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Determination of the Order of the Amplifier

Typically, when a dc gain of close to 80 dB or more is required from a multistage amplifier with
simple, nancascode gain stages, people resort to using either 3 stage or 4 stage amplifiers. Any
more than that would make the design very complex since there will be so many variables to so
deal with. Even for the four stage amplifier, there is a relative difficulty because of the large
number of variables required to optimize the design. Previous results from published works on
NGCC amplifiers prove that both 3 and 4 stage amplifiers can attain very high dc gain with
enough phase margins and good settling time. The 3 stage is likely to consume less power but at
the cost of a very strict design to ensure that all the specifications are met, but makes stabilizing
the amplifier easier. The 4 — stage although a little more complex, provides a little more freedom,
relaxing a bit the design constraints for each stage while still achieving the desired specs. It is

more difficult to stabilize the amplifier in this case.



Determination of Slope Factor “n”

To obtain the slope factor, first we need to determine the normalizing current of the ACM model.
The circuit used is showing in the figure below.
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Schematic Setup for the Extraction of Is

The transistors are biased to be in the saturation region. A current with a small delta value is
applied to each transistor and the corresponding change in source voltage of the transistors is
measured. The normalization current (Is) is then computed as follows.

For NMOS:

2
[(a )
I | /I Al = 4pA

I = 40pA ¢, = 25.9mV

[

IR

AV = 0.5012 — 0.3529 = 0.01408



I, = 307.37n
For PMOS
I =40p4 ¢, = 25.9mV
AV = 252m — 230.2m

I, = 142.24nA
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Plot showing delta Vs used for Extraction of Is

Next, the Vp parameter has to also be determined. From the ACM model
Vp—Vs=0t(N1+id) -2+ In(V1+id — 1)

It is observed that with id = 3, Vp =Vs. Fig 2.4 is the setup for obtaining Vp and Fig 2.5 is the
result from the dc sweep of the setup. A current of 3ls is used.
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(a) PMOS (b) NMOS
Setup used for Obtaining Vp

With this parameter, the value of “n”” can now be obtained. By ACM model definition, n is the
derivative of Vg with respect to Vp. From the previous simulation, Vp = Vs.

_ (dVg)
n= dVp
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Plot of n and Vp for NMOS and PMOS



From the plot the value of n is extracted at Vg = 0 for NMOS and Vg = Vdd = 2 for PMOS be
obtained.

Transistor n
PMOS 1.222
NMOS 1.266

General Design Procedure

A new variable which depends on the relative location of the poles of the system to each other
will be used throughout the design. The general procedure for designing a 4™ order system is
used here. The 3 stage is obtained by assuming f4 is at infinity. These are the ‘f’ variables. An N-
stage NGCC has N “f” variables, as such the following 4 are used henceforth, f1, f2, f3 and f4.

The transfer function for the 4 stage NGCC can be represented by the following equation

4,
H(s) =

A, 3
1+ DA+ 77+ 7273 + 727379

where A, is the dc gainand f1,f2,f3 and f4 are the cut of f frequencies of each stage

The stability criteria for this circuit can be fixed by using Routh-Hurwitz stability criterion on
the unity-feedback transfer function which is given by the below equation

1
HCL(s) = 5 7 3 -

1t 7irz * rifzrs T riferara

We obtain the following conditions for stability

fa > f2
fa> f2

Also phase margin can be approximated by the following equation if f3>f2 and f4>2
@w = 90 —arctan(GB/f2)



e The cutoff of the first stage,fl is set equal to the required GBW and f2 is obtained from

the approximate expression of the phase margin.

f1=GBW = 30MHz
. _, (GBW .
¢m = 90° — tan (f_2> = 70°, GBW = 30MHz,

therefore, f2=3GBW =90 MHz

e f3and f4 are determined from the settling time and power requirement of the amplifier. A
sweep of f3 and f4 can be done versus normalized power and settling power and the
values of f3 and f4 that produces the minimum power and settling time and also meet the
condition for phase margin >70deg is chosen. Using the full expression for the phase
margin of the system, a numerical analysis can be performed to find optimum values of
f3 and f4 such that settling time is minimized while the phase margin is not degraded.
This can be performed using MATLAB. The code used is shown in Appendix A.

e To do that we need to choose values for the miller capacitors that we will use in the
compensation. We require the ratios between the miller caps and the load cap to
determine the normalized power for the MATLAB plots. For this design we use a miller

caps of 2.5pF.

