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Figure 22.36 Diff-amp used in problem 22.1

Assuming that the MOSFETs M1 and M3 are biased are such that they operating in
saturation region. KVL from the ground of v,; to the ground of v,, gives equations 1 and 2.
Recognizing that all the current from M1 and M2 must equal lss gives equation 3.

Equation 4 is the calculation of v, using the square law equation for a MOSFET operating in
the saturation, given ip and neglecting body effect.

(l) _VI1+V681_VGSZ+V|2 :O
(2) V|1 _V|2 :V031 _Vesz
(©)] Ior*ios = s

4) Vi =V, + /Zif’
GS THN ﬁ

Combining equations 2 and 4 and assuming equal size NMOS devices.

e P N
V|1 VIZ_\/; ﬁ \/;(\/E \/E)

O \/g(V.l‘V.z) :\/E—\/E

Squaring both sides and using equation 3.

DlIDZ

|$‘§(V.1‘V.2)2:2 i

Squaring again gives:

ISS2 _ISSIB(Vll _Vlz)2 +%2(V|1 _VIZ)4 :4|

DlIDZ



Using equation 3 and solving for ip;

\/_ |882 + I$ﬂ(VI1_V|2)2 _182(V|1_V|2 ! :i
4 4 16 >

As v;; gets much larger than v,,, M2 shuts off and all the bias current is pulled through M1,
making ip; go to lgs.
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|ss=40pA

Vor =Vi1 ~ Vi,

In saturation aMOSFETS drain current is ;

in =%*(VGS -Vthn)? = vgg =v, = /ZﬂID +Vthn

This meansthat v, =v,; —Vv,, can be written as:

/ 2 . .
Vo = F* (\/'Dl _\lloz)
The maximum difference on the input voltage happens when M1 is conducting all of the
current and M2 isoff. Thisisequivaent to saying, iy, =Issand i, =0. So,

* * * *
Voimax = Vitmax ~2:9V = 2L—|SS = Ve = 2.5V + ﬂ =2.615v
| Ko *W \'120* 100




The minimum difference on the input voltage happens when M1 is off and M2is
conducting of the current. Thisisequivalent to saying, i,, =0and iy, = Iss. So,

Voumin = Voima = ~(Vi1 =V),) = _‘/ZKL—*I\NSS = 2.5/ - ﬁ = 2.384V
pn

This meansthat our range is
2.384V <v, <2.615V.

Comparing these values to those found in Example 22.1,
2.135V <v,, <2.865V .

It can be said that by increasing the Width of M1 and M2, the differential input rangeis
decreased. Thisisverified in thefigure 2.
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To find the transconductance of the diff-amp, use equation 9.22.

25K, *W&*I
gm=gmz=gm=\/ P - D:490ﬁ~"%.

Below in figure3, isthe small signal model.
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From this figure we can writeaKVL starting at v, .

Viy = Vg ~ Ve, and knowing that iy, =g, * Vg and vy = -V,

v
Vi 2% Vg = Vg 71

. Vg WV
=iy :gm*?l—490'“%

If we now have V| 1 = AC ground we have the same current, but in the opposite direction.
Since vy = -V, Wecanwrite

= iy = ~gm* 2 = ~400H) + S

Finally if we want to write id with respect to Vp=(V 1 - V2 we can write the KVL
starting aV,.

Viy =Vgq —(=Vgs) = Vi, =0 and knowing that v = -V, thisbecomes

Vi, — Vi, +21¥,y =0, solving for v, givesus,

=~ (Vi = Vi)
2

, plugging v, into our equation for i,



*** Problem 22.2 CMOS: Circuit Design, Layout, and

Simulation ***

.control

destroy all

run

let id1=i(vidl)

let id2=i(vid2)

plotidlid2

.endc

.option scale=1u

.dcVil251m

* % op

VDD VDD 0

Vil vil 0

Vi2 vi2 0

vidl VDD vdl

Vid2 VDD vd2

M1 vdlil vil
NMOS L=2 W=100

M2 Vd2 vi2
NMOS L=2 W=100

M3 0 vb2
PMOS L=2 W=30

M4 0 vbl
PMOS L=2 W=30

M11 VDD vil
NMOS L=2 W=10

M41 vbl vbl
PMOS L=2 W=30

MB1 vbl Vbias3
NMOS L=2 W=10

MB2 vdbl vhias4
NMOS L=2 W=10

M21 VDD vi2
NMOS L=2 W=10

M31 vb2 vb2
PMOS L=2 W=30

MB3 vb2 Vbias3
NMOS L=2 W=10

MB4 vdb2 vhias4
NMOS L=2 W=10

Xbias

VDD Vbiasl Vbias2 Vbias3 Vbias4 Vhigh Viow

Vncas Vpcas bias

.subckt bias VDD Vbiasl Vbias2 Vbias3 Vbias4 Vhigh Viow

Vncas Vpcas
MN1 Vbia2  Vbiasn
NMOS L=2 W=10
MN2 Vbiasl  Vbiasn
NMOS L=2 W=10
MN3 Vncas Vncas
NMOS L=2 W=10
MN4 vnl Vbias3
NMOS L=2 W=10
MN5 vn2 vnl
NMOS L=2 W=10
MN6 Vbias3  Vhias3
NMOS L=10 W=10
MN7 VbiasA  Vbias3

NMOS L=2 W=10

vs2

vsll

vsll

vdbl

vs22

vs22

vdb2

0

0

0

vnl

vn2

0

0

Viow

VDD

VDD

VDD

MN8

MN9

MN10

MP1

MP2

MP3

MP4

MP5

MP6

MP7

MP8

MP9

MP10

MP11

MP12

MBM1

MBM2

MBM3

MBM4

Rbias

MSU1

MSuU2

MSU3

.ends

Viow Vbias4
NMOS L=2 W=10
Vpcas Vbias3
NMOS L=2 W=10
vn3 Vbias4
NMOS L=2 W=10

Vbia2  Vbias2
PMOS L=10 W=30
Vhigh Vbiasl
PMOS L=2 W=30
Vbiasl  Vbias2
PMOS L=2 W=30
vpl Vbiasl
PMOS L=2 W=30
Vncas  Vbias2
PMOS L=2 W=30
vp2 Vbiasl
PMOS L=2 W=30
Vbias3  Vbias2
PMOS L=2 W=30
vp3 Vbiasl
PMOS L=2 W=30
VbiasA  Vbias2
PMOS L=2 W=30
vp4 vp5
PMOS L=2 W=30
vp5 Vbias2
PMOS L=2 W=30
Vpcas Vpcas
PMOS L=2 W=30

Vbiasn  Vbiasn
NMOS L=2 W=10

Vbiasp  Vbiasn
NMOS L=2 W=40
Vbiasn  Vbiasp
PMOS L=2 W=30
Vbiasp  Vbiasp
PMOS L=2 W=30
Vr 0

Vsur Vbiasn
NMOSL=2 W=10
Vsur Vsur

PMOS L=100 W=10

Vbiasp  Vsur
NMOSL=1 W=10

0

vn3

VDD
VDD
Vhigh
VDD
vpl
VDD
vp2
VDD
vp3
VDD
vp4
vp5

Vr
VDD

VDD

6.5k

VDD

Vbiasn

VDD

VDD

VDD

VDD

VDD

VDD

VDD

VDD

VDD

VDD

VDD

VDD

VDD

VDD

VDD

0



Problem 22.3 Surendranath C Eruvuru

Q) Determine the maximum and minimum common mode voltages for the PMOS
version of the diff-amp seen in Fig. 22.4.
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Solution: The minimum voltage at which the transistors M1 and M2 will operate in
saturation
(That is, the transistors will just enter the saturation region). This voltage is called

Minimum Common Mode voltage Veyngy. From the above figure, For M1 and M2 to be
1n saturation

Vsp>= Vs — Vrap
Vp <=Vg+ V1mp, Vp is nothing but Ground and Vg is Veanan

Vevan=0 - Vrup=-Vrap

For long channel Veypgy =-0.9V=-0.9V (From table 9.1)
For Short channel Ve = -0.28V=-0.28V (From Table 9.2)

Maximum Common Mode voltage on gates of M1 or M2 can be written as minimum gate
to source voltage on M1 or M2 plus the minimum voltage on source of M1 or M2 to
maintain the Isg current to flow and keep M3 and M4 in saturation. That turns out to be

Vesmax= Vob - VsGior - 2 Vsp, sat

Vemmax=5 - 1.15 - 2%0.25 = 3.35V (From table 9.1)
Vemmax=1-0.35—-2%0.05 = 0.55V (From table 9.2)



Prepared by: Sandeep Pemmaraju and Vijay Srinivasan.

