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PREFACE

This book is a supplementary book to the textbook ‘CMOS Analog IC Design: Fundamentals’ 
by Erik Bruun, published by bookboon. It comprises a number of exercises and problems 
which can be solved on basis of the theory presented in the textbook. Most of the problems 
in the present book have been designed to cover learning objectives spanning across several 
chapters in the textbook whereas the topics in the end-of-chapter problems in the textbook 
are limited to the current chapter.

The majority of the problems in the present book are based on problems which have been 
used for written exams in a course on integrated analog electronics during the last 25 years.

For solving the problems, you may use analytical methods and in some cases Spice simulations. 
The Spice simulator used for this book is LTspice. For information about how to use LTspice 
for simulating CMOS integrated circuits, you may turn to the book ‘CMOS Integrated 
Circuit Simulation with LTspice’ by Erik Bruun and also published by bookboon.

In many problems, you are asked to derive a small-signal equivalent circuit from a large-signal 
schematic. Deriving a small-signal equivalent circuit requires some experience. Many years of 
teaching have convinced us that this is a discipline which is not so easy for students who are 
new to analog IC design. For the beginner, it may be useful to apply a step-by-step procedure 
when creating the small-signal equivalent circuit. In Appendix A, we show some examples of 
how such a procedure can be applied when deriving a small-signal equivalent circuit.

Erik Bruun and Ivan Jørgensen
Department of Electrical Engineering, Technical University of Denmark
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 PROBLEM 1 - CMOS 
OPAMP, FEEDBACK

The figure above shows a CMOS opamp connected in a series-shunt feedback configuration, 
i.e., voltage sensing, voltage mixing.

All transistors except M5 have ( / ) = 0.1 mA/V . For M5, ( / ) = 0.2 mA/V .. 
All NMOS transistors have a threshold voltage of 0.6 V. All PMOS transistors have a threshold 
voltage of −0.6 V. All transistors have a channel-length modulation parameter = 0.05 V .

The input voltage has a quiescent value of = 0 V . The supply voltages are = = 5 V .

The resistor values are �� = 2 kΩ  and �� = 10 kΩ. 

Question 1: Calculate the bias voltage  needed to ensure that the drain current of M5 
is 360 µA and calculate the quiescent values of the drain current, the gate-source voltage 
and the drain-source voltage for each of the transistors in the opamp. In this question, you 
may neglect the channel-length modulation.

Question 2: Calculate the small-signal parameters  and   for each of the transistors in 
the opamp. You may use the approximate values of quiescent currents and voltages found 
in Question 1 when calculating the small-signal parameters.
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Question 3: Use the quiescent value for the drain-source voltage of M5 found in Question 
1 to re-calculate the bias voltage  needed to ensure a drain current in M5 of 360 µA 
when taking the channel-length modulation for M5 into consideration. With this value of 

, simulate the circuit using LTspice and explain the differences between calculated and 
simulated values of the small-signal parameters.

Question 4: Determine the loop gain =   of the feedback loop by breaking the loop 
at the gate of M2 and finding the returned voltage across  (when applying a signal to the 
gate of M2 while the input signal  is reset).

Question 5: Calculate the feedback factor  and find the gain  from the loop gain  and 
the feedback factor .

Question 6: Calculate the closed-loop gain = /   and the closed-loop output 
resistance .
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 PROBLEM 2 - FEEDBACK, 
FILTER DESIGN

A feedback amplifier using an opamp and a resistive feedback network as shown above is 
sensitive to a dc offset voltage in the input stage of the opamp. A dc offset voltage can be 
modeled as a voltage in series with the input. Obviously, it is amplified by the closed-loop 
gain of the feedback amplifier, causing a dc offset voltage at the output of the amplifier. 
This problem can be reduced by connecting a capacitor  in series with the resistor  
as shown in the figure below where the opamp is shown as an ideal opamp with an input 
offset voltage off . In the following two questions, the value of  is 500 nF, and the resistor 

values are �� = 2 kΩ  and �� = 10 kΩ. 

Question 1: Assuming that the opamp can be considered as an ideal opamp (i.e., infinite 
gain, zero output resistance, infinite input resistance) with a dc offset voltage of �off = 10 mV,  
what is the voltage at the output of the feedback amplifier shown above when the input 
voltage is reset?
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Question 2: Sketch a Bode plot for the voltage gain ( )/ ( )  for the circuit shown 
above. The opamp is still assumed to be ideal.

By connecting a capacitor  in parallel with , we obtain a circuit which can be used as 
a wideband bandpass filter with a passband gain larger than 0 dB.

Question 3: Design such a wideband bandpass filter with a passband gain of 20 dB and a 
−3 dB bandwidth extending from 100 Hz to 10 kHz. As a starting point, select �� = 500 Ω .  
It is assumed that the opamp is ideal. Component values for ,  and  should be 
calculated. Note that the values of  and  have changed from the previous questions. As 
a reasonable approximation, you may assume that  together with the resistors determines 
the lower −3 dB frequency and the response below this frequency whereas  together with 
the resistors determines the upper −3 dB frequency and the response above this frequency.

Question 4: Sketch a Bode plot for the voltage gain | ( )/ ( )| |  for the bandpass filter 
designed in Question 3. Verify the frequency response by an LTspice simulation.
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 PROBLEM 3 - TRANSRESISTANCE 
AMPLIFIER

The figure above shows a transimpedance amplifier built from two identical NMOS transistors 
M1 and M2, a resistor � = 30 kΩ  and the dc current sources ,  and . The input 
signal is the current  and the output signal is the voltage . The dc current sources  
and  are used to provide the quiescent current (bias current) for M1 and M2. The NMOS 
transistors are assumed to have the following parameters: ( / ) = 1  mA/V , threshold 

voltage = 0.6 V  and channel-length modulation parameter = 0.05 V . The dc current 
sources ,  and  are assumed to be ideal constant-current sources with the values 

= = 0.25 mA  and = 0.20 mA.  The gate of M1 is connected to a dc bias voltage 

= 2.0 V , and the supply voltage is = 5.0 V .

Question 1: Calculate the quiescent value  of the input voltage and the quiescent value 
 of the output voltage when the quiescent value of the input current signal is zero. In 

this question, you may neglect the channel-length modulation.

Question 2: Find the quiescent values  and  taking the channel-length modulation into 
account. You may use either an iteration from the approximate results found in Question 
1, or you may use an LTspice simulation.

Question 3: Draw a small-signal diagram for the amplifier and calculate the values of the 
small-signal parameters included in the diagram.

Question 4: Calculate the small-signal transresistance, input resistance and output resistance 
of the amplifier.
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Question 5: Calculate the maximum value (positive) and the minimum value (negative) 
of the input current which can be applied without overloading the amplifier, i.e., without 
bringing any of the transistors outside the active region. It can be assumed that the voltage 
across the current sources ,  and  must be ≥ 0.2 V in order to assure that they can 
be considered as ideal current sources.
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 PROBLEM 4 - DIFFERENTIAL 
AMPLIFIER, TRANSCONDUCTANCE 
AMPLIFIER

The figure above shows a CMOS differential transconductance amplifier. All transistors 

except M7 have ( / ) = 2.00 mA/V . For M7, ( / ) = 4.00 mA/V .   All NMOS 
transistors have a threshold voltage of 0.5 V. All PMOS transistors have a threshold voltage 
of −0.5 V. All transistors are assumed to be in the active region, and unless otherwise noted, 
the channel-length modulation can be ignored.

The differential input voltage is =  and the differential output voltage is = 
. Both the gate voltages and the drain voltages of M1 and M2 are assumed to have 

a quiescent value of 0 V. The supply voltages are = = 1.5 V . The load impedance 
 is either a resistor  or a parallel connection of a capacitor  and an inductor  as 

specified in the questions below.

Question 1: Calculate  and  so that the quiescent current in M1 and M2 is 
= = 0.2 mA.

Question 2: Verify that all transistors are in the active region in the bias point specified 
for the circuit.
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Question 3: It is now assumed that the channel-length modulation for all transistors is 
given by a channel-length modulation parameter of = 0.1 V . It is also assumed that the 
only transistor capacitances which must be taken into account are drain-bulk capacitances 
for M1 - M4. Each of the transistors M1 - M4 is assumed to have a drain-bulk capacitance 
of = 0.1 pF . In this question and in Question 4, the load impedance is assumed to 
be a resistor with the value �� = 10 kΩ. Draw the equivalent small-signal model of the 
differential half-circuit and calculate the values of the small-signal parameters in the circuit 
using the values of quiescent currents and voltages found in the previous questions.

Question 4: Calculate the small-signal gain = / = ( )/  at 

very low frequencies when the load impedance  is a resistor with a value �� = 10 kΩ.

Question 5: It is now assumed that the load impedance  is a parallel connection of a 
capacitor = 0.8 pF  and an inductor = 20 nH, so that the transconductance amplifier 
forms a bandpass filter. Calculate the resonance frequency  and the quality factor  of 
the bandpass filter.

Question 6: Find the maximum passband gain | |max  and the −3 dB bandwidth.

Question 7: Verify the numerical results from Questions 3 - 6 using LTspice. 
Hint: Start by adjusting the value of  so that the bias values  and  of the output 
voltages are 0 V.

Question 8: Now assume that the inductor  has a series resistance of �� = 2.5 Ω.  Use 
LTspice to find the maximum passband gain and the −3 dB bandwidth.
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 PROBLEM 5 - CURRENT MIRROR, 
REGULATED CASCODE

The figure above shows a current mirror where transistors M1 and M2 form the current mirror 
while transistors M3 and M4 are inserted to increase the small-signal output resistance of the 
current mirror. All transistors are assumed to be in the active region and they have the small-
signal transconductances  -  and the small-signal output resistances  - . The 
current source  is a dc bias current source with a finite small-signal output resistance .

Question 1: Draw a small-signal diagram for the current mirror and find an expression for 
the small-signal output resistance .

Assume that all transistors are characterized by the Shichman-Hodges transistor model with 
���� = 180 μA/V�, �/� = 10 , = 0.4 V  and = 0.1 V . The quiescent value of the 

input current is ��� = 100 μA  and the bias current  is �� = 25 μA. The output resistance 
 of the bias current source is ��� = 400 kΩ.

Question 2: Calculate the numerical value of the small-signal output resistance of the current 
mirror. For the calculation, you may assume ���� ≪ 1  for all transistors.

Question 3: Find the minimum dc value of the output voltage for which all transistors are 
in the active region. Again, you may assume ���� ≪ 1  for all transistors.

Question 4: Use LTspice to find the small-signal output resistance and minimum dc value 
of the output voltage for which all transistors are in the active region. Assume a supply 
voltage = 1.8 V. Compare the simulated results to the calculated results from Questions 
2 and 3 and explain the differences between simulated results and calculated results.
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 PROBLEM 6 - FEEDBACK, STABILITY

An amplifier with a differential input and a single-ended output is intended for use in a 
feedback amplifier configuration with voltage sensing and series mixing (series-shunt feedback). 
The amplifier is assumed to have infinite input impedance and zero output impedance. The 
transfer function (differential gain) of the differential amplifier is given by

( ) = ( )
( ) =

(1 / )
1 + / 1 + /  

In the expression above, = 10  V/V  is the gain at very low frequencies, = 10 MHz  
is the frequency of a right-half-plane zero, = 1 kHz is the frequency of a left-half-plane 
pole, and = 100 kHz  is the frequency of a left-half-plane pole.

Question 1: Sketch a Bode plot of the amplifier response using piecewise-linear approximations 
to the amplitude response and the phase response.

Question 2: Find the frequency at which the phase response is −180°.
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Question 3: Verify that the gain at the frequency found in Question 2 is 20 dB. 

The amplifier is now used in the feedback configuration shown below.

Question 4: Is the amplifier stable if �� = 10 kΩ  and �� = 2 kΩ ? Give a reason for your 
answer.

In order to control the phase margin of the feedback amplifier, a frequency compensation 
is introduced in the basic amplifier such that the dominant pole is moved to a lower 
frequency and the non-dominant pole is moved to a higher frequency. The zero is assumed 
to be unaffected by the compensation and the feedback network is still �� = 10 kΩ  and 
�� = 2 kΩ .

Question 5: Assuming that the non-dominant pole is moved to a frequency which is much 
higher than the frequency of the zero, what should be the new location of the dominant 
pole when a phase margin of 60° is required?
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 PROBLEM 7 - CURRENT MIRROR, 
REGULATED CASCODE

The figure above shows a current mirror where transistors M1 and M2 form the current 
mirror while transistor M3 and an amplifier with a gain  and an infinite input resistance 
are inserted to increase the small-signal output resistance of the current mirror. All transistors 
are assumed to be in the active region and they have the small-signal transconductances 

 -  and the small-signal output resistances  - . The noninverting input to 
the amplifier is connected to a dc bias voltage .

Question 1: Draw a small-signal diagram for the current mirror and find an expression for 
the small-signal output resistance .

Assume that all transistors are characterized by the Shichman-Hodges transistor model with 
���� = 180 μA/V�, �/� = 10 , = 0.4 V  and = 0.1 V . The maximum value of the 

input current is ���max = 200 μA. For the amplifier, assume = 50 V/V.

Question 2: Calculate the numerical value of the small-signal output resistance of the 
current mirror when = max  and when = max/2. For the calculations, you may 

assume ���� ≪ 1  for all transistors.

Question 3: Find the minimum value of the bias voltage  and the minimum value of the 
output voltage required to keep all transistors in the active region for max . Again, 
you may assume ���� ≪ 1  for all transistors.

Question 4: Use LTspice to find the small-signal output resistance and minimum dc value 
of the output voltage for which all transistors are in the active region. Assume a supply 
voltage = 1.8 V. Compare the simulated results to the calculated results from Questions 
2 and 3 and explain the differences between simulated results and calculated results.
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 PROBLEM 8 - INVERTING AMPLIFIER, 
FREQUENCY RESPONSE

The figure above shows an inverting amplifier stage. The transistor threshold voltages are 
= 0.7 V  for the NMOS transistor and ��� = −0.7 V  for the PMOS transistor. Both 

transistors have ����(�/�) = 300 μA/V�  and both transistors have a channel-length 
modulation parameter = 0.1 V . The supply voltages are = = 1.5 V .

