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GCAPIII DESIGN MEMO

V2 LINEAR REGULATOR

1. INTRODUCTION

The GCAPIII IC contains switching and linear regulators to allow a cellular telephone to operate from three NiMH cells or a single Li Ion cell. The V2 regulator is one of the GCAPIII linear regulators with internal pass transistor and provides a DC regulated voltage for the Audio system and the ADC. The regulated output is programmable through the SPI bus to be 2.5V or 2.775V.

2. SPECIFICATION EXTRACTION

The table below indicates the allowed variation inclusive of all conditions, including process variation, temperature range, line regulation and load regulation.

	Parameter
	Condition
	Min
	Typ
	Max
	Units

	OUTPUT VOLTAGE
	1<IL<200mA
	
	
	
	

	
	3.1V<VIN2<7V for V2L=0 (2.775V)
	2.700
	2.775
	2.850
	V

	
	2.85V<VIN2<7V for V2L=1 (2.500V)
	2.425
	2.500
	2.575
	V

	LOAD REGULATION
	1<IL<200mA, VIN2=3.1V, V2L=0
	
	
	0.35
	mV/mA

	LINE REGULATION
	IL=1mA, 3.05<VIN2<7V
	
	5
	8
	mV

	CURRENT CONSUMPTION
	T=25degs B+=3.6 (higher due to audio)
	
	100
	
	μA

	CURRENT LIMIT
	VIN2=3.5V, VOUT=0V
	
	
	750
	mA

	PSRR
	VIN2=3.9V, CL=22μF, IL=100mA, V2L=0
	
	40
	
	dB

	
	
	
	
	
	

	START-UP OVERSHOOT
	IL=0, CL=22μF
	
	1
	
	%

	TRANSIENT RESPONSE
	IL=10mA to 200mA, CL=22μF
	
	1
	
	%

	TRANSIENT DELTA-V
	B+ droops from 3.6 to 3.1V in 300μsec
	
	
	2
	mVp/p

	
	V2=2.775V, IL=50mA
	
	
	
	

	TURN-ON TIME
	ENABLE to 90% of V2 (100mA)
	
	
	2
	ms

	TURN-OFF TIME
	V2 droops from 2.775V to less than 1.5V
	0.1
	
	20
	ms

	PASS DEVICE IMPEDANCE
	
	
	0.9
	1.6
	Ohms

	BYPASS CAPACITOR ESR
	
	0
	
	0.5
	Ohms


As indicated in the table, the V2 regulator will operate with low ESR ceramic type of bypass capacitor (less than 0.5 Ohms). This choice is made to insure that the impulsive current drain typically seen on digital radios will not cause excessive transient droops. In addition, the use of low ESR capacitors will help the switching power supply noise’s rejection at higher frequencies. Minimum capacitor ESR is specified to be 0 Ohms for all linear regulators but 0.1 Ohms minimum if bond wires resistance. V2 is shown with 22μF capacitor load. Ceramic capacitors can lose 82% of their capacitance under extreme conditions so, capacitor minimum value will be 4μF. The capacitor value must not degrade too much over tolerance and temperature extremes to maintain regulator stability. The reference voltage used for the V2 regulator is 1.2V. Supply current (external current drains are not included) is specified to 100μA (high due to audio system) but only 30μA for the regulator.

3. LINEAR REGULATOR DESIGN

3.1. Linear Regulator Structure
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Fig 1. Functional Schematic

The V2 regulator is a series low dropout regulator (LDO), which is a circuit providing a well-specified and stable dc voltage. The dropout voltage is defined as the value of the input/output differential voltage where the control loop stops regulating. The term series comes from the fact that a power transistor (pass device) is connected in series between the regulator input and output. The circuit’s operation is based on feeding back an amplified error signal which is used to control the output current flow of the pass transistor driving the load.

Figure 1 illustrates the block level diagram of the V2 regulator.

The circuit is made of: 

· a reference voltage, providing a stable dc bias voltage with limited current driving capabilities,

· an error amplifier which is the control circuit,

· a pass element which acts as a series resistor in the linear region and as a voltage-controlled current source in the saturation region. The regulator usually operates in the saturation region. A PMOS has been chosen for low quiescent current. The dropout voltage is determined by saturation voltage across the pass element and is proportional to the current flowing through the pass element.
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Eq.1

where RDSon is the on-resistance of the pass element

· a feedback network (resistor ladder) where resistor values depend on the desired output voltage and on the quiescent current flowing through them.

· an output load-current,

· an output capacitor and associated electrical series resistance (ESR).


3.2. Transistor Level Schematic
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Fig 2. Error Amplifier Schematic (Transistor Level)

As illustrated in Fig 2., the error amplifier is made of:

· a differential amplifier which provides most of the loop gain. The last version of the V2 regulator used a folded cascode OTA (low voltage topology) which is not necessary because the supply voltage is upper than 2.85V. Furthermore, the Miller’s OTA structure offers better PSRR performances.

· a pass device driver (buffer) which is a current mirror drive.

The V2 regulator design uses the regulation architecture combined with the pole-tracking principle in order to prevent the instability due to the changes of the output current. This pole tracking principle is implemented using the current mirror between the Pass Device and the Copy Transistor. By feeding back a part of the output current in the intermediate stage, the impedance and the pole of this stage track the output impedance and pole.

3.3. Design Methodology

In this part, a approach of the V2 regulator design is developed. The purpose of the methodology is to obtain a first evaluation of all the design parameters in accordance with the specification and particular points for the reliability of the circuit (such as minimum dc gain or phase margin).