The phase margin is computed from the expression below:

om = 90" — tan-1 GBW (1 — GBW?/f3. f4>l

f2 \1-GBW?/f3.f4

Settling time is obtained using the general transfer function of a 4™ order NGCC, connecting it in
unity feedback and taking the step response. The details are shown in the MATLAB code in the

appendix. Fig 1.2 shows the results obtained.
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From the plots, it is seen that when 3 = 2.5f1, which is the first plot above, the settling time and
power can be optimized. The power and settling time in the other two cases are quite higher
compared to the case when 3 =2.5f1. At that point the f4 is given by 3.5f1 and so we proceed
with the design with these parameters

Next we can determine the transconductance of each stage from the following equation:

fi gmi

T 2nCmi
f1=30MHz, f2=90MHz, f3 =225MH and f4 =315MHz

Substituting these values into eqn 1 gives the following gms.



we choose Cm1 = Cm2 = Cm3 = 2.5pF
gml =471uS gm2 =1.41mS gm3 = 3.5mS gm4 = 4.9mS

e The ACM model for the transistor is defined by the following equations.

1++vV1+id

1. Id=gm*n*®t+
1

2. Wy, = ( )

1Cox®: \W1+id —1

3. fr= 2“:;2 (2Vi+id—1)

For this design, we choose an appropriate Vdsat for each stage and compute the
corresponding inversion level, then we can compute the respective W/L for each

transistor.

Using this value and the gm; computed above, the aspect ratios of the transistors all the

transistors can be obtained from the equation 2 above.

W)y = ()
L™ ucox0. \Vitid=1

4™ Stage — nmos input

(W] )an =91

Hence,

MW/)ap= W/ )an+~1/3 =30

3" Stage — nmos input

(] )sn =79




Hence,

(W/L)3P = (W/L)Bn *3 =237

2" stage nmos input

W/)2n =23

Hence,

W/)2zp= W/)2n+3 =69

1% Stage — pmos input

W/ )1p = 124

Hence,

W/pin= W/1p+1/3 = 42

These computed values are used for the first set of simulations of the amplifier, and are adjusted
as necessary to meet the required specifications.
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Schematic for the Four -Stage NGCC



RESULTS

Stability Response
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Output Swing =1.61V and CMR = 1.6V

AC Response
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Transient Response
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Transient Response
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Fully Differential VVersion

We implement two of the NGCC stages above together with a common mode feedback circuit to
obtain the fully differential version of the four stage NGCC.

Schematic of the Fully Differential Block
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Implementation of the Fully Differential Four Stage NGCC Opamp



Results

Stability Response
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Transient Response
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Specification Required Single output version Fully Differential
Power Supply 2V 2V 2V
Load S5pF S5pF SpF
GBW 29Mhz 29MHz 55MHz
DC Gain 75dB 76dB 80.9dB
Phase Margin 70deg 69.6deg 47deg
Settling time minimum 1.155us 1.43us
Power Consumption minimum 1.38mwW 2.50mW
Slew Rate (+/-) 10V/us -1.5/1.94 V/us -1.3/5.12 V/us
CMRR @DC - 68dB 117.2dB
PSRR(+/-)@DC - 60/44.3 dB 97/89 dB




COMMENTS

From the results shown in the table above, it is observed that with the implementation of the fully
differential version of the opamp, we boosted the GBW of the opamp and as well the DC gain
shot up by about 6dB which is consistent with theoretical deductions. However, the phase margin
is very bad for the fully differential version resulting in a longer settling time. It is also clear
from the table how CMRR and PSRR are generally far better for the differential opamp than for
the single ended. The fully differential is ideally balanced inherently so rejects all common mode

inputs. But the cost of that is about a double pay in power consumption.



PROBLEM 2: DESIGN OF DAMPING FACTOR CONTROLLED FREQUENCY
COMPENSATION AMPLIFIER (DFCFC1)

Cm1 ||
!