Question 1: Calculate the value of the quiescent current (bias current) in the transistors. 
It can be assumed that the quiescent value (bias value) of both the input voltage and the 
output voltage is 0 V.

Question 2: Draw a small-signal diagram of the inverting amplifier stage and calculate the 
values of the small-signal components in the diagram.

Question 3: Find the small-signal voltage gain (open-circuit voltage gain), the input 
resistance and the output resistance of the amplifier stage at low frequencies where capacitive 
components can be neglected.

The input of the amplifier is now connected to a signal source with a source resistance of 
= 100 kΩ  and the output is loaded with a capacitance with a negligibly small value. 

Also, a capacitor = 5 pF  is connected between the input and the output of the amplifier 
stage. It can be assumed that the frequency response of the amplifier has a dominant pole 
caused by the resistance  of the signal source and the capacitor .

Question 4: Calculate the −3 dB frequency caused by the dominant pole.

Question 5: Use LTspice to verify your results for the previous questions.
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 PROBLEM 9 - FEEDBACK, STABILITY

The figure above shows a noninverting feedback amplifier configuration with an opamp and 
a feedback network consisting of �� = 45 kΩ , �� = 5 kΩ  and = 3.2 nF.

Question 1: Find the transfer function ( )/ ( )  assuming that the opamp is an ideal 
opamp. Sketch the transfer function | ( )/ ( )|  in a Bode plot.

The opamp is now assumed to have a transfer function given by

( )
( ) = 1 + / 1 + /  

where the low-frequency gain is 80 dB and the pole frequencies are = 10 kHz and 
= 20 MHz.

Question 2: Sketch a Bode plot of the loop gain and estimate the phase margin from the 
Bode plot.

Question 3: Use LTspice to simulate the circuit. Assume the opamp transfer function given 
above and plot the frequency response of the amplifier with feedback.

Question 4: Simulate the loop gain and find the phase margin from the simulated loop gain.
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 PROBLEM 10 - DIFFERENTIAL 
PAIR, SINGLE-ENDED OUTPUT, 
FREQUENCY RESPONSE

 

The figure above shows a differential input stage for a CMOS operational amplifier. It has 
a single-ended output which can be connected to a subsequent stage in the operational 
amplifier. For the purpose of this analysis, the load at the output of the differential stage 
is modeled as a parallel connection of the resistor �� = 100 kΩ  and the capacitor , the 
value of which will be found in Question 3.

The NMOS transistors M1, M2 and M4 have the following model parameters: ( / ) =  

4.00 mA/V   and threshold voltage = 0.5 V . The NMOS transistor M6 has ( / ) =  

8.00 mA/V   and = 0.5 V . The PMOS transistors M3 and M5 have the model parameters 

( / ) = 0.50 mA/V   and �� = −0.5 V.. All transistors are assumed to be in the active 
region, and in the following five questions, the channel-length modulation can be neglected.
The quiescent value of the input voltage is = = 0 V  and the input signal is purely 
differential. The supply voltages are = = 1.5 V .

Question 1: Calculate  so that the quiescent current in M1 and M2 is = = 0.1 mA.

Question 2: Draw a small-signal diagram for the differential stage, assuming that all parasitic 
capacitances can be neglected and that the transistors M3 and M6 can be considered as ideal 
dc current sources. Calculate the values of the small-signal parameters in the circuit.
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Question 3: Find an expression for the differential gain function ( ) = ( )/ ( ). 
Calculate the differential small-signal gain  at very low frequencies. Find an expression 
for the gain-bandwidth product and calculate  so that a gain-bandwidth product of 100 
MHz is obtained.

Question 4: In this question (and only in this question), we assume that a mismatch 
between M3 and M5 causes the drain current of M3 to be 1% larger than the drain current 
of M5. Calculate the resulting quiescent value of the output voltage and the corresponding 
input offset voltage.

Question 5: Use LTspice to verify your results for the previous questions.

Question 6: It is now assumed that the load resistor  is not a separate resistor but is the 
small-signal output resistance of the gain stage caused by the channel-length modulation 
in the transistors. All transistors are assumed to have the same value of channel-length 
modulation parameter .

Use LTspice to find a value of  resulting in an output resistance of 100 kΩ.
Hint: Specify  as a parameter which can be stepped through a suitable range of values.

Question 7: Use LTspice to simulate the frequency response of ( ) with = 0.01 V , = with ( ) with = 0.01 V , =
0.07 V   and = 0.13 V . For each of the three values of  , find the low-frequency gain 
and the gain-bandwidth product.
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 PROBLEM 11 - INVERTING 
AMPLIFIER, COMMON-SOURCE 
STAGE, FREQUENCY RESPONSE

The figure above shows an inverting amplifier stage.

For the transistors, we assume ����� = 90 μA/V� and ����� = 30 μA/V�  where  and  
are the electron mobility and the hole mobility, respectively, and  is the gate capacitance 
per unit area. The transistor threshold voltages are = = 0.5 V  for NMOS and 
PMOS, respectively. 

For all transistors, we assume a channel length of 0.7 µm and a channel width of 2.1 µm. 
For all transistors, we assume that channel-length modulation can be neglected. 

The supply voltages are = 1.5 V  and −��� = −1.5 V, and the load resistor is �� = 100 kΩ.

Question 1: Calculate the value of the biasing resistor  so that the quiescent current 
(bias current) in the transistors is 10 µA. It can be assumed that the quiescent value of the 
output voltage is = 0 V . What is the bias value  of the input voltage when the bias 
value of the output voltage is 0 V?

Question 2: Calculate the output voltage range for an input voltage range from −1 V to 
+0.5 V.

Question 3: Draw a small-signal diagram valid for low frequencies of the inverting amplifier 
stage and calculate the small-signal voltage gain /  at low frequencies.
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A capacitor = 2  is now connected between the input and the output of the amplifier 
stage. This capacitor is assumed to be much larger than any other capacitor in the circuit 
and it causes the input impedance to be capacitive for frequencies well below 1/(2 ).

Question 4: Calculate the input capacitance of the amplifier.

Next, assume that a resistor  is connected between the input voltage source  and the 
gate of transistor M1.

Question 5: Find the −3 dB bandwidth of the amplifier stage when �� = 500 kΩ,, assuming 
that a dominant pole is caused by  and the input capacitance.

Question 6: Derive an expression for the transfer function ( )/ ( )  when  is connected 
between the input voltage source  and the gate of transistor M1. 
Hint: Use node equations for the output node and the gate node of M1.

Question 7: From the transfer function ( )/ ( ) , find the −3 dB bandwidth for 
= 0, 10 kΩ, 100 kΩ  and 500 kΩ .

Question 8: Verify the results of the previous questions by LTspice simulations.
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 PROBLEM 12 - DIFFERENTIAL 
AMPLIFIER, BODY EFFECT

The figure above shows a differential amplifier stage.

For the transistors, we assume �����(�/�)� = 300 μA/V�   and �����(�/�)� = 100 μA/V�  
where  and  are the electron mobility and the hole mobility, respectively,  is the 
gate capacitance per unit area, and ( / )   and ( / )   are the channel width-to-length 
ratios for the NMOS transistors and the PMOS transistors, respectively. The transistor 
threshold voltages are = = 0.7 V  for NMOS and PMOS, respectively, and both the 
NMOS transistors and the PMOS transistors have a channel-length modulation parameter 

= 0.1 V . The body effect constant is � = 0.5 √V  and the Fermi potential of the body 
is given by |2Φ�| = 0.7 V .

The supply voltages are and ��� = 1.5 V and −��� = −1.5 V..

Question 1: Calculate the value of the bias voltage  required for a quiescent drain current 
(bias current) of 20 µA in M5. The channel-length modulation can be neglected in this 
calculation. It can be assumed that the quiescent values (bias values)  and  of both 
the input voltages are 0 V.

Question 2: Use LTspice to find a value for  taking the channel-length modulation into 
account.
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Question 3: Calculate the range of the common-mode input voltage  when = = 
 and all transistors should be kept in the active region. The channel-length modulation 

can be neglected in this calculation.

Question 4: Use LTspice to find the common-mode input voltage range when the channel-
length modulation is taken into account. All transistors should be kept in the active region.

Question 5: Calculate the differential small-signal voltage gain = /( )  and 
the output resistance of the amplifier stage at low frequencies where capacitive components 
can be neglected.

Question 6: Use LTspice to verify the calculations from Question 5.

It is now assumed that transistors M1 and M2 have their bulk connected to the negative 
supply voltage rather than to the source so that the body effect must be taken into account.

Question 7: Repeat Questions 1 - 6 with the body effect taken into account.
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 PROBLEM 13 - FEEDBACK 
AMPLIFIER, PHASE MARGIN

The figure above shows a noninverting feedback amplifier configuration with an opamp and 
a feedback network consisting of �� = 45 kΩ , �� = 5 kΩ  and = 35.4 nF.

Question 1: Find the feedback factor ( ).

Question 2: Find the transfer function ( )/ ( )  assuming that the opamp is an ideal 
opamp. Sketch the gain function | ( )/ ( )|  in a Bode plot using a piecewise-linear 
approximation to the gain function.

The opamp is now assumed to have a transfer function given by

( )
( ) = 1 + / 1 + /  

where the low-frequency gain is 60 dB and the pole frequencies are = 100 kHz  and 
= 200 MHz.

Question 3: Sketch a Bode plot of the loop gain using piecewise-linear approximations for 
the gain and the phase and estimate the phase margin from the Bode plot.

Question 4: Find an exact value for the phase margin using either an analytical calculation 
or using an LTspice simulation.
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 PROBLEM 14 - CASCODE 
AMPLIFIER, CASCADE AMPLIFIER

The figure above shows a common-source stage with a capacitive load = 5 pF  which is 
much larger than the transistor capacitances. The current source  is an ideal dc current 
source with the value �� = 50 μA. The transistor is biased in the active region and it has 
the small-signal parameters = 0.40 mA/V  and ���� = 200 kΩ.

Question 1: Calculate the output resistance, the small-signal voltage gain at low frequencies, 
the −3 dB bandwidth and the gain-bandwidth product for the amplifier stage.

In order to increase the gain of the amplifier, a cascode transistor M2 is inserted as shown below. 
The cascode transistor is assumed to be identical to M1 and it has a bulk transconductance 
of = 0.1 mA/V. Both M1 and M2 are biased in the active region with an unchanged 

bias current �� = 50 μA.
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Question 2: Calculate the output resistance, the small-signal voltage gain at low frequencies, 
the −3 dB bandwidth and the gain-bandwidth product for the cascode amplifier.

An alternative to the cascode amplifier is a two-stage amplifier using common-source stages 
in a cascade as shown below. The two transistors are assumed to be identical and identical to 
the transistors in the amplifiers above. In order to have the same total current consumption 
in this circuit as in the amplifiers above, the quiescent current for each of the transistors 
has been reduced to 25 µA. This reduction in quiescent current affects the small-signal 
parameters of the transistors.

Question 3: Calculate the output resistance, the small-signal voltage gain at low frequencies, 
the −3 dB bandwidth and the gain-bandwidth product for the cascade amplifier.

In order to be able to simulate the amplifiers above, we need a transistor design. Assume the 
following Shichman-Hodges transistor parameters: ����� = 200 μA/V� , = 0.4 V , = , 

�� = 0.10 μm/V , � = 0.5 √V  and |2Φ�| = 0.7 V .

Question 4: Using reasonable approximations, find transistor dimensions which result in 
small-signal parameters approximately equal to the parameters given above and simulate 
the three amplifiers. Find a bias value for the input voltage  of each amplifier and find 
the small-signal parameters in the bias point. Use a value of the cascode bias voltage which 
ensures that both transistors are in the active region and that the bulk transconductance 
is approximately 0.1 mA/V. Also simulate the low-frequency gain and the bandwidth and 
compare the simulated results to results calculated from the simulated values of the small-
signal parameters.

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN
PROBLEM 15 - SOURCE FOLLOWER, COMMON-

DRAIN STAGE, BODY EFFECT

33

 PROBLEM 15 - SOURCE 
FOLLOWER, COMMON-DRAIN 
STAGE, BODY EFFECT

The figure above shows a source follower (common-drain stage).

For the transistors, we assume �����(�/�)� = 300 μA/V�   where  is the electron mobility, 
 is the gate capacitance per unit area, and ( / )  is the transistor channel width-to-

length ratio. The source follower is implemented in an n-well process where the NMOS 
transistors are placed directly in the p-substrate. Therefore the body contact of all NMOS 
transistors must be connected to  as shown above. Thus, the body effect must be taken 
into account for transistor M1. The transistor threshold voltage is = 0.5 V  when the 
source-bulk voltage is 0 V, and the threshold voltage increases due to the body effect to 
the value = 0.8 V  when the source-bulk voltage for M1 reaches its maximum value, i.e., 
when the output voltage of the source follower reaches its maximum value.

The channel-length modulation can be neglected for all transistors.

The supply voltages are ��� = 1.5 V and −��� = −1.5 V. and ��� = 1.5 V and −��� = −1.5 V. and the load resistor is 

�� = 50 kΩ.

Question 1: Calculate the value of the bias resistor  required for a bias current of 20 µA 
in M1. It can be assumed that the bias value of the output voltage is = 0 V.

Question 2: Calculate the output voltage range assuming that all transistors must be in 
the active region and that the input voltage can assume any value between  and .
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Question 3: Draw a low-frequency small-signal diagram for the source follower, taking 
the body effect into account. You may neglect all capacitances. The body transconductance 

= /  can be assumed to be given by =   where =  0.137 . Assume a 

bias point with = 0 V . Calculate the values of the small-signal parameters in the small-
signal diagram and calculate the small-signal gain /  (at low frequencies) of the source 
follower.

Question 4: Use LTspice to verify the results for Questions 1 - 3. For the transistor model, 
use |2Φ�| = 0.7 V  and calculate  from the value of the threshold voltage when the output 
voltage of the source follower is at its maximum value.
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 PROBLEM 16 - BIAS CIRCUIT, 
COMMON-SOURCE STAGE

The figure above shows an inverting amplifier and a bias circuit for the amplifier. The input 
voltage to the amplifier is a dc bias voltage = 0.9 V  in series with the small-signal voltage 

. The output is loaded capacitively with a load capacitance of = 0.5 pF .