PROBLEM 22.4: To find the AC currentsin all the branches of figure 22.5 with an ac
voltage of 1mV applied to the gate of M2.

SOLUTION:
The small signal equivalent circuit may be represented as shown in the figure below:
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PART 1 _ _ PART 2 PART 3
The above figureis divided in to three parts to make the
calculations more clear to the reader. Here the voltage is assumed as 1mV peak to
peak (since nothing is mentioned in the problem).
PART 1.

Part 1 deals with basic differential amplifier. An ac voltage sourceis
applied to the gate of M2D. Simple KCL equations can be written at the node Vss to
derive the currents entering the and leaving the node.

KCL @ node Vss:
Current flowing from Vssto VA viaM2D =Ip;
Current flowing from Vssto VB viaM 1D =Ip;

Current flowing form ground to Vss via Rcasp=lcas:
Sum of Currents entering the node=Sum of Currents |leaving the node

= lcast = Ip2 + Ip1; where Ip2= gm .Vg= gm.(Vss-1mV)
Similarly  1p1=0m. (Vss-0)=gn. Vssand Icasi= -Vss/ Rcasp.

Rcasp = gmp Top® = 2.4Gohms



Again,

_ Vss
Rcaspl

1 ) =gm(IMV) ; = Vss(300u + 4.8n) = (150u).(ImV) ;
Rcaspl

VSS=+0.5MV .. @D

= gm.(Vss—1mV) + gmVss

Vss(2.gm +

Simulated value = 0.45mV.

Icaspl= -(Vss/Rcasp)=-(0.5m/2.4G)=-0.208pA..........c.cceeeeee(D)
Simulated value=0.1pA. refer to figure 2.

1p1= . V'S5=(150U).(0.5m)=75nA.

So, we can estimate Ip, as almost equal to Ip; as lcas: isvery small

comparedtolp;. = Ipo=-Ip1=-7ONA ... .o e (©))

Simulate valuesfor Ips, Ip2 are  both the same which being equal to 79nA.

Simulated values for PART 1 are as shown below:
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4. Figure showing the small signal equivalent of PART 2

The small signal equivalent circuit is usd to derive the currents in the respective
branches of part2.

Writing KCL at node VA:

Vg -Vs

Ro

—gnVS—la2= 2Vs + \/Engg ...........................
Ro




Vg 4 Vg - Va

- nga = O
Rocas Ro
1 1 1 :
Vg(— + ) =Va(— + gm) since Rocas >> Ro and gn>>1/Ro
Ro Rocas Ro
Va.(gm)

Vg = = gnRONVaA...is s (5

¢ 1/ Ro) g (3)

Substituting the value of (5) in equation (4)

Va(@Ro =D _ o va+1d2=2Y2 4 /2g.'Rova

Ro Ro
1d2 =Va(R£O ++/2gn’Ro) Since 2/Ro << the second term
Vaz—— P _ ganv

V/2.(112500uA/V)

Simulated value for Va= -0.5uV refer to figure 6.b.Here the smulation is at

100K Hz,this is because there were some iteration problems during the ssmulation and
hance shifted the frequency,the frequency will not matter much asfar asit is not
changed alot.Remaining simulations were done at 100MegHz.

Substituting the value of Vain equation (5)

Vg=-0.353MV...ccoiiiiiiiiie i (6)

Simulated value for Vg=-0.35mV as shown in figure7.

Simulations showing the currents in PART 2.
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Figure 5. Current through MN1 Figure6. Current through M5.
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Figure6.b Showing the value of V, Figure 7 showing the voltage at node VG

Current through M5 is then given by:

IM 5 = gmsVg = +/2.(150uA/V).(~0.353mV) = —74.8nA

Simulated value for 1,s=75nA Refer to figure 6.

PART 3:
Referring to the main circuit,the current flowing through M6 can be written as:

Ime = Qme.Vess ; but as derived for the M6 the g is V2 times the normal MOSFET gn.
Also referring to equation (6) Vg=-0.353mV,

— Ims =+/2.(150UA/V).(—0.353mV) = 74.87NnA Observe that the currents IM5
and Im6 are equal . Simulated value for I =75nA as shown in figure 7.



Writing KCL at node B,
lo1=IM5—-1ro2. = Iro2=75nA+ 74.87nA=149.87nA.

Simulated value for 1,,,=151nA as shown in figure 8.

The simulated currents are as shown in the figure below:

uh — vzhdbranch uk — vbibranch

43460

43,440

43.420

43.400

-21.75
43.380¢-

43,360 : : : :
0.0 10.0 20.0 30,0 40.0 50.0 0.0 10.0 20.0 30.0 40.0 50.0

time ns time ns

Figure?7. Current through M6 (Ire) Figure8.Current through the MN4(l.2)

NETLIST:

***%%* Figure 20.44_NMOS CMOS: Circuit Design, Layout, and Simulation ***
.control

destroy all

run

.endc

.option scale=1u reltol=1u rshunt=1€9
.TRAN .1IN 50n
*.0OP

VDD VDD 0 DC 5

VG VGl VG DC O
VPLUS VPLUS 0 DC 0 SIN00.5M 100MEG
VAA1L A DC O

VBB B1 DC O

VS5 S5 0 DC O

VS6 S6 0 DC O
VSSCAS VSS VSSCAS DC O
VSSM1 VSS VSSM1 DC O
VSSM2 VSS VSSM2 DC O
vddl vdd vddl dc 0

vdd2 vdd vdd2 dc 0



vdd3 vdd vdd3 dc 0

CLOAD OUT 0 10P

Xbias VDD Vhiasl Vbias2 Vbias3 Vbias4 Vhigh VIow Vncas Vpcas bias
MPx1 VC1l VBIASL vDD1 VDD PMOS L=2 W=30
MPx2 VGl VBIAS2 VC1 VDD PMOS L=2 W=30
MNx1 VG VBIAS3 Al 0 NMOS L=2 W=10
M5 A VG S5 0 NMOS L=2 W=20
M6 B VG S6 0 NMOS L=2 W=20
MNx4 OUT VBIAS3 Bl 0 NMOS L=2 W=10
MPx3 OUT VBIAS2 VC2 VDD PMOS L=2 W=30
MPx4 VC2 VBIASL vVDD2 VDD PMOS L=2 W=30
M4C CAS1 VBIASL VDD3 VDD PMOSL=2W=60
M3C VSSCAS VBIAS2 CAS1 VDD PMOSL=2W=60
M1D B 0 VSSM1 VDD PMOSL=2W=30
M2D A VPLUS VSSM2 VDD PMOSL=2W=30
.subckt bias VDD Vhbiasl Vhias2 Vhias3 Vbias4 Vhigh Viow Vncas Vpcas
MN1 Vhbias2 Vhiasn 0 0 NMOS L=2 W=10

MN2 Vhiasl Vbiasn0 0 NMOS L=2 W=10

MN3 Vncas Vncas vnl O NMOS L=2 W=10

MN4 vnl Vbias3vn2 O NMOS L=2 W=10

MN5 vn2 vnl O 0 NMOS L=2 W=10

MNG6 Vhias3Vbias30 0 NMOS L=10 W=10

MN7 VbiasAVhias3Viow 0 NMOS L=2 W=10

MN8 Viow Vbias40 0 NMOS L=2 W=10

MN9 Vpcas Vhias3vn3 0 NMOS L=2 W=10

MN10 vn3  Vbias40 0 NMOS L=2 W=10

MP1 Vbias2Vbias2vVDD VDD PMOSL=10W=30

MP2 Vhigh VbiaslVDD VDD PMOSL=2W=30

MP3 VbiaslVbias2Vhigh VDD PMOSL=2W=30

MP4 vpl VbiaslVDD VDD PMOSL=2W=30

MP5 Vncas Vhias2vpl VDD PMOSL=2W=30

MP6 vp2 VbiaslVDD VDD PMOSL=2W=30

MP7 Vbhias3Vbhias2vp2 VDD PMOSL=2W=30

MP8 vp3 VbiaslVDD VDD PMOSL=2W=30

MP9 VbiaAVbias2vp3 VDD PMOSL=2W=30

MP10 vp4 vp5 VDD VDD PMOSL=2W=30

MP11 vpS Vbias2vpd VDD PMOSL=2W=30

MP12 Vpcas Vpcas vpS VDD PMOSL=2W=30

MBM1  VbiasnVbiasn0 0 NMOS L=2 W=10

MBM2  VbiaspVbhiasnVr 0 NMOS L=2 W=40

MBM3  Vbiasn VbiaspvVDD VDD PMOSL=2W=30



MBM4

Rbias

MSU1
MSU2
MSU3
.ends

VbiaspVbiaspVDD VDD

Vr 0

6.5k

Vsur Vbhiasn0 0

Vsur Vsur
Vbiasp Vsur

VDD VDD
Vbiasn0

PMOS L=2 W=30

NMOSL=2 W=10
PMOS L=100 W=10
NMOSL=1 W=10



Problem 20.5 solution:
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Fig 5b. AC circuit of diff -amp
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NMOS Diff — Amp:

