Cory Eskridge
EE411 Final
Problem 24.1

Common mode voltage V., is defined as the voltage applied to the inputs of a differential
amplifier when the inputs are tied together. In other words, applying equal voltage to plus
and minus terminals.

The minimum common-mode voltage that can be applied to a differential amplifier is the
common-mode voltage that can be applied to the gates and still keep the MOSFETs
operating in the saturation region. For this amplifier, Vcywin €an be calculated using
equation 22.11:

2211) VCMMIN =VGSl,2 + 2[N/DS,SEJI

To reduce Vceywmin for this circuit, there are two methods we will look at. From the equation,
we can see that by reducing either of the two terms, we will reduce Vceymin.

To reduce the second part of the equation, the 2Vps ¢at, We can eliminate one of the
transistors in the bias portion of the circuit. This will reduce Veumin BY Vps sat, Since the
voltage to keep the transistors in saturation will only have to drop across 1 transistor,
instead of 2. Using the parameters from table 9.2, this results in a drop in Vcywin of 50 mV.
This can be seen when comparing the simulation outputs between figure 1 and figure 2.
The peak of the derivative of V,; corresponds to point where the transistors are switching
from off or linear to saturation, and is therefore the definition of Voywin. The simulation
indicates a drop of about 40 mV.

The second method for reducing Vceumin is to reduce the first part of equation 22.11, the Vgs.
This can be accomplished by using wider devices, as is apparent in the modified NMOS
square law equation 2 (neglecting body effect):

20 g o b

2) VGS =Vthn + KPn NV

This equation shows that to reduce Vgs we can increase the width of the device. Due to the
biasing of the circuit, the other parameters can not be changed. Again using the
parameters in table 9.2, and increasing the width of the devices from 50 to 100, we get a
reduction in Veywin Of 50 mV. This reduction is can be seen in simulations when comparing
figures 1 and 3 as about 60 mV, due to the body effect adjusting the threshold voltage,
which was not taken into account in equation 2.
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Other effects:
Solution 1 gives higher gain-bandwidth product because of the higher speed associated with
the single transistor (figure 4, 5).

Solution 2 results in lower gain-bandwidth product, as parasitic poles are introduced (see
pole splitting). This can be seen in figure 6. The open loop gain for solution 2 is lower than
the given circuit, and the gain looks to fall off at 20db/dec, as opposed to 40db/dec for the
given circuit. The g, of solution 2 is higher than either solution, as can be seen by the
slope of the derivative of V,; graphs in figures 1-3.

dB —— db(vout) Degrees — phivout)

-&0

-&0

-100

-120

frequency Hz frequency Hz

Figure 4 - frequency response for given circuit

dB —— db{vout) Degrees —— ph(vout)

-40

—-60

-80

-100

-1z0

frequency Hz frequency Hz

Figure 5 - frequency response for single bias transistor



Hz

=
=
o
B
=
(e
B
[
&
[
3
=
i
H
0
o
[
H
m
o
[=]
b
S
=
=
o
=
I
o

frequency

Figure 6 - frequency response with wider devices



Done By: Vaughn Johnson

24.2: Redesign the bias circuit for the op-amp in Fig.24.2 for minimum power. Compare
the power dissipation of your new design to the design in Fig 24.2. Using your redesign
generate the plots seen | Fig 24.3.

The two-stage op-amp in Fig 24.2 is using the biasing circuit from Fig 20.47. This
biasing circuit has several outputs that are not needed for the two-stage op-amp. The op-
amp only uses Vbias3 and Vbias4 for biasing the op-amp, this allows usto discard all the
other biasing voltages from the circuit, which will decrease the power dissipated in the
Op-amp. When the other biasing voltages are taken out we are left with the following
circuit for biasing the Op-amp:

Yhiasp
Bieta 4 c|
Mutipher
10410 |_ VYhiasd
Vhiaz &

Figl Redesigned Biasing circuit.

With this new design we lose four branches that go from Vdd to ground, thus the current
isreduced and since P=V*| the power is reduced also. Below is atable showing the
differences between the new and old values:

Parameters Original New Design  Units

Vbias3 0.544 0.544 Volts

Vbias4 0.362 0.362 Volts
IDD 138.1 98.1 uAmps
VDD 1 1 Volts

Power 138.1 98.1 uWatts

We reduced the current by 29% thus the power was reduced by 29% of its original value.
Below are the same plots asin Fig 24.3 but with the new designed bias circuit;
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Netlist for simulations:

.control
destroy all
run

*print |(vmeas) vhias3 vhias4 vss 1(VDD) VDD*I(VDD)

plot vout
plot deriv(vout)
.endc

*.op
.option scale=50n ITL1=300
.dc vp 495m 505m .1m

VDD VDD O DC 1
vm vm 0 DC 0.5
Vp Vp 0 DC 05
VMeas vmeas Vss DC 0

M1 vdl vm vmeas 0O NMOS L=2 W=50
M2 voutl vp vmeas 0 NMOS L=2 W=50
M6B  Vdbl Vbias4 0 0 NMOS L=2 W=100
M6T  vss Vbias3 vdbl O NMOS L=2 W=100

M3 vdl vdl vDD VDD PMOSL=2W=100
M4 voutl vdil vDD VDD PMOSL=2W=100

M7 vout Voutl VDD VDD PMOSL=2W=100

M8T Vout vbias3 vd8b O NMOS L=2 W=50
M8B vd8b vbia4 O 0 NMOS L=2 W=50

Xbias VDD Vbiasl Vbias? Vbias3 Vhias4 Vhigh Vlow Vncas Vpcas bias

.subckt bias VDD Vbiasl Vhias? Vhias3 Vbias4 Vhigh Vlow Vncas Vpcas

MP1  Vbias3 Vbiasp VDD VDD PMOSL=2W=100
MP2  Vbias4 Vbiasp VDD VDD PMOSL=2W=100

MN1 Vbias3 Vbhias3 0 0 NMOS L=10 W=10
MN2  Vbias4 Vbias3 Viow 0 NMOS L=2 W=50
MN3  Viow Vbias4 0 0 NMOS L=2 W=50
MBM1 Vbiasn Vbiasn 0 0 NMOS L=2 W=50
MBM2 Vreg Vreg Vr 0 NMOS L=2 W=200

MBM3 Vbiasn Vbiasp VDD VDD PMOSL=2W=100
MBM4 Vreg Vbiasp VDD VDD PMOSL=2W=100



Rbias Vr 0 5.5k

*amplifier
MAl1 Vamp Vreg O 0 NMOS L=2 W=50
MA2 Vbiasp Vbiasn 0 0 NMOS L=2 W=50

MA3 Vamp Vamp VDD VDD PMOSL=2W=100
MA4  Vbiasp Vamp VDD VDD PMOSL=2W=100

MCP VDD Vbiasp VDD VDD PMOSL=100W=100

*start-up stuff

MSU1 Vsur  Vhiasn 0 0 NMOSL=2 W=50
MSU2 Vsur Vsur VDD VDD PMOSL=20 W=10
MSU3 Vbiasp Vsur  Vbiasn 0 NMOSL=1 W=10
.ends

* BSIM4 models

*

* 50nm models from "BPTM which is provided by the Device Group at UC Berkeley"
* Modified by RIJB. These models are for educational purposes only! They are *not*

* extracted from actual silicon.

* Don't forget the .options scale=50nm if using an Lmin of 1

* 1<Ldrawn<200 10<Wdrawn<10000 Vdd=1V

* Change to level=54 when using HSPICE



By Vehid Suljic
Problem Solution for 24.3

Op-Amp in text fig. 24.2 was simulated with Vp=500 mV and sweeping Vm from 499
mV to 501 mV without MOSFETs width mismatches. Results of simulation are shown in
figure 1, bellow. We can see that when Vp=Vm=500 mV, output is also at Vout=500
mV. So offset voltage is 0 volts (Vos=0V).
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Figure 1. Simulation of Op-Amp in Fig. 24.2 without MOSFETs width mismatch

However, for only 0.2% mismatch in the widths of M1 and M2 (M1 is 50/2 and M2 is
49.9/2) we get results shown in figure 2. Now for Vp=Vm=500 mV we get output voltage
of 650 mV(Vout=650 mV).
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Figure 2. Simulation results for 0.2% mismatch in the widths of M1 and M2



Output offset voltage in Fig. 2 is 150 mV for only 0.2% mismatch and it can get very
high for 1% mismatch in the M1 and M2 widths. This high offset is due to the gain of
Op-amp,

Aoldc = A1 A2= gmn(ron|rop) gmp rop = 49.9 x 16.6 = 828
Vos,out = Aoldc Vos

In order to find exacts offset between M1 (50/2) and M2 (49.5/2) I simulated op-amp in
inverting gain of 1 configuration with R1=R2=10k. Simulation results are shown in
Figure 3. From the figure bellow one can see that now for Vp=Vm=500mV offset
voltage VosN=1.5 mV.
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Figure 3. Simulation results for 1% mismatch in the widths of M1 and M2

Mismatch in the widths of M1-M2 and M3-M4 can be modeled as offset voltages VosN
and VosP as shown in Fig. 4.
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Figure 4. Model for mismatch in the widths of M1-M2 and M3-M4

From the model in fig. 4 we can relate mismatch in M3-M4 (VosP) to the M1-M2
mismatch (VosN).

id3=gmp Vosp and 1id2 =gmn Vosn, since id3 =id2 we get

VosN= (gmp/gmn) VosP

Looking at this formula one can notice that if we increase gmn or decrease gmp we can
reduce offset voltage due to mismatch in the widths of M3 and M4. However, we cannot
reduce offset voltage due to the mismatch in the widths of M1 and M2. So mismatch in
the widths of M1 and M2 is worse.

To illustrate this point I increased widths of M1 and M2 four times to 200/2. M3 and

M4’s widths are set to 1% mismatch (M3 is 100/2 and M4 is 99/2). Simulation results
for inverting gain of 1 are shown in figure 5.
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Figure 5. Simulation of offset voltage due to mismatch in the widths of M3 and M4

Now, we can see that offset voltage for Vp=Vm=500mV is only Vos=0.8 mV which is
almost twice less than offset voltage due to the widths mismatch of M1 and M2
(Vos=1.5mV as shown in fig. 3).

By increasing widths of M1 and M2 we increased gmn which reduced offset voltage due
to the mismatch in the widths of M3 and M4.



**% Problem 24.3 WinSpice Netlist***
.control

destroy all

run

plot vout

.endc

.option scale=50n ITL1=300
.dc vimn 499m 501m .001m

VDD VDD 0 DC 1
Vm Vm 0 DC 0
Vp Vp 0 DC 0.5

NMOS L=2 W=50
NMOS L=2 W=50

Ml vdl wvm  vss
M2 voutl vp VSS
M6B  Vdbl Vbias4 0 NMOS L=2 W=100
M6T vss  Vbias3 vdbl NMOS L=2 W=100
M3 wvdl vdl VDD VDD PMOSL=2 W=100
M4  voutl vdl VDD VDD PMOS L=2 W=99

SO OO

M7  vout Voutl VDD VDD PMOS L=2 W=100
MS8T Vout vbias3 vd8b 0 NMOS L=2 W=50
M8B vd8b wvbias4 0 0 NMOS L=2 W=50
*R2  vout vm 10k
*R1 wvml vm 10k

Xbias VDD Vbiasl Vbias2 Vbias3 Vbias4 Vhigh Vlow Vncas Vpcas bias

.subckt bias VDD Vbias1 Vbias2 Vbias3 Vbias4 Vhigh Vlow Vncas Vpcas

MP1 Vbias3 Vbiasp VDD VDD PMOS L=2 W=100
MP2  Vbias4 Vbiasp VDD VDD PMOS L=2 W=100
MP3 vpl vp2 VDD VDD PMOS L=2 W=100
MP4 wvp2  Vbias2vpl VDD PMOS L=2 W=100
MP5 Vpcas Vpcas vp2 VDD PMOS L=2 W=100
MP6 Vbias2 Vbias2 VDD VDD PMOS L=10 W=20
MP7 Vhigh Vbiasl VDD VDD PMOS L=2 W=100
MP8 Vbiasl Vbias2 Vhigh VDD PMOS L=2 W=100



MP9  vp3

MP10 Vncas Vbias2vp3 VDD
MNI1 Vbias3 Vbias3 0 0
MN2 Vbias4 Vbias3 Vlow 0
MN3 Vlow Vbias40 0
MN4 Vpcas Vbias3vnl 0
MNS5 wvnl  Vbias4 0 0
MN6 Vbias2 Vbias3vn2 0
MN7 wvn2  Vbias40 0
MNS8 Vbiasl Vbias3vn3 0
MN9 vn3  Vbias4 0 0
MNI10 Vncas Vncas vnd 0
MNI1 vn4  Vbias3vn5 0
MNI12 vn5 wvnd 0 0
MBMI1 Vbiasn Vbiasn 0 0
MBM2Vreg Vreg Vr 0
MBM3 Vbiasn Vbiasp VDD VDD
MBM4Vreg Vbiasp VDD VDD
Rbias Vr 0 5.5k
*amplifier

MA1 Vamp Vreg 0 0
MA2 Vbiasp Vbiasn 0 0
MA3 Vamp Vamp VDD VDD
MA4 Vbiasp Vamp VDD VDD
MCP VDD VbiaspVDD VDD
*start-up stuff

MSUI Vsur Vbiasn0 0
MSU2 Vsur Vsur VDD VDD
MSU3 Vbiasp Vsur Vbiasn 0

.ends

Vbiasl1 VDD VDD PMOS L=2 W=100

PMOS L=2 W=100

NMOS L=10 W=10
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50

NMOS L=2 W=50

NMOS L=2 W=200
PMOS L=2 W=100
PMOS L=2 W=100

NMOS L=2 W=50
NMOS L=2 W=50
PMOS L=2 W=100
PMOS L=2 W=100

PMOS L=100 W=100

NMOS L=2 W=50
PMOS L=20 W=10
NMOS L=1 W=10



Jared Fife

Problem 24.4

This problem asks to simulate the use of the “zero-nulling” circuit in Fig. 24.15 in the op-
amp of Fig. 24.8. The AC, operating-point, and transient (step) operation of the resulting
op-amp are to be shown. We're also asked to verify that the gate of MP1 is at the same
potential as the gate of M7 in quiescent conditions.

A drawing of the circuit is shown in herein Figure 1.
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Figure 1. Op-amp circuit for problem 24.4

WEe'll use 100fF for C_ aswas used in Fig. 24.8 in thetext. For C¢, we'll use ahigher
value than the 100fF that was used originally in Fig. 24.8 in the text. Let’s set our unity
gain frequency to 10MHz as was donein eq. 24.10:

gz Om DAV g, oo =24pF
2rlC.  2mlC,

Quiescent conditions

The gate and drain voltages of M4 and MP1 is mirrored over from M3. Also, this same
voltage is mirrored to the gate of M7. To verify thisin SPICE, we can perform an
operating point (.op) analysis. The following voltages were recorded from SPICE:

voutl = 6.488707e-01
vdMP1 = 6.473535e-01
vdl = 6.500546e-01



This verifiesthat the circuit is biased correctly and the node voltages are mirrored over as
we expected. We can aso see from this analysis that we have a built in offset in the diff
amp of ~2mV from the voltage difference of nodes vdl to voutl.

AC Response
To show the AC operation of the circuit, we'll use the same configuration shown in Fig.

24.9 of the text.

dE —— db(wout)

[l I e R - I

Degrees —— phiwvout)
FTIE] 1 (1] (2 S e o 9 S i ] e S S S e I S o [ S e e e ey
150 O fmmmmmmmdeab b e ek b e - - - o
I T M

5 R T =T T o i T S
0.0
i
50 . 0lecoooood . 5 Lo 'k&'"" ________ IR LIS S oA
ot
NS

—100 . 0}---mo-- B Lediatd bontacan S S e =t LEEEE T

—150.0}-------1 B S Lot Eenteaan [Tt = Lodls -xi-- et

—zo0. ol Bty (e s eeas oaoi oo B fee s s ethert Eestnan LelaAd b R

1073 1074 1075 1076 o7 1078 1079
frequency Hz

Figure 2. Open-loop frequency response of the op-amp shown in Figure 1 above.

Asshownin Fig. 2, the phase margin is almost 90 degrees, so stability isn't anissue asit
would be with alower compensation capacitance. The phase margin dropsto ~15
degreesif we use 100fF for Cc.

Transient Analysis




For the transient or step response of the circuit we can use the configuration shown in Fig
24.12 or 24.14 inthetext. Theresponseiswell behaved and similar to Fig 24.14 in the
text where Cc was also set to 2.4pF.
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Figure 3. Transient Response of the op-amp shown in Figure 1 above.

