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Forward

Dr. Baker:
The zipped filed I sent you is titled “Final Project” and has two different designs in it titled
“Design 1” and “Design 2”. | included both designs because my first design “Design 1” seems to
have better overall performance, but | had spent so much time troubleshooting “Design 2” that |
figured I would include it. I hope this clearly allows you to simulate my project without any

difficulties, and I would like to thank you for yet another wonderful semester and learning

Introduction

The objective of this course project is to use On’s C5 process to design a voltage follower
using an op-amp that can operate with a VDD between 3V and 5V while driving a 10pF (max)
and 1kQ (min) load. The input voltage should be connected to the noninverting "+" input of the
op-amp and the output voltage connected back to the inverting "-" input of the op-amp. Lastly,

the design should meet the design constraints stated below.

Design Constraints

o The error (difference) between the input signal and output signal should be < 0.1%

. Bandwidth of the follower should be > 100MHz

. Slew-rate with maximum load > 100V/microsecond

. Current draw from VDD should be less than 10mA under full load conditions

o Output swing should be 80% of VDD (e.g. 0.5V to 4.5V when VDD=5V or 0.12V to
2.88V when VDD=3V. The output swing doesn't have to be centered as these

examples are, that is, 0.25V to 4.25V when VDD=5 V is fine too).
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Transconductance Matching

The purpose of this section is to use On’s C5 process information in order to match the
transconductances of an NMOS and PMOS (gmn and gmp, respectively) based off their sizes. On’s

C5 process Spice models detailed in C5_models.txt are shown in Fig. 1.

BSIM3 models for AMI Semiconductor’s C5 process

pon't forget the .options scale=300nm if using drawn lengths
and the MOSIS SUBM design rules

2<Ldrawn<500 10<wWdrawn<10000 vdd=5v
Note minimum L is 0.6 um while minimum w is 3 um
Change to level=49 when using HSPICE or SmartsSpice

NN EEE

.MODEL NMOS NMOS ( LEVEL = 8

+VERSION = 3.1 TNOM = 27 TOX = 1.39E-8

+X3 = 1.5E-7 NCH = 1.7E17 VTHO = 0.6696061
+K1 = 0.8351612 K2 = -0.0839158 K3 = 23.1023856
+K3B = -7.6841108 WO = 1E-8 NLX = 1E-9

+DVTOW = 0 DVT1W = 0 DVT2W =0

+DVTO = 2.9047241 DVT1 = 0.4302695 DVT2 = -0.134857
+U0 = 458.439679 UA = 1E-13 uB = 1.485499E-18
+UC = 1.629939E-11  VSAT = 1.643993E5 A0 = 0.6103537
+AGS = 0.1194608 BO = 2.674756E-6 Bl = 5E-6

+KETA = -2.640681E-3 Al = 8.219585E-5 a2 = 0.3564792
+RDSW = 1.387108E3 PRWG = 0.0299916 PRWE = 0.0363981
+WR =1 WINT = 2.472348E-7 LINT = 3.597605E-8
+XL =0 XW =0 DWG = -1.287163E-8
+DWE = 5.306586E-8 VOFF =0 NFACTOR = 0.8365585
+CIT =0 CD5C = 2.4E-4 CDsCD = 0

+CDSCB = 0 ETAD = 0.0246738 ETAB = -1.406123E-3
+DSUB = 0.2543458 PCLM = 2.5945188 PDIBLC1 = -0.4282336
+PDIBLC2 = 2.311743E-3 PDIELCE = -0.0272914 DROUT = 0.7283566
+PSCBE1 = 5.598623E8 PSCBE2 = 5.461645E-5 PVAG =0

+DELTA = 0.01 RSH = 81.8 MOEMOD = 1

+PRT - 8.621 UTE - -1 KT1 - -0.2501
+KT1L = -2.58E-9 KT2 =0 UAL = 5.4E-10
+UBL = -4.8E-19 ucl = -7.5E-11 AT = 1E5

+WL =0 WLN =1 Wi =0

+WWN =1 WL =0 LL =0

+LLN =1 LW =0 LN =1

+LWL =0 CAPMOD = 2 XPART = 0.5

+CGDO = 2E-10 CGS0 = 2E-10 CGEO = 1E-9

+C3 = 4.197772E-4 PB = 0.99 M3 = 0.4515044
+CI5W = 3.242724E-10 PBSW = 0.1 MISW = 0.1153991
+CISWG = 1.64E-10 PBSWG = 0.1 MISWG = 0.1153991
+CF =0 PVTHO = 0.0585501 PRDSW = 133.285505
+PK2 = -0.0299638 WKETA = -0.0248758 LKETA = 1.173187E-3
+AF =1 KF =0)

.MODEL PMOS PMOS ( LEVEL =8

+VERSION = 3.1 TNOM = 27 TOX = 1.39e-8

+X3 = 1.5E-7 NCH = 1.7E17 VTHO = -0.9214347
+K1 = 0.5553722 K2 = B.763328E-3 K3 = 6.3063558
+K3B = -0.6487362 w0 = 1.280703E-8 NLX = 2.593997E-8
+DVTOW = 0 DVTIW =0 DVT2W = 0

+DVTO = 2.51311865 DVT1 = 0. 54805386 DvWT2 = -0.1186489
+UD = 212.0166131 uA = 2.807115E-9 uB = 1E-21

+UC = -5.82128E-11  VSAT = 1.713601E5 A0 = 0.8430019
+AGS = 0.1328608 BO = 7.117912E-7 Bl = 5E-6

+KETA = -3.674859E-3 Al = 4.77502E-5 a2 =0.3

+RDSW = 2.837206E3 PRWG = -0.0363908 PRWB = -1.016722E-5
+WR =1 WINT = 2.838038E-7 LINT = 5.528807E-8
+XL =0 W =0 DWG = -1.606385E-8
+DWB = 2.266386E-8 VOFF = -0.0558512 NFACTOR = 0.9342488
+CIT =0 CDsC = 2.4E-4 cpscD = 0

+CDSCE = 0 ETAD = 0.3251882 ETAB = -0.0580325
+DSUB =1 PCLM = 2.2409567 PDIBELC1 = 0.0411445
+PDIBLC2 = 3.355575E-3 PDIELCE = -0.0551797 DROUT = 0.2036901
+PSCBE1 = 6.44809E9 PSCBEZ = 6.300848E-10  PVAG =0