All equations below are the application of a Motorola internal paper: «A methodology for the design of low-dropout regulator in wireless applications» by Gerald Miaille and Gerhard Trauth.

The first hypothesis are the choice of the error amplifier (the Miller’s OTA structure in this case) with the a current mirror driver shown in Fig 2, and a PMOS transistor as pass device. Based on it, the design parameters can be evaluated.


3.3.1. Technology Parameters

The GCAPIII project is developed in SmartMOS7LV technology and use SSIM (level 6) models for the simulations. The data below are extracted from the models library or are evaluated from parameters provided by the library. It’s necessary to point out that some values can differ according to the operating point or temperature/process variations, but the most important is to have a range of values (even if they are not the most accurate) to start the hand-calculation methodology and give the first draft of the regulator. Then, the designer will have to handle these data and adjust the parameters with the simulation runs.
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Eq.2
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	Oxyde Capacitance per unit area
	See below
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	Dielectric Constant of Silicon Oxyde
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	Oxyde Thickness
	See below
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Transconductance Parameter
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Eq.3
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	Transconductance Parameter
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	Channel Effective Mobility
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MOS Threshold Voltage
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Eq.4
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Eq.5
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	Threshold Voltage
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	Zero Bias Threshold Voltage (Vbs=0V)
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	Gamma: Bulk Threshold Parameter
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	Substrate Doping
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SmartMOS7LV Data
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 parameters are respectively calculated from equations Eq.2, Eq.3, Eq.5 .
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 parameter is obtained by simulation and takes into account adjustments to threshold due to short and narrow effects.

The most sensible way of getting the effective mobility 
[image: image86.wmf]eff

m

 for each device is to run a simulation (that way the whole mobility equation is running inside the model) of an Id(Vgs) curve at Vds=0.1V (linear region) for a given geometry (a reasonably long channel device is recommended in order to get rid of short channel effects when getting the mobility).

From that curve you can get peak gm (that is the maximum transconductance) by doing the derivative of Id versus Vgs.
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SmartMOS7LV Data for LAMDA Parameter

The 
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parameter or channel length modulation parameter is too sensitive to length 
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 voltages as demonstrated below. So, it is not so easy and reliable to fix a mean value and it would be safer to run simulations and get 
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 for the needed device at the operating point. The tables in Appendix1 should cover these operating points where the more accurate value can be extracted.

In saturation region, the current equation in the NMOS device is:
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The 
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 equation can be deducted:
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Eq.6

3.3.2. Pass Device Sizing 

The V2 regulator has to work with an output voltage at 2.5V for a input voltage as low as 2.85V, which means a voltage across the pass device of 350mV. So, the dropout voltage (when the loop stops regulating) is lower, around 200mV. The RDSon can be calculated:
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The size of the pass device can be easily found with the PMOS current equation in the linear mode:
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where KP is the transconductance parameter of the PMOS transistor
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Eq.7

Maximum output current happens when the gate drive is at its peak, which occurs when the source to gate voltage (Vsg) is equal to the input voltage (VIN2). An approximation of W/L can be done with the following values:
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3.3.3. Pass Device Capacitance Calculation

The pass device has a huge W/L (big silicium area) and so, a large input capacitance.
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Eq.8
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	See Table in 3.1.1. section
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3.3.4. Resistor Ladder Sizing and Current Evaluation

The resistor values used for the V2 regulator are given with the next equation:
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where VFB is the feedback voltage and VOUT2 the output voltage


[image: image130.wmf]VFB

VOUT

VFB

R

R

-

´

=

Þ

2

1

2


	
[image: image131.wmf]L

V

2


	
[image: image132.wmf]2

VOUT


	
[image: image133.wmf]1

R


	
[image: image134.wmf]2

R


	
[image: image135.wmf]IR



	
[image: image136.wmf]1

2

=

L

V


	
[image: image137.wmf]V

VOUT

500

.

2

2

=


	
[image: image138.wmf]W

=

K

R

130

1


	
[image: image139.wmf]W

=

K

R

120

2


	
[image: image140.wmf]A

IR

m

10

=



	
[image: image141.wmf]0

2

=

L

V


	
[image: image142.wmf]V

VOUT

775

.

2

2

=


	
[image: image143.wmf]W

=

K

R

130

1


	
[image: image144.wmf]W

=

K

R

100

2


	
[image: image145.wmf]A

IR

m

12

»




The resistors value depends on the allowed current flowing through them. Supply current is specified to 
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, so it seems to be acceptable to use 
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 in the resistor ladder.

If more current is needed in the error amplifier, the current in the resistor ladder can be decreased by increasing the resistors value, without design change on the whole block.

But it’s important to keep in mind that the price to pay for low consumption is the silicium area. The best trade-off has to be found.

3.3.5. AC Analysis for stability
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Fig 3. Simplified schematic for AC Analysis

For the purpose of analysis, the feedback loop is broken at point A. The system must be unity gain stable, considering V_REFERENCE and V_FEEDBACK to be respectively the input and the output voltages. The open-loop gain can be described as:
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 EQ 

Eq.9

where GmDiff and GmBuff refer respectively to the transconductance of the 1st and 2nd stages amplifier. Roa and Rob are the output resistance seen after the 1st and 2nd stage. Cd is the driver parasitic capacitance and Cg refers to the parasitic capacitance introduced by the pass element. Zeq is the impedance seen at VOUT2:
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It can be observed from these equations that the overall transfer function of the system consists in three poles and one zero which can be approximated to:
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The range of the pole P1 is dependent on the load-current range and on the supply voltage VIN2 applied on the source of the pass device. 