Netlist for AC Response

*** Problem 24.4 CMOS: Circuit Design, Layout, and Simulation ***

.control
destroy all

run

set units=degrees
plot ph(vout)
plot db(vout)

.endc

.option scale=50n ITL1=300

.ac dec 100 1k 1G
VDD VDD
Vp Vp
Rbig Vout
Chig vVm
Cc Vout
Cl Vout
M1 vdl
M2 voutl
M6B Vdbl
M6T VSsS
M3 vdl
M4 voutl
MP1 vdMP1

MP2

vdM P2

0 DC 1

0 DC 05 AC 1

Vm 100MEG

0 10u

cc 24p

0 100f

vm ES 0 NMOS L=2 W=50
vp ES 0 NMOS L=2 W=50
VbiasA 0 0 NMOS L=2 W=100
Vbias3  vdbl 0 NMOS L=2 W=100
vdl VDD VDD PMOS L=2 W=100
vdl VDD VDD PMOS L=2 W=100

vdMP1 VDD VDD PMOS L=2 W=100
vdaMP2 vdMP1 VDD PMOS L=2 W=100



Mz cc vdMP2  voutl VDD PMOS L=2 W=100

M9OT vdMP2  vbias3  vd9b 0 NMOS L=2 W=50
M9B vdob vbiasA 0 0 NMOS L=2 W=50
M7 vout Voutl VDD VDD PMOS L=2 W=100
M8T Vout vbias3  vd8b 0 NMOS L=2 W=50
m8B vdsb vbiasA 0 0 NMOS L=2 W=50

Xbias VDD Vhiasl Vhias2 Vbias3 Vhias4 Vhigh VIow Vncas Vpcas bias

.subckt bias VDD Vbhiasl Vbias2 Vhias3 Vbias4 Vhigh Vliow Vncas Vpcas

MPL  Vbias3 Vbiap VDD VDD  PMOSL=2W=100
MP2  Vbias# Vbiap VDD VDD  PMOSL=2W=100
MP3  wpl vp2 VDD VDD  PMOSL=2W=100
MP4  vp2 Vbias2  vpl VDD  PMOSL=2W=100
MP5  Vpcas Vpcas — vp2 VDD  PMOSL=2W=100
MP6  Vbias2 Vbia2 VDD VDD  PMOSL=10W=20
MP7  Vhigh Vbiasl VDD VDD  PMOSL=2W=100
MP8  Vbiasl Vbia2 Vhigh VDD  PMOSL=2W=100
MP9  vp3 Vbiasl VDD VDD  PMOSL=2W=100

MP10 Vncas Vbia2  vp3 VDD PMOS L=2 W=100
MN1 Vbias3  Vbias3 0 0 NMOS L=10 W=10
MN2 VbiasA  Vbias3  Viow 0 NMOS L=2 W=50
MN3 Viow Vbias4 O 0 NMOS L=2 W=50
MN4 Vpcas Vbias3  vnl 0 NMOS L=2 W=50
MN5 vnl Vbias4 O 0 NMOS L=2 W=50
MNG6 Vbia2  Vbias3 vn2 0 NMOS L=2 W=50
MN7 vn2 VbiasA O 0 NMOS L=2 W=50
MN8 Vbiasl  Vbias3 vn3 0 NMOS L=2 W=50
MN9 vn3 Vbiasd O 0 NMOS L=2 W=50
MN10 Vncas Vncas vn4 0 NMOS L=2 W=50
MN11  vnd Vbias3  vn5 0 NMOS L=2 W=50
MN12  vn5 vn4 0 0 NMOS L=2 W=50
MBM1 Vbiasn Vbiasn O 0 NMOS L=2 W=50
MBM2  Vreg Vreg Vr 0 NMOS L=2 W=200

MBM3  Vbiasn Vbiasp VDD VDD PMOS L=2 W=100
MBM4  Vreg Vbiasp VDD VDD PMOS L=2 W=100

Rbias Vr 0 5.5k

*amplifier

MA1 Vamp Vreg 0 0 NMOS L=2 W=50
MA2 Vbiap Vbiasn 0 0 NMOS L=2 W=50

MA3 Vamp Vamp VDD VDD PMOS L=2 W=100
MA4 Vbiasp  Vamp VDD VDD PMOS L=2 W=100

MCP VDD Vbiasp VDD VDD PMOS L=100 W=100

*gtart-up stuff

MSU1  Vsur Vbiasn 0 0 NMOSL=2 W=50
MSU2  Vsur Vsur VDD VDD PMOSL=20 W=10
MSU3  Vbiapp  Vsur Vbiasn 0 NMOSL=1 W=10
.ends

Netlist for Transient Response

The following lines are changed from the above netlist:

.control



destroy all

run

set units=degrees

plot vout vin xlimit 400n 1u ylimit 480m 520m
.endc

.option scale=50n ITL1=300

tran1n1lu UIC

VDD VDD 0 DC 1

Vin Vin 0 DC 0 PULSE 500m 505m 500n 0 0 250n 500n
M1 vdl vout VSsS 0 NMOS L=2 W=50

M2 voutl vin VSsS 0 NMOS L=2 W=50

Netlist for Operating Point

For the .op analysis we comment out the .ac line in the netlist above and add the
following:

.op
print vd1 voutl vdMP1



Problem 24.5
(Mayuri Vasireddi)

The following is the model to determine the frequency response of circuit seenin Fig. 24.17

i - Vout
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At nodelusing KCL wehave

Vout Vl

T
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At node 2 the equivalent output impedenceis (letssay 'a’

_ 1 1 1
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1 1
=a= I
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For output node 2,
Vout = _gmz |:T\/l DO’
substituting V, from (1) in the above equation, we get
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Substituting the valueof a in the aboveequation we get,
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grrcg



Looking at the aboveequation wefindaLHP zero at

f.= Yoy
27Cc

To find the output pole, welook at the denominator of the aboveequation,

1+{RC“ - +Rz(Cc+CL)+9m2RR2C°j+SZ[@+Rchl(cc+cL)+ RZC&LJ
+53(R1chcclqj
Omeg
Now,
let K:1+S(R1C1+ Ce +R2(CC+CL)+gm2R-R2CCj+SZ(RCCCl+R1R2C1(CC+CL)+ RZCCCL]
Omeg Onmeg Omeg
The denominator then becomes
K+53(RLchccchj
Omeg
Factorizingit, weget
S(R&CCCCJ
KO 1+ Iy intheform 1+ji 1+ji
K/s f1 f2
f Omeg
1+ |1— |=| 1+
( ‘ fz] K
SZ
= 1+ Omeg

12+i(Rlcl+CC+Rz(cc+CL)+gmzR1chcj+(m+Rchl(cc+cL)+ RZCCCLJ

S Omeg Omeg Omeg




At high frequencies, we can approximate to

{RlRZCCClCLJ
ST
I R A R e
gmcg gmcg
m(RIchccch}
:{“inj: 1+ ] o
: [Rﬁc RRCL(C. +C,)+ RchCLJ
Iing meg

Thus

% + R1R201(Cc +CL)+ R,C.C,
fo= gmcg gn‘cg
, =

o RRCCGC
gn‘cg
Assuming RR,C,(C. +C, ) >> RCCy ang ReCeCu , weget
gmcg gmcg

¢ . RRC(C.+C\)
2

o5 RRCcC.CL

gmcg
f ~ grmg(CC +CL)
? 27€.C,

Using thisformulawe calculatefor C. = 240 fF and C, =100 fF, the output poleto be

(= 1504 (240 fF +100fF)
270240 fF 1100 fF

This matchesthe valuefrom SPI CE simulation (simulation results attached)

Tocheckif theabovederived equationiscorrect, let usfind out the f, for different values:

1.C. =520fF andC, =100fF

= 338.2MHz

(= 1504 (520 fF +100fF) _ 28464MHz = 1504 _ 4 onHz
270520 fF (1100 fF 20520 fF

2.C. = 2400fF andC, =100fF

¢ 1504 (2400 fF +100fF) 1504

= 248.6/MHz  f, = =9.95MHz

2 2712400 fF 1100 fF 2" 277002400 fF
SPICE simulations attached show that the above cal cul ated valuesare correct



For C-=240fF, C_=100fF, f, isaround 320MHz, f, isaround 100MHz

dB —— db{wvout)

20.0

f requency H=

For C-=520fF, C_ =100fF, f, isaround 290MHz, f, is around 50MHz

dB —— db{wvout)

20.0

10.0

—-10.0

—-20.0

—-30.0

f requency Hz

For Cc=2.4pF, C_.=100fF, f, isaround 250MHz, f, is around 10MHz

dpie — db{wout?)

25.

Op-------- T R T TYTTITATATEAT
20.
1&5.

10,

f requency H=



Problem 24.6
Bhavana Kollimarla
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Hand Calculations
Cc :2.4pF

C.=100fF

C\ =Cy1+Cag4a+Cagmc+Caga+Cga2=18.86 fF
Ri=7on!l10p=111.2KQ

Ro =t /] Rocasn =Fop =333KC2
gm=gm=150uA/V

gm2=gmp=150uA/V

Location of first pole 1=

1 B 1
27gmRReCe 21500 111.2K-333K-2.4p
ng'Cc ~ ng' Cc _ 150#'24p ~1 2GHZ
21:CrCy 27Cr(Ci+C.) 27-18.86f (2.4p+100f)

. ) 150
Unity Gain Frequency fin=—8" — H
v 1 y g 2r:Ce 2m 2.4p

=12KHz

Location of second pole f>=

=10MHz

fi= gm _ 150u

2r:Ce 2w 2.4p
AoL=gm 'gmR-Ro=15021504-111.2K-333K=831.6V/V~58.3dB
Sun=Aor f3a3=831.6:12KHz=9.9MHz

=10MHz

The Simulation Results are shown below:
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Hand Calculations Simulations

N 12KHz 10KHz
f 1.2GHz 0.3GHz
Aor 58.3dB 58.8dB
f- 10MHz 10MHz
Sun 10MHz 410MHz

The hand calculations and simulation results for fi, £, Aor, f, are close but the values for
the unity gain frequency don’t match because of the LHP zero in between the two poles
which adds to the phase response and increases the speed (f;).

Netlist

.control

destroy all

run

set units=degrees

plot ph(vout)

plot db(vout)

.endc

.option scale=50n ITL1=300 rshunt=1¢9
.acdec 100 1k 1G

VDD VDD 0 DC 1

Vp Vp 0 DC 0.5 AC 1
Rbig Vout Vm 10MEG

Cbig Vm 0 10u

Cc Vout VdI10 2.4p

Cl Vout 0 100f

NMOS L=2 W=50
NMOS L=2 W=50

M1 vdl vm VSs
M2 voutl vp VSS
M6B Vdbl Vbias40 NMOS L=2 W=100
M6T  vss Vbias3 vdb1l NMOS L=2 W=100
M3 vdl wvdl VDD VDD PMOS L=2 W=100
M4  voutl vdl VDD VDD PMOS L=2 W=100
M4a voutl vdl VDD VDD PMOS L=2 W=100
M7 vout Voutl VDD VDD PMOS L=2 W=100
M8T Vout vbias3 vd8b 0 NMOS L=2 W=50

M8B vd8b vbias4 0 0 NMOS L=2 W=50
MCG voutl vp vdl0 0 NMOS L=2 W=50
M10B vd10 wvbias3 vd9 O NMOS L=2 W=50
M9  vd9 vbias4 0 0 NMOS L=2 W=50

*include bias circuits and 50n models



Christopher Schance

Problem 24.7

For the op-amp in Figure 24.21 determine the CMRR using hand calculations. Verify your hand
calculations using simulations. How does the CM RR change based on the DC common-maode voltage?

Solution
Using equation (24.26) shown below along with A, () = A, A, , where A4 isthe differential-mode

gain of the diff amp, A, isthe common-mode gain of the diff amp, and A is the gain of the second stage of
the op amp in Figure 24.21.

ﬁ‘

A

Ay = =0 (foz [ 7o) = =150UA/V [167kQ || 333kQ) = ~16.68V /V

CMRR = 20og

—A"L(f)‘:ZOEﬂog

Calculating A4 from equation (22.22),

Also, calculating A, similar to equations (22.24) and (22.26), with R,=4.2MQ which is the output
resistance of the cascode current source created by M6T and M6B,

1
A\: — Vout,dif'famp — gm3,4 — 1 - 1
V, 1 1 1
¢ —+2 = 150uA/V [ ——— + 2[{4.2MQ
Os 2O G [E — +2ER0] [€150uA/V 1 )j
A, =7.93x107*V IV
Using the values of A, and Ay in equation (24.26) yields
CMRR =20 [nogi =20 [I]og| _16'68!1 V| 86.460B
A 17.93x107*V /V |

In order to verify the hand cal culations with SPICE, the configuration in Figure 24.25 isused. The
simulation result, with a DC common-mode voltage of 700mV, is shown in the following plot. The result
shows a CMRR of about 86dB, which agrees closely with the hand calculations. Also, at high frequencies,
CMRR falls. Thisis caused by the capacitance at the sources of M1, M2 dominating at high frequencies,
which resultsin a decrease of the impedance to ground at that node. Since this capacitance isin parallel
with R,, A will increase with high frequency, which causes CMRR to decrease. Thisdropin CMRR can
be seen in the simulation results for frequencies greater than 1IMHz.



dB

db(CHRR)

f requency Hz

CMRR of DC common-mode voltage of 700mV

Variations in the DC common-mode voltage will cause the voltage at the source of M1, M2 to vary. Asa
result, the voltage across the current source created by M6 will also vary. Higher DC common-mode
voltages will cause the voltage across M6 to be larger, resulting in higher R, for the current source created
by M6. Asaresult, CMRR will go up as the DC common-mode voltage increases. Thisistruesince R,
directly affects A, asoutlined in the discussion above. The plot shown below isthe CMRR withaDC
common-mode voltage of 500mV. The CMRR drops to about 50dB for a common-mode voltage of
500mV.
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CMRR for DC common-mode voltage of 500mV



*Problem 24.7

.control

destroy all

run

let CMRR=vaol/vaca2
plot db(CMRR)

.endc

*.option scale=50n ITL1=300 vntol=1u abstol=1u reltol=1u
.option scale=50n ITL1=300 rshunt=1e9
.ac dec 100 1k 1G

VDD VDD 0 DC 1

Vin Vin 0 DC 0.7 AC 1
Xopampl VDD vaol vin vml opamp
Rbigl vaol vml 100MEG

Cbhigl vml 0 10u

Xopamp2 VDD vaca2 vin vm2 opamp
Rbig2 vaca2 vm2 100MEG

Chig2 vin vmz2 10u

.subckt opamp VDD vout vp vm

Cc Vout Vdat 240f

M1 vdl vm VSS 0 NMOS L=2 W=50
M2 voutl vp VSS 0 NMOS L=2 W=50
M6B Vdbl Vbias4 O 0 NMOS L=2 W=100
M6T VSS Vbias3 vdbl 0 NMOS L=2 W=100

M3T vd3t vdl VDD VDD PMOS L=1 W=100
M3B vdl vdl vd3t VDD PMOS L=1 W=100
MAT vdat vdl VDD VDD PMOS L=1 W=100
M4B voutl vdl vd4t VDD PMOS L=1 W=100

M7T vd7t Voutl VDD VDD PMOS L=1 W=100
M7B Vout Voutl vd7t VDD PMOS L=1 W=100

mM8T Vout vbias3  vdsb 0 NMOS L=2 W=50
mM8B vd8b vbias4 0 0 NMOS L=2 W=50

Xbias VDD Vbiasl Vbias2 Vbias3 Vbias4 Vhigh Vlow Vncas Vpcas bias
.ends
.subckt bias VDD Vbias1 Vbias2 Vbias3 Vbias4 Vhigh Vlow Vncas Vpcas

MP1 Vbias3 Vbiasp VDD VDD PMOS L=2 W=100
MP2 Vbias4 Vbiasp VDD VDD PMOS L=2 W=100
MP3 vpl vp2 VDD VDD PMOS L=2 W=100
MP4 vp2 Vbias2 vpl VDD PMOS L=2 W=100
MP5 Vpcas Vpcas  vp2 VDD PMOS L=2 W=100
MP6 Vbias2 Vbias2 VDD VDD PMOS L=10 W=20
MP7 Vhigh Vbiasl VDD VDD PMOS L=2 W=100
MP8 Vbiasl Vbias2 Vhigh VDD PMOS L=2 W=100
MP9 vp3 Vbiasl VDD VDD PMOS L=2 W=100
MP10  Vncas Vbias2 vp3 VDD PMOS L=2 W=100

MN8 Vbiasl Vbias3 vn3
MN9 vn3 Vbias4 0

NMOS L=2 W=50
NMOS L=2 W=50

MN1 Vbias3 Vbias3 0 0 NMOS L=10 W=10
MN2 Vbias4 Vbias3 Viow 0 NMOS L=2 W=50
MN3 Viow Vbias4 0 0 NMOS L=2 W=50
MN4 Vpcas  Vbias3 vnl 0 NMOS L=2 W=50
MNS vnl Vbias4 0 0 NMOS L=2 W=50
MNG6 Vbias2  Vbias3 vn2 0 NMOS L=2 W=50
MN7 vn2 Vbias4 0 0 NMOS L=2 W=50

0

0



MN10 Vncas Vncas vn4 0 NMOS L=2 W=50
MN11 vn4 Vbias3 vn5 0 NMOS L=2 W=50
MN12 vn5 vn4 0 0 NMOS L=2 W=50
MBM1  Vbiasn Vbiasn 0 0 NMOS L=2 W=50
MBM2  Vreg Vreg Vr 0 NMOS L=2 W=200

MBM3  Vbiasn Vbiasp VDD VDD PMOS L=2 W=100
MBM4  Vreg Vbiasp VDD VDD PMOS L=2 W=100

Rbias Vr 0 5.5k

*amplifier

MA1 Vamp  Vreg 0 0 NMOS L=2 W=50
MA2 Vbiasp Vbiasn 0 0 NMOS L=2 W=50

MA3 Vamp Vamp VDD VDD PMOS L=2 W=100
MA4 Vbiasp Vamp VDD VDD PMOS L=2 W=100

MCP VDD Vbiasp VDD VDD PMOS L=100 W=100

*start-up stuff

MSU1  Vsur Vbiasn 0 0 NMOS L=2 W=50
MSU2  Vsur Vsur VDD VDD PMOS L=20 W=10
MSU3  Vbiasp Vsur Vbiasn 0 NMOS L=1 W=10
.ends

* BSIM4 models



Problem 24.8 Russell Benson, CNS
Problem:

Simulate the Power Supply Rejection Ratios (PSRRs) for the op-amp in Figure 24.8 (with
Rz of 6.5KQ and a Cc of 2.4pF) and compare the results to the op-amp in Fig 24.21 when
Ccisset to (also) 2.4pF (so each op-amp has the same gain-bandwidth).

Solution:

When designing an op-amp, adesigner has many things to be concerned with including
power supply rejection ratio (PSRR). The PSRR is a quantitative figure of merit for an
op-amps ability to reject noise fed into the op-amp through VDD or ground. Read the
discussion in Chapter 24 for a better understanding of how noise on the power supplies
feeds through to the output. The equations for PSRR are as follows:

PSRR" - noise on VDD of op-amp.

PSRR" = Ao (F)/(Vou/V")
PSRR’ - noise on ground of op-amp.

PSRR’ = Aoy (f)/ (Voul/V)

Ideally, an op-amp with infinite output resistance would show no change in vq, with
respect to small changes on VDD or ground. Therefore, vo./v- would go to O and the
PSRR term would beinfinite. However in reality, CMOS op-amps have afinite output
resistance that continues to worsen as the | of devices decreases into the nanometer range.

The schematic used to determine PSRR can be found in Figure 24.27. Note, when
running simulations, only vary one of the power supplies (v* or v) at atime while
holding the other constant. Generating all three graphs (Ao, V', and v°) can be
accomplished in one netlist by setting up the op-amp as a sub-circuit and calling the sub-
circuit three times (once for each of the terms above). See netlists at the end of the
solution for an example. A couple of other things to mention about the netlists are that
the ac signals on VDD and ground are fed to the bias circuit as well, but are not fed to
CBigwhich isonly used to bias up the op-amp properly for simulation.