+DELTA = 0.01 RSH = 101.6 MOBMOD = 1

+PRT = 59.494 UTE = -1 KT1 = -0.2942
+KT1L = 1.68E-9 KT2 = UAL = 4.5E-9

+UBL = -6.3E-18 ucl = -1E-10 AT = 1E3

+L =0 WLN =1 Wi =0

+WWN =1 Wil =0 LL =0

+LLN =1 LW =0 LWN =1

+LWL =0 CAPMOD = 2 XPART = 0.5

+CGDO = 2.9-10 CGS0 = 2.9£-10 CGBO = 1E-9

+C3 = 7.235528E-4 PE = 0.9527355 M3 = 0.4955293
+CISW = 2.692786E-10 PBSW = 0.99 MISW = 0.2958392
+CISWG = 6.4E-11 PESWG = 0.99 MISwWG = 0.2958392
+CF =0 PVTHO = 5.98016E-3 PRDSW = 14.8598424
+PK2 = 3.73981E-3 WKETA = 5.292165E-3 LKETA = -4.205905E-3
+AF =1 KF =0)

Fig. 1 — On’s C5 Process Spice Models (C5_models.txt)
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Schem. 1 shows the NMOS and PMOS connected to one another (NMOS drain connected to
PMOS source) for transconductance matching. Both the NMOS and PMOS are drain-gate
connected to ensure they are each operating in saturation, and their bodies are connected to their
sources (GND and VDD, respectively) to eliminate body effect. The size of the NMOS is chosen
to be minimum length (Lmin=0.6um=600nm) and minimum width (Wmin=3um) based off On’s

C5 process information detailed in C5_models.txt shown in Fig. 1.

— ﬁ VDS
1 M2
“1=0.6uw=3u | 1=0.6u w={W}
~|NMOs PMOS 0
N .dc VDS 05

.include C5_models.txt .step param W 3.6u 7.8u 0.6u

Schem. 1 — Matching NMOS & PMOS Transconductances (gmn & Gmp)
It is noted that “...we use 2-5 times minimum length for general design” and “...we use
minimum length for high-speed design” (Baker, pg. 297). It is also important to know that
“...using minimum channel lengths results in large mismatches between devices and low
MOSFET output resistance” which results in “low gain and large input-referred offset voltages”
(Baker, pg. 863). In addition, “...to minimize power and maximize speed, we will use minimum
size devices (Baker, pg. 863). This information suggests we should not have started with
minimum sizing for the NMOS since we are not designing for high speed since (bandwidth only
needs to be greater than 100MHz) or minimized power, we do not want large mismatches
between our NMOS and PMOS, and we do not want low MOSFET output resistance which will
result in low gain and large input-referred offset voltages. However, we will use minimum sizing

for the NMOS as a starting point and note that we can always come back and repeat the
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following process starting with a different sized NMOS. The PMOS in Schem. 1 has the same
length as the NMOS (Lmin=0.6um=600nm) for good matching, and its width is stepped to
determine which width gives the closest PMOS transconductance (gmp) to the NMOS
transconductance (gmn) as VDS=VSD=VGS=VSG=VDD is swept from 0V to 5V. Sim. 1 shows
the transconductances of the NMOS and PMOS (gmn and gmp, respectively) by plotting the

derivative of their drain currents. See Eq. (9.57).

i :[ 6:’5 ]J’ﬂ=mnstant il E.C‘-" W
6'1"{?5 FGS = constant il (95?)

By averaging the area (over 0V to 5V) of the various PMOS transconductance curves

(corresponding to the various PMOS widths), it can be seen that the third curve from the bottom

(corresponding to Wpmos=4.8um) best matches the NMOS transconductance curve.

d(1d(M2))

LT NMOS PMOS matching trans [ /
Curser 1 i
didM1]) :

iz: | 4.0015662Y Wert: | 301,981 34p0-1

[ -Nee [ Nea-

[ ha- [ hea-

N

Sim. 1 — Matching NMOS & PMOS Transconductances (gmn & Gmp)

Sim. 1-1 shows the PMOS transconductance (gmp=349uA/V) for Wemos=4.8um and NMOS
transconductance (gmn=302uA/V) for VDS=VSD=VDD=4V. This result simply shows the
NMOS and PMOS transconductances (gmn and gmp, respectively) are relatively closely matched

for the specified sizes.
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LT NMOS PMOS matching trans e

Cursor 1

dlldM1])
Horz: [4.0015662 Werk: [301.98134u00-1
Cursor 2

dldm2)

Horz: | 40015662y Wert: | 349.1528300-1

Diff [Cursar2 - Cursarl]
Horz [ Vert: [47.17128800-1

Sope: [ - H/b-

Sim. 1-1 — Matching NMOS & PMOS Transconductances (gmn & gmp) (Wemos=4.8um)

NMOS Characterization

The purpose of this section is to sweep VGS in order to determine threshold voltage (\Vthn), bias
current (Ibiasn), and bias voltage (Vbiasn=VGS) to then determine output resistance (ron),
transconductance (gmn), and transition frequency (fr) for the NMOS. Schem. 2 shows the NMOS

(3um/0.6um) with VDS=3V in order to characterize the NMOS on the lower end of VDD.

| VDS
| M1 ()
I=0.6uw=3u
~— NMOS 3
+ VGS- -
.‘ | .include C5_models.txt
o .dc VGS 05

'Schem. 2 - NMOS: VGS Sweep

Sweeping VGS from QV to 5V results in Sim. 2 which shows VGS=Vthn=713mV. This is the

voltage in which the NMOS turns on.
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LT NMOS bias curr 4
Cursor 1
I 1)
Horz [712.98923m Wert: [173.67702n8
Cursor 2
[ - nza- [ -Hre-
Diff [Cursor2 - Cursorl]
[ =Nz [ Nz

A

Sim. 2 - NMOS: VGS Sweep to determine Vthn=713mV
Referring to Eq. (9.54) and noting “...For general analog design, we set the overdrive voltage to
5% of VDD. For high-speed design, we might set the overdrive voltage to 10% of VDD or
larger” (Baker, pg. 863), we can estimate Vovn=7%(VDD)=7%(5V)=350mV and can calculate
VGS=Vovn+Vthn=(350+713)mV=1.063V. Sim. 2-1 shows Ibiasn=31.2uA at Vbiasn=VGS

=1.063V.