Vin

gmlL cL
| Cm2 =—
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Topology of DFCFC1 Amplifier

General Design Procedure

The circuit has three gain stages with an extra two feed forward paths. The transconductances of

each stage are obtained as follows. DFCFCL1 is defined by the following main conditions

1. gmf2 =gm3

2. Cm1 = (4/ﬁ).(gm1/gm3>

3.CLCm1 =Cm2 > (Cp

Cp
4.gm4 = f. <a> .gm3

5.8 = 1+ 2(CL/Cp).(gm2/gm2)



e GBW = (B/4>-(gm3/CL) = 9™l | ~20MHz  Let Cm1 = 5pF,

then gml =900usS &
p.gm3=0.0036 ...... 1

e [ is a constant that depends on the capacitive load and the output parasitic capacitance.

Assuming parasitic capacitance, Cp = 100fF, then

B = \J1+2(CL/Cp).(gm2/gm2) CL =5pF, Cp = 100fF

Setting gm1 = gm2 and simplifying further gives

o1+ —— 2
B + gm3

e Equations 1 & 2 are solved simultaneously to give
gm3 = 65us B =55

o gm4is also obtained from the follwing expression

c
gm4 = k. (C—IZ).ng, gm3 =65uS Cp =100fF CL = 5pF

thefore gm4 =71.5uS

For this design, we choose an appropriate VVdsat for each stage and compute the corresponding

inversion level, then we can compute the respective W/L for each transistor.



For the various stages and the gms associated with them, we can obtain the W/L for each

transistor.

For the 3" Stage — nmos input

(],)sn = 38

Hence,

W/))3p= W/)3n+3 =114

2" stage nmos input

(W)2n = 30

Hence,

(W/L)ZP = (W/L)Zn x*3 =90

1% Stage — pmos input

W/)1p = 109

Hence,

W/in= (W/)1p++ = 36

The design was done based on these aspect ratios obtained but a little fine tuning was done to
meet the required specifications



Schematic of the DFCFC Opamp
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Fesponse
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PARAMETER SPECIFICATION SIMULATION
Avo 75 dB 101.3dB
GBW 29 MHz 29 MHz
Phase Margin 70 deg 69 deg
Slew Rate 10 V/ps -4.9 Vs (-ve)
3.3 V/us (+ve)
Settling Time Minimum 619ns
CL 5 pF 5 pF
PSRR+ - 83 dB
PSRR- - 80 dB
CMRR (0) - 60 dB
Power Consumption Minimum 0.914 mwW
Total Compensation i 8pF
Capacitance




COMPARISON OF RESULTS -3 STAGE DFCFC1 & 4 STAGE NGCC

PARAMETER SPECIFICATION DFCFC1 NGCC
Avo 75 dB 101.3 dB 76 dB
GBW 29 MHz 29 MHz 29 MHz
Phase Margin 70 deg 69 deg 69.6 deg
Slew Rate 10 V/ps -4.9 Vs (-ve) 1.94 Vius (+ve)
3.3 V/ps (+ve) 1.5 Vl/us (-ve)
Settling Time Minimum 619 ns 1.155u
CL 5 pF 5 pF S pF
PSRR+ - 83 dB 60 dB
PSRR- - 80 dB 44.3 dB
CMRR (0) - 60 dB 68 dB
Power Consumption Minimum 0.914 mwW 1.38 mW
Total Com_pensation i 8pF 19 pF
Capacitance
CMR - 1.61 1.60
Output Swing - 1.65 1.61
Input referred offset = 4.9mV 1.94mV

COMMENTS

It can be observed from the table the differences between the two schemes of compensation.with
the three stage DFCFC we were able to achieve a gain of 101dB and about the same GBW and
phase margin as the four NGCC which has a gain of 76dB. The two have comparable DC
response but the input referred ioffset of the NGCC is better than that of the DFCFC. The
DFCFC o n the other hand uses much less compensation caps than the NGCC and much less
power ( about 40% less in this case) as well. But the main issue with this scheme is the

relatively bad rejection to common mode signals.




PROBLEM 3

Design of a three Stage NGCC based on the Settling Time Optimization techniques.