Graphsfor Ao, V', and v for the two op-amps (Figure 24.8 and 24.21) are shown in
Figures 1 and 2 on the following page.



dB db{vop) — db{vom)}
— db{vout}

1 10 100 1073 1074 1075 1076 1077 1078 1079 1 10 100 1073 1074 1075 1076 1077 1078 1079
frequency Hz frequency Hz

Figurel - simulations results for op-amp in Figure 24.8.

dB db{wop) — db(vom)
— db{wvout}

1 10 100 10°3 10%4 10°5 106 10°7 1078 1079 . 1 10 100 1073 1074 1075 1076 1077 1078 1079
frequency Hz frequency Hz

Figurel - simulations results for op-amp in Figure 24.21.
Discussion:

To start, notice that for both op-amp topologies, the Aoy, Vou/V', and Vou/V' graphs have
the same form as those given in Figure 24b, ¢, and d. Note, the graphsin Figure 24 are
al linear plots. Therefore for vou/V' = 1, that is the same as above where vo /v = 0dB.

From the figures above it can be seen that the Figure 24.21 op-amp design does a better
overall job of rejecting noise on ground in the lower frequencies. vqu/V for Figure 24.8
op-amp is~8 whileit is~4 for Figure 24.21. Thisin turn increases the PSRR’ for the
figure 24.21 op-amp. However, one must notice that the overall open-loop gainislarger
for the figure 24.8 op-amp resulting in similar PSRR’ for the two topologies. Vou/v*
shows no difference between the two op-amp topol ogies resulting in the Figure 24.21 op-
amp to have alower PSRR" overall compared to the Figure 24.8 op-amp.

Another important aspect to mention is a so-called PSRR" and PSRR™ bandwidths
(frequency range before PSRR" and PSRR' roll off). Note, that due to the vo/v~ drop off
at around 10KHz for both topologies, the PSRR™ bandwidth is roughly IMHz while the
op-amp f3qs frequency isback at 10KHz. Thisallowsfor alarge rejection ratio within
the op-amp operation range.

As mentioned above, vy /v remains constant at 0dB, or 1, throughout the frequency
sweep. Therefore, PSRR" is basically equal to Ag. and the PSRR™ bandwidth will be
equal to the bandwidth of Ao.. Note, that the PSRR* bandwidth is dlightly larger (few
KHz) for the Figure 24.21 op-amp. However, as discussed in chapter 24, the indirect



feedback of the compensation current allows the unity gain frequency (as well as the faqp)
to be pushed out further increasing the speed of the op-amp while maintaining decent
phase margin as compared to direct feedback compensation. Thisin turns translatesto a
better PSRR" for the indirect feedback compensation scheme. However, as shown above,
the PSRR" for both topologies is within a few KHz when compensated to the same unity
gain frequencies.

Netlists (note netlists do contain the bias circuit, but do not contain models):

*** Problem 24.8 Figure 24.8 Netli st Russel | Benson, CNS ***
.control

destroy all

run

set units=degrees

pl ot db(vout), db(vop), db(vom
| et psrrp=db(vout)-db(vop)

I et psrrmedb(vout)-db(vom

plot psrrp, psrrm

*print all

.endc

.option scal e=50n | TL1=300 rshunt=1e9
.ac dec 100 1 1G
* . Op

***********************Cbmmn ,\bdes**********************************

VDD VDD 0 DC 1

VGRND VGRND O DC 0

VPP VPP 0 DC 500m

VPM VPM 0 DC 500m

***********************Q)_Anp Slmfor O_ Cﬁl n************************
VP VI N 0 DC 0.5 AC 1

RBI G vouT VM 10MEG

CBl G VM 0 100u

XACL VDD VGRND VIN VM VouT OPAVP

***********************QJ_Arrp Sl mfor AC Vm************************

VDDP VDDP 0 DC 1 AC 1
RBP VOoP VWP 10MEG
CBP VWP 0 100u

XPSRR  VDDP VGRND VPP VP veP OPAVP

***********************@_Anp Sim for AC GROUNDF * * * % % % % % % & % % % % % % k % % %

VNEGM VNEGM 0 DC 0 AC 1
RBM vav VM 10MEG
CBM VM 0 100u

XMSRR VDD VNEGM VPM VW VoM OPAMP

. subckt opanp VDD VGRND vp vm vout

***********************cbn-pensat| On**********************************

Cc Vout voutl 2400f
*RZ VRZ voutl 6.5k

***********************QJ_Arrp O r cui t********************************

ML vdl vm Vss VGRND NMOS L=2 W50
%4 voutl wvp VSs VGRND NMOS L=2 W50
V6B Vdb1l Vbi as4 VGRND VGRND NMOS L=2 W:100
MBT Vss Vbi as3 vdbl VGRND NMOS L=2 W=100
VB vdl vdl VDD VDD PMOS L=2 W100
(% voutl vdl VDD VDD PMOS L=2 W:100



mr
MBT
VBB

Xbi as
. ends

vout
Vout
vd8b

Vout 1
vbi as3

VDD
vd8b

VDD PMOS
VGRND  NMOS

L=2 Ws100
L=2 W50

vbias4 VGRND VGRND NMOS L=2 W50

VDD Vhi as1l Vbi as2 Vbi as3 Vbi as4 Vhi gh Vl ow Vncas Vpcas VGRND bi as

KXKKKKKKKRK KKK KKK K KK XX XBj g5 ClrCUI f XXX *F A A XK Ik k kA kkhh kAR XKk k kA Xk kK

. subckt bias VDD Vbiasl Vbias2 Vbias3 Vbias4 Vhigh VIow Vncas Vpcas VGRND

MP1 Vbi as3
MP2 Vbi as4
MP3 vpl
MP4 vp2
MP5 Vpcas
MP6 Vbi as2
MP7 Vhi gh
MP8 Vbi as1
MP9 vp3
MP10 Vncas
MNL Vbi as3
M\2 Vbi as4
N3 VI ow
M4 Vpcas
M\ vnl
VN6 Vbi as2
MN7 vn2
VN8 Vbi asl
M\9 vn3
MN10 Vncas
IMN11 vn4
MN12 vn5
MBML Vbi asn
VBMR Vreg
VBVB Vbi asn
VBVHA Vreg
Rbias Wr
*anplifier

MAL Vanp
MA2 Vbi asp
MA3 Vanp
MAd Vbi asp
MCP VDDM
*start-up stuff
MSUL Vsur
MBU2 Vsur
MsU3 Vbi asp
. ends

* k%

.contro

destroy al

run

Vbi asp
Vbi asp
vp2
Vbi as2
Vpcas
Vbi as2
Vbi asl
Vbi as2
Vbi as1
Vbi as2

Vbi as3
Vbi as3
Vbi as4
Vbi as3
Vbi as4
Vbi as3
Vbi as4
Vbi as3
Vbi as4
Vncas
Vbi as3
vn4

Vbi asn
Vreg

Vbi asp
Vbi asp

VGRND

Vr eg
Vbi asn
Vanp
Vanp

Vbi asp
Vbi asn

Vsur
Vsur

Pr obl em 24. 8

set units=degrees
pl ot db(vout)
| et psrrp=db(vout)-db(vop)
I et psrrmedb(vout)-db(von)

pl ot psrrp

*print all

.endc

db(vop)

psrrm

VDD VDD PMOS
VDD VDD PMOS
VDD VDD PMOS
vpl VDD PMOS
vp2 VDD PMOS
VDD VDD PMOS
VDD VDD PMOS
Vhigh VDD PMOS
VDD VDD PMOS
vp3 VDD PMOS
VGRND VGRND NMOS
VI ow VGRND  NMOS
VGRND VGRND NMOS
vnl VGRND  NMOS
VGRND VGRND NMOS
vn2 VGRND  NMOS
VGRND VGRND NMOS
vn3 VGRND  NMOS
VGRND VGRND NMOS
vn4 VGRND NMCS
vn5 VGRND  NMCS
VGRND VGRND NMOS
VGRND VGRND NMOS
Vr VGRND NMCS
VDD VDD PMOS
VDD VDD PMOS
5. 5k
VGRND VGRND NMCS
VGRND VGRND NMOS
VDD VDD PMOS
VDD VDD PMOS
VDD VDD PMOS
VGRND VGRND NMOS
VDD VDD PMOS
Vbiasn VGRND NMOS
Fi gure 24.
db(vom

.option scal e=50n | TL1=300
.ac dec 100 1 1G

*. op

L=2 W100
L=2 W100
L=2 W100
2 W100

oo

Lt st s il s i I S e I

|l s
LU

NN NN
%
N
o
o

W50
W50
W£100
W£100

[l e
L

NN NN

L=100 W-100

L=2 W50
L=20 W10
L=1 W10

21 Netli st Russel | Benson, CNS ***



***********************cbn-rmn ,\bdes**********************************

VDD VDD 0 DC 1

VGRND VGRND O DC 0

VPP VPP 0 DC 500m

VPM VPM 0 DC 500m

***********************@_Arrp Slmfor O_ Cﬁl n************************
VP VIN 0 DC 0.5 AC 1

RBI G vouT VM 100MEG

CBI G VM 0 100u

XACL VDD VGRND VIN VM VouT OPAVP

***********************@_Anp Sim for AC VDD ™ * %% %%k kk &k kkkkk &k xkkkkx

VDDP VDDP 0 DC 1 AC 1
RBP VOoP VWP 100MEG
CBP VWP 0 100u

XPSRR  VDDP VGRND VPP VWP VOoP OPAVP

***********************Cp_Arrp Sl mfor AC MNU*********************

VNEGM VNEGM O DC 0 AC 1
RBM VoM VW 100MEG
CBM VW 0 100u

XMS5RR VDD VNEGM  VPM VW VoM OPAVP

. subckt opanp VDD VGRND vp vm vout

***********************cbn-pensat| On**********************************

Cc Vout Vout1  2400f

***********************Cp_Arrp O r cui t********************************

ML vdl vm Vss VGRND NMOS L=2 W50
%4 voutl wvp VSs VGRND NMOS L=2 W50
V6B Vdb1l Vbias4 VGRND VGRND NMOS L=2 W:100
MBT Vss Vbi as3 vdbl VGRND NMOS L=2 W=100
MBT vd3t vdl VDD VDD PMOS L=1 W100
VBB vdl vdl vd3t VDD PMOS L=1 W:100
MAT vdat vdl VDD VDD PMOS L=1 W£100
MAB voutl vdil vd4t VDD PMOS L=1 W100
M T vd7t Voutl VDD VDD PMOS L=1 W:100
M’B Vout Voutl vd7t VDD PMOS L=1 W100
MBT Vout vbi as3 vd8b VGRND NMOS L=2 W50
VBB vd8b vbias4 VGRND VGRND NMOS L=2 W50

Xbias VDD Vbi asl Vbias2 Vbias3 Vbias4 Vhigh MVl ow Vncas Vpcas VGRND bi as
. ends
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.subckt bias VDD Vbiasl Vbias2 Vbias3 Vbias4 Vhi gh VIow Vncas Vpcas VGRND
MP1 Vbi as3 Vbiasp VDD VDD PMOS L=2 W:100
MP2 Vbi as4 Vbiasp VDD VDD PMOS L=2 W-100
MP3 vpl vp2 VDD VDD PMOS L=2 W=100

MP4 vp2 Vbias2 vpl VDD PMOS L=2 W100
MP5 Vpcas Vpcas vp2 VDD PMOS L=2 W:100
MP6 Vbi as2 Vbias2 VDD VDD PMOS L=10 W20
MP7 Vhigh Vbiasl VDD VDD PMOS L=2 W:100
MP8 Vbiasl Vbias2 Vhigh VDD PMOS L=2 W100
MP9 vp3 Vbiasl VDD VDD PMOS L=2 W:100
MP10 Vncas Vbias2 vp3 VDD PMOS L=2 W:100
MN\L Vbias3 Vbias3 VGRND VGRND NMOS L=10 W10
M\2 Vbi as4 Vbias3 WVl ow VGRND NMOS L=2 W50
M\3 VI ow Vbias4 VGRND VGRND NMOS L=2 W50
M4 Vpcas Vbias3 vnl VGRND NMOS L=2 W50
M\5 vnl Vbias4 VGRND VGRND NMOS L=2 W50



MN6 Vbi as2 Vbias3 vn2 VGRND NMOS L=2 W50
MN7 vn2 Vbias4 VGRND VGRND NMOS L=2 W50
VN8 Vbi asl Vbias3 vn3 VGRND NMOS L=2 W50
VN9 vn3 Vbias4 VGRND VGRND NMOS L=2 W50
MN10 Vncas Vncas vn4 VGRND NMOS L=2 W50
MN11 vn4 Vbi as3 vn5 VGRND NMOS L=2 W50
WN12 vn5 vn4 VGRND VGRND NMOS L=2 W50
MVBML Vbiasn Vbiasn VGRND VGRND NMOS L=2 W50
vVBMR Vr eg Vr eg Vr VGRND NMOS L=2 We200
VBMVB Vbi asn Vbi asp VDD VDD PMOS L=2 W:100
vVBVA Vr eg Vbi asp VDD VDD PMOS L=2 W:100
Rbias Wr VGRND 5. 5k

*anplifier

MAL Vanp Vr eg VGRND VGRND NMOS L=2 W50
MA2 Vbi asp Vbiasn VGRND VGRND NMOS L=2 W50
MA3 Vanp Vanp VDD VDD PMOS L=2 W:100
VA4 Vbi asp Vanp VDD VDD PMOS L=2 W:100

MCcP VDDM Vbi asp VDD VDD PMOS L=100 W-100

*start-up stuff

MBUL Vsur Vbiasn VGRND VGRND NMOS L=2 W50
MsU2 Vsur Vsur VDD VDD PMOS L=20 Wt10
MBU3 Vbi asp Vsur Vbiasn VGRND NMOS L=1 W10

. ends



24.9)
Simulate the operation of the op-amp in Fig. 24.28. Show the open-loop frequency response of the op-
amp. What isthe op-amp’s PM? Show the op-amp’s step response when it is put into afollower
configuration driving a 100fF load with an input step in voltage from 100mV to 900mV.

Biasing circuit used isfrom Fig. 20.47.

For simulating the open-loop response we know that in order to DC bias the circuit correctly we need
to put the op-amp in the following configuration.

Simulation results are shown below:
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Step response of the amplifier in the follower configuration driving a 100fF load capacitance.
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Step response doesn’t look that good when trying to pull the voltage to ground. To improve thiswe
can allow the NMOS transistors to sink more current by reducing the length size on the output NMOS

transistors, results are shown below.
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**% Figure 24.28%**

.control

destroy all

run

set units=degrees

*plot ph(vout)

*plot db(vout)

plot vin vout ylimit 250n 500n
.endc

.option scale=50n I TL1=300 rshunt=1e9
*.ac dec 100 10k 1G
.tran .1n 600n .1n UIC

vDD VDD O DC 1

*Vin  Vin 0 DC 05 AC 1

Vin Vin 0 DC 0 Pulse(100m 900m 100n On On 100n 200n)
Xota VDD vout vin vm opamp

*Rbig vout vm 1I0OMEG
*Cbig vm 0 1u
Cl vout O 100f

.subckt opamp VDD vout vp vm
Xbias VDD Vbiasl Vbias? Vbias3 Vhias4 Vhigh Vlow Vncas Vpcas bias

MA1 vd3 vout  vsl VDD PMOSL=2W=100
MA2  vd7 vp vsl VDD PMOSL=2W=100
MA3 vda3 wvout vsa3 O NMOS L=2 W=50
MA4 vdad vp vaa3 O NMOS L=2 W=50

M1 vs2 vbiast VDD VDD PMOSL=2W=100
M2 vsl vbias2 vs2 VDD PMOSL=2W=100
M3 vd3 vbias3 vd4 0 NMOS L=2 W=50
M4 vd4 vd3 0 0 NMOS L=2 W=50
M5 vs6 vbiast VDD VDD PMOSL=2W=100
M6 vsl vbias2 vs6 VDD PMOSL=2W=100
M7 vd7 vbias3 vd8 0 NMOS L=2 W=50
M8 vd8 vd7 0 0 NMOS L=2 W=50
M9 vda4  vbias3 vd9 0 NMOS L=2 W=50
M10  vd9 vd3 0 0 NMOS L=2 W=50
M11 vda3 vhbias3 vdi2 O NMOS L=2 W=50
M12 vdl2 vd7 0 0 NMOS L=2 W=50
M13 vsl4 vda3 VDD VDD PMOSL=1W=200
M14 vda3 vda3 vsl4 VDD PMOSL=1W=200
M15 vsa3 vhias3 vdl6 O NMOS L=2 W=50
M16 vdl6 vbias4 O 0 NMOS L=2 W=50
M17 vsl8 vda3 VDD VDD PMOSL=1W=200
M18 vda4 vda3 vs18 VDD PMOSL=1W=200
M19 vsa3 vbias3 vd20 O NMOS L=2 W=50
M20 vd20 vbias4 O 0 NMOS L=2 W=50

MB1 vdmb2 vda4 VDD VDD PMOSL=1W=200
MB2 wvout vda4 vdmb2 VDD PMOSL=1W=200
MB3 vout vbias3 vdmb3 0 NMOSL=2 W=50
MB4 vdmb3 vbias4 0 0 NMOSL=2W=50



Cc vout vsl8 240f

.ends

.subckt bias VDD Vbiasl Vhias2 Vhias3 Vbias4 Vhigh Vlow Vncas Vpcas

MPL  Vbias3 Vbiasp VDD VDD PMOSL=2W=100
MP2  Vbias4 Vbiasp VDD VDD PMOSL=2W=100
MP3 vpl vp2 VDD VDD PMOSL=2W=100
MP4 vp2  Vbias2 vpl VDD PMOSL=2W=100
MP5 Vpcas Vpcas vp2 VDD PMOSL=2W=100
MP6 Vbias2 Vbias2 VDD VDD PMOSL=10W=20
MP7  Vhigh Vbiasl VDD VDD PMOSL=2W=100
MP8  Vbiasl Vbias2 Vhigh VDD PMOSL=2W=100
MP9 vp3  Vbiasl VDD VDD PMOSL=2W=100
MPI0 Vncas Vbias2 vp3 VDD PMOSL=2W=100

MN1 Vbias3 Vbhias3 0 0 NMOS L=10 W=10
MN2 Vbias4 Vbias3 Viow 0 NMOS L=2 W=50
MN3 Viow Vbia4 0 0 NMOS L=2 W=50
MN4  Vpcas Vbias3 vnl 0 NMOS L=2 W=50
MN5  vnl Vbias4 0 0 NMOS L=2 W=50
MN6  Vbias2 Vbias3 vn2 0 NMOS L=2 W=50
MN7  vn2 Vbias4 0 0 NMOS L=2 W=50
MN8  Vbiasl Vbias3 vn3 0 NMOS L=2 W=50
MN9  vn3 Vbias4 0 0 NMOS L=2 W=50
MN10 Vncas Vncas vn4d 0 NMOS L=2 W=50
MN11 vn4 Vbias3 vn5 0 NMOS L=2 W=50
MN12 vn5 vn4 0 0 NMOS L=2 W=50
MBM1 Vbiasn Vbiasn 0 0 NMOS L=2 W=50
MBM2 Vreg Vreg Vr 0 NMOS L=2 W=200

MBM3 Vbiasn Vbiasp VDD VDD PMOSL=2W=100
MBM4 Vreg Vbiasp VDD VDD PMOSL=2W=100

Rbias Vr 0 5.5k

*amplifier

MA1 Vamp Vreg O 0 NMOS L=2 W=50
MA2  Vbiasp Vbiasn 0 0 NMOS L=2 W=50

MA3 Vamp Vamp VDD VDD PMOSL=2W=100
MA4  Vbiasp Vamp VDD VDD PMOSL=2W=100

MCP VDD Vbiasp VDD VDD PMOSL=100W=100

*start-up stuff

MSU1l Vsur  Vbiasn 0 0 NMOSL=2 W=50
MSU2 Vsur Vsur VDD VDD PMOSL=20 W=10
MSU3 Vbiasp Vsur  Vbiasn 0 NMOSL=1 W=10

.ends
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The maxi nrum and nminimum voltage on the input of the anplifier is given by
taking into account that the node ‘nmi would ideally be at the sane voltage as
node ‘p’. The gain of the anplifier is defined as -5. If the AC input is zero,
the nodes m and p would be at 500nV each. Now to get the output voltage to
swi ng from 900-100 (nV) (which would be +400nV to -400nV with respect to the
DC input), the AC input has to swing by 400m/5=80nV. So if we give a
sinusoidal AC input with an anplitude of 80nV to the DC |level that we have,
we should see the desired 100nV to 900nV output swing. This result is shown
in Figure 3.

mW vin — wout

1000,
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600 .

