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Preface

This book contains the end-of-chapter problems for each of the chapters in the book ‘CMOS Analog IC
Design: Fundamentals’ (3™ Edition, 2022, also published by Bookboon) and provides solutions to the

problems.

Often, there is not just one possible way of solving the problems. Many problems may be solved using
hand calculations, computer calculations or simulations. For calculations, different computer programs
may be used. Many students prefer to use tools such as Maple or Matlab when solving equations.
For simulations of analog CMOS circuits, Spice is the generally accepted simulation program and it is

available in many different versions, including PSpice, HSPICE, LTspice and several others.

For ‘CMOS Analog IC Design: Fundamentals’, LTspice has been chosen as the circuit simulation pro-
gram and the solutions presented in this book are based on LTspice simulations whenever appropriate.
LTspice is freely available for download from

http://www.analog.com/en/design-center/design-tools-and-calculators/ltspice-simulator.html

For mathematical solutions, no computer tools have been applied. The problems have been designed to

result in equations which are sufficiently simple to be solved merely by hand calculations.

The problems are reprinted from ‘CMOS Analog IC Design: Fundamentals’, and table and figure ref-
erences given in the problems are to tables and figures from this book. Several problems use transistor
parameters from ‘CMOS Analog IC Design: Fundamentals’, and for convenience, these are reprinted in
the Appendix in this book. Also, figures from ‘CMOS Analog IC Design: Fundamentals’ referred to in

the problems are reprinted in this book.

Erik Bruun

Department of Electrical Engineering, Technical University of Denmark.
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Chapter 1 — Introduction

Multiple-choice test

1. Completed statements:

A-11:  CMOS is an abbreviation for complementary metal-oxide-semiconductor.

B-17:  Modern CMOS processes normally use minimum device dimensions in range 1 - 1000 nm.
C-4:  The most commonly used material for CMOS technology is silicon.

D-13:  Gordon Moore presented his first prediction of semiconductor device scaling in 1965.

E-16:  According to Moore’s law, the number of devices per die increases exponentially with time.
F-10: Device downscaling is mostly beneficial for digital circuits.

G-1:  In analog integrated circuit design, the schematic design and analysis is verified through

circuit simulation.

H-14: SPICE is an abbreviation for Simulation Program with Integrated Circuit Emphasis.

2. According to Moore’s law from 1975, what is the expected factor of increase in device count per die

per 10 years?

A: 10

B: 32

C: 1024
Solution:

Moore’s law from 1975 states that the device count per die increases by a factor of two for every second

year. Thus, in 10 years, the factor of increase is 2° = 32.

3. Assuming a constant die area and a device count increase by a factor of two in two years, what is the

scaling factor per year of the linear device dimensions?

A: 0.84

B: 0.71

C: 0.50
Solution:

With a constant die area, a device count increase by a factor of two per two years require a scale factor

of the linear device dimensions of 1/ v/2 in two years, i.e., a scale factor of 1/ 1/v/2 = 0.84 per year.
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4. Assuming a linear scaling factor of 0.84 per year, what would be a typical device dimension in 2024

if 28 nm is a typical device dimension in 2019?

A: 7nm

B: 12nm

C: 20nm
Solution:

With a linear scaling factor of 0.84 per year, the scaling factor for 5 years is 0.84° = 0.42, so with a
typical device dimension of 28 nm in 2019, the typical device dimension in 2024 is 0.42 x 28 nm =

11.8 nm ~ 12 nm.
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Chapter 2 — Basic Concepts

Multiple-choice test

1. Completed statements:

A-3:

B-1:

C-9:

D-6:
E-8:

F-15:
G-11:
H-16:

1-14:
J-10:

Kirchhoft’s current law (KCL) states that the algebraic sum of currents flowing into a node
equals zero.

Kirchhoff’s voltage law (KVL) states that the algebraic sum of voltages across circuit ele-
ments equals zero for any closed path (loop) in an electric circuit.

Kirchhoft’s laws are valid for both linear and nonlinear circuits.

The device equation for a resistor is known as Ohm’s law.

The device equation for a capacitor is i = C(dv/dt).

In a dc analysis, an inductor is replaced by a short circuit.

A Thévenin equivalent circuit is an independent voltage source in series with an impedance.
A small-signal device model is a linearized device model.

When an independent current source is reset, it corresponds to an open circuit.

The superposition principle is valid for linear circuits only.

2. The Thévenin resistance for the circuit shown below is

ml(] V

L
5kQ I mA 5kQ
J_; <

A: 2.5k0

B: 5k

C: 10kQ
Solution:

We find the Thévenin resistance by resetting the current source and the voltage source and calculat-

ing the resistance between the terminals. When the voltage source and the current source are reset,

the circuit is reduced to a parallel connection of two resistors of 5 k€2, so the Thévenin resistance is
R, =5kQ | 5k =2.5kQ.

3. The contribution to the Thévenin voltage from the 1 mA current source in the circuit above is

A: 25V
B: 5V
C. 10V
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Solution:

For finding the contribution to the Thévenin voltage from the 1 mA current source, we use the superpo-
sition principle and calculate the voltage between the terminals when the 10 V voltage source is reset.
The voltage is V;; = 1 mA x (5kQ || 5kQ) =2.5V.

4. The contribution to the Thévenin voltage from the 10 V voltage source in the circuit above is

A: 25V

B: 5V

C: 10V
Solution:

For finding the contribution to the Thévenin voltage from the 10 V voltage source, we use the su-
perposition principle and calculate the voltage between the terminals when the 1 mA current source
is reset. Using Ohm’s law, we find the current through the resistors and the voltage source to be
I=10V/(5kQ+5kQ) =1mA, and using Ohm’s law, we find the voltage between the terminals to
beVip=1mAXx5kQ=5V.

5. In the circuit shown below, the switch is closed at time # = 0. Immediately after the switch is closed,
the current iy is
= 2kQ
N Os

— VW

7 ;
<>18V 3kQS 10pF ==,
ot

A: 036 mA

B: 0.90 mA

C: 1.5mA
Solution:

Immediately after the switch is closed, the voltage across the capacitor is vc = 0, so the voltage across
the 2 k{2 resistor is 1.8 V and the current i; is ij = 1.8 V/2 kQ2 = 0.9 mA.

6. When the switch is re-opened in the circuit above, the capacitor discharges with a time constant of

A: 12ns

B: 30ns

C: 50ns
Solution:

When the switch is re-opened, the capacitor is discharged through the 3 k(2 resistor connected in parallel
with the capacitor. No current flows in the 2 k{2 resistor. This gives a time constant for discharging of
T =3k x 10 pF = 30 ns.
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Problems
Problem 2.1

Vi

A symmetric square-wave voltage signal vy (¢) as shown above is described by the Fourier series

_4Vfi
o =2+

ve(1) sin((2n+ 1) wr)

where @ = (27)/T. Assume that vy () is connected across a resistor R. Find an expression for the total
average power dissipated in the resistor. What fraction of the power is in the fundamental frequency?
What fraction of the power is in the 3™ harmonic and in the 5" harmonic?

Solution:

Total average power:
11 T

11,V
RT Jo '

——V)T=L
RT /

VF(Z‘)Zdl‘ = R

Pavg =

Power in fundamental frequency, n = 0:

11 r 4[/f 2 ) 1 4[/f 2
Pog = — — -/ in“(wt)dt = — | —-
nd T R 7 0<7:>sm(t)t 2R<7‘L’

Fraction of power in fundamental frequency:

Prna _ 8 1009 = 81%
Png @

Power in 3" harmonic, n = 1:
11 (T (ave\? (1\* 1 [4V\?
Py =—— — = | sin“Bwt)dt = — | =—
3rd RT/O(n><3) sin*(301) 2R(37t)

Fraction of power in 3™ harmonic:

P3rq 8
= —x100% = 9%
Pavg 97_[2 X 0 ©

Power in 5" harmonic, n = 2:
11 (T ave\> (1\* ., 1 [4V\?
Psin = - — — ) | ) si"(Sor)dt = | ==
Sth RT/o(n><5> sin*(S 1) 2R<257r>
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Fraction of power in 5" harmonic:

8
= o X 100% = 3.2%
Pag 25m2 0T

Problem 2.2

A sinusoidal voltage signal v4 is characterized as follows: The frequency is 3 kHz. The maximum value
is 700 mV. The minimum value is 300 mV. The value for time t = 0 is 400 mV. Find V4, V,,, ® and 6 for

describing the signal in the time domain using the expression v4 = V4 4V, cos(@? + 0).

Solution:

The dc value V4 may be found as the average of the maximum value and the minimum value,
ie., V4 = (700 mV +300 mV)/2 = 500 mV.

The amplitude V, may be found as the maximum value minus the dc value,

ie., V, =700 mV — 500 mV = 200 mV.

The angular frequency @ is ® = 27 f = 27 x 3 kHz = 18.85 x 103 rad/s.

The phase angle 6 may be found from the value of v4 atz =0,

i.e., 400 mV =500 mV +200 mV cos 6 = cos0 = —1/2 = 6 = 120°.

Problem 2.3

A signal V,(jo) is described in the frequency domain by the following the relation:
. Vi(jo)
Vo(jo) = ———F—
o(j®) 1+ jo/mo

The signal V;(jw) is a sinusoid with an amplitude |V;(jo)| =V, and a phase angle 8 = 0°.
For a frequency ® = 2w, find the amplitude and phase of V,(j®) and find an expression for vo(z) in

the time domain.

Solution:
Vi(jo
From V,(jo) = M, we find for ® = 2 wy:
1+J0)/(1)()
. Vi(jo)| Va
V,(jo)| = = =V,/V5=0.447V,;

/V,(jw) = —arctan (®/@y) = —arctan (2) = —63.4°;
vo(t) =|Vy(jo)|cos (ot + LV, (jo)) = 0.447V,cos (2ot — 63.4°) = 0.447V,cos (2wt — 1.107 rad).
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Problem 2.4

vﬂ

=

The circuit shown above is a transresistance amplifier built from an inverting voltage amplifier with an
input resistance of Ry = 10 k{2 and an inverting voltage gain of A, = 50 V/V. The feedback resistor
R, =40 kS turns it into a transresistance amplifier with a transresistance R,, = v, /ij.

Find the transresistance R,, and the input resistance R;, = v;,/ii, as functions of R;, R; and A, and
calculate numerical values for the specified values of R, R, and A,,.

Verify your results by simulating the circuit with LTspice.

Solution:

A node equation at the input gives

o= Vin | Vin — Vo
in R, R>
Inserting v;, = —v, /A, results in
P vo(1/A,+1)
" AR Ry
1 1 n 1 n 1
— —V | — I _
‘\A\RI R R;
Vo 1 /1 1 1\
= R, =— = —|—(—+— — =—Ry|||[A,(Ry || R
=2 = (i (mrr)tr) —RIA® IR
The input resistance is found from
Vi —V, /A R
I SIS
Lin lin A,

Inserting Ry = 10 k€2, R, =40k and A, = 50, we find R,, = —36.4 kQ2 and R;, = 727 Q2.

The numerical results may be verified by simulation. The following figure shows an LTspice schematic
corresponding to Problem 2.4. From a ‘.op’ simulation with ‘Iin = 1’, we find R,, as the value of ‘vo’
and R;, as the value of ‘vin’. Alternatively, a “.tf* simulation with ‘v{vo)’ as the output and ‘Iin’ as

the source directly results in R,, as the transfer function and R;, as the input impedance.

R2
vo
Results from “.tf* simulation.
40k
vin s - --- Transfer Function --—-—
lin 50 Transfer function: -36363.6 transfer
= . iin#Input_ impedance: 727.273 impedance
- R1 output impedance at_V(vo): 0 impedance
10k ¥4
1 E1
L ] = L
;o0p Af v(vo) lin
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Problem 2.5

R,

Cf) (1) R, 20 kQ

(1

* 10 kQ c |t
Vi

lOnFT _f

For the circuit shown above, is(f) is a current source with the value 0 for # <0 and 1 mA for ¢ > 0. Find

the value of v¢ at time ¢ = 0. Find the value of v¢ for + — oo. Find the time constant for the charging of

the capacitor C. Sketch the voltage v¢(7) as a function of time ¢ for 0 <7 < 1 ms.
Verify your results by simulating the circuit with LTspice.

Solution:

For ¢ < 0, the current source ig is 0 and the capacitor C is discharged by the series connection of R; and
R>, so VC(Z‘ < 0) =0.

For t — oo, the circuit approaches a dc steady state, so the current in C is 0. This implies that also the
current in R, is 0, and a node equation at the top end node connecting is, R; and R, shows that the
current is flows through R, creating a voltage across R of isR; = 10 V. Since the voltage across R» is 0,
it follows from Kirchhoff’s voltage law that the voltage v¢ across C is also 10 V, i.e., ve(t — 00) =10 V.

Replacing is and R by a Thévenin equivalent circuit with V; = igR;| and R, = R, we see that C is charged
from V; through the series connection of R} and R», so the time constant for charging is 7= (R +R,)C =
0.3 ms.

The following figure shows a plot of v¢(f) versus time 7.

Vv
10--—-—mmgrm o

=)
T
~

o
T

t
0 02 04 06 08 1.0 ms

o

For verification by LTspice, an LTspice schematic and the resulting output plot from a ‘.tran’ simulation
is shown below. For the specification of the current source, a piecewise linear current with a rise time of
1 ys, i.e., < 7, has been used. The similarity to the analytically derived plot is apparent.
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R2
20k
11 ~1 g
C1
10k
PWL(0 0 1u 1m) Tmn y
1y
% tran 1m O(YOms 0.11ms 0.2rms 0.3rms 0.4]m5 0.5Ims 0.6Ims O.FIms 0.8|ms O.QIms 1.0ms
Problem 2.6
R, C,
AN |
; [ ;
80 kQ 80 nF
C R R
C)l{ = D6n ST oy
- * 80 pF 40 kO 60 kQ
= G =5 mA/V

m

For the circuit shown above, find the transfer function H(s) = V,(s)/Vs(s) and find the —3 dB cutoff
frequencies. Sketch the magnitude of the transfer function in a Bode plot.
Hint: Find H(s) as the product of (V(s)/Vs(s)) and (V,(s)/Vi(s)).

Verify your results by simulating the circuit with LTspice.

Solution:

. ... V,(S) 1/(SC1) 1
Using voltage division, we find = =
g volag Vi(s) Ri+1/(sC1)  1+sCiR,

Next, (G, Vi(s)) || R2 can be replaced by a Thévenin equivalent circuit with V, = —G,,V;(s)R, and R, = R;.
Using voltage division, we find

R3 R3s5Cy Vo (s) GuRoR35Cy
V,(s) =YV, =—-G,,Vi(s)R = =—
o(s) "Ri+1/(sC)) +R; nVi(s) 145G (Ra+R3)  Vi(s) 1+5Co(Ry +R3)
Vo(s)  Vo(s) Vi(s) GmR2R35Cy

Finally, H(s) = Vi(s) - Vi(s) Vi(s) - (14+5C2(R2+R3))(1+sCiRy)

We notice that there are two poles in the transfer function and a zero at s = 0. The pole frequencies,
corresponding to the —3 dB cutoff frequencies, are fjjow = 27 Cy (R, +R3))_1 = 19.9 Hz and fphigh =
(27 CiRy) ! =24.9 kHz.

For plotting the magnitude, we also calculate the midband gain as the gain with C; replaced by an open
Hmidband| = Gm (Rz ” R3) =120 V/V ~41.6 dB. A Bode

plot of the magnitude of the frequency response is shown below.

circuit and C; replaced by a short circuit, i.e.,
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CMOS ANALOG IC DESIGN CHAPTER 2 - BASIC CONCEPTS

s6dBh . ___13dB i3 dB

20 dB/decade -20 dB/decade

log(f)

19.9 Hz 249 kHz

For verifying the results by simulation, we use the LTspice schematic shown below and run a ‘.ac’
simulation. The plot from the simulation is also shown, clearly verifying the analytically derived results.

R1 c2

AN Vi l T _.H_V.q
80k
_5m

.ac oct 10 2 200k

Vil du veere med til at seette strom til jernbanen?
Vi elektrificerer i disse ar i alt 1362 km jernbane.
Eltog udleder langt mindre CO2, giver kortere rejse-
tider og mere stabil togdrift. Til gleede for et gron-

nere Danmark.

Leer os at kende pd www.bane.dk eller folg os.

f 1Oin
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42dB — YO — 60°

40dB e -80°
38dB = -100°
36dB , 120°
2448 19.9Hz,38.64B 249K Hz. 38.6dB 140°
32dB -160°
30dB -180°
28dB -200°
26dB 220°
24484 --240°
22dB B S I-260°
20dB — -280°
10Hz 100Hz 1KHz 10KHz 100KHz
Problem 2.7
Ry
10 kQ

C) VM?]
+ ' = A5V
Viv VG ip Yo

Al

in=0.5mA/NV?*(v;-05V)?

Shown above is a nonlinear transconductance amplifier. Find the values of bias voltages and currents
for an input bias voltage (quiescent voltage) of V;ny = 1.0 V. Sketch the output voltage vo versus the
input voltage vy for 0.5 V <v;y < 1.5 V. Find the small-signal voltage gain v, /v;, versus the input bias
voltage Vyy for 0.5 V < Vjy < 1.5 V and calculate the value of the small-signal gain for V;y = 1.0 V.

Verify your results by simulating the circuit with LTspice.

Solution:

With Viy = 1.0 V, we find Vg = Viy = 1.0 V, Ip = 0.5 mA/V2 (1.0 V—0.5 V)> = 0.125 mA, and Vp =
Voo —Rplp =3.75 V.

The output voltage is vo =Vpp —Rpip =5V =5 v-! (vin—0.5 V)z, and this relation is sketched below.

Small-signal gain:

. 0 0 di
oo 20 = —— (Voo —Rpip) — —Rp -2
Vin dviy

Ivin

vin=VIn vin=VIn vin=Vin

= 10V ' (Viy—-05V)=5V/V-10V 1.y
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Ivo

For V;y =1.0V, we find
vy

= -5 V/V.

When simulating the circuit using LTspice, the controlled current source ip may be modeled by an
arbitrary behavioral current source, device type ‘bi’, as shown in the schematic below. Using a ‘.op’
simulation, the bias point may be verified, and using a ‘.dc’ simulation, the sketch of the relation between

input voltage and output voltage may be verified, see plot below.

. .. g RD
Vin 10k VDD
! Vo
+ YIN | B1 s
T 1 - 1=0.5e-3*(v(VIN)-0.5)**2

NA .op .dc VIN 0.5 1.5 0.001
5.0V
4.5V
4.0V
3.5V
3.0V
2.5V
2.0V
1.5V
1.0V
OBV ]
o0 BVa)

: 1,5

5

7
10

0.5V 0.6V 0.7V 0.8V 0.9v 1.0V 1.1V 1.2V 1.3V 1.4V 1.5V

v(Vin)
Problem 2.8

Derive an expression for the small-signal voltage gain v, /v;, for an amplifier with the nonlinear transfer

function
10V

o= +exp(—5 VL)
Calculate the small-signal voltage gain for Vjy = —0.3 V,0V and +0.3 V.

Solution:
We find the gain as
Yo _  9dvo _ 9 ( 10V ) _ 50exp(-5 V-1.viy)
Vin 8v1N viv=Viy aV[N 14+ eXp(—5 V71 . V[N) viN=Viy (1 + CXp(—S V71 . V[N))2
50 50

exp(5 V- Vi) (1 +exp(—5 V- -Vin))2 2 +exp(5 V' -Vin) Lexp(—5 V-1 -Vpy)
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For Viy =0V, we find v, /v;, = 12.5 V/V.
For V;y = £0.3 V, we find v, /v, = 7.46 V/V.

The small-signal gains may also be verified using LTspice. In the LTspice schematic shown below,
the amplifier is modeled as an arbitrary behavioral voltage source with the specified relation between
input voltage and output voltage. The plot from a ‘.dc’ simulation shows both vy versus vy (top trace)
and dvp/dvyy versus vy (bottom trace). From the plot of dvg/dvy, we find the small-signal gains
Vo /Vin = 12.5 VIV for Vjy =0 V and v, /v;;, = 7.46 V/V for V;y = £0.3 V.

£ o ov

> > ) av.

L_vin |.B1 .dcvin-110.01 v
6V-

s 5, 5V.

0 V=10/(1+exp(-v(vin)*5)) 4V-

[ ] 3V-
V.
1\/
P )
12
11
10 o0v.125 0.3V:7.46
7
6
A
é/ e
10V -08/ -08V -04V 02V 00V 02V 04V 06V 08V 1.0V

v(Vin)
Problem 2.9

An amplifier with a right-half-plane zero at the frequency f, and two left-half-plane poles at the frequen-
cies f1 and f),» has the transfer function shown below where the gain A at low frequencies is assumed
to be positive.

AO(I _]f/fz)
(1+jf/fp1)(1+jf/fp2)

Find an expression for the gain function |H(jf)| and the phase function /H(jf) and sketch a Bode

H(jf)=

plot using piecewise-linear approximations for the frequency range 10 kHz - 1 GHz, assuming that
fz =200 MHz, f,; =200 kHz, f,, =40 MHz and Ay = 100 V/V.

Calculate the gain and the phase at the frequencies f = 0.4 MHz, f =4 MHz, f =40 MHz and f =
400 MHz.

Solution:

With the transfer function shown in Problem 2.9, the gain function is

1+ (f/f.)?
VU+ 7)) A+ (f f2)?)

IH(f)| = Ao
and the phase function is

LH(jf) = —arctan (f/ f;) —arctan (f/ f,1) — arctan (f/ fp2)
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Notice that since the zero in the transfer function is a right-half-plane zero, the contribution to the phase

from the zero is negative.

The following figure shows a Bode plot using piecewise linear approximations for both gain plot and
phase plot. The low-frequency gain is 100 ~ 40 dB and each of the two poles changes the slope of the
gain by —20 dB/decade while the zero change the slope by +20 dB/decade as shown by the green, red
and blue line segments respectively. The final gain plot, shown in black, is the sum of 40 dB and the

green, red and blue plots.

For the phase, the term — arctan (f/f,1) is shown in green, the term — arctan (f/ f;2) is shown in red and
the term — arctan (f/f;) is shown in blue. The sum of these terms gives the phase ZH(jf), shown in
black.

dB  IH (jf N g

40

20

O
S
T

| . log(/f)
0.01 0.1 1 10 100 1000 MHz

-180°

-270° +

Gain and phase for the frequencies f = 0.4 MHz, f =4 MHz, f = 40 MHz and f = 400 MHz are
calculated using the expressions for |H(jf)| and ZH(jf), resulting in the following values:

f=04MHz: |H(jf)|=447VIV ~ 33.1dB; /[H(jf)=—63.9°

f=4MHz:  |H(jf)|=50V/N ~ 13.9dB; (H(jf)=—94.0°

f=40MHz: |H(jf)|=036V/N ~ —89dB; [H(jf)=—146,0°
()l (f)

f=400MHz: |H(jf)|=0.011V/V ~ —39.1dB; (H(jf)=—237.7°

The results may be verified using LTspice. For the schematic, we use the filter blocks defined in
Bruun (2020, Tutorial 5.3). Shown below is the LTspice schematic for simulating the transfer function.

As the zero is in the right-half-plane, the parameter specifying the zero frequency is negative.
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RS Vo

E3 E4 E5
Jf2 5 R4 ¥ R6

e
L
Tﬂ(z*piﬂpm o 1K - —rmz*pwpzn o "

1

.ac oct 10 10k 1G .param fz=-200Meg fp1=200k fp2=40Meg

The Bode plot resulting from the simulation is shown in the following figure with gain and phase indi-
cated for the frequencies f = 0.4 MHz, f =4 MHz, f =40 MHz and f = 400 MHz. The simulation
results closely match the calculated results and the simulated Bode plot clearly resembles the piecewise

linear approximation shown above.

45dB R 3 R
36dB et 014 MHZ, 33:04B -
27dB bl MJI-;AQ_QdJ
18dB i
odB : 40VMHZ.-8.9dB
0dB
-9dB
-18dB 400MHEZ,-39.14
-27dB \\
-36dB ;
-45dB
-54dB
0
-30°
-60°
7 : 90°
0.4MHz,-64° Vi et
AMHz-94° -120
-150°
ONIHZ =146 400Nz -age 180
\N -210°
: -240°
i r-270°
10KHz 100KHz 1MHz 10MHz 100MHz 1GHz
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Chapter 3 — The MOS Transistor

Multiple-choice test
1.  Completed statements:

A-4:
B-9:
C-7:

J-8:

The mobile electric carriers in the channel of an NMOS transistor are electrons.

The drain and source regions of a PMOS transistor are p-doped regions.

The channel in an NMOS transistor is formed when the gate-source voltage is larger than the
threshold voltage.

When the gate-source voltage for a PMOS transistor is positive, the transistor is in the cut-off
region.

For an NMOS transistor in the triode region, the drain current is

ip= %Hn@x% (2(VGS —Vi)vps — V%)S) (14 Avps).

The channel-length modulation in a MOS transistor causes the transistor to have a drain
current depending on the drain-source voltage.

The body effect in a MOS transistor occurs when source and bulk have different voltages.
The small-signal parameter g, for a MOS transistor describes a linearized relation between
the drain current and the gate-source voltage.

The small-signal parameter g, for a MOS transistor describes a linearized relation between
the drain current and the drain-source voltage.

The Shichman-Hodges model describes a nonlinear relation between the drain current, the

gate-source voltage and the drain-source voltage.

2. For an NMOS transistor with V; = 0.4 V, u,C,, = 180 pA/V?, W/L=10,A =0, vgs = 1.2V and

vps = 1.0V, the drain current is

A: OmA

B: 0.540 mA

C: 0.576 mA
Solution:

As vps > vgs — V;, the transistor is in the active region and we find the drain current Ip using the

1 w
Shichman-Hodges model ip = EunCoxf(vGS — Vt)z(l + Avps) = 0.576 mA.

3. For a PMOS transistor in the active region with V, = —0.42 V, u,C,, =45 pA/Vz, W/L=10,A =0,
and ip = 324 pA, the gate-source voltage is

A: —1.62V
B: —1.20V
C:. +1.62V
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Solution:

For a PMOS transistor in the active region and with A = 0, the Shichman-Hodges model gives

1 W 2ip
D Z.va ox I (VGS t) ‘VGS t’ ‘uprC(W/L)
Since vgs — V; is negative for a PMOS transistor in the active region, we find vgs —V; = —1.2 V, resulting

invgs=-12V+V,=—-1.62V.

4. For the circuit shown below, assume that the transistor is in the active region. The transistor has
a threshold voltage V, = 0.4 V and a channel-length modulation parameter A = 0.2 V~!. The bias
current Ip is 200 pA and the bias values of vy and v are both 0.9 V.

Viv

=

The transconductance of the transistor is

A: 04 mA/V

B: 0.8 mA/V

C: 1.6 mA/V
Solution:

With Viy = Vp, we have Vpg > Vs — V; so the transistor is in the active region and using Eq. (3.69) in
Bruun (2022), we find g,, = 2Ip/(Vgs — V;) = 0.8 mA/V.

5. The small-signal output resistance of the transistor in the circuit above is

A: 15.0kQ2
B: 29.5kQ
C: 59.0kQ2
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Solution:

Using Eq. (3.68) in Bruun (2022), we find rys = (1 + AVps)/(Alp) = 29.5 k.

6. The small-signal voltage gain in the circuit above is

A: —-23.6V/V
B: +23.6V/V
C: —120V/NV

Solution:

We find the voltage voltage gain as A, = —g,, 7, and since the transistor is biased by an ideal dc current
Source, ryu; = Fgs, S0 A, = —0.8 mA/V x 29.5 kQ2 = —23.6 V/V.
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Problems
Problem 3.1

} )45 nA

1 ]’f')l
e

For the transistors in the circuit shown above, assume W /L = 8, u,,C,, = 180 pA/V2, V; =04V and
A =0.
Calculate the voltages Vp1, Vo and Vps.

Solution:

We notice that M| has drain and source connected, so it is in the active region. Using the Shichman-

Hodges transistor model, we find

21Ip1

————— =650mV
Hn Cox(Wl /Ll)

Wi
—(Ves1 —Vi)? = Ves1 =Vi+

1
IDI = E.uncox Ll

Using Kirchhoff’s voltage law, we find Vp; = —Vss + Vps1 = —Vss + Vigs1 = —250 mV.

Transistor M, has Vp, = Vpp =900 mV > Vg =0V, so it is in the active region. As the current in M,
is equal to the current in M and the transistors have the same size, no channel-length modulation, and
they both have source and bulk connected, i.e., no bulk effect, the gate-source voltage for M, is equal to
the gate-source voltage for My, i.e., Vigso = Visi.

Using Kirchhoff’s voltage law, we find Vs» = Vigo — Vigso = Vg — Vst =0V —650 mV = —650 mV.

Transistor M3 is also in the active region as gate and drain are connected. Using Kirchhoff’s current law

at the drain node, we find

1 W- 1 W-
(Vop —V3)/5.56 kQ = Iz = =ty Cox— (Viss — Vi) = = tn Cox— (Vs — V;)?
2 Lj 2 Ls
This is a quadratic equation from which Vp3 can be found. The two solutions are Vp3 = 650 mV and

Vp3 = —100 mV. As we know that Vp3 > V; =400 mV, we select the solution Vp3 = 650 mV.

The solutions are easily verified using LTspice. The LTspice schematic corresponding to Problem 3.1
is shown in the following figure, and running a ‘.op’ simulation, the simulation results confirming the
analytically derived results for V1, Vpp and Vp3 are given in the output file. The results can also be shown
directly in the schematic by pointing to a node and using a right-click to open the command ‘Place .op
Data Label’.
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CMOS ANALOG IC DESIGN CHAPTER 3 - THE MOS TRANSISTOR

.model NMOS-SH nmos (Kp=180u Vt0=0.40 lambda=0 gamma=0.5 phi=0.7)

op VDD
NMOS-SH VDD
" -650mV R1 C
Q; M2 5.56k -
450 VD3 0.9
VD1 VS2 ]
12 M3 v VSS
- T
M1 650mV NMOS-SH (D
-250mV |, NMOS-SH 45y 0.9
j -VSs
Problem 3.2
M
} )45 na EM2 E V. Voo
sl 2 09V
Ty ﬁ [

4.22kQ @45 HA 0,9V

For the NMOS transistor in the circuit shown above, assume W /L = 8, u, C,, = 180 pA/V 2,
Vie=04V,A=0,y=0.5/V and |2®;| =0.7 V.

ﬁ MTHojgaard
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For the PMOS transistors in the circuit, W /L = 32, 1, C, = 45 UA/V#, V; = —0.42 Vand A = 0.
Calculate the voltages Vp1, Vpy and Vps.

Solution:

We notice that M| has drain and source connected, so it is in the active region. Using the Shichman-

Hodges transistor model, we find

1 |4

21p;
Ip1 = Euncoxfl D

Vesi —Vi)? = Ves1 =V S
(Ves1 — Vi) Gs1 =V + 10, Co (W1 7L

Since source and bulk are not connected for M, we calculate the threshold voltage using Eq. (3.17) in
Bruun (2022) with Vsg = Vss = 900 mV, i.e., V; = V;, + ¥(/Vsp + [2@F| — V[2%]) =614 mV.

Inserting this value for V; in the expression for Vs results in Vp; = Vs = 864 mV.

For the PMOS transistor My, we have Vi, = 0 and Vs, = Vpp =900 mV, so [Vgs| = 900 mV. Assuming
that M is in the active region, we find using the Shichman-Hodges transistor model

1 W,

Ipy = ~Hp Coxfz

3 ([Ves2| — [Vi])? = 165.9 pA

Using Kirchhoff’s voltage law and Ohm’s law, we then find Vp, = —Vss + Ipp x 4.22 k) = —200 mV.

We notice that [Vpsz| = 1.1 V is larger than |Vgsa| — [Vi| = 0.48 V, so M3 is in the active region as

assumed.

For M3, drain and gate are connected, so it is in the active region. Using the Shichman-Hodges model,
we find
1 21p;

W’; 2
Ips = —u,C,,—(|V, — |V = |V =V — =670 mV
D3 zllp oxL3(! Gs3| — Vi) Vess| = [Vi| + 1, Con(Ws/L3) m

Using Kirchhoff’s voltage law, we find Vp3 = Vpp — |Vigs3| = 230 mV.

The solutions are easily verified using LTspice. The LTspice schematic corresponding to Problem 3.2 is
shown below and running a ‘.op’ simulation, the simulation results confirming the analytically derived

results for Vpy, Vpy and Vps are given in the output file and shown in the schematic below.

.model PMOS-SH pmos (Kp=45u Vto=-0.42 lambda=0 gamma=0.5 phi=0.7)
.model NMOS-SH nmos (Kp=180u Vt0=0.40 lambda=0 gamma=0.5 phi=0.7)

op VDD

PMOS-Sﬂ 230mV J VDD
LT [ e O
M2 _PMOS-sH 0.9

45
VD1 . VD2 -200mV VD3
2 Vss
S e
T
864mV|  NMOS-SH 422k a5y 0.9
?7 vss
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Problem 3.3

o
&

For the NMOS transistors shown in the circuit above, assume W = 16 pm, L = 2 pm, tt,, Coy = 180 pA/V?2,
Vi=04Vand AL=0.1 um/V.

For the PMOS transistor, assume W = 30 um, L = 3 um, u, C,y = 45 pA/Vz, Vi=—-042Vand AL=
0.14 ym/V.

Calculate or simulate the voltages Vpi, Vsz and Vps.

Solution:
We notice that M; has drain and source connected, so it is in the active region. Using the Shichman-

Hodges transistor model, we find

1 W1 1 Wl

Ipt = =y Cox— (Vos1 — Vi)*(14+AVps1) = =ty Cox— (Vps1 — Vi)* (1 + AVpg1)
2 Ly 2 Ly

This is a cubic equation for finding Vpgs;. It may be solved using a math program. However, we may
also notice that the bias conditions for M; are the same as for M; in Problem 3.1. Also, W;/L; is
the same, so assuming that the channel-length modulation only gives a slight change in the result, we
may use the result from Problem 3.1 to find an approximate value for (1 + AVpg;). Using L; = 2 um
and AL = 0.1 um/V, we find A = 0.05 V™!, and from Problem 3.1, we have Vpg; ~ 650 mV, so (1+
AVpsi) =~ 1.0325. Inserting this value in the Shichman-Hodges model, we find

16 um

1
45 pA = 5 x 180 HA/V? x X (Vpsi — 0.4 V)? x 1.0325 = Vpg; = 646 mV

Using Kirchhoff’s voltage law, we find Vp; = —Vsg+ Vps1 = —254 mV.

Transistor M has Vpy = Vpp =900 mV > Vi =0V, so it is in the active region. Using the Shichman-
Hodges transistor model, we find

1 Wa 1 %)

Ip2 = 4 Cox— (Vas2 — Vt)2(1 +AVps2) = 5 tn Con 7~
2 L, L

> 2 (=Vea = V))2(1+A(Vpp — Vi2))

This is a cubic equation for finding Vs». It may be solved using a math program. However, we may also
notice that Ip; is the same as Ip; and the transistors have identical dimensions, so neglecting the channel-
length modulation, we find Vs, = V5o — Vigso =~ —650 mV. Using this value to find an approximate value
for (1+AVps2), we find (1+AVpsy) =~ (14+0.05 V=1 x (0.9 V+0.65 V)) = 1.0775. Inserting this value
in the Shichman-Hodges model, we find

16 um

1
45 pA = 5 x 180 HA/V? x X (=Vsy —0.4 V)? x 1.0775 = Vs, = —641 mV
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For transistor M3, the gate-source voltage is |Vgs3| = Vpp = 900 mV. Assuming that the transistor is in

the active region, the Shichman-Hodges model gives

1

W
Io3 = 5ty Cov > (Vaiss| = Vil (1+ A Vs )

Inserting numerical values, we find

30
pm

| 0.14 pm/V
55 HA = 2 x 45 pAIV? x 2 2 MY

0.9V —-0.42V)*x (1
( )7 x (1+ 3 um

X ‘VD53|) = |VDS3| =1.306V

We notice that |Vpg3| > |Vigss| — [Vi|, so the assumption that M3 is in the active region is correct.
Using Kirchhoff’s voltage law, we find Vp3 = Vpp — |Vps3| = —0.406 V.

The solutions are easily verified using LTspice. The LTspice schematic corresponding to Problem 3.3 is
shown below and running a ‘.op’ simulation, the simulation results confirming the analytically derived

results for V1, Vpy and Vps are given in the output file and shown in the schematic below.