Vown = Vs = Vun # Vssar (9.54)

LT NMOS bias curr ==
Cursor 1 i
Horz [1.0630062v Wert: [31.24360908
Cursor 2
[ - nza- [ -Hre-
Diff [Cursor2 - Cursorl]

[ =Nz [ Nz

A

Sim. 2-1 - Ibiasn=31.2uA at Vbhiasn=1.063V
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Schem. 3 shows the NMOS with VGS=Vbiasn=1.063V and VDS=3V, and Sim. 3 shows various
DC operating point values from the Spice error log including Vthn=699mV, gm,.=174uA/V,

ron=1/Gds=1/(2.48x10°)=403,226Q, and VDS,sat (here Vovn)=242mV.

| 1 VDS

KF}go.ﬁu w=3u

1 NMOS 3
VGS.- -

.include C5_models.txt
1.063 -0p

Schem. 3 — NMOS: .op (DC Operating Point)

LT SPICE Error Log: ChUsersy,

Vth: 6.9%=-01
Vd=sat: 2.42e-01
Fm: 1.74e-04
Gds=: 2.48e-06

Sim. 3-NMOS: .op (DC Operating Point)
In order to ensure the NMOS is in saturation when Ibiasn=31.2uA at Vbiasn=1.063V, Schem. 4

shows VDS being swept from 0V to 5V with VGS=1.063V. Sim. 4 shows the NMOS s, in fact,

in saturation when Ibiasn=31.2uA and gives VDS=2.98V.

. _vps
M ..‘!
T 1=0.6uw=3u
—1 NMOS 0

- _VGS -
[f | .include C5_models.txt

1063 -dcVDSO05

Schem. 4 — NMOS: VDS sweep to ensure Saturation
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L7 NMOS bias curr VDS sweep =

1)
Horz [ 2.9831288v Verl: | 3120008804

[ nza- [ -

Diff [Cursor2 - Cursarl)
[ o~ [N

b

Sim. 4 — NMOS: VDS sweep to ensure Saturation
In order to determine the output resistance (ro,) of the NMOS, Schem. 5 shows VDS being swept
from OV to 5V with VGS=1.063V. Sim. 5 shows the output resistance (ro,) plotted as the
reciprocal of the derivative of the drain current (1/deriv(lp)). VDS, sat (here Vovn) is
approximated as the voltage where the output resistance begins to increase. This results in

VDS, sat=170.8mV (approx.) and gives r,,=19.74kQ.

| vps
tM" i )
- I=0.6uw=3u
- NMOS T
o ves |
| .include C5_models.txt

1063 -dcVDS05

Schem. 5 — NMOS: Output Resistance (ron)
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LT NMOS ron =
Cursor
1/d(1dM1])
Horz: [ 170.80745mv Ve |[EREEEES
Cursor 2
[~ Hza [ -ha
Diff {Cursor2 - Cursorl)
[ e [z
[

Sim. 5 - NMOS: Output Resistance (ron)

Table 1 shows values for ro, at varying voltages of VDS

VDS=0V Fon=17.2k€Q
VDS, sat=170.8mV ron=19.7kQ
VDS=3 V ron=402.7kQ
VDS=4 V ron=363.0kC2
VDS=5V ron=170.2kQ

Table 1 — ro, for various values of VDS
Lambda can be calculated as A,=1/(ron*Ip)=1/( ron*Ibiasn) using ro,=402.7kQ @ VDS=3V from
Sim. 5 and using Ibiasn=31.2uA =>:
o A=L/(ron*1p)=1/(ron*1biasn)=1/((402.7kQ)*(31.2uA))=0.0796V*
o %,=0.0796V"*
Determining the forward transconductance (gmn) of the NMOS is modeled in Schem. 6 in which
VDS=VDS,sat(= Vovn)=350mV and VGS is swept from OV to 1.5V in order to show a clear

plot.
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— M1 /N
- | . |vDs
7 -~ 350m
| o [ )vsB
P =0.6u w=3u 0
ves | |
) L
L /
N .dc VGS 0 1.5

.include C5_models.txt
Schem. 6 — NMOS: Forward Transconductance (gmn)

Sim. 6 shows the transconductance (gmn) plotted as the derivative of the drain current (deriv(lp))
and gives gmn=129.5uA/V at VGS=1.063V. It should be noted that “...gmn does change with
VGS, unlike what was indicated in Eq. (9.57). This is because the saturation velocity isn’t
exactly constant and depends on both VGS and VDS” (Baker, pg. 298-299). The gain can then
be calculated using r,,=402.7kQ @ VDS=3V from Sim. 5 and using gmn=129.5uA/V at

VGS=1.063V from Sim. 6.
® Galn:gmnron:(lzgSUA/V)*(4027kQ):52V/V

® Gain=52V/V

LT NMOS trans =
Cursor 1
dlidiM1])
Horz: [1.0630284v Ve, [EEEEEENN]
Cursor 2
[z [Nz
Diff {Cursor2 - Cursorl)
[~ nzas [ Hze
[T

Sim. 6 — NMOS: Forward Transconductance (gmn)
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Additionally, Schem. 1 can be referred to for Sim. 6-1 which shows gn,=163.3uA/V for

VDS=VGS=Vbhiasn=1.063V.

d(1d{M2))

LT NMOS PMOS matching trans [

dildM1))

Wert: | 163.26303p0-1

[ -Noa-

[z

WA

Sim. 6-1 — NMOS: Forward Transconductance (gmn) (Referring to Schem. 1)
Determining the transition frequency (frn) of the NMOS is modeled in Schem. 7 in which
VDS=VDS,sat(= Vovn)=350mV, VGS=1.063(AC 1), and an ac simulation is swept from

100MHz to 100GHz in order to show a clear plot.