400 .

200,
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time us

Figure 3. Qutput swing for the anplifier for an AC i nput of 80nV

The nodified netlist is given bel ow
*** Figure 24.final CMOS: Circuit Design, Layout, and Sinulation ***

.control

destroy all

run

set units=degrees
pl ot vout vin

. endc

.option scal e=50n | TL1=300 reltol =1u abstol =1p
.tran 1n 1u On 1n U C

vDD VDD O DC 1

Vvem Vem O DC 0.5

vin Vin 0 DC 0.5 AC 50m sin 0.5 80m 1Meg
Xopanp VDD vout vcm vm opanp

R2 vout vm 50k
R1 vin vm 10k

. subckt opanp VDD vout vp vm



Xbi as VDD Vbi asl Vbi as2 Vbi as3 Vbias4 Vhigh VIow Vncas Vpcas bi as

MLB n2 vm n8d 0
MLT n6 n4 n2 0
MeB n3 vp n8 0
MeT nl n4 n3 0
MCM n4 n4 n8 0
M6 T n8 Vbi as3 nl2
M6B ni2 Vbi as4 0
MBT nlo Vbi as3 nli
MBB nli Vbi as4 0
MFCN nl Vncas nl0 0
MON vout nlO0 0 0
M3B n6 Vbi as2 n5
M3T n5 né VDD VDD
MBT ni3 Vbi as1 VDD
V6B n4 Vbi as?2 nl3
MAT n7 n6 VDD VDD
M4B nl Vbi as2 n7
MOT n9 n6 VDD VDD
MBB nl Vbi as?2 n9
MFCP  nl0 Vpcas nl VDD
MOP vout nl VDD VDD
Ccl vout n7 120f

Cc2 vout n3 120f

. ends

. subckt

wMP1 Vbi as3 Vbi asp
MP2 Vbi as4 Vbi asp
MP3 vpl vp2 vDD VDD
MP4  vp2 Vbi as2 vpl
MP5 Vpcas Vpcas vp2 VDD
MP6 Vbi as?2 Vbi as?2
MP7 Vhi gh Vbi asl VDD
MP8 Vbi as1 Vbi as2
MP9 vp3 Vbi asl VDD
MP10 Vncas Vbi as?2 vp3
MN1 Vbi as3 Vbi as3
MN\2 Vbi as4 Vbi as3
MN\3 VI ow Vbi as4 0
M\4 Vpcas Vbi as3 vnl
MN\5 vnl Vbi as4 0
MN6 Vbi as2 Vbi as3
MN7 vn2 Vbi as4 0
MN8 Vbi as1 Vbi as3
N9 vn3 Vbi as4 0
MN10 Vncas Vncas vn4 0
MN11 vn4 Vbi as3 vnb
MN12 vnb vh4 0 0

NMOS
NMOS
NMOS
NMOS
NMOS
0
0
0
0
NMOS
NMOS

VDD
PMOS
VDD
VDD
PMOS
VDD
PMOS
VDD
PMOS
PMOS

bi as VDD Vbi asl Vbi as2 Vbi as3 Vbi as4 Vhigh

-
o
NNDN
(a)

o

PMOS L=2
L=2 Ws100
PMOS L=2
PMOS L=2
L=2 Ws100
PMOS L=2
L=2 Ws100
PMOS L=2
L=2 W50

W£150
W=150
W50
W=50

W=100

W£100
W£100

W=100

W£100

L=2 Ws1000

vDD VDD PMOS L=2 W100
VDD VDD PMOS L=2 W100
PMOS L=2 W100

VDD PMOS L=2 W100

PMOS L=2 W100

vDD VDD PMOS L=10 W£20
VDD PMOS L=2 W100

Vhi gh VDD PMOS L=2 W100
VDD PMOS L=2 W100

VDD PMOS L=2 W-100

0 0 NMOS L=10 W£10
Viow O NMOS L=2 W50
0 NMOS L=2 W50

0 NMOS L=2 W50

0 NMOS L=2 W50

vn2 0 NMOS L=2 Wt50
0 NMOS L=2 W50

vn3 0 NMOS L=2 Wt50
0 NMOS L=2 W50

NMOS L=2 W50

0 NMOS L=2 W50

NMOS L=2 W50

VI ow Vncas Vpcas



MBML Vbi asn Vbi asn 0 0 NMOS L=2 W50

MBM2 Vreg Vreg Wr 0 NMOS L=2 W:200

MBMB  Vbi asn Vbi asp VDD VDD PMOS L=2 W100
MBMA  Vreg Vbiasp VDD VDD PMOS L=2 W100

Rbi as wr 0 5. 5k

*amplifier

MA1  Vanp Vreg O 0 NMOS L=2 W:50

MA2 Vbi asp Vbi asn 0 0 NMOS L=2 W50
MA3  Vanp Vanp VDD VDD PMOS L=2 W100

MAA  Vbi asp Vamp VDD VDD  PMOS L=2 W-100

MCP VDD  Vbiasp vDD VDD PMOS L=100 We100
*start-up stuff

MSUL  Vsur Vbiasn 0 0 NMOS L=2 W50

MsU2 Vsur Vsur VDD VDD PMOS L=20 W10

MBU3  Vbi asp Vsur Vbi asn 0 NMOS L=1 WEL0
.ends

BSI M@ nodel s here..



Problem 24.11 submitted by Usan Fung

Supposeit is decided to eliminate the 500mV common-mode voltage in the amplifier
seen in Fig.24.65 and to use ground, as seen in Fig 24.66. Knowing the input voltage can
only fal in between ground and VDD. What is the problem one will encounter?

To understand what problem one will encounter when the 500mV common mode voltage
isremoved and use ground instead, let’ s find out how the output voltage range is affected
by analyzing the feedback network using the minimum and maximum input voltage
allowed.

Vi=V.=0V Given that the common mode voltage is at ground
la=(VinrV)/ 10k  ------- Q)
lb=(V-Vou) / 50k  ------- 2

1) With input voltage (Vi,) at OV and both V. and V. at OV, below is the calculation for
the output voltage (Vouw):

Ia = Ib
> (Vin'V.) / 10K = (V-V o) / 50k
9 Vout = OV



2) With input voltage (Vi) a 1V and both V. and V. at OV, below is the calculation for
the output voltage (V ow):

|a = |b

> (Vin-V.) / 10k = (V--Vou) / 50k
9 ]JlOk = 'Vout/ 50k

2> Vou = -5V

From the result above, the output voltage range will be limited to within OV and -5V
which isnot ideal or practical.

In order to be able to have positive output voltage, one need to have an input common
mode voltage to be set, usualy is the average of the two inputsin order to keep the diff
amp operates in saturation region. (For example in problem 24.10, with input commode
mode at 500mV)

In problem 24.10, the output voltages are at 250mV and 750mV, with an input of OV and
1V respectively.



PROBLEM 24.12
Submitted by T.Vamshi Krishna
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Figure 1.

The op amp in the given above configuration can source maximum amount of current
when the MON transistor is off and similarly it can sink maximum amount of current
when MOP is off. In the above figure since MOP and MON are sized to be 10 times than
the regular sizes given in table 9.2, the amount of current that flows through each of the
transistorsis aso increased by 10 times.

Keeping 100Q resistors in series with the transistors will not affect the amount of current
that can be sourced or sinked by the op amp. Thus the maximum amount of current the op
amp can source or sink with 100Q resistors present is still the same as the op amp
without the resistors. The op amp still sources maximum current when MON transistor is
off and sinks maximum amount of current when MOP is off.



But in order to demonstrate what happens if the output is shorted, consider the op amp
connected in unity gain configuration as shown in figure 2 below. Now if the output is
shorted then the inverting terminal of the op amp is at ground as a result the gate of the
MOP will also be at ground thus turning on the MOP transistor fully. Connecting 100Q
resistors will limit the amount of current that flows through the MOP. Similar argument
can be made for MON i.e. if output is connected to VDD.

—|— Vout

0.5v

Figure 2.

To determine how the closed loop output resistance of the op amp is affected we connect
atest voltage at the output and measure the test current that flows in the circuit. Thus the
ratio of test voltage and test current gives the closed loop output resistance. The
schematic diagram of the op amp in inverting gain of one configuration is shown below
in figure 3. The load resistor and capacitor are not shown in the figure.

iR
=
Wo=0.5Y

Figure 3.



The figure below shows connecting a test voltage at the output so as to measure the
closed loop output resistance of the op amp shown in figure 3.

PE

Figure 4.

Om1R1 isthe gain of the first stage, while R is the resistance of the second stage, which is
given as 'monl Irmop @Nd R and Rg are the feedback resistors.

First we will derive an expression for closed loop output resistance without taking the
100Q resistors into consideration. After deriving an expression for closed loop output
resistance then we will see how the 100Q resistors affect the closed loop output
resistance of the op amp.

Thetest current that is flowing as aresult of test voltage can be written as

i :i Vi —_y V= ————
It R2 + RA + RB + gmlngmZ(Vp Vm) (1)
From figure 4. we can write
Vo, =V, _Rs
R+ Rg

v, v,

— — t
1+& 1+‘AbL‘

Vp=0 (ACground)
where |A,,| isthe closed loop gain of the op amp.



Thus substituting the values of v, and v, in eq (1) we get

. V, V,
i, =—+
t RZ R + RB gmlngm2(1+|A:L|

If we assume the current through the feedback path is small then the closed loop output
resistance is given by

Vv, _ _ 1
r - ROULCL - gmlR:Lng
" 1eAy
R(A+|AL) _R@A+AL) ___

1+9,,R9mR, AoLoc

V,
—+= Rout,CL = _(2)
t

where AoLpc isthe DC open loop gain of the op amp and Rz = rmenl | Fmop.

Thus the closed loop output resistance of the op amp is given by eq (2).

Now connecting 100Q resistors at the output as shown in the figure 1, changes the output
resistance of the second stage. So now the output resistance becomes

Thus the second stage output resistance doesn't change much if 100Q resistors are
connected at the output, so does the closed loop output resistance of the op amp. But by

adding 100Q resistors as said earlier we get protection from output shorting to ground or
VDD.

Now to see the how the step response is affected by adding 100Q resistors we simulate
the operation of the op amp in the topology as seen in figure 3 with load resistor and
capacitance connected at the output.

The ssimulation results are shown in next page, first without 100Q resistor s and then we
again simulate the same circuit but with 100Q resistors connected as shown in figure 1.



Without 100Q resistors at the output:

my

vin vout

B R e  ERRREE e R LU PR TLLPPETY :

320.0 540.0 560.0 580.0 bO0.0O

time n3
With 100Q resistors at the output as shown in figure 1.

mv

vin wvout

L R Tmmmmommmmmmmmmseees i

500.0 520.0 540.0 560.0 S580.0 600.0

time n3

We can see that output swings only from 100mV to850mV if 100Q resistors are
connected. The drop in swing is due to the voltage drop across the 100Q resistor.

The SPICE net list is shown below:



“ADDED RESISTORSARE SHOWN INBOLD LETTERS*
.control

destroy all

run

Set units=degrees

plot vin vout

.endc

.option scale=50n

.tran 1n 600n 500n 1n UIC

VDD VDD O DC 1

Vin Vin O DC O PULSE 100m 900m 510n 1n 1n40n
vm vp 0 DC 05

Xopamp VDD vout vp vm opamp

Rf Vout vm 10k

Rin  Vin vm 10k

RL wvout O 1k

CL vout O 10p

.subckt opamp VDD vout vp vm

Xbias VDD Vbiasl Vbias2 Vhias3 Vhias4 Vhigh Vlow Vncas Vpcas bias
M1B n2 vm  n8 NMOS L=2 W=50
M1T n6 n4 n2 NMOS L=2 W=50
M2B n3 vp n8 NMOS L=2 W=50
M2T nl n4 n3 NMOS L=2 W=50
MCM n4 n4 n8 NMOS L=10 W=10
M6T n8 Vhias3nl2 NMOS L=2 W=150
M6B nl2 VbiasA0 NMOS L=2 W=150
M8T nl0 Vbias3nll NMOS L=2 W=50
M8B nll VbiasA0 NMOS L=2 W=50
MFCN n1 Vncas nl10 NMOS L=2 W=25
MON vnd n10 O NMOS L=2 W=500
R1 vnd vout 100

M3B n6 Vbias2 n5 VDD PMOSL=2W=100
M3T n5 né VDD VDD PMOSL=2W=100
M5T nl3 VbiaslVDD VDD PMOSL=2W=100
M5B n4 Vbias2nl3 VDD PMOSL=2W=100
MAT n7 né VDD VDD PMOSL=2W=100
M4B nl Vbias2 n7 VDD PMOSL=2W=100
MOT n9 né VDD VDD PMOSL=2W=100
M9B nl Vhias2n9 VDD PMOSL=2W=100
MFCP n10 Vpcas nl VDD PMOSL=2W=50
MOP vpd nl VDD VDD PMOSL=2W=1000
R2 wvpd wvout 100

Ccl wvout n7 120f

Cc2 vout n3 120f

.ends
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Work presented by: Sandeep Pemmaraju

PROBLEM 24.13

Resimulate the OTA in figure24.33 driving a 1pF load capacitance (to determine
fun) if K=10.How do the simulation results compare to the hand calculations using
Eq. (24.41)? Estimate the parasitic poles associated with the gates of M4 and
M5. Are these comparable to fy,?

SOLUTION:

The figure for which the followed discussion is related is as shown below:

. S SRR IR o

R AT e T —

R e e [ L IR N o e S B (L NPT
B wo e
.............................. C=1pF
T CoMBggg -1
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M51 | ............................... 5““"2

0 L R R T

Figurel: Schematic of the OTA with K=10

The transconductance and unity gain frequency expressions for the OTA for the
schematic shown above are:

The terminology 1:K in figure determines that M4 and M5 can be sized ‘K’ times
larger than the other MOSFETSs in the circuit.

Transconductance of the OTA is given by
Orota = K.Om .o (1)

And s (2)




Where gn=transconductance of the normal sized MOSFETS.

To better understand the problem, lets see how the unity gain frequency
changes when the factor K is changed form 1 to 10.

Hand calculations and simulations for K=1.:
Lets see if our hand calculations match with the above simulated result:
(1) Unity gain frequency- fyn:
Taking the values from table 9.2:

un = K.Gn = 150uA/V =24MHz Which is pretty close to
27C.  2mlpF
the simulated value.
(2) 3dB Frequency:
fam= 1 =1.4MHz Which is also the result in
271(Foall 1os)Ce

the simulation.

(3) Low frequency gain:
A=gn(roallros) =16.65V IV = 24.4dB
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Figure2: Showing the gain response for K=1
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Simulations and hand calculations for K
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Figure3: Showing the gain response for output MOSFETS sized by a factor of

=10.

K
Since the output resistance and trans conductance cannot be determined exactly

with equations for short channel MOSFETSs, we will do some simulations to

extract the values of the same for a device with increased width (K

=10).
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Figure5: Ro for a PMOS device 1000/2

Figure4:Ro for NMOS device 500/2



HAND CALCULATIONS:
(1) From equation 24.41 the Trans conductance of the OTA is given by:
grora = K.gn=10. 150uA/V=1.5mA/V.

(2) Unity gain frequency:

. K.gn _ 1500uA/vV — 240MHz.

27C. 2. 1pF
Which is comparable to the simulation results in figure3.To get a more exact
match with the simulated value it is advisable to extract gn, of the increased
size devices from simulations.
(3) 3-dB Frequency:
1 1

2ol Te5)Ce 277(17K /I 35K). 1pF

output resistance values are taken from simulations in figure 4 and 5.
(3) Low frequency gain:

=13.9MHz

fsdb=

A= g (el Tos) =1500(17k // 35KV /V =16.5V /V = 24.34dB

This is same as what was obtained for K=1.
So the hand calculations match well with the simulated value.

PART 2:

PARASITIC POLES:

So far we did not pay much attention to the parasitic poles in the circuit. Lets
see if they are really important to be considered or not.

Here lets consider the poles associated with the gates o M4 and M5.

The gate of M4 is connected to a gate drain connected MOSFET which is
M41.So the resistance of this MOSFET is 1/gm. This resistance is in parallel
with the gate to source capacitance of M4 (Csg).

So the the pole associated with the gate of M4 is given by:

1 1

.= =286.2MHz
271(1/ gra)Css - 277(1/150uA/V).(8.34* 10 fF)

fparasiticM 4=

Here the source to gate capacitance is calculated by multiplying the value in
table 9.2 with K=10.

Figure6 clearly shows that at approximately the above specified frequency,
the slope of the plot starts to fall at 40dB/dec indicating the presence of the
pole.