The transistors have the following parameters: ����� = 160 μA/V�, ����� = 50 μA/V�, ��� = 
0.6 V, ��� = −0.6 V . The body effect can be neglected for all transistors. For M3 - M6, the 
channel-length modulation can be neglected, and for M1 and M2, it can be assumed that 
they have the same value of the channel-length modulation parameter   but the exact value 
is not known, only it can be assumed to be smaller than 0.1 V .

All transistors have a channel length of 1 µm, and M2, M5 and M6 have the same channel 
width. The drain current of M5 is ��� = 18 μA and the effective gate voltage of M5 is 

= −0.3 V .

Question 1: Calculate the channel width of M5.

Question 2: Calculate the channel width of M1 so that the dc value of the output voltage 
is /2.

Question 3: Calculate the transconductance of M1 and the minimum value (absolute value) 
of the small-signal gain at low frequencies.

Question 4: Calculate the gain-bandwidth product of the inverting amplifier, assuming that 
the bandwidth is limited by .
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Transistors M1 and M3 have the same value of channel width whereas the channel width 
of transistor M4 is four times the channel width of M3.

Question 5: Calculate the effective gate voltage   for M4.

Question 6: Calculate  so that ��� = 18 μA.

Question 7: Use LTspice to verify the analytical results from Questions 1 - 6.
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PROBLEM 17 - BIAS CIRCUIT

The figure above shows a bias circuit which generates a constant bias current  from a 
bandgap reference voltage = 1.24 V. 

The transistors have the following parameters: ����� = 160 μA/V�, ����� = 50 μA/V�, ��� =
0.6 V, ��� = −0.6 V and 0.6 V, ��� = −0.6 V . For all transistors, the channel length is � = 1 μm  and the channel 
width is � = 2.5 μm. 

The channel-length modulation can be neglected for all transistors.

Question 1: Calculate the value of  so that the bias current  is 20 µA, assuming 
that all transistors are in the active region.

Question 2: Calculate the minimum value of the supply voltage  for which all transistors 
operate in the active region, assuming the voltage across the load to be = 1.0 V.

Question 3: With = 3 V, calculate the maximum value of the voltage  across the 
load for which all transistors operate in the active region.

Question 4: Use LTspice to verify the results for Questions 1 - 3. You may model the load 
as a dc voltage source with a value of 1 V for Questions 1 and 2, and for Question 3, you 
may sweep the value of  to find the maximum value for which all transistors operate in 
the active region.
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 PROBLEM 18 - FEEDBACK 
AMPLIFIER, PHASE MARGIN

The figure above shows a noninverting feedback amplifier configuration with an amplifier with 
gain  and a feedback network consisting of two resistors �� = 45 kΩ  and �� = 5 kΩ . The 
amplifier (without feedback) is assumed to have a low-frequency gain of 34 dB and infinite 
input resistance and zero output resistance.

Question 1: Calculate the low-frequency closed-loop gain of the feedback amplifier.

Question 2: Calculate the −3 dB bandwidth of the amplifier with feedback, assuming that 
the basic amplifier has a −3 dB bandwidth caused by a single pole at the frequency =  

2 MHz .

The transfer function of the basic amplifier (without feedback) is now assumed to be given by

( ) = ( )
( ) =

(1 / )
1 + / 1 + /  

where the low-frequency gain is 34 dB and the pole frequencies are 2 MHz and 200 MHz. 
The zero is a right-half-plane zero with a frequency of 20 MHz.

Question 3: Sketch a Bode plot of the loop gain ( ) = ( )  (where  is the feedback 
factor) and estimate the phase margin from the Bode plot.

Question 4: Use LTspice to simulate the loop gain and find the phase margin from the 
simulated loop gain.
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 PROBLEM 19 - COMMON-
SOURCE AMPLIFIER, GAIN-
BANDWIDTH PRODUCT

The figure above shows a common-source amplifier with an NMOS transistor M1 with 
�����(�/�) = 800 μA/V�, ��� = 0.6 V and � = 0.1 V�� and �����(�/�) = 800 μA/V�, ��� = 0.6 V and � = 0.1 V��. The resistor  is assumed to 
be so large that it does not affect the gain of the amplifier stage and the capacitor  is 
assumed to be so large that it represents a short circuit for ac signals but an open circuit 
for dc voltages. For Questions 1 - 3, the bias current source  is assumed to be ideal, i.e., 
the output resistance of the current source is infinite.

Question 1: Calculate  so that the small-signal gain /  is �� = −80 V/V  at low 
frequencies (i.e., frequencies in the range where  is treated as a short circuit and  is 
treated as an open circuit). You may use the approximation 1 + ���� ≃ 1.

Question 2: Calculate the quiescent value (bias value) of the output voltage, assuming a bias 
current of �� = 25 μA. In this question, the channel-length modulation can be neglected.

Question 3: Calculate the load capacitance  so that the gain-bandwidth product is 300 
MHz, assuming a bias current of �� = 25 μA. The transistor capacitances can be neglected.

Question 4: It is now assumed that the current source  is realized as a PMOS transistor 
with the same value of   as M1. How does this affect the small-signal gain at low frequencies 
and the gain-bandwidth product?
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 PROBLEM 20 - COMMON-SOURCE 
AMPLIFIER, MILLER CAPACITOR

The figure above shows a common-source amplifier stage. Transistor M1 is biased by a 
current source which can be treated as an ideal current source �� = 100 μA  in parallel with 
a resistor = 100 kΩ  representing the finite output resistance of a practical realization of 
the current source. A capacitor = 1.2 pF  is connected between the input and output 
of the amplifier stage as shown in the figure. This is the only capacitor which must be 
considered in the circuit. All transistor capacitances can be neglected. The input voltage to 
the amplifier is a dc bias voltage = 1 V  in series with a small-signal source  which 
has a series resistance of �� = 500 kΩ  as shown in the figure. The dc supply voltage to the 
amplifier stage is = 3 V.

Transistor M1 has the following parameters: ����� = 160 μA/V�, ��� = 0.5 V  and 

= 0 V , so the channel-length modulation can be neglected. The transistor channel 
length is � = 1 μm .

The transistor drain current  is described by the Shichman-Hodges transistor model, i.e.,

= 1
2 ( / )( ) (1 + ) 

Question 1: Calculate the channel width  of M1 so that the dc bias value (quiescent 

value) of the output voltage is = 2 V . Alternatively, use LTspice to find the value of  

resulting in = 2 V .
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Question 2: Draw a small-signal diagram of the amplifier stage and calculate the small-
signal gain = /   at low frequencies.

Question 3: Calculate or simulate the −3 dB bandwidth of   for the amplifier stage.

The current source (  in parallel with )) is now assumed to be implemented by a resistor 
 and a PMOS current mirror with transistors M2 and M3 as shown in the following figure. 

The two PMOS transistors are identical and can also be described by the Shichman-Hodges 

model with ����� = 50 μA/V� and ��� = −0.5 V and ����� = 50 μA/V� and ��� = −0.5 V. The channel length is � = 1 μm  and 

the channel-length modulation parameter   has a value which results in the small-signal 
output resistance = 100 kΩ  of the current source. The absolute value of the effective 

gate voltage (overdrive voltage)   is 0.5 V for the two PMOS transistors.

Question 4: Calculate the channel width   of M2 (and M3) so that M2 represents a 
constant current source �� = 100 μA  in parallel with a resistor ).

Question 5: Calculate the value of   for the PMOS transistors which results in �� = 100 kΩ.

Question 6: Calculate the required value of .
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 PROBLEM 21 - FEEDBACK 
AMPLIFIER, PHASE MARGIN

The figure above shows a noninverting feedback amplifier configuration with an amplifier with 
gain  and a feedback network consisting of two resistors �� = 400 kΩ  and �� = 50 kΩ. The 
amplifier (without feedback) is assumed to have a low-frequency gain of 46 dB and infinite 
input resistance and zero output resistance.

Question 1: Calculate the low-frequency closed-loop gain of the feedback amplifier.

In the following three questions, it is assumed that the transfer function of the basic 
amplifier (without feedback) can be described by the low-frequency gain of 46 dB and a 
single, dominant pole at the frequency = 270 kHz.

Question 2: Calculate the −3 dB bandwidth of the amplifier with feedback.

Question 3: Find the phase margin of the amplifier with feedback.
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A parasitic capacitance = 0.6 pF  is now assumed to be connected from the inverting 

amplifier input to ground as shown above.

Question 4: Sketch a Bode plot of the loop gain ( ) = ( ) ( ) (where ( ) is 
the feedback factor) using asymptotic piecewise-linear approximations. Estimate the phase 
margin from the Bode plot.

Question 5: Use LTspice or an exact analytical calculation to find a more precise value for 
the phase margin.
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 PROBLEM 22 - COMMON-
SOURCE AMPLIFIER, CASCODE 
AMPLIFIER, MILLER CAPACITOR

The figure above shows a common-source amplifier stage. Transistor M1 is the common-source 
gain transistor and transistor M2 is the load transistor. The input voltage  to the amplifier 
is a dc bias voltage  in series with a small-signal source . The load transistor is biased 
by a dc gate voltage , and the dc supply voltage to the amplifier stage is = 3.3 V .

The transistors can be described by the Shichman-Hodges transistor model, i.e.,

�� = 1
2 ����(�/�)(|���|− |��|)�(1 + �|���|) 

which is valid for both the NMOS transistor M1 and the PMOS transistor M2 when they 
are in the active region (saturation region).

Transistor M1 has the following parameters: ���� = 200 μA/V�, � = 10 μm, � = 1 μm,  �� =
0.6 V  and = 0 V , so the channel-length modulation can be neglected for M1. 

Transistor M2 has the following parameters: ���� = 60 μA/V� , � = 10 μm , � = 0.35 μm , 

�� = −0.6 V  and �����(�/�) = 800 μA/V�, ��� = 0.6 V and � = 0.1 V��.

The capacitors = 0.1 pF  and = 0.05 pF  are the only capacitors which should be taken 
into consideration.
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Question 1: Find the dc bias value  of the input voltage such that the bias current (quiescent 
current) of M1 is 250 µA, assuming that M1 is in the active region (saturation region).

Question 2: Find the dc bias voltage  for M2 such that the bias value (quiescent value) 
of the output voltage is 1.8 V.

Question 3: Draw a small-signal diagram of the amplifier stage and find the output resistance 
and the small-signal gain = /   at low frequencies.

Question 4: Find the input capacitance for the amplifier stage.

In order to reduce the input capacitance, a common-gate stage M3 (cascode stage) is now 
inserted after the common-source stage as shown above. Transistor M3 has the same transistor 
parameters and the same dimensions as transistor M1, and also for M3, the channel-length 
modulation can be neglected. Since M3 has source and bulk connected, the bulk effect can 
also be neglected.

The dc bias voltage  is = 1.8 V , and  and  are the same as for the circuit 
from Questions 1 to 4.

Question 5: Draw a small-signal diagram of the two-stage amplifier and find the output 
resistance and the small-signal gain = /   at low frequencies.

Question 6: Find the small-signal gain = /   at low frequencies for the common-
source stage M1.

Question 7: Find the input capacitance for the two-stage amplifier stage.
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 PROBLEM 23 - FEEDBACK 
AMPLIFIER, PHASE MARGIN

The figure above shows an amplifier with feedback. The amplifier is assumed to have an 
infinite input resistance and an output resistance of zero. The low-frequency gain of the 
amplifier is 46 dB, and the amplifier frequency response has two poles at the frequencies 

= 100 kHz  and = 1 MHz. The feedback network provides a frequency-independent 
feedback factor of = 0.1.

Question 1: Find the low-frequency closed-loop gain of the amplifier with feedback.

Question 2: Find an expression for the transfer function of the loop gain ( ) and sketch 
a Bode plot of the loop gain ( ). For the sketch, you may use asymptotic piecewise-linear 
approximations for the gain plot and the phase plot.

Question 3: Find the phase margin of the amplifier with feedback. You may use asymptotic 
piecewise-linear approximations for the Bode plot.

In order to increase the phase margin, it is now assumed that the pole at the frequency  
can be moved to a lower frequency.

Question 4: Find the new, lower value of  required to provide a phase margin of 60°. 
You may use asymptotic piecewise-linear approximations for the Bode plot.
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 PROBLEM 24 - DIFFERENTIAL 
AMPLIFIER

The figure above shows a differential amplifier stage. Transistors M1 and M2 are perfectly 
matched and form the differential pair. Transistors M3 and M4 are also perfectly matched and 
form an active load providing a single-ended output. Transistor M5 is providing a constant 
bias current for the differential pair. All transistors have bulk and source connected, so the 
bulk effect can be neglected. The two input voltages are  and , respectively, so 
the differential input voltage is =   and the common-mode input voltage is 

= ( + )/2.

The supply voltage is = 3 V and the gate voltage to M5 is a dc bias voltage = 0.75 V.

The transistors can be described by the Shichman-Hodges transistor model, i.e.,

�� = 1
2 ����(�/�)(|���|− |��|)�(1 + �|���|) 

which is valid for both the NMOS transistors and the PMOS transistors when they are in 
the active region (saturation region).

All transistors have a channel length of � = 0.5 μm. For Questions 1 - 5, the channel-length 

modulation can be neglected, i.e., = 0 V  for all transistors.

The NMOS transistors have the following parameters: and ����� = 200 μA/V�  and �� = 0.50 V. 
The PMOS transistors have the following parameters: and ����� = 62 μA/V� and �� = −0.54 V.
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The output of the differential stage is connected to a load capacitor = 0.16 pF, and this 
is the only capacitor which should be taken into consideration.

Question 1: Find the channel width   of M5 so that a dc bias current of 12.5 µA is 
achieved for M1 and M2. Assume that all transistors are in the active region (saturation 
region).

Question 2: Find the transconductance =  of transistors M1 and M2 so that a 
gain-bandwidth product of 100 MHz is achieved.

Question 3: Find the channel width =  of transistors M1 and M2 so that the 
transconductance of M1 and M2 results in a gain-bandwidth product of 100 MHz.

Question 4: Find the minimum value of the common-mode input voltage  for which 
all transistors remain in the active region (saturation region).

Question 5: Find the channel width =  of transistors M3 and M4 so that a maximum 
common-mode input voltage of  of 2.7 V  can be applied with all transistors remaining 
in the active region (saturation region).