.model PMOS-SH pmos (Kp=45u Vto=-0.42 lambda={0.14/3} gamma=0.5 phi=0.7)
.model NMOS-SH nmos (Kp=180u Vto=0.40 lambda={0.1/2} gamma=0.5 phi=0.7)

op . VDD .
NMOS-Sﬂ Pmos-sﬂ VDD
1 641mV "
M2~ g M3 -
45u o
VD1 VS2 VD3 -406mV '
2 13 %77 VSS
: @
o -
-254mV |, NMOS-SH 45 55y 0.9
j | -VSS
Problem 3.4

b O
- /09V

For the circuit shown above, find the resistor R; and the transistor width W; so that Vp; = 0.2 V and
Ipy = 10 pA. Assume Ly = 3 um, u, C,x =45 pA/Vz, Vi=-042Vand A =0.
Repeat for A L = 0.14 um/V.

Solution:
The voltage across R; is Vg1 = Vp1 +Vss = 1.1 V, so by using Ohm’s law, we find R = Vg /Ip; = 110 k.
For M, we have |Vgsi| = |[Vp1 — Vpp| = 0.7 V.

For A = 0, the Shichman-Hodges transistor model gives

21Ip;
tp Cox(|Vasi| — Vi])?
Download free eBooks at bookboon.com
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For AL = 0.14 ym/V = A = 0.0467 V~!, the Shichman-Hodges transistor model gives with |Vpg|| =
Vop—Vp1 =0.7V
(%} 21p1

1
Ipi = =W, Cor— (Vs | — VD> (1+A |V, =W, =L
L OXL1(| asi| =)L+ AVos ) T U, Co([Vas | — [ViD2(1+ A Vst )

=16.5 ym

The results may be verified by a ‘.op’ simulation using the LTspice schematic shown below. Notice the
different transistor models for ‘M1a’ and ‘M1b’.

.model PMOS-SHa pmos (Kp=45u Vto=-0.42 lambda=0 gamma=0.5 phi=0.7)
.model PMOS-SHb pmos (Kp=45u Vto=-0.42 lambda={0.14/3} gamma=0.5 phi=0.7)

i VDD
Mi1a Mﬂ VDD
-op — PMOS-SHa PMOS-SHb
| Pt
__ L=3uW=17u __ L=3u W=16.5u 0.9
* VD1a 200mV * VD1b 200mV
vss
Ria R1b
110k 110k 0.9
Vss

Problem 3.5

[
g

For the circuit shown above, design the width of transistor M; so that the output voltage vo is O for an

E M| CD I’Em
- /09V

input voltage vy = 0. Assume L; =L, = 0.5 um and W, = 0.5 pym.

For the PMOS transistor, assume t, C,, = 45 uA/Vz, Vi=-042Vand AL=0.14 um/V.
For the NMOS transistor, assume i, C,y = 180 uA/V2,V, =0.4 Vand AL =0.1 yum/V.
Simulate and plot the output voltage v versus the input voltage for —0.9 V <vy;y <09 V.
Find the output voltage for vy = —0.2 V and for vjy = 0.2 V.

Solution:

For VIN = Vo = O, we have |VG51| = |VD51| = VDD =0.9V and VGS2 = Vps2 — VSS =09 V. Thus, both
transistors are in the active region and the Shichman-Hodges model gives

1

ip1 = E.up Cox

W . 1 W-
f:(‘VGSl| —[Va \)2(1 +Mi|vpsi]) =ip2 = E,unco ?j(VGSZ —Vi2)*(1+ Avpsa)

Inserting numerical values, we find
1 Wi 0.14 __
S X4A5PAVEX ——— x (0.9V—042V)* x (1+—— V' x09V) =
3 XAV G < (55 Vo x09V)

0.5 um
0.5 um

0.1
x (0.9V—0.4V)? x (1453 VIx09V) = W; =205um
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The following figure shows an LTspice schematic of the circuit and the result of a *.dc’ simulation. The
plot shows that vp = 810 mV for vjy = —200 mV and vp = —810 mV for v;y =200 mV.

.model PMOS-SH pmos (Kp=45u Vto=-0.42 lambda={0.14/0.5} gamma=0.5 phi=0.7)
.model NMOS-SH nmos (Kp=180u Vto=0.40 lambda={0.1/0.5} gamma=0.5 phi=0.7)

.dc Vin 0.9 0.9 0.01 - . VOD
. vDD
17 PMOS-SH ER
== | \ !
L=0.5u W=2.05u Sl
Vin [ 0.9
I
| Vin ' . S 1
() M2 FSS
p . L=0.5u W=0.5u ;
0 gy e RN -
7 | NMOS-SH 0.9
| .vss
1.0V-
0_8\1
0.6V
-200mV,810mV
0.4V-
0.2V-
O_O\I
-0.2V-
-0.4V-
-0.6V- 200my,-810m!
-0.8V-
-1.0\ i 7 i
-1.0v -0.8v -06V -04Vv -02v 0.0v 0.2V 04v 06V 0.8V 1.0V

v(Vin)

Problem 3.6

g

+
- ch - v!].\'

=

An NMOS transistor biased in the triode region can be operated as a voltage-controlled linear resistor
Req for very small values of vpg as shown above. The voltage Vi controls the value of the resistance
between drain and source.

Assume the following transistor parameters: W =2 um, L = 20 um, y,, C,, = 180 uA/V2, V, = 0.4 V and
A = 0. What is the range of resistance values which can be obtained for 0.9 V < V; < 1.8 V?

For V5 = 1.2 V, what is the maximum value of vps which can be applied if the error in calculating ig
from vps/Req should be less than 5% ?

Solution:

For finding the resistance Req with the transistor in the triode region, we use Eq. (3.62) in Bruun (2022):

1 1
Rea = oW L) (Vas — Vi)~ nConW /L) (Vo — Vi)
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The maximum value of Req is found for the minimum value of Vg, i.e., Vg = 0.9 V. Inserting numerical

values, we find Req, max = 111.1 k€2,

The minimum value of Req is found for the maximum value of Vg, i.e., Vg = 1.8 V. Inserting numerical

values, we find Req, min = 39.7 k(L.
The current ig calculated using Ohm’s law is ig ohm = UnCox(W /L) (VG — Vi) vps.

The current ig calculated using the Shichman-Hodges model is
ir, st = HnCox(W /L)[(VG — Vi )vps — vps/2].

The relative error in ig ohm 18

. iR,Oth_iR,SH 100% ~ iR,OI'lm_iR,SH 100% — pnCox(W /L)v3g/2
IR,SH IR,Ohm UnCox(W /L) (VG — Vi) vps

For € <5% and Vg = 1.2 'V, we find vpg < (€/100)2(Vi —V;) = 80 mV.

100% =

DS 100%

2(Ve—Vy)

The circuit may also be simulated using LTspice. Shown below is an LTspice schematic also including a

resistor ‘R1’ to model the ideal resistor Ropm for Vg = 1.2 V. A “.dc’ simulation is run with Vg = 1.2V

and vpg swept from 0 to 160 mV. The plot from the simulation shows iz onm, ir,su and € calculated as

100% x (ig,onm — ir.sH)/irROnm. We see that € = 5% is reached for vpg = 80 mV.

.model NMOS-SH nmos (Kp=180u Vto=0.40 lambda=0.0 gamma=0.5 phi=0.7)
VDS

.dc VDS 0 0.16 0.001 }J

@L VDS

VG NMOS-SH R1

10000/(0.18*0.8
VG 0.08 { ( )}

1.2

~

2 6UA Id(M1) I(R1)

2.4pA
2.2uA
2.0pA
1.8pA
1.6pA
1.4pA
1.2pA

0.8pA e
0.6pA e
0.4pA

0.0pA

=y
OO0 = N W b GO N 0 0w o

mv 20mY  40mV  60mV  80mV  100mV  120mV  140mV  160mV
V(VDS)
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Problem 3.7

} )45 pA R

& fo C) ?gv
. fJH—{f .

Design the current mirror shown above to provide an output current of /o = 90 pA for 0 < Ry < 15 k€.
Assume the following transistor parameters: L; = Ly = 1 um, u, C, = 180 pA/V 2, V,=0.4Vand A =0.
Use a supply voltage Vpp = 1.6 V and use minimum values of W; and W, for which the current mirror
fulfills the specifications.

Now, assume that A = 0.1 V~! for both transistors. Draw a small-signal equivalent circuit for the circuit
and find the small-signal output resistance of the current mirror, assuming a bias value of 0.65 V at the

output of the current mirror.

Solution:

Transistor M, should be designed to be in the active region, even for the largest value of Ry, causing the
smallest value of Vpgr. With Ry = 15 k€2 and Ip = 90 pA, we find Vpss = Vpp — Rplp =250 mV.

Thus, in order to ensure M; in the active region,
VGSQ — Vt S 250 mV

L < 250 mV
My C()x (WZ / L2 )

21,
? 1nCpre(250 mV)2

The minimum value for W, is W, = 16 um and as L; = L, = 1 um and Ip; = Ipy /2, we find W) =W, /2 =

W, > L =16 um

8 um.

With A = 0.1 V™!, the small-signal equivalent circuit corresponding to Problem 3.7 is shown below,
compare to Fig. 3.43 in Bruun (2022).

1+ AVDsz

The output resistance of the current mirror is Ry, = 1z = 1
0

Rouwr = 118 k2.

. With Vpg, = 0.65V, we find
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The circuit may also be analyzed using LTspice. Shown below is an LTspice schematic corresponding to
Problem 3.7 with the transistors specified to have the dimensions calculated above and A = 0. The load
resistor Ry is specified as a parameter which is stepped from 10 k€2 to 15 k2. Running a ‘.op’ simulation,
we may plot Ip = Ip; versus the load resistor as shown below. From the plot, we verify that Iy = 90 pA
for R;, < 15 k€.

.model NMOS-SH nmos (Kp=180u Vto=0.40) 95uA
.step param R 10k 20k 0.1k VDD
.op 90uA
"
RL
85uA:
45 {R} vbp F
Hvin VDS2 C)
NMOS-SH NMOS-SH The o
L=1u W=8u L=1u W=16u )
M'I_{ TMZ T R S e T
i% 70pA
10K 11K 12K 13K 14K 15K 16K 17K 18K 19K 20K

Also the output resistance may be verified by an LTspice simulation. The figure below shows the LTspice
schematic with the transistors specified to have A = 0.1 v-L Running a ‘.op’ simulation, we find g4 =
8.46 uA/V, corresponding to g = 1/g452 = 118 k. Alternatively, a “.tf” simulation with ‘VDS2’ as the
source and ‘v (VDS2)’ as the output directly gives the output resistance as 118248 €2 ~ 118 k).

.model NMOS-SH nmos (Kp=180u Vto=0.40 lambda=0.1)

Af v(VDS2) VDS2 VDD
.op
M
S5 _-.voD
VIN vDs2 ()
NMOS-SH| | INMOS-SH | N
] :
L=1u W=8ul__4| " L=tuw=16u ~VDS2 T 16
M1 [ m2 -
[ 0.65
:l . .= .
Problem 3.8
E = I’Ew
-/09V
Viv Yo
i =l

5
L.\'..\'

09V

Shown above is an inverting amplifier implemented by a PMOS transistor and a drain resistor Rp. As-
sume the following transistor parameters: L = 1 um, p, C,; = 45 HA/V2,V, = —0.42Vand A = 0. The
output voltage has a bias value of 0, and the input voltage v,y is the sum of a bias voltage V;y and a

small-signal voltage v;,,.

Download free eBooks at bookboon.com



Draw a small-signal equivalent circuit for the amplifier and derive an expression for the small-signal
voltage gain v, /v;,. Calculate the input bias voltage so that a small-signal gain of —6 V/V is obtained.

Calculate Rp and W so that a bias current of 80 pA is obtained. Use LTspice to simulate and plot the
output voltage for a sinusoidal input with an amplitude of 30 mV and a frequency of 1 kHz. Repeat the

simulation with an input amplitude of 300 mV.

Solution:

The small-signal diagram for an inverting amplifier with a PMOS transistor is the same as the small-
signal diagram for an inverting amplifier with an NMOS transistor. The following figure shows the
small-signal diagram. Since A = 0, the output resistance r4 of the transistor is infinite, so it is omitted
in the small-signal diagram.

@%n vg_u Em vg.r RI J Vo

The small-signal gain is v, /vi, = —Rpgm where g,, may be found from
2Ip 2Ip
8m = =
Ves—Vi|  |Vin —Vpp — Vi
Vo + V. V.
and Rp is found from Rp = y = % where we have used Vp = 0.
D D

Combining the expressions for g, and Rp, we find
Vo ZVSS

E__W'IN_VDD_Vt’

For a small-signal gain of —6 V/V, we find |Vjy —Vpp — V| x 6 =2Vss = —Viy +048 V=03V =
Vin =0.18 V.

For a bias current Ip = 80 pA, we find Rp = Vs /Ip = 11.25 k€2, and using the Shichman-Hodges model,
we find
21 2 x 80
L D 5 =1 umx 5 X 80 pA
KpCox([Vas| — Vi) 45 uA/V? x (0.72 V —0.42 V)?

W= =39.5 um

The following figure shows an LTspice schematic corresponding to Problem 3.8. The specification for
Vin is a sinusoid with a frequency of 1 kHz, a dc value of 0.18 V, an amplitude of 30 mV when the
step parameter N is equal to 1 and an amplitude of 300 mV when the step parameter N is equal to 10.
Running a ‘.op’ simulation with the ‘.tran’ directive and the ‘.step’ directive changed to comments will
verify the bias conditions of Vp = 0 and Ip = 80 pA for Vjy =0.18 V.

Running the “.tran’ simulation results in the following plot. Apparently, the transistor does not remain in
the active region for V;,, = 300 mV.
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.model PMOS-SH pmos (Kp=45u Vto=-0.42 lambda=0 gamma—D 5 phi=0.7)
.step param N list 1 10

param N=0 Vin PMOS- }SJ DD
.tran 2m - _
op L 1u W=39.5u
o
SINE(0.18 {30m*N} 1k 00 0 2) 11.25k
4 -vss

1.0V

0.8v+

Vin=300mV

0BV
0.4V
0.2V
0.0V
-0.2v
-0.4v+
-0.6V

-0.8V+

1.0V
0.0ms 0.2|ms 0.4|ms 0.6|rns O.SIms 1.0Ims 1.2'ms 1.4Irns 1.6|ms 1.8Ims 2.0ms

Problem 3.9

e Oty

Shown above is an inverting amplifier implemented by a PMOS transistor and an NMOS transistor. As-
sume the following transistor geometries: L; = Ly = 0.5 pm, W; =4 um and W, =1 pm.

For the PMOS transistor, assume L, Cp = 45 UA/VZ, V; = —0.42Vand AL = 0.14 ym/V.

For the NMOS transistor, assume u, C,, = 180 pA/Vz, V,=04Vand AL=0.1 um/V.

Draw a small-signal equivalent circuit for the amplifier and calculate the values of the small-signal pa-
rameters for an input bias voltage of V;y = 0. Use LTspice to verify that both transistors are in the active
region for V;y = 0 and to check the values of the small-signal parameters.

Calculate the small-signal gain of the amplifier and verify the calculation with LTspice.

Solution:

The small-signal model for a PMOS transistor is the same as for an NMOS transistor. In the small-signal

diagram, M| and M, are connected in parallel. The small-signal diagram is shown below.
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é}vm Vin Em1Vin Fas *> Em2Vin Tasa Vo

An approximate value for the drain current can be found from the Shichman-Hodges model, assuming
1 +)L’VDS‘ ~ 1. With Vgso = Vgg, we find
ID ~ %.uncox%(VGSZ - th)2 =45 “A
2
Using this value for Ip, we find g,» = 2Ip/(Visa — Vin) = 0.18 mA/V and g1 = 2Ip/|Ves1 — Vin| =
0.1875 mA/V.

For finding the small-signal output resistances rg and ry», we use the approximate relation
ras =~ (Alp)~'. For My, we find A; = 0.14 um/V /0.5 um = 0.28 V!, giving g5 ~ 79 k2. For M», we
find 4, = 0.1 um/V /0.5 um = 0.2 V~!, giving rzs ~ 111 k€.

More accurate values can be found by using a node equation at the output node. Assuming M; and M,

in the active region, we find

1 W
E.unco i(VGSZ — Vi) (144 Vps2) =

W- W;
:»unL—jwss—wn>2<1+xz<vo+vss>> = upL—ll(vDD—|vt,,|>2<1+zl<vDD—vo>)

1 W,
E,UpcoxfllﬂVGSl‘ — [Vip)*(1+ 41 [Vipsi |)

Inserting numerical values and solving for Vp, we find Vo = —57 mV. Thus, both transistors have

[Vbs| > |Ves| — |Vi| so they are both in the active region. We find
1 Wa
Ip = Euncoxfz

giving g1 =21Ip/(Vpp — |Vip|) = 0.219 mA/V and g,» =21Ip/(Vss — Vin) = 0.210 mA/V.

(Vss = Vin)2(1+ 22(Vo + Vss)) = 52.6 pA

For the output resistances, we find rgz5; = (1441 (Vop — Vo)) /(Ai1p) = 86 kQ2
and rg = (1+ (Vo + Vss))/(Aalp) = 111 kQ.

For checking the results, we run a ‘.op’ simulation using the LTspice schematic shown below. From
the output file, we find Vp = —57.1 mV, corresponding to the result found above. From the error log
file, we find g, = 0.219 mA/V and g,» = 0.210 mA/V. The error log file gives gz = 11.6 pA/V,
corresponding to rgzs = 86.2 k€2, and g4o = 9.00 uA/V, corresponding to rg = 111.1 k§2. Thus, also
the values of the small-signal parameters are confirmed.

.model PMOS-SH pmos (Kp=45u Vto=-0.42 lambda=0.28 gamma=0.5 phi=0.7)
.model NMOS-SH nmos (Kp=180u Vt0o=0.40 lambda=0.2 gamma=0.5 phi=0.7)

VDD

.op - }J VDD
tf v(Vo) Vin PMOS-SH <>
P _
Vin L=0.5u W=4u 0.9
" M1

Vin Vo ! vss

M2 E
0 L=0.5u W=1u N

.|, NMOSs-sH 0.9
ﬁ , -Vss
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From the small-signal diagram, we find the small-signal gain v,/viy = —(gm1 + gm2) (ras1 || 7as2) =
—20.8 V/V. The small-signal gain may be verified by a ‘.tf” simulation with ‘v(Vo)’ as the output
and ‘Vin’ as the input. From the output file, we find a small-signal gain of —20.83 V/V, confirming the

analytically derived result.

Problem 3.10

) oo

==

Draw a small-signal equivalent circuit for the inverting amplifier shown above, including the transistor
capacitances Cgy, Cgq and Cpy. Find an expression for the transfer function A, (jw) =V, (jo)/Vi,(j®)
and sketch the frequency response in a Bode plot, assuming the following values: g, = 1.0 mA/V,
ras = 15 kQ, Cys = 120 fF, Cyy = 6 fF and Cpy = 60 fF. Find the low-frequency gain and the —3 dB
cutoff frequency.

Solution:

The small-signal diagram is shown below.

|| e
i

+
() I(;” L;c — £ <| & I{g.r ;";h —_ b Iﬁ

Using a node equation at the output node, we find

. V. .
(Vin - V())chgd = gnVin+ i +Voj@0Cpq
s

Vo(jw) _ (gm_jwcgd)rds
Vin(jo) 1+ jo (Coq + Cpa) 145

= A(jo)=

From the transfer function, we find the low-frequency gain Ay = —g;urqs = —75 V/V ~ 37.5 dB and the
pole frequency, equal to the —3 dB frequency, @, = ((Cyq +Cpa) ras) ' = 202 x 10 rad/s, corresponding
to f, = 32.2 MHz. We also find a right half-plane zero at the frequency @, = g,,/Ceq = 167 X 10° rad/s,
corresponding to f, =26.5 GHz. For @ — oo, we find A, = Cgy/(Cga + Cpa) = 0.091 V/V ~ —20.8 dB.
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The following figure shows a sketch of the frequency response.

4, g
375dB —mm—m 13dB

-20 dB/decade

-20.8 dB |-------------- e e ¥

log(w)
202 %10° rad/s 167 x10° rad/s

202 x10° rad/s 167 x10° rad/s

The frequency response may also be verified using LTspice. The following figure shows an LTspice
schematic of the small-signal diagram and also a plot from a ‘.ac’ simulation is shown. The similarity to
the analytically derived Bode plot is apparent.

.ac oct 10 2Meg 200G
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45.0dB

37.5dB
30.0dB—~
22.5dB—-
15.0dB—---
7.5dB—
0.0dB—--
-7.5dB— -
-15.0dB-7---
-22.5dB
180°
—135°
— 90°
— 45°
T i iy — a R 0°
10MHz 100MHz 1GHz 10GHz 100GHz
Problem 3.11
W
}
3 B N N
1 Drain
}
. Gate 74
{
+ Source
£+) EEEN

Shown above is the layout of an NMOS transistor. The green areas are the drain and source diffusions
and the pink area is the polysilicon layer forming the gate. The transistor has the following dimensions:
W =1.8um, L=0.6 yum and D = 0.6 um. Assume a gate oxide capacitance of C,, = 8.5 fF/(um)? and
calculate the capacitance C,, neglecting gate overlap capacitances. Also assume a junction capacitance
of 3.65 fF/(um)? for the bottom and 0.79 fF/um for the sidewall of the drain diffusion at zero reverse
bias voltage and calculate Cp, for a drain-bulk voltage of 0.9 V.

Next, assume an overlap capacitance from gate towards drain and source of 0.3 fF/um and calculate Cyy
and C,, including the overlap capacitance from gate to source.

Calculate the transconductance of the transistor for an effective gate-source voltage of 0.4 V and a drain-
source voltage of 0.9 V, assuming p1,C,, = 180 pA/VZ and A = 0.10 umV~! /L.

Finally, calculate the transition frequency fr.
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Solution:
When neglecting the overlap capacitance, Cg; is calculated from Eq. (3.85) in Bruun (2022):

2
Cov = SWLCor =612 1F

The bulk-drain capacitance at zero bias is calculated from
Cjo=DW-3.65 fF/(um)? 4 (2D + W) -0.79 fF/um = 6.312 fF.

When the bulk-drain junction is reverse biased by Vg =V, = 0.9 V, the bulk-drain capacitance is reduced
according to Eq. (3.1) in Bruun (2022). Using ¢p = 0.8 V and m; = 0.5, we find

Cpa = Cj()(l —|—VR/(P())_mj =4.33fF.

Including the gate overlap capacitances, we find C,s from Eq. (3.86) in Bruun (2022):

2 2
Ces = SWLCor+ Cgsoe = SWLCo + W -0.3 fF/um = 6.66 fF:

The gate-drain capacitance is found from

Cea = Cedoy = W -0.3 fF/um = 0.54 fF.

The transconductance is found from Eq. (3.64) in Bruun (2022):

w
&m = UnCox <L> (VGS — Vt)(l + QLVDs) =248 pA/vV

where A is found as A = 0.10 yumV~! /L =0.167 V~!.

The transition frequency fr is found from Eq. (3.92) in Bruun (2022):

g"ﬂ
~_ 8" 55GHz
Jr=54 (Cos+ Coa) z

Problem 3.12

.model NMOS-SH nmos (Kp=180u Vto=0.40
+lambda={0.1u/L} gamma=0.5 phi=0.7
+Tox=4n CGS0=0.29n CGBO=0
+CGDO0=0.29n CJ=3.65m CJSW=0.79n)

Use LTspice with the transistor model shown above to simulate the transistor capacitances and the tran-
sition frequency fr of the transistor from Problem 3.11.

Suggest a change in the layout of the transistor which will increase the transition frequency fr by a factor
of 4.
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Solution:

For simulating the circuit, we use the following LTspice schematic. We run both a ‘.op’ simulation and
a ‘.ac’ simulation in order to find both the small-signal parameters from the ‘.op’ simulation and the

transition frequency using the ‘.meas’ directive with the ‘.ac’ simulation.

From the error log file, we find the following results: The gate-source capacitance without overlap is Cgs
= 6.22 fF. The bulk-drain capacitance is Cbd = 4.33 fF. The gate-source capacitance including overlap is
Cgs + Cgsov = 6.74 {F. The gate-drain overlap capacitance is Cgdov = 0.52 fF. The transconductance is
Gm = 248 uA/V. The transition frequency is fr = 5.28588 ~ 5.3 GHz.

.model NMOS-SH nmos (Kp=180u Vto=0.40

+lambda={0.1u/L} gamma=0.5 phi=0.7
+Tox=4n CGS0=0.29n CGBO=0 From the SPICE Error Log.
+CGDO0=0.29n CJ=3.65m CJSW=0.79n)
Semiconductor Device Operating Points:
VD -—- MOSFET Transistors ---
Name : ml
}J Model: nmos-sh
VvDD Gm: 2.48e-04
M1 a Gds: 7.20e-06
VG NMOS-SH _ Gmb 7.42e-05
Vin L={L} W=1.8u 0.9 gg:f ::::'i:
ad=1 .08p as=1 '08P Cgsov: 5.22e-16
pd=3u ps=3u cgdov: 5.22¢-16
0.8 Cgbov: 0.00e+00
AC1 cgs: 6.22e-15
% ] Cgd: 0.00e+00
-param L=0.6u cgb: 0.00e+00
.op .param L=0.3u
.ac oct 10 100Meg 100G .meas ft when abs(Id(M1)/i(Vin))=1 f£t: abs{id(ml)/i(vin))=1 AT 5.28588e+009x

The transition frequency may be increased by reducing the channel length L. According to Eq. (3.93) in
Bruun (2022), fr is approximately inversely proportional to L?, so fr may be increased by a factor of 4
by reducing the channel length with a factor of 2. An LTspice simulation with L = 0.3 um shows a value
of 21.1 GHz for fr.

References
Bruun, E. 2022, CMOS Analog IC Design: Fundamentals, Third Edition, bookboon.

Available from: http://bookboon.com/en/cmos-analog-ic-design-fundamentals-ebook
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Chapter 4 — Basic Gain Stages

Multiple-choice test

1. Completed statements:

A-7:
B-8:

C-5:
D-1:

E-2:

G-10:

H-15:

I-17:

J-6:

The low-frequency voltage gain in a common-source stage is always negative.

The magnitude of the low-frequency voltage gain in a common-drain stage is smaller than
one.

The low-frequency voltage gain in a common-gate stage is always positive.

The maximum output voltage from an NMOS common-source stage with an active load is
less than the positive supply voltage by approximately |Vig|.

The output resistance of a common-drain stage where the gain transistor has source and bulk
connected is on the order of 1/g,,,.

The output resistance of a common-source stage biased by an active load is on the order of
T, ds-

The maximum output voltage from an NMOS common-drain stage is less than the positive
supply voltage by approximately |Vgs|.

A source follower is the same as a common-drain stage.

A folded cascode is a combination of a common-source stage and a common-gate stage using
different transistor types (NMOS/PMOS or PMOS/NMOS).

The output resistance for a telescopic cascode biased by an ideal current source is on the

2
order of g, 7.

2. Completed statements:

A-8:
B-1:
C-7:
D-2:

E-3:

F-10:
G-6:

H-16:

1-17:

J-11:

The common-mode input voltage to a differential pair is the average of the input voltages.
The differential input voltage to a differential pair is the difference between the input voltages.
A differential pair with a current mirror as an active load provides a single-ended output.
For an ideal differential stage, the output voltage depends only on the differential input volt-
age.

The dominant pole for a common-source stage driven by an ideal voltage source comes from
the output node.

For a common-source stage, the Miller effect causes an increased influence of Cgq.

For a source follower, the Miller effect causes a reduced influence of Cg.

For a common-source stage, the dominant pole may come from the input node when the
common-source stage is driven from a voltage source with a large series resistance.

The gain-bandwidth product of a cascode stage with a transconductance of g,,; for the
common-source stage and a load of Ry ||(1/(sCL)) is gm1 /(27 Cy).

The input capacitance to a cascode stage with a load of Ry ||(1/(sCr)) may be reduced by

decreasing R;.
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3. For the circuit shown below, assume that the transistor has a bias overdrive voltage of 0.3 V and
a bias current of 69 pA. Also assume that the channel-length modulation for the transistor can be
neglected.

Viv

=

The bias value of the output voltage is

A: 0.69V

B: 090V

C. 111V
Solution:

The voltage drop across the 10 k€2 load resistor is Vg, = 69 pA x 10 k2 = 0.69 V. With a supply voltage
of Vpp = 1.8 V, this gives an output bias voltage of Vo = 1.8 V—-0.69 V=1.11 V.

4. The small-signal gain v, /v;, for the previous circuit is

A: +23V/V

B: —-23V/V

C. —46V/V
Solution:

The small-signal gain is A, = —g,,R;. With Ip = 69 pA and a bias overdrive input voltage Viy —V, =
0.3V, wefind g, =2Ip/(Vin —V;) = 0.46 mA/V, s0 A, = —0.46 mA/V x 10 kQ2 = —4.6 V/V.

5. The minimum output voltage obtainable from the previous circuit with the transistor in the active

region is approximately

A: 030V

B: 042V

C: 0.69V
Solution:

The minimum output voltage is obtained for viy —V; = vps = Vomin, 1.€., When the transistor is at the
border between the triode region and the active region. For an overdrive voltage of 0.30 V, we have a
drain current of 69 pA, giving a drain-source voltage (equal to the output voltage) of 1.11 V which is

obviously different from the overdrive voltage of 0.30 V, so this is not the correct solution.
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From the Schichman-Hodges model, we notice that the drain current with the transistor in the active
region is proportional to the square of the overdrive voltage, so with an overdrive voltage of 0.42 'V,
we find a drain current of Ip = (0.42/0.30)? x 69 uA ~ 138 A, giving a drain-source voltage of Vg =
1.8 V—-138 uA x 10 k2 =0.42 V, i.e., a value equal to the overdrive voltage, so 0.42 V is the minimum

output voltage obtainable with the transistor in the active region.

For an overdrive voltage of 0.69 V, the Shichman-Hodges model gives Ip = (0.69/0.30) x 69 pA ~
365 pA when assuming the transistor in the active region. This would create a voltage drop of 3.65 V
across the 10 k{2 resistor which is obviously not possible, so the transistor is not in the active region but

in the linear region.

6. For the differential gain stage shown below, assume that all transistors are in the active region and

have a channel-length modulation parameter A = 0.1 V~!.

B,
v O

IN2

0.2 mA

1||—

The small-signal output resistance of the differential gain stage is approximately
A: 50kS2

B: 100 k2
C: 200k
Solution:

The small-signal output resistance is 7o = ryg || r4s4. The transistor output resistances are given by
ras ~ 1/(Alp). As the tail current to the differential pair is 0.2 mA, the current in each of the transistors
in differential pair is Ip = 0.2 mA/2 = 0.1 mA, and with A = 0.1 V! for all transistors, we find rz;» =
rasa =~ 100 kQ and r,,; >~ 50 k2.

7. With all transistors in the differential gain stage shown before having an effective gate voltage of

[Vis — Vi| = 0.25 V, the small-signal differential gain is approximately

A: 20V/V

B: 40V/V

C. 80V/V
Solution:

The small-signal differential gain is Aj =~ g170u:. The transconductance g, is
&ml = ZIDI/(VGSI — Vm> = 0.8 mA/V, so with r,,, ~ 50 k2, we find A; ~ 40 V/V.
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8. For the differential gain stage shown before, assume that the threshold voltage for the PMOS tran-
sistors is —0.42 V. With a bias voltage of 0.9 V for both input voltages, the bias value of the gate
voltage for the PMOS transistors is

A: 067V

B: 113V

C:. 222V
Solution:

With an effective gate voltage of |Vgs — V; p| = 0.25 V and a threshold voltage of V;, = —0.42 V for the
PMOS transistors, we find Vgs = —0.67 V for the PMOS transistors. The source voltage of the PMOS
transistors is Vg3 = Vsg = Vpp = 1.8V, so the gate voltage of the PMOS transistors is Vg3 = Vigq =
Viss + Vsz = 1.13 V. We notice that Vp; = Vg3 > Vg1, so M and M, are in the active region.

9. If the input voltages for the differential gain stage shown before are changed so that all of the bias

current flows in M; - M3, the gate voltage of the PMOS transistors is changed to approximately

A: 063V

B: 077V

C: 1.03V
Solution:

If the bias current in M3 is increased by a factor of 2, the effective gate-source voltage of M3 is increased
by a factor of V2 according to the Shichman-Hodges model. With |Vgs3 —V;,| = 0.25 x V2V, we find
Viss ~ —0.77 V, so the gate voltage of the PMOS transistors is Vg3 = Vs = Vigsz + Vs3 = 1.03 V.

10. For the circuit shown below, assume that the transistor is in the active region with ry; = 40 k2 and

gm = 0.5 mA/V. Also assume that all transistor capacitances are negligible compared to Cy and C..

DI,SV

R
NNN—
Q Vs Viv
F .

With C, = 0.1 pF, Cp = 0.1 pF and Rs = 40 k{2, the dominant time constant
A: originates from the output and is about 4 ns.
B: originates from the input and is about 4 ns.

C: originates from the input and is about 80 ns.
Solution:

The small-signal low-frequency gain in the common-source stage is A, = —gurys = —20 V/V. Thus,
using the Miller theorem, we find the input capacitance as Cj, ~ (1 — A, )C, ~ |A,|C. = 2 pF and with
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Rs =40 k€, we find a time constant of approximately 7;, = RsC;, ~ 80 ns. We notice that for @ = 1/71;,,
Rs = 40 k2 is much smaller than 1/(@C,) = 7;,/C. ~ 800 k{2, so when estimating the time constant
from the output, we may use Eq. (4.83) from Bruun (2022), giving 7,,; =~ r4sCr = 4 ns.
As T, > T,,, the dominant time constant originates from the input and is about 80 ns.

11. With C. =0.01 pF, C;, =2 pF and Ry = 40 k{2, the dominant time constant

A: originates from the output and is about 80 ns.
B: originates from the input and is about 0.4 ns.
C: originates from the input and is about 80 ns.

Solution:

Using the Miller theorem, we find the input capacitance as Gy, >~ g,,/4sC. = 0.2 pF and with Rg = 40 k{2,
we find a time constant of approximately 7;, = RsCi, ~ 8 ns. Using Eq. (4.83) from Bruun (2022), we
find a time constant from the output of approximately 7,,, ~ r4C;, = 80 ns. We notice that for @ = 1/7,,,
Rs =40 k) is much smaller than 1/(@C,) = 7., /C. ~ 8 M(, so using Eq. (4.83) from Bruun (2022) is
reasonable for frequencies close to 1/T,,;. AS Tyu > Tin, the dominant time constant originates from the
output and is about 80 ns.
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Problems
Problem 4.1

=

For both transistors M; and M, in the common-source stage shown above, assume W /L = 3. Fur-
ther, assume that the channel-length modulation can be neglected for both transistors and that u,, C,, =
180 WA/VZ, w1, Cox = 45 uA/V2, V,, = 0.4 V and V;,, = —0.42 V. The supply voltage is Vpp = 1.8 V and
the bias voltage Vg is Vg = 980 mV.

Calculate the bias current in M; and M;, assuming that they are both in the active region and find the
bias value of the input voltage for which the transistors are in the active region.

Find the output voltage range for which the transistors are in the active region.

Problem 4.2 is a follow-up to this problem.

Solution:

Transistor M; is connected as a dc current source providing the bias current for M. The bias current is

found using the Shichman-Hodges model:

1 1% 1
Ipi =Ip = 5u,,coxfzz(vgs —Vp)t = 5 x45 HA/VZ x 3% (0.98 V—1.8V—(—0.42V))?>=10.8 uA

For M, we find the bias voltage V;y as

21p 2x%x10.8 },IA
Vin =Vos1 =Vint+ | - s =04V Ay [ 2 =06V
IN GS1 tn UnCox(Wi /L) 180 pA/V? x 3

For M to be in the active range, we require vps; > vgs1 — Vin = vo > Vin — Vi = 0.2 V.
For M, to be in the active range, we require |[vps2| > |vgsi| — [Vip| = Voo —vo > Vop — Ve — |Vip| =

vo < VB"“th’ =14V.