To determine the AC gain of the differential amplifier (diff amp) with current mirror load
shown in Fig 5a, consider the small signal model shown in Fig 5b. Since M3 isadiode
connected MOSFET, it can be replaced by aresistor of value 1/gm3. Also the resistance
looking into the output of the diff amp isro4 || ro2. Since the current in M4 is mirrored
from the current in M3 and the current in M3 is equal to the current in M1, we can define
the current in M4 as being equal to the current in M1, or id4 = id1. Since the total current
current supplied by M1 and M2 is a constant value set by the current source devices M5
and M6, any changes in id1 will be equal and oppositeto id2, or idl = -id2. Therefore the
output voltage can be written as:

Vou =g ~Tg2) - (T I 7o)
Sinceidl =-id2=id
Vout :2id '(ro4 ” r02)-

Using KVL between the gate of M1 and the gate of M2 in Fig 5b:



Vint :Vgsl - Vgs2 Vi

Vi~ Vie = Vg = Vgsl - Vg52

Sinceidl = -id2, any change in vgsl will be equal and opposite in vgs2 or vgsl = -vgs2

2i
Vit “Vip = Vg = 2Vgsl = g_:n
Therefore the differential mode gain, Adis:
vout
=——= (ro2||ro4
Ay == = Om:(r02]|r04)

Plugging in gmn= 150 UA/V, 1o = 167 kohms, and ro, = 333 kohms from Table 9.2 yields:

A, =16.7VIV

Another method to calculate the AC small signal gain of the diff amp involves converting
transistors M2 and M4 into a current source of current gm * vgsin parallel to aresistor
with aresistance equal to the output resistance of the MOSFET in saturation, ro.
Applying KCL to the output node yields:

Vout/ (ro4 ||ro2) + gmn* vgs2 - gmp * vsg4d =0
Since we know from Table 9.2 that gmn = gmp, we will replace both with gm. Also,
sinceidisequal togm* vgsand id4 isequa to idl, and taking into consideration that
gmn = gmp, we know that:

gmn* vgs2 —gmp * vsgd = gm * (vgs2 —vgsl) = gm * -vdi

Vout/ (ro4 || ro2) = gm* vdi

Ad=Vout/vdi =gm* (ro4 || ro2) = 16.7 VIV
Determining the input CMR or the minimum and maximum gate voltage that can be
applied simultaneously to both gates and still keep the diff amp transistors in saturation.
When a maximum gate voltage is being applied, the head room between the source of M1
and M2 (VS12) and VDD is compressed. The minimum voltage difference between VDD
and VS12 to keep M1 and M3 out of the triode region will be equal to Vovn + Vsg3 for
the short channel process.

VDD -VS12 =Vovn +Vsg3

VS12=VI2-Vgs2 = VCMmax —Vgs2

Combining these two equations:



VDD — (VCMmax —Vgs2) = Vovn + Vsg3
VCMmax = VDD +Vgs2-Vovn—-Vsg3=VDD + Vthn—Vsg3

Using these values from Table 9.2 - VDD =1V, VGS = 0.35V, and Vovn = 70 mV:
VCMmax = 1V + 0.28V —0.35V = 0.93V

When a minimum gate voltage is being applied, the head room between the source of M1

and M2 (VS12) and VSS is compressed. The minimum voltage difference between V S12

and VSS to keep M5 and M6 out of the triode region will be equal to 2 * Vovn for the

short channel process.

VS12=2* Vovn=VI2-VGS2=VCMmMin—-VGS2
VCMmMin=VGS2 + 2* Vovn

Using these values from Table 9.2 - VDD =1V, VGS = 0.35V, and Vovn = 70 mV:
VCMmin=0.35V +2* 0.07V = 0.49V

Another method to calculate VCMmax isto find the maximum vi that limitsmy M1 and
M2 from going into the triode region. In order to keep M1 and M2 in saturation

Vs 2 Ves =V
Vp 2V =V where Vs = Veumax
Veumax = Vp + Vo Wheredrain of Mland M2areat V,, - Vg, of PMOS.

Therefore
VCMMAX = VDD - VSG + VTHN

Since Vob =1V V=280 mV and Vse=350 mV

Therefore
Veumax =0.93V

Minimum vi islimited my M5 and M6 going into triode region. In order to keep M5 and
M6 in saturation

Vin 2 VGSl,Z + 2'\/OVN

VCMMIN = VGSl,2 + 2'\/OVN

Therefore
Ve = 0.49V



***Problem 22.5 N-MOS CMOS: Circuit Design, Layout, and Simulation ***
.control

destroy all

run

plot vout xlimit 300n 500n ylimit 620m 680m

.endc

.option scale=50n 1TL1=300

.tran 5n 500n UIC

vDD VDD O DC
Vil Vil 0 DC
Vi2 Vi2 0 DC

sin 0.50.5m 10MEG
sin 0.5-0.5m 10MEG

eoNeh

M1 wvdl vil wvsn O NMOS L=2 W=50
M2 vout vi2 wvsn O NMOS L=2 W=50
M3 wvdl vdl VDD VDD PMOSL=2W=100
M4 vout vdl VDD VDD PMOSL=2W=100
Mb3 wvsn  Vbias3vnl O NMOS L=2 W=100
Mb4 wvnl Vbia40 0 NMOS L=2 W=100

Xbias VDD Vbiasl Vhias2 Vhias3 Vbias4 Vhigh Vlow Vncas Vpcas bias

*xxxkxk THISIS THE BIAS GENERATOR SUBCIRCUIT NETLIST ******%x
.subckt bias VDD Vbiasl Vhias2 Vhias3 Vhias4 Vhigh Vlow Vncas Vpcas

MP1 Vbias3VbiaspVDD VDD PMOSL=2W=100
MP2 Vbias4 Vbiasp VDD VDD PMOSL=2W=100
MP3 vpl vp2 VDD VDD PMOSL=2W=100
MP4 vp2 Vbias2vpl VDD PMOSL=2W=100
MP5 Vpcas Vpcas vp2 VDD PMOSL=2W=100
MP6 Vbias2Vbias2VDD VDD PMOSL=10W=20
MP7 Vhigh VbiasilVDD VDD PMOSL=2W=100
MP8 VbiaslVhias2Vhigh VDD PMOS L=2 W=100
MP9 vp3 VbiaslVDD VDD PMOSL=2W=100
MP10 Vncas Vbias2vp3 VDD PMOSL=2W=100

MN1 Vbias3Vhias30
MN2 Vbias4Vbias3VIow
MN3 Viow Vbias40
MN4 Vpcas Vbias3vnl
MN5 vnl Vbias40
MN6 Vbias2Vbias3vn2
MN7 vn2 Vbias40
MN8 Vbhiasl Vhias3vn3
MN9 vn3 Vbias40

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

QOO0 O0OO0OOO0OO0o



MN10 Vncas Vncas vnid O
MN11 vn4d Vbias3vns5 O
MN12vn5 wvnd O 0
MBM1VbiasnVhiasn 0 0
MBM2Vreg Vreg Vr 0
MBM3VbiasnVbiaspVDD VDD
MBM4Vreg VbiaspVDD VDD
Rbias Vr 0 5.5k
*amplifier

MA1 Vamp Vreg O 0
MA2 VbiaspVbiasn0 0
MA3 Vamp Vamp VDD VDD
MA4 VbiaspVamp VDD VDD
MCP VDD VbiaspVDD VDD
*start-up stuff

MSU1 Vsur Vbhiasn0 0
MSU2 Vsur Vsur VDD VDD
MSU3 VhiaspVsur Vbiasn0
.ends

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

NMOSL=2 W=50

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

SIMULATION RESULTS FOR AC GAIN

— wvout

___________________________________________________________________



The input voltage differential between the two gates of M1 and M2 for the simulation
was set at 1 mV. From the graph, the amplitude of the vout waveformis 18mV for again,
vout / vin of 18 V/V. Thisvalue verifies our 16.7 V/V calculated value.