This pole is very much comparable with the Unity gain frequency (240MHz)
and will affect the frequency response of interest.



Lets see if the pole associated with gate of M5 can affect the frequency
response:

1 _ 1
2711/ gns) Cess 277(1/150UA/V ).(4.17* 10F)

=572.4MHz

fparas'ticM 4=

So the parasitic pole is shown in figure below. At about this frequency, the plot
starts to roll off at 60dB/dec which indicates the presence of the second parasitic
pole created by M5.

If K is around a 100 then these poles will fall below the unity gain frequency.

i G0dB/dec

Figure6: Zoomed in view of figure3.
Hand-calculations match with the simulations.

So the bottom line is that as we increase the factor K,the poles associated with
the gates of M4 and M5 become comparable to unity gain frequency and can
affect the gain response in the frequency of interest region.

NETLIST:

.control

destroy all

run

set units=degrees

plot ph(vout)

plot db(vout) xlimit 10k 1g ylimit -20 30
.endc

.option scale=50n ITL1=300 rshunt=1e9
.ac dec 100 1k 10g
*op

VDD VDD 0 DC 1



Vin Vin 0 DC 0.5 AC 1

Xota VDD vout vin vm ota
Rbig vout vm 1IMEG

Cbig vm 0 100u

CL vout 0 1p

.subckt ota VDD vout vp vm

Xbias VDD Vbiasl Vbias2 Vbias3 Vbias4 Vhigh Vlow Vncas Vpcas bias

M1 vdl vm VSS 0 NMOS L=2 W=50
M2 vd2 vp VSS 0 NMOS L=2 W=50
M31 vdl vdl VDD VDD PMOS L=2 W=100
M3 vd3 vdl VDD VDD PMOS L=2 W=100
M41 vd2 vd2 VDD VDD PMOS L=2 W=100
M4 vout vd2 VDD VDD PMOS L=2 W=1000
M51 vd3 vd3 0 0 NMOS L=2 W=50
M5 vout vd3 0 0 NMOS L=2 W=500
M6 VSS vbiasd 0 0 NMOS L=2 W=100
.ends

.subckt bias VDD Vbiasl Vbias2 Vbias3 Vbias4 Vhigh Vlow Vncas Vpcas

MP1 Vbias3 Vbiasp VDD VDD PMOS L=2 W=100
MP2 Vbias4 Vbiasp VDD VDD PMOS L=2 W=100

MP3 vpl vp2 VDD VDD PMOS L=2 W=100
MP4 vp2 Vbias2 vpl VDD PMOS L=2 W=100
MP5 Vpcas Vpcas  vp2 VDD PMOS L=2 W=100

MP6 Vbias2 Vbias2 VDD VDD PMOS L=10 W=20
MP7 Vhigh Vbiasl VDD VDD PMOS L=2 W=100
MP8 Vbiasl Vbias2 Vhigh VDD PMOS L=2 W=100

MP9 vp3 Vbiasl VDD VDD PMOS L=2 W=100
MP10 Vncas  Vbias2 vp3 VDD PMOS L=2 W=100
MN1 Vbias3 Vbias3 0 0 NMOS L=10 W=10
MN2 Vbias4 Vbias3 Viow 0 NMOS L=2 W=50
MN3 Viow Vbias4 0 0 NMOS L=2 W=50
MN4 Vpcas  Vbias3 wvnl 0 NMOS L=2 W=50
MN5 vnl Vbias4 O 0 NMOS L=2 W=50
MN6 Vbias2 Vbias3 vn2 0 NMOS L=2 W=50
MN7 vn2 Vbias4 0 0 NMOS L=2 W=50
MN8 Vbiasl Vbias3 vn3 0 NMOS L=2 W=50
MN9 vn3 Vbias4 O 0 NMOS L=2 W=50
MN10 Vncas Vncas vn4 0 NMOS L=2 W=50
MN11 vn4 Vbias3 vn5 0 NMOS L=2 W=50
MN12 vn5 vn4 0 0 NMOS L=2 W=50
MBM1  Vbiasn Vbiasn 0 0 NMOS L=2 W=50
MBM2  Vreg Vreg Vr 0 NMOS L=2 W=200

MBM3  Vbiasn Vbiasp VDD VDD PMOS L=2 W=100
MBM4  Vreg Vbiasp VDD VDD PMOS L=2 W=100

Rbias Vr 0 5.5k

*amplifier

MA1 Vamp Vreg 0 0 NMOS L=2 W=50
MA2 Vbiasp Vbiasn 0 0 NMOS L=2 W=50

MA3 Vamp Vamp VDD VDD PMOS L=2 W=100
MA4 Vbiasp Vamp VDD VDD PMOS L=2 W=100

MCP VDD Vbiasp VDD VDD PMOS L=100 W=100

*start-up stuff

MSU1  Vsur Vbiasn 0 0 NMOS L=2 W=50
MSU2  Vsur Vsur VDD VDD PMOS L=20 W=10
MSU3  Vbiasp Vsur Vbiasn 0 NMOS L=1 W=10

.ends



Problem 24.14 Miles Wiscombe
Question:
Using the OTA infig. 24.35 design alowpass filter with a3 dB frequency of 1IMHz.

Solution:
Since we are using the OTA as alowpass filter instead of an amplifier | will connect the
circuit in the unity follower configuration shown below.

v B
" * | V out
Thefirst step in the design is to determine the output transfer function of this

configuration. We know that the output voltage is equal to the output current times the
impedance of the load capacitance.

. 1 .
Vout =lout U R (Equation 1)

In this configuration ioy is mirrored from the dif-amp structure. This causes io,: to equal
On* (Vplus—Vminus). Inthe unity follower configuration this corresponds to the
following equation.

Im* (Vin—Vou) (Equation 2)

Plugging in equation 2 for iqy the transfer function can be simplified to the following
equation.
1

out — 1
= (Equation 3)
Y 1+jecr )
On
From equation 3, the 3 dB frequency is equal to 1
2m(C*—)
Om

When thisis set to 1IMHz and the g, value in table 9.2 (since we are designing using
these sizes) of 150 uA/V is used we can solve for C. Doing so, we receive avalue of
23.87pF. Thefollowing plots are the simulation results for figure 24.35 in the unity
follower configuration (diagram1l) with aload capacitance of 23.87 pF.

Degreess — phivout )
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The above plot of Vout shows that the output is at about 550 mV at IMHz. The equation
got us very close but in order to fine tune our design, simulations must be ran to more
closely reach avalue of 707 mV ( 3 dB down) at IMHz. By adjusting the capacitance
value to 18 pF we closely match the 3dB frequency of 1IMHz specification. The
following plot shows this situation.

v — wout

frequency Hz
Netlist:
*** Problem 24.14 ***
.control
destroy all
run
set units=degrees
plot ph(vout)
plot db(vout)
.endc
.option scale=50n I TL1=300
.ac dec 100 10k 100MEG
VDD VDD 0 DC 1
Vin Vin 0 DC 0.5 AC 1
Xo VDD vout vin vout ota
CL vout 0 18p
.subckt ota VDD vout vp vm
Xbias VDD Vbiasl Vhias2 Vbias3 Vbias4 Vhigh Vlow Vncas Vpcas bias
M1 vdl vm Vss 0 NMOS L=2 W=50
M2 vd2 vp Vss 0 NMOS L=2 W=50
M31t vd31t vdl VDD VDD PMOS L=2 W=100
M31b vdl Vbias2 vd31t VDD PMOS L=2 W=100
M3t vd3t vdl VDD VDD PMOS L=2 W=100
M3b vd3b Vbias2 vd3t VDD PMOS L=2 W=100
M51t vd3b vbias3 vd51b 0 NMOS L=2 W=50
M51b vd51b vd3b 0 0 NMOS L=2 W=50
M41t vd41t vd2 VDD VDD PMOS L=2 W=100
M41b vd2 vbias2 vdait VDD PMOS L=2 W=100
M4t vdat vd2 VDD VDD PMOS L=2 W=100
M4b vout vbias2 vd4t VDD PMOS L=2 W=100
M5t vout vbias3 vd5b 0 NMOS L=2 W=50
M5b vd5b vd3b 0 0 NMOS L=2 W=50
Métr vss vbias3 vdeébr 0 NMOS L=2 W=50
Mébr vdebr vbias4 0 0 NMOS L=2 W=50
Métl Vss vbias3 vdébl 0 NMOS L=2 W=50
Mébl vdebl vbias4 0 0 NMOS L=2 W=50
.ends

.subckt bias VDD Vhiasl Vhbias2 Vbias3 Vhbias4 Vhigh Vlow Vncas Vpcas

MP1
MP2
MP3
MP4
MP5
MP6
MP7
MP8
MP9
MP10

MN1
MN2
MN3
MN4
MN5
MN6
MN7
MN8

Vbias3
Vbias4
vpl
vp2
Vpcas
Vbias2
Vhigh
Vbiasl
vp3

Vncas

Vbias3
Vbias4
Viow
Vpcas
vnl
Vbias2
vn2
Vbiasl

Vbiasp
Vbiasp
vp2

Vbias2
Vpcas
Vbias2
Vbiasl
Vbias2
Vbiasl
Vbias2

Vbias3
Vbias3
Vbias4
Vbias3
VbiasA
Vbias3
Vbias4
Vbias3

VDD
VDD
VDD
vpl
vp2
VDD
VDD
Vhigh
VDD
vp3

0
Viow
0
vnl
0
vn2
0
vn3

VDD
VDD
VDD
VDD
VDD
VDD
VDD
VDD
VDD
VDD

[eNelololoNoNeNe)

PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=10 W=20
PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=2 W=100

NMOS L=10 W=10
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50



MN9

MN10
MN11
MN12

MBM1
MBM2
MBM3
MBM4

Rbias

*amplifier
MA1
MA2
MA3
MA4

MCP

* start-up stuff
MSuU1
MSu2
MSU3

.ends

vn3
Vncas
vn4
vn5

Vbiasn
Vreg
Vbiasn
Vreg

Vr

Vamp
Vbiasp
Vamp
Vbiasp

VDD
Vsur

Vsur
Vbiasp

Vbias4
Vncas
Vbias3
vrnd

Vbiasn
Vreg

Vbiasp
Vbiasp

Vreg
Vbiasn
Vamp
Vamp

Vbiasp
Vbiasn

Vsur
Vsur

vn4
vn5

Vr
VDD
VDD

5.5k

VDD
VDD

VDD

VDD
Vbiasn

oo oo

o o

VDD
VDD

VDD
VDD

VDD

NMOS L=2 W=
NMOS L=2 W=
NMOS L=2 W=
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=200
PMOS L=2 W=100
PMOS L=2 W=100

NMOS L=2 W=50
NMOS L=2 W=50
PMOS L=2 W=100
PMOS L=2 W=100

PMOS L=100 W=100
NMOSL=2 W=50

PMOSL=20 W=10
NMOSL=1 W=10



Problem 24.15 Solution by Robert J. Hanson, CNS

Let’s begin the solution by calculating (by hand) the gain of each stage in the Cascode
OTA circuit with common-source output buffer given in Figure 24.37. Then we will
simulate the circuit in Figure 24.37 with M8T in the circuit and compare the results with
that of the hand calculations, and with the results when M8T is removed from the circuit:

(The mathematical formulas and results below are copied from MATHCAD)
1.) Calculating the gain of the first stage A1, using the values listed in Table 9.2:

gmnl :=150.0 10°
gmpl = 150.010 °
ronl := 167-10°

ropl =333 10°
Rocasnl .= gmnl: ron1?
Rocaspl = gmpl: ropl2
Rocasnl =4.18310°
Rocaspl =1.66310

Rol = 1
1 1
+
Rocasnl  Rocaspl
Rol =3.34310°
Al :=gmnl-Rol
A1 =501.399

2.) Calculating the gain (V/V) of the second stage A20LD, with M8T IN the circuit. Note that
gmn and gmp are 10x larger here and ron and rop are 10x smaller due to the 10x increase in W
compared to the values listed in Table 9.2, also calculating the total low frequency gain AtotOLD:

gmn2 ;= 1500 10°
gmp2 = 150010 6

ron2 = 16.7.10°

rop2 .= 33.3 10°
Rocasn2 :=gmn2: ron2?

Rocasn2 =4.18310°
1
1 1
rop2 Rocasn2
RoutOLD = 3.084 10"
A20LD = gmn2-RoutOLD

A20LD = 46.267
AtotOLD :=A1-A20LD

AtotOLD =2.3210"

RoutOLD =




3.) Calculating the gain (V/V) of the second stage A2NEW and the total low frequency gain
AtotNEW, with M8T REMOVED from the circuit:

1
1 1

rop2 ron2

RoutNEW = 1.112 16"
AZNEW = gmn2-RoutNEW
A2NEW = 16.683
AtotNEW '=A1-A2NEW

AtotNEW =8.36510°

RoOutNEW =

4.) Calculating the total low frequency gains in dB with M8T in and out of the circuit:

GainOLD = 201og(AtotOLD) (OLD = with M8T in the circuit)

GainNEW =20 log(AtotNEW ) (NEW = with M8T removed from the circuit)
GainOLD=87.309

GainNEW = 78.449

4.) Important point: Notice that with M8T removed from the circuit the output
resistance of the second stage changes from approximately rop2 (33.3Kk) to about 11.1Kk.
Thisis because the output resistance when M8T isremoved isjust ron2 and rop2 in
paralel. And, sinceron2 ishalf of rop2, it follows that the resistance becomes 1/3* rop2

5.) Now let’s compare the hand cal culations with SPICE simulations using BSIM4 50nm
designrules. First, the graph below shows the open loop gain of the circuit in Figure
24.37 with M8T in the circuit, the low frequency gain is about 70.7dB:
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6.) Removing MOSFET M8T from the circuit and the output shorted to the drain of M8B
resultsin the following simulation results where the low frequency gain is about 68.8 dB.

dB — dbi{wout)
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7.) The table below shows a direct comparison between the calculated and simulated
results:

M8T in Circuit | M8T Removed
Hand Calculation (dB) 87.3 78.4
Simulation (dB) 70.7 68.8
Hand Calculation (V/V) 23200 8365
Simulation (V/V) 3427 2754

As arough estimate based on the note in #4, we can estimate the change in the gain using
the following:

GainNEW = GainOLD/3 (V/V)

In dB form becomes: 20* log(GainNew) = 20*log(GainOLD) - 20log(3)

Therefore, the gain difference is merely approximated as 20*1og(GainNew) =
20*log(GainOLD) - 9.5dB. In other words, the gain should decrease by about 9.5dB
when M 8T isremoved.

The discrepancy between the simulation and hand-cal cul ation results is because the
values used in the hand calculations are only approximations, due to differencesin device
sizing and biasing. This solution does, however, illustrate how the gain of the circuit in
figure 24.37 is degraded, due to the decrease in the stage-2 output resistance when
MOSFET M8T isremoved from the circuit.



The SPICE NetList used for generating the simulations with M8T removed is provided
below for reference (the BSIM4 Level 14 parameters and biasing circuitry can be
downloaded from CMOSEDU.COM and are omitted to save space):

*** Figure 24.37 with MOSFET M8T removed from the circuit ***
.control

destroy all

run

set units=degrees

plot ph(vout)

plot db(vout)

.endc

.option scale=50n ITL1=300 rshunt=1e9

.ac dec 100 100 1G

VDD VDD 0 DC 1

Vin Vin 0 DC 0.5 AC 1

Xo VDD vout vin vm opamp

Rbig vout vm 10MEG

Chig vm 0 10u

*CL vout 0 1p

.subckt opamp VDD vout vp vm

Xbias VDD Vhiasl Vhias2 Vbias3 Vhias4 Vhigh VIow Vncas Vpcas bias
M1 vdl vp VSsS 0 NMOS L=2 W=50
M2 vd2 vm VSsS 0 NMOS L=2 W=50
M31it vd3it vdl VDD VDD PMOS L=2 W=100
M31b vdl Vbias2  vd3it VDD PMOS L=2 W=100
M3t vd3t vdl VDD VDD PMOS L=2 W=100
M3b vd3b Vbias2  vd3t VDD PMOS L=2 W=100
M51t vd3b vbias3 vd51b 0 NMOS L=2 W=50
M51b vd51b vd3b 0 0 NMOS L=2 W=50
M4at vd4it vd2 VDD VDD PMOS L=2 W=100
M41b vd2 vbias2 vad4it VDD PMOS L=2 W=100
M4t va4t vd2 VDD VDD PMOS L=2 W=100
M4b voutl vbias2  vd4t VDD PMOS L=2 W=100
M5t voutl vbias3 vd5b 0 NMOS L=2 W=50
M5b vd5b vd3b 0 0 NMOS L=2 W=50
Meétr &S vbias3  vd6br 0 NMOS L=2 W=50
Mé6br vdebr vbias4 0 0 NMOS L=2 W=50
Métl VSsS vbias3 vdébl 0 NMOS L=2 W=50
Mébl vdebl vbias4 0O 0 NMOS L=2 W=50
M7 Vout Voutl VDD VDD PMOS L=2 W=1000
*M8t Vout vhias3 vd8b 0 NMOS L=2 W=500
M8b Vout vbias4 0O 0 NMOS L=2 W=500

Cc Vout vdsb 240f



Aaron Johnson
EE511

Problem 24.16

Problem Statement
Suppose, to simulate the open-loop gain of an OTA, the big resistor and capacitor used in Fig. 24.43

are removed and the inverting input is connected to 500mV. Will thiswork? Why or why not?
What happens if the OTA doesn’t have an offset voltage? Will it work then?

Simulations

The configuration change is shown in Figure 1 below.

Vin

0.5V /\ 1pF

Figure1l: OTA configuration as seen in Figure 24.43 in the book.

Vin

Figure2: New OTA configuration for problem 24.16.

Thefirst step to determine if the configuration works is to simulate the new circuit and compare it
to the old circuit. The netlist can be seen at the end of the problem. The first simulation will look at
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the case where there is NO offset. Upon simulation of the circuits shown in figures 1 and 2, the

plotsin figures 3 and 4, respectively, were obtained.
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Figure3: Plot of the output of the circuit in figure 24.43 showing the open loop gain of 47.5dB.
Figure4: Plot of the output of the circuit for problem 24.16 showing the open loop gain of 46dB.



After looking at the plotsin figures 3 and 4, it can be seen that the response is basically the same
and therefore the circuit can be used to simulate the open loop gain for the case when thereis
not an offset.

