gain
(dB) o —On
ta
Freq
0 > (log)
b1 ,

Freq

0
\ (log)
Phase ) \

(degrees)

15

Bode plot

» 2. order system

- A
2010g(AA,) ==
—20dB/ decade
Gain
(dB)
0 | ! » Freq
I
oy o, *‘\ (log)
GM
R (gain margin)
2
0 | " wnl‘a - Freq
(log)
Phase _
(degrees)
PM__ -
(phase margin)
-180 |- \ -
High frequency pole may give instability 16
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Analytical stability analysis

Determine stability N)
— o, - pole frequency As)= A(O)ﬁ
— Q- quality factor 14> 4>

Q<05 0Q @,

» No overshoot (only real poles)
» Unconditionally stable
* Max magnitude at DC

0.5<Q <4/1/2 =0.707

2

- Ringing overshoot ~ %0vershoot =100e "¥*¢"
Q=412

« Critically damped system

» -3db frequency is my
Q>./1/2

» Unstable and oscillations may occur

» May be carefully used for improved performance

17

MOS caps in active region

» Gate capacitance

Cy = 2wLc,
3

Palysilicon

* Fringing capacitances

— Overlap

Cov :WLOVCOX — implant o p 5‘.?;.".11&
1

Cys =WC,, (2 L+ Lovj
3

» Source-bulk capacitance (+channel cap when present)

Ag — source area

Cy,=(A+ — 0
° (AS ACh),/l+VSB /@, A, — channel area

Cjo — unit depletion capacitance at 0V

@, — build in junction potential

18
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MOS model active region

* Drain-bulk capacitance
Cio

Chy = Ap——t — T
’ AD,/1+VDB/c1>O v © I
» Gate-drain overlap |
— g‘ﬂlvp g\vs
=

b 0 Va
I,

* Miller capacitance

il
ng = CoxWLov =
» Sidewall capacitances

\kaL l L

C — P Cj—swo

o ° 1+VDB /CDO

Pg(p) — source (drain) perimeter
ijswo

Cogy =P —22 — unit si i
oo =T v, o, Ci.swo — unit sidewall capacitance at 0V

» Bulk capacitances

Csb = C_;,b +C Cdb = C;ﬁb + Cd—sw

S—sw

19

MOS transistor model

» Triode region

. . V
— Gain give as slope £ |
w Vs Cyy Cua

ID = ,uncox L|:(VGS _th )VDS _2:| V, e L AAAAA ') Vy
C, | [ C
— Output conductance s d

1 al, W
_— = —= C e
rds gds aVDs ;un [ L

(VGS - th - VDS )

* Vpgis small and
sometimes dropped

|

gds ~ /uncox L VGS _Vt )

20

9/19/2012
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MOS Capacitor

* Nonlinear gate capacitance
— Dips in weak inversion
— Often used in accumulation

Ceg
Va=<0

Accumulation Strong Inversion

0
S

Weak inversion

I L Voo

21

CS stage with load capacitor

* Finding transfer function

Voo
Rp Vipo— o
Ll Tt 4 Vour ==9mVin| Rp ”C_

— Simply by adding capacitance impedance to output load
* magnitude

Vout '3"“!3
w A Bandwidth -3-dB
- > 4 Rolloff
Vout — ngD
= 22 2 )
1 o) ‘Vin \/RDCLCO +1

1

LS

22

9/19/2012
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Bandwidth

* Example
Vine— Vour HS=\@S:— R 1
i ?i GV L1y La (s) v, (8)=—9n(Rs |l CLs)
+ = = =
. s i i — 7ngD .
R,C.s+1
{a) (b)
s=jo— L“‘:—ngD .
Vin| JRCi0®+1
You| | pancurictn
Vi, |4 Bandw -3-dB
i e g o=U(R,C,) |Vour|_ ngD‘
in \/5