CMR SIMULATION RESULTS
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CURRENT SOURCE CURRENT VERSUS VI1

The VCMmin is the voltage where the current source (M5 & M6) enters the saturation
region. From the ICS versus V11 plot, the ICS switch from the triode to the saturation at
approximately 0.54V. Also notice that vout flattens off at approximately 0.52V. The
VCMmax can be measured by determining where vsn stops linearly following V11 which
was at 1.13V. Notice that vsn minus vout at this point is approximately Vovn. The
VCMmax was calculated to be 0.93V and VCMmin was calcul ated to be 0.49V.
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Fig 5¢c. PMOS Diff —Amp Fig 5d. AC circuit of PMOS diff -amp

To determine AC gain of diff amp with current mirror load shown in Fig 5¢, consider the
small signal model seen in Fig 5d. Since M3 is a diode connected MOSFET, it can be
replaced by aresistor of value 1/gm3. Also the resistance looking into the output of the
diff ampisro4 || ro2. Since the current in M4 ismirrored from the current in M3 and the
current in M3 is equal to the current in M1, we can define the current in M4 as being
equal to the current in M1, or id4 = id1. Since the total current current supplied by M1
and M2 is a constant value set by the current source devices M5 and M6, any changesin
id1 will be equal and oppositeto id2, or id1 = -id2. Therefore the output voltage can be
written as:

Vou = (I d1 _idz) . (ro4 " r02)
Sinceidl=-id2=id
Vo =24 (Fog || T2)-

Using KVL between the gate of M1 and the gate of M2 in Fig 5d:
Vini :ngl - ngZ Vi

Vit " Vie = Vg = ngl - ngZ



Sinceid1=-id2, therefore vsgl= -vsg2

Vi ~Ving Vg = Vg =——

in sgl

Therefore differential mode gainis

vout
=——= (ro2||ro4
Ay di Jnp-(ro2 ][ rod)

Since gmn = 150 UA/V and r, = 333 kohms

A, =16.7VIV

Another method to calculate the AC small signal gain of the diff amp involves converting
transistors M2 and M4 into a current source of current gm * vgsin parallel to aresistor
with aresistance equal to the output resistance of the MOSFET in saturation, ro.
Applying KCL to the output node yields:

Vout/ (ro4 ||ro2) + gmn* vgs2 - gmp * vsg4 =0
Since we know from Table 9.2 that gmn = gmp, we will replace both with gm. Also,
sinceidisequal togm* vgsand id4 isequa to idl, and taking into consideration that
gmn = gmp, we know that:

gmn* vgs2 —gmp * vsgd = gm * (vgs2 —vgsl) = gm * -vdi

Vout/ (ro4 || ro2) = gm * vdi

Ad=Vout/vdi =gm* (ro4 || ro2) = 16.7 VIV
Determining the input CMR or the minimum and maximum gate voltage that can be
applied simultaneously to both gates and still keep the diff amp transistors in saturation.
When a maximum gate voltage is being applied, the head room between the source of M1
and M2 (VS12) and VDD is compressed. The minimum voltage difference between VDD
and VS12 to keep M5 and M6 out of the triode region will be equal to 2 * Vovp for the
short channel process.

VDD -VS12=2* Vovp

VS12=VI2 +VSG2 = VCMmax + VGS2
Combining these two equations:

VDD —(VCMmax + VGS2) = 2* Vovp



VCMmax =VDD -VGS2-2* Vovp
Using these values from Table 9.2 - VDD =1V, VGS = 0.35V, and Vovp = 70 mV:
VCMmax = 1V - 0.35V -2 * 0.07V = 0.51V

When a minimum gate voltage is being applied, the head room between the source of M1
and M2 (VS12) and VSS is compressed. The minimum voltage difference between V S12
and VSSto keep M1 and M3 out of the triode region will be equal to Vovp + Vgsl for
the short channel process.

VS12=Vovp+Vgsl=VI2+VGS2 =VCMmin + VGS2
VCMmin=Vovp +Vgsl—-VGS2

Using these valuesfrom Table 9.2 - VDD = 1V, VGS = 0.35V, and Vovn = 70 mV:
VCMmin= 0.07V +0.35-0.35V = 70 mV

Here is another method to calculate the input CMR or the minimum and maximum gate
voltage that can be applied simultaneously to both gates and still keep the diff amp
transistors in saturation. When a maximum gate voltage is being applied, the head room
between the source of M1 and M2 (VS12) and VDD is compressed. The minimum
voltage difference between VDD and V S12 to keep M2 and M4 out of the triode region
will be greather than or equal to 2 * Vovn for the short channel process.

Voo = Ve, 22 Vo

WhereVsi2 = Vi1 —Vest ,and Vi1 = Veumax

Therefore

V|1 SVDD - 2Vovp _Vssl
Therefore

VCMMAX = VDD - 2VOVP - VSGl

Therefore
VCMMAX =0.51V

Minimum vi islimited my M1 and M2 going into triode region. In order to keep M1 and
M2 in saturation
Veor 2 Vs, ~Vrp

Vs SVe; +Vie Where Vg, = Vo

Therefore



Veumin = Vor = Ve sWhere Vpr =Vess
where Vp=350mV and Vtyp = 280mv

Therefore
Veumin = 70mV

This folowing netlist was used to simulate the gain:

***Problem 22.5 PMOS CMOS: Circuit Design, Layout, and Simulation ***
.control

destroy all

run

plot vout xlimit 300n 500n ylimit 300m 400m

.endc

.option scale=50n 1TL1=300

.tran 5n 500n UIC

VDD VDD 0 DC
Vil Vil 0 DC
Vi2 Vi2 0 DC

sin 0.50.5m 10MEG
sin 0.5-0.5m 10MEG

oNeh

Mbl wvdbl Vbiaslvdd vdd PMOSL=2W=200
Mb2 wvsn Vbhia2vdbl vdd PMOSL=2W=200

M1 wvdl \vil vsn  vdd PMOSL=2W=100
M3 wvdl wvdl O 0 NMQOS L=2 W=50

M2 vout vi2 vsn vdd PMOSL=2W=100
M4 vout vdl O 0 NMOS L=2 W=50
Xbias VDD Vbiasl Vhias2 Vhias3 Vbias4 Vhigh Vlow Vncas Vpcas bias

*** INSERT THE BIAS GENERATOR SUBCIRCUIT AND MODELS HERE ***



SIMULATION RESULTS FOR AC GAIN

n — wout

The input voltage differential between the two gates of M1 and M2 for the simulation
was set at 1 mV. From the graph, the amplitude of the vout waveform is 18mV for again,
vout / vin of 18 V/V. Thisvalue verifies our 16.7 V/V calculated value.

CMR SIMULATION RESULTS
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Above figure shows sweeping of Vinl from 0 to 600 mV with Vin2=0 V cymin=20 mv
(calculated shows 70 mv) and VCMMA X=530 mV (Cal culated shows 510 mV)
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CURRENT SOURCE CURRENT VERSUS VI1

If we measure the VCMmax from the plot of Vout versus V11, we pick the point where
Vout remains constant or V11 equal to 0.52V. If we measure the VCMmax from the plot
of Icsversus V11, we pick the point where Ics moves out of the triode region and into the
saturation region or 0.47V. The VCMmin is measured in the Vout versus VI1 plot as the
point where the difference between Vout and Vsn is approximately 70mV or the Vovp
voltage. Thispoint is at approximately —0.1V. The calculated value for VCMmax was
0.53V and VCMmin was 70mV.



Problem 22.6 Solution by Russell A. Benson — CNS and Robert J. Hanson, CNS:

Show that the capacitance on the sources of M1/M2 in example 22.6 causes the CMRR to
roll off quicker with increasing frequency.

From equation 22.27:

CMRR = 20*log (JAd/Ac]) = 20*log(gm1,2* (ro2//rod)* 2gm3,4* Ro)

Where Ad = gm1,2*(ro2//ro4) and Ac = 1/(2gm3,4* Ro)

However when a capacitance (Csource) is added on the source of M1/M2 the common
mode gain (Ac) increases at higher frequencies, while the differential gain (Ad) remains
unchanged:

Adding a Csource and using KCL yields the following, where vssis the voltage on the
source of M1/M2:

(vss-0) / Ro + (vss-0) / (1 / jwCsource) = 2*id

Solving for vssyields:

vss = 2id/(1/Ro + jwCsource)

Solving for vc (used to determine Ac with a Csource added) yields:

vc =vgsl,2 + vss = id/gml,2 + 2id/(1/Ro + jwCsource) =

=vc =id*(/gml,2 + 2/(1/Ro + jwCsource)

And knowing that vout = id / gm3,4 due to symmetry.