— M1
— VDS
—_ NMOS VSB 3
1=0.6u w=3u 0
VGS
AC 1 7
1.063

.ac dec 100 100MEG 100G
.include C5_models.txt
Schem. 7 — NMOS: Transition Frequency (frn)

The transition frequency (fr,) is determined in Sim. 7 by plotting the drain current divided by the

current through VGS (Ip/lves) which gives fr,=f,,=7.04GHz at 0dB.
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LT NMOS freq =

Cursar 1

1eiM1)/11vs)
Freq 7.0433838GHz  Mag [111.74723pc8 @
Phase: [67.864255"

Group Delay: 7895802905
Cursor 2

Nt N
N

N
Ratia (Cusar2 / Cursorl)
b —NZA-

N

~NA-

Sim. 7 — NMOS: Transition Frequency (frn)

PMOS Characterization

The purpose of this section is to sweep VSG in order to determine threshold voltage (Vthp) and

bias voltage (Vbiasp=VSG) based on the NMOS bias current (Ibiasn=Ibiasp=31.2uA) to then

determine output resistance (rop), transconductance (gmp), and transition frequency (fr) for the

PMOQOS. Schem. 8 shows the PMOS (4.8um/0.6um) with VSD=3V in order to characterize the

PMOS on the lower end of VDD.

L L
VSG N
0 | 1=0.6u w=4.8u
PMOS
dcVSG05 ™ '
- T
.include C5_models.txt VSD
— 3

Schem. 8 - PMOS: VSG Sweep
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Sweeping VSG from OV to 5V results in Sim. 8 which shows VSG=Vthp=807mV (the voltage
in which the PMOS turns on) as well as the voltage VSG=Vbiasp=1.274V at

Ibiasn=Ibiasp=31.2uA.

Is(1]
Horz:[1.2740872v Wert: 311980084

Is(1]
Horz: [807.00464m Wert: [91.159154na
Diff (Cursor2 - Cursor]
Horz: [-457 03258y Wert: |-31.1068484

Slope: |E.65968=-005

Sim. 8 - PMOS: VSG Sweep to determine Vthp=807mV & Vbiasp=1.274 at Ibiasp=31.2uA
Schem. 9 shows the PMOS with VSG=Vbiasp=1.274V and VSD=3V, and Sim. 9 shows various
DC operating point values from the Spice error log including Vthp=886mV, gm,=134uA/V,

rop=1/Gds=1/(3.43x10%)=291,545Q, and VSD,sat=329mV.
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B n
VSG e
1.274 | 1=0.6u w=4.8u
" PMOS
.op H= "
M1
F___
.Include C5_models.txt o VSD
-3

Schem. 9 — PMOS: .op (DC Operating Point)

AT SPICE Error Log: ChUsersh,

Vth: -B.Bae-01
Vdsat: -3.2%9e-01
m: 1.34e-04
Gd=: 3.43e-06

Sim. 9 — PMOS: .op (DC Operating Point)
In order to ensure the PMOS is in saturation when Ibiasp=31.2uA at Vbiasp=1.274V, Schem. 10

shows VSD being swept from OV to 5V with VSG=1.274V. Sim. 10 shows the PMOS is, in fact,

in saturation when Ibiasp=31.2uA and gives VSD=3.005V.
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- L

VSG N
1.274 | 1=0.6u w=4.8u
| PMOS
decVSDO05 == "
M1

. " T

.Include C5_models.txt VSD

Schem. 10 — PMOS: VSD sweep to ensure Saturation

IsfbH1)

Wert: |31 200616

[ o~ [N
Diff {Cursor? - Cursorl]
[~ nz- [~ Hse
[wa—

Sim. 10 - PMOS: VSD sweep to ensure Saturation
In order to determine the output resistance (rop) of the PMOS, Schem. 11 shows VSD being
swept from OV to 5V with VSG=1.274V. Sim. 11 shows the output resistance (rop) plotted as the
reciprocal of the derivative of the drain current (1/deriv(lp)). VSD,sat is approximated as the

voltage where the output resistance begins to increase. This results in VSD,sat=255.5mV

(approx.) and gives rop=32.6kQ.
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VSG N

1.274 1=0.6u w=4.8u

— PMOS
-
}7

.dcVSDO05 M1

.include C5_models.txt VSD

Schem. 11 — PMOS: Output Resistance (rop)

LT PMOS rop =

Curar 1
1/efliv1)

Horz: [ 26543685y Vert: [32.69628K0

Curzor 2

[ -num- [z
Diff (Cursor2 - Cursorl)
[ Nea- [ hza-

TN

Schem. 11 — PMOS: Output Resistance (rop)

Table 2 shows values for rq, at varying voltages of VSD

VSD=0V lop=9.5kQ
VSD,sat=255.5mV lop=32.6kQ
VSD=3 V rp=291.7kQ
VSD=4 V rop=292.3kQ
VSD=5V rop=289.0kQ

Table 2 — ro, for various values of VSD




Gentry, Dane 18
EE 420: Final Project — Spring 2016

Lambda can be calculated as Zp=1/(rop*1p)=1/( rop*Ibiasp) using rop=291.7kQ @ VSD=3V from
Sim. 11 and using Ibiasp=31.2uA =>»:

o Kp=1(rop*Ip)=1/(rop*Ibiasp)=1/((291.7kQ)*(31.2uA))=0.1099V™*

o #%,=0.1099V*
Determining the forward transconductance (gmp) of the PMOS is modeled in Schem. 12 in which

VSD=VSD,sat=350mV and VSG is swept from 0V to 1.5V in order to show a clear plot.

n n
VSG N
| 1=0.6u w=4.8u
"~ PMOS
.dc VSG 01.5 = +
M1
] VBS 0
.include C5_models.txt +
VSD
350m

Schem. 12 — PMOS: Forward Transconductance (gmp)
Sim. 12 shows the transconductance (gmp) plotted as the derivative of the drain current
(deriv(lp)) and gives gmp=84.7uA/V at VGS=1.274V. The gain can then be calculated using
rp=291.7kQ @ VSD=3V from Sim. 11 and using gmp=84.7uA/V at VSG=1.274V from Sim. 12.