For verifying the result, we run a ‘.dc’ simulation from the following LTspice schematic. The transistor
geometries have been chosen to be L; = L, = 1.5 ym and W; = W, = 4.5 ym. The output plot from the
simulation shows that viy = 0.6 V for 0.2 V < vy < 1.4V as expected. With A = 0 (no channel-length

modulation), the gain is infinite when the transistors are in the active region.
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.model PMOS-SH pmos (Kp=45u Vto=-0.42 lambda=0 gamma=0.5 phi=0.7)
.model NMOS-SH nmos (Kp=180u Vto=0.4 lambda=0 gamma=0.5 phi=0.7)

. VDD
VB
M2 L
PMOS-SH ‘
L=1.5u W=4.5u ﬁ Vo
M1
NMOS-SH
VIN L=1.5u W=4.5u
VIN VB VDD
0.6 7098 T 1.8
~ .dc VIN 0 1.8 0.001
1.8V
1.6V-
1.4V-
1.2V-
1.0V-
0.8V-
0.6V-
0.4V-
0.2V-
0.0\
0.0v 0.2v 0.4v 0.6V 0.8v 1.0v 1.2V 1.4V 1.6V 1.8V
v(Vin)
Problem 4.2

For the common-source stage from Problem 4.1, assume now that the channel-length modulation is
defined by the parameters specified in Table 3.1. The channel length is L = 1.5 um for both transistors.
Calculate the small-signal voltage gain A, = v,/v;,. You may use reasonable approximations when
calculating the small-signal parameters.

Also use LTspice to find the value of A, = v, /vjy.

For convenience, Table 3.1 is shown in the Appendix in this book.

Solution:

The small-signal gain is A, = v, /viy = —gm1 (rast || ras2) = —&m1/(8as1 + gas2) where g1 is found from
Eq. (3.69) and approximate values for g4, and g4 are found from Eq. (3.72) in Bruun (2022).
We find, using Ip; = Ipy and A} = 0.1 pm/V/1.5 ym and A, = 0.14 ym/V /1.5 pm

21Ip ) ( 1 > 2
A~ — =— =—62.5V/V
' < (Viv =Vin) ) \ (M1 +A2)Ip1 (Viv = Vin) (M1 + A2)
We may find the gain using a “.tf” simulation in LTspice. The schematic for this is shown below. From

the output file, we find A, = —66.9 V/V with an input bias voltage V;y = 0.6 V. This value is slightly
larger than the calculated value because the factor (14 AVpg) has been neglected in the calculation of

8ds1 and gg.
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.model PMOS-SH pmos (Kp=45u Vto=-0.42 lambda={0.14/1.5} gamma=0.5 phi=0.7)
.model NMOS-SH nmos (Kp=180u Vto=0.4 lambda={0.1/1.5} gamma=0.5 phi=0.7)

VDD
VB
M2 L
PMOS-SH ‘
L=1.5u W=4.5u ﬁ Vo

M1

NMOS-SH
VIN L=1.5u W=4.5u
VIN VB VDD
0.6 Q.% Q.s

.dc VIN 0 1.8 0.001

tf v(VO) VIN

Running a ‘.dc’ simulation, we may plot v versus vy as shown in the following figure. We notice that

the slope of vp now has a finite value for V5 = 0.6 V, so the gain is no longer infinite as in Problem 4.1.

1.8V~

1.8V-

1.4V-

1.2V-

Problem 4.3

R

(s

+
; VI.J! b

C, E
<51}H
L

For the common-source stage shown above, we assume Rg = 1 M2, Iy = 20 uA and R; = 100 k2. The

capacitors C| and C; are very large and can be treated as short circuits for ac currents but open circuits
for dc currents. Transistor M; has V; = 0.4 V and u,C,.(W/L) = 0.6 mA/V?. The channel-length

modulation can be neglected.

Find the bias voltages V51 and Vpg;.

Find an expression for the small-signal gain v, /v;, for frequencies where C; and C, are ac short circuits

and the transistor capacitances can be neglected.

Calculate the numerical value of the small-signal gain.
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Solution:

We notice that there is no dc current flowing in Rg, so Vg1 = Vp1 = Vigs1 = Vpsi. Also, there is no dc
current flowing in Ry, so Ip; = Ip. The bias voltage is found from the bias current using the Shichman-

Hodges transistor model, i.e.,

21Ip;
Vpst = Vgs1 = V5 ———— =0.658 V.
DS1 GS1 t+ 1nCoc(Wi /11)

For finding the small-signal gain, we draw a small-signal schematic as shown below where C; and C, are

replaced by short circuits.

R,

mdVAVA _

é) Vin ",_gr.rl *> Em Ivg.vl RL Vo
L

A node equation at the output node gives

Vin — V, Y
mRG e &mVin + ITZ
Vo 1
— = - —— | (R || R
2 (g ) @R
where g, = —— = 155 yA/V.
" Ves1 — Vi !
Inserting numerical values in the expression for v, /v;,, we find v, /v;, = —14 V/V.

The result may be verified using LTspice. The LTspice schematic is shown below. The capacitors have
been selected to C; = C; = 1 F and the transistor geometries have been selected to Wi = 10 um and
L =3 um, giving uC, (W /L) = 0.6 mA/V? with uC,, = 180 uA/V2. From a ‘.op’ simulation, we find
Vps1 = v(VDS) = 0.6582 V, closely matching the calculated value. The small-signal gain is found from a
‘.ac’ simulation which is run from 1 kHz to 100 kHz where C; and C, can be considered as short circuit.
The output plot shows a gain of 22.918 dB, corresponding to —14 V/V. It may be noted that since the
circuit uses coupling capacitors, a ‘.tf” simulation cannot be used to find the gain.
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25dB

.model NMOS-SH nmos (Kp=180u Vto=0.4 lambda=0 gamma=0.5 phi=0.7) 24dB
.op VDD 10KHZ;22.918dB
.ac oct 10 1k 100k 1B
47 23dB
RG 20u
' VDS c2 Vo
m [ VDD
€9 M1‘ F— NMOs-sH 4 <> 22dB
c1 L=3u W=10u
Vin VGS -
U ‘ — RL 1.8
Vin
100k 21dB
AC1
0
% . 20dB
1KHz 10KHz 100
Problem 4.4
Rp

— T O

KHz

Shown above is a gain stage with two outputs, vp and vs. The resistors Rp and Rg have the values
Rp = 10kQ) and Rs = 5 k2. The supply voltage is Vpp = 1.8 V. The transistor has V; = 0.4 V and

Uy Cor = 180 pA/V2. The channel-length modulation and the body effect can be neglected.

Design the transistor to have a transconductance of 0.6 mA/V and to give a bias value of 1.2 V for Vp.

Use a channel length of L = 3 pm.

Calculate the bias values of vg and vy .

Draw a small-signal equivalent circuit and find expressions for the small-signal gains v,;/v;, and vs/v;,.

Find numerical values for the small-signal gains.

Solution:

With Vp = 1.2 V, we find the drain current Ip = (Vpp — Vp)/Rp = 60 pA.

21
,we find Vgs —V, = =2 =0.2 V.
Ves — Vi 8m

From g,, =

&m
,unCox(VGS - Vt)
The bias value of vg is found from Ohm’s law: Vs = Rgls = RsIp = 0.3 V.

w
From g, = t,Cx <L> (Vs —V;), we find W =L =50 um.

The bias value of vy is found as Viy = Vs + Vs =Vs+ (Vos —V;) +V; =03 V4+02V+04V =09 V.

The small-signal diagram corresponding to Problem 4.4 is shown in the following figure.
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Gate Drain

vg.!‘ <l> Em Vgs
" -
C) v, | Source § R, vy

A node equation at the source of the transistor gives g,,Vgs = gm(Vin

1 R
Rearranging, we find v; (R —I—gm> = gmVin = Vs _ $8m
S

Inserting numerical values, we find Y —0.75 VIV
Vin

The drain voltage is found from

RD Rggm V4
v DEmYes = DRS <Rs ) < 1 +ngm> Vin Vin

Inserting numerical values, we find Y _ 5w
Vin

Vin 1 +R5gm.

Vs

—vg) = —.

Rs

Rpgm

1+ Rsgm ’

The numerical results may be verified using LTspice. The following figure shows the LTspice schematic

corresponding to Problem 4.4. From a ‘.op’ simulation, we find the bias values of v;y, vp and vg (shown

in the schematic), and from the error log file, we verify g,, = 0.6 mA/V. Using the ‘.tf” simulations

shown as comments in the schematic, we verify vy /v, = —1.5 V/V and v /v;, = 0.75 V/V.

.model NMOS-SH nmos (Kp=180u Vto=0.4 lambda=0 gamma=0.5 phi=0.7)
DD

.op
Af v(Vd) Vin
Af v(Vs) Vin
NMOS-SH VDD
L=3u W=50u C)
Vin 900mV 18
Vs 300mV '
Vin
0.9

~
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Problem 4.5

—] E M.v
O &, @

R

D

Design the common-source stage shown above to have a low-frequency small-signal gain of 17 dB. For
the transistor, use V; = —0.42V, u,C,, = 45 pA/V2 and A = 0. Use a channel length of 2 ym. The
supply voltage is Vpp = 1.8 V, and you should design for a bias value of the output voltage of Vpp /2 and
a bias current in M of 50 pA.

Calculate the bias value of the input voltage for your design.

Solution:

With a bias current Ip; = 50 uA and a bias value of the output voltage of Vo = Vpp/2 =0.9 V, we find
from Ohm’s law Rp =V /Ip; = 18 k).

The small-signal gain of the stage is Ay = —gn1Rp and with A; = 17 dB ~ —7.08 V/V, we find g,,; =
—Ag/Rp =393 pA/V.

Using 8ml = 2ID1/|V(;51 — V,| = 21D1/’Veff1 |, we find |Veff1‘ =254 mV.

8ml
" UCoa| Vet
The bias value of the input voltage is found using Kirchhoff’s voltage law:
Vin = Vopp — [Vesi| = Vop — [Vetr1 | — [Vi| = 1.8 V—0.254 V—-0.42V =1.126 V.

W,
From g,,; = UCyy <L1> |Vest1 |, we find Wy = L = 68.9 um.
1

The result may be verified using LTspice. The following figure shows the LTspice schematic correspond-
ing to Problem 4.5. Using a ‘.op’ simulation, the bias point is verified and using a ‘.ac’ simulation, the
gain is verified. Alternatively, the gain may be verified using a ‘.tf” simulation (shown as a comment in

the LTspice schematic).

20dB

19dB
.model PMOS-5H pmos (Kp=45u Vto=-0.42 lambda=0 gamma=0.5 phi=0.7)
18dB:
g vbb. Q0Kiz,17.0dB
VIN | 5
op r 1 | M1 :
.ac oct 10 10 1000 f=— PMOS-SH 17dB
| L=2u W=68.9u
i R Y , Vo  900mv | vop
b b ' s X 1 16dB:
~171.126 RD 1748
AC1 18k 15dB
ot . 14dB
10Hz 100HZ 1KHz
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Problem 4.6

Shown above is a common-drain stage with a PMOS transistor. Assume the following transistor param-
eters: L =1um, W =80 pym, u, C,y = 45 UA/V2,V, = —0.42 V and A = 0.14 V~!. The bias current /p
has a value of 125 pA and the supply voltages are Vpp = Vsg =0.9 V.

Find the bias value of v;y which gives a bias value of 0 V for v¢.

Find the small-signal open-circuit voltage gain A, and output resistance r,,;.

Find the small-signal voltage gain A, = v, /v;, with R, = 5 kQ.

Use LTspice to find the output voltage range for R; = 5 k2, assuming that the voltage across the current

source Iz must be at least 0.3 V.

Solution:

We have Viy = Vi — |Vs1 |, so with Vp = 0, we find using the Shichman-Hodges model

Viv=—Vesil = —|{Vil+ =
IN GS1 t Mp Cox(Wi /L) (1 4+ A|Vpsi|)

21p
= —(ml+ =—0.668 V
(’ 4 \/,upC(,x(Wl/Ll)(l—i-lVgg))

For finding the small-signal gain and output resistance, we draw the small-signal diagram shown below

corresponding to Problem 4.6. The small-signal parameters are:

&ml = \/2[.LPCOX(W1/L1)ID1(1 +A,|V051 ’) = 1.007 mA/V and r 5 = (1 +2,|V051 ’)/()LIDl) =63.3 k.

Gate Source

' Vg.s 1 - :
+
Vin <’ Eml vg.u 1 Fan R! Yo

Drain -

The small-signal open-circuit voltage gain A, is found as v, /v, with Ry, = oo, i.e., Ry, omitted from the

small-signal diagram.

Using a node equation at the output, we find

Vo Vo 8ml Vdsl
8m1 (Vin _Vo) = = Ajpe=—=——"""—

= =0.985V/V
Tas1 Vin 1+ gmi1 rast
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The output resistance may be found by applying a current i, to the output with v;, = 0 and calculating
Vo /1o, still with Ry, omitted (Bruun 2022). We find
Vo 1

= 9780
Tds1 o 8&m+1/ras

The small-signal gain with R, = 5 k2 is found from A, = A,oc (RL/(RL + our)) = 0.824 V/V.

An LTspice schematic corresponding to Problem 4.6 is shown below. Using a ‘.op’ simulation, the bias
point may be verified and using a ‘.tf* simulation with ‘RL’ deleted, the values of A, and r,, may
be verified. The value of the gain A, may be verified using a *.tf* simulation with ‘RL’ included in the

schematic.

Running a ‘dc¢’ simulation results in the following plot of the output voltage. From the plot, we find
the minimum value of the output voltage to be vomin = —0.192 V, and from the requirement that the
voltage across the current source /g must be at least 0.3 V, we find the maximum output voltage to be
Vomax = 0.6 V.

.model PMOS-SH pmos (Kp=45u Vto=-0.42 lambda=0.14 gamma=0.5 phi=0.7)

-op VDD
.dc VIN -0.9 0.9. 0.001
VDD
.tf v(vo) VIN
0.9
VIN
M1
VIN PMOS-SH RL Vss
L=1u W=80u 5k e
-0.668 0.9
-VSS

700mV

B00mv—y

500my— rerrse

132mV,600m\/

400my— ;

300mVv-

200mV

100mV-

Omv_ . ..................
-100m\V— r i i
-900mV,-192mV

_200mvHET
-300mV-

T T T T T T T T
-900mV -700mV -500mV -300mV -100mV 100mV 300mV S500mV  700mV  900mV
V{Vin)
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Problem 4.7

(*) v M, E_ Yo
AL

For the telescopic cascode shown above, use LTspice to find the bias value V;y of the input voltage
required to give an output bias voltage of 0.9 V. Assume Vpp = 1.8V, Vp =1.0V, Iz =20uA, L; =
Ly, =0.7 um, W; = W, = 7 um and use transistor parameters as specified in Table 3.1.

Also find the small-signal gain A,,. and output resistance r,,;.

Find the small-signal resistance r, to ground from the node X between the source of M, and the drain of

M, and find the small-signal voltage gain from the input to node X.

For convenience, Table 3.1 is shown in the Appendix in this book.

Solution:

The following figure shows an LTspice schematic corresponding to Problem 4.7. From the Shichman-
Hodges model with A = 0, we find that with W; /L; = 10, the input bias voltage V;y required for a bias
21

current of 20 yA is about Vj)y ~V; + /| ————+— =549 mV.
U IN t .ucox(Wl /Ll)

In order to find the exact value of the input bias voltage, we run a ‘.dc’ simulation with Vy swept from
500 mV to 600 mV, i.e., around the estimated value. The resulting plot of the output voltage is shown
below. Apparently, the simulation generates unrealistically high output voltages, several MV. This is due

to the fact that the drain of M; is connected directly to an ideal dc current source.

.model NMOS-SH nmos (Kp=180u Vto=0.4 lambda={0.1/0.7} gamma=0.5 phi=0.7)

VDD
.dc VIN 0.5 0.6 10u
1B 10MV
.op IMV-
tf v(Vo) Vin 20p Vo 8MV-
Af v(Vx) Vin M2 ™V
S S —
VB i NMOS-SH .. VDD 6MV-
Vv L=0.7u W=7u
X . = 5MV-
18
VB o AMv-
s f——— =
C Vin {— NMOS-SH 3MV-
1 VIN L=0.7u W=7u 2MV.
1MV-
0.54538 oM
500mV 520mV 540mV 560mV 580mV 600mV
N V(Vin)
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In order to see ‘V(vo)’ in a realistic range of output voltages, we set the range of the y-axis to 2 V, either
by the command ‘Plot Settings — Manual Limits’ or by moving the cursor to the y-axis and using a
right-click on the mouse. The resulting plot is shown below, left plot. We see that the output voltage
changes abruptly for an input voltage of about 545 mV, and in order to find the exact input voltage, we

zoom in on a small part of the plot, see right plot below. From this, we find V;y = 545.38 mV.

2.0V- 2.0V-
1.8V 1.8V

16V 16V

1.4V 1.4V

1.2V 1.2V RAR_?‘TMIm\/_QAn_A 438mV.

1.0V 1.0V

0.8V- 0.8V-

0.6V- 0.6V-

0.4V- 0.4V-

0.2V- 0.2V-

0.0V 0.0V :

500mV 520mV 540mVV(Vin)560mV 580mV 600mvV 543.0mV  544.0mV 545.0m\</ (Vin)54s_0mv 547.0mV  548.0mV

In order to verify the bias point, we run a ‘.op’ simulation with a dc value of V}y specified to 545.38 mV.
From the output file, we find Vp = 905 mV which is sufficiently close to 0.9 V.

With the bias point in place, the small-signal gain A, and output resistance r, at low frequencies are
found from a “.tf” simulation with ‘V(Vo)’ as the output and ‘Vin’ as the source. The output file from
this “.tf” simulation shows a gain of —13326 V/V ~ 82.5 dB and an output resistance of 48.8 M.

For finding the small-signal resistance r, to ground from the node X between the source of M, and the
drain of M and the small-signal gain from the input to node X, we run a ‘.tf” simulation with ‘V(Vx)’
as the output and ‘Vin’ as the source. From this, we find a resistance r, of 368 k{2 and a gain of
A,y =—101 V/V ~ 40.1 dB.

Problem 4.8

:
— B OsOn
Ot 4

Viv

For the telescopic cascode shown above, use LTspice to find the bias value V;y of the input voltage
required to give an output bias voltage of 0.9 V. Assume Vpp =1.8 V,Vpgy =1.0V, Vgp =125V, L| =
Ly =L3=0.7 um, W) =W, =7 um, W3 = 28 um and use transistor parameters as specified in Table 3.1.
Also find the small-signal gain A,,. and output resistance r,,;.
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Find the small-signal resistance r, to ground from the node X between the source of M, and the drain of

M, and find the small-signal voltage gain from the input to node X.

For convenience, Table 3.1 is shown in the Appendix in this book.

Solution:

The following figure shows an LTspice schematic corresponding to Problem 4.8. From the Shichman-

Hodges model with A = 0, we find that with W3 /L3 = 40, the bias current for M;, M, and M3 is about
1 W 1 W3

Ip ~ *.upcvxi(‘VGSB’ - ‘Vt’a“)z = *.upcoxia/DD —Vpp — ‘Vt3‘)2 =152 “A-
2 Ls 2 Ls
From the Shichman-Hodges model with A = 0, we find that with W) /L; = 10, the input bias voltage V;y
21p
required for a bias current of 15 isabout Viy ~V; 4+ —————— =529 mV.
9 hA W=V CorWi L)

In order to find the exact value of the input bias voltage, we run a ‘.dc’ simulation with V; swept from
500 mV to 600 mV, i.e., around the estimated value. The following figure shows the resulting plot of the
output voltage. From this, we find Vjy ~ 537.6 mV.

.model PMOS-SH pmos (Kp=45u Vto=-0.42 lambda={0.14/0.7} gamma=0.5 phi=0.7)
.model NMOS-SH nmos (Kp=180u Vto=0.4 lambda={0.1/0.7} gamma=0.5 phi=0.7)
VDD

.dc VIN 0.5 0.6 0.1m 1.8V
PMOS-SHT_‘

-op 1.6V-

tf v(Vo) Vi M3 '
AF v(Vo) Vin L=0.7u W=28u Vo \ay

tf v(Vx) Vin .
‘ M2 1oV

= B

537 6354mV,002 35685mV
t— NMOS-SH VBP VDD
L=0.7u W=7u C— C— 1.0V
Vx |
T 1.25 T 18 08V
VEN e
i }47,
= 0_6\/
Q Vin +— NMOS-SH_
1 VIN L=0.7u W=7u 0.4v.
0.2V
0.53766
0.0\ 7 7
~ 500mV  520mV  540mV  560mV  580mV  600mV

V( Vin)

In order to verify the bias point, we run a ‘.op’ simulation with a dc value of V;y specified to 537.6 mV.
From the output file, we find Vp = 905 mV. A few iterations show that with V;y = 537.66 mV, the bias
value of the output voltage is 900 mV.

With the bias point in place, the small-signal gain A, and output resistance r, at low frequencies are
found from a “.tf* simulation with ‘V(Vo)’ as the output and ‘Vin’ as the source. The output file from
this “.tf* simulation shows a gain of —84.6 V/V ~ 38.5 dB and an output resistance of 327 k2.

For finding the small-signal resistance r, to ground from the node X between the source of M, and the
drain of M and the small-signal gain from the input to node X, we run a “.tf* simulation with ‘V(Vx)’
as the output and ‘Vin’ as the source. From this, we find a resistance r, of 5.33 k() and a gain of
Ay =-139V/V~29dB.
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Problem 4.9

I/

DD

The figure above shows a PMOS differential pair. For all transistors, assume L = 1 ym and W = 20 um
and transistor parameters as specified in Table 3.1. The supply voltage is Vpp = 1.8 V and the bias
voltage Vpis Vg =1.1 V.

Neglecting the channel-length modulation in Ms, calculate the bias current in each transistor, assuming
all transistors to be in the active region.

Calculate the small-signal parameters g,, and r;; for each transistor, using reasonable approximations
and assuming all transistors to be in the active region.

Calculate the differential small-signal gain Ay = v,/ (Vg1 — vg2).

Check your results with LTspice and explain differences between simulated and calculated results.

Use LTspice to find the input common-mode voltage range where all transistors are in the active region.

For convenience, Table 3.1 is shown in the Appendix in this book.

Solution:

The bias current in M5 is calculated using the Shichman—Hodges model with A =0, i.e.,

1 1
ID5 nul’ ox (|VGS5|_|VIS|) .Llp ox (VDD VB_|VISD =353 pA.

For the other transistors, we find Ip; = Ipy; = ID3 =1Ips =1Ips/2 =17.6 pA.

Using the approximations given by Egs. (3.71) and (3.72) in Bruun (2022), we find, using A, = 4, =
A5 =014V tand 3 =24 =0.1 V!

g =gm =~ \J2m, (,x(W/L Ipi = 178 pA/V
V2 Cox(W /L)Ip3 = 356 pA/V
8gms \/ 2up ox( L)Ips =252 uA/V
Fast = ras2 =~ 1/(Adp1) =406 k2
Fas3 =rasa =~ 1/(A3lp3) = 568 k2
Fass =~ 1/(Aslps) =203 kQ

12

8m3 = 8m4

12
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From Eq. (4.71) in Bruun (2022), the differential small-signal gain is found as Ay = g1 (ras2 || 74s4) =
42.1 V/V.

The following figure shows the LTspice schematic corresponding to Problem 4.9. The input voltages
are split into a differential input voltage and a common-mode input voltage with vg; = Viewm + vig/2
and vg1 = Vicm — vig /2 where Vjcyy is the common-mode input voltage and vy, is the differential (small-
signal) input voltage. This is achieved by connecting an arbitrary behavioral voltage source to each of

the two inputs as shown in the schematic.

.model NMOS-SH nmos (Kp=180u Vto=0.4 lamhda={0.1/1} gamma=0.5 phi=0.7)
.model PMOS-SH pmoes (Kp=45u Vto=-0.42 lambda={0.14/1} gamma=0.5 phi=0.7)

op i VDD
tf v(Vo) Vid PMOS-SH
.dc Vicm 0 1.8 0.01 A VB
M5 ‘
VD5
velt m1 M2 yao
c PMOS-SH PMOS-SH
] 2 L=1u w=20 L=1u w=20u
= u w: u — —
Viem vid | B1 vD1 Vo B2 VB VDD
- . C— ms e —) C—” =
. NMOS-SH NMOS-SH . .
L=tuw=20u| [ | 7 |L=tu w=20u

V=V(Vicm)+V(Vid)/2 ‘ V=V(Vicm)-V(Vid)/2

Running a ‘.op’ simulation with V;cy = 0.5 V, we find the bias currents Ips = 38.6 A and Ip; = Ip; =
Ip3z = Ips = Ips/2 = 19.3 pA and we notice that all transistors are in the active region. The small-signal
parameters are found from the error log file, giving the following values:

8gmi = 8&m2 = 194 YA/V, g3 = gma = 382 YA/V, g5 = 276 pA/V,

Vds1 = Fds2 — 402 kQ, Vds3 = Fds4a — 543 k€2 and Ydss — 202 k€.

Running a “.tf” simulation with ‘v(Vo)’ as the output and ‘Vid’ as the input, we find a differential gain
of 44.8 V/V.

We notice that LTspice gives slightly larger values of bias currents and transconductances due to the
channel-length modulation which has been neglected in the hand calculations. Also simulated r;; values
are slightly different due to the factor (1 4+ A Vpg) and the larger values of Ip. The differences cause the
simulated value of the small-signal gain to be slightly larger than the calculated value.

The input common-mode range is the voltage range for V;cy, where the differential stage has all transis-
tors operating in the active region so that the small-signal gain is almost constant over this range of Vjcy.
The upper limit is defined by M5 which enters the triode region when Vjcy increases, implying that M5
can no longer supply the required bias current to M| and M. The lower limit is defined by M which will
enter the triode region when V¢, is so low that there is no longer headroom for the gate-source voltage
of Ms. From the error log file from the ‘.op’ simulation, we find |Vgs| — |V;| = |Vbssat| to be 0.28 V for
Ms and 0.20 V for M;. In order to check the voltage levels for the drain-source voltages of Ms and M|,

we run a dc sweep from 0 V to 1.8 V with Vj¢y, as the source.

The following figure shows the plot of |Vpgs| (green trace) and |Vpg;| (blue trace), respectively. From
this, we find a common-mode input range from about 0.07 V to about 0.91 V.
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Problem 4.10

T On

I [ - G %
@";\ —_— G
4

For the common-source stage shown above, we assume that the transistor has the small-signal parameters

gm and r4, and that all transistor capacitances can be neglected compared to the capacitors Cy, C> and Cs.
Draw a small-signal equivalent circuit for the stage and use a node equation to find the small-signal
transfer function V, /V;,. Find expressions for poles and zeros in the transfer function.

Solution:

The small-signal diagram is shown below.

=
]

+ r r —— Al r — Al
- I(H'il L.q.c =T ( 1 | gm }g.\' ";f’.\s -1 ( 3 Iﬁ

Using a node equation at the output node, we find

Vo Vo () (8m —5C2) ras
V. —V.)sC v V.sC: = A
(Vin = Vo) $C2 = gnVin Tds 0353 (5) Vin(s) 14 5(Co+C3) rys

From the transfer function, we find the pole p = —((C> + C3)r4s)~" and the (right half-plane) zero

2=8m/Ca.
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Problem 4.11

=

The figure above shows a common-source stage with a capacitive load C; = 5 pF which is much larger
than the transistor capacitances. The transistor is biased in the active region and it has the small-signal
parameters g,;1 = 0.20 mA/V and rgzs; = 250 k€.

Calculate the output resistance, the small-signal voltage gain at low frequencies, the —3 dB bandwidth
and the gain-bandwidth product of the amplifier stage.

Problems 4.12 and 4.13 are follow-ups to this problem.

Solution:

The figure below shows a small-signal diagram corresponding to Problem 4.11. From this, we imme-
diately see that the output resistance is r,,; = rgg; = 250 k§2. Using a node equation at the output, we

find
VO(S) - _ r H 1 — —8ml Vdsl
Vin(s) smi\ st 15, 1+srs0Cr

From the transfer function, we find the low-frequency gain A, = —g,;1 451 = —50 V/V and the —3 dB
frequency f3 4 = (27 rg1Cr) ! = 127.3 kHz.

The gain-bandwidth product is GBW = |A,| f.3 g = 6.37 MHz.

<*> i Iis,:.\'] Fast J— ¢ .f, p{:
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Problem 4.12
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M
[
3
78 M, =P w C) Vs
Viv
T |

In order to increase the gain of the amplifier from Problem 4.11, a cascode transistor M, is inserted as

shown above. The cascode transistor is assumed to be identical to M; and it has a bulk transconductance
of gmup2 = 0.04 mA/V. Both M| and M, are biased in the active region with an unchanged bias current
Ip.

Calculate the output resistance, the small-signal voltage gain at low frequencies, the —3 dB bandwidth

and the gain-bandwidth product of the cascode amplifier.

Solution:

The figure below shows a small-signal diagram corresponding to Problem 4.12, compare to Fig. 4.24 in
Bruun (2022). Using Eq. (4.27) from Bruun (2022), we find

Four = Yas1 + (14 (gm2 + 8mp2) Fas1) Tas2 == (m2 + &mb2) as2 Tas1 = 15 MSQ

Fas2

A%

(gm2+ Emin ) L.:Z

. . 1 7
* g Li;e.v 1 Fasy KZ _( L Io

The small-signal model may be simplified to the following model, compare to Fig. 4.25 in Bruun (2022).

From this, we find

VO(S) — r H L _ —8ml Vout
Vin(s) Eml | Tour sCy 14 57,,Cr
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From the transfer function, we find the low-frequency gain A, = —gu1 ¥our = —3000 V/V and the —3 dB
frequency f3 4 = (2770 Cr)~ ! =2.12 kHz.

The gain-bandwidth product is GBW = |A, | f.3 g5 = 6.37 MHz.

Problem 4.13

d)f“fz d)f,,fz
IMEIE ' C) B

M, | E
1 — G %
Viv
ok

An alternative to the cascode amplifier from Problem 4.12 is a two-stage amplifier using common-source

stages as shown above. The two transistors are assumed to be identical and identical to the transistors
in Problems 4.11 and 4.12 and they are both biased in the active region, however with a bias current
which is half of the bias current used in Problems 4.11 and 4.12. The reduction in bias current affects the
small-signal parameters of the transistors.

Calculate the new values of g, and r4 using the Shichman-Hodges model with reasonable approxima-
tions.

Calculate the output resistance, the small-signal voltage gain at low frequencies, the —3 dB bandwidth

and the gain-bandwidth product of the two-stage common-source amplifier.

Solution:

The following figure shows a small-signal diagram for the two-stage amplifier. For the two-stage ampli-

fier, the values of the small-signal parameters change because the bias current is reduced.

From g,, ~ \/ 2 U, Cox (W /L)Ip, we see that when the current is multiplied by a factor of 0.5, the transcon-
ductance is multiplied by a factor of v/0.5 = 0.707, so the new value of the transconductance is g, =
gm2 = 0.141 mA/V.

From ryg ~ 1/(Alp), we see that when the current is multiplied by a factor of 0.5, the output resistance

is multiplied by a factor of 1/0.5 = 2, so the new value of the output resistance of the transistors is
Vas1 = Vds2 = 500 k€.
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From the small-signal diagram, we immediately see that the output resistance is r,,; = rz = 500 kS2.
Using node equations at the outputs of stage 1 and stage 2, we find

Vo(s) o —8m27ds2

‘/i (S) - ( 8ml rdsl) 1+SrdS2CL
From the transfer function, we find the low-frequency gain A, = g1 7us1 §m27as2 = 5000 V/V and
the —3 dB frequency f3 4 = (27742 Cr) ' = 63.7 kHz.

The gain-bandwidth product is GBW = A, f.3 48 = 316 MHz.

Problem 4.14

For the common-drain stage shown above, we assume that the transistor has the transconductance g,
and that the channel-length modulation and body effect can be neglected. Also, only the transistor
capacitances shown in the figure above and the load capacitance C;, need to be considered.

Draw a small-signal equivalent circuit for the stage and use a node equation to find the small-signal
transfer function V, /V;,. Find expressions for poles and zeros in the transfer function.

Solution:

The small-signal diagram is shown in the following figure. Using V,; =V, —V,, a node equation at the
output gives
Vo 8m+ts Cgs

Ves = 8m(Vin = Vo) = VosCL+ (Vo = Vin)sCys = = =
8mVgs gm( in )) 0§ L+( o n)s 88 Vi gm+S(CL+Cgs)
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From the transfer function, we find the pole p = —g,,/(Cr + Cy) and the zero z = — gy, /Cys.

Problem 4.15

S

14T
L3 L
X

Viva

The figure above shows a differential pair with a differential output vo. The load resistor Ry, and capacitor
Cr, and the supply voltages have the following values: Ry =20 k), Cp, =2 pF, Vpp=1.8 V, Vpy =0.7V
and Vgp = 1.08 V.

All transistors have a channel length of 1 um, are in the active region, and have transistor parameters as
specified in Table 3.1, except the channel-length modulation can be neglected.

Draw a small-signal differential half-circuit for the differential pair and find the small-signal parameters
such that a gain-bandwidth product of 25 MHz for the differential gain V,/(Vi,1 — Vinz) is obtained.
Calculate the low-frequency small-signal gain.

Find the required bias current for all transistors using an effective gate voltage of 0.3 V. Find the channel

widths of all transistors.

For convenience, Table 3.1 is shown in the Appendix in this book.

Solution:

The figure below shows the small-signal differential half-circuit. The load resistor is split into two series-
connected resistors, each with a value of Ry /2, i.e., one for each half-circuit. Likewise, the load capacitor

is split into two series-connected capacitors, each with a value of 2Cy, i.e., one for each half-circuit.
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From the small-signal diagram, we find the transfer function —~ = _ Em AL
Vi 2 ( 14+sR;C L)

The low-frequency gain is |Ag| = g1 Rr/2 and the —3 dB bandwidth is f3 48 = (27 R, Cr)"!, so the
gain-bandwidth product is GBW = g,,,1 /(4w C.). For GBW = 25 MHz and C; = 2 pF, we find g,,;; =
0.628 mA/V and Ag = —6.28 V/V ~ 15.95 dB.

With an effective gate voltage Vigs1 — Vi = 0.3 V, we find Ip; = gm1 (Vis1 — Vin) /2 = 94 pA. The other
bias currents are Ips = Ip3 = Ipy = Ip; = 94 pA and Ips = 21p; = 188 pA.
21p
UCox (Vs —Vi)?
Inserting the transistor parameters, we find W) = W, = 11.6 um, W3 = Wy = 46.4 um and W5 = 23.2 um.

From the Shichman-Hodges transistor model, we find W = L

The results may be verified using LTspice. The following figure shows an LTspice schematic correspond-
ing to Problem 4.15. Notice that the load resistor is split into two and there is an extra resistor connected
to a common-mode output voltage ‘VOB’. With A = 0, the transistors have infinite output resistance, so
the output nodes are left floating unless a dc path to a common-mode output voltage is established. The
value of the extra resistor is so large that it does not affect the small-signal frequency response. The
output common-mode voltage has been selected to 0.9 V and the common-mode input voltage has been

selected to 1.2 V in order to ensure that all transistors are in the active region.

.model PMOS-SH pmos (Kp=45u Vto=-0.42 lambda=0 gamma=0.5 phi=0.7)
.model NMOS-SH nmos (Kp=180u Vt0=0.4 lambda=0 gamma=0.5 phi=0.7)

VDD
PMOS-SH L J PMOS-SH
M3 M4
L=1uW=46.4u| | P L=1u w=46.4u VBP
.op
.ac oct 10 10k 100meg RL1
Vo1 Voz— 10k
RL3 c2
Vos 1Meg 2p
RL2
0.9 10k
VDD
w1 | NMos-sH NMOs-SH | m2 C)
viar | l AL [ > Vid2 18
L=1u W=11.6u L=1u W=11.6u
0 0
AC05 AC 0.5 vBP
~ms C)
NMOS-SH -
e L=1u W=23.2u 1.08
vicH VBN =AU =L
1.2 0.7
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The bias current values may be verified from a ‘.op’ simulation and the gain-bandwidth product may be
verified from a ‘.ac’ simulation. The figure below shows the plot from the ‘.ac’ simulation and GBW is

found as the unity-gain frequency.

18dB : : I I : : 189°
ABAB o e S 180°
12dB 171°
9dB 162°
odB 25MHz,0dB 19
3dB 144°
0dB 135°
-3dB 126°
6dB 117°
9dB 1-108°
-12dB 99°
-15dB 90°
10KHz 100KHz 1MHz 10MHz 100MHz
Problem 4.16

o)

'
Va2 Vo

The circuit shown above with the gate of M, connected to a dc bias voltage Vi, can be used as an
amplifier with a single-ended input v;y = v and a single-ended output vy.