‘i (0]
RpCL

Time constant or -3dB bandwidth

23

CS Frequency response

* Common source amp
— Small signal, high frequency perfermance

R, I Conn
C,=C +C,, +Cy, — 0 Vo
R, =r|r.
2 dsl" ds2 " C, G R, C,
— Nodal analysis T i T
» Sum currents = = = = =
Vi (Vl - Vin)Gin + Vlngsl + (Vl - Vout)Sngl =0 'i
o |D 4 o
v, (GS +5Cyy + Sngl) ~V,,Gs —ySC,pyy = 0
Vout: VoutGZ + (Vout - Vl)scgdl - Voutscz &Y = 0 i - I Ve
V (G2 +5Cyyy + sCz)— V;SCyiy + ¥y =0 v w_”i:;
C
gmle(l—S a5 +
Vout - _ Im a=Rs (Cgsl +Cyut (1+ gmlRZ)) +R, (ngl + Cz)
2
Vin l1+sa+s’ b=RR, (nglcgsl + Cgslcz + ngicz) 24

9/19/2012

12



CS frequency response

 LF gain setting s=0 is giving: A=-0,,R,
+ Assuming two poles o,, << w,,we may write denominator:

2
D(s)= UL | AL P B R
17) @,, @y Oy,

pl pl

P l 1
+ Giving o, : o, ===
pl

" a RS (Cgsl+ng1(l+ gmlRZ))+ RZ (ng1+C2)

« And a)p2 : o, = 1 = gmicgdl
oub  CyiCoyy +CiiCy +CiyiCy

—_ gml

« Zero at: @=7c

gd1
— May cause issues at high frequencies

— Actually maintain 1.order transition
— With large load capacitance:

pl R2C2 p2 C

gsl

1 ngl [
+Cy G,

25

Common source freq response

— At moderate frequencies —SCQ% and s°b ignored
ml

Vout -9 mlRZ

wn_1+s(aic +Coay (14 0niR,)) + Ry (Coay + C, )

gsl

— Magnitude response at -3dB (o)

‘A(ja))‘ =i:>1+(a)/a)0)2 =2=w, _1

V2 a 7% — -

1
, =
? Rg(Cuy+Cyar (14 9pyR, )) + R, (Cyey +C, )
— First term in denominator dominates unless Rg<<R,

1
%_&@ +C o (1+ A)

gsl

for A=g,,R,

Miller capacitance — C 4, is multiplied by 1 plus the LF gain

26
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CS frequency response

* Keypoints
— Simple single transistor CS amplifier — complicated to analyze
— Simplifications are important
— CS stage

* 2 poles
* 1zero

— Gate-drain capacitance “amplified”
* Miller-capacitance
» Small, but significant

27

What about this?

» CS stage with feedback

— Nodes connected by floating capacitor
— Simple node for each pole does not work
— Must transform before analysis

» Caps to ground.....

28

9/19/2012
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Miller Theorem

» Simplifying conversion
— Coupling — decoupling
— Let

Yi(s)=Y (s)(1+A)

Yz(s):Y(s)(l+ij

— Then same system behavior |
— Frequently used for capacitors ‘

» Coupling capacitors
— decoupling capacitors

Approximation!
29

Example

» |deal amp with feedback capacitor

{a) (b ic)

Z2=1/sC. =27, =1/sC.)/(1+A)
=C,=C-(1+A)

Z=1/sC. = Z,=@1/sC.)/(L+1/ A)
=C,=C.(1+A")~C,

30

9/19/2012
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Capacitive ratios

. DeS|gned ground reference

= = H%H

— For any gain A we have capacitive division to V:

1 1.,
cC, _ C(1+A)C(1+K) =(A+2+K)C e

CG+C cas A)+C(1+%) (A+2+%)C

V=V, + CC,
C,+C,
Inserting values give:
« With capacitive ratio match-te-gam — no signal on (virtual) middle node

* May as well ground...

(V. =Vi)

31

Miller simplification in amps

c C = (1+AC c.=(1+1)C
v, = A

c‘;;, .