It is now assumed that the channel-length modulation is described by = 0.16 V  for 
all transistors.

Question 6: Assuming that the bias currents remain unchanged and that the common-
mode input voltage is = 2.0 V, calculate the small-signal output resistance  of the 
differential amplifier stage.

Question 7: Assuming that the bias currents remain unchanged and that the common-
mode input voltage is = 2.0 V, calculate the low-frequency small-signal differential 
gain = / .

Question 8: Verify the answers to Questions 1 - 7 by LTspice simulations.
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 PROBLEM 25 - COMMON-DRAIN 
STAGE, COMMON-GATE STAGE

The circuit shown above is an amplifier with a single-ended input = +   where 
the bias value of the input voltage is equal to the voltage  which is a dc bias voltage 
connected to the gate of M2.

The NMOS transistors M1 and M2 are identical and have the following parameters: 
( / ) = 2.00 mA/V   and threshold voltage = 0.5 V . The PMOS transistors 

M3 and M4 are identical and have ( / ) = 2.00 mA/V   and �� = −0.5 V . All 

transistors have a channel-length modulation parameter = 0.04 V . All transistors are 
assumed to be in the active region. The supply voltage is = 3 V, the bias voltage  is 

= /2 = 1.5 V  and the bias current  is �� = 250 μA.

Question 1: Draw a low-frequency small-signal diagram for the amplifier and calculate 
the values of the small-signal parameters in the circuit. You may assume =   and 
���� ≪ 1  for all transistors.

Question 2: The amplifier may be analyzed as a cascade of a common-drain input stage 
and a common-gate output stage. Find the small-signal voltage gain = /  of the 
input stage where = =   is the source voltage for both M1 and M2.

Question 3: Find the small-signal voltage gain = /   of the output stage and find 
the total gain = /  .

Question 4: Find the small-signal output resistance.
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Question 5: Use LTspice to verify the numerical results for the previous questions.

Question 6: Assuming that transistors M1 and M2 have a gate-source capacitance of 

= 50 fF  and a gate-drain capacitance of = 3 fF , what is the input capacitance of 

the amplifier?

Question 7: What is the input capacitance of a common-source amplifier providing an 
inverting gain of the same magnitude as the amplifier analyzed above and using a common-
source gain transistor with a gate-source capacitance of = 50 fF  and a gate-drain 
capacitance of = 3 fF?
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 PROBLEM 26 - FEEDBACK 
AMPLIFIER, INTEGRATING AMPLIFIER

The figure above shows an integrating amplifier implemented using an opamp with feedback. 
The opamp is assumed to have an infinite input resistance and an output resistance of zero.

Question 1: Find an expression for the transfer function ( ) = ( )/ ( ) for 

the amplifier with feedback, assuming that the opamp is an ideal opamp (infinite gain, 
independent of frequency).

It is now assumed that the opamp does not provide an infinite gain but is described by a 
transfer function

( ) = ( )
( ) = 1 + /  

at the frequencies of interest. The frequency   is the gain-bandwidth product of the opamp 
and   is the frequency of a non-dominant pole for the opamp.

Question 2: Show that the loop gain of the amplifier with feedback is given by

( ) = 2
(1 + 2 ) 1 + / = /

(1 + / ) 1 + /  

where = 1/(2 ).

The resistor  and the capacitor  are now given by � = 10 kΩ  and = 15.9 pF.

Question 3: Determine the gain-bandwidth product   of the opamp so that a low-
frequency loop gain of 40 dB is obtained.
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Question 4: Assuming = 100 MHz, determine the pole frequency   so that a phase 
margin of 60° is obtained. When calculating the phase margin, you may assume that the 
frequency for which | ( )| = 1 is much larger than . Also sketch a Bode plot (magnitude 
and phase) of the loop gain. You may use asymptotic piecewise-linear approximations for 
the Bode plot.
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 PROBLEM 27 - COMMON-SOURCE 
AMPLIFIER, TWO-STAGE AMPLIFIER

The figure above shows an amplifier consisting of two cascade-connected inverting gain stages. 

The supply voltages are = 1 V  and −��� = −1 V . The transistors have the following 

parameters: ����� = 100 μA/V�, ����� = 40 μA/V�, ��� = 0.8 V, ��� = −0.8 V.. The channel-

length modulation can be neglected for both transistors. Also, �� = 1 kΩ, �� = �� = 10 kΩ  
and �� = 40 kΩ..

Question 1: Show that the quiescent values  and  of the output voltages from stage 
1 and stage 2, respectively, are both 0 V when the transistor aspect ratios are / = 50  
and / = 125  and the quiescent value of the input voltage is = 0 V .

Question 2: Draw the small-signal diagram for the amplifier for low frequencies and 
calculate the gain of each gain stage ( = /  and = / )  and the total gain, 

=  / .

Question 3: For an output signal swing with an amplitude of 100 mV at low frequencies, 
find the corresponding amplitude of the input signal.

For the two transistors, it can be assumed that the only parasitic capacitors are: = 100 fF, 

= 20 fF , = 250 fF   and = 50 fF . Also, a capacitor = 200 fF   is connected 

between the gate and the drain of M2.

Question 4: Find the −3 dB cut-off frequency for the amplifier assuming that there is a 
dominant pole.

Question 5 : Use LTspice to verify your results for the previous questions.
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 PROBLEM 28 - FEEDBACK 
AMPLIFIER, MILLER COMPENSATION

The figure above shows the small-signal equivalent circuit for a two-stage operational amplifier 
equipped with a Miller compensation capacitor . This is the only capacitor which must 
be considered when analyzing the frequency response of the amplifier.

Question 1: Find an expression for the low-frequency gain �� = ��/���  where ��� = ���� − where �� = ��/���  where ��� = ���� −  
.

Question 2: Show that the transfer function ( ) = ( )/ ( ) is given by

( ) = 1 /
1 + ( + + )  

and find expressions for the frequencies of poles and zeros in the transfer function.

Question 3: Show that the gain-bandwidth product of the amplifier is /(2 )  
when ��� ≫ 1/�� and ��� ≫ 1/�� .

The opamp is now used in a feedback amplifier with a feedback factor  as shown below.
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Question 4: Find an expression for the closed-loop gain ( ) = ( )/ ( )  and show 

that the closed-loop gain has a right-half-plane zero at = = /   and a left-

half-plane pole at = (1 + ) / 1 /   where �� ≃ 1/(���������)  
when ��� ≫ 1/�� and ��� ≫ 1/�� .

Now, assume that the low-frequency loop gain =   is much larger than 1, i.e., ��� ≫ 1.

Question 5: Show that the gain-bandwidth product of the amplifier with feedback is

GBW 1
1 /

1
1 /  
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 PROBLEM 29 - TWO-STAGE OPAMP

The figure above shows a two-stage operational amplifier with a bias network consisting 
of transistors M1 and M2 and the resistor . A Miller compensation capacitor  is also 
included. As shown, bulk and source are connected for all transistors. The supply voltage 
is = 3 V and the bias voltage at the two inputs is = = 1.5 V . The Miller 
compensation capacitance is = 1 pF.

The transistors can be described by the Shichman-Hodges transistor model, i.e.,

�� = 1
2 ����(�/�)(|���|− |��|)�(1 + �|���|) 

which is valid for both the NMOS transistors and the PMOS transistors when they are in 
the active region (saturation region).

All transistors have a channel length of = 0.5  and a channel-length modulation parameter 
of �����(�/�) = 800 μA/V�, ��� = 0.6 V and � = 0.1 V��.

The NMOS transistors have the following parameters: ����� = 200 μA/V� and �� = 0.5 V..
The PMOS transistors have the following parameters: ����� = 100 μA/V� and �� = −0.7 V .

The channel widths are 

�� = �� = �� = �� = 5 μm, �� = 10 μm, �� = �� = 20 μm, �� =  �� = 50 μm.

Question 1: Find  so that the current through M1 and M2 is 20 µA and find the bias 
current in M3 and M8. The channel-length modulation can be neglected in this question.
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Question 2: Show that all transistors are biased in the active region. It can be assumed 
that the dc output voltage of the operational amplifier is = /2 . The channel-length 
modulation can be neglected in this question.

Question 3: Find expressions for the small-signal differential gain = /( )  
and the small-signal output resistance  at low frequencies and calculate the numerical 
values.

Question 4: Assuming that the Miller compensation capacitor is the only capacitor which 
must be taken into account, find the −3 dB frequency for the differential gain.

Now the operational amplifier is used as a buffer, i.e., the output  is connected to the 
inverting input . The input to the buffer is  and the output from the buffer is .

Question 5: Find the small-signal output resistance and −3 dB bandwidth for the buffer.

Question 6: Use LTspice simulations to verify your answers to Questions 1 - 5. Explain 
the differences between calculated and simulated results.
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 PROBLEM 30 - FEEDBACK 
AMPLIFIER, PHASE MARGIN

The figure above shows an amplifier with negative feedback. The transfer function for the 
amplifier is

( ) = (1 / )
1 + / 1 + /  

where = 1000 V/V , = /(2 ) = 1 kHz , = /(2 ) = 1 MHz  = 1000 V/V , = /(2 ) = 1 kHz , = /(2 ) = 1 MHz  = 1000 V/V , = /(2 ) = 1 kHz , = /(2 ) = 1 MHz  , = 1000 V/V , = /(2 ) = 1 kHz , = /(2 ) = 1 MHz   and = /  
(2 ) = 1 MHz . 
The amplifier is assumed to have an infinite input impedance and an output impedance 
of zero. The −circuit is also assumed to have an infinite input impedance and an output 
impedance of zero.

Question 1: Sketch a Bode plot of the loop gain ( ) = ( )  for a feedback factor 

= 0.1 using piecewise-linear approximations to the amplitude response and the phase 
response.

Question 2: Find the unity-gain frequency  of the loop gain and find the phase margin 
PM for = 0.1.

Question 3: Find the maximum feedback factor for which the phase margin is PM ≥ 60°.
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 PROBLEM 31 - DUAL-
OUTPUT GAIN STAGE

The figure above shows a gain stage with two outputs,  and . The resistors  and 

  have the values �� = 30 kΩ  and �� = 15 kΩ . The supply voltage is = 1.8 V . The 

transistor has = 0.4 V  and ����� = 180  μA/V� . The channel length is � = 0.9 μm  and 

the channel-length modulation can be neglected. As shown, source and bulk are connected 
for the transistor, so there is no body effect.

Question 1: Design the channel width of the transistor so that the transistor has 
transconductance of 0.2 mA/V and the bias value of  is 1.2 V.

Question 2: Calculate the bias values of  and .

Question 3: Draw a small-signal equivalent circuit and find expressions for the small-signal 
gains /  and / . Find numerical values for the small-signal gains.

Question 4: Find expressions for the small-signal output resistances at the two outputs and 
calculate the numerical values.

Now a capacitor = 0.318 pF  is connected between the gate and the source of M1. This 

introduces both a pole and a zero in the transfer function ( )/ ( ).

Question 5: Use a node equation to find the frequency of the pole and the frequency of 

the zero ( )/ ( ) in introduced by . You may assume that  is the only capacitor 
which must be taken into account.

Question 6: Find an expression for the transfer function ( )/ ( ) and find the −3 dB 

frequency for ( )/ ( ).

Question 7: Verify your answers to Questions 1 - 6 using LTspice.
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 PROBLEM 32 - DC CURRENT SOURCE

The figure above shows a circuit used to generate a small dc output current  to flow through 
a load resistor . M1 and M2 are two identical transistors with a channel length of 1 µm and 

a channel width of 2 µm and they have = 0.4 V  and ����� = 180  μA/V�. The input 

current is ��� = 45 μA  and the supply voltage is = 1.8 V.

Question 1: Find the value for  resulting in an output current of �� = 5 μA  when M2 
is in the active region. 
In this question, the channel-length modulation is ignored for both M1 and M2.

Question 2: Find the maximum value of  for which both M1 and M2 are in the active 
region. In this question, the channel-length modulation is ignored for both M1 and M2.

Question 3: Find the output resistance of the current source when both M1 and M2 are 
in the active region. 
In this question, the channel-length modulation is modeled by the channel-length parameter 

�����(�/�) = 800 μA/V�, ��� = 0.6 V and � = 0.1 V��. You may use reasonable approximations for the calculation of the small-signal 
transistor parameters and the output resistance.

Question 4: How does it affect the output resistance if the transistor geometry is changed 
to = 4 μm  and = 2 4 μm  for both transistors?

Question 5: Verify your answers to Questions 1 - 4 using LTspice.
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 PROBLEM 33 - FEEDBACK 
AMPLIFIER, PHASE MARGIN

The figure above shows an amplifier with feedback. The input voltage  is applied to the 
inverting input of the input stage which is a gain stage with the transfer function

( ) = = 1 + / 1 + /  

where  is a dominant pole and  is a non-dominant pole. The low-
frequency gain is = 1000 V/V  and the pole frequencies are = 20 × 10  rad/s  and 

= 4 × 10  rad/s.

The output stage is an inverting common-source gain stage with a PMOS transistor M1 
having a transconductance = 0.1 mA/V . The channel-length modulation can be ignored.

The resistors  and  have the values �� = 1 kΩ  and �� = 9 kΩ.

Question 1: Find expressions for the open-loop gain ( )  and the feedback factor and 
show that the loop gain is

( ) = 1 + / 1 + /  

Calculate the low-frequency values of the open-loop gain and the loop gain. Also calculate 
the value of the low-frequency closed-loop gain / .
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Question 2: Find the gain-bandwidth product  of the loop gain.

Question 3: Find the phase margin of the amplifier with feedback. You may use reasonable 
approximations.

In order to increase the phase margin, it is now assumed that the dominant pole can be 
moved to a lower frequency without affecting   and .

Question 4: Find the new, lower value of  required to provide a phase margin of 76°.
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 PROBLEM 34 - INVERTING 
AMPLIFIER, COMMON-
SOURCE STAGE

The figure above shows an inverting amplifier stage.