Neglect the channel-length modulation and assume that both transistors are in the active region and have
a transconductance of g,,.

Find an expression for the low-frequency small-signal gain v,/v;, and the low-frequency small-signal
gain vy /v;, where vy is the source voltage of M;.

Find an expression for the input capacitance of the amplifier, assuming that the only capacitances to be

considered are Cgs and C,y for the transistors.

Solution:

The figure below shows a small-signal diagram corresponding to Problem 4.16. In the small-signal

diagram, we have vy = vj, — vy and vep = 0 — vy = —v,.
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A node equation at v, gives
8mVest +8mVes2 =0 = Vo1 + Ve =0=vip —vs— vy =0 = vy=vi/2 = v/vipn=1/2
A node equation at the output gives
Vo/Rp+8mVes2 =0 = Vo= —RpgmVe2 =Rp&mVs =Rp&mVin/2 = Vo/Vin =Rp&m/2

In order to find the input capacitance Cj,, we draw the following small-signal diagram including the
capacitors Cgs and C,y. With a capacitive input, the relation between input voltage and input current is
Iin(s) = sCin Vin(s). From the small-signal diagram, we find [;,(s) = 5 Cqq Vin(s) + 5 Cgs (Vin(s) — Vi(s)).

In order to find V(s), we use a node equation at Vj:
(Vin(s) = Vi(s)) s Cos 4 gm (Vin(s) = Vs(s)) = 5 Cys Vi(s) + gm Vs(s) = Vi(s) = Vin(s) /2

Hence, Iin(s) = scgd Vm(s) +SCgs (Vm(s) - Vv(s)) = S(Cga’ +Cgs/2) Vin(s)’ so Gy, = gd +Cgs/2-

T T <'> £, I{:ﬂ
(ﬁ) [ — (1_{-,'0' <*> Em L;’J 1 K - -L;.\'l — (T_g.v
}

RD% —Cu

Problem 4.17

=

The small-signal impedance to ground from a node X can be found by applying an ac current /; to the

)
N

node and measuring the voltage V, while all other independent sources in the circuit are reset, see the
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The small-signal impedance to ground from a node X can be found by applying an ac current / to the
node and measuring the voltage V, while all other independent sources in the circuit are reset, see the
figure above. If Z, can be approximated by a parallel combination of a resistor R, and a capacitor Cy,
R, and C, can be found from R, = |V,|?/(I,Re (V;)) and C, = —(I,Im (V) /(27 f |Vi|?) where f is the
frequency (Bruun 2020, Tutorial 2.6).

With the ac value of I, defined to be 1 and the dc value defined to be 0 in LTspice, we can find R, and C,
from a plot of the expressions Rx=Abs (v(Vx))**2/Re (v(Vx)) and
Cx=-Im(v(Vx))/(2*pi*frequency*Abs (v(Vx)**2)) after having run a ‘.ac’ simulation over a suit-
able frequency range.

Use this method to find the output resistance and output capacitance of the common-source stage shown
in Fig. 4.72 with Cy = 0 and Rg = 0. Insert a decoupling capacitor in parallel with Rp to ensure that
Vp can be treated as a dc voltage for the frequencies of interest. Compare to the values found using the
small-signal parameters from a ‘.op’ simulation.

Repeat for the cascode stages shown in Fig. 4.81 with Rg = 0.
Solution:
Common-source stage:

For convenience, Figs. 4.72 and 4.73 from Bruun (2022) are shown in the following.

model PMOS-SH pmos (Kp=45u Vto=-0.42 Lambda=0.14 Gamma=0.5 Phi=0.7  M1: L=1u W=12.35u ad=6.2p as=6.2p pd=13.4u ps=13.4u

+TOX=4.0n CGS0=0.28n CGBO=0 CGDO=0.28n CJ=1.38m CJSW=1.44n)

.model NMOS-SH nmos (Kp=180u Vto=0.4 Lambda=0.1 Gamma=0.5 Phi=0.7 M2 and M3: L=1u W=49.4u ad=246p as=24_6p pd=504u ps=50_4u
+TOX=4.0n CG50=0.29n CGBO=0 CGD0O=0.29n CJ=3.65m CJSW=0.79n)

vDD ]
M2 M3
PMOS-SH PMOS-SH
—i! vo — .param Cf=1e-18
Cf .step param Cf list 1e-18 1e-13
cf} o .param RS=1
RS NMOS-SH .step param RS list 1 45k
VIN VG
! [—
VIN {RS} RB VDD
10.9k o .op
0.692 - 18 .acoct 10100k 1G
< AC1 ‘
Figure 4.72: LTspice schematic for simulating the frequency response of a common-source stage with an active load.
Error log file
Semiconductor Device Operating Points:
--- MOSFET Transistors ---
Name: m3 m2 ml
Model: pmos-sh pmos—sh nmos-sh
Id: -1.00e-04 -1.03e-04 1.03e-04
vVgs: =-7.07e-01 =7.07e-01 6.92e-01
vds: -7.07e-01  -9.23e-01 8.77e-01
Vbs : 0.00e+00 0.00e+00 0.00e+00
Vth: -4.20e-01  -4.20e-01 4.00e-01
vdsat: -2.87e-01  -2.87e-01 2.92e-01
@m: 7.00e-04 7.19e-04 7.06e-04
Gds: 1.28e-05 1.28e-05 9.48e-06
Gmb : 2.09e-04 2.15e-04 2.11e-04
Cbd: 7.77e-14 7.27e-14 2.29e-14
Cbs: 1.07e-13 1.07e-13 3.32e-14
Cgsov: 1.38e-14 1.38e-14 3.58e-15
Cgdov: 1.38e-14 1.38e-14 3.58e-15
Cgbov: 0.00e+00 0.00e+00 0.00e+00
cgs: 2.84e-13 2.84e-13 7.11e-14
Cgd: 0.00e+00 0.00e+00 0.00e+00
Cgb: 0.00e+00 0.00e+00 0.00e+00

Figure 4.73: Results from the error log file from a ‘.op’ simulation of the gain stage shown in Fig. 4.72.
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Using the small-signal parameters from Fig. 4.73, we can calculate r,,, and C,;:

Touw = (8ds1 +gdsz)_1 =449k
Cour = Coa1 +Codaont +Cpa1 +Coaz +Coyo2 +Cpa2 = 0.113 pF

From the calculated values of r,, and C,,, we find a time constant T,,; = ¥y Cour =~ 5 ns S0 when
simulating r,,,; and C,,,, we select a frequency range around 1/(2 7 1,,,) ~ 30 MHz, for instance a range
from 1 MHz to 100 MHz. In order to ensure that V can be treated as a dc voltage in this frequency
range, we insert a decoupling capacitor Cg in parallel with Rp of 100 nF, giving a time constant for the
node Vg of 75 ~ Cp(Rp || (1/gm3)) =~ 126 s, corresponding to a frequency of about 1.2 kHz, i.e., much

lower than the frequency range of interest.

Shown below is Fig. 4.72 modified with a current source ‘Ix’ connected to the output and a decoupling
capacitor connected in parallel with Rg. Also, the ac value of the input voltage ‘VIN’ is reset and Cy and
Ry are removed. The result of a ‘.ac’ simulation is shown and from the simulation, we find r,,, = 44.9 k2

and C,,; = 0.113 pF, exactly matching the values calculated from the small-signal parameters.

.model PMOS-SH pmos (Kp=45u Vto=-0.42 Lambda=0.14 Gamma=0.5 Phi=0.7
+TOX=4.0n CGS0=0.28n CGBO=0 CGDO=0.28n CJ=1.38m CJSW=1.44n)

.model NMOS-SH nmos (Kp=180u Vto=0.4 Lambda=0.1 Gamma=0.5 Phi=0.7
+TOX=4.0n CGS0=0.29n CGBO=0 CGD0=0.29n CJ=3.65m CJSW=0.79n)

6KV .?\bs( (V3)""2/Re(V(Vx)) S
M1: L=1u W=12.35u ad=6.2p as=6.2p pd=13.4u ps=13.4u b A
M2 and M3: L=1u W=49.4u ad=24.6p as=24.6p pd=50.4u ps=50.4u
VDD ;
VB 45KV i
M2 M3
PMOS-SH PMOS-SH
-
M1 Vx 44K\r’ H H Lo H H Lo
NMOS-SH JfB <Jr>‘\IDD 114fV-1/Hz
— MHz,113fF
100“ 1.8 H H 11111:% H H A
RB 113fV-1/Hz{== S maarmcee 0
10.9k
0692 AC1 P P
112fV-1/Hz —— T T
AC 0 .o .ac oct 10 1Meg 100Meg 1MHz 10|\th 100MHz

Cascode stages:

For convenience, Fig. 4.81 from Bruun (2022) is shown in the following and also a table with the small-

signal parameters from the error log file from a ‘.op’ simulation is shown.
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Results from Error log file
Semiconductor Device Operating Points:
--- MOSFET Transistors ---
Name : m3 ms m5 mé m7 mé m2 ml
Model: pmos-sh pmos-sh pmos-sh pmos-sh nmos-sh nmos-sh nmos-sh nmos-sh
Id: -9.63e-05 -1.02e-04 -1.00e-04 -9.63e-05 1.02e-04 1.02e-04 9.63e-05 9.63e-05
vgs: =7.90e-01 =7.10e-01 =7.10e-01 =7.10e-01 7.81le-01 6.98e-01 7.74e-01 6.90e-01
Vds: -5.79e-01 -9.0le-01 =7.10e-01 -3.10e-01 5.80e-01 3.19%e-01 5.85e-01 3.26e-01
Vbs: 3.10e-01 0.00e+00 0.00e+00 0.00e+00 -3.19e-01 0.00e+00 -3.26e-01 0.00e+00
Vth: -5.04e-01 -4,20e-01 -4.20e-01 -4.20e-01 4.86e-01 4.00e-01 4.88e-01 4.00e-01
Vdsat: -2.86e-01 =-2.90e-01 =-2.90e-01 =-2.90e-01 2.94e-01 2.98e-01 2.86e-01 2.90e-01
Gm: 6.73e-04 7.02e-04 6.90e-04 6.64e-04 6.92e-04 6.83e-04 6.73e-04 6.65e-04
Gds: 9.10e-06 9.34e-06 9.34e-06 9.34e-06 9.62e-06 9.86e-06 9.10e-06 9.32e-06
Gmb : 1.67e-04 2.10e-04 2.06e-04 1.99%e-04 1.71e-04 2.04e-04 1.66e-04 1.99e-04
Chd: 1.02e-13 1.02e-13 1.08e-13 1.26e-13 2.28e-14 2.8le-14 2.27e-14 2.80e-14
Cbhs: 1.26e-13 1.49e-13 1.4%e-13 1.4%e-13 2.8le-14 3.32e-14 2.80e-14 3.32e-14
Cgsov: 1.94e-14 1.94e-14 1.94e-14 1.94e-14 3.58e-15 3.58e-15 3.58e-15 2.58e-15
Cgdov: 1.94e-14 1.94e-14 1.94e-14 1.94e-14 3.58e-15 3.58e-15 3.58e-15 2.58e-15
Cgbov: 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Cgs: 5.57e-13 5.57e-13 5.57e-123 5.57e-13 7.11le-14 7.11le-14 7.11le-14 7.1le-14
Cgd: 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Cgb: 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00
model PMOS-SH pmos (Kp=45u Vto=0.42 Lambda=0.1 Gamma=0.5 Phi=0.7 M3, M4, M5, M8: L=1.4u W=69.16u ad=34.6p as=34.6p pd=70.2u ps=70.2u
+TOX=4.0n CG50=0.28n CGEO=0 CGDO=0.28n CJ=1.28m CJ 5W=1.44n)
model NMOS-SH nmos (Kp=180u Vto=0.4 Lambda=0.1 Gamma=0.5 Phi=0.7 M1, M2, M6, M7: L=1u W=12.35u ad=6.2p as=6.2p pd=13.4u ps=13.4u
+TOX=4.0n CG50=0.28n CGBO=0 CEDO=0.25n CJ=3.65m CJ 5W=0.73n)
] ] ] VDD
VG4
M4 T—{ M8 T—{ M5
PMOS-5H PMOS-5H PMOS-SH
— — )—
VB3
VB2
M3 —
PMOS-SH
—
Vo1 Vo2
— —
‘ M2 _|eu M7 |cL2
VB1 — NMOS-SH |3p — [Nmos-sH [3p Lo 4-VPD
10.9k CD‘I 8
— -
M1 M6
NMOS-SH — | NMOS-sH
VB1 VB2 VIN2 {RS}
11 T 0.7 0.69791
AC 1
-param RS=1 .op
.step param RS list 1 45k .ac oct 10 1k 100MEG

Figure 4.81: LTspice schematic for simulating the frequency response of cascode stages with different bias current sources.

Low-gain cascode:

Using the small-signal parameters from the error log file, we can calculate r,,, from Eq. (4.27) in Bruun
(2022):
Your =~ ((gm7 +gmb7) Yds71 rds6) ” (rdsS) =106 k2

The output capacitance is not so easy to calculate. It includes the contribution from Cgg7 + Ceiov7 +
Cpar + Coag + Cgaovs + Cpag = 0.148 pF but also a term from the capacitance from the node connecting
drain of Mg and source of My contributes to the output capacitance. This capacitance is Cgg6 + Cgaovs +
Cpas + Coas7 + Cysov7 + Cpg7 = 0.134 pF. However, since the impedance level at this node is multiplied
by (gm7 + &mp7)/8as7 == 90 (compare to Eq. (4.25) in Bruun (2022)), the capacitance from this node is
divided by a factor of 90, resulting in a total calculated output capacitance of C,,, ~ 0.15 pF. Thus, we
find that the time constant from the output node is about a factor of 3 larger than the time constant for the
common-source stage, so we may change the frequency interval for the simulation by a factor of 3 and

the decoupling capacitor Cp by a factor of 3.
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The following figure shows the LTspice schematic for simulating r,,, and C,,. From the simulation,
we find r,,, = 106 k2 and C,,, = 0.177 pF. We notice that the simulated value of the output resistance
matches the calculated value and that the output capacitance is somewhat larger than the value calculated
above. This is due to the difference between the simple capacitor modeling used for the hand calculations
and the advanced capacitor modeling used in LTspice (Bruun 2022). It shows that the hand calculations

can only be considered as a rough approximation.

.model PMOS-5H pmos (Kp=45u Vto=-0.42 Lambda=0.1 Gamma=0.5 Phi=0.7
+TOX=4.0n CGS50=0.28n CGBO=0 CGDO=0.28n CJ=1.38m CJSW=1.44n)

.model NMOS-SH nmos (Kp=180u Vto=0.4 Lambda=0.1 Gamma=0.5 Phi=0.7
+TOX=4.0n CGS0=0.29n CGBO=0 CGDO=0.29n CJ=3.65m CJSW=0.79n)

M6, M7: L=1u W=12.35u ad=6.2p as=6.2p pd=13.4u ps=13.4u

M5, M8: L=1.4u W=69.16u ad=34.6p as=34.6p pd=70.2u ps=70.2u *
VDD 107KV —— APS(V(V?()) :Z/Se(v(Vx)I)
M8 E:j{ E:§ M5 P
PMOS-SH T PMOS-SH 3:>|V| H:Z, 1 OGK.Q
— — P §
VB3 L e s S P e -
VX L
M7 CcB
NMOS-SH |— =
300n
VB1 VDD 105KV
] RB <> 179fV-1/Hz
M6 10.9k e
NMOS-SH |—
1
AL y 178fV-1/Hz-
VB1 ?
0
11 0.69791 Ac1
» ACO . o 177fV-1/Hz
% .op .ac oct 10 300k 30Meg

High-gain cascode:

Using the small-signal parameters from error log file, we can calculate r,,, from Eq. (4.27) in Bruun
(2022):
Four ~ ((gm2 + &mv2) Tas2 Tast) || ((8m3 + 8mb3) ras3 rass) ~ 5.0 M

Again, the output capacitance is not so easy to calculate. It includes the contribution from Cyys + Cegov2 +
Cpaz + Cga3 + Cyaon3 + Chaz = 0.148 pF but also terms from the capacitance from the node connecting
drain of M; and source of M, and drain of My and source of M3 contribute to the output capacitance.
From the node connecting drain of M and source of M, we find Cgq1 + Cgaov1 + Cpa1 + Cgs2 + Cgsora +
Cps2 = 0.134 pF. From the node connecting drain of My and source of M3, we find Cggq + Cyiovs +
Cpas + Cy3 + Cgso3 + Cps3 = 0.848 pF. As for the low-gain cascode, these capacitances are divided by
the gains of My and M3, Am, = (gm2 + &mi2) /8as2 == 92 and An, =~ (gm3 + &mb3)/8as3 == 92, respectively,
so their contribution to the output capacitance is small, about 10 fF, resulting in a total calculated output

capacitance of C,,; ~ 0.16 pF.

Thus, we find that the time constant from the output node is about two orders of magnitude larger than the
time constant for the common-source stage, so we may change the frequency interval for the simulation

by a factor of 100 and the decoupling capacitor Cp by a factor of 100.
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The following figure shows the LTspice schematic for simulating r,,, and C,,;. From the simulation, we
find r,, = 5.05 MQ2 and C,,; = 0.413 pF. We notice that the simulated value of the output resistance
matches the calculated value and that the output capacitance is somewhat larger than the value calculated
from the small-signal parameters. This is due to the difference between the simple capacitor modeling
used for the hand calculations and the advanced capacitor modeling used in LTspice (Bruun 2022). It

shows that the hand calculations can only be considered as a rough approximation.

.model PMOS-SH pmos {Kp=45u Vto=-0.42 Lambda=0.1 Gamma=0.5 Phi=0.7
+TOX=4.0n CGS0=0.28n CGBO=0 CGDO=0.28n CJ=1.38m CJSW=1.44n)

.model NMOS-SH nmos {Kp=180u Vto=0.4 Lambda=0.1 Gamma=0.5 Phi=0.7
+TOX=4.0n CGS0=0.29n CGBO=0 CGDO=0.29n CJ=3.65m CJSW=0.79n)

M1, M2: L=1u W=12.35u ad=6.2p as=6.2p pd=13.4u ps=13.4u
M3, M4, M5: L=1.4u W=69.16u ad=34.6p as=34.6p pd=70.2u ps=70.2u

Abs(V(VX))*2/Re(v(Vx))

1 T vBD 5.10MV-
M4 \_b ﬂms ’ P P
PMOS-SH ‘ PMOS-SH : 10k ; ,5.05!\/1.0;
— — P P
VB3 ? 2
M3 L VB2 5.05MV- """ """
PMOS-SH ——1
— _|¢B
Vx -
M2 10p
NMOS-SH |— 5.00MV-
VB1 VB2 vop 414fV-1/Hz
1 O =Rl C
— 10.9k - P
fE i
] 0.7 1.8 1
o Ix 413fV-1/Hz
0
0
058063 | A¢7 IR
AC 0 412fV-1/Hz — —
% .op .ac oct 10 1k 100k 1KHz 10KHz 100KHz
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Chapter 5 — Multistage Amplifiers

Multiple-choice test
1. Completed statements:

A-5:
B-2:
C-6:

E-7:

H-3:

I-12:

J-20:

D-11:

F-14:

G-18:

The input stage in a CMOS opamp is normally a differential pair.

The second stage in a two-stage opamp is normally a common-source stage.

For a folded-cascode opamp with a differential pair using NMOS input transistors, the folded-
cascode transistors are PMOS transistors.

The dominant pole in a folded-cascode opamp normally comes from the output node.

For a two-stage opamp with a differential pair as the input stage and a common-source stage
with a PMOS transistor for providing gain, the input transistors are NMOS transistors.

For an opamp with a differential pair using PMOS input transistors, the maximum common-
mode input voltage is less than the positive supply voltage by approximately |Vis| + |Vest|.
The dominant pole in a two-stage opamp normally comes from the input to the second stage.
In order to obtain a small output resistance from a CMOS opamp, an output buffer may be
added. It should be configured as a common-drain stage.

The frequency of the dominant pole in a two-stage opamp may be reduced by inserting a
capacitor between gate and drain of the common-source stage.

A circuit using an opamp with feedback may show instability if the feedback signal is inverted

with respect to the input signal.

2. For the two-stage opamp shown below, assume that all transistors are in the active region and have a

channel-length modulation parameter A = 0.1 V~! and an effective gate voltage |Vegr| = 0.3 V.

DI_SV

The channel-width-to-length ratio Ws /Ls is equal to
A: 05x Wy / Ly

B:
C:

Solution:

1.0><W4/L4
2.0><W4/L4

The drain current of My is 0.1 mA which is half the drain current of M5, so with the same effective gate

voltage for M4 and and Ms, the channel-width-to-length ratio of M5 is twice the channel-width-to-length
ratio of My, i.e., W5/L5 =2.0x W4/L4.
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3. The small-signal low-frequency output resistance of the opamp shown above is approximately

A: 50k€)

B: 100k

C: 200k
Solution:

The small-signal low-frequency output resistance is 7o, = rass ~ 1/(Alps) = 50 kSQ.

4. The small-signal low-frequency differential gain of the opamp shown above is approximately

A: 61dB

B: 67dB

C:. 73dB
Solution:

The small-signal low-frequency gain is

Ag >~ gm(ras || rass)8msrass
(21p2/Vesr)(1/(Alpa + Alpa))(21ps /Ver) (1/(Alps))
= (2/Verr)(1/(2A))(2/Verr)(1/A) =2/ (VegtA)* = 2222 VIV ~ 67 dB.

12

5. Assuming that all transistor capacitances are much smaller than 1 pF, the frequency of the

dominant pole in the opamp shown above is approximately

A: 47 kHz

B: 295kHz

C: 3.18 MHz
Solution:

The dominant pole is caused by the capacitor C, = 1 pF connected between gate and drain of Ms. Using

the Miller theorem, we find the pole frequency as

1

27 (ras2 || rasa) Ce (14 gmsTass)
1

27(1/(2AIp2)) Ce (1 42/ (A Vesr) )

fp =

1

=47 kHz

Download free eBooks at bookboon.com



6. Assuming that all zeros and non-dominant poles are at frequencies above 1 GHz, the unity-gain

frequency of the opamp shown above is approximately

A: 31.8 MHz

B: 104 MHz

C: 654 MHz
Solution:

With all zeros and non-dominant poles at frequencies much higher than the gain-bandwidth product, the

unity-gain frequency is approximately equal to the gain-bandwidth product GBW = A, f,, ~ 104 MHz.
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Problems
Problem 5.1

V4
['F.J!.)

%
=

N

i

[T

R
=
TF 1
g |

[+
=

For the folded-cascode opamp shown above, assume that all transistors have a channel length L = 1 um
and a channel width W = 20 um. Assume transistor parameters as specified in Table 3.1. The bias cur-
rents are Ipp = 0.3 mA and Igy = 0.4 mA. Assume that the bias voltages Vgp and Vpy and the common-
mode input bias voltage have values ensuring that all transistors are in the active region.

Calculate the low-frequency small-signal differential gain and the —3 dB bandwidth for a load capac-
itance of Cy = 1.5 pF which is much larger than the parasitic transistor capacitances. Use reasonable

approximations when calculating small-signal parameters.

For convenience, Table 3.1 is shown in the Appendix in this book.

Solution:

The low-frequency small-signal gain A, is found from Ay = gm1 Four = &m1/&ous Where roy, is found from
Eq. (5.4) in Bruun (2022). The —3 dB frequency is found from f348 = 1/(27 70 CL) = gowr/ (2w CL).
Since M3 and My in Fig. 5.3 in Bruun (2022) are replaced by ideal current sources Igp, we may use
Eq. (5.4) with rg;3 = oo to find 7,y

1 8as98asn1 , 8ds78ds1

Yout 8m9 8m7

Your = (gm9rds9 rdsll) H (gm7 Vds7 rdsl) = Souwt =

The small-signal parameters are found using the approximations given by Egs. (3.71) and (3.72) in Bruun

(2022):
w
Zucox <L> ID

Alp

12

8m

12

8ds

From the transistor parameters and dimensions, we find W/L = 20, u,C,, = 180 uA/VZ, UpCox =
45 pA/V?, A, =0.10 V-1 and A, = 0.14 V—1

For transistors M; and My, we have Ip = Igy/2 = 200 pA. For transistors My, Mg and M, we have
ID = IBP _IBN/2 =100 },lA.
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Inserting the numerical values, we find g, ~ 1.2 mA/V, g,7 >~ 424 yA/V, g9 ~ 849 UA/V, g4 =~
20 pA/V, gas7 ~= 14 nA/V and gu59 = gas11 == 10 pA/V.

Using these values to calculate r,,,, we find r,,, ~ 1.29 M), giving a low-frequency small-signal gain
Ay >~ 1540 V/V ~ 63.8 dB. With C; = 1.5 pF, we find the —3 dB bandwidth to be f3 45 ~ 82 kHz.

We may use LTspice to analyze the circuit. The following figure shows an LTspice schematic corre-
sponding to Problem 5.1. In order to find suitable values for Vgy and Vpp and the common-mode input
voltage, we estimate the values of Vs, Vigs7 and Vigsg using the Shichman-Hodges relation without

considering the channel-length modulation, i.e.,

21p

|VGS|:|Vt‘1L m

We find Vgs1 ~0.75 V, |Vgs7| =2 0.90 V and Vg9 ~ 0.65 V. Allowing a drain-source voltage of 0.35 V

for Mg and M, we select Vgy = 1.0 V. Allowing a voltage of 0.50 V across Igp, we select Vgp =0.4 V

when using Vpp = 1.8 V. Allowing a voltage of 0.50 V across Igy, we select a common-mode input

voltage of 1.25 V.
VDD
@1.&

VBP

.model PMOS-SH pmos (Kp=45u Vto=-0.42 lambda=0.14 gamma=0.5 phi=0.7)
.model NMOS-5H nmes (Kp=180u Vto=0.4 lambda=0.1 gamma=0.5 phi=0.7)

@BM @Bn

0.2m 0.2m

op

.ac oct 10 1k 1Meg

VEP

’—‘E-JMPSMOS-SH

L=1u W=2Uu’_‘

m7

L=1u W=20u
0.4
Vo
NMOS-SH | ms ’_TMS cL
L=1u W=20u :i’] NMOS-SH T, o
VBN L=1u W=20u
NMOS-SH
g R Nmos-sH M2 1 mio ! M1
=] = = - VIN2Z NMOS-SH NMOS-5H
= = L=1u W=20u
> M - L=1u W=20u [._' L=1u W=20u
Vi Vid ] ] B2
icm | IEN
1.25 0 ] ]
AC1 V=V(Viem)-V{Vid)/2 0.4m V=V(Viem)+V(Vid)/2

We first run a ‘.op’ simulation to ensure that all transistors are in the active region. Shown below are
results from the error log file. We notice that all transistors have [Vpg| > [Vpssat|, s0 they are in the active
region. From the error log file, we can also find the small-signal parameters. We find g,,; = 1.24 mA/V,
gm7 =443 HA/V, gmo = 860 UA/V, gus1 = 18.6 HA/V, gy = 12.8 HA/V, ga450 = 9.74 uA/V and g4 =
9.65 uA/V. We notice that the transconductance values are somewhat larger and that the output con-
ductance values are somewhat smaller than the approximate values found from the hand calculation.
This leads to a larger value of output resistance and gain and a smaller value of the —3 dB frequency.
From the simulated small-signal parameters, we find r,, = 1.55 MQ, A, = 1920 V/V ~ 65.7 dB and
f3 48 = 68 kHz.

Download free eBooks at bookboon.com



Results from Error log file
Semiconductor Device Operating Points:

--- MOSFET Transistors ---
Name : m7 mé m9 m8 mll mlo m2 ml
Model: pmos-sh pmos-sh nmos-sh nmos-sh nmos-sh nmos-sh nmos-sh nmos-sh
Id: -1.00e-04 -1.00e-04 1.00e-04 1.00e-04 1.00e-04 1.00e-04 2.00e-04 2.00e-04
vgs: -8.72e-01 -8.72e-01 6.33e-01 6.33e-01 6.31le-01 6.31e-01 7.22e-01 7.22e-01
Vds: -6.40e-01 -6.40e-01 2.64e-01 2.64e-01 3.67e-01 3.67e-01 7.43e-01 7.43e-01
Vbs: 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Vth: -4.20e-01 -4.20e-01 4.00e-01 4.00e-01 4.00e-01 4.00e-01 4.00e-01 4.00e-01
Vdsat: -4.52e-01 -4.52e-01 2.33e-01 2.33e-01 2.31le-01 2.31le-01 3.22e-01 3.22e-01
Gm: 4.43e-04 4.43e-04 8.60e-04 8.60e-04 8.64e-04 8.64e-04 1.24e-03 1.24e-03
Gds: 1.28e-05 1.28e-05 9.74e-06 9.74e-06 9.65e-06 9.65e-06 1.86e-05 1.86e-05
Gmb : 1.32e-04 1.32e-04 2.57e-04 2.57e-04 2.58e-04 2.58e-04 3.72e-04 3.72e-04

The result concerning gain and bandwidth may be confirmed by a ‘.ac’ simulation. The following figure
shows a plot from this simulation and we find values of gain and bandwidth which are very close to the

values calculated from the simulated small-signal parameters.

66dB : - 3 9°
640B N\ N 0"
62dB 2KHz,55.8d8 /4 90
60dB 66KHz,62.8dB -18°
58dB -27°
56dB -36°
54dB -45°
52dB: _54°
50dB -63°
48dB -72°
46dB -81°
44dB 3'""——90n
42dB - —-99°
1KHz 10KHz 100KHz 1MHz

Problem 5.2

=

Design the two-stage opamp shown above to have a differential small-signal gain of 30 dB in the first
stage and a small-signal gain of 26 dB in the second stage. Use a channel length of L = 0.8 um for
all transistors and design Ms and Mg to give bias currents of Ips = Ipg = 0.1 mA with a bias voltage
Vg = 0.7 V. Assume transistor parameters as specified in Table 3.1 and use reasonable approximations

in the design equations for the transistors. Assume that all transistors are in the active region.
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For convenience, Table 3.1 is shown in the Appendix in this book.

Solution:

Transistors M5 and Mg may be designed from the specification of Ips = Ipg = 100 yA and Vp = 0.7 V.
From the Shichman-Hodges relation, we find when neglecting the channel-length modulation:

1 w 21p

_ C _ - =
Haoxp 1Cox (Vs —V7)2

5 (Vg—V,)? = W=L

Ip=

Inserting numerical values, we find Ws = W = 9.88 um.

Transistors M; and M, may be designed from the gain specification for the differential stage. Using the

approximations given by Eqgs. (3.71) and (3.72) in Bruun (2022), the gain is
gm V2 UnCox(Wa /L2)Ipa = Wy LZA%(?LZ + A4)*Ip2
8ds2 + 8ds4 N <}LZ + l4)ID2 2.unc()x

The gain is 30 dB, corresponding to A; = 31.62 V/V. Ip; is Ipy = Ips/2 = 50 pA and with L = 0.8 um,
we find 1, =0.125V-'and A4 =0.175 V1. Inserting numerical values, we find W, = W; = 10 um.

A =gma(ras || rass) =

Transistor M7 may be designed from the gain specification for the second stage. Using the approxima-
tions given by Eqgs. (3.71) and (3.72) in Bruun (2022), the gain is

8m1 - \/ZUPCOX<W7/L7)[D7 W =L, 1421 (A7 + A6)*Ip7
8ds7 +gds6 N (17 + 2'6)ID7 Z.UpC()x

The gain is 26 dB, corresponding to |A;| = 20 V/V. Ip7 is Ip7 = Ips = 100 pA and with L = 0.8 pm, we
find As = 0.125 V-! and A; = 0.175 V~!. Inserting numerical values, we find Wy = 32 um.

|A2| :gm7(rds7 H rds6) =

Finally, M3 and M4 may be designed using Eq. (5.6) in Bruun (2022) and Ip7 = Ipec = Ips, i.e.,

Ip7 Ip3 Ips
- = = W3/Ly = (W;7/L7)/2 = Ws=W;/2=16 um.
Wy/L;  Ws/Ls  2(W3/L3) 3/Ls = (W2 /La)/ 3=Wy/ um

Transistor M4 has the same channel width as M3, so Wy = 16 um.

Problem 5.3

Use LTspice to simulate your design from Problem 5.2. Use Vpp = 1.8 V and find simulated values for
the differential small-signal gain in the first stage and the small-signal gain in the second stage. Explain
the differences between the simulated values and the values given in Problem 5.2.

Solution:

An LTspice schematic corresponding to Problem 5.2 is shown below with the transistor geometries found
in Problem 5.2. For the common-mode input voltage, a value of 1.2 V is selected which ensures that all
transistors in the input stage are in the active region. This is confirmed by a ‘.op’ simulation. From the

output file, we find a bias value of 0.85 V for the output voltage, so also the transistors in the output

B

stage are in the active region. From the error log file, we notice that all transistors have |Vps| > [Vpssat

confirming that they are in the active region. Results from the error log file are also shown below.
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.model PMOS-SH pmos (Kp=45u Vto=-0.42 lambda={0.14/0.8} gamma=0.5 phi=0.7)
.model NMOS-SH nmos (Kp=180u Vto=0.4 lambda={0.1/0.8} gamma=0.5 phi=0.7)

VDD ‘
-op PMOS-SH L — PMOS-SH J
M3 M4 PMOS-SH
.ac oct 10 10k 1Meg =0.8u W= M7
= = =0.8u W=16u
L=0.8u W=16u b L=0.8uW=32u
vd3 Vd4
L=0.8u W=10u NMOS-SH NMOS-SH_ |L=0.8u W=10u = Vo VDD
vel | m mz2"| vez (
Vs _
1.8
M5 M6
" NMOS-SH " NMos-sH
i i L=0.8u W=9.88u L=0.8u W=9.88u
viem vid 1 VB — —
Viecm Vid B1 VB B2
1.2 0 0.7
AC1 I
V=v(vicm)-v(vid)/2 V=v(viecm)+v(vid)/2
Results from Error log file
Semiconductor Device Operating Points:
--- MOSFET Transistors ---
Name: m7 md m3 mé m5 m2 ml
Model: pmos-sh pmos-sh pmos-sh nmos-sh nmos-sh nmos-sh nmos-sh
Id: -1.11le-04 -5.37e-05 -5.37e-05 1.11le-04 1.07e-04 5.37e-05 5.37e-05
vgs: =7.45e-01 =7.45e-01 =7.45e-01 7.00e-01 7.00e-01 6.12e-01 6.12e-01
vds: -9.46e-01  -7.45e-01  -7.45e-01 8.54e-01 5.88e-01 4.67e-01 4.67e-01
Vbs: 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Vth: -4,20e-01 -4.20e-01 -4.20e-01 4,00e-01 4,00e-01 4,00e-01 4,00e-01
Vdsat: =3.25e-01 =3.25e-01 =3.25e-01 3.00e-01 3.00e-01 2.12e-01 2.12e-01
Gm: 6.82e-04 3.31le-04 3.31le-04 7.38e-04 7.1l6e-04 5.06e-04 5.06e-04
Gds: 1.66e-05 8.31e-06 8.31e-06 1.25e-05 1.25e-05 6.34e-06 6.34e-06
Gmb: 2.04e-04 9.88e-05 9.88e-05 2,21e-04 2,14e-04 1.51le-04 1.51le-04

From the error log file, we find g,» = 506 pA/V, g4» = 6.34 pA/V and ggu = 8.31 pA/V, so A| =
gma/ (8as2 + gasa) = 34.5 VIV ~ 30.7 dB.

We also find g,;7 = 682 uA/V, g7 = 16.6 pA/V and gu56 = 12.5 pA/V, 50 Ay = g7/ (8as7 + 8ase) =
23.4V/V ~27.4 dB.

The values for A; and A, are slightly larger than 30 dB and 26 dB because the factor (1 + A Vpg) has

been neglected in the calculations in Problem 5.2.

The gain may also be analyzed using a ‘.ac’ simulation. Shown below is a plot from the ‘.ac’ simulation.

A is the blue plot. A; is the green plot and the total gain is shown by the red plot.

6045 V(vdd) V(vo)
5505 100KHz,5808
5008
45dB
40dB
3508
100KHz,30.7dB
30dB 100KHz,27.4dB
Z
25dB
10KHz 100KHz 1MHz
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Problem 5.4

Insert a capacitor C, = 1.5 pF between gate and drain of M7 in your design from Problem 5.2 and calcu-
late the frequency of the dominant pole, assuming that C, is much larger than the transistor capacitances.