For high load-current (typically 200mA), Req is equivalent to Rload//Rds:

· 2( for VIN2=2.85V,

· 8( for VIN2=7.0V.

For low current (roughly 1uA), Rload can be neglected because its value is considerably larger than (R1+R2)//Rds:

· 140 K( for VIN2=2.85V,

· 215 K( for VIN2=7.0V.
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Fig 4. Frequency Response of the LDO Voltage Regulator

The worst-case stability condition, given by equation Eq.9, happens when the phase margin is at the lowest point, which occurs when the unit gain frequency is pushed out to higher frequencies where the parasitic poles reside. This takes place when the load-current is at its peak value. The value of the output capacitor determine the location of P1 and Z1.

When taking into account the worst-case stability condition (ILOADmax), the location range of the different poles can be calculated.

3.3.6. DC Gain versus PSRR

PSRR or Power Supply Rejection Ratio is a measure of the circuit’s ability to reject the spikes generated on supply lines. The V2 regulator specification requires -40dB on a 0-20KHz bandwith for PSRR. The schematic and calculation below are useful to understand the link between the PSRR and the open-loop gain of the circuit.

The objective of this section is to show that improving open-loop gain is improving PSRR and so, having a minimum open-loop gain is a necessary condition to meet PSRR requirement.
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Fig 5. LDO schematic for PSRR calculation

The sinusoidal sweep applied on the input is present on the gate of the pass device. The PSRR present on the 1st stage of the error amplifier and coming through the buffer stage can be neglected.

The following equation is obtained:
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          Eq.11

where
[image: image159.wmf]GAmp

 is the error amplifier gain.

The small-signal schematic can be useful to calculate the PSRR value.
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Fig 6. Small Signal Model for PSRR calculation

The Kirchoff law on the pass device drain node gives the equation:
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          Eq.12

where
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The 
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 index indicates that the X element is evaluated in the PSRR conditions given by the specification, such as VIN2 = 3.9V and ILOAD = 100mA.

If the PSRR conditions are applied in the open-loop gain equation Eq.9, the relation between the PSRR and the open-loop gain is obtained:
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The PSRR equation can be easily deducted:
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          Eq.13

where
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Increasing the
[image: image169.wmf]AOL

open-loop gain is decreasing
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value (which means improving PSRR performances).

The mutual expressions for the amplifier gain and the open-loop gain (with PSRR conditions) versus PSRR become:
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          Eq.14
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          Eq.15

Minimum DC Amplifier Gain with PSRR requirement

By applying Eq.14 at low frequency, the expression of the
[image: image173.wmf]GAmp

 amplifier gain becomes:
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The V2 regulator requires –40dB for PSRR in a bandwith 0-20KHz. With a margin for temperature/process variations, the minimum DC gain for the amplifier will be evaluated for DC_PSRR = –60dB such as the PSRR will be in the specification at 20KHz.

For the PSRR requirement, the Pass Device is in the saturation region because of the supply voltage 
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and the specified load current is 100mA.
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With the following data, Minimum DC amplifier gain can be calculated:
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Minimum DC Open Loop Gain with PSRR requirement

By applying Eq.9 at low frequency, the expression of the
[image: image199.wmf]AOL

open-loop gain becomes:
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The 
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X

 index indicates that the X element is evaluated in the worst conditions for stability which are met for ILOAD = 200mA.
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3.3.7. DC Gain versus LOAD REGULATION

Load regulation is a measure of the circuit’s ability to maintain the specified output voltage under varying load conditions. Load regulation is defined as
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          Eq.16

Specification parameter (see Table page 1) defines for load regulation the maximum value of 0.35mV/mA, which has to be 0.25mV/mA for temperature and process casing purposes.

Then, the drop on the output voltage, when the load current changes from 1mA to 200mA, will be about 50mV which keeps 
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 upper than 2.450V (specification minimum output voltage is 2.425V).

Minimum DC Amplifier Gain with Load Regulation requirement

The minimum DC gain for the error amplifier, required to satisfy the load regulation, occurs in the worst case when
[image: image210.wmf]GmPass

is the lowest, which means when the ILOAD current is the minimum output current specified for the load regulation measurement, so ILOAD = 1mA.
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Minimum DC Open-Loop Gain with Load Regulation requirement

By applying Eq.9 at low frequency, the expression of the
[image: image212.wmf]AOL

open-loop gain becomes:
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          Eq.17

In the above equation,
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is evaluated with minimum current to satisfy the worst case for the amplifier gain versus load regulation (Pass Device in saturation region).
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 are calculated for the worst case of stability which occurs when the output current is maximum (ILOAD = 200mA).

For the load regulation requirement, the supply voltage is specified 
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, and the equation Eq.17 can be rewritten:
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3.3.8. Minimum DC Gain

The minimum DC gain for the error amplifier and the minimum DC open-loop gain satisfying PSRR /  Load Regulation requirements, as demonstrated above can be approximated to:
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3.3.9. Poles/Zero Frequency Range

The poles are calculated for the worst-case stability condition: ILOAD = 200mA.

As the DC amplifier gain / DC open-loop gain are evaluated when the Pass Device is in the saturation region, all hand-calculations below are made for 
[image: image227.wmf]V

VIN

0

.

7

2

=

.

• Output Pole frequency with ILOAD = 200mA 


[image: image228.wmf]Hz

q

Cload

fP

900

8

22

2

1

Re

2

1

1

»

´

´

»

´

´

=

m

p

p


 • ESR Zero frequency range
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• Gain after the Zero
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• P2 and P3 poles frequency range

The V2 regulator design uses the regulation architecture combined with the pole-tracking principle in order to prevent the instability due to the changes of the output current. This pole tracking principle is implemented using the current mirror between the Pass Device and the Copy transistor. By feeding back a part of the output current in the intermediate stage, the impedance and the pole of this stage track the output impedance and pole.