For the transistors, we have ����� = 300 μA/V�  and ����� = 100 μA/V�. The transistor 

threshold voltages are = 0.6 V  and ��� = −0.7 V.. The channel-length modulation is 

given by �� = �� = 0.1 μm/V  for the NMOS transistor and �� = �� = 0.2 μm/V  for the 

PMOS transistor. The channel length is � = 0.5 μm  for both transistors and M1 has a 

channel width of �� = 4 μm  while the channel width  is to be found in Question 2.

The supply voltage is = 2 V  and the gate voltage for M2 is = 1.1 V. The dc input 
bias voltage is = 0.7 V.

The load resistor is �� = 200 kΩ  and the capacitor  is assumed to be so large that it 
represents a short circuit for ac signals but an open circuit for dc voltages.

Question 1: Find the bias value of the drain current in M1 and M2 assuming that the dc 
bias value of the voltage  at the output of the transistor stage is 1 V.

Question 2: Find the channel width  of transistor M2 so that the dc bias voltage  at 
the output of the transistor stage is 1 V.

In the following questions, the bias voltages are assumed to be = 0.7 V and = 1.0 V .
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Question 3: Find the transconductance   for M1.

Question 4: Find the small-signal drain-source resistance  for M2.

Question 5: Find the small-signal gain = /   at low frequencies where  can be 
treated as a short circuit.

Question 6: Find the maximum voltage max  for which both transistors are in the active 
region.

Question 7: Use LTspice to verify the results from Questions 1 - 6.
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 PROBLEM 35 - CASCODE 
GAIN STAGE

The figure above shows a telescopic cascode stage consisting of a common-source stage M4 
followed by a common-gate stage M3 and loaded by a cascode current source consisting of 
M1 and M2.

The amplifier has been simulated by LTspice and from a ‘.op’ simulation, we have the 
following results from the output file and the error log file.

 

Output file 
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Error log file 

Question 1: Verify that all transistors are in the active region for the dc bias point of the 
gain stage.

Question 2: From the simulation results, calculate the small-signal output resistance  
of the cascode stage.

Question 3: From the simulation results, calculate the small-signal gain = /  .

Question 4: From the simulation results, calculate the small-signal gain , = /  
of the common-source stage, i.e., the small-signal gain from the input to the drain of M4.
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 PROBLEM 36 - COMMON-SOURCE 
AMPLIFIER, MILLER COMPENSATION

The figure above shows a common-source amplifier stage with M1 as the common-source 

gain transistor and M2 as the load transistor. The input voltage  to the amplifier has 

a dc bias value of = 0.8 V  and the signal source resistance is �� = 250 kΩ . The load 

transistor is biased by a dc gate voltage = 1.1 V, and the dc supply voltage to the 

amplifier is = 2.0 V..

The capacitors shown in the schematic are the only capacitors which should be considered in 
the analysis of the amplifier stage and they have the values = 0.5 pF , = 2.0 pF  and =
1.0 pF.

The transistors can be described by the Shichman-Hodges transistor model, i.e.,

�� = 1
2 ����(�/�)(|���|− |��|)�(1 + �|���|) 

which is valid for both the NMOS transistor and the PMOS transistor when they are in 
the active region.

Transistor M1 has the following parameters: ����� = 300 μA/V� , �� = 6 μm , �� = 1 μm ,  

��� = 0.6 V and ��� = ���� = 0.1 μm/V .

Transistor M2 has the following parameters: ����� = 100 μA/V� , �� = 36 μm , �� = 2 μm ,  

��� = −0.7 V and ��� = ���� = 0.2 μm/V..
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Question 1: Find the dc bias value of the output voltage and of the drain current in M1 
and M2.

Question 2: Draw a small-signal diagram of the amplifier stage and find the values of the 
small-signal parameters for the transistors in the diagram.

Question 3: Find the output resistance  of the amplifier and the small-signal gain 

= /   at low frequencies.

Question 4: Find the frequency   of the dominant pole for the amplifier.

Question 5: Find the frequency   of the non-dominant pole for the amplifier. You may 
assume .

Question 6: Use LTspice to verify the results from Questions 1 - 5.
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 PROBLEM 37 - FEEDBACK 
AMPLIFIER, PHASE MARGIN

The figure above shows an amplifier with feedback. The amplifier is assumed to have an 
infinite input resistance and an output resistance of zero.

The open-loop gain of the amplifier is given by

( ) = 1000 V/V
1 + / 1 + /  

where = 2  and = 2   with = 1.2 kHz  and = 300 kHz .

The feedback factor is given by ( ) = 0.06 V/V.

Question 1: Find the low-frequency closed-loop gain of the amplifier with feedback.

Question 2: Use LTspice to find the gain-bandwidth product GBW of the amplifier with 
feedback.

Question 3: Find the phase margin of the amplifier with feedback.

The feedback amplifier is now modified to have an open-loop gain given by ( ) = 

(100 V/V)/ 1 + /   and a feedback factor given by ( ) = (0.6 V/V)/ 1 + / .

The values of  and  remain unchanged, i.e., = 2  and = 2   with 

= 1.2 kHz  and = 300 kHz .
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Question 4: Find the low-frequency closed-loop gain of the modified amplifier with feedback.

Question 5: Use LTspice to find the gain-bandwidth product GBW of the modified amplifier 
with feedback.

Question 6: Find the phase margin of the modified amplifier with feedback.
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 PROBLEM 38 - VOLTAGE REGULATOR

The figure above shows a low dropout voltage regulator turning an unregulated dc voltage 

 into a regulated dc output voltage . The opamp  has the transfer function ( ) = 

/ 1 + /   where the low-frequency gain is = 500 V/V  and the pole frequency is 

= 2  where = 100 kHz . The opamp has an infinite input impedance and zero 

output impedance.

Transistor M1 has a transconductance = 10.0 mA/V  and a small-signal drain-source 
resistance ���� = 5 kΩ . The transistor capacitances can be neglected. The input voltage  
is large enough to keep M1 in the active region and the reference voltage ref  has the value 

ref = 1.25 V. The resistors  and  both have a value of 20 kΩ.

The load can be modeled as a dc current source with a value of 2.0 mA.

Question 1: Find an expressions for the loop gain ( ) and calculate the output voltage 
 at low frequencies (well below ).

Question 2: Find the line regulation /   at low frequencies.

Question 3: Find the output resistance of the regulator at low frequencies.

Question 4: Design transistor M1 to provide = 10.0 mA/V  and ���� = 5 kΩ , i.e., find 

 and find the channel-length modulation parameter  . Use the Shichman-Hodges transistor 
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model assuming a channel length �� = 1  μm , ����� = 100 μA/V�  and ��� = −0.4 V . 

Also, assume = 3.0 V.

Question 5: Use LTspice to simulate the line regulation and the output impedance versus 
frequency and find the line regulation and the output impedance at a frequency of = 
2 MHz.

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN Problem 39 - feedbaCk, Phase margin

73

 PROBLEM 39 - FEEDBACK, 
PHASE MARGIN

The figure above shows a feedback amplifier implemented by an operation amplifier  
and two resistors  and . The resistors both have a value of 200 kΩ. The operational 
amplifier has a transfer function

( ) = 1 /
1 + /  

where the low-frequency gain is = 1000 V/V , the pole is located at the frequency =  

20 kHz  and the zero is located at the frequency = 30 MHz . The output impedance of 
the opamp is zero and the input resistance is infinite but each of the two inputs to the 
opamp has a parasitic capacitance of 200 fF to ground.

Question 1: Find the low-frequency closed-loop gain .

Question 2: Find the closed-loop gain  for .

Question 3: Sketch a Bode plot of the loop gain ( ) = ( )  and estimate the phase 
margin from the Bode plot.

Question 4: Use LTspice to simulate the loop gain and find the phase margin from the 
simulated loop gain.
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 PROBLEM 40 - SOURCE FOLLOWER, 
COMMON-DRAIN STAGE

The figure above shows a common-drain amplifier stage with an NMOS transistor M1 and 
a bias current source �� = 100 μA.

The transistor has a channel length of �� = 0.5 μm , a channel width of �� = 100 μm  and 

the process parameters are ����� = 240 μA/V�, ��� = 0.5 V  and ��� = ���� = 0.08 μm/V .

The supply voltages are = = 1.5 V  and the input voltage  is connected to the 

gate of M1 via a resistor �� = 20 kΩ . The input voltage can vary between the negative 
supply voltage and the positive supply voltage.

The output is connected to a load resistor �� = 1 kΩ  in parallel with a load capacitor 
= 1 nF.

Question 1: Find the bias value of the drain current in M1 assuming that the dc bias value 
of the voltage  at the output of the transistor stage is 0 V.

Question 2: Find the transconductance  of transistor M1 when = 0 V.

Question 3: Find the low-frequency small-signal gain = /   when the bias value of 

the output voltage is = 0 V.
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Question 4: Find the minimum value ,min of the output voltage with  in the range 

���� ≤ .

Question 5: Find the maximum value ,max of the output voltage with  in the range 

���� ≤ .

Assume that the only capacitances in the circuit to be taken into consideration are the 
load capacitance = 1 nF, the gate-source capacitance = 200 fF  and the gate-drain 
capacitance = 10 fF .

Question 6: Find the frequency  of the dominant pole in the circuit.

Question 7: Use LTspice to verify the results from Questions 1 - 6.
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 PROBLEM 41 - FEEDBACK 
AMPLIFIER, PHASE MARGIN

The figure above shows an amplifier with feedback. The amplifier is assumed to have an 
infinite input resistance and an output resistance of zero.

The open-loop gain of the amplifier is given by

( ) = (1 / )
1 + / 1 + /  

where = 1000 V/V, = 10 MHz, = 20 kHz  and = 50 MHz. The feedback 

factor is = 0.2 V/V.

Question 1: Find the low-frequency closed-loop gain of the amplifier with feedback.

Question 2: Find the unity-gain frequency   of the loop gain ( ) = ( ).

Question 3: Find the phase margin of the amplifier with feedback.

Question 4: Use LTspice to verify the results for Questions 1 - 3.

Question 5: Use LTspice to find the −3 dB bandwidth dB and the unity-gain bandwidth 
 for the closed-loop gain of the amplifier.

Question 6: Use LTspice to find the maximum value max  of the feedback factor for which 
the amplifier is stable.
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 PROBLEM 42 - OPAMP, 
VOLTAGE FOLLOWER

The figure above shows a two-stage CMOS opamp with a PMOS differential pair with active 
load as the input stage and an NMOS common-source stage as the second stage. The differential 
input signal to the amplifier is =   and the output voltage is . The capacitor 

= 0.2 pF is a compensation capacitor and the capacitor = 1 is a load capacitor. The 
amplifier has been simulated with LTspice and the error log file from a ‘.op’ simulation provides 
the bias values and small-signal parameters listed in the following table.

 

Error log file 

Question 1: Use the simulation results to find the bias current  and the supply voltage 
.
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Question 2: Use the simulation results to find the quiescent values of the input voltages 
and the output voltage.

Question 3: Use the simulation results to find the low-frequency small-signal gain = /  .

Question 4: Use the simulation results (including simulated transistor capacitances) and 
the values of the capacitors  and  to estimate the frequency  of the dominant pole 
for the amplifier.

Question 5: Use the simulation results (including simulated transistor capacitances) and 
the values of the capacitors  and  to estimate the frequency  of the non-dominant 
pole for the amplifier.

Question 6: Use the simulation results (including simulated transistor capacitances) and the 
values of the capacitors  and  to estimate the frequency  of the zero for the amplifier.

The amplifier is now configured as a buffer by connecting the output  to the inverting 
input  while using  as the input and  as the output.

Question 7: Use the simulation results to find the low-frequency closed-loop output 
resistance   of the buffer.
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 PROBLEM 43 - FEEDBACK 
AMPLIFIER, BANDWIDTH

The figure above shows an amplifier with feedback. The amplifier is assumed to have an 
infinite input resistance and an output resistance of zero.

The open-loop gain of the amplifier is given by ( ) = / 1 + /  where the low-

frequency gain  is 80 dB and the pole frequency  is = 2  with = 1.2 kHz . 

The feedback factor is = 0.05 V/V .

Question 1: Find the low-frequency closed-loop gain of the feedback amplifier.

Question 2: Find the −3 dB bandwidth of the feedback amplifier.

Question 3: Find the phase margin of the feedback amplifier.

In order to increase the −3 dB bandwidth of the feedback amplifier, a non-dominant pole 
is introduced in the feedback loop by modifying ( )  to

( ) = 1 + / 1 + /  

where the pole frequency  is = 2   with = 1.2 MHz . The dominant pole 

remains unchanged with = 1.2 kHz .

Question 4: Use LTspice to find the −3 dB bandwidth of the modified feedback amplifier.

Question 5: Find the phase margin of the modified feedback amplifier.
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Alternatively, the non-dominant pole may be introduced in the feedback network.
In this case, ( ) = / 1 + /   with = 0.05 V/V  and ( ) = / 1 + / .

Question 6: Use LTspice to find the −3 dB bandwidth of the modified feedback amplifier.

Question 7: Find the phase margin of the modified feedback amplifier.
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SOLUTION TO PROBLEM 1

Question 1:

Neglecting the channel-length modulation, we have the Shichman-Hodges model

= 1
2 ( / )( )  

For M5, this gives

= = 2
( / ) + = 2 × 0.36 mA

0.2 mA/V + 0.6 V = 2.50 V 

For M1 - M4, we have �� = ���/2 = 180 μA  for symmetry reasons.

For M7, we have ��� = ���/2 = 180 μA  because of the scaling between M5 and M7.

For M6, we have ��� = ��� = 180 μA .

Since all transistors have the same current density / ( / )  and operate in the 

active region, they all have the same gate-source voltage | | = 2.50 V. For the NMOS 

transistors,  is positive. For the PMOS transistors,  is negative.

For M1, we have �� = ��� − |����| = 5.00 V − 2.50 V = 2.50 V , and for M2, we have =
��� − |����| = 5.00 V − 2.50 V = 2.50 V . Also, ��� = ��� = −���� = −2.50 V , i.e. =

= 5.00 V. We notice that ��� > ��� − �� = 2.50 V− 0.6 V = 1.9 V,, so the transistors 

are in the active region. 

For M3, we have ���� = ���� = −2.50 V , and for M4, we have ���� = ���� = −2.50 V . 

With = , the transistors are in the active region.