The closed loop transfer function of a three stage NGCC operational amplifier is given by :

Vo
c o J‘CL
ml Em? l\ Em3 _'l'_

Emfl

Block Diagram of a three stage NGCC

H(s)
1+ gmfZ — 9Im2 Ccz s+ gmfl — Im1 CC1CC2 SZ
= H Im3 Im2 Im1 Im3Gm?2
01+ ( Ccq +gmf2_gm2 Ccz)s+gm3+gmf2_gm2+fgml CCp s2 + Cc1Ce2Cy s3
fgml Im2 Im3 fgml Im3Gm2 fgmlgm&gmz
As per the compensation network design rules;
2
Co= I p (14 5) @+ 20806,
Im3 p
Im?2 (,0 + 2)2
dC,., = 2
Ml = gt 12002
P1
where p =
(Swn)

Where p and { are parameters that will be optimized to optimize settling time.

For the optimization of the settling time for a third order system,



G, (1+Zil)(1 +ZS—2)

s { 52
(1+E)(1+2w_ns+w_%)

To deal with the minimization problem systematically, it is instead convenient to consider the
following normalized system.

G (s) =

Go(1+)%1)(1+xiz)

G =
) (1+3) @ +2¢2s +4¢22)
_ p1 _ Z1 _ Zy
where p = o) and X1 = —((wn) and X, = —((wn)

represent the relative real pole and zero locations with respect to the real part of the complex
poles {w,,, which is the normalizing factor.

From the above, it can be shown that the minimization problem to find the minimum settling
time for the third order system can be reduced to finding optimal values for { and p.

The absolute denormalized minimum settling time (MST) can be derived from the following:

; _ Tsymin
SMIN —
ZIIIopt Wy

To obtain the parameters; p,,; and (e and hence tgy;y We need to do some sweep to

obtain these values based on the level of accuracy we want.

Based on these values we can obtain the required miller caps need to compensate the circuit to
achieve minimum settling time as shown in the equations Cc1 and Cc2 above.. This was done
and the results are shown below.

The miller caps obtained are used on the design of the three stage NGCC and the result shows a
better settling time than the previous one designed.



Schematic of the three stage NGCC
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AC Response
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With Settling Time

Specification Required Conventional Minimization
Technique
Power Supply 2V 2V 2V
Load S5pF S5pF SpF
GBW 29Mhz 29MHz 27.5MHz
DC Gain 750B 76dB 72dB
Phase Margin 70deg 69.6deg 74deg
Settling time minimum 1.155us 140ns
Power Consumption minimum 1.38mwW 1.13mW
Slew Rate 10V/us 1.94V/us 4.9V/us
COMMENTS

With the design using the settling time minimization techniques, it is very obvious the difference

between the two settling times. While all other specs are comparable, the main difference

between the two is that the settling time of the conventional is about 10 times that of the new

technique and it consumes less power than the conventional. This certainly makes this a good

choice in the design of such amplifiers.




PROBLEM 4 : DESIGN USING THE 65nm CMOS TECHNOLOGY"

General Design Procedure

A new variable which depends on the relative location of the poles of the system to each other
will be used throughout the design. The general procedure for designing a 4™ order system is
used here. The 3 stage is obtained by assuming f4 is at infinity. These are the ‘f’ variables. An N-
stage NGCC has N “f” variables, as such the following 4 are used henceforth, f1, f2, f3 and f4.

The transfer function for the 4 stage NGCC can be represented by the following equation

Ao
H(s) =

A, S s s3
U+ U2+ 723 * Fapsra)
where A, is the dc gainand f1,f2,f3 and f4 are the cut of f frequencies of each stage

The stability criteria for this circuit can be fixed by using Routh-Hurwitz stability criterion on
the unity-feedback transfer function which is given by the below equation

1
s2 s3 st

1t 7irz * rifzr3 * riferara

HCL(s) =

We obtain the following conditions for stability
f4 > f2
f2
4>
f i
f3

Also phase margin can be approximated by the following equation if f3>f2 and f4>2
@m = 90 —arctan(GB/f2)

e The cutoff of the first stage,fl is set equal to the required GBW and f2 is obtained from

the approximate expression of the phase margin.

f1=GBW = 70MHz



o GBW .
®m =90 —tan_l (f—2> =70, GBW = 30MHz,

therefore, f2=3GBW =210 MHz

e {3 and f4 are determined from the settling time and power requirement of the amplifier. A
sweep of f3 and f4 can be done versus normalized power and settling power and the
values of 3 and f4 that produces the minimum power and settling time and also meet the
condition for phase margin >70deg is chosen. Using the full expression for the phase
margin of the system, a numerical analysis can be performed to find optimum values of
f3 and f4 such that settling time is minimized while the phase margin is not degraded.
This can be performed using MATLAB. The code used is shown in Appendix A.