For stability purpose, we want to locate the pole of the differential pair
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To ensure a sufficient phase margin,
[image: image236.wmf]3

fP

, which is a non-dominant pole, has to be located at least at
[image: image237.wmf]GBW

´

a

, that means
[image: image238.wmf]2

1

fP

AZ

´

´

a

. The value of 
[image: image239.wmf]a

can be 0.5, 1.0, 1.5, 2.0 or 3.0, allowing respectively 27, 45, 56, 63 or 72 degrees of phase margin. The choice of 
[image: image240.wmf]5

.

1

=

a

 is sufficient to insure a 56 degrees phase margin.
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3.3.10. Buffer Stage Sizing

The DC gain for the error amplifier is given by:
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          Eq.18
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• Copy Transistor Sizing

From equation Eq.18 and the expression of poles in 3.3.5. section, we can deduct:


[image: image246.wmf]min

3

2

2

2

1

3

fP

Cg

GmCopy

Cg

GmCopy

Rob

Cg

fP

´

´

³

Þ

´

=

´

´

=

p

p

p


	
[image: image247.wmf]pF

ice

CgdPassDev

Cg

ice

CgdPassDev

ve

CdbBuffDri

y

CbdPassCop

y

CgdPassCop

Cg

83

.

36

»

»

+

+

+

=





[image: image248.wmf]mS

GmCopy

p

GmCopy

ESR

Cload

ESR

Cg

q

Min

DC

AOL

GmCopy

ESR

Cload

ESR

q

Min

DC

AOL

Cg

GmCopy

334

.

1

1

.

0

22

5

.

0

83

.

36

8

850

5

.

1

min

max

Re

_

_

min

2

max

Re

_

_

2

³

Þ

´

´

´

´

³

Þ

´

´

´

´

³

Þ

´

´

´

´

´

´

³

Þ

m

a

p

a

p


With 
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, the Pass Device and the Copy transistor are in the saturation region. Since the Copy transistor and the Pass Device are a current mirror, their 
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 is the same and can be evaluated.
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In saturation region, the relation between the transconductance and the current can be simplified to:


[image: image252.wmf]2

)

(

Vth

Vgs

Gm

IDS

-

´

=









          Eq.19
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In heavy load, with a current flowing through the Copy transistor around 500μA, the non-dominant pole frequency will be around 
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and the phase margin upper than 56 degrees, which is stable enough. In this case, the ratio between the pass device and the copy transistor can be estimated at
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[image: image257.wmf]LCopy

value has to be the same as the
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 value for optimal matching.

• Buffer Drive Transistor Sizing

In order to maintain the amplifier in a good operating point, we have to keep the
[image: image259.wmf]Vgs

of the Buffer transistor in a defined range, more than 1.0V (has to be in saturation mode) and less than 1.4V, so the differential pair will not be affected by a high voltage on the drain.

As the Buffer transistor is in saturation mode, we can deduct:
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	See Table in 3.1.1. section
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	See Table in 3.1.1. section


To minimize the capacitance
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of the Buffer transistor (and so decrease the current in the differential pair),
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is chosen to the minimum. Nevertheless, under heavy load conditions, the
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 is too small. So, it’s preferable not to use the minimal size, and  the choice is made with 
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As written in the equation Eq.18, the Buffer stage gain is the ratio between the transconductance of the Buffer transistor and the transconductance of the Copy transistor.
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If 
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, the Buffer stage gain does not depend anymore on the size of these two transistors.
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The choice of 
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The Buffer stage gain expression can be reduced to
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The intermediate stage is now sized such as
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3.3.10. First Stage Sizing

Since the Buffer stage is sized and the minimum DC gain for the amplifier was evaluated in the 3.3.7. section, it’s easy to calculate the first stage DC gain and the size of the different transistors.
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As seen in 3.3.9. section, we want to locate the pole of the differential pair
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• Differential Pair Transconductance


[image: image287.wmf]min

max

1

2

ESR

Cload

Cd

KP

KP

GAmpDC

GmDiff

fZ

Cd

AvBuff

GAmpDC

GmDiff

N

P

´

´

´

>

Þ

´

´

´

>

Þ

p



[image: image288.wmf]Cd

represents the parasitic capacitance seen on the output of the amplifier 1st stage.

	
[image: image289.wmf]CgsBuff

CdbALoad

CgdALoad

CdbDiff

CgdDiff

Cd

+

+

+

+

=




In saturation region, the channel is discontinued at the drain end and most of the oxyde capacitance (factor 2/3) is therefore added to the source terminal overlap capacitance. Nothing is added to the drain terminal capacitance.
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As we don’t know yet the size of the first stage elements and as the largest capacitance will be 
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Applying this result to the differential pair transconductance, we can evaluate 
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• Biasing Current
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[image: image298.wmf]IT

 represents the biasing current in the differential pair such as
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 values are extracted from simulations as explained in 3.3.1. section and reported in Appendix1 tables. On one side, 
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depends strongly on the transistor length. On the other side,  the first stage transistors sizes are unknown and so, 
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can not be evaluated.

A range for 
[image: image303.wmf]N

P

l

l

,

 values can be estimated as demonstrated below.

For noise and matching purposes, the advice is to choose the differential pair and the active load such as the lengths are not minimal.
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Furthermore, the 
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 are increased to improve the phase margin.

Indeed,
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The operating point of these two transistors has to be determined in order to pick up a value for 
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 in the tables.