®  Gain=gmplop=(84.7TUAIV)*(291.7kQ)=24.7VIV

® Gain=24.7VIV
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LT PMOS trans =
Curson
dilsiM1))
Horz: [1.278v ver [64735802001
Cursor 2
[ Hze [z
Diff {Cusor2 - Cursorl)
[ - ha- [ ha-
[

Sim. 12 - PMOS: Forward Transconductance (gmp)

Additionally, Schem. 1 can be referred to for Sim. 12-1 which shows gm,=118.5uA/V for

—

L7 NMOS PMOS matching trans e |

VDS=VSD=VSG=Vbiasp=1.274V for Wpmos=4.8u.

diidiM2)
Horz: 12739858 ver: [EEEEE
Cursor 2
[ -Mee- [ -Nus-
Diff (Cursor2 - Cursorl]
[ -Noa- [ -NoA-

“HA-

Sim. 12-1 - PMOS: Forward Transconductance (gmp) (Referring to Schem. 1)
Determining the transition frequency (frp) of the PMOS is modeled in Schem. 13 in which
VSD=VSD,sat=350mV, VSG=1.274(AC 1), and an ac simulation is swept from 10MHz to

10GHz in order to show a clear plot.
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|
VSG o
1.274 ~1=0.6u w=4.8u
AC 1 PMOS
M1
}7
VBS 0
+
VSD
350m

.ac dec 100 10MEG 10G
.include C5_models.txt

Schem. 13 — PMOS: Transition Frequency (frp)
The transition frequency (frp) is determined in Sim. 13 by plotting the drain current divided by

the current through VSG (lp/lvsg) which gives frp=f,,=2.08GHz at 0dB.

LT PMOS freq = |

Is(M1)ANVS )
Freq 20B0S677GHz  Mag: [27324162ud8 @
Phase: [11685321
Group Delay: -29.185709ps

~N7A- B
T
Nt
Ratio (Cursar2 / Curserl)
M- Nt
b
b

Sim. 13 - PMOS: Transition Frequency (frp)
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Table Summary of Characterization

Table 3 was generated using the information captured from the previous simulations.

On’s C5 Process MOSFET Parameters
VDD=3V to 5V (VDD=3V Used) and a scale factor of 1um (scale=1x107°)

Parameter NMOS PMOS Comments
Bias Current, Ip 31.2uA (=Ibiasn) 31.2uA (=Ibiasp) Approximate, see Sim.
2-1
W/L 3/0.6 (Min. length, 4.8/0.6 (Min. length) PMOS width based on
Min. width) Sim. 1
VDS, sat & *350mV (Vovn calc.)
VSD,sat 329mV (Sim. 9)
*242mV (Sim. 3)
VGS & VSG *1.063V (=Vbiasn) *1.274V (=Vbiasp) No Body Effect
(Calc. based on Vovn (Sim. 8 — based on
& Vthn) Ibiasp=Ibiasn & Vthp)
Vthn & Vthp *713mV (Sim. 2) *807mV (Sim. 8) Approx. & .op values
*699mV (Sim. 3) *886mV (Sim. 9)
Omn & Qmp *174uA/V (Sim. 3) *134uA/V (Sim. 9) Similar values for
different sim’s
*129.5uUA/V (Sim. 6) *84.7uA/V (Sim. 12)
*163.3uA/V (Sim. 6-1) | *118.5uA/V (Sim. 12-1)
Fon & lop *403.2kQ (Sim. 3) *291.6kQ (Sim. 9) Similar values for
different sim’s
*402.7kQ (Refer to *291.7kQ (Refer to Sim.
Sim. 5 & Table 1) 11 & Table 2)
Gain: I10Open circuit gain!!
Omnlon & Gmplop 52VIV 24.7VIV See calc. before Sim. 6
& Sim. 12, respectively
%o & p 0.0796V™* 0.1099V* See calculation after
Table 1 & Table 2
frn & frn 7.04GHz 2.08GHz See Sim. 7 & Sim. 13

Table 3 - On’s C5 Process MOSFET Parameters
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The Beta-Multiplier Reference (BMR) in Fig. 20.47 of the CMOSedu book was used to generate

the BMR shown in Schem. 14. Except for a few different sized devices, all the NMOS are

3u/0.6u and the PMOS are 4.8u/0.6u. The PMOS in the startup circuit (MSU2) is meant to

operate as a large resistor, so its length is greatly increased in order to prevent MSU3 from

turning on, preventing Vbiasp from stealing current from Vbiasn. Schem. 14 shows the resistor

(R1) being stepped for different values in order to determine which resistor value results in

Iref=Ibiasn=1biasp=31.2uA. Sim. 14 shows R1=4.2k sets Iref=Ibiasn=1biasp=31.2uA.

=}
@
<
8 8 o
=060 w=4.B I=0.6u w=4.8u
0@
FiOs — — puns ESEs
g b oo Voo = S
=18 \\F35LPI_| g a a3 — b Mad a M
PMOS
‘-"DD-ﬂ-l I=6u w=3|.P‘ g I=0.6u \M.BLPF } ) :; 1=0.6u w=4.8u i
Fros — J PHos — —rmoT Vbiasp
Vhias? VDO sU3 VDD -| FE=D0D
MsU2 M3 — M4 a
— NHOS = VDD
I=0.6u w=6u
‘-l'blas N"‘OS
1=0.6u w=3u
start-up cht
U .de VDD O3
NMDS
‘.l'blasxt MSU % |-D-{ 2 |-E-I I-ﬂ-| E
1=0.6u w=3u HMOE HMOS L HMOS HMos .include C3_models.txt
0.6 ri!‘;i I=0.6u \\.=3u I=0.6u w=3u I=0.6u w=3u 1=0.6u w=3u m=4
u
.step param 3k 3k 1k
{R} TCi=0.002
[=]
o o
7 1=0-6u et Bu £ 10.6u wes. 80
] a ,PE’:!.OS a Vhiasi ! PMOS
Vhias, 'jI=D.Bu w=4.Bu Vhias I—‘> 1=0.6u w=4.8u MAT Vbiast |_|>'='" Bu w=4.8u N 3512
3 PO Vhias? I1=0.6u w=4.8u ias PMOS iz
H=VDD I—D=-’JDD —= FMOS H=YDD Vhias JBu w=4.8u
Ma — H=YDD MATD PE'."I;)-"
MAG Vhigh— I=0.6u w=4.8u
. Vhiasl—— PMOS MA11
Vhiasd 1=0.6u w=4.8u K=¥DD
FMOS MAS neas
MSU% Fe=D0 M
NMOS NMOS MRS ng}h*
1=3u w=3u 1=0.6u w=3-u Vlow 14 I=0.6u w=3u
Vpeas hw‘
M Vhias.