The next step isto seeif the circuit will work with an offset. Asdiscussed in the book, there are
various ways an offset may be introduced. Thefirst way of introducing an offset will beto add a
voltage source, Vs = 10mV, in series with the sources in the noninverting input in figure 2. When
this was done, the plot in figure 5 was produced. The figure shows that by adding 10mV of offset,
the gain was decreased by 29dB. When V os was increased even further, the gain decreased even
more.
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Figure5: Plot showing how an offset voltage affects the open loop gain (17dB instead of 46dB) for the
circuit shown in figure 2.

In the next example, we will introduce a systematic offset. The widths of the transistorsin the
current source on the output branch, namely M 10, and M 12 will be increased by 5% or 52.5um
drawn. By increasing these widths, the transistors will want to sink 105% the normal current or
10.5 uA. When thiswas done, the plot in figure 6 was produced. The figure shows that this
modification decreases the gain by 19dB. Similarly as before, when the widths were increased even
more the gain dropped more. (In fact, when doubling the width, the gain went to —4dB, thus
attenuating the signal.)

An offset was introduced to the original circuit (figure 1) by doubling the widths of M10 and M 12,
making those transistors wanting to sink 20 uA. Upon doing this, the gain dropped just dlightly to
44 dB.

So, thiscircuit configuration can not be used to simulate the open loop gain for the case when
thereisan offset.
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Figure6: Plot showing how a 5% transistor width increase affects the open loop gain (27dB instead of

46dB) for the circuit shown in figure 2.

Discussion

The circuit configuration seen in figure 2, is not a good circuit to use to find the open loop gain.
The circuit’s simulated gain changes dramatically with asmall offset. Asdiscussed in the book,
there are unavoidabl e offsets such as process shifts and matching that cannot be avoided, so this
configuration would never give an accurate gain.

The circuit in figure 2 does not have any feedback, however, the circuit in figure 1 does have
feedback at DC (The resistor isbasically ashort at DC because there is no current flowing). This

allows the Vm node to be regulated, which is why this configuration is a better choice.




Netlist with some comments for Problem 24.16

*** Problem 24.16 CMOS: Circuit Design, Layout, and Sinulation ***
.control

destroy all

run

set units=degrees

pl ot db(vout)

. endc

.option scal e=50n | TL1=300 rshunt=1e9

.ac dec 100 10k 100MEG

VDD VDD 0 DC 1

Vin Vp 0 DC 0.5 AC 1
* To add VOS just increase Vin's DC val ue by 10nVv.

Vi n2 vm 0 DC 0.5

Xot a VDD vout vp vm fota

CL vout 0 1p

.subckt fota VDD vout vp vm

Xbi as VDD Vbi asl Vbi as2 Vbias3 Vbi as4 Vhigh VI ow Vncas Vpcas bi as
ML vdl vp vss 0 NMOS L=2 W50

M vd2 vm vss 0 NMOS L=2 WE50

MBLT vss vbi as3 vd3l b 0 NMOS L=2 W50

MBLB vd3l b vbi as4 0 0 NMOS L=2 W50

MBRT vss vbi as3 vd3rb 0 NMOS L=2 WE50

VBRB vd3rb vbi as4 0 0 NMOS L=2 W50

MBL vdl vd7 VDD VDD PMOS L=2 W-100

MBR vdl vd7 VDD VDD PMOS L=2 W-100

Y4 vd7 vbi as2 vdl VDD PMOS L=2 W-100

M vd7 vbi as3 vdil 0 NMOS L=2 W50

ML1 vdil vbi as4 0 0 NMOS L=2 W50

ML vd2 vd7 VDD VDD PMOS L=2 W-100

MBR vd2 vd7 VDD VDD PMOS L=2 W-100

M8 vout vbi as2 vd2 VDD PMOS L=2 W-100

MLO vout vbi as3 vdi2 0 NMOS L=2 W50

ML2 vdi2 vbi as4 0 0 NMOS L=2 W50

* To see the systematic offset, just change the wi dths of MO and M2 to 52.5.

.ends

.subckt bias VDD Vbiasl Vbias2 Vbias3 Vbias4 Vhigh WVl ow Vncas Vpcas

MP1 Vbi as3 Vbi asp VDD VDD PMOS L=2 W-100
MP2 Vbi as4 Vbi asp VDD VDD PMOS L=2 W=100
MP3 vpl vp2 VDD VDD PMOS L=2 W=100
MP4 vp2 Vbi as2 vpl VDD PMOS L=2 W-100
MP5 Vpcas Vpcas vp2 VDD PMOS L=2 W£100
MP6 Vbi as2 Vbi as2 VDD VDD PMOS L=10 W20
mP7 Vhi gh Vbi as1 VDD VDD PMOS L=2 W-100
MP8 Vbi as1 Vbi as2 Vhi gh VDD PMOS L=2 W-100
MP9 vp3 Vbi asl VDD VDD PMOS L=2 W=100
MP10 Vncas Vbi as2 vp3 VDD PMOS L=2 Ws100
MNL Vbi as3 Vbi as3 0 0 NMOS L=10 W10
M\2 Vbi as4 Vbi as3 VI ow 0 NMOS L=2 WE50
M\3 VI ow Vbi as4 0 0 NMOS L=2 W50
M4 Vpcas Vbi as3 vnl 0 NMOS L=2 We50
M\5 vnl Vbi as4 0 0 NMOS L=2 WE50
WN6 Vbi as2 Vbi as3 vn2 0 NMOS L=2 WE50
MN7 vn2 Vbi as4 0 0 NMOS L=2 W50
M\ Vbi asl Vbi as3 vn3 0 NMOS L=2 WE50
M\9 vn3 Vbi as4 0 0 NMOS L=2 WE50
IWN10 Vncas Vncas vn4 0 NMOS L=2 Ws50
MN11 vn4 Vbi as3 vn5 0 NMOS L=2 WE50
MN12 vn5 vn4 0 0 NMOS L=2 We50
MBML Vbi asn Vbi asn 0 0 NMOS L=2 WE50
MVBMR Vreg Vr eg Vr 0 NMOS L=2 W£200
MBVB Vbi asn Vbi asp VDD VDD PMOS L=2 Wt100
MBVA Vr eg Vbi asp VDD VDD PMOS L=2 W-100
Rbi as Vr 0 5. 5k

*anplifier

MAL Vanp Vr eg 0 0 NMOS L=2 W50
MA2 Vbi asp Vbi asn 0 0 NMOS L=2 We50
MA3 Vanp Vanp VDD VDD PMOS L=2 W=100
VA4 Vbi asp Vanp VDD VDD PMOS L=2 W-100
MCcP VDD Vbi asp VDD VDD PMOS L=100 W-100
*start-up stuff

MVBUL Vsur Vbi asn 0 0 NMOS L=2 W50
MBU2 Vsur Vsur VDD VDD PMOS L=20 W10
MBU3 Vbi asp Vsur Vbi asn 0 NMOS L=1 W10

. ends




Problem 21.17
Qawi Harvard
Boise State University

Why is the non-inverting topology (Fig. 24.49) inherently faster than the inverting
topology (Fig. 29.39)? What are the feedback factors, B, for each topology? Use the op-
amp in Fig. 24.48 to compare the settling times for a +1 and a -1 amplifier driving 10pF.

A hint to the solution is given in the problem statement. Begin this problem by analyzing
the non-inverting and inverting topologies given below in figure 1.

10k

10k

Ik 10p

N A o T

V

Figure 1 Non-inverting (lft) and inverting (right) topologies

The feedback factor represents the amount of output that is feedback to the input of the
op-amp. The non-inverting topology seen at the left of figure 1 shows that the output is
directly feedback to the input of the op-amp and therefore has a = 1. To determine the
feedback factor of the inverting topology, it is easiest to note the voltage divider that is
obtained when the input voltage is zero. When the input is low the output is high and the
voltage on the inverting terminal of the op-amp is 0.5v,,. After realizing this voltage
divider, it is clear to see that B = 0.5 for the inverting configuration seen in figure 1. The
topologies that are analyzed for this problem are in the closed loop form therefore the
closed loop gain must be calculated.

Ao, (f)

A= 15 u,, ()

Assuming that the op-amp is compensated correctly the open loop frequency response of
the amplifier can be approximated to be:

AOLDC
1+2%2

Wy p

Ao, (Jw) =



where the frequency response of the op-amp behaves as if there is a single low frequency
pole at w345. Using the two equations above determine the frequency response of the
closed loop gain.

A ( j w) — AOLDC — Wi 4p AOLDC — AOLDC 3 1
CL . .
1+ 7]0) + ﬂAOLDC S+ Wy (1 + ﬂAOLDC) 1+ ﬂAOLDC 1+ Jw
Wy i Ws (1 + IBAOLDC)

Analyze this equation to be sure that it is understood. The closed loop frequency
response is determined by the feedback factor, bandwidth, and open loop gain of the op-
amp. For the non-inverting topology with =1 the DC (closed loop) gain is
approximately 1 and the bandwidth increases (the op-amp reacts faster). The inverting
topology has a larger DC gain and a smaller bandwidth (slower). This is why the
inverting configuration behaves slower than the non-inverting configuration. Another
intuitive analysis is to realize that the non-inverting configuration has both inputs of the
op-amp being driven, while the inverting configuration has only one input node driven,
this will result in slower operation of the op-amp.

When placing op-amps into closed loop configurations this effect (known as Bandwidth
Extension/Reduction) must be taken into consideration. When an op-amp is placed into a
closed loop topology the following analogy can be made: As [} increases the gain goes
down and the bandwidth (w34 = 27f348) goes up, as B decreases the gain goes up and the
bandwidth goes down.

To analyze the performance of the op-amp in figure 24.48 in a plus 1 and minus 1
configuration use the two topologies in figure one. Figure 2 shows the simulation results
of step responses of the op-amp.

B L T ETCRERERRERREREREEES B T
L T R L T
e EEEEERERY LT A S
AN ST | S VNS S S NS | S —— 1] () T (1] S NS SNSRI | S ——
L T SRR LT T
0.0 0.0 . .
500.0 £20.0 540.0 560 500.0 520.0 540.0 560.0
time ns time ns
Figure2 Simulation resultsof the op-amp in Fig. 24.28 in a +1 and -1 gain configuration

Figure 2 shows that the settling times of both configurations. The load capacitance was
10pF, and R; = R, = 10k. The settling time of the non-inverting configuration is less than
that of the inverting configuration.




Problem 24.18 Submitted by: S. Sandhya Reddy
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Fig 24.50 Diff Ampswith source-follower level shiftersfor usein GE

DC ANALYSIS:

With the lengths of current source/sink MOSFETs Mpl-3 and Mn7-9 increased from 2u
to 10u, the Vse/V s of the amplifying device will change (infact decrease). The current
that flows with L=2 devicesis 10uA.

Now when the lengths of the above mentioned devices are increased the current that
flows through Mpl1, Mp3 in PMOS DIFF AMP and Mn7, Mn9 in NMOS DIFF AMP are
both equal to 7.8u (this was found with a“. OF statement). The figure below shows the
Ip-Vs plots of a L=2 device. The Vgs value corresponding to 7.8uA current can be
extracted from the graphs shown below and they turn up to be 320mV both for NMOS
and PMOS (from the Simsfig 2).

Fig2.1p vs. Vs plot for a50/2 NMOS device. Ip vs. Vg plot for élOO/Z PMOS device



AC ANALY SIS OF DIFFERENTIAL AMPLIFIERS (GE):

P Diff Amp:

With devices of length=2 (biasing Mosfets), gain (gmlonl|gmrop) =3.39dB and f3ggs is 80.7
KHz as shown in the figures below (fig 3a).

Now as gate to source voltage of the amplifying device is decreased 320mV we would
expect fagg to decrease, gain gmfonllgmlop tO iNCrease.

From Sims gmfonllgmrop With the L=10 devices is 4.43dB and fzqg is 79 KHz which agrees
with the above statement. This can be observed from sim (fig 3b).

B - T
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'H._\. -\.H‘
y
Fig3a. AC response of P diff Amp with 100/2 Fig3b. AC response of P diff Amp with 100/10
biasing devices. biasing devices.

N Diff Amp:

With L=2 biasing devices— gain is 1.97dB and f34g is 79 KHz.
With L=10 biasing devices—gain is 3.70dB and 75.8 KHz.
This can be observed from sim (fig4a, 4b).
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Figda. AC response of N diff Amp with 50/2 Figdb. AC response of N diff Amp with 50/10

Biasing devices. Biasing devices.



From the results obtained above we see that there is only a small decrease in f3gg and a
small increasein the gain.

AC ANALY SIS OF OPERATIONAL AMPLIFIER:

Frequency response of op-amp in fig 24.51(in text book with L=2 in GE biasing devices)
isshowninfig (5).

From fig (5) Gain=75.3dB, f3ys = 47.2 KHz and f,,=373 MHz.

|8

——,

T

Fig5. Frequency response of op-amp shown in fig 24.51

Frequency response of op-amp with modified GE is as shown in fig (6). From fig (6)
Gain=75.1dB, f33s=48dB and f,,=380 MHz.

1 R0 = 10k Rl
Frgawmoe ilogl HERTE

Fig6. Frequency response of op-amp with modified GE



As seen from the above graphs, using the modified GE Diff amps in the op-amp didn’t
change the frequency characteristics much of the op-amp. This can be explained as
below:

The frequency response of the op-amp with GE circuitry is

AbLD,GE(f)ZAbLDC(f). AGE(f) """""" (1)
= AbLGE(f ) = AOLDCf * AGED(;: T (2)
1+ ] 1+ ] :

If £55>F a5 then Ay e (£)= 2208 o AL (£)ornnme (3)

fog = TGN Ros) A (1)Co -- (4) (From eqg. 24.61 of textbook)

Substituting eg.4 in eq.3 that is considering frequencies above f3gs

— %LDC _____
M) = R TR e @

From the above equations it is clear that the bandwidth (f3gs) of the added amplifier may
not be wide. Aslong astheir (added amplifiers) bandwidth is larger than the OP-AMP the
GE works as desired. As from fig (3a, 3b) and fig (4a, 4b) we can see that the f345 of GE
is larger than that of OP-AMP though the lengths of the biasing mosfets increased. So it
is because of this reason we couldn’t observe any change in the frequency response of the
OP-AMP.

The current drawn from power supply (VDD) in the modified op-amp (using the lower
power GE diff amps) was 6UA less than that seen in fig 24.53. The results of the
simulations are as below:

- OP Results:
With L=10 Biasing devices With L=2 Biasing devices
Element 0:vdd Element 0:vdd
Volts  1.0000 Volts  1.0000
Current -425.6308u Current -430.9439u
Power 425.6308u Power 430.9439u
Total voltage source power dissipation= Total voltage source power dissipation=

425.4667u watts 430.7762u watts



Transient response:

] i— —_— e ———

| '“ 1|
Fig 7. Current from VDD in op-amp with fig8. Current from VDD in op-amp with
L=2 biasing devices in the GE amplifier. L=10 biasing devices in the GE amplifier.
CONCLUSION:

The power consumption of the OP-Amp can be decreased by increasing the lengths of
the biasing devices in the GE amplifier (decreasing the biasing current and hence the
power). Doing this will no way affect the AC response of the Op-Amp as far as the f3qs
(bandwidth) of the GE amplifier is more than the bandwidth of the Op-Amp.

NOTE:
Simulations were done in HSPICE using the same netlist used for figure 24.53 except
that the biasing devices were changed to L=10.



Problem 24-19

Eric Becker

Enebecker@cableone.net|

Discussion: Figure 1 shows an N-type diff-amp
that can be utilized for gain enhancement in
op-amp design. The purpose of the source

follower level shifters is to allow
+_| M8 M3 M4 Mo |__ amplification of signals near ground (for P-
type amps) or Vpp (for N-type amps). For
the N-type case M1 and M2 remain in the
M1 M2 saturation region because Vg; » is held at

Vbbb - Vgs. Looking at the saturation

| | M7 equation for M1 gives: Vpp — Vsg > Vpp —

[ BT ] EEYT |

Vs — Vran 2 Vas-Vsg > -Vran which is
always true based on values from table 9.2.

Figure 1. N-type Gain Enhancement Diff-amp Thls Justlﬁes the need fqr source followers
in this topology of amplifier.

M5R MER
M5L
2

Vp —| M1 M2 I—Vm M7 | pLvRias2 |y
’ vout
M3|FEI Vbias3 Mo

M10

M3RE Vpiasa M :I
\1 f M12

M3LT

—_

M3LB

Figure2. NMOSfolded Cascode OTA

Figure 2 shows an NMOS folded cascode OTA. Performing a similar analysis on
transistor M1 will show that source follower level shifters are not required for this topology.
Assuming Vp = Vpp then the following saturation equation can be written for M1:

Vb — Vspsat = Vo — Vrun @ -Vspsat > -Vrun Which is also always true based upon table 9.2.
The source followers aren’t needed because the input diff pair can swing well above Vpp (see
derivation of equation 22.10). Conversely, for the PMOS folded cascode OTA the input dift-
pair can swing well below ground making the need for source follower level shifters
unnecessary.
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Simulation Results:
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Figure3. AC response of the op-amp in Fig 24.51 with Folded Cascode OTAs as Gain Enhancement Amps
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Figure 3 shows the simulation results of the circuit in Fig 24.51 when GE Folded
Cascode OTAs are used instead of GE diff-amps. Compared to Fig 24.53 the unity gain
frequency and the phase margin at this frequency remain approximately the same. The open
loop gain, however has increased substantially by about 10dB.
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Figure 4. Step Response and Current draw of the op-amp in Fig 24.51 with GE Folded Cascode OTAS

Or S0).

Figure 4 shows the transient step response and current draw of this op-amp. Note that the
step response is nearly identical to that of Fig 24.53. This is because the GE amps do not effect
the overall speed of the op-amp. The tHL=1.5ns (time high-to-low) and tLH=1.25ns (time low-
to-high). Also to negate overshoot the gain enhancement compensation capacitors were doubled
to 480fF. The static current draw of this circuit with folded cascode OTAs is approximately
30uA more than the regular draw GE diff-amps. This makes sense because there are four 10uA
branches in the GE diff amp, but six 10uA branches in the GE folded cascode OTA. Since are
two GE amps (N and P type) the net current difference is 40uA (very close to the observed 30uA



In conclusion, the folded cascode OTA offers a viable gain enhancement substitute over
the common GE diff-amp. The main benefit is increased gain with a constant unity gain
frequency (which means constant speed). The drawbacks are increased power dissipation and
increased susceptibility to instability (which just requires more attention while compensating).