For the differential pair, since transistor provides gain, it is set for maximum
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For the active load, the transistor is used as a current mirror, it is suggested to take its 
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 the same in order to keep the symmetry in the input stage.
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Note: For a transistor used as a current source, it is suggested to take its 
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With minimal lengths equal to 2 and the above operating points, we can report the 
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 values from the tables or from the following curves. As 
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 decreases when the length increases, the minimum current biasing will be evaluated with maximum
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Fig 7. LAMDA Curves for 1st stage amplifier

• Differential Pair Transistor Sizing

From the equation Eq.19 on the relation between the transconductance and the current in the saturation region, we have for the differential pair:
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Since transistor provides gain, it is set for maximum
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without going into weak inversion. Hence, 
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The arbitrary choice for the differential pair is
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such as
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which is satisfying the inequality on the differential pair transconductance according to the poles placement.

In order to improve the matching, one of the design rules is to do a centroid layout for the differential pair. The method (cross-coupling) consists in doubling the differential pair and connecting it pairwise in parallel. In this way, global errors are averaged out.
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Fig 8. Cross-Coupled Differential Pair

• Active Load Transistor Sizing

The first stage DC gain equation allows to size the active load transistors.
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Since the differential pair is now sized, we got
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According to the curves, the active load transistor length can be
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The current continuity in the 1st stage branch gives the following equality
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The arbitrary choice for the active load transistor is
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3.3.11. Transistors Sizes Abstract and Reverse Hand-Calculations

• Transistor Sizes
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• DC Gains
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• Performances
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3.4. Over Current Protection Circuit

Since the amplifier second stage is driving by a current which is a copy of the current flowing through the pass device (or load current), it’s necessary to protect the error amplifier against over current on the output pin. The following structure has this goal.

Specification defines a 750mA current limit max.
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Fig 9. Over Current Protection Circuit

In the above schematic, a PMOS36 is used to realize a load current copy with a ratio ILOAD/20000. This current is compared to a 15μA current source.

While the current is less than 15μA, which means the load current is less than 300mA, the current limit loop does not work.

As soon as the current is greater than 15μA, the current limit loop is turned on. The Q0-Q1 bipolar mirror absorbs the current excess and turns on the PMOS22-24 mirror which feeds the base current of the Q2 bipolar transistor in order to reduce the Vgs voltage of the pass device, and then regulates the output current.

The PMOS36 gain is low because it is loaded by a Q0 diode.

The Q1 gain is low because it is loaded by the PMOS24 diode.

Only the PMOS22 transistor has gain because the load is the base impedance of the Q2 transistor which is high.

This loop is stabilized by the C0 Miller compensation capacitor.

A 1μA current is sourced from the Q2 base  to be sure that this transistor will be not turned on by leackage current when the output current limitation is not needed.

3.5. Linearity/Saturation Compensation Structure

The following structure allows to compensate the error created when the pass device is in the linear region whereas the PMOS36 transistor is always in saturation region.
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Fig 10. Linearity/Saturation Compensation Structure

The PMOS39 transistor coupled to the NMOS41-42 mirror removes the excess drain current of the PMOS36 transistor when the pass device is in linear region.

The excess current can be written (with first order equation)


[image: image362.wmf](

)

(

)

2

39

39

2

36

36

2

2

4

1

Vth

Vgs

Vth

Vgs

I

I

IS

-

´

-

-

´

=

-

=

b

b



[image: image363.wmf](

)

(

)

÷

÷

ø

ö

ç

ç

è

æ

-

´

´

-

´

´

+

´

´

+

-

-

+

´

´

-

´

=

Þ

-

-

´

-

-

´

=

Þ

-

=

=

÷

ø

ö

ç

è

æ

=

÷

ø

ö

ç

è

æ

®

=

2

2

2

2

2

36

2

36

2

36

39

36

39

36

39

36

2

2

2

2

2

2

2

;

;

Vth

Vth

Vds

Vth

Vgs

Vds

Vgs

Vds

Vgs

Vth

Vth

Vgs

Vgs

IS

Vth

Vds

Vgs

Vth

Vgs

IS

Vds

Vgs

Vgs

Vgs

Vgs

L

W

L

W

PASSD

PASSD

PASSD

PASSD

PASSD

PASSD

PASSD

PASSD

PASSD

PASSD

PASSD

PASSD

PASSD

PASSD

b

b

b

b

b



[image: image364.wmf](

)

÷

ø

ö

ç

è

æ

-

-

´

´

=

Þ

-

´

´

-

´

´

´

=

Þ

2

2

2

2

36

2

36

PASSD

PASSD

PASSD

PASSD

PASSD

PASSD

PASSD

Vds

Vth

Vgs

Vds

IS

Vds

Vth

Vds

Vds

Vgs

IS

b

b


This equation matches with the pass device first order current equation in the linear mode.
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This equality shows that the excess drain current on the pass device is removed when it is in the linear region, and the current which is compared to the 15μA current source depends only on the ratio
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3.6. Low Load Current Structure

For low load current conditions, a particular structure is needed, such as demonstrated below.
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Fig 11. Low Load Current Structure

The NMOS20 transistor (the marked one) is a depletion transistor whose main role is to provide a small current in order to replace the copy transistor when this one is turned off. Indeed, under low load current conditions, the pass device Vgs voltage can be so small that the copy transistor can be turned off. The NMOS20 transistor delivers a current to the NMOS19 transistor (buffer/drive transistor) and represents a low impedance.

This depletion transistor has to be size carefully because the generated current impacts the total quiescent current. Typical value is about  1μA.