+ Keypoints
— Miller effect — dominant pole
— Quick and easy estimate with capacitor in inverting amplifiers
+ Assume LF gain: A=9.R,
« Admittance:

1
Y, (s )_chd1(1+ A)_ngd1(1+ g.R Y, (s ):ch‘“(“g J
2

R ml

)

Miller effect

Coatl+g.R) c|_
9 -

gml

32
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Zero-value time-constant analysis

» Powerful high frequency estimation
1. Set all independent source to zero.

2. For each capacitor, C,, determine time-constant with all other
caps open circuit. Replace C, with a voltage source and
determine resistance.

3. Dominant pole (-3dB) found by summing poles:

1 1

33

CS stage as example

vy

R') H Cﬂd\
AT
v CT GV R T G

* Three capacitors

— Timeconstant for Cgq:
* KCL atvy: @ n

(VS*VV)

~gnVy —i;=0andv, =i,R; =
RZ

V.
Ry = Ta =Ry (1+guR,)+R,
3
3= I:Rs (1+ 9m1Rz)+ RZ:Ingl
1

Same as

1
D 395 = ka - Rs (C +ng1 (l+ gmle))+ R2 (ngl +C2) Already found

gsl

ti,
— Timeconstant for Cyg: 7 = RsCyqy o | e % . } %;
— Timeconstant for C,: 7, =RC, 1 L1
% ¥y % %H M ‘ A

34
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Common-gate AMP

» Superior to CS amp

— No Miller cap C? * é i
— Low impedance input T GV GuVar\/” fa CQT R
+ If matched - l 1
— Modeling with current in | '
* Norton
* Find time-constants: T = c
— Timeconstant for Cgs1: 7, = (rin I RS)Cgs ~ [ I RS]Cgs ~ 8
— Timeconstant for C,:
= (rdl I RL)CZ = (rds (1+ ngs) I RL)CZ

» R often dominating giving

7,=R.C, 1 1

@D qqp = =
—-3dB
Cy
—=+R.C,

ml

T,+7,

35

Cascode gain stage

* Large gain, single stage solution T )
— PMOS in folded cascode— ' ”
lower mobility and lower frequency '

— Current source on output not highres  * <H s ” H

» Handled well by cascode stage .
v, (W)

— Excact analysis complicated, use simulations
» Approximation by zero-value time-constants
— 4 capacitors — 4 time-constants
— Parallel caps merged

36

oW

9/19/2012
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+ Time-constant at output C_:

Tout = (rdz ” RL)Cout = (gmrdslrdsz ” RL)Cout

+ Time-constant at output C:
z-gsl = RSCgsl
+ Time-constant at output C,:
— Cascode input resistance determined earlier (g;,,)
Ty = oGy
* Time-constant at output C;:
— Like Miller cap in CS stage Ty = | Rs (1+ Gpafing ) + Fnz | Coar
- If gmlRS >>1 Tga1 © Rs (1+ gmlrinz)cgdl
» Total time constant:

z-mtal = (gmrdslrdsz ” RL )Cout + RSCgsl + rinZCZ + RS (1+ gmlrinZ)ngl

37

Cascode approximations

» Assuming high quality current mirror for bias current
- Inthe orderof: g, e,

* Assuming approximately same transconductance

1

A= L )

I

* Output resistance .
Rout = r.dz ” Rl_ ~ Egmrdzs
+ Giving
— With large load cap, the output pole is dominating
1
Tout = (rdz ” RL)Cout = E gmrdzscout

292
_ ~ ds
@D 348 =

z.(JUI g mCOUt

38
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Cascode gain stage

+ Cadence simulation
— Load capacitor 1fF — 10pF

AC Response

1K vi CL="2154f a: _CL=" 7743(=: GL="2.783f

— o

(v)

400

200 L

0.0

190K

128 1K
freq ( Hz )

.1 CL="1@8p"y/ «: CL="3594p ClL="464 2fe: CL="'