NMOS5 L
I=0.6u w=3u

Vbiasd

10

Vbias}J NMOS
I=0.6u w=3u
Vbias4

NMO 5
=060 w=3u

15

‘-l'hias.dJ Fﬂ{y

NMOS

::| I=0.6u w=3u
NMOS
I=0.6u w=3u

l.||7<]_l_:'_‘I

NMDS

Vbias3

Schem. 14 — BMR (Stepping R1 to get Iref=Ibias=31.2uA)
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Sim. 14 - BMR (Stepping R1 to get Iref=Ibias=31.2uA)

L7 MyBMRL =
Cursor 1
IF1)
Horz: [ 2. 9864663 Vert: [30.333283p4
Cursor 2
IR
Horz: |5 Vet [33. 74275208
Diff Cursor2 - Cursor)
Horz: [ 200153377 et [2809463204

Slope: |1.40366e-006

Sim. 14-1 - BMR (R1=4.2k to get Iref=Ibias=31.2uA)

Voltage Follower: Design 1

The op-amp design in Fig. 20.44 from the CMOSedu book was used as a starting point for the
design of the voltage follower for Design 1. Except for a few different sized devices, all the
NMOS are 3u/0.6u and the PMOS are 4.8u/0.6u. Sim. 15 corresponding to Schem. 15 shows the

unity gain frequency at 0dB and gives f,,=145.9MHz.
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_ [=] [=] a [=]
Rbig1 a a a a
vm Vout  |=p.6u w=4.8u5=0.6u w=4.8u> 31=0.6u w=4.80= 1=0.6u w=4.8u
a Chigl  100MEG PMOS — o i ~ pmos
2 VDD~H VDD~H Fe=VDD =VDD
> I““P M5L M5R — — ML MER
VDD L -—
Vhbias1|-Vhias1
Vhigh FVhigh
Vbias2 -vbias2 J L F0.6U W=4.8u i Vbias2 1=0.6u w=4.8u
Ly PMOS
MyBMR1 Vpcas —Vpcas 1 M VDD<
Vncas —Vncas mw a-w{ M7 — a
i NMOS NMOS o
Volas3 ybias3 - vm 1=0.6u w=3u m=4=0.6u w=3u m=4 ’—{ P & I=12uw=48u 771=0.6U w=4.8u m=50
Viow —Viow Vpeas *}‘ - 8 PMOS
Vbias4 [-Vbias4 PIIOS {e=VDD
GND F=VDD MOP
47 — MFCPL Vout
‘}_ FCNL Ri Clead
=k L
1K
a e Vncas . Nmos }Qw
£l voo 1=1.2u NMOS
vp I=0.6u w=3u m=50
maL 3RT m i
aAC1 E}.:{ }ﬂ{ﬁ‘ %}.:4
5 25 NMOS Vbias3 NMOS NMOS
1=0.6u w=3u E ] 1=0.6u w=3u 1=0.6u w=3u E
Mang wA M1‘<I]
Vbias4

NMOS
1=0.6u w=3u

SRE
NMOS NMOS
1=0.6u w=3u 1=0.6u w=3u

.opticns plotwinsize=0

.ac dec 100 1k 1G

.include C5_models.txt

Schem. 15 — Frequency Response

=)

LT Designlfreg

Cursar 1
Vivout)
Freq M46.93655MHz | Mag: [15.716740d8 @
Phase: [149.95436°
Giroup Delay:  1.0786837ns
Cursor 2
] - WA | |
.
.
Ratio [Cursor2 / Cursor]
~NiAe s
Nt
Nt

Sim. 15 - Frequency Response (fun=145.9MHz)
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(=3
=
v 3 5 3 3
ACH 1-0.6u w-4.8u54-0.6u w—4.8u= 1-0.6u w4.80 1-0.6u w—4.8u
- 2.5 PMOS —1 PMOS ™ PMOS PMOS
2 vmp VDD-={ VDD=+ f=V/DD |=VDD
M5L M5R — — MBL M6R
2 . !
= 5
VDD FU.6u w=4.8u 0 1=0.6u w=4.8u
Vbias1Vbias1 J L oS — Vbias2 — puos
Vhigh—Vhigh J 1 m L VDD—=H p=V/DD
. . o
Vbias2—Vbias2 M7 M3
voutd— NMOS NMOS o ~ ~
MyBMRA Vpcas—Vpcas 1=0.6u w=3u m=#0.6u w=3u m=4 P Z1=0.6u w=4.8u m=50
Vncas—Vncas Vpcas H?—'-VPDNI!)OS
Vbias3-Vbias3 — P
Viow—Vlow out
Vbias4[—Vbias4 Cload
Gl FcnL 1 Rt
%7 Vncas | “NMOS ON 1k g
1=1.2u wf

NMOS

Ly I=0.6u w=3u m=50
M3LTj wsnT M%I 37

NMOS Vbias3 NMOS NMOS

I=0.6u w=3u E :|I:D.Eu w=3u I=0.6u w=3u |j
MSLBJ wSRB M1 j w
NMOS Vbias4 NMOS NMOS
I=0.6u w=3u I=0.6u w=3u I=0.6u w=3u I=0.6u w=3u
.ac dec 100 1k 1G

.include C5_models.txt -options plotwinsize=0

Schem. 16 — Frequency Response

LT Designifreq? |

Cursor 1

Vvout)
Freq P36 4528%MHz | Mag [30003664d8

Phase: |-175.42262"

Group Delay:  1.1086123ns

Cursor 2
Nt TN
-
- N
Ratia (Cursar2 / Cursarl)
- Nt - N

~NJA-
~NJA-

Sim. 16 — Frequency Response
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s
E
>
vp [=] a [=] [=]
vm AC1 a =) =) a
iy 1=0.6u w=4.80" 1=0.6u w=4.8u>| >|I=0.6u W=4.80" 1=0.6u w=4.8u
a - PMOS 5 1 P PMOS
25 2| voo VDD—=H VDD—=H Fe=VDD F==VDD
MSL MSR — — M6L MGR
a . [’
g 5
VDD =0.6u w=4.8u Vbias2 I=0.6u w=4.8u
Vbias1 —Vbias1 . pMos — — pmos
Vhigh —Vhigh J 1 M VDD-=+ te=\DD
N . [=]
Vbias2-Vbias2 NMOS NMOS M7 — M8 a
Vocas{vpcas ™ |i=0.6uw=3um=4 1=08uw=3um-4| | — % 1=0.6u w=4.8um=50
MyBMRA —0.buw= =0-5uw= =1 2uw=4.8u = = — puos
Vncasi—Vncas Vpcas —pmos PMOS ey
Vbias3|-Vbias3 fe=V/DD ‘H}VDD WoP
Viow [-\low — MFCPL — MFCPR Vout
Vbias4|-Vbias4
'_
GND WFCNL ‘ EylFC R
%7 Vncas ' NMOS NMO:! ‘ ON
I=1.2u w=3u I=1.2g w=3u NMOS
1=0.6u w=3u m=50
L = —
M3LT, 3RT MQ:] [}.m _|ce l
NMOS™ Vbias3 — hmos NMOS Vbias3 - hmos 2001
1=0.6u w=3u 1=0.6u w=3u 1=0.6u w=3u|: 1=0.6u w=3u