Solving for Ac yields the following result:

Ac=vout/vc=(id/gm3)/[id*(1/gml,2 + 2/(1/Ro + jwCsource)]

Assuming that Ro is much larger than 1/gm1,2 ssimplifies Ac to:

Ac = (1/gm3) / [2/(1/Ro + jwCsource)]

Now plugging Ac into the CMRR equation resultsin:

CMRR = 20*log (JAd/Ac]) = 20*log(gm1,2* (ro2//rod)* 2gm3,4* /[ /Ro + jwCsource])
» Thisshowsthat for a Csource added, the CMRR rolls off quicker with increasing
frequency. Note that when Csourceisvery largeit can cause CMRR to roll off at even

lower frequencies.

» The best way to limit the parasitic capacitances at the source is with a good layout
design that minimizes the size (area) of the shared source regions of M1/M2.



driving aload of 1pF, here Csource=0. CMRR roll off begins at approximately 10 MHz.
— db(Aad-Ac)

The SPICE simulations below illustrate the concept of the CMRR roll off by adding a

different Csource capacitor in each example.
» The spice simulations below illustrate the CMRR of the circuit in Example 22.6
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» The spice simulations below illustrate the CMRR of the circuit in Example 22.6

driving aload of 1pF with a Csource of 3fF added at the source of M1/M2. Notice that
the CMRR roll off begins earlier than in the previous simulation, at about 9 MHz. Note

that at a high frequency of 1GHz the CMRR is about 16.5, which islessthan it wasin the

above simulations (20dB @ 1GHz),
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» The spice simulations below illustrate the CMRR of the circuit in Example 22.6
driving aload of 1pF with alarger Csource of 30fF added at the source of M1/M2.

Notice that the CMRR roll off begins quite a bit earlier than in the previous simulations,
at about 2 MHz. That is because a much larger capacitance of 30fF isused in this

example. The high frequency CMRR at 1GHz is also much less than the above 2

examples, it is approximately 6dB.
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The SPICE netlist for the above simulation is provided below for reference (note that it

excludes the BSIM4 50nm model parameters to make the netlist shorter):



*** Problem 22.6 Solution by Russ Benson - CNS and Robert Hanson, CNS ***

.control
destroy all

run

plot db(Ad/Ac)
.endc

.option scale=50n ITL1=300 rshunt=1e8

.ac dec 100 100k 1000MEG

VDD VDD 0 DC 1

Vil Vil 0 DC 0.7 AC1
Vi2 Vi2 0 DC 0.7

Ve Ve 0 DC 0.7 AC1

Xbias VDD Vhiasl Vhias2 Vbias3 Vhias4 Vhigh VIow Vncas Vpcas bias

X1 VDD Vbias3 VbhiasA vc ' Ac diff_amp
X2 VDD Vbias3  Vbiasd il vi2 Ad diff_amp
.subckt diff_amp VDD Vbias3 VbiaA vil vi2 vout

M1 vdl vil VSs 0 NMOS L=2 W=50

M2 vout vi2 VSsS 0 NMOS L=2 W=50

MB1 Vdbl Vbiasd 0 0 NMOS L=2 W=100

MB2 Vss Vbias3  vdbl 0 NMOS L=2 W=100

M3 vdl vdl VDD VDD PMOS L=2 W=100

M4 vout vdl VDD VDD PMOS L=2 W=100

Cload vout 0 1p

Csource vss 0 30f

.ends

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

MP1 Vbias3  Vbiasp VDD VDD PMOS L=2 W=100
MP2 VbiasA  Vbiasp VDD VDD PMOS L=2 W=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 Vbia2  Vbia2 VDD VDD PMOS L=10 W=20
MP7 Vhigh Vbiasl VDD VDD PMOS L=2 W=100
MP8 Vbiasl  Vbia2  Vhigh VDD PMOS L=2 W=100

MP9 vp3 Vbiasl VDD VDD PMOS L=2 W=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 VbiassA 0O 0 NMOS L=2 W=50
MN4 Vpcas Vbias3 vnl 0 NMOS L=2 W=50
MN5 vnl Vbiasd 0 0 NMOS L=2 W=50
MNG6 Vbias2  Vbias3 vn2 0 NMOS L=2 W=50
MN7 vn2 Vbiasd 0O 0 NMOS L=2 W=50
MN8 Vbiasl  Vbias3 vn3 0 NMOS L=2 W=50
MN9 vn3 VbiasA 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 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
MA2 Vbiasp
MA3 Vamp
MA4 Vbiasp
MCP VDD
*gtart-up stuff
MSU1  Vsur
MSU2  Vsur

MSU3  Vbiasp

.ends

Vreg
Vbiasn
Vamp
Vamp

Vbiasp
Vbiasn

Vsur
Vsur

VDD
VDD

VDD

VDD
Vbiasn

VDD
VDD

VDD

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 22.7)

To estimate the slew rate limitations in charging and discharging a 1pF tied to the
outputs of the circuits shown below:

VDD VDD
Vhias3 n—l PMOS W/L=200/2 PMOS% i
M2 J
Vbiasd — PMOS WiL=200/2
4¢Jl‘:_NqMOS 1
Vi1
PMOS 1 :
i Lo w2
" oss [fhamos wiL= 10072
Vbias3

1pF

&

N NMOS WiL=100/2
Vbias4

NMOS 2 . © n
NMOS 1

Fig 1. Fig 2.

Circuit operation:

When the two gate voltages of PMOS1 and PMOS2 (in fig 1) and NMOS1 and NMOS2
(fig 2) are equa then the current through each branch would be 10uA each respectively.
(Assuming in saturation). In fig 1 when the vil increases the Vs of the PMOS 1 starts
increasing thus shutting off the transistor. As a result the total current now flows through
the PMOS 2 and charges the capacitor and increasing the output voltage. Thus the
terminal vil is aso called non-inverting input of the diff amp. Similarly vi2 is called
inverting input of the diff amp since increasing the vi2 results in shutting off the PMOS 2
and now the total current flows through the PMOS 1. NMOS 2 mirrors the current in
NMOSL and thus the capacitor gets discharged.

When the two gate voltages of PMOS1 and PMOS2 (in fig 1) and NMOS1 and NMOS2
(fig 2) are equal then the current through each branch would be 10uA each respectiviey.
(Assuming in saturation).

Slew rate can be defined as the maximum rate of change of output voltage i.e maximum
rate, which the output capacitor gets charged or discharged.

Similar to class A amplifiers diff amp aso exhibits slew rate limitations because for
proper operation all the MOSFET S should be conducting.

Now when PMOS 1 in fig 1. is OFF then the current available to charge the capacitor is
20pA. Similarly when PMOS 2 is OFF then the total current available to discharge the
capacitor is 20pA. (i.e current through source)



Similarly in figure 2 when NMOS 1, NMOS 2 is OFF then the capacitor would discharge
or charge accordingly and the corresponding slew rate is given by

Common mode operation range:
In order to find the common mode voltage range that can be applied to the diff amp given
in thefig.

In fig 1. the maximum common mode voltage is given by
VCMMAX = VDD _VSG _ZVSDSAT = 1-0.35-0.1 = 055V

Similarly the minimum common mode voltage is given by
VCMMIN = VDSSAT 'VTHP =005-028= -0.23V

Similarly for fig 2. following eq 22.12 from the text and table 9.2 we get

VDD - Vgg+ Viun = 0.93V and

Vemmax
Veumin = 2VDsat+ Vs = 0.450V

Simulation results for figure 1.
Charging of a capacitor:

mv wi2 — out

950.0

900.0

850.0

800.0

750.0

700.0

650.0

600.0
90.0 100.0 110.0 1z20.0 130.0 140.0 150.0 160.0 170.0

time n3

From figure above the slope is 17.82mV/ns



Discharging of a capacitor:

mV wiz out

&00.0

600.0

400.0

200.0

\‘\—\

.o

-200.0
90.0 100.0 110.0 120.0 130.0 140.0 150.0 160.0

time n3

From the figure above the slope is 18.8 V/us

Simulation results for figure 2.
Charging of a capacitor:

W
wil out
1.2
1.0
0.8
0.6
0.4
0.2
0.0
80.0 100.0 120.0 140.0 160.0 180.0
time ns
From figure above the slope is 19.40mV/ns
Discharging of a capacitor:
W
1.00
0.60
0.20
.0 60.0 80.0 linl;:e 120.0 140.0 nleD.D 180.0 200.0 220.0

From the figure above the dopeis 19.55 mV/ns



Note: Slew rate limitations can be eliminated by employing a source cross coupled pair
differential amplifier. The circuit diagram and the operation is given in the text. (Fig
22.22 ,page 22-18).