Simulate the —3 dB bandwidth and compare the simulated result to your calculated result.
Solution:

A capacitor C, inserted between gate and drain of My results in a dominant pole at the frequency

Foy 1 __ 8ds>+ 8ds4
Prm 21 (rag || rasa)Ce(14-A2|) — 2Co(14 A,

) 2
compare to Eq. (5.9) in Bruun (2022).

We may use the approximate relation Eq. (3.72) in Bruun (2022) to find gy + gasa. With Ipy = Ips/2 =
50 uA and with L = 0.8 pym, resulting in A, = 0.125 V="' and A4 = 0.175 V™!, we find ggp + guss =~
(A2 + Aq)Ipp = 15 pA/V. Inserting this value and C, = 1.5 pF and |A| = 20 V/V in the expression for
fp1, we find f,; =75.8 kHz.

Inserting C. = 1.5 pF in the LTspice schematic from Problem 5.3 and running a ‘.op’ simulation results
in the output plot shown below. From this, we find f,,; ~ 63.6 kHz. The difference between calculated
value and simulated value is due to the factor (14 A Vpg) which has been neglected in the calculations.

We note that using the simulated values of A;, g4 and gy found in Problem 5.3, we may calculate
fo1 = (8as2 + 8asa) /(2w Ce(1+ |A2])) = 64 kHz, closely matching the simulated value for f,;.

58dB — 1 20°
55ap10KHzZ,57.9d8 4 - 10

- 0°
52dB 63:6KHz;54:9d - 100
49dB -20°
46dB - -30

L -a0°
43dB | 500
40dB -60°
37dB - 70

- -80°
34dB | o0°
31dB -100°

10KHz 100KHz 1MHz
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Problem 5.5
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The figure above shows a two-stage opamp using a PMOS differential pair for the input stage. Design
the opamp using transistors with parameters as specified in Table 3.1 and use a channel length of L =
0.9 um and an effective gate voltage |Veir| = |Vgs — Vi| = 0.3 V for all transistors. The supply voltage is
Vop=1.8V.

Design the opamp to provide g,;; = 0.3 mA/V and g7 = 10g,,1. Assume that all transistors are in the
active region and use reasonable approximations in the design equations for the transistors.

Calculate the low-frequency differential small-signal gain and output resistance of the opamp.
For convenience, Table 3.1 is shown in the Appendix in this book.

Solution:

Transistors M; and M, are designed from the requirement that g,,; = g,2 = 0.3 mA/V. Using g,, =
21Ip/|Vegt|, we find Ip; = Ipy = gm1 |Vefr| /2 = 45 pA. From the Shichman-Hodges model, we find when

neglecting the channel-length modulation

Ipy=-u,Cor—VsHx = Wi=L————— =20 um.
D1 2“'p 0x Ll eff 1 1 up C()xvesz M

Transistor M has the same channel width as My, so W, = 20 um.
Transistor M5 has Ips = 21p; =90 pA and the same effective gate voltage as M, so Ws =2W| =40 um.

For transistor M7, we have g,,7 = 10g,,3 = 3.0 mA/V. From this, we find Ip7 = g7 [Vere| /2 = 450 pA.
From the Shichman-Hodges model, we find when neglecting the channel-length modulation

2Ip7

=P — 50 pm.
HnCoxViy

1 Wy
Ip7 = ~W,Cor—Vie = Wy=1;
2 Ly

Transistor Mg has Ipg = 5Ips and the same effective gate voltage as Ms, so Wg = 5 Ws = 200 um.

Transistors Mz and My have Ip3 = Ips = Ip7/10 and the same effective gate voltage as M7, so Wz = W, =
Wy / 10=5 pm.
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The bias voltage Vp is calculated using Kirchhoff’s voltage law:
Ve =Vop — |Vass| = Voo — (|Veti| + |Vip|) = 1.08 V.

The small-signal gain is calculated from Eq. (5.7) in Bruun (2022):

Ag ™ gmi (ras || rass) 8m7 (rase || ras7) = ( & ) < T )
8as2 + 8as4 8ds6 1 8ds7

Using Eqgs. (3.69) and (3.72) in Bruun (2022), we find

o (n s oi) (Wit iie) = (vt ) (Warces )
¢ [Ver| (A2 + Aa)Ipa ) \ |Vest| (A6 + A7) Ip7 [Vete| (A2 + Ag) )\ |Vetr| (A6 + A7)

With L = 0.9 um, we have 1, = A4 = 0.1/0.9 V9%tand iy =247 = 0.14/0.9 V1. Inserting these values
and |Veg| = 0.3 V in the expression for A4, we find A; ~ 625 V/V ~ 56 dB.

The output resistance is found from Eq. (5.8) in Bruun (2022):

1 1
out = 7ass | ras gass +8as1 (As+A7)Ips

Problem 5.6

Use LTspice to simulate your design from Problem 5.5. Find simulated values for g,,; and g,7 and the
differential small-signal gain and output resistance. Explain the differences between the simulated values

and the values given in Problem 5.5.

Solution:

The following figure shows an LTspice schematic corresponding to Problem 5.6 with the transistor ge-
ometries found in Problem 5.5. For the common-mode input voltage, a value of 0.6 V is selected which
ensures that all transistors in the input stage are in the active region. This is confirmed by a ‘.op’ simu-
lation. From the output file, we find a bias value of 1.06 V for the output voltage, so also the transistors
in the output stage are in the active region. From the error log file, we notice that all transistors have
|Vbs| > |Vpssat|, confirming that they are in the active region. Results from the error log file are also
shown.

.model PMOS-SH pmos (Kp=45u Vto=-0.42 lambda={0.14/0.9} gamma=0.5 phi=0.7)

.model NMOS-SH nmos (Kp=180u Vto=0.4 lambda={0.1/0.9} gamma=0.5 phi=0.7)
VDD

-op PMOS-SH J
tf v(Vo) Vid H>J PMOS-SH
L= o 9u W=40u M6

— L=0.9u W=200u

Vs VDD
L=0.9u W=20u |_ 0.9u W=20u Vo T
VG1 VG2 _
PMOS SH 1.8
PMOS SH
— M7
vd3 vd4 NMOS-SH
viem vid L=0.9u W=5u [NMOS-SH NMOS s L=0-9u W=50u
Viem Vid VB B1 M3
_ —
0.6 0 1.08 L= 0 9u W
AC1 ‘ .
~ V=v(viem)-v{vid)/2 Vav{viem)+v(vid)i2
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Results from Error log file
Semiconductor Device Operating Points:

—--- MOSFET Transistors --—-
Name : m2 ml mé ms m7 m4 m3
Model: pmos-sh pmos-sh pmos-sh pmos-sh nmos-sh nmos-sh nmos-sh
Id: -4.84e-05 -4,84e-05 -5.02e-04 -9.68e-05 5.02e-04 4.84e-05 4.84e-05
vgs: -7.17e-01 -7.17e-01 -7.20e-01 -7.20e-01 7.00e-01 7.00e-01 7.00e-01
Vds: =6.17e-01 -6.17e-01 =7.40e-01 -4 .83e-01 1.06e+00 7.00e-01 7.00e-01
Vbs: 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Vth: -4.20e-01 -4.20e-01 -4.20e-01 -4.20e-01 4.00e-01 4.00e-01 4.00e-01
Vdsat: -2.97e-01 -2.97e-01 -3.00e-01 -3.00e-01 2.00e-01 2.00e-01 2.00e-01
Gm: 3.26e-04 3.26e-04 3.35e-03 6.45¢-04 3.35e-03 2.23e-04 3.23e-04
Gds: 6.87e-06 6.87e-06 7.00e-05 1.40e-05 4.99e-05 4.99e-06 4.99e-06
Gmb: 9.73e-05 9.73e-05 1.00e-02 1.93e-04 1.00e-02 9.65e-05 9.65e-05

From the error log file, we find g,,; = 0.326 mA/V and g,7 = 3.35 mA/V. These values are somewhat
larger than the target values of 0.3 mA/V and 3.0 mA/V. This is due to the channel-length modulation
where the factor (1+ AVpg) causes the drain current of the bias current transistors Ms and Mg to be
larger than the values of 90 pA and 450 pA, respectively, which were assumed in the calculation of the

transconductances.

The gain and the output resistance may be simulated using a ‘.tf” simulation with ‘v(Vo)’ as the output
and ‘Vin’ as the source. From this, we find a gain of 762 V/V and an output resistance of 8.34 k2.
The gain is somewhat larger than the value found when using the approximations from Problem 5.5
because the transconductances g,,; and g,7 are larger than the target values as explained above. The
simulated output resistance is very close to the calculated output resistance. Taking the factor (1+ AVpyg)
into account, the small-signal transistor output resistance is given by rys = (1 4+ AVps)/(Alp). In this
expression, the factor (14 AVpg) causes an increase in the value of r4; but the larger value of I causes
a decrease, thus cancelling the effect of the factor (1 + AVpg).

Problem 5.7

Insert a capacitor C. between gate and drain of M7 in your design from Problem 5.5 and calculate the
value of C, required to obtain a gain-bandwidth product of 40 MHz. Assume that C, is much larger than
the transistor capacitances. You may also assume that the gain in the second stage is much larger than 1.

Simulate the gain-bandwidth product and compare the simulated result to your calculated result.

Solution:

A capacitor C, inserted between gate and drain of M7 results in a dominant pole at the frequency

1 1
27 (ras || rasa)Ce(1 4+ gm7(rass || ras7)) 27 (ras2 || 7asa)Ce 8m7(rass || ras7)

fpl

compare to Eq. (5.9) in Bruun (2022).
With the low-frequency gain given by Eq. (5.7) in Bruun (2022), we find the gain-bandwidth product

1 _ 8ml
zn(rdSZ || rds4)ccgm7(rds6 H rds7) chc

GBW = g1 (ras2 || 7asa)8m7(rase || ras7)

From this relation, we find C, = g,,1 /(2 GBW). Inserting g,,; = 0.3 mA/V and GBW = 40 MHz, we
find C, = 1.2 pF.
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Inserting C. = 1.2 pF in the LTspice schematic from Problem 5.6 and running a ‘.ac’ simulation results
in the following output plot. From the plot, we find a low-frequency gain of 57.6 dB corresponding to
762V/V and a —3dB bandwidth of 53.4 kHz, resulting in a gain-bandwidth product of 40.7 MHz, i.e.

close to the calculated value.

63dB———— —— 7
56d|3R e L L o0
49dB 1KHz,57.6¢E =
42dB---t- -30°
3508 40°
28dB -50°
21dB 60°
14dB : 70°
7dB el 800
0dB : - 900
-7dB
-14dB T T T
1KHz 10KHz 100KHz 1MHz 10MHz 100MHz
Problem 5.8

v .model NMOS-SH nmos (Kp=180u Vto=0.40

bp +lambda={0.1u/L} gamma=0.5 phi=0.7
+Tox=4n CGS0=0.29n CGBO=0
+CGDO0=0.29n CJ=3.65m CJSW=0.79n)

.model PMOS-SH nmos (Kp=45u Vto=-0.42
+lambda={0.14u/L} gamma=0.5 phi=0.7
+Tox=4n CGS0=0.28n CGBO=0
+CGDO0=0.28n CJ=1.38m CJSW=1.44n)

|||l

The figure above shows the opamp from Problem 5.5 with the output fed back to the inverting input
and a capacitor C; = 1 pF connected to the output. Find the low-frequency small-signal gain. Use the
transistor models shown above including capacitances to simulate the frequency response and find the
frequency of the peak in the response. Use a bias value of the input voltage ensuring that all transistors
are in the active region.

Simulate the transient response with a pulse input with a value of 0.2 V, a duration of 100 ns, rise time
and fall time of 1 ns and a period of 200 ns. What is the frequency of oscillation?

Insert a capacitor C. = 1.2 pF between gate and drain of M7 and repeat the simulations.

What is the —3 dB bandwidth? Find the low-frequency output resistance.

Solution:

The following figure shows an LTspice schematic corresponding to Problem 5.8.
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.model PMOS-SH pmos (Kp=45u Vto=-0.42 lambda={0.14/0.9} gamma=0.5 phi=0.7
+TOX=4.0n CGS0=0.28n CGBO=0 CGDO=0.28n CJ=1.38m CJSW=1.44n)

.model NMOS-SH nmos (Kp=180u Vto=0.4 lambda={0.1/0.9} gamma=0.5 phi=0.7
+TOX=4.0n CGS0=0.29n CGBO=0 CGD0=0.29n CJ=3.65m CJSW=0.79n)
VDD

.opti lotwinsize=0 » .
options plotwinsize }J PMOS-SH ad=100p as=100p pd=201u ps=2q1u PMOS-SH
-op M5 M6
L=0.9u W=40u L=0.9u W=200u
.ac oct 10 100k 1G [ —

ad=20p as=20p pd=41u ps=41u

.tran 400n
Vo

) : VDD

-t v(Vo) Vid L=0.9u W=20u-1 Vs e L=0.9u W=20u cL C

ad=10p as=10p pd=21u ps:Zﬁ Eﬂﬂp as=10p pd=21u ps=21u — 18
- M2 PMOS-SH @p ’

PMOS-SH M1

— — M7
— NMOS-SH
NMOS-SH NMOS-SH '7 L=0.9u W=50u

VB 4“ ma M3 — ad=25p as=25p pd=51u ps=51u
_ —1 —

1.08 L=0.9u W=5u L=0.9u W=5u

i ad=2.5p as=2.5p pd=6u ps=6u ad=2.5p as=2.5p pd=6u ps=6u

% PULSE(0 0.2 0 1n 1n 100n 200n 2)

In this problem, we are concerned with the effects of higher-order poles and zeros in the circuit so we
cannot assume that the external capacitors are the only capacitors which should be taken into account.
Therefore we use transistor models where the capacitive transistor parameters are included. The values
of lambda must be modified corresponding to a channel length of 0.9 um. In the schematic, we must also
specify areas and perimeters of drain and source for each transistor. The drain and source areas may be
calculated as W x 0.5 pm and the perimeters may be specified as W 4+ 1 um (Bruun 2022; Sedra & Smith
2016, Appendix B).

The bias value of the input voltage has been specified to 0.6 V, i.e., the same value as used for the
common-mode input voltage in Problem 5.5. The bias point may be verified by a ‘.op’ simulation. We
find that all transistors are in the active region and that the output voltage is (almost) equal to the input

voltage.

Next, a ‘.ac’ simulation is run. The following plot shows the output voltage from this simulation. From
this, we find that the low-frequency gain is 0 dB or 1 V/V. We also see that the frequency response has a
peak at a frequency of about 180 MHz, indicating a potential instability.

25dB 180°
20dB 160°
15dB E 140°
10dB 120°
oo R Bt o LB T s 100°
0dB+ 80°
-bdB 60°
-10dB 40°
-15dB 20°
) o] = SRem—— S S b Al 00
-25dB ki -20°
-30dB . . -40°
100KHz 1MHz 10MHz 100MHz 1GHz
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CMOS ANALOG IC DESIGN CHAPTER 5 - MULTISTAGE AMPLIFIERS

Next, we run a ‘.tran’ simulation with the input voltage specified as a pulse with a value of 0.2 V, a
duration of 100 ns, rise time and fall time of 1 ns and a period of 200 ns. The resulting plot of the output

voltage is shown below. We see that the circuit oscillates at a frequency of about 150 MHz.

V(vo)

1.4V:

1.3V:

1.2V:

1.1V:

1.0V-
0.9V

0.8V-

0.7V |
0_6\"1 "

0.5V )

0.4V

0.3V

0.2V
Ons 40ns 80ns 120ns 160ns 200ns 240ns 280ns 320ns 360ns 400ns

Finally, we insert a capacitor C. = 1.2 pF between gate and drain of My in the LTspice schematic and
repeat the ‘.ac’ simulation. The following figure shows a plot of the output voltage from this simulation.
From the plot, we find the —3 dB bandwidth to be 56 MHz. The low-frequency output resistance may be
obtained from a ‘.tf* simulation with ‘v (Vo) as the output and ‘Vin’ as the source. From this simulation,
we find r,,; = 10.9 2. We also find a low-frequency gain of 0.99925 V/V or 0 dB.

V(vo)

3dB T 0°
0dB - 56MHz;-3dB 30°
!
3dB o 60°
-60B e -90°
-9dB \ -120°
-12dB \ -150°
-15dB G -180°
-18dB \ : -210°
21dB -240°
-240B 2700
-27dB “41--300°
\\___
-300B -330°
100KHz MHz 10MHz 100MHz 1GHz

We may also repeat the transient simulation in order to check if the circuit is now stable. The output plot

from the transient simulation is shown below. The stability of the circuit is confirmed.
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Chapter 6 — Feedback

Multiple-choice test
1. Completed statements:

A-4:  In an amplifier with feedback, the feedback network is called the B-network.

B-4:  For an amplifier built from an ideal opamp and a feedback network, the closed-loop gain is
determined by the B-network.

C-7:  The product of the feedback factor and the open-loop gain is called the loop gain.

D-6:  For an amplifier with series-shunt feedback, the output resistance is reduced compared to the
amplifier without feedback.

E-13: For an amplifier with series-shunt feedback, the bandwidth is increased compared to the
amplifier without feedback.

F-7: The stability of an amplifier with feedback is determined by the loop gain.

G-10:  The phase margin in a first-order feedback system is larger than 90°.

H-18: The sign of the phase margin in a stable feedback system is positive.

I-12: A second-order feedback system with a phase margin between 65.5° and 76.3° shows over-
shoot in the transient response.

J-19: A method for modifying the frequency response of the loop gain involves the insertion of a

Miller capacitor. The Miller capacitor is inserted from input to output of an inverting gain

stage.

2. The amplifier shown below has a transfer function A(s) = 40/(1+s/10* s71).
2kQ

+

A V.s) V()

When inserted in an amplifier with series-shunt feedback and 8 = 0.1, the resulting closed-loop gain

at low frequencies is

A: 4V/V

B: 8V/V

C: 40V/V
Solution:

A 40 VIV

1+BA  1+0.1x40 8 VI

The closed-loop gain at low frequencies is calculated from A¢y =

3. When the amplifier shown above is inserted in an amplifier with series-shunt feedback and 8 = 0.1,

the resulting —3 dB frequency is
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A: 8kHz

B: 10kHz
C: 50kHz
Solution:

The closed-loop bandwidth is calculated as the open-loop bandwidth multiplied by the amount of feed-
back, 1+ BA = 1+0.1 x 40 = 5. The open-loop bandwidth is f, = 10* s7! /(2x) = 1.59 kHz, so the
closed-loop bandwidth, equal to the —3 dB frequency, is f,cz = 5 x 1.59 kHz = 7.96 kHz ~ 8 kHz.

4. When the amplifier shown above is inserted in an amplifier with series-shunt feedback and f = 0.1,

the resulting input resistance is

A: 1kQ

B: 5k

C: 25kQ
Solution:

The closed-loop input resistance is calculated as the open-loop input resistance multiplied by the amount
of feedback, i.e., ri,cr = 5 k€2 x 5 =25 k.

5. When the amplifier shown above is inserted in an amplifier with series-shunt feedback and § = 0.1,

the resulting output resistance is

A: 200

B: 400

C: 5009
Solution:

The closed-loop output resistance is calculated as the open-loop output resistance divided by the amount
of feedback, i.e., rixcr, = 2 k§2/5 = 400 Q.

6. Using the amplifier shown above in a series-shunt feedback configuration, the feedback factor re-

quired to give a resulting closed-loop gain of 10 V/V at low frequency is

A: 0.025

B: 0.075

C: 0.100
Solution:

A
From Acy = 1. we find B=1/AcL—1/A=1/10—1/40 = 0.075.
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7. A feedback amplifier is assumed to have a loop gain as shown below where Ly = fAp > 1.

B A
Ly

-20 dB/dec

0 dB A
\ -40 dB/dec

The phase margin, estimated from the piecewise linear Bode plot approximation, is
A 45°

B: 52°
C: 65°
Solution:

From the piecewise linear Bode plot approximation, we notice that the loop gain |L(j®)| =0dB =1
for f = f,» which is the frequency of the second pole. For f = f,», the phase of the loop gain is
/L(jw) = —135° so the phase margin is PM = 180° — (—/L(jw)) = 45°.

8. For the feedback amplifier with the loop gain shown above, the phase margin, estimated from the

actual Bode plot (without using the piecewise linear approximation), is

A: 45°

B: 52°

C: 65°
Solution:

From the Bode plot shown, we find that the frequency f, of the second pole equals the gain-bandwidth
product f;; of the loop gain. Using Fig. 6.35(a) in Bruun (2022), we find that for f,, = f;;, the phase
margin is PM = 52°.

9. For the amplifier shown above, the ratio between the closed-loop bandwidth and the frequency of the

non-dominant pole is

A 1

B: 1.27

C: 141
Solution:

With f,, = fi, we find from Fig. 6.30(a) in Bruun (2022) that the closed-loop bandwidth is 1.27 times
the gain-bandwidth product, so with the frequency of the non-dominant pole equal to the gain-bandwidth
product, the closed-loop bandwidth is 1.27 times the frequency of the non-dominant pole.
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10. The amplifier shown above may be compensated using a dominant-pole compensation. In order to
achieve a phase margin of 65.5°, the dominant-pole compensation should reduce the frequency of

the dominant pole by a factor of

A 2

B: 3

C: 4
Solution:

For achieving a phase margin of 65.5°, the ratio between the frequency f,, of the non-dominant pole
and the gain-bandwidth product f;; of the loop gain should be 2, see Fig. 6.35(a) in Bruun (2022). Thus,
the dominant-pole frequency compensation should reduce the gain-bandwidth product by reducing the

frequency of the dominant pole by a factor of 2.

11. When the amplifier with the loop gain shown above is compensated to have a phase margin of 65.5°,

the closed-loop bandwidth is reduced by a factor of approximately

A: 0.25

B: 0.33

C: 0.56
Solution:

For a system with fj» =2 f;;, we find from Fig. 6.30(a) in Bruun (2022) that the closed-loop bandwidth
is 1.41 times the gain-bandwidth product f;;, corresponding to 1.41/2 = 0.707 times the frequency f»
of the non-dominant pole. From Problem 9 above, we found that the closed-loop bandwidth of the
uncompensated amplifier is 1.27 times the frequency f,> of the non-dominant pole. Thus, the closed-
loop bandwidth of the compensated amplifier is reduced by a factor of 0.707/1.27 = 0.56.
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Problems
Problem 6.1

For the feedback amplifier shown above, find an expression for the feedback factor 8 and the closed-loop
gain v, /v;,, assuming that the amplifier A is an ideal opamp.

Calculate the closed-loop gain for Ry = 1 k{2, R, = 10 k2, R3 = 2 k) and R4 = 8 k).

Calculate the closed-loop gain, assuming that the opamp has a finite gain of A = 100 V/V.

Solution:

The feedback amplifier in Problem 6.1 is a feedback amplifier with a B-circuit consisting of the resistors
R - R4 and an A-circuit consisting of the amplifier A. The feedback signal is the voltage v, at the
inverting input of the amplifier and the feedback factor is defined as 8 = v¢/v,. Using the notation v3 for
the voltage at the node connecting R, R3 and Ry, i.e., the voltage across across R3, we find by repeated
use of the voltage-divider rule Eq. (2.24) from Bruun (2022):

Bt (%) <Vf> :< Rs || (Ro+Ry) ) < Ry )
Vo Vo) \ "3 R3[| (R2+R1)+Rs) \R1+R»
For an ideal opamp, we have an infinite gain, so we can find the closed-loop gain using Eq. (6.2) from
Bruun (2022), i.e., AcL. = vo/vin = 1/B. Inserting numerical values, we find Ac;, = 63 V/V.

With A = 100, we must use Eq. (6.1) from Bruun (2022) to find the closed-loop gain, i.e.,

A 1 A 100
A== () [ -2 ) =63 VIV —— =38.65 VIV
LT 14 pA </3> <l/ﬁ+A> " 63+ 100

An alternative to the use of the voltage-divider rule for finding f3 is the use of Kirchhoff’s laws and Ohm’s
law. In the following figure, we show the circuit with a notation of voltages and currents indicated for
each resistor and we derive the output voltage v, as a function of the feedback voltage vy, working our
way backwards through the feedback network.
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By repeated use of Kirchhoff’s laws and Ohm’s law, we find

I = l]—Rl
vy = vf—i-ing:v]f—i-VerZZVf(l—i-Rz)
Ry R
R3 R3 R
. . . Vf Vf R2 1 1 R2
= = — —_ 1 — — - -
i h+13 R <R3>< +R1> vf(R1+R3+R1R3
. R> Ry R4 R4Rp Ry+Ry Ry R4Rp
= Ri=v(14+22 T4, —v. (1 i
Vo v3+isRy vf< +R1>+vf<R1+R3+R1R3> Vf( + R +R3+R1R3>
=
-1
\Z Ry+Rsy Ry R4R; 1 10+8 8 8x10
p Vo <+ R R RiRs B L R R )

The numerical results may be verified using LTspice. Shown below is an LTspice schematic correspond-
ing to Problem 6.1 with A = 100 V/V. From a ‘.op’ simulation, we find the closed loop gain as the
output voltage when the input voltage has a value of 1 V. From the output file, we find an output voltage
of 38.65 V. In order to find the closed-loop gain when A is an ideal opamp, we select a very high gain for
the voltage-controlled voltage source ‘E1’. With a gain of 10°, we find an output voltage of 62.996 V,
confirming the calculated gain of 63 V/V.

; 38.65 vo
_E1 .
R4
= N 8k
y 100
L vin “R2
) L | AN |
=4 10k
1
“R1 .~ R3
.op ~ N
1k -~ 2k
. b SR -
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Problem 6.2

For the feedback amplifier shown above, assume that the amplifier is a voltage amplifier with a gain
A, an infinite input resistance and an output resistance of 0. With A infinite, the closed-loop gain is
Go=v,/vin=1/B.

Show that the relative reduction in closed-loop gain caused by a finite value of A is Go/(A + Gy).

For the circuit from Problem 6.1, find the minimum value of A required to obtain a closed-loop gain

which deviates at most 2% from the value obtained with an ideal opamp.

Solution:

With a finite gain A, the closed-loop gain is Acp = With A infinite, the closed-loop gain is

A
1+BA
Go = 1/B. Thus, the relative reduction in closed loop gain caused by the finite value of A is

Go—AcL A
= 1 —_—
Go Go(1+BA)
Inserting B = 1/Gy, we find
Go _ACL A A GO
=1- =1- = g.e.d.
Gy Go(l—FﬁA) Go+A Go+A
- B Go—Act
For the circuit from Problem 6.1, we have Gy = 63 V/V, so for G < 2%, we find
0
63 63 —63 x0.02
<002 = A>——— =3087 V/V
63+A - 0.02

This result may also be confirmed by LTspice using the same schematic as for Problem 6.1 with the
gain of the voltage-controlled voltage source ‘E1’ specified to 3087. With this gain, the simulated output
voltage is 61.74 V which is 98% of 63.00 V as required.
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Problem 6.3

An amplifier with a specified gain of A = 1000 V/V is used to implement a feedback amplifier with a
closed-loop gain of 100 V/V. Assuming a 30% tolerance in the specification of A, what is the tolerance
of the closed-loop gain? What is the tolerance of the closed-loop gain if it is reduced to 10 V/V ?

What is the total gain and the tolerance of the total gain for an amplifier using two cascade-connected

stages where each stage provides a closed-loop gain of 10 V/V ?

Solution:

With a closed-loop gain of 100 V/V and an open-loop gain of 1000 V/V, the amount of feedback is

dA 1 dA 1
Using Eq. (6.5) from Bruun (2022), we find ACCLL - <1+Aﬁ> o= <1o> 30% = 3%.

With a closed-loop gain of 10 V/V and an open-loop gain of 1000 V/V, the amount of feedback is

.. dAcL 1 dA 1
1 A)=A/Ac, =10 1t = — = — % = 0.3%.
(I+BA) JAcL 0, resulting in A (1+Aﬁ) " <100> 30% = 0.3%

For two cascade-connected gain stages with gains A; and A, the resulting gain is G = A Ay, so with
A =A; =10 V/V, we find G =100 V/V.

With each gain being Acy + AAcy, we find G = (Acs + AAcL)? = A2, +2AcrMcr + (AAcr)?. For
AAcp < Acr, we find (AAcp)? < 2AcLAAct, 50 G ~ A2, +2AcrAAcy, implying AG = 2Ac;AAcy, and

AG  2AciMAcr _ ,AAcL
G A4 Act

With AACL/ACL = 0.3%, we find AG/G ~ 0.6%.

We may investigate the problem using LTspice. The following figure shows an LTspice schematic with
a voltage-controlled voltage source ‘EA’ as the A-circuit and a voltage-controlled voltage source ‘Ebeta’
as the B-circuit. The value of f is found from

A 1/ A 1 1
LTI YAB P A<ACL )

With A¢z, = 100 and A = 1000, we find 8 = 0.009 and with A, = 10 and A = 1000, we find = 0.099.
In the schematic, the gain of ‘Ebeta’ is stepped between these two values and the gain of ‘EA’ is stepped
from 700 to 1300, i.e., 1000 £+ 30%. Running a ‘.op’ simulation, we may obtain a plot of the closed-
loop gain versus the open-loop gain. From the plots, we find that the relative variation in closed-loop
gain reaches its maximum value for the minimum value of open-loop gain. For the closed-loop gain of
100 V/V, we find an error of about 4% and for a closed-loop gain of 10 V/V, we find an error of about
0.4%, i.e., values which are somewhat higher than the values calculated from the expression given by
Eq. (6.5). The reason for this is that in the derivation of Eq. (6.5), it was assumed that AA < A and with
AA being 30% of A, this condition is not really fulfilled.
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105V-
104V-
103V-
A e S
101V-
100V-

99V

98V
.0
P Vo 97V

95V
10.10V-
{A} 10.08V-
10.06V-
10.04V-
Vin Ebeta 10.02V-
+ 10.00V-

- 9.98V-

{beta} 9.96V-
% - 9.94V-
.step param A 700 1300 10 9.92V;

- 9.90V-
.step param beta list 0.009 0.099 07K 0.8K 0.0K 1 0K 19K 19K 13K

Also the two-stage amplifier may be analyzed using LTspice. The following figure shows an LTspice
schematic corresponding to the two-stage amplifier with B = 0.099 for each of the amplifiers. From the
plot of the closed-loop gain versus the open-loop gain, we find a maximum error of about 0.85%, i.e.,

again somewhat larger than the value found from the equations where it was assumed that AA < A.

.op Vo1 Vo

0.099

% .step param A 700 1300 10

100.5V-
100.4V-
100.3V-
100.2V-
100.1V-
100.0V-
99.9V
99.8V-
99.7V
99.6V-
99.5V
99.4V
99.3V
99.2V—-
99.1V-

99.0V
0.7K 0.8K 0.9K 1.0K 1.1K 1.2K 1.3K
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Problem 6.4

For the feedback amplifier shown above, assume that the amplifier is a voltage amplifier with a gain
A =200 V/V, an infinite input resistance and an output resistance of 10 k2. Also assume that the -
network does not load the amplifier.

What is the maximum closed-loop gain that can be achieved if the closed-loop output resistance must
not be larger than 1 k€2 ?

Which value of B is required to give the maximum closed-loop gain?

Solution:

With an output resistance of the basic amplifier of r,,, = 10 k{2 and an output resistance of the amplifier
with feedback of r,,cr < 1k, we find from Eq. (6.13) in Bruun (2022):
(1+BA)> "2 —10
ToutCL
The closed-loop gain is given by Ac, = A/(1+ BA), so with (1 4+ BA) > 10, we find Ac, <A/10 =
20 V/V.

From Acp, =A/(1+ BA), we find B = 1/Acy — 1 /A, and for A =200 V/V and A¢; = 20 V/V, we find
B =0.045V/V.

The result may be verified using LTspice. Shown below is an LTspice schematic corresponding to Prob-
lem 6.4 with B = 0.045 V/V. From the output file from a “.tf* simulation, we find a gain of 20 V/V and

an output resistance of 1000 €2.

i Rout
.tf v(Vo) Vin out vo

Results from “.tf* simulation.

--- Transfer Function ---

Transfer function: 20 transfer
vin#Input_impedance: le+020 impedance
output_impedance_at V(vo): 1000 impedance
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Problem 6.5

For the feedback amplifier shown above, assume that the amplifier is a voltage amplifier with a gain A =
200 V/V, an infinite input resistance and an output resistance of 10 k2. Also assume that R = 0.45 k{2
and R, = 9.55 k(.

Find the closed-loop gain v, /v;, and the closed-loop output resistance. You may use LTspice for this.

Solution:
Using LTspice to solve the problem, we run a “.tf” simulation from the LTspice schematic shown below.
From the “.tf” simulation, we find Acz, = v, /vi, = 18.18 V/V and ryy cr, = 909 Q.

tf v(Vo) Vin RS Vo

Results from “.tf* simulation.

--- Transfer Function ---

Transfer_ function: 18.1818 transfer
vif#Input_impedance: le+020 impedance
output_impedance at V(vo): 209.091 impedance

The results found using LTspice may be compared to results calculated using feedback theory. For
calculating the results, a first approximation may be to neglect r,,, when calculating the amount of
feedback. Thus, A =200 V/V and 8 = R; /(R + Rz2) = 0.045 V/V. From this, we find Ac;, =A/(1+
BA)=20V/V and ryycr = row/(1+ BA) = 1 kQ. Clearly, these results do not match the simulated

values exactly.

In order to find exact analytical results, we must modify the circuit as shown in Fig. 6.14 from Bruun
(2022). The following figure shows a redrawn version of the circuit (left). With r;, = o, we may simplify
the circuit as shown in the right part of the figure. From the A-circuit, we find the open-loop gain to be
A"'=v,/vig =A (R +R2)/(rour + R1 + R2) = 100 V/V and we find the open-loop output resistance to
be riu = row || (R1 + R2) = 5 k. From the B-circuit, we find § = R;/(R; +Rz) = 0.045 V/V. Using
the modified values of open-loop gain and open-loop output resistance, we find the closed-loop gain
Acp=A"/(1+BA") =18.18 V/V and the closed-loop output resistance 7y, cr = row: /(1 +BA") =909 Q,

i.e., values exactly matching the simulated values.
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An exact solution for the closed-loop gain may also be found simply by the use of Kirchhoff’s laws. A

node equation at the output node results in

A(Vin — V) — Vo _ Vo
Yout Ri+Ry
) Ry
and with V= m Vo, WE find
1+R
Ry Yout
A —y, =
VR R T T RR

Yoo _ ARER) g gy
Vin Four + R1+Ry+AR; ' '

For finding the closed-loop output resistance, we reset the input voltage, apply a current i, to the output

and calculate the output voltage v,. Using a node equation at the output, we find

. Vo Vo —AVig

I, = +
Ri+R, Yout

and with viy = vy, —vy = —vy = _RlTIszo’ we find

P Vo n Vo +AV0R1/(R1+R2)

’ Ri+Ry Yout
Vo 1 1+AR,/(Ri +R>)\

= == —_— =
Four CL iy <Rl + R + Yout
Yout
= (R{+R =909 Q

(Ri+Ro) | <1+AR1/(R1+R2)>
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Problem 6.6

in

=

For the feedback amplifier shown above, assume that the amplifier is a voltage amplifier with a gain A,,,
an infinite input resistance and an output resistance of 0. Use node equations and loop equations to find
an expression for the closed-loop gain Acy, = v, /i;; and the closed-loop input resistance r;,cr. Calculate
the values of closed-loop gain and input resistance for A, = 20 V/V and R = 10 kf).

Repeat the problem, assuming a non-zero output resistance of r,,, = 100 €2 for the amplifier.

Solution:

The following figure shows a circuit model for the amplifier. With r,,, = 0, a node equation at the input

node results in
; Vin — Vo Vin +Ayvin = Vin R
" R R " im  1+A,

Using a loop equation, we find

Ri R A Vo R R R+RA, RA,
[ in in inCL tin in CL iin inCL 1+Av 1+Av 1+Av

Inserting A, =20 V/V and R = 10 k€2, we find Ac;, = —9.524 k€2 and rj,cr = 476 €.