For M5, we have ��� = ��� = −2.50��  and ��� = ��� = −2.50 �  and �� = −��� = −5.00 V , i.e., ��� = 2.50 V . We 
notice that ��� > ��� − �� = 2.50 V − 0.6 V = 1.9 V  so the transistor is in the active region.

For M6, the negative feedback causes �� = �� = 0 V  and with �� = ��� = 5.00 V, we find 
= −5.00 V . We notice that |���|> |���|− |��| = 2.50 V − 0.6 V = 1.9V  so the transistor 

is in the active region.

Also for M7, we have �� = �� = 0 V  and with ��� = ��� = −2.50 �  and �� = −��� = −5.00 V , we find ��� = 5.00 V.  

We notice that >   = 2.50 0.6 = 1.9   so the transistor is in the active region.
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Question 2:

The transconductance  can be calculated from 

= 2
| | 

This gives ��� = 2 × 360 μA/(2.50 V − 0.6 V) = 0.38 mA/V.

For all other transistors, = 0.19 mA/V.

The output resistance  can be calculated from

= 1 + | |
 

For M1 and M2, we find = 1 + 0.05 V × 5 V / 0.05 V × 180 μA = 139 kΩ .

For M3 and M4, we find = 1 + 0.05 V × 2.5 V / 0.05 V × 180 μA = 125 kΩ .

For M5, we find = 1 + 0.05 V × 2.5 V / 0.05 V × 360 μA = 62.5 kΩ.

For M6 and M7, we find = 1 + 0.05 V × 5 V / 0.05 V × 180 μA = 139 kΩ..

Question 3:

Taking the channel-length modulation into account, we have 

= 1
2 ( / )( ) (1 + ) 

Using = 2.5 V  as found in Question 1, we may re-calculate  as follows:

= 2
( / )(1 + ) +  

= 2 × 0.36 mA
0.2 mA/V × (1 + 0.05 × 2.5 V) + 0.6 V = 2.39 V 

With the new value of  and hence , we also have new values for  for the transistors, 
so an additional iteration step may be performed with a new value of . However, this 
can only be expected to have very minor influence on , so we refrain from an additional 
iteration step and proceed with LTspice simulations.
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The following figure shows an LTspice schematic for the circuit. For the transistors, we have 
selected the geometries and the parameter ‘Kp’ such that ����(�/�) = 100 μA/V�  for both 
the NMOS transistors and the PMOS transistors (except M5 where ����(�/�) = 200 μA/V�).  
The value of ‘Kp’ for the NMOS transistors has been specified to be 4 times as large as the 
value for the PMOS transistors, reflecting a typical ratio of ��/�� ≃ 4. Consequently, the 
channel widths of the PMOS transistors M3, M4 and M6 are 4 times the channel widths 
of the NMOS transistors M1, M2 and M7. For all transistors, a channel length of 5 µm has 
been selected. Both transistor models without the channel-length modulation and with the 
channel-length modulation are included in the schematic.

When running a ‘.op’ simulation with the models without channel-length modulation and a 
value of 2.50 V for  as found in Question 1, the error log file returns the following results.

 

 

Error log file 
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We notice a very good match to the calculated values for drain-source voltages, gate-source 
voltages, drain currents and transconductances. However, with = 0, the small-signal 
output conductances are infinite and cannot be found from this simulation. Repeating 
the simulation with = 0.05 V  and = 2.39 V  as found in Question 3, we find the 
following error log file.

 

Error log file 

We notice that the bias currents, especially for M6 and M7, are somewhat larger than the 
calculated values due to the larger values of drain-source voltage. Also, the gate-source voltages 
are slightly smaller than the value of 2.5 V found in Question 1. This causes somewhat 
larger values of the transconductances and slightly smaller values of the output resistances.

Notice that the error log file does not show  but instead shows Gds = 1/ .

Question 4:

The loop gain is =   where �� = ���� (���� � ����) is the gain in the differential 

stage, �� = ���������� ∥ ���� ∥ (�� + ��)�  is the gain in the common-source stage (which 

is loaded by the series connection of  and ) and = /( + )  is the voltage-
divider ratio between  and . Thus

� = �� = ���(���� ∥ ����)�������� ∥ ���� ∥ (�� + ��)� �
��

�� + ��� 

= � ���
���� + ����� �

���
���� + ���� + (�� + ��)��� �

��
�� + ��� 

Inserting the calculated values for the small-signal parameters, we find

� = � 0.19 mA/V
(139 kΩ)�� + (125 kΩ)��� × � 0.19 mA/V

(139 kΩ)�� + (139 kΩ)�� + (12 kΩ)��� × � 2
12� 

= 12.5 × 1.96 × 0.167 V/V = 4.08 V 
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With the simulated small-signal parameters taking the channel-length modulation into 
account, we find

� = � 0.213 mA/V
7.30 μA/V + 8.12 μA/V� × � 0.224 mA/V

8.03 μA/V + 8.01 μA/V + (12 kΩ)��� × � 2
12� 

= 13.81 × 2.25 × 0.167 V/V = 5.19 V/V 

Alternatively, the loop gain may be simulated using a ‘.tf ’ simulation as shown in the following 
schematic. The loop gain is found as � = −v(Vf)/Vt = 5.09416 V/V. The small difference 
between this result and the result calculated above can be attributed to the rounding off of 
the values of the small-signal parameters in the error log file.

Question 5:

The feedback factor is the voltage-divider ratio between  and , i.e., = /( + ) = 

2 kΩ/(2 kΩ + 10 kΩ) = 0.167 V/V.

With a loop gain of = 4.08 V/V, we find = / = 4.08/0.167 = 24.4 V/V.

Using the simulated value of the loop gain, we find = / = 5.09416/0.167 = 30.6 V/V .

Question 6:

Using the calculated values of  and , we find a closed-loop gain of 
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= /(1 + ) = 24.4/(1 + 0.167 × 24.4) = 4.82 V/V .

With the simulated values of  and , we find = 5.02 V/V .

The output resistance is calculated from = /(1 + ) where  is the output 
resistance of the -circuit, i.e.,  ���� ∥ ���� ∥ (�� + ��).

Inserting the calculated values of the small-signal parameters, we find: 
������ = 10.3 kΩ/(1 + 4.1) = 2.02 kΩ.

Inserting the simulated values of the small-signal parameters, we find:
������ = 10.1 kΩ/(1 + 5.1) = 1.66 kΩ.

Gain and output resistance may also be simulated from the LTspice schematic from Question 
3 using the simulation directive ‘.tf v(Vo) Vin’.
From the output file, we find = 5.03 V/V  and ������ = 1.66 kΩ .
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SOLUTION TO PROBLEM 2

Question 1:

For dc voltages, the amplifier is a voltage follower since  can be considered an open circuit. 
Hence, the output voltage is �� = −�off = −10 mV.

Question 2:

With an ideal opamp, we find the closed-loop gain as = ( + )/  where = + 
( )  and = , i.e. and ( )  and = , i.e., i.e.,

= = + + ( )
+ ( ) = 1 + ( + )

1 +  

From this, we find a pole at the frequency �� = (2�����)�� = (2 × � × 500 nF × 2 kΩ)�� =  
159 Hz and a zero at the frequency �� = �2���(�� + ��)��� = �2 × � × 500 nF × (2 kΩ +  
10 kΩ)��� = 26.5 Hz..

The high-frequency gain is � = (�� + ��)/�� = 6 V/V ∼ 15.6 dB. 

A Bode plot (piecewise-linear approximation) is sketched below.
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Question 3:

By inspection of the circuit, we see that at midband frequencies where (2 )   
and (2 ) ,   can be treated as a short circuit and  can be treated as an open 

circuit. Thus, the gain is / = 1 + / . With a desired passband gain of 20 dB or 

10 V/V, we get �� = 9��� = 9 × 500 Ω = 4.5 kΩ.

By inspection, we also see that at very low frequencies and at very high frequencies the gain 

approaches unity. This implies that the filter has two poles  and , defining the −3 dB 

lower passband edge and higher passband edge, respectively. Also the filter has two zeros, one at 

= /10 and one at × 10. The lower pole is determined by  and is = (2 )   

(compare to Question 2). From this we get �� = �2��������� = (2 × � × 100 Hz × 500 Ω)�� =  

3.18 μF.

The frequency response at high frequencies is determined by  with  treated as a short 
circuit. This gives

����
��� = �� + �� ∥ (���)��

�� = � + �(�� ∥ ��)�����
� + (����)��  

From this, we find the pole frequency = (2 ) , so = 2 = (2 × × 

10 kHz × 4.5 kΩ)�� = 3.54 nF .

Question 4:

A Bode plot showing the bandpass filter with a passband gain of 20 dB, a lower −3 dB 
frequency of 100 Hz and a higher −3 dB frequency of 10 kHz is shown below. The stopband 
gain is 0 dB.
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The frequency response can be verified using LTspice. The following figure shows an LTspice 
schematic where the opamp has been modeled by a voltage-controlled voltage source with 
a gain of 106. The similarity between the simulated frequency response and the Bode plot 
above is apparent.
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SOLUTION TO PROBLEM 3

Question 1:

Neglecting the channel-length modulation, we have from the Shichman-Hodges model

= 1
2 ( / )( )  

Transistors M1 and M2 are identical and have the same quiescent current = = = 
0.25 mA. Assuming that both transistors are in the active region, they also have the same 
gate-source voltage given by

= 2
( / ) + = 2 × 0.25 mA

1 mA/V
+ 0.6 V = 1.307 V 

From this, we find:

��� = ����� − ��� = 2.0 V − 1.307 V = 0.693 V 

For M1, we have = +   (where = ( )/   is the current in ) and 

��� = ��� − . As = , we find

= ( )/ = = ( ) 

For a quiescent value of = 0, we find a quiescent value of

��� = ��� − �(��� − ���) = 5.0 V − 30 kΩ × (0.25 mA − 0.20 mA) = 3.5 V 

Thus, > = 1.4 V  (implying > ), so M1 is in the active region.

The quiescent value of the output voltage is �� = ��� − ��� = ��� − ��� = 3.5 V − 1.307 V =  
2.193 V.

For M2, the drain voltage is = = 5.0 V  and the gate voltage is = = 3.5 V , 

so > = 2.6 V, i.e., M2 is in the active region.

Question 2:

Taking the channel-length modulation into account, we have

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN solution to Problem 3

92

= 1
2 ( / )( ) (1 + ) 

from which we find

= 2
( / )(1 + ) +  

Assuming that the channel-length modulation has only a minor impact on the values of 

 found in Question 1, we find ���� = ��� − ��� ≃ 3.5 V − 0.693 V = 2.807 V  and 

���� = ��� − �� = 5.0 V − 2.193 V = 2.807 V .

This results in

= = 2 × 0.25 mA
1 mA/V × 1 + 0.05 V × 2.807 V

+ 0.6 V = 1.262 V 

With this value of , we find ��� = ����� − ��� = 2.0 V − 1.262 V = 0.738 V   and = 

��� − ��� = 3.5 V − 1.262 V = 2.238 V.

These results are fairly close to the approximate results from Question 1, so no further 
iteration (with new values of ) is needed.

Alternatively, the circuit may be simulated using LTspice. For the transistors, we use the 
model directive ‘.model NMOS-SH nmos (Kp=100u Vto=0.6 lambda=0.05)’ and = 10 μm  
and = 1 μm , corresponding to ( / ) = 1 mA/V .

The LTspice schematic is shown below.
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Running a ‘.op’ simulation, we find = 0.737 V  and = 2.237 V , both results matching 
the analytically calculated values very well.

In the LTspice schematic, also a ‘.model’ directive with = 0  is shown (as a comment). 
Running the ‘.op’ simulation with this model, the results from Question 1 may be verified.

Question 3:

The following figure shows a small-signal diagram of the amplifier. This is achieved by 
replacing the transistors with their small-signal models and resetting the supply voltage, the 
bias voltage and the bias current sources. The supply voltage and the bias voltage are replaced 
by short circuits and the bias current sources are replaced by open circuits, i.e., removed.

The small-signal parameters included in the diagram are:

��� = ��� = 2���/(��� − ��) = 2 × 0.25 mA/(1.262 V − 0.6 V) = 0.755 mA/V  
and = = ( /2) ( / )( ) = 0.05 V /2 × 1 mA/V ×  

(1.262 V − 0.6  V)� = 10.96 μA/V, corresponding to ���� = ���� = 91.3 kΩ.

These results may also be verified from the error log file from the LTspice simulation.

Question 4:

From the small-signal diagram, a node equation at the output gives

= / = = = 1 +  
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Also, we see that the current iin  flows through , so from Ohm’s law we find = .

From these expressions, we find the transresistance :

�� = � �������
1 + �������� ����� 

� �� = ��
��� = � �������

1 + ��������� = � 0.755 mA/V × 91.4 kΩ
1 + 0.755 mA/V × 91.4 kΩ� × 30 kΩ = 29.6 kΩ 

The input resistance  is found from a node equation at the input:

��� = �������� + ���� � ����/���� = ������ + (��� � ����)/���� 

� ��� = ���
��� = ���� + �

������� + 1 = 91.3 kΩ + 30 kΩ
0.755 mA/V × 91.3 kΩ + 1 = 1.735 kΩ 

The output resistance  is found by applying a voltage  to the output with the input 
current = 0 and calculating the current  flowing into the output. With = 0, we 
find = 0, resulting in:

�� = ����� + ��/���� � ���� = ��
�� = ����

1 + ������� = 91.3 kΩ
1 + 0.755 mA/V × 91.3 kΩ = 1.306 kΩ 

Alternatively, the small-signal transresistance, input resistance and output resistance may 
found by LTspice using a ‘.tf ’ simulation shown as a comment in the LTspice schematic 
from Question 2. From the output file, we find a transresistance of 29.6 kΩ, an input 
resistance of 1737 Ω and an output resistance of 1307 Ω, all results matching the analytically 
calculated values very well.