22.8)

ICC

For the n-channél differentia pair, without considering the body effect,

Vgl = Vgs2
Vi1 ~Vx = Vi ~Vy
_ Vi1 tVi2
X 2
From fig. 21.40 and the associated discussion, we observe that body effect
reduces the gain of a SF.
g

- E m
Vout = Vin
Om + Imb

So for the NMOS differentia pair,

- (Vil +Vi2) B Om
=
2 gm+gmb

The equation for the current would be [considering body effect]

ig1 = Im Vget — Irmo Ve

: (Vis +Vi2) . Om Vi +Viz) 5 Gm

lg1 = Vip — E - E

d1 = 9m Eﬂ il 2 - +gmb] Imb 2 O + Oy
iy = g0 [ﬂvil_(Vi1+Vi2) g 9m ]_(Vi1+Vi2) 3. 9m%mb

2 Om + Omb 2 Om + Omb



Im )_Vi2 B Im ]_ (Vil +Vi2) B ImImb

. _O9m
gy = — v, [2-
e Om * Imo 2 Om*9m

ig2 = Om Wgs2 = b Ve

- (Vig +Vi2) Om E(Vi1+Vi2) 9m
lyo = Vo — B - B

d2 gm [ﬂ i2 2 gm " gmb] gmb 2 gm + 9
i1y = 0 Vi — (Vis +Vi2) 5 9m - (Vig +Vi2) 1 9mImb

2 Om + Omb 2 Om + Omb

. _Om Om Om (Vi1+Vi2) ImImb
iq, =22 v, (2-—=M ) -y, O ]1- E
a2 2 2 Om + Imb ' Om + Omb 2 Om + Omb

So the given equations for the currents iy, and i4,are valid.

_>A

_>B



Problem 22.9

Determine: (@) the transconductance of the diff-amp, (b) the AC small-signal drain currents of
all transistors in terms of the input voltages and gmn, (C) and the small-signal voltage gain
(Vor - Vo )/(Vi+ - V1)

Solution:

For this problem reference the diff-amp in Fig 22.39. Let’slabel the four NMOS
transistors (from left to right) asM1, M2, M3, and M4 respectively. The four PMOS transistors
will be labeled as M5, M6, M7, and M8 from left to right aswell. Finding the small signal
voltage gain makes solving for the transconductance and the small signal drain currents very
easy so we will derive the gain first.

Thefirst step isto write a voltage loop around the inputs and across the gate-source of
M1 and M4. The following equation results: v+ - V. = Vg — Vgsa. Next, find the source voltage
of the NMOS transistors, Vy: Vy = Vi+ - Vgs1 @Nd Vy = V|_ - Vgsa. SINCE Vg1 = -Vges, these two
equations combine to yield: vx = (vi+ + v;.)/2. Thisresult makes intuitive sense because the
source of the NMOS transistors is simply a voltage divider between two equivalent armsin the
diff-amp. We would expect that v, be divided evenly because the diff-amp is a symmetrical
circuit.

The next step isto solve for vg. The gate voltage of M1 is v, and the source voltageis
Vyx. Thus: Vge = Vi+ - Vi = (Vi+ - vi.)/2. Next isto solve for the output voltages, vo+ and vo.. This
configuration of diff-amp is somewhat unique in the sense that the pair of diode connected
PMOS transistors (M6 and M7) act as a constant current source and inhibit any small signal
current in the other PMOS transistors (M5 and M8). The effect of thisisthat M5 and M8 will
not sink or source any additional current to the output like the convention diff-amp. In the
conventional diff-amp when the non-inverting input terminal israised asmall-signal current is
created in the PMOS current load that is mirrored to the load and then sourced to the output
terminal. For the case of the fully differential diff-amp any small signal chance on M5 is not
mirrored to M8 because the diode pair prevents them.

The positive output will see an output resistance of rug||ros Or in general terms rop|lron. ON
the positive output terminal vo. the small signal current gmnVgs is pulled from the output load.
Therefore: Vo+ = gmnVgs(ropllron). Conversely, v, will source current from the diff-amp, and
Vo- = -OmnVgs(l op||F on). Substituting vgs = (Vi+ - V,.)/2 into these two equations produce
Vor! (Vi+ = Vi) = Omn(r opl[F on)/2 @nd Vo /(Vi+ - Vi) = -Gmn(F oplron)/2.  Subtracting these gives us
the small signal voltage gain: (Vo+ - Vo-)/(Vi+ - Vi) = Omn(r opl|ron) .  Note that this gain isidentical
to that of the conventional diff-amp. Thisamplifier isavalid aternative when a differential
output signal is desired.

The transconductance of the entire diff-amp is that of the amplifying device, which isjust
asingle n-type MOSFET. Thus, the transconductance of this diff-amp is ssmply gmn. From
previous diff-amp experience it should be obvious that ig = ig = -igz = -iga. Since id=gmnVgs then
Ig1 = Id2 = -1d3 = -1d4 = OmnVgs = Omn(Vi+ - Vi.)/2.



Simulation:

To simulate this circuit it is necessary to apply a ImV input AC voltage to each input
termina (+1mV to v+ and —1mV tov,.). The gain can be observed by comparing the input
voltages to the output voltages. The following two graphs show these.
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Figure2. Vo and Vo, AV=19.5mV

The gain of the diff-amp can be determined by measuring the amplification on the output
terminal with respect to the input terminal. Thus, in simulation the gain is approximately

19.5V/V.

When comparing the currents Ov voltage sources were inserted between the drains of the
NMOS devices and the PMOS current source loads. From Figure 3 below the following

information can be determined.

uh — id3
—id1

id4
id2

lg1 = -lga and igp = -1 ga.
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o
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Figure 3. Winspice AC current summary
One disconcerting thing about this graph is that the magnitude of i4; and ig4 iS NOt equal to ig and
igs. A possible reason for thisisthat the set of diode connected PMOS attenuate the signal
swing on transistors M1 and M4 while allowing M2 and M4 to swing to the expected levels.
The expected swing is about 150nA (150nA = gmnVgs = (150uA/V)(ImV)). For M1 and M4 the
swing is only about one third of 150nA.



*** Solution to Problem 22.9 ***

.control

destroy all

run

let vindif=vinp-vinm
let voutdif=vop-vom
let gain=voutdif/vindif
let id1=i(vid1)

let id2=i(vid2)

let id3=i(vid3)

let id4=i(vid4)

plot id1id2id3id4 xlimit .8m 2m
plot gain ylimit 16 20
plot vop vom

plot vinp vinm

.endc

.option scale=50n

tran 10u 2m

vDD VDD O DC 1

Vinp vinp O DC 0 AC
Vinm vinm O DC 0 AC
vidl vom vdl DC 0

vid2 center vd2 DC 0

vid3 center vd3 DC 0

vid4  vop vd4 DC 0

Vbias3 Vbias3 0 DC 544
Vbias4 Vbias4 0 DC .362

M1 vdl vinp VX 0

M2 vd2 vinp VX 0

M3 vd3 vinm  vx 0

M4 vd4 vinm  vx 0

M9 VX Vbias3 vy 0

M10 vy Vbias4 0 0

SIN 0.5 Im 1k
SIN 0.49999 1m 1k 500u

NMOSL=2W=50
NMOSL=2W=50
NMOSL=2W=50
NMOSL=2W=50
NMOS L=2 W=200
NMOS L=2W=200

M5 vom center VDD VDD PMOSL=2W=100
M6 center center VDD VDD PMOSL=2W=100
M7 center center VDD VDD PMOSL=2W=100
M8 vop center VDD VDD PMOSL=2W=100