2;:

Using a loop equation, we find

. . . Vo R+r,, R+RA, R(Av*rom/R)
Vo = Vin lin = FinCL lin Lin CL i TinCcL 1+A, 144, 1+A,

Inserting A, =20 V/V, ry, = 100 2 and R = 10 k€2, we find Acp, = —9.519 k2 and rj,cr = 481 €.
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The numerical results may be verified using LTspice. The LTspice schematic below shows two versions
of the circuit, one with r,,, = 0 and one with r,,, = 100 2. Running ‘.tf* simulations for each of the

circuits, we find the numerical values of closed-loop gain and closed-loop input resistance calculated

above.
.tf v(Vo1) lin1 R1 Vo .tf v(Vo2) lin2 R2 Vo2
10k 10k Rout
100
lin1 lin2 E2
(D (D :
0 0 20
~ N
Problem 6.7

The figure above shows a transconductance amplifier with series-series feedback in order to obtain a
well-defined small-signal transconductance i, /v;,. The amplifier is a voltage amplifier with A, = 60 V/V,
infinite input resistance and an output resistance of 0. Transistor M; is biased to have g,; = 1 mA/V.
The small-signal output resistance of M; can be neglected. The resistor R has a value of 5 kf).

Find the small-signal loop gain Af3, the feedback factor 8 and the closed-loop transconductance i, /vi,.

Solution:

For finding the loop gain, we break the feedback loop at the negative input of the voltage amplifier and
apply a test voltage v; to the negative amplifier input while resetting the input voltage to the positive
amplifier input. Using Eq. (6.46) from Bruun (2022), the loop gain is found as A = —v, /v, where v, is
the returned voltage at the breakpoint.

Shown below is a circuit for calculating v,. The transistor has been replaced by a small-signal model.
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Using a node equation at the return node, we find

' Vr 1RF
e utvest = g (—A—vy) = AB == =4,

y—— =50 V/V
Rr Vi 1+ gmRF

The feedback factor 8 is found as 8 = & =Rr =5k
i

o

The closed-loop transconductance is found as

io A 1/B < 1 > < Avgm Rrp ) < 1 > (300)
Acp =2 = = = — =(——= == )=0.196 mA/V
v 1+AB 1+1/(AB)  \Rr /) \(Ay+ 1)gmRr+1 5kQ ) \ 306
The numerical results may be verified using LTspice. The LTspice schematic shown below includes a
version for finding the loop gain (left) and a version for finding the closed-loop gain (right) using a ‘.op’

simulation with the relevant input voltage set to a value of 1 V. The load resistor has been selected to 1 2.
From the output file, we find A = -v(Vr) =50 V/V and Ac; = -1(RL1) = 0.196078 mA/V.

G1
i
-im RL
vr 1
RF
5k

Loop gain: -v(Vr) < Closed-loop gain: - i(RL1)

-im RLA

Problem 6.8

R

| = -

1
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The figure above shows an inverting integrator built from an opamp, a resistor R = 10 k{2 and a capacitor
C =16 pF. The opamp has infinite input resistance, an output resistance of 0, and the transfer function
A,(s) has a low-frequency gain of 1000 V/V and a single pole causing a gain-bandwidth product of
100 MHz.

Find an expression for the loop gain L(s) and find the phase margin of the system.

Solution:

For finding the loop gain, we break the feedback loop at the negative input of the voltage amplifier and
apply a test voltage V; to the negative amplifier input while resetting the input voltage to the integrator.
Using Eq. (6.46) from Bruun (2022), the loop gain is found as L(s) = —V,/V, where V, is the returned
voltage at the breakpoint. Shown below is a figure for calculating V..

c
| |
N

From this figure, we find

V. R SRC

L) ==y =40 e 1760 =M ke

The transfer function A, (s) has a low-frequency gain of Ag = 1000 V/V and a gain-bandwidth product
of GBW = 100 MHz, implying that it has a single pole at the frequency f,; = GBW /Ao = 100 kHz.

In the s-domain, this corresponds to an angular pole frequency @, = 2w GBW /Ay, so the transfer func-
tion A, (s) is
Ao Ao

A = =
W) = T oy ~ T+ 540/ (22 GBW)

Inserting this in the expression for the loop gain, we find

L(s) = <1 T sAg /?37{GBW)> (1 iﬁfec)

The loop gain has a zero at a frequency of 0, a pole at the frequency f,; = 100 kHz and a pole at the fre-
quency fp =1/(27RC) =0.99 MHz. At the frequency f = 100 MHz, A, ~ 0 dB and |sRC/(1 +sRC)| ~
0 dB, so |L(s)| ~ 0 dB. We may sketch a Bode plot of L(jjf) using a piecewise linear approximation as

shown below. From the Bode plot, we estimate /L(jf;) ~ —90° corresponding to a phase margin of
PM = 90°.

We may also calculate the phase margin using the unity-gain frequency f; = 100 MHz for the loop
gain. At f = f; = 100 MHz, we find ZL(jf;) = 90° — arctan (f; Ao/GBW) — arctan (27 f; RC) = 90° —
arctan 1000 — arctan 100 = —89.37°.
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From this, we calculate a phase margin of PM = 180° + ZL(jf;) = 90.63°.

dB IL(j)p
60}
40+
20 dB/decade -20 dB/decade

20+

0 1 L 1 1 L 1 log( f)
102 10° 10" 10° 10° 107 10® 10° |Hz

log( /)

0 - 1 1 L 1 I" L 1
102 10 10* 10° \0° 107 10% 10° Hz

The loop gain and the phase margin may also be found using LTspice. The following figure is an LTspice
schematic for finding the loop gain. The amplifier has been modeled by the filter block ‘LP1.asc’ from
Tutorial 5.3 in Bruun (2020). By using the gain value —1000 for the controlled voltage source ‘E1l, the
amplifier is specified to have an inverting low-frequency gain of 1000 V/V. The parameter ‘fp’ sets the
pole frequency to GBW /Ay = 100 kHz.

Running a ‘.ac’ simulation and plotting ‘-V(vr)’, we find the magnitude and the phase of the loop gain.
We see that /L(jf) = —89.4° for |[L(jf)| = 1 ~ 0 dB, corresponding to a phase margin of 90.6°.

.ac oct 5100 1G Vr c2
I
16p
RS R1 1 **File: LP1.asc **
10k . Bl Vo
R2
1K

.param fp=100k
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Problem 6.9

Repeat Problem 6.8, assuming that the opamp has an additional pole at f,, = 100 MHz. You may use
LTspice to find the phase margin.

Solution:

With an additional pole at the frequency f,, = 100 MHz in A,, we have

A(s) = 4o - Ao
’ (1+s/@p)(1+s/@p)  (14540/2TGBW))(1+5/(27 f12))

resulting in

_ Ao SRC
Lis) = ((1 +s5Ao/(2nGBW))(1 +s/(27rfp2))> (1 —i—sRC)

Using a piecewise linear approximation for the Bode plot of L(jf), we arrive at the following plot. It is
derived from the plot from Problem 6.8 by introducing an extra breakpoint at f = 100 MHz in the gain
plot and the corresponding extra phase shift in the phase plot. Using the piecewise linear approximation,
we may estimate the unity-gain frequency to be 100 MHz and the phase of L(jf) to be —135° at f =
100 MHz, corresponding to a phase margin of 45°. However, the piecewise linear approximation is
not very accurate for finding the unity-gain frequency as we find f; at the breakpoint between two line

segments, i.e., at a frequency with maximum deviation from the linear approximation.
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60}
40+
20 dB/decade -20 dB/decade
20+
o . . - log(f)
102 10° 10* 10° 10® 107 108 10° Hz

-40 dB/decade

log(f)

-135

-180

107

10® Hz

In order to find a more accurate result, we may use LTspice to simulate the loop gain. The following

figure shows an LTspice schematic corresponding to the schematic for finding the loop gain. The LTspice
schematic from Problem 6.8 has been modified by the insertion of an additional filter block for modeling

the second pole with the frequency ‘fp2=100Meg’ (Bruun 2020, Tutorial 5.3).

Running a ‘.ac’ simulation and plotting
gain. We find a unity-gain frequency of

corresponding to a phase margin of 52.7°.

‘-V(vr)’, we find the magnitude and the phase of the loop
78.6 MHz and at this frequency, we find /L(jf) = —127.3°,

acoct51001G c2
I
16p
RS ** File: LP1.asc ** RS = File: LP1.asc **
10K R1 1 . ile: .asc ile: .asc Vo |
Vit E1 l
T c1 T R2 cs T o R4
0 = {1/(2*pi*fp)} - 1K 11(2*pi*fp2)}- 1k
-1000
AC1
Y& .param fp=100k .param fp2=100Meg
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Problem 6.10

|
16

The figure above shows a feedback amplifier using an opamp with infinite input resistance, an output
resistance of 0, and a transfer function with a low-frequency gain of 200 V/V and a single pole at the
frequency f,1 = 270 kHz. The feedback resistors are Ry = 50 k{2 and R> = 400 k§2. A parasitic capaci-
tance C, = 0.6 pF is also included as shown.

Sketch a Bode plot of the loop gain and estimate the phase margin. Verify your result using LTspice.

In order to increase the phase margin, a dominant-pole frequency compensation is applied. Find the new

pole frequency f;l, so that a phase margin of 65.5° is obtained. Verify your result using LTspice.

Solution:

A
The feedback amplifier uses series-shunt feedback with an open-loop gain of A = 0

1 + J f / f pl
where Ag = 200 V/V is the low-frequency gain of the opamp.

o RIWG2ESG) (R 1
The feedback factor is f = Ry+Ry || (1/(j2mfCy)) (R1+R2> (1+j27rf(R1 i RZ)Cp>.

We find the low frequency value of the loop gain as Lo = AgR1/(R; + Ry) = 22.22 V/V ~ 26.9 dB,
and we find that the loop gain has a pole at the frequency f,; = 270 kHz and a pole at the frequency
fpz = 1/(27’[ (Rl ” Rz)Cp) =5.97 MHz.
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We may sketch a Bode plot of L(jjf) using a piecewise linear approximation as shown in the following
figure. From the Bode plot, we estimate /L(jf;) ~ —135° corresponding to a phase margin of 45°.
However, the piecewise linear approximation is not very accurate for finding the unity-gain frequency
f; for the loop gain as we find f; at the breakpoint between two line segments, i.e., at a frequency with

maximum deviation from the linear approximation.

dB |f’()"f}|dlg
30F
20+
-20 dB/decade
10+
log( /)
0 1 l_ 1 1 -
104 10° 10° L0 Hz
, 1 \-40 dB/decade
L(; ! ,
o (1) | log(f)
0 '4 's J( — 7
10 10° 10° 110 Hz
45¢ i
90+ !
-135F '
PM
Tt AT

A better estimate can be found by noticing that the gain-bandwidth product f;; = Lof,1 = 5.99 MHz ~
fp2. Using Fig. 6.35(a) in Bruun (2022), we find that for fj» = f;, the phase margin is 52°.

In order to find a more accurate result, we may use LTspice to simulate the loop gain. The following
figure shows an LTspice schematic for finding the loop gain. The feedback loop has been broken at the
inverting input of the opamp and a test voltage ‘Vt’ has been applied to the inverting input while the
noninverting input has been grounded, corresponding to a resetting of the input voltage V;,. The opamp
has been modeled by the filter block ‘LP1.asc’ from Tutorial 5.3 in Bruun (2020). By using the gain
value 200 for the controlled voltage source ‘E1, the amplifier is specified to have a low-frequency gain
of 200 V/V. The parameter ‘fp’ sets the pole frequency to 270 kHz.

.ac oct f 10k 10Meg vr R2
400k
R1 |Cp R4 1 **File:LPl.asc™ y,,
50k 0.6p

.param fp=270k
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Running a ‘.ac’ simulation and plotting ‘-V(vr)’ we find the magnitude and the phase of the loop
gain. We find a unity-gain frequency of 4.73 MHz and at this frequency, we find /L(jf) = —125°,
corresponding to a phase margin of 55°. This is about 3° more than the estimate from Fig. 6.35(a) in
Bruun (2022). The reason for this is that the phase shift from the first pole is less than 90° by the amount
arctan(f,1/ f;) = arctan(0.27 /4.73) ~ 3°.

30dB . [ i : i o
2508 R A -15°
2008 -30°
1508 -45°
10dB -60°
5dB -75°
0dB -90°
-5dB -105°
-10dB -120°
-15dB 4_7:MH27ﬁ ; -135°
-20dB —--150°
10KHz 100KHz 1MHz 10MHz

For a second-order system with a phase margin of 65.5°, the ratio between the frequency of the second
pole and the gain-bandwidth product of the loop gain should be f,»/f;; = 2 (Bruun 2022). The second
pole frequency is f = f,» = 1/(27 (R || R2)Cp) = 5.97 MHz, so the pole in the opamp must be reduced
such that fI’,lLo =5.97 MHz/2 =2.98 MHz, and with Ly = 22.22 V/V, we find leﬂ =134 kHz. Changing
the parameter ‘fp’ in the LTspice schematic to ‘134k’ and running a new ‘.ac’ simulation, we find the

following loop gain.

30dB : : P L | i 0°
25dB | - i -15°
20dB i -30°
15dB: _45°
10dB -60°
5dB -75°
0dB -90°
-5dB -105°
-10dB o -120°
2.72MHz,2111.6° ‘
-15dB 138
-20dB —-150°
10KHz 100KHz 1MHz 10MHz
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We find a unity-gain frequency of 2.72 MHz and at this frequency, we find /L(jf) = —111.6°, cor-
responding to a phase margin of 68.4°. This is about 2.9° more than requested. The reason for the
additional phase margin is that the relation f,»/f; = 2 is for a system where the first pole is at a fre-
quency of 0, such that the phase shift caused by the first pole is —90°. With the first pole at 134 kHz,
the phase shift at f; =2.72 MHz is /L(jf;) = —arctan (2.72/0.134) = —87.1° corresponding to an extra
phase margin of 2.9°. Thus, we may increase the frequency f;,l slightly and still obtain a phase margin of
65.5°. A few iterations with LTspice shows that a phase margin of 65.5° is achieved with f;l = 145 kHz.

Problem 6.11

Assume now that the amplifier shown in Problem 6.10 has an additional pole at the frequency f,, =
12 MHz.

Find the phase margin when the dominant pole of the amplifier is located at f,,; = 270 kHz.

Find the phase margin when the dominant pole of the amplifier is located at the frequency f1/7 | found in
Problem 6.10 to give a phase margin of 65.5° for the single-pole amplifier.

Find the dominant-pole frequency required for a phase margin of 65.5° when using the two-pole amplifier
with a dominant-pole compensation which leaves the frequency of the non-dominant pole unchanged at
12 MHz. You may use LTspice for solving this problem.

Solution:

For solving the problem, we modify the LTspice schematic from Problem 6.10 as shown below. An
additional filter stage has been inserted and the parameter specification for ‘fp1’ has been extended to
include both the frequencies 270 kHz and 145 kHz (shown as a comment). Also a step directive for ‘fp1’

has been inserted (shown as a comment) and a ‘.meas’ directive for finding the phase margin has been

included.
.ac oct 5100k 0.1G R2
Vr
400k
R1 R4 1 **File:LPlasc™ RS ** File: LP1.asc ™
S0k E1 i E2 1 E3
+ ¢ + ::C3 + R3
= {1/(2*pi*fp1)} - {1/(2*pi*fp2)} - 1Kk
200 1 1
AC1| ACO ‘ ‘ ‘
N .param fp1=270k .param fp1=145k .param fp2=12Meg

.step param fp1 50k 150k 5k .meas pm find v(vr) when abs(v(vr))=1

First we run a ‘.ac’ simulation with f,,; = 270 kHz. Plotting *-V(vr)’, we find the magnitude and the
phase of the loop gain shown below. From the plot, we find a unity-gain frequency of f; =4.50 MHz and
at this frequency, we find /L(jf) = —144°, corresponding to a phase margin of 36°. From the error log
file, we also find the phase margin to be 36°. We notice that the loop gain has a gain-bandwidth product
of fii = fpAoR1/(R1 +R2) ~ 6.0 MHz, a second pole at the frequency f,, = 1/(27(R; || R2)Cp) =~
6.0 MHz and a third pole at the frequency f,3 = 12 MHz. Thus, f,/fi; = 1 and f,3/fy; = 2, and from
Fig. 6.41 in Bruun (2022), we may estimate the phase margin to be approximately 33°. As for the circuit
in Problem 6.10, an additional margin of 3° is found by the simulation because the phase shift from the
first pole is less than 90° by the amount arctan( f),; / f;) = arctan(0.27/4.73) ~ 3°.
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Repeating the simulation with f,,; = 145 kHz as found in Problem 6.10, we find a unity-gain frequency of
fi =2.84 MHz and at this frequency, we find /L(jf) = —126°, corresponding to a phase margin of 54°
as also found from the error log file. For f,,; = 145 kHz, we have f;; = f,1AoR1/(R1+R2) = 3.22 MHz,
s0 fp2/fu =1.86and f,3/ fy = 3.72. Using Fig. 6.41 in Bruun (2022), we may estimate the phase margin

to be about 51°, and adding 3° from arctan(f,1/f;), we find a very good match to the simulated value.

For finding the value of f,; required for a phase margin of 65.5°, we use the ‘.step’ directive for f;
shown as a comment in the LTspice schematic. From the error log file, we use a right-click to open a
plot of the phase margin versus f,;. The plot is shown below, and we find f,; = 93 kHz for a phase
margin of 65.5°. With f,,; =93 kHz, we have f;; ~ 2.0 MHz, so f,»/fu; =3 and f,3/f; = 6, and from
Fig. 6.41 in Bruun (2022), we may estimate the phase margin to be approximately 63°, and adding 3°

from arctan(fy/f;), again we find a very good match to the simulated value.
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Problem 6.12

R, A C. B
| |
[

o =G {> gmlaz—C2 >Ry, 1,

|”—

R; =200 k€2, R, =100 k€2, C; = 0.16 pF, C, = 0.08 pF, C. = 0.71 pF and g,,» = 0.1 mA/V.

For the amplifier shown above, assume the device values listed with the figure. These values are the same
as those used for the simulations in Figs. 6.57 and 6.58.

Use node equations for node A and node B to find exact values for the pole frequencies and the zero
frequency of the amplifier and compare the calculated values to the simulated values and the values
calculated when using the expressions given by Egs. (6.54), (6.59), (6.60) and (6.62).

Solution:

In order to find poles and zeros for this configuration, we use node equations for the nodes A and B.

Node A:  (Va—V1)/Ri +VasC+ (Va—V,)sCo = 0
Node B: (V,—V,)sCe+gmVi+Vo/Ra+VosCy = 0

Rearranging, we find

Node A: Va(l/Rl—l-S(Cl—i-Cc))—VgSCc = Vl/Rl
Node B: Vu(gmz—SCC)—FV(,(l/Rz—i-S(CQ—i-CC)) =0

From these equations, we find the transfer function

V, _(ng—SCc)Rl

Vi (1/R +s(Ci+C))(1/Ry+5(Cy +C.)) +5Ce(gmz — sCe)

From the numerator, we identify a right-half-plane zero at the frequency

0.~ b2
c

For finding the poles, we must solve the equation

(I/Ri+s(Ci+C.))(1/Ry+s(Ca+C.)) 4+ 5Ce(gma —sC:) =0
= (C1C+CiC, +C2CC)S2 +((Cy+C.)/R1+ (C1+C.) /Ry + gmCe)s+ 1/(RIRy) =0

This is a quadratic equation with two solutions, s = —@,| and s = —@®,» where we assume that f,; =
w,1/(27) is the frequency of the dominant pole and f,, = wp/(27) is the frequency of the non-

dominant pole.
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Introducing A = C1C, +C1C.+ CoCe, B= (C2+C.)/R1 4+ (C1 +C¢) /Ry + gma Ce and C = 1/(R1R,), we

find the solutions

B—+/(BZ—4AC)

o = 2M2A
; _ B+/(B*—4AQ)
P2 272A

Inserting numerical values, we find f,; = 95.3 kHz, f,» = 72.6 MHz and f;, = 22.4 MHz. From the
simulations shown in Figs. 6.57 and 6.58, we find f,; = 96 kHz, f,, = 72.9 MHz and f, = 22.5 MHz,
i.e., an almost perfect match.

Using Egs. (6.62), (6.59) and (6.54), we find f,,; = 100 kHz, f,, = 61.7 MHz and f, =22.4 MHz, i.e., a
perfect match for f, and a match within about 15% for the pole frequencies.

Using Eq. (6.60), we find f,; = 112 kHz, i.e., a worse match than obtained by Eq. (6.62).
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Chapter 7 — The Two-Stage Opamp

Multiple-choice test

1. Completed statements:

A-3:

B-9:

C-15:

D-2:

F-2:

G-5:

H-5:

I-6:

The gain-bandwidth product of a Miller-compensated two-stage opamp is given by the ratio
between the transconductance of the input transistors and the compensation capacitor.

A Miller-compensated two-stage opamp has a right-half-plane zero at a frequency given by
the ratio between the transconductance of the second-stage gain transistor and the compensa-
tion capacitor.

The frequency of the right-half-plane zero in a Miller-compensated two-stage opamp may
be pushed to a higher frequency relative to the gain-bandwidth product by increasing the
transconductance of the second-stage gain transistor.

When the compensation capacitor in a Miller-compensated two-stage opamp is increased, the
phase margin is increased.

When the feedback factor for an opamp with feedback is reduced, the phase margin is in-
creased.

When the channel-width-to-length ratio of the bias transistor providing the tail current to the
input stage is decreased, the input voltage range is increased.

When the load capacitor in a Miller-compensated two-stage opamp is increased, the phase
margin is decreased.

When the compensation capacitor in a Miller-compensated two-stage opamp is increased, the
slew rate is decreased.

The channel-width-to-length ratio for the transistors forming the active load to the differential

input pair is designed from a scaling of the second-stage gain transistor and the bias currents

in the input stage and the second stage.

2. The amplifier shown below has a supply voltage of Vpp = 1.8 V, and the absolute value of the

overdrive voltage is 0.2 V for all transistors. All NMOS transistors have a threshold voltage of
0.40 V without bulk effect and all PMOS transistors have a threshold voltage of —0.42 V without
bulk effect. The bias current in M5 and Mg is Ip; = Ipg = 0.1 mA.

__19%_

¢
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The minimum value of the common-mode input voltage with all transistors in the active region is
A: 02V

B: 06V
C. 08V
Solution:

The minimum common-mode input voltage is Vicpmin = VDssats + VGs1 = Vpssats + Vi1 + Vpssatt = 0.8 V.

3. The bias voltage Vg for the amplifier shown above has a value of

A: 02V

B: 06V

C. 08V
Solution:

The bias voltage Vp is Vg = Vigss = Vis + Vpssais = 0.6 V.

4. The maximum value of the common-mode input voltage for the amplifier shown above with all

transistors in the active region is

A: 158V

B: 160V

C: 181V
Solution:

The maximum common-mode input voltage is

Viecmmax = Vop — |Vas3| — Vpssai +Vast = Vop — [Vi3| — |Vbssa| + Vi = 1.58 V.

5. Assume now that M; and M; in the amplifier above has bulk connected to ground rather than to
source, causing their threshold voltage to increase to 0.63 V. The maximum value of the common-

mode input voltage for the amplifier shown above with all transistors in the active region is now

A: 158V

B: 160V

C. 181V
Solution:

The maximum common-mode input voltage is increased by the increase in V;y, i.e.,

Viemmax = Vop — Vs3] — Vpssait + Vast = Vop — |Vi3| — |Vpssas| + Vi = 1.81 V.
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6. In order to achieve a gain-bandwidth product of 20 MHz for the amplifier shown above, the capacitor

C. should have a value of approximately

A: 4pF

B: 8pF

C: 25pF
Solution:

The gain-bandwidth product is approximately GBW ~ g,,,; /(2w C,) and g1 = 21Ip1/Vpssat1 = Ips/Vpssati
= 0.5 mA/V. From this, we find C, ~ g,,1 /(2w GBW) = 4 pF.
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Problems
Problem 7.1

} gml!/f;f I/{’: RI::('] <{ guﬁlﬁ Rl = (‘f' L{:

The amplifier shown above is to be used in a feedback amplifier with the feedback factor B = 1. The
transfer function V, /V;; where V;; is a differential input voltage has a zero at the frequency @, and a
non-dominant pole at @, and the gain-bandwidth product is @;,. You may assume g,;;R; > 1 and
gmaRy > 1.

Find a relation between g,,1 and g, so that @, ~ 10 @,; where ®,; is the gain-bandwidth product of the
loop gain. Also find an expression for C, as a function of g,,1, gm2, C1 and Cy, so that @y ~ 2 ;.

Hint: Use Eq. (7.11).

With g,,1 = 0.5 mA/V, C;, =5 pF and C; = 1.7 pF, calculate g,,» and C. so that @, ~ 10 @,; and @, ~
2 w,; and use LTspice to find phase margin and bandwidth for the feedback amplifier.

Solution:

Assuming C; < C.gn2R> and a dominant pole from the input node, we find using the Miller approxima-

tion
1

Wy~ —————
P ™ RiCogmaRs
and with the low-frequency gain Ag =~ g,,1 R1gm2R2, this results in @, ~ g1 /C.
With B = 1, we find @, = B@, == gm1/Ce.
The zero caused by C, is given by @, = g,»/C,, compare to Eq. (6.54) in Bruun (2022). Thus,

Em2 ~ 10 8ml

c c

= gm = 10gm1.

Using Eq. (7.11) from Bruun (2022) with C; = Cy, B =1, @y =2 @y and g,,7 replaced by g0, we find

G ( C1>2 <gm2> <C1>
Tty (2 ) (82 (2
C CL \/ CL gm) \CL
CL <gm2>
8ml
_ 8ml 2 8m2
=C = (/) |[C+C+,/(Ci+CL)*+2 (== )CiCL
8m2 8ml

With g,,; =0.5 mA/V, we find g,,,, = 10g,,; =5.0 mA/V. Using Cp =5 pFand C; = 1.7 pF, we find C, =
2.14 pF. These values are inserted in the LTspice schematic shown below. In order to fulfill g,,;R; > 1,
we select R; = 100/g,,,1 = 200 k€2, and in order to fulfill g,,R, > 1, we select R, = 100/g,,» = 20 k2.

Download free eBooks at bookboon.com



Vit

Vit 0.5m

0 - 200k 1.7p
AC 1 Gm1

.acoct1010k 1G

Running a ‘.ac’ simulation results in the frequency response of the loop gain shown below from which

we find a phase margin of 61°.

80GB s 20°
7008 a0°
608 -60°
5005 80°
4005 B2z A1 .

o jb

3008 - -120°
2008 -140°
10dB -160°

0dB -180°
-1008 -200°
2008 -220°
-300B “hibo240°
-400B Shiid260°
5008 +280°

10KHz 100KHz 1MHz 10MHz 100MHz 1GHz

For finding the bandwidth of the feedback amplifier, we close the feedback loop as shown in the LTspice
schematic below and run a new ‘.ac’ simulation. From the ‘.ac’ simulation, we find a bandwidth of
57 MHz.

.acoct1010k 1G
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Problem 7.2

Redesign the circuit from Problem 7.1 to have a phase margin of 70° by increasing the value of C,. Find
the new value of C, and find the bandwidth of the modified circuit.

Solution:

An increase of the phase margin requires an increase of @y, /®;;. This may be achieved by an increase
in C, as seen from Eq. (7.10) in Bruun (2022). The value of C. required for a phase margin of 70° may
be found from an LTspice simulation where C, is defined as a parameter stepped through a reasonable
interval. Using a ‘.meas’ directive, the phase margin may be calculated by LTspice for each value of
C., compare to Bruun (2020, Tutorial 6.3). The calculated values of the phase margin are found in the
error log file from a ‘.ac’ simulation, and using a left-click on the mouse, you may plot the phase margin
versus the capacitor C,.. The following figures show the LTspice schematic for the simulation and the
plot of the phase margin versus the capacitor C.. From the plot, we find C, = 3.35 pF for a phase margin
of 70°.

vt ._CHC Vo

{Cc}

.acoct 10 10k 1G

.meas ac PM find -v(Vo) when abs(v(Vo))=1

.step param Cc 2p 4p 0.1p .param Cc=3.35p
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For finding the bandwidth, we close the feedback loop as shown in the LTspice schematic for Problem 7.1
and run a new ‘.ac’ simulation. For this, the value of C, is defined by a ‘.param’ directive and the ‘.step’
directive is deleted or changed into a comment. Shown below is the output plot from the ‘.ac’ simulation.
From the ‘.ac’ simulation, we find a bandwidth of 36 MHz.

6dB L¥0) 30°
3dB : i i P [ 0°
36MHZ, 13.0d8

0dB-] | | 500
-3dB - _60°

6dB
- _90°

-9dB
120°

-12dB
150°

-15dB
-180°

-18dB
21dB 210
-24dB -240°
27dB L 700
-30dB ; -300°

10KHz 100KHz 1MHz 10MHz 100MHz 1GHz
Problem 7.3

Redesign the circuit from Problem 7.1 to have a phase margin of 70° by increasing the value of g,,». Find

the new value of g,,» and find the bandwidth of the modified circuit.
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Solution:

An increase of the phase margin requires an increase of @, /®;;. This may be achieved by an increase
in g, as seen from Eq. (7.10) in Bruun (2022). The value of g,,; required for a phase margin of 70° may
be found from an LTspice simulation where g,,» is defined as a parameter stepped through a reasonable
interval. Using a ‘.meas’ directive, the phase margin may be calculated by LTspice for each value of
gm2, compare to Bruun (2020, Tutorial 6.3). The calculated values of the phase margin are found in the
error log file from a ‘.ac’ simulation, and using a left-click on the mouse, you may plot the phase margin
versus the transconductance g,,». Shown below is the LTspice schematic for the simulation and the plot

of the phase margin versus the transconductance g,,». From the plot, we find g2 = 7.9 mA/V for a phase

margin of 70°.

.ac oct 10 10k 1G

.step param gm2 5m 10m 0.5m .param gm2=7.9m

.meas ac PM find -v(Vo) when abs(v(Vo))=1

74°

73°

72°
71°

70°
~69°

68°
67°

66°
~65°
—64°
63°

62°

For finding the bandwidth, we close the feedback loop as shown in the LTspice schematic for Problem 7.1
and run a new ‘.ac’ simulation. For this, the value of g, is defined by a ‘.param’ directive and the .step’

directive is deleted or changed into a comment. The following figure shows the output plot from the ‘.ac’
simulation. From the ‘.ac’ simulation, we find a bandwidth of 54 MHz. We notice that the bandwidth

is larger than the bandwidth found in Problem 7.2. This is achieved because ®,; is not reduced by the

increase of Wy, /wy; as it is by the increase of C...

9.0m 9.5m
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Problem 7.4

For the differential gain stage shown above, assume Vpp = 1.8 V, Vpp = 1.0 V and Iy = 0.1 mA. Also,
all transistors have a channel length of L = 1 um and they all have the same channel width W.

Design the transistors M; and M, to provide a transconductance g,, = i,/viy = 0.5 mA/V where v;p =
VIN1 — VIN2.

Assume a common-mode input voltage of 1 V and use the BSIM3 transistor models shown in Fig. 3.44.

For convenience, Fig. 3.44 is shown in the Appendix in this book.

Solution:

Shown below is an LTspice schematic corresponding to Problem 7.4. The channel width W of the
transistors has been defined as a parameter W which is stepped through a suitable interval of values.
Using arbitrary behavioral voltage sources, the input voltages are modeled as the sum of a common-mode
input voltage ‘Vicm’ and a contribution from the differential input voltage ‘Vid’. The transconductance
8m = Io/vig is found as the transfer function from a “.tf” simulation with ‘i (VOB)’ as the output and the
differential input voltage ‘Vid’ as the input. From the ‘.tf” simulation, we may plot the transfer function
versus the channel width W, and we find that W = 13.9 ym results in g, = 0.5 mA/V.
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.include bsim3_018.lib

VDD
.step param W 10u 15u 0.1u L J "
tfi(VOB) Vid PMOS'BSH'A"Q ;TOS-BSIM
L=1u W={W} Va3 W L=tuw=w)
NMOS-BSIM MOSB&M
M1 M2
L=1u W={W} L=1u W={W)
— v D% Vg2 VOB VDD
Vicm Vid s, :i> <:ii:>
Viem Vid 1 T 18
1 0 100

~

V=v(Vicm)-v(Vid)/2

5104

5004

49041

48041
470

4804

45041

440y

430“- 777777777777777 L L h ”1 77777 o L L 7”1 R

420p
10.0p 105y  11.0p 1154 12,04 125y 13.0p 13.54 14.00 1454  15.04

Problem 7.5

* rd
L

[T~
O

Design a two-stage opamp with feedback as shown above. The load capacitor Cy, has a value of 5 pF
which is considered to be much larger than all transistor capacitances, except Cqs7. The bias value of the
input voltage is 1 V and the supply voltage is Vpp = 1.8 V. Use the input stage designed in Problem 7.4,
and design Ipys and M7 to provide a g,,7 of 5 mA/V. The transistors are modeled by the BSIM3 transistor
models shown in Fig. 3.44.

Estimate Cyy7 using C,, = 8.5 fF/(pm)z.
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Design C, so that the non-dominant pole is at a frequency which is ~ 2 ®,; where @,; is the gain-

bandwidth product of the loop gain.

For convenience, Fig. 3.44 is shown in the Appendix in this book.

Solution:

Running a ‘.op’ simulation from the design from Problem 7.4 (using W = 13.9 um), we find that the
transconductance of M3 and My is 0.24 mA/V. Transistor M7 has the same bias voltages as M3 and My,
so the transconductance and the bias current of M7 scale proportionally with the channel width, hence
W7 = (gm7/8m3)Ws = 290 um and Igys = (W7/W3)Ips = (W7/W3)Ipys /2 = 1.043 mA.

The gate-source capacitance C,s7 may be estimated from Cgg7 =~ (2/3)C,W7L7 = 1.7 pF.

From Eq. (7.11) in Bruun (2022), we find with C; = Cgy7 = 1.7 pF, C; =C;. =5 pF, B =1 and g,17/8m1 =
10 that C. = 2.14 pF for wp, /0, ~ 2.

Problem 7.6

Use LTspice to simulate the circuit designed in Problem 7.5. Use drain areas and source areas of
(W x 0.5 um) and drain perimeters and source perimeters of (W + 1 um). Find the phase margin and
the bandwidth for the amplifier.

Solution:

Shown here is the LTspice schematic corresponding to Problem 7.5 with the values of drain areas, source
areas, drain perimeters and source perimeters as specified in the problem. Also, the value of C, found in
Problem 7.5 has been inserted. From the ‘.ac’ simulation of the closed-loop gain, we find the closed-loop
bandwidth of the amplifier to be 53 MHz.

.include bsim3_018.lib

.param W=13.9u vbD " "
PMOS-BSIM h ﬂ PMOS-BSIM :;U PMOS-BSIM
M4 M3 M7
’—1 —

L=1u W={W} L=1u W={W} — L=1u W=290u
ad=7p as=7p pd=15u ps=15u ad=7p as=7p pd=15u ps=15 ad=145p as=145p pd=291u ps=291u
Cc
NMOS-BSIm NMOS-BSIM }_|
L=1u W {%% —" 2.14p Vo
=1u W= L=1u W={W} : 1
b= ==
ad=7p as=7p pd=15u ps=15u ad=7p as=7p pd=15u ps=15u cL VDD
— Vs — T
5p
Vin IBNS IBNG 1.8

1 100p <l>1043u
AC 1 ‘

~

.acoct 10 100k 1G
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Closed-loop frequency response:
5dB
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-40dB: -270°
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-50dB: -330°
100KHz 1MHz 10MHz 100MHz 1GHz

In order to find the phase margin, the feedback from the output to the gate of M; is broken and a test
voltage V; with a dc value of 1 and an ac amplitude of 1 is connected to the gate of M;. Also, the ac value
of ‘Vin’ is changed to 0. The loop gain is found from a ‘.ac’ simulation as ‘-v(Vo)’ and the resulting

plot is shown here. From the plot, we find a phase margin of 56°.

Loop gain frequency response:

60dB : LY (Vo) 60°
50dB-] -80°
400 30MEz,-124 100°
30dB Y -120°
20dB -140°
10dB -160°

0dB -180°
-10dB -200°
7071 < 8 SSSURSRRN NSSOE SRS S5 S S O S O A S E -220°
-30dB -240°
-40dB e op00
-50dB +--280°
-60dB L -a00°

100KHz 1MHz 10MHz 100MHz 1GHz

Problem 7.7

Suggest at least one modification to the circuit designed in Problem 7.5 in order to increase the phase
margin to 65°.

Verify your suggestion using LTspice and find the resulting bandwidth.