Question 5:

With a positive input current, the current through  decreases (with the same amount as 
the change in input current), so the drain voltage of M1 increases. In order to have a voltage 
across  of at least 0.2 V, the drain voltage of M1 cannot be increased to more than 4.8 
V. Since the quiescent value of the drain voltage is 3.5 V, this corresponds to a change in 
the voltage across  of 1.3 V, corresponding to a change in the current through  (and, 
hence, in the input current) of 1.3 V/30 kΩ = 43.3 μA . Thus, the maximum (positive) value 
of the input current is 43.3 μA.
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With a negative input current, the current through  increases (with the same amount as 
the change in input current), so the drain voltage of M1 decreases. In order to keep M1 in 
the active region, the drain voltage of M1 must not fall below the gate voltage minus the 
threshold voltage, i.e., 2 V − 0.6 V = 1.4 V .

Also, the gate voltage of M2 (equal to the drain voltage of M1) must not fall below the value 
required to maintain a voltage of at least 0.2 V across . With the source voltage of M2 
equal to 0.2 V, the drain-source voltage of M2 is 4.8 V and we find a gate-source voltage of

= 2
( / )(1 + ) + = 2 × 0.25 mA

1 mA/V × (1 + 0.05 V × 4.8 V) + 0.6 V 

= 1.235 V 

This implies that the drain voltage of M1 must not fall below + 0.2 V = 1.435 V , 
corresponding to a change in the voltage across  of 3.50 V − 1.435 V = 2.065 V. This 
corresponds to a change in the current through  (and, hence, in the input current) of 

2.065 V/30 kΩ = 68.8 μA. Thus, the minimum (negative) value of the input current is 

−68.8 μA.

The limitations described above may also be illustrated by a ‘.dc’ simulation in LTspice. With 
the ‘.dc’ simulation directive shown as a comment in the LTspice schematic from Question 
2, we can obtain a plot showing the voltages across the current sources ,   and  
and also the drain voltage of M1 which must be larger than the gate voltage minus the 
threshold voltage to keep M1 in the active region. Transistor M2 has a drain voltage which 
is larger than the gate voltage, so it is in the active region. The following figure shows the 
plot from the ‘.dc’ simulation.
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The green trace shows the voltage across . For this to be larger than 0.2 V,  must be 
smaller than 43.3 µA.

The cyan trace shows  which must be larger = 1.4 V  for M1 to be in the active 
region. We see that this requires  to be larger than −70 µA. 

The red trace shows the voltage across . For this to be larger than 0.2 V,  must be 
larger than −68.8 µA.

The blue trace shows the voltage across . We notice that this is larger than 0.2 V for the 
relevant range of .

From the limitations found from the simulation, we find −68.8 μA ≤ ��� ≤ 43.3 μA. This 
is the same range as found from the analytically calculated limits.
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SOLUTION TO PROBLEM 4

Question 1:

For symmetry reasons, the bias currents in M1 and M2 are equal, and =  and = . 

Also, M6 and M3/M4 form current mirrors ensuring = =   when the channel-length 

modulation is neglected. The bias current of M7 is = + = 0.4 mA  and with the 

scaling factor between M5 and M7 (forming a current mirror), we find = /2 = 0.2 mA  
when the channel-length modulation is neglected.

Neglecting the channel-length modulation, we have from the Shichman-Hodges model

= 1
2 ( / )( )  

For the NMOS transistors, we find

= + 2
( / ) = 0.5 V + 2 × 0.2 mA

2 mA/V = 0.947 V 

For the PMOS transistors, we find

��� = �� − � 2��
�����(�/�) = −0.5 V −�2 × 0.2 mA

2 mA/V� = −0.947 V 

The current in  is equal to = 0.2 mA  and the voltage across 

��� is ��� − ���� = 1.5 V − 0.947 V = 0.553 V, so ��� = 0.553 V/0.2 mA = 2.765 kΩ.

Likewise, the current in  is equal to = 0.2 mA and the voltage across  is ��� −
|����| = 1.5 V − 0.947 V = 0.553 V , so ��� = 0.553 V/0.2 mA = 2.765 kΩ .

Question 2:

For the PMOS transistors M3 and M4, the drain voltage is specified to be 0 V and the source 

voltage is the supply voltage . Thus, we have | | = = 1.5 V  and ��� = −0.947 V , 

so | | > | | = 0.447 V,, implying that the transistors are in the active region.

For M6, we have = , so | | > | |, implying that M6 is in the active region.
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For M1, M2 and M5, we have = , so > , implying that the transistors are 
in the active region.

For M7, we have = 0.947 V  and = = 0.553 V, so > = 

0.447 V, implying that M7 is in the active region.

Question 3:

The following figure shows a small-signal diagram of the amplifier. This is achieved by 
replacing the transistors with their small-signal models and resetting the supply voltages. 
Also, for the differential half-circuit, only /2 = /2  is connected as the load to the 
half-circuit, and the source node of M1 is connected to ground, see ‘CMOS Analog IC 
Design: Fundamentals’.

Using the bias point found in Questions 1 and 2, the small-signal parameters are as follows:

��� = 2���/(���� � ��) = 0.4 mA/0.447 V = 0.895 mA/V 

���� = (1 + �����)/(����) = (1 + 0.1 V�� × 0.947 V)/(0.1 V�� × 0.2 mA) = 54.7 kΩ 

���� = (1 + �����)/(����) = (1 + 0.1 V�� × 1.5 V)/(0.1 V�� × 0.2 mA) = 57.5 kΩ 

���� � ���� = 28.0 kΩ 

���� + ���� = 0.2 pF 

��/2 = 5 kΩ 

Question 4:

With , we have   and . 
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The low-frequency gain is 

  (equivalent to 11.6 dB).

Question 5:

When n  is a parallel connection of  and , we find   as a parallel connection 
of a capacitor with a value of  and an inductor with a value of   as shown in the 
following small-signal diagram where the capacitor  is added to the transistor drain-
bulk capacitances.

Denoting   and , we find the resonance frequency

 

With eff = ( ), the quality factor is

 kΩ
 pF
 nH  

Question 6:

The maximum passband gain occurs at the resonance frequency where the impedance of 
the parallel connection of the capacitance   and the inductance   is 
infinite. The maximum gain is

max  mA/V  kΩ  V/V  dB  

The −3 dB bandwidth is BW  MHz.
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Question 7:

Shown below is an LTspice schematic for the circuit. For the transistors, we have selected 

the geometries and the parameter ‘Kp’ such that   for transistors 

M1 - M6 and  for M7. The resistor  has been specified as a 

parameter ‘RBP’.

We may start by running a ‘.op’ simulation with   as found in Question 1. 

From this, we find a bias point with . Although all transistors are in the 

active region for this bias point, we may adjust the bias point to provide an output voltage 

of  . This may be achieved by increasing the value of . This reduces the 

current in M6, causing transistors M3 and M4 to provide a weaker pull-up for the output 

nodes. In order to find the new value of , we step the parameter ‘RBP’ through an 

interval from 2.5 kΩ to 3.5 kΩ by the ‘.step’ directive shown in the schematic. The ‘.op’ 

simulation now results in a plot window where we can display  versus   as shown 

below. From the plot, we can find the value of  resulting in . Alternatively, 

we may use the ‘.meas’ directive shown in the LTspice schematic. From the error log file, 

we find .
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With this value of  , we re-run the ‘.op’ simulation with the ‘.step’ directive changed 
into a comment in order to find the bias point and the small-signal parameters from the 
error log file. From the error log file, we find the following results:

 

Error log file 

We notice that the channel-length modulation causes the gate-source voltages to be slightly 
smaller than the values found when neglecting the channel-length modulation. Hence,   is 
slightly larger than the calculated value. The values of  and   are 55.2 kΩ and 58.1 kΩ, 
respectively, i.e., slightly larger than the calculated values. Thus, we would expect the simulated 
low-frequency gain to be slightly larger than the value calculated in Question 4. With the 
simulated small-signal parameters, we find 

  (equivalent to 12.0 dB). The gain may be simulated directly by the 
‘.tf ’ simulation shown as a comment in the LTspice schematic. From the output file, we 
find  .

For verifying the results for Questions 5 and 6, we modify the LTspice schematic as shown 
in the following figure. The load resistor is replaced by the parallel connection of   and 

  and an ac amplitude of 1 V is specified for . The simulation directive is changed 
to a ‘.ac’ directive, and because the circuit is a narrow-bandwidth filter, a large number 
of points per octave is specified. Also three ‘.meas’ directives are included. The first one 
finds the resonance frequency as the frequency where the phase of the output voltage 
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 is 180° or . The second finds the maximum magnitude of 
the gain and the third directive finds the −3 dB bandwidth. From the error log file, we find 
a resonance frequency of 1.19 GHz, a maximum gain of 28.2 dB and a bandwidth of 3.3 
MHz, all of which provide a good match to the analytically calculated results.

An alternative ‘.meas’ directive for finding the resonance frequency is ‘.meas fres when 
mag(v(Vd1,Vd2))=peak’. Notice that both this directive and the directive for finding the 
bandwidth use the result from the directive for finding the peak, so as the ‘.meas’ directives 
are executed in the sequence in which they are inserted in the schematic, the directive for 
finding the peak must be inserted first.

From the simulation, we can also obtain a plot of   as shown in the following figure. 
The values of resonance frequency, gain and bandwidth may be found from a close-up of 
this plot around the resonance frequency as also shown in the following figure.
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Question 8:

For simulating the circuit with a resistance   in series with , we insert a resistor 
with a value of   in the previous LTspice schematic and run the ‘.ac’ simulation again. 
This results in the output plots shown below.

 

        

From the close-up plot and from the error log file with the results of the ‘.meas’ directives, 
we find a maximum gain of 11.1 dB  3.57 V/V and a −3 dB bandwidth of 23 MHz.

We notice that even a rather small series resistance has a very large impact on the performance 
of the bandpass amplifier. The maximum gain is slightly smaller than the gain found with 
a resistive load of 10 kΩ so for this circuit, a small series resistance of 2.5 Ω is equivalent 
to a parallel resistance of about 10 kΩ.
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SOLUTION TO PROBLEM 5

Question 1:

The small-signal diagram is shown below. The current source  is modeled by a resistor 
 connected in parallel with the small-signal output resistance of M4. The output is 

connected to a voltage source  which is delivering a current  into the output of the 
current mirror, i.e., the drain of M3. For details on how to create the small-signal diagram 
from the schematic, you may turn to Appendix A in this book.

For finding the output resistance , the input current   is reset, i.e., , and the 
output resistance is found as . With , we also find   and . 

Thus, also the voltage-controlled current source   and the current  flows 
through , causing  to be .

We note that the current through  is , so using Kirchhoff ’s voltage law 
and Ohm’s law, we find

 

where .

Inserting in the expression for , we find
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With all transistors in the active region, we would normally find  

and so the expression for may be simplified to   
.This may be interpreted as the output resistance   of the 

current mirror output transistor M2 multiplied by the gain of the cascode transistor M3 
and the gain of the amplifier stage M4.

Question 2:

For finding the numerical value of the output resistance, we need numerical values for , 
, ,   and .

The transconductances   and   can be calculated from

 

where we assume .

With   and , we find

 

and

 

The output resistances ,   and   can be calculated from

 

where we assume .

With   and , we find

 

and
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Inserting these values and   in the expression for , we find

 

 

Question 3:

For an NMOS transistor to be in the active region, we require .

For M1, we have , so , implying that M1 is in the active region.

For M4, we have , so , implying that M4 is in the active 
region.

In order to investigate M2 and M3, we use the Shichman-Hodges transistor model to 
find the gate-source voltages. With   and the transistor in the active region, the 
Shichman-Hodges model yields

 

 

Introducing

 

we find

 

and
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For transistor M2, we find   and 

. Thus, ,, 

so M2 is in the active region.

For transistor M3, we have   since   and . Also, 

 . Thus, for M3, we must require

 

 

 

Question 4:

The following figure shows the LTspice schematic for the current mirror. The bias current 
source  is modeled as a dc current source with a value of   in parallel with a resistor 
with a value of , representing the output resistance .

The output of the current mirror is connected to a voltage  with a value of 1.3 V which 
ensures that all transistors are in the active region, compare to Question 3.

We start by running a ‘.op’ simulation. From the output file, we find an output current 
of , i.e., very close to the ideal value of . The difference is caused by the 
different drain-source voltages for M1 and M2 with   being smaller than .

We also notice that the drain current   is somewhat larger than   because the current 
in the output resistor ‘Ro’ is added to the dc current ‘IB’.
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From the error log file, we may find the bias point for each transistor, and we also find the 
small-signal parameters. The error log file is shown below.

 

Error log file 

For finding the output resistance, we run the ‘.tf ’ simulation shown in the schematic. With 
  as the source, the input resistance found by the ‘.tf ’ simulation is the output resistance 

of the current mirror. From the output file, we find  MΩ. This is somewhat 
larger than the value calculated in Question 2. The reason for this is the approximation 

. This approximation causes the calculated values of transconductances and 
output resistances to be somewhat smaller than the simulated values. With drain-source 
voltages in the range of 0.5 V to 1.3 V, omitting the factor   an average error 
of about 7% is introduced in each of the calculated values of the small-signal parameters, 
and since the factors are multiplied in the expression for , the total error is on the 
order of 35%.
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From the error log file, we find , , ,, 

  and . Inserting these values and 

in the expression for , we find

 

 

 

i.e., a very good match to the simulated value.

For finding the minimum output voltage with all transistors in the active region, we may 
note that the minimum output voltage is the sum of the drain-source voltage of M2 and the 
drain-source saturation voltage  of M3. From the error log file, we find  
and sat  V,, so min  V. This is a close match to the calculated value. We 
find a close match even when omitting the factor   because in the calculation of 
the gate-source voltages, the factor   appears only as a factor , so it 
has only a minor impact on the accuracy of the result. We do not have the accumulative 
effect of several error factors as we observed for .

We may also find the minimum output voltage from a ‘.dc’ simulation. For M3 to be in 
the active region, we require . As , we may 
plot ‘V(vo)’ and ‘V(vg3)-0.4’ from the ‘.dc’ simulation and find the output voltage where 

. From the plot below, we find . Alternatively, we may 
use the ‘.meas’ directive shown in the LTspice schematic. From the error log file, we find 

.