* BSIM4 models



Problem 22.11

FDD
¥DD VDD
MI1 M1 M2

il VDD
h M4 M3

Net list

VDD

VDD vi2

M31

*** Fgure 22.26 CMOS: Circuit Design, Layout, and Simulation ***

.control

destroy all

run

print all

.endc

.option scale=1u

.0p

VDD VDD O DC 5

Vil vil O DC 35

Viz vi2 0 DC 35

vml3 vmeasl vmeas3 dc 0
vm24 vmeas2 vmeas4 dc 0
isst vdd vsll DC 20u

iss2 vdd vs21 DC 20u

iss3 vs3l O DC 20u

iss4 vs4l O DC 20u

M1 wvdd vsll vmeasl vmeasl
M2 vdd vs21 vmeas2 vmeas2
M3 O vs3l vmeas3 vmeas3
M4 O v4l vmeasd vmeassd

NMOS L=2 W=10
NMOS L=2 W=10
PMOS L=2 W=30
PMOS L=2 W=30



M11 O vil vsll vsll PMOSL=2W=30
M41 VDD vil vs4l vs4l NMOSL=2W=10

M31 VDD vi2 vs31 vs3l NMOSL=2W=10
M21 O vi2 vs2l vs21 PMOSL=2W=30

vml13 and vm?24 are the zero voltage sources to measure the current in M1-M4

DC Operating Point ... 100%
vm13#branch = 1.973939e-05
vm24#branch = 1.973939e-05

From the operating point analysisit can be seen that the currentsin M1-M4 is 19.73uA
without body effect(i.e, source of the MOSFETS tied to the body) which is amost the
same as the biasing currents (20uA) in the source followers.

With body effect(i.e body of NMOS tied to ground & body of PMOStied to VDD) the
currents are

vm13#branch = 5.706939e-07
vm24#branch = 5.706939e-07

The currentsin M1-M4 are 0.57pA. Hence a large mismatch in the currents can be seen
due to body effect.



Problem 22.12

Using the parameters from table 9.1 and equation 22.48, the gain is approximated as
A, = gml(gm2 (2 || O 11‘024) = 219KV /V for low frequencies. The simulated gain of the circuit is
actually about 77.5 kV/V when the frequency is less than 10 kHz as seen in Figure 22.1 below.

—— (nag(vout/vil))

\\“*‘-&‘,,,

Figure22.1: Plot of vout/vin showing gain versus frequency

As seen in example 22.9 (page 22-25), the minimum input voltage (VCMMIN) isabout 1.55V and the
maximum input voltage (VCMMAX) is about 4.45V. By choosing a DC bias input voltage of 2.5V, we
guaranteed that the circuit would work. A plot of theinput voltagesis shown in Figure 22.2.
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Figure22.2: Plot of vil and vi2 vs. time



The maximum output voltage is calculated by the following:

Vv

out max

=VDD - 2V o, 045V
The minimum output voltage is cal culated by the following:

Voutmin = Vi2 ~Vog  Mps e ULV

outmin

For our problem parameters Vin=100uV @ 1KHz and Vcm=2.5 V we would expect to see output voltage

Vout= A, [V, = 77.55/—\/ 100UV O7.75/

magnitude of
From our simulation plots (Figure 22.3) we can see that our output voltage is between 1.7V and 4.5V
because we are limited by V, and V, . Output voltage is still sinusoidal (only cut off at V,

out max out min out max
and V,

out min

) and at 1KHz frequency.

Figure22.3: Plot of vout showing maximum and minimum output voltage



*** Problem 22.12 (Figure 22.31) CMOS: Circuit Design, Layout, and Simulation ***

.control

destroy all

run

plot vout/vil

*plot vilvi2

*plot vout

*print vtest#branch dm1 dmb3 vout

.endc

.option scale=1u

.ac DEC 10 100 10MEG

*.tran 10u 4m

VDD VDD 0 DC 5

vil vil 0 DC 25 AC 100u sin 2.5 100u 1k
vi2 vi2 0 DC 25

vtest vtest 0 DC 0

M1 dml vil dmb3 0 NMOS L=2 W=10
M2 dm2 vi2 dmb3 0 NMOS L=2 W=10
M3 dm3 gm3 vdd vdd PMOS L=2 W=30
M4 dm4 gm3 vdd vdd PMOS L=2 W=30
M6 gmcl gmcl dmb3 0 NMOS L=8 W=10
MC1 gm3 gmcl dmil 0 NMOS L=2 W=10
MC2 vout gmcl dm?2 0 NMOS L=2 W=10
MC3 gm3 vbias2 dm3 vdd PMOS L=2 W=30
MC4 vout vbias2 dm4 vdd PMOS L=2 W=30
MB1 dmbl vhiasl vdd vdd PMOS L=2 W=30
MB2 gmcl vbias2 dmbl vdd PMOS L=2 W=30
MB3 dmb3 vbias3 dmb4 0 NMOS L=2 W=30
MB4 dmb4 vbiasA vtest 0 NMOS L=2 W=30

Xbias VDD Vhbiasl Vbias2 Vbias3 Vhias4 Vhigh VIiow Vncas Vpcas bias

.subckt bias VDD Vbiasl Vbias2 Vhias3 Vbias4 Vhigh VIiow Vncas Vpcas

MN1 Vbias2 Vbiasn 0 NMOS L=2 W=10
MN2 Vbiasl Vbiasn 0 NMOS L=2 W=10
MN3 Vncas Vncas vnl NMOS L=2 W=10
MN4 vnl Vbias3 vn2 NMOS L=2 W=10
MN5 vn2 vnl 0 NMOS L=2 W=10

MN6 Vbias3 ~ Vbias3 0
MN7 Vbias4  Vbias3  Viow
MN8 Viow Vbias4 0O
MN9 Vpcas Vbias3 vn3
MN10 vn3 Vbias4 0O

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

[eNeoNeoNoNoNoloNoNoNe)

MP1 Vbias2 Vbias2 VDD VDD PMOS L=10 W=30
MP2 Vhigh Vbiasl VDD VDD PMOS L=2 W=30
MP3 Vbiasl Vbias2 Vhigh VDD PMOS L=2 W=30

MP4 vpl Vbiasl VDD VDD PMOS L=2W=30
MP5 Vncas Vbias2 vpl VDD PMOS L=2 W=30
MP6 vp2 Vbiasl VDD VDD PMOS L=2 W=30
MP7 Vbias3  Vhias2  vp2 VDD PMOS L=2 W=30
MP8 vp3 Vbiasl VDD VDD PMOS L=2 W=30
MP9 VbiasA  Vbhias2  vp3 VDD PMOS L=2 W=30
MP10 vpd vp5 VDD VDD PMOS L=2 W=30
MP11 vp5 Vbias2  vp4 VDD PMOS L=2 W=30
MP12 Vpcas Vpcas vp5 VDD PMOS L=2 W=30
MBM1  Vbiasn Vbiasn 0 0 NMOS L=2 W=10
MBM2  Vbiasp Vbiasn Vr 0 NMOS L=2 W=40

MBM3  Vbiasn Vbiasp VDD VDD PMOS L=2 W=30
MBM4  Vbiasp Vbiasp VDD VDD PMOS L=2 W=30

Rbias Vr 0 6.5k

MSU1 Vsur Vbiasn 0 0 NMOSL=2 W=10
MSU2 Vsur Vsur VDD VDD PMOS L=100 W=10
MSU3 Vbiasp Vsur Vbiasn 0 NMOSL=1 W=10




Problem 22.13

Jared Fife

This problem shows the operation of the current differential amplifier in figure 22.33 of the text
using SPICE with current sources for inputs. The values from table 9.2 will be used.

WEe'll start by building the netlist.

We will use 3 separate current sources,
and call them Issl - 3.

If we want to display the current through
each transistor, OV voltage sources can
be added as well. These are labeled
Vmessl - 4 in the netlist.

We shall sweep acurrentin Il in the
circuit in figure 22.33 from -10p to
10pA, and hold 12 constant at OA.

The output current can be measured by
adding a 350mV source to the drain of
M4, then plotting the current through
that source. 350mV is used to hold the
drain at ~Vas.