Solution:

The phase margin may be increased by increasing the compensation capacitor C.. According to Eq. (7.10)
in Bruun (2022), this will increase @,/ ®;;, thereby increasing the phase margin. Thus, we simulate the
loop gain with C, defined as a parameter and use a ‘.meas’ directive to calculate the phase margin versus

the value of C., compare to Bruun (2020, Tutorial 6.3). The calculated values of the phase margin are
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found in the error log file from a ‘.ac’ simulation, and using a left-click on the mouse, you may plot
the phase margin versus the compensation capacitor C.. Shown here is the LTspice schematic for the
simulation and the plot of the phase margin versus the compensation capacitor C.. From the plot, we find
C. = 3.25 pF for a phase margin of 65°.

.include bsim3_018.lib

.param W=13.9u » »
PMOS-BSIM T—¢ ’—T PMOS-BSIM ’—T PMOS-BSIM
M4 M3 M7

L=1u W={W} . L=tu W={W} L=1u W=200u
ad=7p as=7p pd=15u ps=15u ad=7p as=7p pd=15u ps=15u ad=145p as=145p pd=291u ps=291u

C
NMOS-BSIM NMOS-BSIM ¢
M2 L, M c
L=1u W={W} |, _, emf| L=1u W={W) {Cc} oL
ad=7p as=7p pd=15u ps=15u — Vs — ad=7p as=7p pd=15u ps=15u L. VDD
| » <)
IBN5 1.8
100
% B .step ;aaram Ce Ep 4p 0.1p
.ac oct 10 100k 1G .meas ac PM find v(Vo) when abs(v(Vo))=1 .param Cc=3.25p

69°
68°
67°
66°
65°
64°
63°
62°
61°
60°
59°
58°
57°
56°
55°
54°

H 530
2.0p 2.2p 2.4p 2.6p 2.8p 3.0p 3.2p 3.4p 3.6p 3.8p 4 0p

For finding the bandwidth, we close the feedback loop as shown in the LTspice schematic for Problem
7.6 and run a new ‘.ac’ simulation. For this, the value of C, is defined by a ‘.param’ directive and the
‘.step’ directive is deleted or changed into a comment. The following figure shows the output plot from

the ‘.ac’ simulation. From the ‘.ac’ simulation, we find a bandwidth of 37 MHz.
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Another way to increase the phase margin is to increase g,,7. This will increase both @,/ ®,; and @,/ @y,

see Egs. (7.9) and (7.10) in Bruun (2022), thereby increasing the phase margin. The transconductance

gm7 May be increased by increasing the bias current Ip; = Igyg and also increasing W5 by the same factor

so that the bias voltage V57 remains the same. We may define a scale factor ‘S’ as shown in the LTspice

schematic below and step the scale factor through a suitable range, using a ‘.meas’ directive to calculate

the phase margin. From the error log file, we may plot the phase margin versus the scale factor. We

find that a scale factor of 2.28 is required for a phase margin of 65°, corresponding to W7 = 661 um and

IBN6 =2.38 mA.

.include bsim3_018.lib

.param W=13.9u

PMOS-ESIM
M4

ad=7p as=7p pd=15u ps=15u

mm“gﬁﬂ

NMOS-BSIM

M2
L=1u W={W}

VDD ad={$*145p} as={S*145p} pd={1u+S$*290u} ps={1u+$*290u}
’-T PMOS-BSIM >—T PMOS-BSIM
M3 m7
—  L=1uW={W} L=1u W={S*290u}
ad=7p as=7p pd=15u ps=15u
Cc
NMOS-BSIM
1 M1 Vo

2.14p

ad=7p as=7p pd=15u ps=15u

Vs

= L=1U W={W}
ad=7p as=7p pd=15u ps=15u

IBNS

100y

Vvt

{5*1043p}

1
AC1

.acoct10100k1G

.meas ac PM find v(Vo) when abs(v(Vo))=1

.step param S 13 0.1
.param S=2.28

Download free eBooks at bookboon.com



68°
-67°
-66°
65°
-64°
-63°
-62°
-61°
-60°
-59°
-58°
-57°
-56°

——————— s
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228 65"

For finding the bandwidth, we close the feedback loop as shown in the LTspice schematic for Problem
7.6 and run a new ‘.ac’ simulation. For this, the value of ‘S’ is defined by a ‘.param’ directive and the
‘.step’ directive is deleted or changed into a comment. From the ‘.ac’ simulation, we find a bandwidth
of 47 MHz.

Yet another way to increase the phase margin is to change the position of the zero in the loop gain by

inserting a resistor R, in series with C,, see Eq. (6.61) in Bruun (2022).

Shown below is an LTspice schematic where the resistor R, is stepped from 100 Q2 to 1000 €2. From the
error log file, we may plot the phase margin versus R.. We find that R, = 514 2 results in a phase margin
of 65°.

.nclude bsim3_018.lib

Jparam W=13.9u
PMOS-BSIM T—<

PMO&BNM PMO&B&M
M4
L=1u W={W} L—1u w={wj} L-1u W=290u
ad=7p as=7p pd=15u ps=15u 144 ad=7p as=7p pd= 15u ps =15u ad=145p as=145p pd=291u ps=291u
NMOS- BSlM NMOS-BSIM
L, M1
L=1u W={W} |, —| L=1u W={W} {Rc} 214p
= =7p as= = = cL VDD
ad=7p as=7p pd=15u ps=15u — Vs — ad=7p as=7p pd=15u ps=15u (:ii)
5p
IBN5 Vit 1.8
100p
AC 1 .
.step param Rc 100 1000 10
.ac oct 10100k 1G .meas ac PM find v(Vo) when abs(v(Vo))=1 .param Rc=514
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For finding the bandwidth, we close the feedback loop as shown in the LTspice schematic for Problem
7.6 and run a new ‘.ac’ simulation. For this, the value of R, is defined by a ‘.param’ directive and the
‘.step’ directive is deleted or changed into a comment. From the ‘.ac’ simulation, we find a bandwidth
of 49 MHz.

Problem 7.8

For the circuit designed in Problem 7.5, use LTspice to find the input voltage range for which all transis-
tors operate in the active region. Assume that the voltage across the current sources Ipys and Igye must
be at least 0.2 V.

Solution:

For finding the input voltage range for the circuit derived in Problem 7.5, we use the LTspice schematic
shown for Problem 7.6 and run a ‘.dc’ simulation with ‘Vin’ stepped from 0 V to 1.8 V. The lower limit
is set by the requirement that 0.2 V is needed across the current source Igys, so from the simulation,
we plot the source voltage Vs for M| and M. The upper limit is set by the requirement that M7 should
operate in the active region. This implies that the gate voltage for M; should remain almost constant
with just a small, linear decrease of the voltage caused by the channel-length modulation. When My
enters the triode region for a high value of the input voltage and the output voltage, the absolute value
of gate-source voltage for My increases in order to maintain the same current in the transistor and this

means that the gate voltage V57 drops, so we plot the gate voltage V7.

The following figure shows the output plot from the simulation. Also shown in the plot is the output
voltage V. From the plot, we find a minimum input voltage of 0.85 V and a maximum input voltage of
about 1.52 V.
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1.6V
1.4V
1.2V
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0.6V—
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08V — -
0.0V 0.2v 0.4V 0.6V 0.8v 1.0V 1.2V 1.4V 1.6V 1.8V
)

1.52V,0.95V

Problem 7.9
For the circuit designed in Problem 7.5, use LTspice to find the slew rate of the output voltage when
applying an input voltage step with the maximum possible value within the input voltage range found in
Problem 7.8.

Solution:
For finding the slew rate for the circuit designed in Problem 7.5, we use the LTspice schematic shown

for Problem 7.6 and run a ‘.tran’ simulation with ‘Vin’ specified as a pulse,
‘PULSE(0.85 1.52 0 1n 1n 100n 200n 2)’.

The following figure shows the output plot from the simulation. From the plot, we find a slew rate of

approximately 40 V/us for both a rising output signal and a falling output signal.

1.6V
1.5V
1.4V
1.3V
1.2V~
1.1V
1.0V
0.9V+
0.8V+
0.7V
0.6V

40MV/s
30MV/s—
20MV/s—-

d(V(vo:))

-10MV/s~
-20MV/s—
-30MV/s—

-40MV/s i i i i i i i
Ons 20ns 40ns 60ns 80ns 100ns 120ns 140ns
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Chapter 8 — Bias Circuits, Bandgap References

and

Voltage Regulators

Multiple-choice test
1.  Completed statements:

A-16:

B-2:

C-14:

D-4:

E-8:

The minimum voltage needed across the output transistor of a simple current mirror bias
source is the transistor saturation voltage.

The minimum voltage needed across the output transistors of a cascode current mirror bias
source biased for low-voltage operation is the sum of two saturation voltages.

The small-signal output resistance of a simple current mirror bias source is the small-signal
output resistance of the transistor.

The small-signal output resistance of a cascode current mirror bias source is approximately
the product of a transistor intrinsic gain and a small-signal output resistance.

In a MOS Widlar current source, the current is determined by a resistor and the difference
between the gate-source voltages of two transistors biased with different current densities.

A bandgap voltage reference obtains a very small temperature coefficient of the reference
voltage by combining the voltage of a forward-biased diode and the voltage difference be-
tween two diodes which are forward biased with different current densities.

The temperature coefficient of a voltage across a forward-biased diode is approximately
—2mV/K.

When two identical diodes are forward-biased with different currents, the temperature coef-
ficient of the voltage difference between the diodes is positive.

In a low dropout voltage regulator, the pass transistor terminal connected to the output of the

regulator is the drain.

2. For the bias circuit shown below, we assume that the transistors are modeled by the Shichman-

Hodges model and that the channel-length modulation can be neglected.

Pﬂ wn wc)

e L O

The scaling ratio K between transistors M; and M, must be
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A: smaller than 1
B: equaltol
C: larger than 1

Solution:

In order to have a voltage across Rp, the gate-source voltage for M, must be smaller than the the gate-
source voltage for M. This implies Wo/L, > W, /Ly, i.e., K > 1.

3. With K =4 and M = 3 in the circuit above and an effective gate voltage of 0.4 V for M, the value
of Rp required for Ip = 0.3 mA is

A: 1k

B: 2kQ

C: 4kQ
Solution:

With K = 4, we find from the Shichman-Hodges transistor model that the effective gate voltage for M is
half the effective gate voltage for My, i.e., 0.2 V. This implies that the voltage Vp across Rgis Vg =0.2 V.
With a scaling factor M = 3 for M3 and Ips = 0.3 mA, we find Iy = 0.1 mA and Rg = V/Ip = 2 kQ.

4. For the circuit shown below, we assume that the diodes are identical and that the relation between
diode current I, and diode voltage Vp is Ip = Is exp(Vp/Vr) where I is the diode saturation current

and V7 is the thermal voltage.

I 3l
~ AW 4

TET

At room temperature (27°C), the voltage AVp is approximately

A: 64 mV

B: 36 mV

C: 26 mV
Solution:

The current in the rightmost diode is 12 times the current in each of the other diodes. From Eq. (8.20) in
Bruun (2022), we then find AVp = (kT /q)In(12) ~ 64 mV at room temperature.

5. For the circuit above, the temperature coefficient dAV/dT is approximately
A: 0.086 mV/K
B: 0.119mV/K
C: 0.214mV/K

Solution:

Using Eq. (8.21) in Bruun (2022), we find dAVp/dT = 0.0861 mV/K x In(12) ~ 0.214 mV/K.
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Problems
Problem 8.1

M, 3|——| My M,

The circuit shown above is used to mirror the current Iy = 90 YA to the output currents lp; and Ip;.
Mi, M, and M3 are identical with V;, =0.40 V, u,,C, = 180 uA/V2 and L = 1 um. The channel-length
modulation can be neglected. Design M; to have an effective gate-source voltage of 200 mV.

The resistors R, represent the wiring resistance of aluminum connections between M3 and M; - M,
which are located far away from M3. Calculate R,,, assuming a wiring length of 2 mm, width of 1 um
and thickness of 0.25 um. The resistivity of aluminum is p = 2.7 x 1078 Qm. Calculate the output

currents Ip| and Iy, assuming that all transistors are in the active region.

Solution:

For an effective gate voltage of Ve = Vigs1 — Vi = 200 mV, we find from the Shichman-Hodges model

1 w 21
Iy = Iy = 5 aCox - (Vos1 = Vi) =W =L il —25um

L .uncox(VGSl - th)z

Thus, M1, M; and M3 have a channel length of L = 1 um and a channel width of W = 25 um.

The resistor value R, is given by R, = pL,,/(W,.t,) where p = 2.7 x 1078 Qm is the resistivity of
aluminum, L,, = 2 mm is the length of the wire, W,, = 1 um is the width of the wire and #,, = 0.25 pm is

the thickness of the wire. Inserting the numerical values, we find R,, = 216 €).

Since M| and M, have the same gate-source voltage and are both assumed to be in the active region, we
find 101 = ID2 = ID] = I[N =90 }J.A.

Since the gate current to M3 is 0, there is no voltage drop in the resistor R, connected between the
gate of M; and the gate of M3, so Vg3 = Viz1. The current in the resistor R,, connected between the
source of M; and the source of M3 is equal to Ip; + Ipy = 2I;jy. Thus Vs; = 2I1[yR,, = 38.9 mV and
Vi1 = Va3 = Vess = Vst + Vs1 = 638.9 mV. From the Shichman-Hodges model, we find

1 w 1
102 = ID3 - E“ncoxf(VGSG - th)2 - Euncox(VGSl +2IINRW - th)2 =128 “A
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Problem 8.2

MHI_—I M R

O
M'3|__| Mo g ME“__{ M

C) Voo

,.\
2
———
o
Q
=3

The circuit shown above is used to mirror the current Iy = 90 YA to the output currents Ip; and Ip;.
The four NMOS transistors are identical and have V;, = 0.40 V, u,C,, = 180 pA/V2 and L =1 ym. The
two PMOS transistors are also identical and have V,, = —0.42 'V, u,C,, =45 pA/V2 and L =1 um. The
channel-length modulation can be neglected for all transistors. Design M; and M3 to have an absolute
value of the effective gate-source voltage of 200 mV.

The wiring resistance is R,, = 216 (2. Calculate the output currents /p; and Ip,, assuming that all transis-
tors are in the active region.

Verify your results from Problems 8.1 and 8.2 using LTspice simulation.

Solution:
For an effective gate voltage of Vegr = Vigs1 — Vi = 200 mV, we find from the Shichman-Hodges model

2IIN
.uncox(VGSl - th)2

Thus, M, Mj, Ms and Mg have a channel length of L = 1 um and a channel width of W = 25 pm.

1 w
Ipr = Iy = 5 HnCor - (Vasi - V)2 =W=L

=25 um
For the PMOS transistors M3 and My, we find with |V.g| =200 mV:

2oy
”pcox(VGS3 - th)2

1 w
Ips =1y = Eupcox*(VG% —Vip)? =W=L = 100 pm

L
Since M| and M; have the same gate-source voltage and are both assumed to be in the active region, we
find 101 == ID2 = IDI == I[N =90 }.lA.

Since M3 and My have the same gate-source voltage and are both assumed to be in the active region,

we find Ipy = Ip3s = Iy = 90 uA. The drain current of M5 is identical to the drain current of My, so
Ips = Iy = 90 pA.

Since M5 and Mg have the same gate-source voltage and are both assumed to be in the active region, we
find 102 = ID6 = ID5 = I[N =90 MA.
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The results may be verified by LTspice. Shown below is an LTspice schematic corresponding to Problem
8.1 with the calculated values of the wiring resistances and the transistor dimensions inserted. From
a ‘.op’ simulation, the output currents Ip; and /o, may be found from the output file as ‘Id(M2)’ and

‘Id(M3)’. The simulation results confirm the calculated values.

.model NMOS-SH nmos (Kp=180u Vto=0.4)
Rw3

VD1 . VDD
lin 216 g_
i < 3
Rw2 foa]
90 S N
B VGl & ve3 o VDD
216
M T M3
NMOS-SH| | NMOS-SH NMOS-SH 18
L=1u W=25u L=1u W-25u L=1u W=25u
vs1 w1 I
.op 216

Further, an LTspice schematic corresponding to Problem 8.2 is shown with the calculated values of the
transistor dimensions inserted. From a ‘.op’ simulation, the output currents /p; and Ip> may be found

from the output file as ‘Id(M2)’ and ‘Id(M6)’. The simulation results confirm the calculated values.

.model PMOS-SH pmos (Kp=45u Vto=-0.42)
.model NMOS-SH nmos (Kp=180u Vto=0.4)
Rw3

VS3 , VDD
PMOS-SH 5 E PMOS-SH 216
L=1u W=100u L=1u W=100u
4{
M3\ s M4 o
. VD4 w.
lin
CD 216 <
=
[=]
@ VDD
}_

M0 VG1 J—%FA— VG5
M1 M5
NMOS-SH NMOS-SH NMOS-SH |

NMOS-SH
L=1u W=25u

L=1u W=25u L=1u W=25uL=1u W=25u
Rw1

op 216
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Problem 8.3

s -y v

The current mirror above consists of two NMOS transistors with W /L = 25, u,C,, = 180 uA/V? and
a nominal value of the threshold voltage V;, of 400 mV. However, due to spread in the manufacturing
process, V;, may differ by 5 mV for the two transistors, i.e., V;,; =400 mV and V;,;; =400 mV £+£5 mV.
The channel-length modulation can be ignored and both transistors are in the active region.

Ideally, Ip = I;x. However, the difference in V}, causes a deviation from the ideal value of the output
current. Calculate the maximum relative error in Iy for Iy = 100 pA. Repeat the calculation for Ijy =
400 pA.

Solution:

For I;y = 100 pA, we find using the Shichman-Hodges model

21y

— =610.82 mV.
UnCox(W/L)

Vest = Vasa = Vini +
For Vi, =400 mV +5 mV =405 mV, we find Ip = %/.LHCM(W/L)(VGSZ —Vi2)? =95.31 pA.
The relative mismatch is (100 —95.31)/100 = 0.0469 ~ 4.7%.
For V;;,, =400 mV — 5 mV =395 mV, we find Ip = %.uncox(W/L)(VGSZ — Vmg)2 = 104.80 pA.
The relative mismatch is 100 — 104.80| /100 = 0.0480 ~ 4.8%.
Thus, the maximum relative error in I is 4.8%.

For I;5 =400 pA, we find using the Shichman-Hodges model

Vst = Vo =V, — = 821.64mV.
GS1 GS2 tml + 1nCon(W/L) m

1
For V;;,, =400 mV +5 mV = 405 mV, we find Ip = EunCox(W/L)(VGSZ — Vm2)2 =390.57 pA.

The relative mismatch is (400 —390.57) /100 = 0.0236 ~ 2.4%.
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1
For V,;;, =400 mV — 5 mV =395 mV, we find Ip = E,unCox(W/L) (Vsa — sz)z =409.54 pA.
The relative mismatch is 400 —409.54|/100 = 0.0239 ~ 2.4%.
Thus, the maximum relative error in I is 2.4%.

We may also use the Shichman-Hodges model to derive an analytical expression for the mismatch be-
tween Iy and Ip. With Vg = Vgs1 = Viv and Vi, = Vi1 + AV, we find

1 w
IO = 2.unC0x <> (VIN thl Ath)
1 114 s
= Z.uncox L VIN thl ZAth (VIN - thl) +Avml]
1 w
~ ,unCox ( I ) VIN thl 2Ath (VIN - thl)]

= IIN uncox ( ) Ath Vin — thl)

1
where we have used Ijy = E,u,lCox(W/L)(V[N —Vim )2 and AV;,,1 < Viy — Vi

From this expression, we find

w 1 w 2AV, 2AV,,
Iy —1Io = 1,Cox <L> Ath(‘/'IN—thl) = E.uncox <L> (VIN—Vznl)2 <VIN—$ml> =Iiy <M>

2y

—————, we find the relative mismatch
PnCox(W /L)

Using Viy —Vip1 =

In—1o  2AV,
Iy 21y

AVin

VIin

From this expression, we see that the mismatch is proportional to AV}, and inversely proportional to \/Ijy.
Inserting AV;, = 5 mV, we find a mismatch of 4.74% for I;y = 100 pA and 2.37% for I;y = 400 pA.

G/ = (572 ) V2ol

The analytical results may also be verified using LTspice. In the following schematic, the two transistors
are defined by separate ‘.model’ directives in order to define different threshold voltages. For transistor
M,, the threshold voltage is defined as ‘0.4+dVt’ where the threshold voltage mismatch ‘dVt’ is defined
as a parameter which is stepped from —5 mV to +5 mV using a ‘.step’ directive. Also the input current

is stepped using a ‘.step’ directive defining the values 100 pA and 400 pA.
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.model NMOS-SH1 nmos (Kp=180u Vto=0.4)
.model NMOS-SH2 nmos (Kp=180u Vto={0.4+dV1t})

- VDD
lin
lin
{lin} VG1 VDD
+
M1 M2 _
NMOS-SH1 NMOS-SH2 1.8
L=1u W=25u L=1u W=25u
% .op .step param dVt -0.005 0.005 0.0001

.step param lin list 100u 400u

From a ‘.op’ simulation, we may plot the relative mismatch in % as ‘{100*(Iin-Id(M2))/Iin}’ as

shown below. The green trace is for I;y = 100 yA and the blue trace is for I;y = 400 pA.

s Mismatch in %
4
3
2 lin=400pA
/
1
/
0
1 T
2 T
-3
-4
5 AVtoiin mvV
-5m -4m -3m -2m -1m om im 2m 3m 4m 5m
Problem 8.4

Mlslj R,
P On

The circuit shown above is used to generate a constant current Ip. All transistors are assumed to be
identical with u,C, = 45 HA/VZ, Vip = —0.42V and W /L = 10. The supply voltage is Vpp = 1.8 V.

The current I is Ig = 9 pA.
Calculate Rp so that Ip = 100 pA, assuming that all transistors are in the active region.

What is the maximum value of V for which M3 is in the active region?
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Solution:

Using a loop equation for the loop consisting of My, M, M3 and Rp, we find that the voltage Vp across
Rp isequal to Vg = |VG51| + |VGS2| — ’VGS3|- With Ip; = Ip, = Ip = 9 pA, we find

21p

’ oSt | ‘ GSZ, ’ tp‘ * “Pcox(W/L)
With Ip3 = Ip = 100 pA, we find
21p
Vi =V ———=1.087V
Voul =Wl

Thus, Vg = 0.153 V, resulting in Ry = V/Ip = 1.53 k2.

The maximum value of VO is found from ‘VD53’ > |VG53‘ — |V;p’ = VO < V(;3 + ‘th| where V(;3 = VG2 =
Vop — 2|Vis2| = 0.56 V. Thus, the maximum value of Vy is Vomax = 0.98 V.

The problem may also be solved using LTspice. Shown below is an LTspice schematic corresponding
to Problem 8.4. The value of Rp is defined as a parameter which is stepped through a suitable interval.
From a ‘.op’ simulation, we may show the output current ‘I(Vo)’ as a function of the resistor Rz. From
the plot, we find that Rg = 1.53 k2 results in /o = 100 pA as also found analytically.

.model PMOS-SH pmos (Kp=45u Vto=-0.42)

VDD
VG1
PMOS-SH L RB
L=1u W=10u

M1

Va2 VS3

PMOS-SH PMOS-SH VDD
L=1u W=10u L=1u W=10u +

.op M2 M3

.dc V0 0.51.50.01
.step param R 1k 2k 0.05k 1B \"/e]
.param R=1.53k

1.8

VD3

114pA

112pA>
SR (O[T ¥ S—
108A

106A

104pA

1.53KQ,100pA

102pA
100pA

98pA
9BpA

94pA
=YYV TSSO HRSSPRIALDUSSSPRSNS SSOSUSNSSPSONS SSRPSUSSION RS SURSURISE OSSPSR SOSSTSRI OSPSSTSITRS S

90pA
10K 11K 12K 13K 14K 15K 16K 17K 18K 19K 20K
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From a ‘.dc’ simulation with a sweep of Vp (shown as a comment in the schematic) and with Rp defined
by a ‘.param’ directive, we may plot Vo = Vp3 and Vi +|V;,| = V2 +0.42 V as shown below. From the
intersection between the two traces, we find Vpmax = 0.98 V. We may also plot Iy versus Vp as shown
below. We see that the current Iy decreases when Vp > Vpmax because M3 is no longer in the active
region but operates in the triode region.

1.5 V(vd3)

1.3V

0.9Vv-

0.7V

0.5V
110pA

100pA

90pA

80[]/—\ 980m\V-

70A

60pA
05V 06V 07V 08V 08V 10V 1.1V 12V 13V 14V 15V

Problem 8.5

M, 3|J EM.. C) %)
o g, fH— .

The figure above shows a cascode current mirror biased for operation with a low output voltage and all
transistors in the active region. All transistors have u,C,, = 180 pA/V2 and V;, = 0.4 V. The channel-
length modulation and the body effect can be neglected. Transistors M; to My are assumed to be identical
with W /L = 25. The input current I;y is 90 pA and also Ms is biased by a current Iz = 90 pA.

Calculate Ws/Ls so that the gate voltage for M3, My and Ms equals Vg3 + Vpssatl -

Find the minimum output voltage for which all transistors are in the active region.

Now assume that the channel-length modulation parameter is A = 0.1 V™! for all transistors. Use
LTspice to adjust Ws/Ls so that M; and M, remain in the active region and find the output resistance of

the current mirror when the output voltage is Vo = 0.9 V.

Download free eBooks at bookboon.com



Next, assume that M3 and My have their bulk connected to ground so that the bulk effect cannot be
neglected. Use LTspice with the transistor model from Table 3.1 and a channel length of 1 um to find
the maximum value of Ws/Ls ensuring that M; and M, are in the active region. Also find the minimum
output voltage for which all transistors are in the active region and find the output resistance when the
output voltage is Vo =09 V.

For convenience, Table 3.1 is shown in the Appendix in this book.

Solution:

Since the four transistors M, M, M3 and My are identical and have the same bias current, they all have

the same saturation voltage or effective gate voltage, i.e., Vpssat1 = Vpssarz2 = Vbssats = Vbssata-
From Viss = Viss + Vpssa» we find Viss = Vi + Vpssas + Vpssatt = Vin + 2 Vpssatt -
Combining this relation with Viss =V, + Vpgsats, we find Vpgsarss = 2 Vpssatt -

From the Shichman-Hodges transistor model, we find with Ips = Ig = Ijy = Ipy:

1 W- 1 W 1 W,
E.uncox <5> (VDSsatS)2 = E,uncox <5> (2VDSsat1)2 = E.uncox <1> (VDSsatl)2

Ls Ls Ly
Ws W
= —=—=06.25
Ls 41,

With Vg3 = Vs, we find the minimum output voltage with all transistors in the active region as
Vomin = Vpamin = V4 — Vin = V63 — Vin = Visa + Vpssatt — Vin = Vst + Vssatt — Vin = 2 Vpssati -

2[1/\/

The numerical value is found from Vpggat1 = | —————
s .unCax(Wl /Ll)

=200 mV, resulting in a minimum output
voltage of Vppin = 400 mV.

With a channel-length modulation parameter A = 0.1 V~!, we find the small-signal output resistance for
each of the transistors as rys ~ 1/(AIp) = 111 kS2. Since My operates as a cascode transistor for M, we

find the output resistance of the cascode using Eq. (4.27) from Bruun (2022):

21p 1 2
~ ' = — 5 = =11.1 MQ
Your = 8m4Vds4¥ds2 <VDSsat4) <2~10> Tas2 (lVDSsaM) rds2

The circuit may also be analyzed using LTspice. First, we simulate the circuit using the Shichman-

Hodges model with A = 0, i.e., without channel length modulation. The following figure shows an
LTspice schematic with the output voltage set to Vomin = 400 mV. For this circuit, we expect Vgs =
600 mV and Vps = Vpgsat = 200 mV for M|, M, and My, indicating that they are operating at the edge of
the active region where Vps = Vigs — Vi,. For M3, we have Vp3 = Vg =600 mV and Vg3 = Viga — Vigsz =
VDSsatl =200 mV, SO VD33 =400 mV.
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.model NMOS-SH nmos (Kp=180u Vto=0.4)

VDD
B din
90 90,
H H VG3 VD4
- J
M3 M4
Vo VDD
NMOS-SH| | NMOS-SH C C
-op . L=1u W=25u | ,,,n, VD24 | L=1u W=25u =) N
4{
Ms_| o VG1 T
NMOS-SH NMOS-SH
NMOS-SH _NMos MOs-St
L=1u W=6.25u L=1u W=26u L=1u W=25u

~

From the output file, we may verify that all node voltages are as expected. From the error log file, we may
find the drain-source voltages and the saturation voltages of each transistor to verify that all transistors

are in the active region.

The following table shows the results from the error log file. We notice that all transistors have Vpg >
Vpssat. We also find the small-signal transconductance g4 = 0.9 mA/V and we find that the output
conductances are 0 as expected with the transistors in the active region. The non-zero but very small

values for g4, and g45» appear because the transistors are operating at the edge of the active region.

Error log file
Semiconductor Device Operating Points:

—--- MOSFET Transistors --—-
Name : m5 m3 mé ml m2
Model: nmos-sh nmos-sh nmos-sh nmos-sh nmos-sh
Id: 9.00e-05 9.00e-05 9.00e-05 9.00e-05 9.00e-05
vgs: 8.00e-01 6.00e-01 6.00e-01 6.00e-01 6.00e-01
Vds: 8.00e-01 4.00e-01 2.00e-01 2.00e-01 2.00e-01
Vbs: 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Vth: 4.00e-01 4.00e-01 4.00e-01 4.00e-01 4.00e-01
Vdsat 4.00e-01 2.00e-01 2.00e-01 2.00e-01 2.00e-01
Gm: 4.50e-04 9.00e-04 9.00e-04 9.00e-04 9.00e-04
Gds 0.00e+00 0.00e+00 0.00e+00 1.00e-11 1.63e-10

Next, we modify the *.model’ directive to ‘.model NMOS-SH nmos (Kp=180u Vto=0.4 lambda=0.1)’
in order to include the channel-length modulation. We also change V from 0.4 V to 0.9 V in order to
find the output resistance for Vo = 0.9 V. Running the ‘.op’ simulation results in the error log file shown
below. We notice that for M| and M, Vps < Vpssat, S0 they are not in the active region. We also see that
guas1 and g4 are significantly larger than g, and g4, also indicating that M; and M; operate in the

triode region rather than in the active region.

Error log file
Semiconductor Device Operating Points:

--- MOSFET Transistors ---
Name : m5 m3 mé ml m2
Model: nmos-sh nmos-sh nmos-sh nmos-sh nmos-sh
Id: 9.00e-05 9.00e-05 9.01le-05 9.00e-05 9.01le-05
vgs: 7.85e-01 5.96e-01 5.93e-01 5.98e-01 5.98e-01
Vds: 7.85e-01 4.09e-01 7.08e-01 1.89e-01 1.92e-01
Vbs: 0.00et+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Vth: 4.00e-01 4.00e-01 4.00e-01 4.00e-01 4.00e-01
Vdsat: 3.85e-01 1.96e-01 1.93e-01 1.98e-01 1.98e-01
Gm: 4.67e-04 9.18e-04 9.32e-04 8.67e-04 8.79e-04
Gds: 8.34e-06 8.65¢-06 8.42e-06 5.11e-05 3.90e-05
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In order to bring M and M, into the active region, we must increase Vi3, thereby increasing Vp; and Vp;.
This can be achieved by reducing the channel width Ws. A few iterations show that with Ws = 5.9 um,

M; and M, are in the active region and a ‘.op’ simulation results in the error log file shown below.

Error log file

Semiconductor Device Operating Points:
--- MOSFET Transistors ---

Name: mS m3 mé ml m2
Model: nmos-sh nmos-sh nmos-sh nmos-sh nmos-sh
Id: 9.00e-05 9.00e-05 9.00e-05 9.00e-05 9.00e-05
vgs: 7.96e-01 5.96e-01 5.93e-01 5.98e-01 5.98e-01
Vds: 7.96e-01 2.98e-01 6.97e-01 2.00e-01 2.03e-01
Vbs: 0.00e+00 0.00e+00 0.00e+00 0.00e+00 0.00e+00
Vth: 4.00e-01 4.00e-01 4.00e-01 4.00e-01 4.00e-01
Vdsat: 3.96e-01 1.96e-01 1.93e-01 1.98e-01 1.98e-01
Gm: 4.54e-04 9.18e-04 9.31le-04 9.09e-04 9.09%e-04
Gds: 8.34e-06 8.66e-06 8.42e-06 8.82e-06 8.82e-06

From the error log file, we find g4 = 0.931 mA/V, g4 = 8.42 pyA/V and gy = 8.82 pA/V, resulting
in rou =~ (gma/8asa)(1/8as2) =~ 12.5 MS). Alternatively, the output resistance may be found from a “.tf’
simulation with ‘VQ’ as the source and ‘v(VD4)’ as the output. From this ‘.tf* simulation, the output
resistance is found as the input impedance seen by ‘VO’. The value found by this simulation is 12.8 M2,

i.e., very close to the calculated value.

Finally, we modify the LTspice schematic to include bulk effect for M3 and My as shown in the following
schematic. Note that the bulk effect parameters are now included in the transistor model. With the
bulk effect included, the threshold voltage is increased for M3 and My, so a corresponding increase in
Vs = Vs is required in order to bring M; and M, into the active region. This can be achieved by
reducing the channel width Ws even further. A few iterations show that with Ws = 4.5 ym, M| and M,

are in the active region and a ‘.op’ simulation results in the error log file shown below.

.model NMOS-SH nmos (Kp=180u Vto=0.4 lambda=0.1 Gamma=0.5 Phi=0.7)

VDD
O] o)
90p 90p
VG3 VD4
.de VO 0 1.8 0.01 Ly
M3 M4
tf v(VD4) VO VO VDD
NMOS-SH| | NMOS-SH . s
op | L=1u W=25u L=1u W=25u _ _
0.90 1.8
—
— M1 M2
M5
NMOS-SH NMOS-SH ver NMOS-SH
L=1u W=4.5u L=1u W=25u L=1u W=25u
Error log file
Semiconductor Device Operating Points:
--- MOSFET Transistors ---
Name : m5 m3 mé ml mn2
Model: nmos-sh nmos-sh mmos-sh nmos-sh nmos-sh
Id: 9.00e-05 9.00e-05 9.00e-05 9.00e-05 9.00e-05
Vgs: 8.53e-01 6.52e-01 6.50e-01 5.98e-01 5.98e-01
Vds: 8.53e-01 3.98e-01 6.98e-01 2.00e-01 2.02e-01
Vbs: 0.00e+00 -2.00e-01 -2.02e-01 0.00e+00 0.00e+00
Vth: 4.00e-01 4.56e-01 4.57e-01 4.00e-01 4,.00e-01
Vdsat 4.53e-01 1.96e-01 1.93e-01 1.98e-01 1.98e-01
Gm: 3.98e-04 9.18e-04 9.31e-04 9.09e-04 9.09e-04
Gds: 8.29e-06 8.66e-06 8.41e-06 B.82e-06 8.82e-06
Gmb @ 1.19e-04 2.42e-04 2.45e-04 2.72e-04 2.72e-04
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From the error log file, we find g,,4 = 0.931 mA/V, gupa = 0.245 mA/V, g4u = 8.41 uA/V and gy =
8.82 UA/V, resulting in 7oy > [(gma + gmpa )]/ 8asa) (1/8as2) =~ 16 MQ. Alternatively, the output resistance
may be found from a “.tf” simulation with ‘V0’ as the source and ‘v(VD4)’ as the output. From this ‘.t
simulation, the output resistance is found as the input impedance seen by ‘VO’. The value found by this

simulation is 16.1 M, i.e., very close to the calculated value.

The minimum output voltage is found as Vpmin = Vpssarz + Vpossata = 391 mV ~ 400 mV where the values
of the saturation voltages are taken from the error log file. We notice that the bulk effect does not influence
the minimum output voltage as the transistor saturation voltages are not affected by the bulk effect. We

may also verify the minimum output voltage by a ‘.op’ simulation with ‘V0’ swept from 0 to 1.8 V.

The plot from this simulation is shown below and we notice that the output current ‘ID4’ drops for
Vo < 0.4V as expected.

100pA:
90uA:
80uA:

TOPAA———

BOpA -~
50UA

40pA
30pA

20pA—-
10pA:

OpA:-

The figure above shows a bias circuit which generates a constant bias current /p from a bandgap refer-
ence voltage Vier = 1.25 V. The supply voltage is Vpp = 1.8 V and the transistors have the following
parameters: (1,Coy = 180 uA/VZ and V;, = 0.4 V, p,C,x = 45 pA/V? and V,, = —0.42 V.