4. TESTBENCHES and SIMULATIONS

Fig 12. Test Bench Schematics

The V2 regulator symbol contains the error amplifier, the pass device and the resistor ladder.

The biasing current is provided by the IREF block and modeled by the PMOS mirror.

The V2L input allows to choose the two programmed voltages. The two bonding resistors represent the contact resistance from the silicium to the package ball.

The load consists in two current sources to satisfy DC and TRANSIENT simulations.

Fig 13. Top Regulator Schematics: Nothing to Report

Fig 14. Top Regulator Schematics for Simulations

The combination of the ac source and resistors allows the AC analysis (Stability and PSRR).

For the stability analysis, the loop is broken such as indicated in 3.3.5. section and a copy of the first stage amplifier is the impedance model seen at this point if the loop was not broken.

Fig 15./ Fig 16./Fig 17. Error Amplifier Schematics 

The error amplifier contains:

· a biasing structure in order to provide current in all the block,

· the Miller’s OTA 1st stage with the cross-coupled differential pair,

· the pass device driver which a current mirror drive (fast gate voltage rise and fall but the gain changes with the load current, so it is harder to stabilize and optimize the quiescent current),

· the current limitation circuit with the structure to compensate the excess drain current when the pass device is in the linear region,

· a level shifter and associated switches in order to provide signals for power down configuration (all current sources and mirrors must be cut),

· some spare parts and testpoints in order to facilitate the debug and design changes.

Fig 18./Fig 19. Resistor Ladder Schematics 

The resistor ladder is made of NWELL unit resistors (20KOhms) in order to perform the matching. Dummies resistors are used for layout purposes and future adjustments.

Some POLY resistors are added to re-center the output value, within process variations, by metal change or FIB. But, some experiments showed that it is not the best way to do, because it use 2 different types of resistor. To be changed on next design.

The resistor ladder contains also a small logic (used to enable signals -enabling, power down- and to select the programmed voltage) and a discharge path.
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Fig 12. Test Bench Schematics
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Fig 13. Top Regulator Schematics
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Fig 14. Top Regulator Schematics for Simulation
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Fig 15. Error Amplifier Schematic 1
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Fig 16. Error Amplifier Schematic 2
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Fig 17. Error Amplifier Schematic 3
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Fig 18. Resistor Ladder Schematic 1
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Fig 19. Resistor Ladder Schematic 2

5. DESCOVER SCRIPT

The DESCOVER tool is a useful way to check all corner conditions (temperature and process variations) when the design is done and first checked with Cadence. The automated procedure allows a huge number of successive runs.

The V2 regulator DESCOVER script is shown below and checks the AC stability, the AC PSRR, the DC output voltages, the DC load regulation, the line regulation, the current limit, the current consumption and the pass device impedance.

All transient analysis were done with Cadence for more visual checks.

Extra: (DESCOVER Report( EXCEL format) Conversion Script

grep "\|"  $1 \

  | sed -e "s/|//g" \

  | sed -e "s/  */;/g" \

  | sed -e 's/\([0-9]\)M/\1e+6/g' \

  | sed -e 's/\([0-9]\)meg/\1e+6/g' \

  | sed -e 's/\([0-9]\)t/\1e+12/g' \

  | sed -e 's/\([0-9]\)g/\1e+9/g' \

  | sed -e 's/\([0-9]\)k/\1e+3/g' \

  | sed -e 's/\([0-9]\)K/\1e+3/g' \

  | sed -e 's/\([0-9]\)m/\1e-3/g' \

  | sed -e 's/\([0-9]\)u/\1e-6/g' \

  | sed -e 's/\([0-9]\)n/\1e-9/g' \

  | sed -e 's/\([0-9]\)p/\1e-12/g' \

  | sed -e 's/\([0-9]\)f/\1e-15/g' \

  | sed -e 's/\([0-9]\)a/\1e-18/g' \

  > $1.formatted
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Fig 20. DESCOVER V2 Regulator Sheet
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Fig 21. DESCOVER AC STABILITY ANALYSIS
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Fig 22. DESCOVER AC STABILITY MEASUREMENTS
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Fig 23. DESCOVER AC PSRR ANALYSIS

[image: image380.png]DESCOVER 1.2.2_p1 Editor - Connected (carbonne) - Ibo_V2_sim
File Edit Boxes Fun Hosts Check Window Reports

el |
General \ Subject M \ Reference _| \ Corpare _| \
Material @ Circuit | . Specification
@ Schenatic library [exp_snT_TC got | b0el View ladl Artist state
testbench cell [lbo_V2_sin view|schematic
o Metlist
simulator @ Mica | Mcspice| . Saber | | Verilog Opts | Corners set[smosTlv
| Grow  [oC ANALYSIS
| Grown  [VOLTAGE RANGE & LOAD REGLLATION
Set Van jpsrr
var [[esn
var[cload
<| Loop Paran|process ~_in [[Tbo_tyn Ibo_bes_hi Ibo_bes_lo Ihao_wes_hi Ib -
Loop Paran |tenp 7 in |27 -40 130
Loop Paran|v2L Zinfo2.5
Set: Yar + | [VINZmin 3. 1-(3V2L/10) W Report]
| teon  Paranlibies 7 in|[L.0u 080 L.2u
Loop Param vinZ 7 in [vINZmin 7.0
Analysis OC | i sweep| I CPS| _ICPR| I Write RAM| _J Load RAM |
source |13 fram[1n to[200n step|0.25n
| Grow  [VOLTAGE RANGE & LOAD REGULATION
Mainn [outex o Feport]
of signal [vivaut Fronf tof return ¥
Mininn [0t Report]
of signal [vivaut Fronf tof return ¥
Peakapeak  [LORD_REB o Feport]
of signal [(v#vout)/0.199 Range fronf tof
Script ‘destr‘uy all |"
i
7]
| |
Nornal | vi_ | 12: 0 |




Fig 24. DESCOVER DC VOLTAGES RANGE and LOAD REG ANALYSIS
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Fig 25. DESCOVER DC LINE REGULATION ANALYSIS
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Fig 26. DESCOVER DC CURRENT LIMIT ANALYSIS
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Fig 27. DESCOVER DC CURRENT CONSUMPTION ANALYSIS
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Fig 28. DESCOVER DC PASS DEVICE IMPEDANCE ANALYSIS

6. CADENCE PLOTS

The following plots allow to correlate the simulations with the hand-calculation methodology, and to check all specification parameters, such as TRAN analysis.