— = =
MELQJ [:ylfSRB IM1:] [&M?
Vbias4
HMOS HMOS HMOS NMOS
I=0.6u w=3u I=0.6u w=3u 1=0.6u w=3u 1=0.6u w=3u
.acdec 1001k 1G

include C5_models.txt -options plotwinsize=0

Schem. 17 — Frequency Response

AT DesigniFregNoLoad =
Cursor 1

Freq: 174 BMHz Mag [7.8083466ndB @
Phase: [-83068553°
Group Delay: -141.23831ps
Cursar 2

< M [
[
-~ NiA- SR
Rafio (Cursr2 /Cursert) || T ST
- NiA- - N/~
~ M
~ M

Sim. 17 — Frequency Response
Schem. 18 and the corresponding Sim. 18 show the output swing of voltage follower for Design

1. The output closely follows the input, but there is unwanted clipping on the bottom swing of

the output.
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Rbig1 g a g a
vm Vout  |=0.6u w=4.8u>i=0.6u w=4.8u> >1=0.6u w=4.8F 1=0.6u w=4.8u
Cbig1 in PMOS — PMOS
VDD=+ VDD-=H }=VDD }e=VDD
If M5L E M5R — — M6L j MER
I=0.60 W=4.80 ; 1=0.6u w=4.8u
Vbias2
|_< PMOS — — Pmos
M%] VDD= p=VDD
nmos' Ly M7 — 2 ) . )
1=0.6u w=3u m=4=0.6u W=3u m=4 | — >1=0.6u w=4.8u m=50
Vpeas H}VPI:’I\I»:I:OS
— MOP
| vout
T Cload .~R1
]! — 10p < 1K
Vncas [ “NMOS J [leN
NMOS

1=0.8u w=3u

NMOS
1=0.6u w=3u [
NMOS NMOS
1=0.6u w=3u 1=0.6u w=3u

.include C5_models.txt -options plotwinsize=0

" LI=1.2u w=su 2y w=
Ly !

M3L :I [9A3RT MB] [90]10
— Vbias3 | NMOS Vbias3d

1=0.8u w=3u

1=0.6u w=3u m=50
Cc

NMOS 200f
1=0.6u w=3u

MﬂGML @wnz

NMOS
1=0.8u w=3u

Schem. 18 — Output Swing

Vive

Sim. 18 — Output Swing

Schem. 19 and Sim. 19 shows a pulse input and the corresponding output. This is used to

calculate the percent error difference as ((Vin-Vout)/(Vin+Vout))*100. The percent error

difference for Design 1 can then be calculated from Sim. 19 as ((4.0014-4)/(4.0014+4))*100 =

0.012%.

= % Error = 0.012%.
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i a a a
a Rbig1 a a o o
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Ly 1=0.6u w=3u m=50
M3LT, [ylSRT Ms] _|ce
a NMOS Vbiasd NMOS NMOS 200f
2| voo 1=0.6u w=3u j 1=0.6u w=3u 1=0.6u w=3u E
5 M3LE 7 [gnaRa M11]
NMOS Vbias4
1=0.6u w=3u

NMOS
1=0.6u w=3u

tran01.2u0

.include C5_models.txt

NMOS
1=0.6u w=3u
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Schem. 19 - % Error Difference

Vivel

Sim. 19 - 9% Error Difference = 0.012%
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a
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.options plotwinsize=0

Sl
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1=0.6u w=3l.g
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Schem. 20 - % Error Difference

¥Y[vm]

Sim. 20 % - Error Difference

Schem. 21 and Sim. 21 show the slew rate of the output by plotting the derivative of the output

voltage (deriv(vout)). Sim. 21 shows the slew rate for Design 1 is 124.2MV/s=124.2V/us.
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Schem. 21 — Slew Rate
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Sim. 21 — Slew Rate=124.2MV/s=124.2\//us

LT DesigniSlew
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Diff (Cursor2 - Cursorl)
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Sim. Design 1 .op shows the total current draw from VDD for Design 1 as I(VDD)=2.55mA.
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I=(M31):
Id({Mel):
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device current
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Sim. Design 1 .op — Total Current Draw from VDD

Voltage Follower: Design 2

The op-amp design in Fig. 20.48 from the CMOSedu book was used as a starting point for the

design of the voltage follower for Design 2. Except for a few different sized devices, all the

NMOS are 3u/0.6u and the PMOS are 4.8u/0.6u. The width of the NMOS diff-pair is increased

by setting m=2 for both the NMOS in the NMOS diff-pair. The NMOS and PMOS on the output

act as a push-pull amplifier, and their widths are each increased by setting m=10. Sim. 22

corresponding to Schem. 22 shows the unity gain frequency at 0dB and gives f,,=179.9MHz.
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Schem. 22 — Frequency Response
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Sim. 22 — Frequency Response(fyn=179.9MHz)
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Schem. 23 — Frequency Response
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Schem. 24 —
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Frequency Response

Sim. 24 — Frequency Response

Schem. 25 and the corresponding Sim. 25 show the output swing of voltage follower for Design

2.
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Schem. 25 — Output Swing

Sim. 25 — Output Swing

NMOS
47: 3:05uw3u

Y[vout)

Schem. 26 and Sim. 26 shows a pulse input and the corresponding output. This is used to

calculate the percent error difference as ((Vin-Vout)/(Vin+Vout))*100. The percent error

difference for Design 1 can then be calculated from Sim. 26 as ((0.9-0.8973)/(0.9+0.8973))*100

=0.15%.