We notice in the simulation shown in
figure 1 that when we input zero current

Netlist

.control

destroy all

run

let IM1=vmeasl#branch

let IM2=vmeas2#branch

let IM3=vmeas3#branch

let IM4=vmeas4ttbranch

let lout=vout#branch

plot lout IM1IM2 M3 1M4
.endc

.option scale=50n
.DCi1-10u 10u 10n

11 0 Issl DC 0
12 0 Iss2 DC 0
Vout  1ss3 0 DC 350m
vDD VDD O DC 1

Issl VDD Issl DC 10u AC
Iss2 VDD  Is2 DC 20u AC
Iss3 VDD  Iss3 DC 10u AC

M1 Issl Issl Imeasl O
M2 Iss2 Issl Imeas2 0
M3 Iss2 Iss2 Imeas3 0
M4 Iss3 |ss2 Imeas4 0O
Vmeasl Imeasl O DC 0
Vmeas2 Imeas2 0 DC 0
Vmeas3 Imeas3 0 DC 0
Vmeas4 Imeas4 0O DC 0

0
0
0

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

inll, 4= 10pA for all MOSFETSs as expected. When we pull 10pA out of node 11, M1 is off.
All the current supplied by Issl ispulled out to I1. M2 isoff so M3 must sink all of Iss2 (20uA
here). The 20pA in M3 ismirrored over to M4, and the output is~I11 = 10pA. Theresults are
similar but opposite when we input current into 11.
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Figure 1. SPICE simulation of figure 22.33 from the text.

If we want to give the diff amp gain or scale the input currents we can change the size of M1-4.
In the following example we'll double the width of M1 and M4. Thissimulation isshownin
figure 2. We see that with the width of M1 and 4 increased we can scale the input current down.
When 11=-10u to 10pA, the output is scaled down by roughly 20pA, so we get -30u to -10pA.

uk IH3 IH4
IH1 — IHz
— Iout
A1 D prmmmmm oo T L
] "
31 A A S S
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Figure 2. SPICE simulation of figure 22.33 from the text with M4s width doubl ed.



P22 14.
Kloy Debban
Roger Porter

Below in, figure 1 is the schematic of the circuit that is discussed and ssmulated in this
problem.

VDD v VDD

DD
Vbias1—o{ 00 1 %@Mm

Vbias2—aH ve: i

4 ? = +—out
fl 1 fl3 Pl hl2
v+ i o L el o

Vbias3 00 ws3
Vbias4 2 mss % O ez 2D O g

Figurel

To begin to explain how this circuit works, we will start by considering what happens
when the common mode input signal is such that both the PMOS and NM OS diff-amps
are both on, (and the gate voltages of diff-ampsare equal.) If thisistrue, both the PMOS
and the NMOS diff-amps are conducting acurrent. 1f the PMOS is set up to source a
current, we'll call Ip, and the NMOS sourceis set up to sink acurrent, we'll call In, then

M1 and M2 are pulling %n from the drains of M9 and M10. At the same time, M3 and

M4 are each sourcing %p . M4’s current is being pushed down the drain of M5, whichis

mirrored over onto M6. M3's current is being pushed through M7, which is then
mirrored in M8. This puts the drain current of M8 at %p . Since M8 sdrain is connected

to the drain of M10, M8’ s current is also being pulled through M10. This puts the current



sourced by M10 at %n +|Ep . If Ip=In=1, then M 10’ s current is the sum of the current
through M2 and M8. In the figures below we have set Ip=In=20u. In the following
figure the current on the drain of M10 is clearly the sum of the currents through M2 and
M8.

uh YD3#¥branch — VDZ#¥branch
— VD10#branch
E I:I . I:I r """""" b B r==-========== b B r===========- al

B 1 O U LU PSSP
o.o 100.0 200.0 i00.0 400.0 coo.n

time nS

Figure?2

Now lets turn on only the NMOS diff-amp by setting V1 = V2 = 1V and look at the
currents flowing through the same branches. We notice that all the current from M10is
flowing through M2 and none through M8. Thisis because The PMOS diff-amp is off
and therefore not forcing current down M5, M6, M7 and M8. This means that since M8

is not sinking a current, M10 only sources IE , (since In=Ip.) This can be seenin Figure 3.
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Figure3

Now lets turn on only the PMOS diff-amp by seting V1 = V|2 = OV and look at the same
currents. We see that all the current from M 10 in now flowing through M8. Thisis
because the NMOS diff-amp is off and M2 is not sinking and current. This means that

again, M 10 only needsto source IE . Thisisseenin figure 4.

ud YDhE#branch — ¥DZ#branch
— VD10#branch
150 . 0p------------ R LR P LR Pomsmomneoos R EEEE LR
100.0 .____________L____________L____________:L____________L____________:
o N Y SR

Figure4
Similar behavior is happening at the other summing junction of M9, M6, and M 1.



To verify that the common-mode voltage range goes beyond the power rails, we can
connect V1 and V, and sweep the now common input voltage of the differential
amplifiers. Lets sweep it from below zero and above VDD (-0.2 to 1.2). When the
common input is below 0.5 we will look at the PMOS diff-amp to verify that the V sp of
the PMOS transistors are above V spsy. When above 0.5 we will ook to verify that the
Vps of the NMOS diff-amp transistors are above Vpss. Thisisseenin Figure 5.
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=weep W

Figure5

We see from figure 5 that V o5 of the PMOS diff-amp, (transistors M3 and M4,) do not go
below Vi (50mV) until the common input voltage goes below —0.15V. Vpsof the
NMOS diff-amp, (transistors M1 and M2,) do not go below Vs (50mV) until the
common input voltage goes above 1.125 V.



Figure 6, below, was produced by tying the inverting input to the output of the diff-amp,
This was done to prove that the common mode output range reaches the power supply
rails, (but does not exceed them, as the common mode input range does.)
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*** Problem 22.14 CMOS: Circuit Design, Layout, and Simulation ***

.control

destroy all

run

LET

PLOT VD10#BRANCH VD8#BRANCH VD2#BRANCH
*LET VOUT=0OUT

*PLOT VI VOUT

.endc

.option scale=50n ITL1=300
.tran 10n 500n UIC
*DCVI-12.001

VDD VDD 0 DC 1
Vi Vi 0 DC 5

vD2 OUT D2 DC O
vD8 OUT D8 DC O
vD10 D10 OUT DC O

MSLA VBIASL1VDD VDD PMOS L=2 W=200
MS2PS VBIAS2A VDD PMOSL=2 W=200
MS3PN VBIAS3B 0 NMOSL=2W=100
MS4AB  VBIASA0 0 NMOSL=2W=100

M1 D1 VI PN O NMOSL=2W=50
M2 OUT VI PN 0 NMOSL=2W=50
M3 D3 VI PS VDD PMOSL=2W=100
M4 D4 VI PS VDD PMOSL=2W=100



M5 D4 D4 0 O NMOSL=2W=50
M6 D1 D4 0 O NMOSL=2W=50
M7 D3 D3 0 O NMOSL=2W=50
M8 D8 D3 0 0 NMOSL=2W=50

M9 D1 D1 vDD VDD PMOS L=2 W=100
M10D10 D1 VDD VDD PMOSL=2 W=100

Xbias VDD Vhiasl Vhias2 Vbias3 Vhias4 Vhigh VIow Vncas Vpcas bias

.subckt bias VDD Vbiasl Vbias2 Vhias3 Vbias4 Vhigh Viow Vncas Vpcas

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

MPO 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 VbiassA 0O 0 NMOS L=2 W=50
MN4 Vpcas  Vbias3 vnl 0 NMOS L=2 W=50
MN5 vnl Vbiasd O 0 NMOS L=2 W=50
MNG6 Vbias2  Vbias3 vn2 0 NMOS L=2 W=50
MN7 vn2 Vbias4 O 0 NMOS L=2 W=50
MN8 Vbiasl  Vbias3 vn3 0 NMOS L=2 W=50
MN9 vn3 VbiasA 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 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 Vbiagp Vhiasn O 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

* BSIM4 models



Problem 22.15

Small signal equivalent for the circuit in fig. 22.41:

[ 1w [

l Lo
Vi ]
n?
+
Vgs1

|
| lae

]

From thefigure, the resistancelooking into the output nodeis ro2 // fos and the current flowingis
ia1—la2, Since the current flowingin M1isid, M2isSie and M6iSis.

and igs =id1+d2

OVou = (jar—ia2) oz // os) (1)
At M1and M2 wehave,

Vii—Vga HVgs2—Vi2 =0

= WVi1—Vi2 =Vgs1—Vgs2

assumi NG gm1=0m2=0mn



fa1—ld2
Vgs1—Vgs2 :K_)
Om
igr—i
Ovia—Mi2 =£u)

Omn

Small-signal gain Ay=—Yu
Vii—Vi2

Using (1) and (2), we have
A= Vo — (idl—idz)[(rm//roz)
Vii—Vi2 (io—ia2)

Om
A= Om [(ro4//r02)
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