The channel-length modulation and the body effect can be neglected. All transistors have W /L = 25.
Calculate the value of Rp so that the output current is /o = 90 pA, assuming that all transistors are in the

active region. Find the maximum output voltage for which all transistors are in the active region.
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Now, assume that M; has its bulk connected to ground so that the bulk effect cannot be neglected. Also
assume that the channel-length modulation must be included for all transistors. Use LTspice with the
transistor models from Table 3.1 and a channel length of 1 um to find a new value for Ry resulting in
Ip =90 pA when Vp = 0.9 V. Also find the output resistance of the current source when Vo =09 V

and find the maximum output voltage for which all transistors are in the active region.

For convenience, Table 3.1 is shown in the Appendix in this book.

Solution:

With identical transistors M, and M3, we have Ip; = Ipy = Ips = Ip = 90 pA. With Ip; = 90 pA, we find
from the Shichman-Hodges model:
Vosi =Vin+4] ———————— =06V
o " ,uncox(Wl /Ll )
Using Kirchhoff’s voltage law, we find the voltage Vg across Rg as Vg = Vier — Vigs1 = 0.65 V. Since the
current through R is Ip;, we find from Ohm’s law Rg = V/Ip; = 7.22 k2.

Transistor M, is diode-connected, i.e., Vpy = Vizp, so it is in the active region.

2Ip
For My, Vg1 = Vier = 1.25V and Vp = Vpp — |V =Vpp—| IV, ————— | =098 V.
or My, Vg1 = Vet and Vp1 = Vpp — |Ves2| = Vop <\ il + NpCox(Wz/L2)>

Thus, Vp; > Vg1 — Vi, = 0.85 V, so M is in the active region.
Transistor M3 is in the active region for Vo = Vp3 < V53—V, =Vp1 —V;, =0.98 V—(—-0.42 V) =14 V.

The problem may also be solved using LTspice. The following figure shows an LTspice schematic in
which the value of Rp is defined as a parameter stepped through a suitable interval and with the output
voltage defined as 0 V, ensuring that M3 is in the active region. From a ‘.op’ simulation, we may plot the

output current versus Rg. From the plot, we find that Rp = 7.22 k2 results in Ip = 90 pA.

VDD __ .model PMOS-SH pmos (Kp=45u Vto=-0.42)

}_T .model NMOS-SH nmos (Kp=180u Vto=0.4)
PMOS-SH PMOS-SH
L=1u W—25u L=1u W=25u

— M3

VD1

J (A

L=1u W=25u _
L Vref 0 18
RB
1.25 {RB}
= .op .step param RB 5k 10k 0.1k

.dc VO 01.80.01 .param RB=7.22k
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125pA
120pA— >
115pA
110pA
105pA
100pA
95pA:
90pA:
85UA
80pA
75uA
70pA P

65uA |‘
50K 55K 60K 65K 7.0K 75K 80K 85K 90K 95K 10.0K

7.22K, 90uA

For finding the maximum output voltage, we run a ‘.dc’ simulation with Vy as the source while defining
Rp =7.22 k) using a ‘.param’ directive as shown in the LTspice schematic. For the ‘.dc’ simulation, the

‘.step’ directive must be changed into a comment.

The resulting plot of /p is shown below. We see that /p is constant and equal to 90 pA for Vp < 1.4 V.
For Vp > 1.4 V, the output current drops as M3 enters the triode region.

100pA:

90pA

SOuA

70uA

60uA

T —, e ACrri I . ————S L

40pA

30uA

20uA

10pA

OpA 1
0.0v 0.2v 0.4V 0.6V 0.8v 1.0V 1.2V 1.4V 1.6V 1.8V

When the bulk of M; is connected to ground and the channel-length modulation is also included, the

LTspice schematic must be modified as shown in the following figure.
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.model PMOS-SH pmos (Kp=45u Vto=-0.42 Lambda=0.14 Gamma=0.5 Phi=0.7)
.model NMOS-SH nmos (Kp=180u Vto=0.4 Lambda=0.1 Gamma=0.5 Phi=0.7)

VDD __
PMOS-SH L d PMOS-SH
L=1u W=25u L=1u W=25u
}7
M2 M3
o)
>
S| Vo VDD
NMOS-SH C) C)
L=1u W=25u _ _
Vref 0.9 1.8
RB
1.25 {RB}
% ,op .step param RB 5k 10k 0.1k tf v(vO) VO

.dc VO 0 1.8 0.01 .param RB=5.87k

Running the same simulations as before, we find Iy versus Rp as shown in the figure below. We find
Rp =5.87 kS for Ip = 90 pA.

105PA

100pA--—>
5.87K,900IA

95A
90pA VZ

85A

80pA

750A

70uA

65uA

60pA

55uA :
50K 55K 60K 65K 70K 75K 80K 85K 90K 95K 100K

For finding the output resistance and the maximum output voltage, we notice that the output resistance
of the current mirror M, - M3 is the small-signal output resistance ry;3 = 1/g453 of M3 and that the
maximum output voltage with all transistors in the active region is Vomax = Vop — |Vpssasl- Both g3
and Vpssar3 can be found from the error log file after a *.op’ simulation. From the error log file, we find
gas3 = 11.2 yA/V and Vpges = —0.377 V, resulting in an output resistance of 89.3 k{2 and a maximum
output voltage of 1.42 V.

The output characteristics may also be illustrated by a‘.dc’ simulation with Vj as the source with Rg =
5.87 k2. This results in the following plot where we find Vpmax = 1.42 V. We note from the plot that
lp now depends on Vj, indicating that the current source has a finite output resistance. The output
resistance may be found from the slope of Iy versus Vj or it may be found as the input impedance from
a “.tf” simulation with ‘v (V0)’ as the output and ‘VO’ as the source. For both methods, we find an output
resistance of 89.4 k().
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Problem 8.7

L, O

The figure above shows a Widlar current source used to generate a small dc output current Ip. Assume
that M| and M; are two identical transistors with a channel length of 1 pym and a channel width of 5 um
and they have transistor parameters as specified in Table 3.1. The input current is I;y = 50 yA and the
supply voltage is Vpp = 1.8 V.

Use LTspice to find the value of Rp resulting in an output current /o = 5 pA when Vp =0.9 V.

From the LTspice simulation, find g2, gmp> and rz» and calculate the small-signal output resistance,

assuming an output voltage of Vo = 0.9 V. Also find the output resistance by an LTspice simulation.

For convenience, Table 3.1 is shown in the Appendix in this book.

Solution:

The following figure shows an LTspice schematic corresponding to Problem 8.7. The value of Rp is
defined as a parameter and using a ‘.step’ directive, Rpg is swept through the range from 30 k2 to 40 k2.
From a ‘.op’ simulation, the output current may be plotted as the drain current of M, versus the resistor
value as shown in the following plot. From the plot, we find that Rp = 34.4 k) results in Ip = 5 nA with
Vo=09V.

Running a ‘.op’ simulation with Rp defined by a ‘.param’ directive and the ‘.step’ directive changed into
a comment, we may find the transistor small-signal parameters from the error log file.
We find g,,2 = 98.2 UA/V, gppr = 26.3 uA/V and rg = 1 /g4 = (0.465 pA/V)~! = 2.15 MQ.
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The small-signal output resistance may be calculated using Eq. (4.25) from Bruun (2022):
Four = T'ds2 + (ng +gmb2)rds2RB = 11.4 MQ.

The output resistance may be found from a “.tf* simulation with ‘V0’ as the source and ‘v(V0)’ as the
output. From this ‘.tf* simulation, the output resistance is found as the input impedance seen by ‘VO’.
The value found by this simulation is 11.4 M(}, i.e., the same as the calculated value.

.model NMOS-SH nmos (Kp=180u Vto=0.4 lambda=0.1 gamma=0.5 phi=0.7)
VDD

"
) VO
0 e
— VO VDD
M1 M2 C) C)
e -~
NMOS-SH | | NMOS-SH 0.9 18

L=1u W=5u L=1u W=5u
-op RB
tf v(VO) VO {RB}
S .step param RB 30k 40k 0.1k

.param RB=34.4k

5.6pA
5.5pA->
5.4pA
5.3pA
5.2pA
5.1pA
5.0pA
4.9pA -
4.8A :

4.7pA
4.6pA
4.5pA

4 4pA : i
30K 31K 32K 33K 34K 35K 36K 37K 38K 39K 40K

34 4K 5pA

Problem 8.8

Using the LTspice default diode model, find the diode voltage Vp; and the temperature coefficient
dVp1/dT for a single diode with Ip = 10 pA at room temperature, i.e., a temperature of 27°C. Also
find the diode voltage Vpy for 10 parallel-connected diodes with a total current of 10 pA, and find the
temperature coefficient of Vp; — Vpys at room temperature.

For Viet = Vp1 + G (Vb1 — Vpu ), find G so that dVier/dT = 0 at room temperature and find the resulting
value of Vies.

Solution:

Shown in the following is an LTspice schematic with 10 parallel-connected diodes D; to Do and a
single diode D;;. The parallel-connected diodes are supplied by the 10 uA current source ‘I2’ and the
single diode Dy is supplied by the 10 pA current source ‘I1’. Also included is an arbitrary behavioral
voltage source ‘B1’ generating the reference voltage Vier = Vp1 + G (Vp1 — Vpur) where G is defined as a

parameter. For the initial simulation, G may be selected to a value of 10.
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B1

V=vy(vd1)+G*v(vd1,vdm)

.param G=10.94

In order to find the diode voltages Vp; and Vpy,, a “.op’ simulation is run with the temperature stepped

from —20°C to +80°C. From the simulation, we plot both the diode voltages Vp; and Vpys versus

temperature and the temperature coefficients of Vp; and (Vp; — Vpys) as shown in the following figure.

630mVv—
600mV-

V(vdm)

570mV-

27°C,536.0mV
oo

540mV-

510mV-
480mV-

450mV-

420mV-

-
""" 27°C476.4mV

390mV-

360mV-

330mV-

d(V(vd1))

0.5mvr*

P S S S R R

0.0mvr*

-0.5mv/®

27°

/
C,198.4uV/°C

-1.0mv/®

-1.5mv/°

-2.0mv/®

27°C,-2.17mV/°C

-2.5mv/®

-20°C

0°C

10°C  20°C  30°C 40°C 50°C 60°C 70°C 80°C

We find the diode voltages Vp; = 536.0 mV and Vpy = 476.4 mV and the temperature coefficients
dVp1 /9T = —2.17 mV/°C and 9 (Vp; — Vpuy) /T = 0.1984 mV/°C.

We may now calculate the parameter G from Eq. (8.24) in Bruun (2022):

IV /T

O = AV, aT

=10.94

Running a new ‘.op’ simulation with G = 10.94, we find Vs versus temperature as shown in the plot

below. We find a reference voltage of Ve = 1.1876 V ~ 1.19 V at room temperature with a variation of

less than 1.15 mV over the temperature range from —20°C to 4+-80°C.
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The figure above shows a bandgap reference circuit. An amplifier with the voltage gain A, establishes a

feedback loop controlling the current in the two identical PMOS transistors M| and M,. The diode D, is
composed of 10 parallel-connected diodes, each identical to diode D;. The resistors are R; = 6 k) and
Ry = R3 = 65 k{2, and the amplifier has a gain A, = 1000 V/V. The supply voltage is Vpp = 1.8 V. For
the transistors, assume a drain current /p = 10 pA and an effective gate voltage |Vgs —V;,| = 0.2 V. The
transistors are in the active region and the channel-length modulation can be neglected.

Find an expression for the loop gain by breaking the loop at the output of the amplifier and applying a
test voltage Vi to the gate of M| and My, resulting in a returned voltage V, at the output of the amplifier.
The diodes have identical small-signal resistances r4; = rgo = Vr/Ip where Vr is the thermal voltage.
Calculate the numerical value of the loop gain.

Find an expression for the small-signal gain dV,ef/dVpp and calculate the numerical value when the
feedback loop is open and the dc value of Vi is applied to the gate of M| and M.

Find an expression for dV;e/dVpp when the feedback loop is closed and calculate the numerical value.
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Solution:

For finding the loop gain, we use the following small-signal diagram.

Using Eml = 8m2 = 8m = 2ID/|VGS — th| and Fg1 =rgq2 =714, WE ﬁnd
Vr :A<_gm2vtest(R1 + rdl) - <_gmlvtestrd1)) = _nglAvtest

From this, we find the loop gain L = —v, /viest = gmR1A. Inserting g,, = 2Ip/|Vis — Vip| = 100 pA/V,
we find L = 600 V/V.
R,

%

() Viest {> &2 Mest <+ i Meest

d2

For finding the small-signal gain dV;.t/dVpp when the feedback loop is open, we notice that M| operates
as a common-gate stage with a load of (R, +ry;). Hence, the gain is dVier/dVpp = gm1(R2 + ra1)s
compare to Eq. (4.22) in Bruun (2022). Inserting g,,1 = 100 pA/V and ry; = Vr/Ip = 2.6 kQ at room
temperature, we find dVie¢/dVpp = 6.76 V/V.

When the feedback loop is closed, the gain dV;et/dVpp is reduced by a factor equal to the amount of
feedback. With a loop gain much larger than 1, the amount of feedback is approximately equal to the
loop gain, s0 dViet/dVpp ~ ((R2 +r41)/R1)/A = 11.3 mV/V. The circuit may also be analyzed using
LTspice. In order to design an LTspice schematic, we calculate the transistor dimensions for M; and M
using the Shichman-Hodges model with ,C, = 45 uA/V 2 Vip=—0.42V and L = 1 ym. From this,
we find

21p

W=L =11.11 um
.upCox(VGS _th)z H

For the diodes D; and D;,, we may just use the default LTspice diode with a single diode for D, and 10
parallel-connected diodes for Dj.

Shown below is the LTspice schematic with the feedback loop open and a test voltage v applied to the
gate of M and M. The test voltage has a dc value of Vpp — |Vgsi| = Vop — [Vip| — [Vos — Vip| = 1.18 V.
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.model PMOS-SH pmos (Kp=45u Vto=-0.42) VDD

TSJ  Pmos.sn ﬂﬂ o

L=1u W=11.11u F— L=1uW=11.11u
Vtest
| 11860064V Vref
Vr R2
65k

R3

TN ] 65k
.op < ) _ 536.00627mV VD1 vDD
1000 CD

A v(Vr) Vtest R1 =

18
tf v(Vref) VDD Vtest 6k
T 118 _ . VDM  476.45003mV
D2 |D3 |D4 | D5|D6 | D7 |D8 |D9 | D10 D11 D1
AV AVAAVARV </
plo/pplp|o|pp|p|p b

v

We may start by running a ‘.op’ simulation in order to verify the bias point of the circuit. From the
‘.op’ simulation, we find the diode voltages and the reference voltage indicated in the schematic. These
voltages correspond very well to the voltages found in Problem 8.8. We also find the currents in the

transistors and diodes to have the expected values.

Next, we may find the loop gain from a “.tf” simulation with ‘Vtest’ as the source and ‘v(Vr)’ as
the output. The output file from the ‘.tf* simulation shows a gain of —599.94 V/V, i.e., a loop gain of
+599.94 V/V, corresponding very well to the value calculated from the small-signal model used for the

theoretical calculation.

The gain dVet/dVpp with the feedback loop open is found from a .tf* simulation with ‘VDD’ as the
source and ‘v(Vref)’ as the output. We find a gain of 6.758 V/V, closely matching the value calculated
from the small-signal model.

We may now delete the test voltage and close the feedback loop as shown in the following LTspice
schematic. A ‘.op’ simulation will show a bias point with an extremely small current in the transistors
and diodes, so a start-up resistor R4 must be added as shown below. The value of R4 is large enough that
it does not significantly influences the performance of the circuit but it ensures that the circuit finds a
bias point with Ip = 10 pA.

The gain dViet/dVpp with the feedback loop closed is found from a “.tf” simulation with VDD’ as the
source and ‘v(Vref)’ as the output. We find a gain of 0.0112712 V/V ~ 11.3 mV/V, closely matching

the value calculated from the small-signal model.
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.op

.tf v(Vref) VDD

E1

1000

.model PMOS-SH pmos (Kp=45u Vto=-0.42)

DD
PMOS-SH PMOS-SH
M1
L 1uW-11 11u F— L=1uW=11.11u
Vref
R2 R4
65k 16 R3
N " 65k
_ ) VD1 vDD
R1 C>1.8
Bk
S e ¢ B
D2 D3| D4 D5 |D6 |D7 |D8 | D9 |D10 D11 D1
N N
D DD |D|D |D|D|D|D|D D
~

As an additional analysis, we may run a ‘.op’ simulation with a sweep of the temperature using the

directive

‘.step temp -20 80 1’.

resulting plot is shown in the following figure.
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From this simulation, we may plot V,.¢ versus temperature. The

We notice a non-zero temperature coefficient at room temperature. The reason for this is that the gain

factor for AVp = Vpy

— Vpu has not been optimized. Optimizing the gain as described in Chapter 8.3 in

Bruun (2022), we find that the performance is improved if R, and R3 are changed from 65 k2 to 63 k(2.

A new simulation with this value for R, and Rj results in the plot of Vit versus temperature shown below.
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Problem 8.10

The figure above shows a voltage regulator with an NMOS pass transistor M ;. Assume that the channel-
length modulation for M can be neglected and that it has a gate transconductance of g,,; = 100 mA/V
and a bulk transconductance of g,,,1 = 20 mA/V. The resistors are Ry = 100 k€2 and R, = 20 k{2, i.e.,
both R; and R, are much larger than 1/g,,;. The load can be modeled as a dc current source with a value
of 10 mA and the amplifier has a gain of A, = 1000 V/V.

Find an expression for the loop gain in the feedback loop controlling Vy, and find an expression for the
load regulation dVy /91y, and calculate the numerical results.

Solution:

Referring to general feedback theory (Bruun 2022, Chapter 6), the feedback loop consists of the voltage
divider R and R, as the B-circuit and the amplifier A, the transistor M; and the load as the A-circuit.

From the fB-circuit, we find = R /(R; + Rz) = 0.833 V/V.

In the A-circuit, transistor M is operating as a source follower loaded by R + R; from the -circuit and
by the small-signal resistance of the load. Since the load can be modeled as a dc current source, i.e., an
infinite small-signal resistance, it presents no load to the source follower. A small-signal model of the

source follower is shown below.
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Gate v Source

R,

+
() Vel <|> EuVe <¢> LotV v,

R,

Drain -

From a node equation at the output, we find g,,1Ves1 = gmp1Vs1 + Vo /(Ry + R;) and using vs; = v, and

Vgsl = Vg1 — Vo, We find

v, 1 1
gt (Vel = Vo) = 8mp1Vo+Vo/(R1+Ry) = —= Em gm

— ~ =0.833 V/V
Vel 8ml+8&m1+1/(Ri+R2)  gmi+&mpi

where we have assumed R| + R, > 1/g1.

R
Thus, the total loop gain is L~ BA (gml) —A ( ! ) ( Eml ) — 694 V/V.
8ml +gmb1 R] +R2 8ml +gmbl

The load regulation dVy/d1;, is found from the resistance to ground at the source of M;. With the

feedback loop open, this resistance is equal to R; + R, in parallel with the output resistance of the source
follower M;. This output resistance is given by Eq. (4.18) in Bruun (2022), i.e., 7o =~ 1/(gm1 + &mb1)-
With R + R, > 1/g,,1, we may neglect R + R;.

When the feedback loop is closed, the output resistance is reduced by a factor equal to the amount of
feedback, i.e., 1 + L. Thus, with L > 1, we find

it~ (o) (s o)
o, outCL — gm1 + &mb1 Ay(R1/(R1+R2))(8m1/(gm1 + &mp1))

| R
— —( > (1+2>:—12mV/A.
Avgml Rl

The circuit may also be analyzed using LTspice. A simple approach for verifying the loop gain is to enter

the small-signal model into LTspice and run a “.tf* simulation. However, here we show a more elaborate
analysis performed from the circuit schematic shown in Problem 8.10. This provides a deeper insight
into the operation of the circuit. For this analysis, we must first design the transistor M, and we must
assume specific values of Vi, Viy and Iy.

Let us assume that Vi is the output voltage of a bandgap reference circuit giving Vier = 1.25 V. With a
high loop gain, the output voltage Vp is Vo = (1 + Ry /Ry )Veer = 1.5 V.

For the transistor, we need some device parameters for the Shichman-Hodges model for LTspice. We
may assume V;, = 0.4 V and p1,C,x = 180 uA/V?2, corresponding to typical values for a 0.18 um process.
Neglecting the channel-length modulation, we have A = 0. The body effect cannot be neglected since
bulk and source are not connected. The parameters ¥ and |2® | may be found from Eq. (3.76) in Bruun

(2022):
gmb _ 14

% e e —
8 2/Vss + 2®F]
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Assuming [2®p| = 0.7 V and using Vg = Vp = 1.5V, we find with g,,; = 100 mA/V and g, =
20 mA/V that y =2x/Vo +|2®r| = 0.59 V/V.

We may notice that V; =V,, + }/<\/VSB + [2®p| — \/|2<I>F|) = 0.78 V. Thus, the amplifier A, must be
able to deliver an output voltage which is higher than V, 4V = 2.28 V. For delivering an output current

of 10 mA, M needs an effective gate voltage of Vegry = 2Ip1 /gm1 = 0.2 V, so the required output voltage
from the amplifier is 2.48 V.

With g,,; = 100 mA/V and Vegr; = 0.2 V, we may use Eq. (3.70) from Bruun (2022) to find W, /L;:

%—A:2778

L B uncoxveffl
Selecting L; = 0.18 pym, we find W; = 500 pm.
For the input voltage, we may select Vjy = 2.7V, i.e., slightly higher than the required output voltage

from the amplifier, and with the values of voltages, currents and transistor parameters calculated above,

we arrive at the following LTspice schematic corresponding to Problem 8.10.

Running a ‘.op’ simulation, we find the dc values of Vp and the feedback voltage Vr shown in the
schematic. We also find the value of the output voltage of the amplifier to be 2.47804 V, i.e., voltage
levels corresponding to the values calculated above. From the error log file, we find g;,,; = 100 mA/V and
gmb1 = 19.9 mA/V, i.e., values matching the specified values very closely. Also, we find V; =0.781 V,
again matching the calculated value.

.model NMOS-SH nmos (Kp=180u Vto=0.4 Lambda=0 Gamma=0.59 Phi=0.7)

L=0.18u W=500u

.op VIN 1.4970263V VO
M| & 1
S
Vref > B R2 L
¥ +> 20k @)
VIN Vref —_
F 1.247522V ] 1000| VF "
m
T 2.7 1.25 R1
100k

For finding the load regulation, we run a “.tf* simulation with ‘v(V0)’ as the output and ‘VIN’ as the
input. From this simulation, the load regulation dVy/dI; is found from the output impedance rycr.
at Vo as dVp /9l = —roucr. We find dVp/dI, = —11.98 mV/A which closely matches the calculated
value. The “.tf” simulation also shows a transfer function from V;y to Vo of 1.198 x 10~14, i.e., an almost
perfect line regulation. However, this is an unrealistic result caused by neglecting the channel-length
modulation. Changing the value of A from 0 to (0.10 um/V)/0.18 um = 0.555 V~!, we find a line
regulation of about 0.031 mV/V which is still a very good line regulation.
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In order to simulate the loop gain, the loop is broken at the inverting input to the controlled voltage
source ‘E1’ and a test input voltage ‘Vtest’ is applied to the inverting input of ‘E1’ as shown below.
This test voltage is given a dc value equal to the dc value found for ‘VF’ when simulating the circuit with
the feedback loop closed. From a ‘.op’ simulation, we may verify that the bias point for M| remains
the same as when the feedback loop is closed and from a .tf* simulation with ‘v (VF)’ as the output and
‘Vtest’ as the input, we find a small-signal gain Vi /Viese = —694.961 V/V. The loop gain L is equal to
—Vr /Viest (Bruun 2022), so the simulated value of the loop gain is L = 695 V/V, closely matching the
calculated value.

.model NMOS-SH nmos (Kp=180u Vto=0.4 Lambda=0 Gamma=0.59 Phi=0.7)

L=0.18u W=500u

op VIN vo
M1 | % 1
Af V(VF) Vtest NMOS-SH
Vref E1 R2 IL
) ey
VIN Vref
<+) 1000| VF | 10m
T 2.7 1.25 R1
100k
1.247522
~

Problem 8.11

s
IU

The figure above shows a voltage regulator with a PMOS pass transistor M;. The load is a dc cur-
rent source with a value of 10 mA and the amplifier has a gain of A, = 1000 V/V. The transistor has
UpCox(W /L) = 500 mA/V2, V, = —0.42V and A = 0.7 V_!. The resistors are R; = 100 k2 and R, =
20 k€. Vief is a bandgap reference voltage with a value of 1.25 V and a line regulation of dVier/dViy =
10 mV/V. The input voltage V;x has a nominal value of 1.8 V with a ripple of 0.2 V superimposed on

the nominal value.
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Find the nominal value of the regulated output voltage V) and find the ripple on the output voltage. Also
find the load regulation and the line regulation for the voltage regulator, including the bandgap reference

circuit.

Solution:
Assuming a large loop gain, we find from Eq. (8.31) in Bruun (2022) Vp = Viet(1+R2/R;) = 1.5 V.

The loop gain in the circuit is L = A,g,u1(rqs1 || (R1 +R2))R1/(Ry + Ry) where g, is found from Eq.
(3.66) and ry, is found from Eq. (3.68) in Bruun (2022). With Vjy = 1.8 V and Vp = 1.5V, we find
|Vpsi| = 0.3 V and inserting the numerical values, we find g, = 110 mA/V and ry4 = 173 , resulting
in a loop gain L ~ 15860. We notice that the loop gain is indeed > 1, so the approximation used for

finding Vj is reasonable.

The load regulation dVy /91, is found from the output resistance as dVp/dI = —ryy,. Using Eq. (8.35)
from Bruun (2022), we find

8V0 1 1 R2
—— ~— | — — 1+ =] =-109mQ =-109 mV/A
ol <gml><Av)< +R1) 9m 9m

Using the superposition principle, the line regulation is found from the gain from V;y to Vp via the
bandgap reference voltage Vi.r plus the gain from Vjy to Vp via the pass transistor. The gain from Vv to
Vief is 10 mV/V, and the gain from Vies to Vg is (1 + Ry /R;) = 1.2, implying that the gain from V;y via
the bandgap reference is 12 mV/V.

The gain from Vyy to Vp via the pass transistor is found using Eq. (8.34) from Bruun (2022), i.e.,

Vo 1 R>
0 () (1422) =12mV/V
Vin (Av> ( +R1> "

Thus, the total line regulation is dVp/dViy = 12 mV/V 4+ 1.2 mV/V = 13.2 mV/V.
With an input ripple of 0.2 V, this results in an output ripple of 0.2 V X 13.2 mV/V = 2.64 mV.

The circuit may also be analyzed using LTspice. The following figure shows an LTspice schematic
corresponding to Problem 8.11. The transistor is modeled using ‘Kp’ = 45 uA/V?2, corresponding to the
Shichman-Hodges model parameters from Table 3.1 in Bruun (2022). With 1£,C,.(W /L) = 500 mA/V?,
we find W/L = 11111 and using L = 0.2 pm, corresponding to A = 0.7 V!, we find W = 2222 um.

.model PMOS-SH pmos (Kp=45u Vto=-0.42 Lambda=0.7)

i L=0.2u W=2222u PMOS-SH
Vin Vo

ﬂim

VG1

R2

)

R1 10m
100k

.op tf v(Vo) Vref .ac oct 10 1k 10k

.tf v(Vo) Vin
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We may run a ‘.op’ simulation to verify the bias point and the small-signal parameters calculated above.
From the output file, we find Vp = 1.5 V, and from the error log file, we find g,; = 110 mA/V and
gas1 = 5.80 mA/V, matching the calculated values.

For finding the load regulation, we may run a “.tf” simulation with ‘v (Vo)’ as the output and ‘Vin’ as the
source. From the output file, we find an output resistance of 10.9 mS2 corresponding to a load regulation
of dVp/dlL = —10.9 mV/A .

We also find a gain from Vjy to Vp of 1.26 mV/V, assuming a constant value of Vir. Running another
“tf* simulation with ‘v(Vo)’ as the output and ‘Vref’ as the source, we find a gain from Vit to Vp of
1.2 V/V and with a line regulation of 10 mV/V for the bandgap voltage, this results in a gain of 12 mV/V
from Vjy to Vp via the bandgap reference voltage. Thus, the total gain from Vyy to Vp is 13.26 mV/V,
i.e., a line regulation of 13.26 mV/V.

Alternatively, the line regulation may be found from a ‘.ac’ simulation where the ac value of Vjy is
specified to 1 and the ac value of Vs is specified to 0.01, corresponding to a line regulation of the
bandgap voltage of 0.01 V/V. Shown below is the plot from this simulation. Notice that a linear y-axis

has been selected. We find the line regulation to be 13.26 mV/V as also found from the ‘.tf* simulations.

14.2MV— oo

{00 3V
ST 1LY/ S SO S R N L

13.6mv T A e e

/
LTI VS - A— -
1 LY

13.2MV— oo

T 0L R T T e T TRTre S

LR 71 1T N N—_——if i Ll B l-Gifi il

12.6MV— - o b

12.4MV/ oo

12.2mV T — T T i
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References

Bruun, E. 2022, CMOS Analog IC Design: Fundamentals, Third Edition, bookboon.

Available from: http://bookboon.com/en/cmos-analog-ic-design-fundamentals-ebook

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN APPENDIX - TRANSISTOR MODELS

Appendix — Transistor Models

The parameters from Table 3.1 in Bruun (2022) are used in several problems. For convenience, Table 3.1

is shown below.

Parameter: ‘ UCpy ‘ Vio ‘ A =AL ‘ Y ‘ |2 | ‘
NMOS: 180 uA/V? 040V | 0.10um/V | 0.5V 0.7V
PMOS: 45pA/V? | 042V | 0.14um/V | 0.5V 0.7V

Table 3.1: Shichman-Hodges transistor parameters for a generic 0.18 pm CMOS process.

Also the BSIM3 transistor models from Fig. 3.44 in Bruun (2022) are used in some problems. For

convenience, Fig. 3.44 is shown below.

Generic BSIM3 model for 0.18 um CMOS process. Adapted from ‘http://ptm.asu.edu/modelcard/180nm_bulk.txt °.
* Pradictive Technoleogy Model Beta Version * Pradictive Technology Model Beta Version
+ 180nm HMOS SPICE Parametersv (normal one) + 180nm PMOS SPICE Parametersv (normal one)
.model HMOS-BSIM RMOS .model PMOS-BEIM PMOS
+Level=49 +Level=49
+Lint=4 &-08 Tox=4.e-09 4+Lint=3 e&-08 Tox=4.2e-09
+Vtho=0. 3999 Rdsw=250 +Vtho=-0.42 Rdsw=450
+Tref=27.0 version=3.1 +Traf=27.0 version=3.1
+%§=6 . 000000OE-08 Nch=5. $500000E+17 +3§=7. 0000000E-08 Neh=5. $200000E+17
+11n=1. 0000000 1wn=1.0000000 wln=0.00 +11n=1.0000000 1wm=1.0000000 wln=0.00
+wwnel . 00 1l=0.00 +wvmm0 . 00 1l=m0.00
+1vm0 . 00 1wi=0 .00 wint=o .00 +1wm=0.00 1wl=0.00 wint=0.00
4wl=0.00 ww=0.00 wwl=0.00 +wl=0.00 ww=0.00 wwl=0.00
Hohmod=1 binunit=2 Hiobmods 1 binunit=2
+Dwg=0.00 Dwb=0 .00 4+Dwg=0.00 Dwb=0.00
+R1=0.5613000 K2=1.0000000E-02 +K1=0.5560000 K2=0.00
+K3=0.00 Dvt0=8.0000000 Dvtl=0.7500000 +K3=0.00 Dvt0=11.2000000 Dvtl=0, 7200000
+DVt2=8. 00D00DOE-D3 DUtow=0.00 DUtiw=0.00 +Dvt2=-1.0000000E-02 DUtow=0.00 Dutiw=0.00
+Dvt2v=0.00 Nlx=1.6500000E-07 WO=0.00 +DVE2V=0. 00 Nlx=9.5000000E-08 W0=0.00
+K3b=0.00 Ngate=5.0000000E+20 +K3b=0.00 Ngate=5.0000000E+20
+Vsat=1.3800000E+05 Ua=-7.0000000E-10 Ub=3.5000000E-18 +Vsatwl. 0S00000E+0S Uam-1.2000000E-10 Ub=l .0000000E~-18
+Ucm~-5_ 2500000E-11 Prwb=0 . 00 +Ucm-2. 99599999E-11 Prwb=0 .00
+Prwg=0.00 Wr=1.0000000 UQ=3_.5000000E-02 +Prwg=0.00 Wr=1.0000000 U0=8.0000000E~-03
+A0=1.1000000 Keta=4 0000000E-02 Al=0.00 +A0=2.1199999 Keta=2 K 999999%E-02 Al=0.00
+A2=1.0000000 Age==1.0000000E~02 BO=0.00 4+A2=0.4000000 Ags=-0,1000000 BO=0.00
+B1=0.00 +B1=0.00
+Vof£=-0.12350000 NFactor=0.9000000 cit=0.00 +Voff=-£.40000000E-02  NFactor=1.4000000 cit=0.00
+Cdse=0. 00 cdsch=0.00 cdscd=0.00 +Cdse=0.00 Cdschm0.00 cdsed=0. 00
+Eta0=0. 2200000 Etab=0.00 Dsub=0 . 8000000 +Eta0=8.5000000 Etab=0.00 Dsub=2. 8000000
+PclmmS . 0000000E-02 Pdiblclwl.2000000E-02 PdiblcZw7.S50E-03 +Felm=2 . 0000000 Pdiblecl=0.1200000 Pdiblc2=8.00E-05
+Pdiblcbwm-1, 2 Droutwl.? 2 Pscbel=§ . 66E+08 +Pdiblcbes0 . 1450000 Droutms5.0000000E-02 Pscbelwl . 00E-20
+Pacbe2=1. 0000000E~20 Pvag==-0.2800000 Delta=1.00E-02 +Pscbelwl, 0000000E-20 Pvag=-6.0000000E-02 Delta=l.00E-02
+Alpha0=0.00 Beta0=30.0000000 +Alpha0=0.00 Beta0=30.0000000
4+ktl=-0.3700000 kt2=-4 0000000E-02 At=5_S000000E+04 +ktl==0.3700000 kt2==4, At=5,
+Ute=-1.4800000 Ual=9.5829000E-10 Ub1=-3.3473E-19 +Ute=-1.4800000 Ual=9.5829000E-10 Ubl=-3.3473E-19
+Ucl=0.00 Ktil=4.0000000E-09 Prt=0.00 +Uecl=0.00 Ktll=4 0000000E-09 Prt=0.00
+€3=0.00365 Mj=0.54 Pb=0.982 +Cj=0.00138 M3=1.05 Fb=1.24
+Cisw=7.9E-10 Misw=0.31 Fhp=0.841 +Cswml. 44E-05 Mjswe0.43 Php=0. 841
+J3=1.50E-08 JSW=2.50E-13 +J5=1.50E-08 JSW=2.50E-13
+9=1.0 xti=3.0 cgdo=2.786E-10 +6=1.0 xti=3.0 cgdo=2. TBEE-10
+Cgsomz . TEEE-10 Cgbo=0 . 0E+00 Capmods 2 +Cgso=2 . T#EE-10 Cgbo=0 . 0E+00 Capmod=2
+HQIMOD=0 Elm=S Xpartml +HQSMOD=0 Elm=5 Kpart=1
+Cgal=1.6E~10 cgdl=1,6E-10 Ckappa=2.886 +Cgal=1.6E=-10 cgdl=1,6E-10 Ckappa=2 . 886
+Cf=1.06%e~10 Cle=0.0000001 Cle=0.6 +Cf=]1_058e~-10 Cle=0.0000001 Cle=0.6
+Dlc=4E-08 DwcmD Vibcym-1 +Dlc=3E-08 DwcmD Vibcym-1

Figure 3.44: Library file ‘BSIM3_018.lib" with BSIM3 models for a generic 0.18 um CMOS process, adapted from Predictive
Technology Model Website (2011).
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