= % Error = 0.15%.
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Schem. 26 - % Error Difference

V[vout]

Sim. 26 - % Error Difference=0.15%
Schem. 27 and Sim. 27 show the slew rate of the output by plotting the derivative of the output

voltage (deriv(vout)). Sim. 27 shows the slew rate for Design 2 is 274.8MV/s=274.8V/us.
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Schem. 27 — Slew Rate
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Sim. 27 — Slew Rate=274.8MV/s=274.8V//us

Sim. Design 2 .op shows the total current draw from VDD for Design 2 as I(VDD)=739uA.
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Sim. Design 2 .op — Total Current Draw from VDD

Voltage Follower: Design 3

The op-amp design in Fig. 20.48 from the CMOSedu book was used as a starting point for the

design of the voltage follower for Design 3. The use of minimum sizes (Lmin=0.6um,

Wmin=3um) in Design 1 and Design 2 resulted in poor performance in certain aspects and did

not meet all the required specifications due to certain characteristics related to minimum sizing

including low gain. Design 3 was implemented by choosing the NMOS size to be 6u/2.4u.

Matching the transconductances of a 6u/2.4u NMOS to a PMOS with a length of 1.8u is shown

in Schem. 28 and Sim. 28 in which the width of the PMOS is stepped to determine what width

of the PMOS gives the best matching of transconductances. Schem 29 and Sim. 29 show the

PMOS width should be chosen to be 12.6u.
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Schem. 28 - Matching NMOS & PMOS Transconductances (gmn & Gmp)

d(1d(M2))

Sim. 28 - Matching NMOS & PMOS Transconductances (gmn & Gmp)
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.include C5_models.txt

Schem. 29 - Matching NMOS & PMOS Transconductances (gmn & gmp) (Wpmos=12.6u)
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d(id(M2))

Sim. 29 - Matching NMOS & PMOS Transconductances (gmn & 9mp) (Wemos=12.6u)
Except for a few different sized devices, Design 3 was implemented with all the NMOS sized as
6u/2.4u and the PMOS sized as 12.6u/1.8u. The width of the NMOS diff-pair is increased by
setting m=2 for both the NMOS in the NMOS diff-pair. The NMOS and PMOS on the output act
as a push-pull amplifier, and their widths are each increased by setting m=10. Sim. 29

corresponding to Schem. 29 shows the unity gain frequency at 0dB and gives f,,=54.4MHz.
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Schem. 30 — Frequency Response
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Sim. 30 - Frequency Response (fy,=54.4MH?2z)
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Schem. 31 — Frequency Response
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Sim. 31 - Frequency Response
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Schem. 32 — Frequency Response

LT Design2FreqNoload

Cursor 1

Wivou)
Freq 72B42757MHz  Mag

Phase: |-114.76605"

Group Delay: 797 06248ps

Cursor 2

M- Ers
s
Nt

Riatio (Cursai2 / Cursarl)
Nt
Nt
Nt

s

Sim. 32 — Frequency Response

Schem. 33 and the corresponding Sim. 33 show the output swing of voltage follower for Design

3.
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Schem. 33 — Output Swing

V[vout)

Sim. 33 — Output Swing
Schem. 34 and Sim. 34 shows a pulse input and the corresponding output. This is used to
calculate the percent error difference as ((Vin-Vout)/(Vin+Vout))*100. The percent error
difference for Design 1 can then be calculated from Sim. 26 as ((1-0.9)/(1+0.9))*100 = 5.26%.

= % Error = 5.26%.
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Schem. 34 - % Error Difference

Yivout)

VRN

Sim. 34 % - Error Difference=5.26%

HMOS
J7|:2.4u w6l =2.4u w=6u

Schem. 35 and Sim. 35 show the slew rate of the output by plotting the derivative of the output

voltage (deriv(vout)). Sim. 35 shows the slew rate for Design 3 is 228.0MV/s=228.0V/us.
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Schem. 35 — Slew Rate
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Sim. 35 — Slew Rate=228.0MV/s=228.0V/us

Sim. Design 3 .op shows the total current draw from VDD for Design 3 as I(VDD)=1.67TmA.
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AT * ChlUsers\Dane\Documents\DLG\School\Spring 20164EE 4204

Ig(M13): 0 device current
Ib(M13): 7.800832-013 device current
I=(M13): 4.412432-00> device current
Id({M1Z2) : -4.40965e-005 device current
Igi(M12): 0] device current
Ib(M12): T.830862e-012 device current
Iz (M12): 4.40%865e-0053 device current
Id(M1): -4.40865e-00> device_current
Ig(M1}: 0 device current
Ib(M1) : 7.83662e-013 device current
I=(M1): 4.40865e-005 device current
I(Ccl): 4.845842-025 device current
I(Ccl): -4.20326e-026 device current
I({Cloadl): 1.04722e-024 device current
I(R1l): 0.000104722 device current
I(Vp): 0 device current
I(vdd): -0.001e715%9 dewvice current
—_—T -

Sim. Design 3 .op — Total Current Draw from VDD

Table Summary of Design Results

Table 4 summarizes some important performance information for the three designs

Design 1

Design 2

Design 3

fun

145.9MHz

179.9MHz

54.4MHz

% Error

0.012%

0.15%

5.26%

Slew Rate

124.2V/us

274.8V/us

228.0V/us

Current Draw
from VDD

2.55MA

7139UA

1.67mA

Table 4 — Performance of the three designs
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Conclusion

Of the three designs included in this report, the first design (Design 1) performed the best
as it was closest to the required specifications, though it did not meet every specification. Design
2 had the largest unity gain frequency while Design 1 had the lowest percent error difference. In
addition, Design 2 had the largest slew rate yet lowest total current drawn from VDD while
Design 1 had the smallest slew rate and largest total current drawn from VDD. In regard to the
simulations presented in this report for each of the three designs, Design 1 seems to have the best
overall performance in regard to meeting the required specifications. Much experience and
knowledge was gained from this project, and over time | gained a good understanding of the
expectations of the project as well as the process necessary in fulfilling these expectations. With
more time, |1 would have continued trying different sizes based on known tradeoffs such as gain
and speed in order to get my BMR to have better biasing for my design circuit. | encountered
numerous issues throughout the project including designing the overall voltage follower to meet
all the design requirements and perform as well as possible, and LTSpice presented a great deal
of various problems especially in generating symbols for schematics in a hierarchy, but after
much time and frustration, | was able to improve each of my designs. Despite any setbacks,
many issues were overcome with time and yielded a better knowledge of LTSpice and circuit
design in general. Having successfully completed this course project has certainly resulted in my

becoming a more confident and experienced circuit designer as well as engineer.
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