e To do that we need to choose values for the miller capacitors that we will use in the
compensation. We require the ratios between the miller caps and the load cap to
determine the normalized power for the MATLAB plots. For this design we use a miller
caps of 2.5pF.

e The phase margin is computed from the expression below

. |GBW (1 - GBW?/f3.f4
f2 (1 — GBWZ/fB.f4>l

¢m =90 — tan™

Settling time is obtained using the general transfer function of a 4™ order NGCC, connecting it in
unity feedback and taking the step response.
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From the plots, we again choose f3 = 2.5*f2 and f4 = 3.5f2 since this choice optimizes both
settling time and power

Next we can determine the transconductance of each stage from the following equation:

. gmy
fl B 27‘[le-

f1=70MHz, f2=210MHz, f3 =525MHzand f4="735MHz

Substituting these values into eqn 1 gives the following gms. and again assuming Cm1

=Cm2=Cm3=1p



gml =439uS gm2 =1.319uS gm3 = 3.3mS and gm4 = 4.6mS

The ACM model for the transistor is defined by the following equations.

1+V1+id
1. Idzgm*n*(btfl
1
2. W/, = gm ( )
1CoxP: W1 +id — 1
_.UQ)t -
3. fT—ZnLZ(Z\/1+Ld—1)

For this design, we choose an appropriate Vdsat for each stage and compute the

corresponding inversion level, then we can compute the respective W/L for each

The values for uCpy for nmos and pmos for the 65nm technology is extracted from
Cadence and the results found to be:

Kn =540u & Kp =120

This is used in computing the aspect ratios for the various transistors in a similar manner

as was done in Problem 1

4™ Stage — nmos input

W/ )an = 43

Hence,

W/)ap = W/ )an«3 = 129

3" Stage — nmos input




("/)3n =35

Hence,

W/)3p= W/)3n+3 =105

2" stage nmos input

W/p)2n =12

Hence,

W/)2zp= W/ )2n+3 =36

1% Stage — pmos input

W/p)1p = 102

Hence,

W/ = (W/)1p «1/3 = 34

These computed values are used for the first set of simulations of the amplifier, and are adjusted
as necessary to meet the required specifications.



The schematic of the opamp is shown below
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DC Response
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AC Response
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AC Response
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Transient Response
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Stability Response

s W="300m";Loop Gain dB2@ <1 W="@"Loop Gain dBZE
it W="-=300m";Loop Gain dBZE
e
R — T TR — mm——— -
56 | ™.
F \\
\\z
f-mmmom o frm—mmmmm—mm o T T T AN
3| e e
r . N
S o
~ .
1@ b S \‘\
—_ . =,
ua} \\Fi Sy
o) . =y
- =14 b \\\ x
T \X
\‘ QQ
; L N
_59 :_ . —\.\\ \\Q
3 ., a‘:\
[ X N
—53 t W 3
o \\
75 t . . . . i
1 163 18k Thd 12EM 188G
freq ( Hz )

i }62. EAEM TZ.ES34m} defta: {—57. 7555 —Z9.80877m)
¥ [5.A@552M —15.1883m)  slope: 5@3.637D

Comparing Open Loop Response for a sinusoidal signal, with different DC levels.

For DC =-0.3V, 0 and 0.3 respectively from top to sown on the plot.

Current consumption



SUMMARY OF RESULTS

Specification Required Single output version
Power Supply 1v 1v
Load 5pF SpF
GBW 70MhZz 70.6MHz
DC Gain 55dB 66dB
Phase Margin 70deg 70deg
Settling time minimum 185ns
Power Consumption minimum 1.2mwW
Slew Rate (+/-) 10V/us 5.2/-7 Vlus
CMRR @DC - 53dB
PSRR(+/-)@DC - 54/46 dB
CMR - 872mV
Output Swing - 908mV
Input referred offset - 3.12mV

COMMENTS

We observe from the results here that almost all the specifications for the design were met except
for the slew rate specification. This is due to the very small amount of current used in the tail. To
increase the SR, more current should be pumped and that is also expensive. We realize that with
this small sized technologies, it is much easier to achieve very frequencies than with the long
channel technologies. But it comes at the cost of extra power.
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