Editsto Netlist from Fig 24.53:

xnamp VDD
Xpamp VDD
.ends

.subckt pamp
Ml vdi
M2 vd2
M3LB vss
M3LT vd3lt
M3RB Vss
M3RT vd3rt
MS5L vdl
MS5R vdl
M7 vd7
M6L vd2
M6R vd2
M8 vout
M9 vd7
Ml11 vdll
M10 vout
M12 vdl2
cc vout
.ends

.subckt namp

M1
M2
M3LT
M3LB
M3RT
M3RB
MS5L

vdl
vd2
vss
vd3lb
vss
vd3rb
vdl
vdl
vd7
vd2
vd2
vout
vd7
vdll
vout
vd12
vout

Vbias2
Vbiasl

VDD
vp

vm
Vbias2
Vbiasl
Vbias2
Vbiasl
vd7
vd7
Vbias3
vd7
vd7
Vbias3
Vbias2
Vbiasl
Vbias2
Vbiasl

VDD
vp

vm
Vbias3
Vbias4
Vbias3
Vbias4
vd7
vd7
Vbias2
vd7
vd7
Vbias2
Vbias3
Vbias4
Vbias3
vbias4
0

Vbias3
Vbias2

Vbiasl
vss
vss
vd3lt
VDD
vd3rt

vdll

vd12
VDD
480f

Vbias3
vss

vss
vd3lb

vd3rb

VDD
VDD
vdl
VDD
VDD
vd2
vdll

vd12

480f

Vbias4
Vbias3

Vbias2
VDD
VDD
VDD
VDD
VDD
VDD

outn vdl
outp vdll

Vbias3  vout

PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=2 W=100
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=2 W=100

Vbias2  vout

NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=2 W=100
PMOS L=2 W=100
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50

vd2
vd12

vp

vp

namp
pamp

vm

vm



Kloy Debban

P24.20

Referring to figure 24.6, (which is repeated below in figure 1 of this solution,) and
according to equation 24.5:

Figure 24.6 Showing on example of feedbock ir an op-amp.

Figure 1.

V. AU
Aol =y " gy () Y

If A, (f) - oo, then the closed loop gain A, (f) - %,and:

1 V. 250mv 1
V . = A: fy*Vv =—*\ =10 ="7" =2
o (1Y g " p V. 500mV 2

out

Now, if Aoy does not go to oo, then using equation 24.5, and solving for V oy,

Vout :Vin*AbL—(f):> 500mV +1mV = 250mV*AbL—(f)
HAAD 1+ 2 A (1)
2 L

Solving for the absolute value of Aoy ) :

500mV +1mvV
= A (f)|= = 1000
250my — 200V £1mV

2




Problem 24.21. (Ken Waller)

Design a voltage regulator that can supply at least 50 mA of current at
500mV with VDD as low as 600mV using the minimum amount of Cload.

The voltage regulator circuit that I chose, shown in Figure 1, can pull the
gate of the large PMOS output device, PS5, very close to VSS to meet the
600 mV VDD specification. The device size for P5 was determined by
calculating the width needed to source 90 mA with VDD at 600 mV. |
picked 90 mA to guarantee that the design will have margin to process
parameters and operating conditions such as temperature. I calculated the
width using both the short and long L equations and simulations verified that
the long L equation gave a better answer. I rounded the width of P5 up to
50,000u.

Long L Equation:

W=@2*L*ID)/[KPp * (VGS — VTHp)**2]
Where VGSmin = 600 mV — 70 mV = 530 mV
W =2%*0.09A/[60 uA/V * (0.53V — 0.28V)**2]
W =48,000u

Short L. Equation:

W =ID/[Vsat * Cox’ * (VGS — VTHp — VDSsat)]
W =0.09A/[(90 * 10¥*9 um/s) * (25 fF/um**2) * (0.53V — 0.28V — 0.05V)]
W =200u or 4,000 drawn

I shifted the 500 mV VREEF signal down by 5% so that I did not have to
directly connect VREG to the gate of N2. This allows the VREG voltage to
be adjusted either up or down by changing the value of resistor R3 and or
R6. I only shifted the REF voltage at the gate of NO down 5% to keep
current source transistor N1 in the saturation region.

The switching current driving the gate of P5S was increased by sizing up P4
and N3. This extra current reduced the magnitude of the VREG voltage dip



whenever the output current load was either increased. Transistor P5 is
biased on by the current source device N5 and resistors RS and R6.
Capacitor C0 is used to improve the large signal performance of the
regulator by coupling the gate of P5, GPU or Gate of Pull-up, to VREG. For
example, when VREG moves to a lower voltage, GPU will be pulled lower
by capacitor C0O, which will increase the VGS voltage of P5 thereby
increasing the amount of current it supplies to the load. All of the other
transistors were sized with the biasing from Table 9.2.
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Figure 1 — Voltage Regulator Schematic

The transient response of the voltage regulator circuitry with three types of
current spikes was investigated. They were a fast ramp up to a large DC
current, 50 mA, followed by a fast ramp back to no current, a slow ramp up
to a 75 mA current followed by a slow ramp down, and two short duration
50 mA current spikes. Figures 2, 4 and 8 show how the voltage regulator
circuitry reacted to these three type of current spikes with three different
values of capacitive loads. Figure 2 had a 1 nF load, Figure 4 had a 10 nF
load, and Figure 8 had a 100 nF load.
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Figure 2 — Transient Response With A 1 nF Load Capacitance

In Figure 2, the top waveform, I(ivreg), is the transient current stimulus that
is applied to the VREG output node. PT1 is at the start of the 1ns ramp up to
pulling a 50 mA current out of the voltage regulator. Notice that the V(vreg)
voltage falls from 500mV to 101 mV before recovering. The signal GPU is
the gate of the 50,000 drawn micron device (final size is 2,500u), P5. When
the fast current ramp occurs, most of the current will be supplied by the
capacitive load until GPU reaches a low enough value to set P5’s VGS to
supply 50 mA. It takes the voltage regulator 12 ns to get GPU biased and
stop VREG from falling and 38 ns before VREG recovers to the correct
voltage. At 600 ns the 50 mA current is turned of in 1 ns and notice that
VREG overshoots the 500 mV target by 90 mV before GPU gets to a high
enough voltage so P5 only supplies the bias current. Due to the small
amount of biasing current on the VREG node, it will take a long time,
thousands of nano-seconds, to reach the 500 mV target.

PT?2 is at the start of the 700 ns ramp up to 75 mA. VREG dips to 396 mV
before recovering in 47 ns to the correct voltage. The two current spikes at
the end of the simulation output show the circuit’s response to a 10 ns wide
(332 mV) and a 4 ns wide (451 mV) 50 mA current spike. Notice that
VREG is poorly regulated for both of these current spike cases. The 1 nF
capacitor is not large enough to hold the VREG voltage while the voltage
regulator turns on.

Figure 2A shows a blowup of the response to a 50 mA fast ramp on and off.
Notice how large the VREG voltage glitch is when the current is quickly
ramped to 50 mA. Capacitor CO can be increased in size to more closely
couple GPU to VREG but this will significantly slow down the response for
the slow ramp condition. Since the gate to drain capacitance of P5 is 1 pF,



CO0 needs to be several pico farads to have an effect. When the current is
quickly ramped off, VREG overshoots the 500 mV target by 95 mV and
notice how slowly the bias current is pulling VREG down to the correct
voltage. Figure 2B shows a blowup of the response to the fast ramp with the
bias current of N5 increased from 10 uA to 2 mA. This 2 mA current will
bias the GPU node to a lower voltage and the voltage regulator can respond
quicker to the current spike since GPU does not have to move as many milli-
volts. The glitch stills has a low voltage of 221 mV and is not any narrower.
This extra current improved the recovery response of the circuit to the
overshoot when the current is quickly ramped off.
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Figure 3A and 3B show the frequency response of the Figure 1 circuitry with
a 1 nF load capacitance.
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Figure 4 — Transient Response With A 10 nF Load Capacitance



In Figure 4, the top waveform, I(ivreg), is the transient current stimulus that
is applied to the VREG output node. PT1 is at the start of the 1ns ramp up to
pulling a 50 mA current out of the voltage regulator. Notice that the V(vreg)
voltage falls from 500 mV to 370 mV before recovering. The signal GPU is
the gate of the 50,000 drawn micron device (final size is 2,500), P5. When
the fast current ramp occurs, most of the current will be supplied by the
capacitive load until GPU reaches a low enough value to bias P5’s VGS to
supply 50 mA. It takes the voltage regulator 33 ns to get GPU biased and
stop VREG from falling and 71 ns before VREG recovers to the correct
voltage. At 600 ns the 50 mA current is turned of in 1 ns and notice that
VREG overshoots the 500 mV target by 47 mV before GPU gets to a high
enough voltage so P5 only supplies the bias current. Due to the small
amount of biasing current on the VREG node and the 10 nF load
capacitance, it will take an even longer time to reach the 500 mV target than
the 1 nF load capacitance version.

PT?2 is at the start of the 700 ns ramp up to 75 mA. VREG dips to 445 mV
before recovering in 90 ns to the correct voltage. The two current spikes at
the end of the simulation output show the circuits response to a 10 ns wide
and a 4 ns wide 50 mA current spike. VREG is able to stay within 10 mV of
the 500 mV target during these two current spikes. With a 10 nF load
capacitance, the voltage regulator can handle large short duration current
spikes but stills has trouble with the fast current ramp to a large DC current.
Its response to the slow ramp case is not very good but with extra bias
current this can be corrected.

Figure 4A shows a blowup of the response to a 50 mA fast ramp on and off.
Notice how much shallower the VREG voltage glitch is versus Figure 2A
and noticed that the glitch is fifty percent wider when the current is quickly
ramped to 50 mV. The longer duration is caused by the added time it takes
P5 to charge the ten times larger output capacitance. When the current is
quickly ramped off, VREG overshoots the 500 mV target by 47 mV and will
take thousand of nano-seconds to pull VREG down to the correct voltage.
Figure 4B shows a blowup of the response to the fast ramp with the bias
current of N5 increased from 10 uA to 2 mA. The glitch stills has a low
voltage of 403 mV and is not any narrower. However, this extra current
improved the recovery response of the circuit to the overshoot when the
current is quickly ramped off and VREG was never more than 30 mV away
from VREF during the slow ramp current condition. The bias current must
be larger than 10 uA when the load capacitance is so large to quickly correct
any overshoot potential.
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The frequency response was hand calculated for the 10 nF load capacitance
case. Figure 5 shows the schematic I used to calculate the input and output
poles. Node V1 corresponds to node GPU and node V2 corresponds to node
VREG in Figure 1.
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>
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Figure 5 — Freguency Response With
10 nF Load Capacitance
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R1=RONp4 || RONn3 = 333K * 100 / 600 || 167K * 50 / 300
R1=55.5K || 27.8K = 18.5K

C1 =Cgsp5 + Cgdp4 + Cgdn3

C1=150,000 * 8.34f /200 + 600 * 3.7t/ 100 + 300 * 1.56f/ 50
Cl=2.1pF

C3 =Cgdp5 + C0=50,000 * 3.7t/ 200 + 100 £ =1.03 pF

R2 =RONpS5 || RONnS = 333K * 50/ 50000 || 167K =333

C2 =Cload + Cgdn5 =10 nF

gmp5 = sqroot(50,000 / 50) * 150 uA/V =4.7 mA /V

gmp5 simulated at 195 mA/V and RONpS5 simulated at 28 with the device
exhibiting very strange behavior even with the L=2. The PMOS model did
not work correctly for a DC sweep with a W = 50,000.

gm34 =150 uA/V * 300/ 50 =900 uA/V simulated at 1 mA/V
Alst=gm34 * R1 =900 uA/V * 18.5K =16.7 V/V

A2nd = gmp5 * R2=4.7mA/V *333=1.57V/V

AOLDC = Alst * A2nd =16.7 * 1.57 =26.2 =28.4 dB

fl=1/[2*pi *R1 *(C1 +C3 *(A2nd + 1))]

fl1=1/[6.28 * 18.5K * (2.1p + 1.6p)

f1 =2.3 MHz

f2=(gmp5S*C3)/[2*p1 *(C1 *C2+C1*C3+C2*C(C3)]

f2=47m * 1.03p/[6.28 * (2.1p * (10n + 1p) + 10n * 1p)]

f2 =24 KHz

fz=gm2/(2*pi*C3)=4.7m/(6.28 * 1.03p) = 726 MHz

Figure 6 shows the schematic used to AC simulate the voltage regulator.
From simulation results shown in Figure 7A and Figure 7B; f1 = 1.5 MHz,

2 =17 KHz, fun = 98 KHz, and AOLDC = 21.9 dB. All of these value were
reasonably close to the hand calculated values.
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is applied to the VREG output node. PT1 is at the start of the 1ns ramp up to



pulling a 50 mA current out of the voltage regulator. Notice that the V(vreg)
voltage falls from 500mV to 459 mV before recovering. It takes the voltage
regulator 106 ns to get GPU biased and stop VREG from falling and 250 ns
before VREG recovers to the correct voltage. At 600 ns the 50 mA current is
turned of in 1 ns and notice that VREG overshoots the 500 mV target by 10
mV before GPU gets to a high enough voltage to shutoff. The simulation
results with the 100 nF capacitor look acceptable for all the current transient
cases. The problem with using a 100 nF is that it is too large to fit on a
computer chip. Simulations show that the larger Cload is, the better the
voltage regulator circuit works.
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Figure 9 — Final Voltage Regulator Schematic



I redesign the voltage regulator circuit to improve the response with a 10 nF
load and the new circuit is shown in Figure 9. To improve the transient
response of the voltage regulator for a fast current ramp, node GPU must
switch faster so P5 will supply most of the current instead of relying on the
capacitor. The switching current driving GPU was increased by sizing N3
from 300u to a 1000u and P4 from 600u to 2000u. The differential amp
current was doubled to 32 uA and both of these changes reduced the dip
voltage from 370 mV to 412 mV when VDD is 600 mV. The slow ramp dip
is now acceptable at 476 mV.

I wanted to increase the biasing current to 2 mA to improve the fast ramp off
condition and reduce the fast ramp on dip voltage but this lowered the phase
margin to 25 degrees. The extra current moved the unity gain frequency up
to 3 MHz and the AOLDC to 36.7 dB. Pole {2 moved out to 100 KHz and
pole f1 occurred at 1.1 MHz. Changing transistor N5 size or the VREG bias
current dramatically moved the location of the unity gain frequency, the
output pole location and the open loop gain. I picked a size of 1600/2 or a
bias current of 350 uA to keep the phase margin around 80 degrees. This
change reduced the dip voltage to 425 mV.

Further Increases to the widths of P4 and N3 as well as P5 had very little
effect on the performance for this fast ramp case. Making the Ls of P4 and
N3 equal to one improved the performance significantly but caused a very
large offset in the VREG voltage with no load current that I was unable to
remove. To improve the performance I need to increase the current driving
node GPU without adding any more parasitic load. I decided to increase the
current by raising the VGS bias voltages of P4 and N3 by sizing down P1
and P2. This size change caused a three times increase in the current driving
GPU and reduced the dip voltage to 445 mV and all of these changes
reduced the overshoot voltage from 545 mV to 509 mV. I also hooked the
compensation capacitor C0O to node A instead of GPU which will increase
the current in N3 when VREG falls and decrease the current in N3 when
VREG rises. This capacitor increased the current in N3 by 12 percent during
the fast current transient with less voltage change on VREG. These circuit
changes improved the dip voltage to 452 mV and the overshoot voltage to
505 mV. The durations of these perturbations or dips were reduced unlike
the increase in duration when adding extra load capacitance. Figure 10
shows the transient response for this new circuit for the fast ramp case. I did
not show the other cases since VREG is fairly stable for the new circuit with
only 27 mV of total change. Figure 11 shows the transient response for VDD
equal to 1V. Notice that VREG has a 22 mV offset when driving only the



bias current. At VDD equal to 600 mV, VREG had a negative offset of 22
mV at the 50 mA load current. In Figure 10 and 11, the gate voltages, REF
and REG, of the diff pairs are shown and notice how the voltage regulator
does not try to correct the offset for these two cases.
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Figure 11 — Transient Response To A 50 mA Fast Ramp
VDD =1V

Figure 12A and 12B show the frequency response for the circuit shown in

Figure 9 with a 10 nF load capacitance. The unity gain frequency was 550
KHz with a phase margin of 72 degrees. The phase margin and unity gain

frequency can be moved by changing the VREG bias current or the size of
NS.

The voltage regulator current was 1 mA including the 350 uA VREG bias
current. If you could add more load capacitance or tolerate a dip voltage of



425 mV the current could be lowered by 430 uA by sizing up P1 and P2. |
used a beta multiplier circuit’s VBIASN to drive BIAS.
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Prob. 24.22 [Ravindra P]

Using the nominal sizesfrom Table 9.2 and the biascircuit in Fig. 20.47, simulate
using a .op analysis, the operation of the op-amp in Fig. 24.58 in the configuration
seen in Fig. 24.9. What isthe current flowingin M7 and M8 when VDD is1V?Is

1.2v?

Soln.
The op-amp in Fig. 24.58 isa NMOS diff amp driving an inverter.

VDD VDD VDD

M3 lb—d[ wma

Vout1
o| M7

Vin _’ M1 M2 }—vp

Vout

]

Vbiast ———| e —{[ wms
R }

The op-amp is operated in the following configuration. The
feedback resistor [LOMEG] and the capacitor [100uF] form alarge time constant such
that none of the AC output voltage is fed back to the inverting input. The DC biaslevel is
fed back so that the op-amp biases correctly [i.e. all MOSFET’ s are operating in
saturation].




Operating Point Anaysis

vdl =0.65
vout =0.512
voutl =0.49
vm =0.49
vp =05
VSS =0.12
V7#branch =71 pA
vB#branch =71 pA
v3#branch  =9.5pA
vdd =1
vdd#branch  =-200 pA
vhigh =0.78
viow =0.15
vbiasl =0.64
vbias2 =0.36
vbias3 =054
vbias4 =0.36
vncas =0.8
vpcas =0.2
vp#branch  =-0.23e-10
Operation

Using an .op analysis we can analyze the issues with the operation of this op-amp.
When both the inverting and non-inverting inputs are at 0.5V,

Current through diff-amp = 10 pA

Current through M7/M8 =12 pA

When we have an input-referred offset of 10mv [simulated by adding a 10mv DC
source to V)

Current through diff-amp = 10 pA
Current through M7/M8 =54 A

We see that the current in M7/M8 has increased around 5 times the current in diff-
amp. So we clearly see that the op-amp has a poor systematic input-referred offset
voltage.



To find the current in M7 and M8, zero volt voltage sources [which act as current
ammeters] are inserted in spice. By doing an .op analysis, we can find the currents
in M7 and M8 [op-amp in configuration seen in Fig. 24.9 of the material].