All plots are obtained for typical process and 27 degrees temperature.

AC STABILITY ANALYSIS
Simulation plots are done for 4 configurations:

· VIN2 = 7.0V and ILOAD = 200mA

· VIN2 = 2.85V and ILOAD = 200mA

· VIN2 = 2.85V and ILOAD = 1mA

· VIN2 = 7.0V and ILOAD = 1mA

The red arrow gives the phase margin, which is pretty good for all the cases (see performances section for more details).

The two following plots show the influence of ESR values or ILOAD on the gain and phase.

AC PSRR ANALYSIS

Simulation is performed with the specification requirements.

ESR and CLOAD values change performances in frequencies.

DC LOAD REGULATION & LINE REGULATION ANALYSIS

Simulations are performed with the specification requirements.

DC CURRENT LIMIT & RDSon ANALYSIS

Simulations are performed with the specification requirements.

TRANSIENT ANALYSIS

Simulations are performed with the specification requirements.

AC STABILITY ANALYSIS
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AC PSRR ANALYSIS
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DC LOAD REGULATION & LINE REGULATION ANALYSIS
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DC CURRENT LIMIT & RDSon ANALYSIS
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TRANSIENT ANALYSIS
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7. PERFORMANCES

This section reports the V2 regulator performances, such as

· the particular parameters (not indicated in the specification, but implicit) for the circuit functionality such as the DC gain, the phase margin, the gain margin,…

· the specification parameters which are the performances asked by the customer and indicated in the table (See in 2. Specification Extraction).

7.1. Functional Parameters

Typical conditions indicate that the simulations were done with a 27degsC temperature and Typical process for all SmartMOS7LV elements. The variations are on the load current (0, 10μA, 100μA, 1mA, 10mA, 100mA, 200mA), on the biasing current (1.0μA, 0.8μA, 1.2μA), on the programmed value (2.5V, 2.775V), on the ESR (50mOhms, 0.5Ohms) and the VIN2 voltage.

All conditions indicate the above conditions including temperature and process variations.

The results show that the system is very stable with the 22μF load capacitance and should be ok if CLOAD value degrades to 4μF.

7.2. Specification Performances
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		SPECIFICATION										PERFORMANCES IN SIMULATION

												ALL CONDITIONS

		PARAMETER		CONDITION		Min		Typ		Max		Min		Max		Units

		OUTPUT VOLTAGE		1<IL<200mA

				3.1V<VIN2<7V for V2L=0 (2.775V)		2.700		2.775		2.850		2.745		2.839		V

				2.85V<VIN2<7V for V2L=1 (2.500V)		2.425		2.500		2.575		2.48		2.569		V

		LOAD REGULATION		1<IL<200mA, VIN2=3.1V, V2L=0						0.35		0.167		0.249		mV/mA

		LINE REGULATION		IL=1mA, 3.05<VIN2<7V				5		8				0.78		mV

		CURRENT CONSUMPTION		T=25degs B+=3.6 (higher due to audio)				100				10.8		32.7		uA

		CURRENT LIMIT		VIN2=3.5V, VOUT=0V						750		298		599		mA

		PSRR		VIN2=3.9V, CL=22uF, IL=100mA, V2L=0				40				66.9		81.2		dB

												>53(0-24KHz)

		START-UP OVERSHOOT		IL=0, CL=22uF				1						0		%

		TRANSIENT RESPONSE		IL=10mA to 200mA, CL=22uF				1						0.667		%

		TRANSIENT DELTA-V		B+ droops from 3.6 to 3.1V in 300usec						2				0.344		mVp/p

				V2=2.775V, IL=50mA

		TURN-ON TIME		ENABLE to 90% of V2 (100mA)						2				0.379		ms

		TURN-OFF TIME		V2 droops from 2.775V to less than 1.5V		0.1				20				0.272		ms

		PASS DEVICE IMPEDANCE						0.9		1.6		0.513		1.357		Ohms





Sheet2

		

		FUNCTIONAL PARAMETER		CLOAD		TYP CONDITIONS				ALL CONDITIONS				UNITS

						MIN Value		MAX Value		MIN Value		MAX Value

		DC GAIN		22μF/4μF		32.35		96		21.2		100.5		dB

		PHASE MARGIN (including Jouen Criteria)		22μF		70.6				65.9				degrees

				4μF		34.7				29.1				degrees

		GAIN MARGIN		22μF/4μF				-28.6				-25		dB
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				SPECIFICATION								PERFORMANCES IN SIMULATION

												extremes values (temp and process)