'166.8f

1G

39

Source follower amp

* Intuitive understanding

*The gate-source capacitance is feeding back output changes

« High input resistance, Rg, increase output ringing

40

9/19/2012

20



Source follower freq response

* Analysis for stability . ,

— Reduced overshoot I 1
RSl = r‘dslur‘dSZ P @ 1R |G G <b v %> % o
g L+ L . BtV

sl =

Ciln = Cin + ngl

) BuV.
" I
V., voltage on gate %' _F
— 1. Gain from input o VOTageon g I

VoutG51 + (Vout - Vgl)SCgsl + VoutSCS - gml(vgl - Vout): 0
Vout (681 + SCgsl + SCS )_ VngCgsl - gml(vgl - Vout)= 0=

out*

Y

out

chsl + gml
+ CS)+ gml + GSl

Vgl B S(Cgsl

41

» 2. Admittance at input
— No Cy
igl = (Vgl ~Vou )SCgsl v,
» Combining with previous
SCgsl(SCS + gml)
+CS)+ gml +GSl

Y _lu
v, sl

gsl

» 3. Transresistance

i, = Vgl(SCi'n +G,, +Yg) a=G, (gml + G51)
Vgr S(CgSl +C, )+ O + Gs; b=G, (Cgsl +Cs )"‘ Ciln (gml + G51)+ C
? B a+sb+s’c c=C,Gg, +C,, (Cgsl +C,)
* 4. Transfer function
— 2. order A(s)= Yo SCqs1 + Omt
i a+sb+s’

n

gsl

GSl

42
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Source-follower analysis

+ Equating coefficients

W = Gin (gml + GSl)
’ Cg51651 + Ci'n (C + CS)

gsl

_ \/Gin (g m t GSl)I_CgslG81 + Ciln (Cgsl + CS ).l
Giy(Cyet +Cs )+ Cip (G + Gy )+ C Gy

- Q<0.5: C, and/or C, large and stable

gsl

- LargeQ: G,,C, and G, = ismall

in

Source follower may exhibit overshoot and ringing.

43

Diff pair frequency analysis

* Using MOS T-model with caps

» O V4
ImVgs
\ / Ca
9V r
A ds 5
Vg © —

— T-model used f_or simpler diff pair analysis

44
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Diff-par HF model

* Symmetric circuit
— Transistors and resistors v
are the same as indicated
— Input voltages balanced
VirT =V,

— Common v, voltage unchanged
* Virtual ground
+ May ignore Cg, of both transistors

— May analyze as half-circuit —g R
+ — CS stage analysisv

L:; (O e ’
v O—‘/ﬁ
+

1T

(9]

g

+— |

v,
C..

45

Single-ended diff amp

* v, considered to be small-signa}J] ground
— Source-capacitors may be ignored

The diff-pair — 2 x common source stages

Dominant pole:

1
RS (Cgsl + ngl (1+ gmlRZ))

D 398 ©

Giving bandwidth approximation assuming C4, to be small

46
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Differential amp with active load

« Active current-mirror load

— Used as input stage in opamps o'
— From chapter 3.8:
V i
A/ = = gmrout /
v, s
v -\\I
— With capacitive load °

* Substitute r,, with z, with:

S S -
R GO N T To)

47

Chapter 4 Keypoints

» Important fundamentals for circuit analysis!
» Limited analysis with real coefficients
» Sinusoidal in — Sinusoidal out

— Phase and magnitude may still change

» Transfer functions with real poles and zero order numerator have
monotonically decreasing magnitude (20dB/decade) and phase up
to -90 degrees

» Big caps dominates small caps

+ CS-stage — 2 poles and 1 zero

» Caps over inverting amps blow up in effective value (Miller caps)
» Zero-value time-constants method estimate circuit bandwidth

+ Common-gate used in cascode stage increase gain and reduce
Miller caps

» Source follower may be unstable (oversshoot)

+ Diff-pairs may be analyzed as half circuits — common source stage

48
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