When VDD = 1V,
i1=715pA
i2=715pA

When VDD=1.2V,
i1=1485 pA
i2 = 1485 pA

VDD VDD VDD

M3 |o_40| M4 6'1
d w7

- P
¥ M

Vin _’ M1 M2 }—vp

Vout

We see significant change in the current in M7 and M8 with changein VDD. The
current flowing in the push-pull output stage is not set by a bias circuit. So it
varies significantly with process, temperature and power supply variations. Here

we see asignificant variation of 77 pA in the currents with a200mV changein
power supply.



NETLIST
.control
destroy all
run
letil=- V7#BRANCH
let i2= - VB#BRANCH
PRINT i1i2
PRINT V3#BRANCH
.endc

.option scale=50n ITL1=300

.op

vDD VDD O DC 1

Vp Vp 0 DC 0.5 AC 1

Rbig wvout vm 10MEG

Chig vm 0 100u

M1 vdl vm VSS 0 NMOS L=2 W=50
M2 voutl vp VSS 0 NMOS L=2 W=50

M3 vdl vdl vD3 VDD PMOSL=2W=100
V3 vDD VD3 O

M4 voutl vdl vDD VDD PMOSL=2W=100
M6 Vss Vbias4 0 0 NMOS L=2 W=100

v7 vdd vd7 0

M7 vout Voutl vd7 VDD PMOSL=2W=100

v8 vout vd8 0

M8 vD8 voutl O 0 NMOS L=2 W=50

Xbias VDD Vbiasl Vhias2 Vhbias3 Vhias4 Vhigh Vlow Vncas Vpcas bias

.subckt bias VDD Vbiasl Vhias2 Vhias3 Vbias4 Vhigh Vlow Vncas Vpcas

MPL  Vbias3 Vbiasp VDD VDD PMOSL=2W=100
MP2  Vbias4 Vbiasp VDD VDD PMOSL=2W=100
MP3 vpl vp2 VDD VDD PMOSL=2W=100
MP4 vp2  Vbias2 vpl VDD PMOSL=2W=100
MP5 Vpcas Vpcas vp2 VDD PMOSL=2W=100
MP6 Vbias2 Vbias2 VDD VDD PMOSL=10W=20
MP7  Vhigh Vbiasl VDD VDD PMOSL=2W=100
MP8  Vbiasl Vbias2 Vhigh VDD PMOSL=2W=100
MP9 vp3  Vbiasl VDD VDD PMOSL=2W=100
MPI0 Vncas Vbias2 vp3 VDD PMOSL=2W=100

MN1 Vbias3 Vbhias3 0
MN2 Vbias4 Vbias3 Viow
MN3 Viow Vbia4 0
MN4  Vpcas Vbias3 vnl
MN5  vnl Vbias4 0
MN6  Vbias2 Vbias3 vn2
MN7  vn2 Vbias4 0
MN8  Vbiasl Vbias3 vn3
MN9  vn3 Vbias4 0
MN10 Vncas Vncas vr4

NMOS L=10 W=10
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50

cNeoooNeoNoNoNoNeNe]



MN11 vn4
MN12 wvn5
MBM1 Vbiasn
MBM2 Vreg
MBM3 Vbiasn
MBM4 Vreg

Rbias Vr

*amplifier

MA1l
MA2
MA3
MA4

MCP

Vamp
Vbiasp
Vamp
Vbiasp

VDD

*start-up stuff
MSU1 Vsur
MSU2 Vsur
MSU3 Vbiasp

.ends

* BSIM4 models

Vbias3
vnd
Vbiasn
Vreg
Vbiasp
Vbiasp

Vreg
Vbiasn
Vamp
Vamp

Vbiasp
Vbiasn

Vsur
Vsur

.end

vn5 0

0 0

0 0
Vr 0
VDD VDD
VDD VDD
5.5k

0 0

0 0
vDD VDD
vDD VDD
vDD VDD
0 0
VDD VDD
Vbiasn 0

NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=50
NMOS L=2 W=200
PMOS L=2 W=100
PMOS L=2 W=100

NMOS L=2 W=50
NMOS L=2 W=50
PMOS L=2 W=100
PMOS L=2 W=100

PMOS L=100 W=100

NMOSL=2 W=50

PMOS L=20 W=10
NMOSL=1 W=10



Problem 24.23 Roger Porter

When the circuit in Figure 24.59 is simulated with unity feedback and the .op analysis,
M7 and M8 have the following currents.

vDD =1
Current in M7 = 3.19uA
Current in M8 = 3.19uA

vDD =12
Current in M7 = 16.6UA
Current in M8 = 16.6uA

As can be seen, the current changes considerably with variationsin VDD. Thisis because
the current in the output stage isn’t being controlled.

When VDD = 1, the gate of M8 is at avalue that is being set by the source follower and
the level-shifter mosfets. The source follower wants that node to be at avalue of aVgs
drop below the value of the drain of M2. Thedrain of M2 isideally at the same value as
the drain(and gate) of M 1. The value of the drain of M1 isaVss drop below VDD. For
the biasing conditions of Table 9.2 thisis VDD-350mV = 650mV. If the gate of the
source-follower isat 650mV then the gate of M8 should be aV gsdrop below thisvalue,
650 mV —350mV = 300mV. Thisis above the threshold voltage of M8 but is below the
desired Vgs for M8 (350mV). If the source follower isnot in its own well then we can
expect the body effect to cause its V ss to be more than 350mV. Another issue with this
node voltageisthat it is considerably higher than the Vps« for the level shifter and since
its output resistance isfinite, it is going to sink slightly more current than 10uA. The
current that goes through the level-shifter must also go through the source-follower,
leading to a dlight increase in the V gs of the source follower. This means that the drain of
M2 will be dlightly higher than the drain of M1. For M1 and M2 to have the same
current, the gate and/or drain of M1 will need to increase dlightly. When we simulate this
circuit, both increase alittle. This causes there to be an input referred offset.

Lets look at the simulated values.

WinSpice 203 -> print vp vm d1 d2 g8 vout
vp = 5.000000e-01
vm = 5.014316e-01
d1 = 6.840346e-01
d2 =7.114012e-01
08 = 2.892833e-01

The actual voltage on the gate of M8 (g8) is0.289 V which isvery near the threshold
voltage, M8 is barely on. The drain of M2 (d2) is0.711V which isindeed above VDD-
Vs =0.65V aswe expected. The drain of M1(d1) is0.684 is also above 0.65V aswe



expected. The gate of M1is.5014 V, about 1.4 mV above the gate of M2 that istied to
0.5V. Thisisthe input-referred offset mentioned above.

To seethis offset visually, letsrun a DC sweep of the gate of M2 while we tie the gate of
M1 to 0.5V and plot the output voltage.

ki

0 EIEI; | i ' | | i i | | |
488.0 490.0 492.0 494.0 496.0 498.0 c00.0 502.0 504.0 S06.0 coe.0 c10.0

swesp nv

Figure 1linput-referred offset

Since we tied the gate of M1 to 0.5 V, which is opposite of what we did in the .OP
anaysisthe offset isin the other direction. Vout isat 0.5 mV at about 1.4mV before it
should be.

0o i i
488.0 490.0 132.0 195.0 196.0 498.0 500.0 502.0 504.0 506.0 508.0 510.0
swsep w

Figure2 Thecurrentsin the op-amp (VDD=1)



When VDD = 1.2, the drains of M1 and M2 will now be near (VDD —Vsg) 1.2—-0.35=
.85 V. The gate of M8 will be near 0.85—-0.35=0.5V. Asin the discussion above for
VDD=1, these values will be dightly different than the ideal because of the finite output
resistance (and body effect) of the mosfets. Lets ook at the simulated values.

WinSpice 223 -> print vp vm d1 d2 g8 vout
vp = 5.000000e-01

vm = 4.970092e-01

dl = 8.844932e-01

d2 = 8.221796e-01

ds5 = 3.784160e-01

vout = 4.970092e-01

As can be seen the gate of M8 is above the desired Vs of M8 (350 mV) causing more
current to flow through the output branch. As stated above, the current through M8is
16.6uA when VDD=1.2.

Note.
If the source follower is placed init’s own well, the circuit will improve and the offset
will be reduced. The simulation results for this case are shown below (VDD=1)

print vp vm d1 d2 g8 I(vme6) [(vm5b) 1(vm3)

vp = 5.000000e-01

vm = 4.995408e-01

dl = 6.844616e-01

d2 = 6.752027e-01

08 = 3.243805e-01

vme6#branch = 1.009505e-05

vmbb#branch = 1.141040e-05 (current through the level-shifter and source-follower)
vm8#branch = 6.381320e-06

Now the offset is only about 5 pV. But, the output stage current will still vary greatly
with VDD variations.



Problem 24.24: Solution submitted by Jagadeesh Gownipalli
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Fig 1 OP-AMP

Fig 1 shown above is Op-Amp shown in Fig 24.60 of the text book with compensated
capacitors Cc , compensated capacitors are added from vout to two high impedance
nodes vd12 and vd4.

Open Loop Frequency Response:

Resistance seen across first stage I.e. drainof M4is R =r_, [T,
Resistance seen across second stage |.e. drainof M12is R, =T, || ;1.
Resistance seen across second stage I.e. drainof M7is Ry =1, [Ty,

Since M7 and M8 have 3 times the width of normal NMOS and PMOS

Fon 1t To
R, =3 I3 and grr=Gne=3.gm

AOLDC =Al1l.A2.A3
Where A; = Gain of first stage(Diff amp) = gm1 . R1
A, = Gain of second stage = gn. R
Az =Gain of (ClassAB) push pull amp) = (gm7 + gms) - R3

Therefore open loop Dc gain AoLpc of Op-Amp is

AoLpc = Om1 - R1 . Om- R2 .(Om7 + Ome) - R



Since M7 and M8 are 300/2 and 150/2 devices(3 times the width)
R1=111K ohms, R,=111K, R3=37K ohms, gm7=gms=3.0m=450uA/V and
Om1=150uA/V

Therefore
AOLDC =0231 VIV (793 dB)

And unit unity-gain frequency f, is

fun = gm/2.1.Cc =100M eg Hz.

From simulations both gain and f,,, are verified with hand caluculations and phase margin
is about 50 degrees.

Simulations:
Spicefile

*** Problem 24.24 CMOS: Circuit Design, Layout, and Sinulation ***

.control
destroy all
run

pl ot i (vdd)

pl ot vout vin
. endc

.option scal e=50n 1 TL1=300 reltol =1u abstol =1p
.tran 1n 600n 500n 1n U C

VDD VDD 0 DC 1.2

Vin Vin 0 DC 0 PULSE 100m 900m 510n 1n 1n 40n
Vcm Vcm 0 DC 0.5

Xo VDD vout vem vm opanp

Rf Vout vm 10k

Rin Vin vm 10k

CL vout 0 100f

. subckt opanp VDD vout vp vm
Xbi as VDD Vbi asl Vbias2 Vbias3 Vbias4 Vhigh VI ow Vncas Vpcas bi as

VB vd3 vd3 VDD VDD PMOS L=2 W:100
V4 vd4 vd3 VDD VDD PMOS L=2 W£100
ML vd3 vm vsl2 O NMOS L=2 WES50
M vd4 vp vsl2 0 NMOS L=2 W£50
Y5 vsl2 vbhias4 0 0 NMOS L=2 Wt100
MLO vd10 vd4 VDD VDD PMOS L=2 W100
ML1 vdl10 vdl10 0 0 NMOS L=2 W£50
Mo vdl2 vd3 VDD VDD PMOS L=2 W100
ML2 vdl2 vdl10 0 0 NMOS L=2 W£50
\Y/'4 Vout vd4 VDD VDD PMOS L=2 Wt300
VB Vout vdl2 O 0 NMOS L=2 We150

Ccl Vout vd4 240f



Cc2 Vout vdl2  240f
. ends

.subckt bias VDD Vbiasl Vbias2 Vbi as3 Vbi as4 Vhi gh VI ow Vncas Vpcas
vP1 Vbi as3 Vbi asp VDD VDD PMOS L=2 Wt100

MP2  Vbi as4 Vbi asp VDD VDD  PMOS L=2 100
MP3  vpl vp2 VDD VDD  PMOS L=2 W:100

MP4 vp2 Vbi as2 vpl VDD PMOS L=2 W£100
MP5 Vpcas Vpcas vp2 VDD PMOS L=2 W:100
MP6 Vbi as2 Vbi as2 VDD VDD PMOS L=10 W:20
MP7 Vhi gh Vbi asl VDD VDD PMOS L=2 Ws100
VP8 Vbi as1l Vbi as2 Vhigh VDD PMOS L=2 W:100
MP9 vp3 Vbi as1 VDD VDD PMOS L=2 W£100
MP10 Vncas Vbias2 vp3 VDD PMOS L=2 W100
VN1 Vbi as3 Vbi as3 0 0 NMOS L=10 We10
N2 Vbi as4 Vbias3 Viow O NMOS L=2 WE50
VN3 VIow Vbias4 0 0 NMOS L=2 WE50
M4 Vpcas Vbias3 vnl 0 NMOS L=2 W:50
VN5 vnl Vbi as4 0 0 NMOS L=2 W£50
VNG Vbi as2 Vbi as3 vn2 0 NMOS L=2 WE50
VN7 vn2 Vbi as4 0 0 NMOS L=2 We50
VN8 Vbi asl Vbi as3 vn3 0 NMOS L=2 WE50
MN\O vn3 Vbi as4 0 0 NMOS L=2 We50
MN10  Vncas Vncas vn4 0 NMOS L=2 W50
M\11  vn4 Vbi as3 vn5 0 NMOS L=2 W£50
MN12  vn5 vn4 0 0 NMOS L=2 WE50
MBML  Vbi asn Vbi asn 0 0 NMOS L=2 WE50
MBM2  Vreg Vreg VWr 0 NMOS L=2 W:200
MBMB  Vbi asn Vbi asp VDD VDD PMOS L=2 W:100
MBM4A  Vreg Vbiasp VDD VDD PMOS L=2 W:100
Rbias Vr 0 5. 5k

*amplifier

MAL Vanp Vreg O 0 NMOS L=2 WE50
MA2 Vbi asp Vbi asn 0 0 NMOS L=2 W50
MA3 Vanp Vanp VDD VDD PMOS L=2 W:100
MA4 Vbi asp Vanp VDD VDD PMOS L=2 W£100

McP VDD Vbi asp VDD VDD PMOS L=100 Ws100

*start-up stuff

MsUL  Vsur Vbi asn 0 0 NMOS L=2 W£50
MSU2  Vsur Vsur VDD VDD PMOS L=20 W10
MSU3  Vbi asp Vsur Vbi asn 0 NMOS L=1 W10

. ends
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Fig 2 Open Loop Response

Fig 2 shows the open loop response of OP-Amp configuration used to calculate Ao pc.
Hand caluculated values for Ao pc and fy, are verified from Fig 3.
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Fig 4 Phase Response of Fig 2
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Fig 5 Step Response of OP-AMP driving 100fF
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Fig 6 Step Reponse of OP-AMP
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Fig 7 Current pulled from VDD for VDD=1V Fig 8 Current pulled from VDD for VDD=1.2V

From Fig 7 and Fig 8 it shows that current pulled from VDD for 1V and for 1.2V are
relatively constant( about 4uA difference)



Submitted by: Motheeswara Salla (Morty)

Problem 24.25

Replace the common source output stage in the op-amp of fig 24.61 with a class AB output

stage like the one seen in fig24.60. Simulate the operation of the amplifier (Ac and

Transient)

Figure 1

Figure 24.61 is modified and a class AB stage is added as shown in figure 1. The simulation

results are given below

phiwout )

Degrees

H=

f requency

Figure 2
The phase response of Figure 1 is apparently not good. The above response is a program

issue. We have a small Ry resistance which is connected to V. The resistance is very small



— ph{wout )

modified to 100Meg and 100uF, the response looked like the one shown in figure 3. Please
Degrees

which interfered with output resistance and caused a parasitic zero. When Ry and Cyg are
note that at this time there is no compensation capacitance added to node 4.
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Figure 5

The phase and frequency response looks good. The phase margin and gain margin is not

great. The step response may not look so great.

Netlist:

FeAex Figure 1 >

.control

destroy all

run

=degrees

set units

plot ph(vout)

plot db(vout)

.endc

=300

50n ITL1

.option scale

.AC dec 100 100 1G

DC

vDD VDD O

0.5 AC 0.5

DC

vin

vin

vout vm 100MEG
0] 100u

vim

Rbig

Cbig

Ccl n3 nli 240f

Cc2
Cc3

vd41l 240f

vout

dvd09 240f

vout

Xbias VDD Vbiasn Vbiasp bbias



M3T1
M3B1
M4T1
M4B1

M3T2
M3B2
M4T2
M4B2

M11
M21
M6L1
M6R1

M12
M22
M6L2
M6R2

MAB10
MABO9
MABO7
MAB10
MABO9
MABO7
MAB11
MAB12
MABOS8

vd31
nli
vd41l
nl

vd32
n3i
vd42
n3

nli
nl

vsl
vsl

n3i
n3

vs2
vs2

nli VDD
nli vd31
nli VDD
nli vd4l
n3i VDD
n3i vd32
n3i VDD
n3i vd42
vm vsl
vin vsl
vbiasn 0
vbiasn O

nl vs2
nli vs2
vbiasn O
vbiasn 0
dvd10in3
dvd09i n3i
vouti n3
dvd10 n3
dvd09 n3i
vout n3

dvd10 dvd10 O
dvd09 dvd10 0
vout dvd09 O

VDD PMOS L=1 W=100

VDD PMOS L=1 W=100

VDD PMOS L=1 W=100

VDD PMOS L=1 W=100

VDD PMOS L=1 W=100

VDD PMOS L=1 W=100

VDD PMOS L=1 W=100

VDD PMOS L=1 W=100

0 NMOS L=2 W=50

0 NMOS L=2 W=50

0 NMOS L=2 W=50

0 NMOS L=2 W=50

0 NMOS L=2 W=50

0 NMOS L=2 W=50

] NMOS L=2 W=50

0 NMOS L=2 W=50

vDD VDD PMOS L=1 W=100

vDD VDD PMOS L=1 W=100

VDD VDD PMOS L=1 W=100

dvd10ivDD PMOS L=1 W=100

dvd09ivDD PMOS L=1 W=100

vouti VDD PMOS L=1 W=100
0 NMOS L=2 W=50
0 NMOS L=2 W=50
0 NMOS L=2 W=50
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