		Parameter		Condition		Min		Typ		Max		Min		Max		Units

		OUTPUT		1<IL<200mA

		VOLTAGE		3.1V<VIN2<7V for V2L=0 (2.775V)		2.700		2.775		2.850		2.745		2.839		V

				2.85V<VIN2<7V for V2L=1 (2.500V)		2.425		2.500		2.575		2.48		2.569		V

		LOAD REGULATION		1<IL<200mA, VIN2=3.1V, V2L=0						0.35		0.167		0.249		mV/mA

		LINE REGULATION		IL=1mA, 3.05<VIN2<7V				5		8				0.78		mV

		CURRENT CONSUMPTION		T=25degs B+=3.6 (higher due to audio)				100				10.8		32.7		uA

		CURRENT LIMIT		VIN2=3.5V, VOUT=0V						750		298		599		mA

		PSRR		VIN2=3.9V, CL=22uF, IL=100mA, V2L=0				40				66.9		81.2		dB

												>53(0-24KHz)

		START-UP OVERSHOOT		IL=0, CL=22uF				1						0		%

		TRANSIENT RESPONSE		IL=10mA to 200mA, CL=22uF				1						0.667		%

		TRANSIENT DELTA-V		B+ droops from 3.6 to 3.1V in 300usec						2				0.344		mVp/p

				V2=2.775V, IL=50mA

		TURN-ON TIME		ENABLE to 90% of V2 (100mA)						2				0.379		ms

		TURN-OFF TIME		V2 droops from 2.775V to less than 1.5V		0.1				20				0.272		ms

		PASS DEVICE IMPEDANCE						0.9		1.6		0.513		1.357		Ohms

		BYPASS CAPACITOR ESR				0				0.5						Ohms
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Sheet1

				SPECIFICATION								PERFORMANCES IN SIMULATION

												extremes values (temp and process)

		Parameter		Condition		Min		Typ		Max		Min		Max		Units

		OUTPUT		1<IL<200mA

		VOLTAGE		3.1V<VIN2<7V for V2L=0 (2.775V)		2.700		2.775		2.850		2.745		2.839		V

				2.85V<VIN2<7V for V2L=1 (2.500V)		2.425		2.500		2.575		2.48		2.569		V

		LOAD REGULATION		1<IL<200mA, VIN2=3.1V, V2L=0						0.35		0.167		0.249		mV/mA

		LINE REGULATION		IL=1mA, 3.05<VIN2<7V				5		8				0.78		mV

		CURRENT CONSUMPTION		T=25degs B+=3.6 (higher due to audio)				100				10.8		32.7		uA

		CURRENT LIMIT		VIN2=3.5V, VOUT=0V						750		298		599		mA

		PSRR		VIN2=3.9V, CL=22uF, IL=100mA, V2L=0				40				66.9		81.2		dB

												>53(0-24KHz)

		START-UP OVERSHOOT		IL=0, CL=22uF				1						0		%

		TRANSIENT RESPONSE		IL=10mA to 200mA, CL=22uF				1						0.667		%

		TRANSIENT DELTA-V		B+ droops from 3.6 to 3.1V in 300usec						2				0.344		mVp/p

				V2=2.775V, IL=50mA

		TURN-ON TIME		ENABLE to 90% of V2 (100mA)						2				0.379		ms

		TURN-OFF TIME		V2 droops from 2.775V to less than 1.5V		0.1				20				0.272		ms

		PASS DEVICE IMPEDANCE						0.9		1.6		0.513		1.357		Ohms

		BYPASS CAPACITOR ESR				0				0.5						Ohms





Sheet2

		

		FUNCTIONAL PARAMETER		CLOAD		TYP CONDITIONS				ALL CONDITIONS				UNITS

						MIN Value		MAX Value		MIN Value		MAX Value

		DC GAIN		22μF/4μF		32.35		96		21.2		100.5		dB

		PHASE MARGIN (including Jouen Criteria)		22μF		70.6				65.9				degrees

				4μF		34.7				29.1				degrees

		GAIN MARGIN		22μF/4μF				-28.6				-25		dB





Sheet3

				SPECIFICATION								PERFORMANCES IN SIMULATION

												extremes values (temp and process)

		Parameter		Condition		Min		Typ		Max		Min		Max		Units

		OUTPUT		1<IL<200mA

		VOLTAGE		3.1V<VIN2<7V for V2L=0 (2.775V)		2.700		2.775		2.850		2.745		2.839		V

				2.85V<VIN2<7V for V2L=1 (2.500V)		2.425		2.500		2.575		2.48		2.569		V

		LOAD REGULATION		1<IL<200mA, VIN2=3.1V, V2L=0						0.35		0.167		0.249		mV/mA

		LINE REGULATION		IL=1mA, 3.05<VIN2<7V				5		8				0.78		mV

		CURRENT CONSUMPTION		T=25degs B+=3.6 (higher due to audio)				100				10.8		32.7		uA

		CURRENT LIMIT		VIN2=3.5V, VOUT=0V						750		298		599		mA

		PSRR		VIN2=3.9V, CL=22uF, IL=100mA, V2L=0				40				66.9		81.2		dB

												>53(0-24KHz)

		START-UP OVERSHOOT		IL=0, CL=22uF				1						0		%

		TRANSIENT RESPONSE		IL=10mA to 200mA, CL=22uF				1						0.667		%

		TRANSIENT DELTA-V		B+ droops from 3.6 to 3.1V in 300usec						2				0.344		mVp/p

				V2=2.775V, IL=50mA

		TURN-ON TIME		ENABLE to 90% of V2 (100mA)						2				0.379		ms

		TURN-OFF TIME		V2 droops from 2.775V to less than 1.5V		0.1				20				0.272		ms

		PASS DEVICE IMPEDANCE						0.9		1.6		0.513		1.357		Ohms

		BYPASS CAPACITOR ESR				0				0.5						Ohms
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