We may observe in the plot below that ‘V(vg3)-0.4’ assumes unrealistically high values, 
larger than , for small values of . This happens because the ideal current source ‘IB’ 
used in the schematic may drive the gate voltage of M3 to a value larger than . In a 
real circuit implementation,  and  would be a PMOS transistor with an appropriate 
dc gate voltage to provide the dc current , and this PMOS transistor would not be able 
to drive the gate voltage of M3 to a value larger than .
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SOLUTION TO PROBLEM 6

Question 1:

The figure below shows the Bode plot. The amplitude plot starts at 100 dB corresponding 
to a gain of   at very low frequencies. The first breakpoint appears at  
where the slope of the amplitude plot changes to −20 dB/dec. The second breakpoint appears 

   at where the slope of the amplitude plot changes to −40 dB/dec, and finally 
at , the slope of the amplitude plot changes back to −20 dB/dec.

The phase plot (black plot) is the sum of the red, green and blue plots corresponding to 
the phase shifts from ,   and , respectively.
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Question 2:

From the Bode plot, we find a phase shift of −180° at . Verifying, we find

 

 

Alternatively, solve the equation      

  to find .

Question 3:

We find

Question 4:

With  kΩ  and  kΩ,, we find the feedback factor

 dB 

This gives a loop gain of  dB  dB  dB  when the phase is shifted 180°, 
i.e., the gain margin is  dB, so the amplifier is not stable.

Question 5:

With the compensation inserted, the loop gain is
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where   and   are the new locations of the poles.

Since we can assume , the expression above can be simplified to

 

From this expression, we find the loop gain at very low frequencies ( ) to be 
. The loop gain amplitude response is sketched in the following figure.

At the frequency where the loop gain is 0 dB (the unity-gain frequency ), the phase shift from 

  is −90°.Therefore, at , the phase shift from the zero must be −30° in order to give a phase 

margin of 60°. From  Hz , we find  Hz

 Hz.

Inserting in the expression for the loop gain we find
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Verifying, we find  MHz .

We may also analyze the loop gain using LTspice. The schematic shown above models 
the gain function  Hz   and the -network is 
implemented by the resistors  and .The gain function is implemented using filter 
blocks similar to those described in Example 5.3 in ‘CMOS Integrated Circuit Simulation 
with LTspice’. The zero is defined by the parameter ‘fz1’ and since it is a right-half-plane 
zero, it is defined with a negative value, i.e., ‘.param fz1=-10Meg’. The pole is defined 
by the parameter ‘fp1’ which is stepped from 100 Hz to 500 Hz with steps of 100 Hz.

From a ‘.ac’ simulation, we plot the loop gain as ‘v(Vf )’. The plot has five traces corresponding 
to the five different values of ‘fp1’.

From the plot corresponding to = 300 Hz , we find that when the loop gain is 0 dB, 
the phase of the loop gain is −120°, corresponding to a phase margin of 60°.
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The phase margin may also be found using the ‘.meas’ directive shown in the LTspice schematic. 

The phase margin is PM . Thus, the 

phase of ‘-v(Vf)’ is equal to the phase margin when the magnitude of ‘v(Vf)’ is equal to 1.

The error log file lists the phase margin for each value of ‘fp1’.

The results from the error log file may also be shown graphically. A right-click in the error 
log file opens a dialogue box where you can select ‘Plot .step’ed .meas data’ by a left-click. 
This opens a new plot showing the phase margin versus ‘fp1’. From this plot, we verify the 

phase margin of 60° when  Hz..
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SOLUTION TO PROBLEM 7

Question 1:

The small-signal diagram is shown below. The amplifier is modeled as a voltage-controlled 
voltage source with gain . The output is connected to a voltage source  which is 
delivering a current  into the output of the current mirror, i.e., the drain of M3. For details 
on how to create the small-signal diagram from the schematic, you may turn to Appendix 
A in this book.

For finding the output resistance , the input current  is reset, i.e., , and the 

output resistance is found as . With , we also find   and . 

Thus, also the voltage-controlled current source   and the current flows through 
, causing   to be .

We note that the current through   is , so using Kirchhoff ’s voltage law 
and Ohm’s law, we find

 

where .

Inserting in the expression for , we find
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With all transistors in the active region, we would normally find  
and , so the expression for  may be simplified to . This 
may be interpreted as the output resistance  of the current mirror output transistor 
M2 multiplied by the gain of the cascode transistor M3 and the gain  of the amplifier.

Question 2:

For finding the numerical value of the output resistance, we need numerical values for ,  
 and  . The transconductances  and   can be calculated from

 

where we assume   .

With  μA, we find

 μA/V  μA  mA/V 

With  μA, we find

 μA/V  μA  mA/V 

The output resistances  and   can be calculated from

 

where we assume  .

With  μA, we find

 V  mA
 kΩ 

With  μA, we find

 V  mA
 kΩ 

Inserting these values in the expression for , we find for max  μA:
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 kΩ  mA/V  kΩ  V/V  MΩ 

For max  μA,, we find:

 kΩ  mA/V  kΩ  V/V  MΩ 

Question 3:

For an NMOS transistor to be in the active region, we require .
We notice that M1 is in the active region since .
For the active region, we find from the Shichman-Hodges model with  

 

 

 

For transistor M2, we must require   for the maximum value of , i.e., with 
  

sat
 μA

 μA/V
 V 

Thus, the inverting input to the amplifier should be at least . The output voltage 

of the amplifier is  where 

since with   and , we find . Thus,  and 

with ,, we find a differential input voltage   to the amplifier of 

, so the noninverting input voltage   should be at least 

..

In order to ensure that also M3 is in the active region, we require 

.
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If   is selected to be larger than , the requirement for M3 is modified. We still require 

   but   is found from

 

 

Thus, we find

sat sat  

With , this expression may be simplified to

 

Question 4:

Shown below is the LTspice schematic for the current mirror. The bias voltage   is selected 
to , i.e., the minimum value found in Question 3. The output of the current 
mirror is connected to a voltage  with a value of 1.3 V which ensures that all transistors 
are in the active region, compare to Question 3.
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We start by running a ‘.op’ simulation with . From the output file, we find 
an output current of 193 µA, i.e., very close to the ideal value of 200 µA. The difference is 
caused by the different drain-source voltages for M1 and M2 with  being smaller than

. From the error log file, we find the bias point for each transistor, and we also find 
the small-signal parameters listed in the following table. The ‘.op’ simulation is repeated 
with , resulting in the bias values and small-signal parameters also shown in 

the following table.

 

Error log files, ��� = 200 μA and  ��� = 100 μA 

For finding the output resistance, we run the ‘.tf ’ simulation shown in the schematic. With  
as the source, the input resistance found by the ‘.tf ’ simulation is the output resistance of the 
current mirror. The ‘.tf ’ simulation is run both with  and with .  
From the output files, we find  when  and  
when . These values are somewhat larger than the values calculated in Question 
2. The reason for this is the approximation . This approximation causes the 
calculated values of transconductances and output resistances to be somewhat smaller than 
the simulated values. With drain-source voltages in the region 0.45 V to 0.83 V, omitting 
the factor   introduces an average error of about 7% in each of the calculated 
values of the small-signal parameters, and since the factors are multiplied in the expression 
for , the total error is on the order of 25%.

From the error log file, we find ,   and  

when . Inserting these values in the expression for , we find

 

i.e., a very good match to the simulated value.

For , we find ,   and . Inserting 

these values in the expression for , we find
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i.e., again a very good match to the simulated value.

For finding the minimum value of   which ensures M2 in the active region, we run a ‘.dc’ 

simulation with a sweep of  . We must require . Hence, 

we plot ‘v(Vin)-0.4’ and ‘v(Vs3)’ as shown below. From the plot, we find min  V 
which is slightly lower than the calculated value because the calculated value of sat  is 
slightly larger than the simulated value due to the approximation .

The minimum value of   may also be found using the ‘.meas’ directive shown in the 

schematic. From the error log file, we find min  V .

The minimum value of the output voltage with both M2 and M3 in the active region and 

  is , again a value which 

is slightly lower than the calculated value because the calculated values of the saturation 
voltages are slightly larger than the simulated values.
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SOLUTION TO PROBLEM 8

Question 1:

With  V, both transistors have , i.e.,  so they are 

in the active region and . Thus, we find the quiescent current from

 

where  V. Inserting numerical values, we find

 μA/V  V  V  V  V  μA 

Question 2:

The small-signal diagram is shown below. Notice that both   and   are reset, implying 
that in the small-signal diagram, M1 and M2 are connected in parallel. For details on how 
to create the small-signal diagram from the schematic, you may turn to Appendix A in 
this book.

The transconductances   and output resistances   are the same for the two transistors. 
The transconductances are calculated from

 μA
 V  V  μA/V 

The output resistances are calculated from

 V  V
 V  

 kΩ 
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Question 3:

A node equation at the output gives   from which 

we find the small-signal voltage gain

 μA/V  kΩ  V/V  dB 

The input resistance is infinite, and with the input voltage reset ( ), the two voltage-
controlled current sources are reset, so we see that the output resistance is 

 kΩ..

Question 4:

The small-signal diagram is now:

Assuming that the dominant pole is caused by  and ,, we can use the Miller transformation, 

giving an input capacitance  of and the −3 dB frequency

Question 5:

Shown below is an LTspice schematic for the circuit. For the transistors, we have selected 
the geometries and the parameter ‘Kp’ such that  μA/V  for both M1 and 
M2. In the schematic, we have included  and ,. They do not influence the bias point 
of the circuit, so the results for Questions 1 and 2 can be verified from a ‘.op’ simulation. 
Also specified is a ‘.tf ’ simulation and a ‘.ac’ simulation.
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From the error log file from the ‘.op’ simulation, we find , and we 

find the small-signal parameters   and , 

corresponding to . The simulation results are identical to the calculated 

results.

From the output file from the ‘.tf ’ simulation, we find a gain of −28.75 V/V, an infinite input 
resistance and an output resistance of 52 kΩ, also results matching the calculated results.

From the ‘.ac’ simulation, we find the plot of  shown below where the −3 dB frequency 
may be found using the cursors. Again, we find a perfect match to the calculated results.

Alternatively, the low-frequency gain and −3 dB frequency may be found using the ‘.meas’ 
directives shown in the schematic. The results are given in the error log file, and again a 
perfect match to the calculated results is found.
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SOLUTION TO PROBLEM 9

Question 1:

With an ideal opamp, the closed loop transfer function   is equal to the reciprocal 

of the feedback factor   which is the voltage-divider ratio between the impedance  and 

the resistor   where   is the series connection of   and . Thus, we find

 

The pole frequency is .
The zero frequency is .
The gain at low frequencies ( 1 kHz or 0) is 1 V/V .
The gain at high frequencies ( 10 kHz or ) is 1 + / = 10 V/V.

A Bode plot (piecewise-linear approximation) of   is shown below.

Question 2:

The loop gain is the product of the feedback factor and the transfer function of the opamp, 
i.e.,

 

The loop gain has a zero at 10 kHz and poles at 1 kHz, 10 kHz and 20 MHz. The pole 
and the zero at 10 kHz cancel, so the loop gain simplifies to a transfer function with a 
pole at 1 kHz and a pole at 20 MHz. The loop gain at very low frequencies ( ))  
is , i.e., 80 dB.

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN solution to Problem 9

126

The following figure shows a Bode plot (piecewise-linear approximation) of . 

The amplitude plot starts at 80 dB at very low frequencies. The first breakpoint appears at the 
pole frequency of 1 kHz where the slope of the amplitude plot changes to −20 dB/dec. The 
second breakpoint appears at the pole frequency of 20 MHz where the slope of the amplitude 
plot changes to −40 dB/dec.

The phase plot (black plot) is the sum of the red plot and the green plot corresponding to 
the phase shifts from the poles at 1 kHz and 20 MHz, respectively.

From the Bode plot, the phase margin is estimated to be 60°.
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A more accurate estimate may be obtained using Fig. 6.35 in ‘CMOS Analog IC Design: 

Fundamentals’. The gain-bandwidth product of the loop gain is 

and with the second pole at , we find . From Fig. 6.35(a) or the 
corresponding table in Chapter 9.9, we find a phase margin of 65.5°.

Analytically, the phase margin may also be calculated as follows:
The frequency   for which the loop gain is 0 dB is found from

 

At , we find:

 −114.5°. 
From this, we find a phase margin of .

Question 3:

For simulating the circuit with LTspice, we model the opamp using two lowpass RC-filters 
separated by voltage-controlled voltage sources to model the poles in the transfer function and 
a voltage-controlled voltage source to model the low-frequency gain . For the RC-filters, 
we use a value of ‘1’ for the resistors and values of ‘{1/(2*pi*10k)}’ and ‘{1/(2*pi*10Meg)} 
for the capacitors as shown in the LTspice schematic below. Notice that LTspice recognizes 
‘pi’ as the value of  and remember to include the curly brackets in the specifications of 
the capacitors.

By running the ‘.ac’ simulation specified in the schematic, we obtain the Bode plot of Vo 
shown below. The match to the piecewise-linear approximation from Question 1 is apparent.
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Question 4:

For simulating the loop gain, we reset the input signal, break the feedback loop at the 
inverting input of the opamp, i.e., at the inverting input of the voltage-controlled voltage 
source ‘E1’, and apply a test voltage ‘Vt’ with an ac amplitude of 1 to the inverting input 
of ‘E1’ as shown in the LTspice schematic below. The loop gain is  
where  is the feedback voltage from the  -network.

From a ‘.ac’ simulation, we obtain the loop gain shown below. From the plot, we find a 
phase margin of 180° − 114.5° = 65.5°, closely matching the value found from the exact 
analytical calculation.
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The LTspice schematic also includes a ‘.meas’ directive to find the phase margin. The phase 
margin is:

.

Thus, the phase of ‘v(Vf )’ is equal to the phase margin when the magnitude of ‘v(Vf )’ 
is equal to 1. From the error log file, we find ‘pm: v(vf )=(-0.000573381dB,65.5443°) at 
9.10981e+06’, i.e., a phase margin of 65.5° and a unity-gain frequency of 9.1 MHz for the 
loop gain. These results closely match the results from the plot.
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SOLUTION TO PROBLEM 10

Question 1:

The current in M6 is the sum of the current in M1 and M2, i.e., . 
The current in M4 is half the current in M6 since   (current 
mirror), so the current in M4 is 0.1 mA. The current in , M4 and M5 is the same, so the 
current in  is . The voltage across  is  
where   and   are found from the Shichman-Hodges model for a MOS transistor 
without channel-length modulation:

 

For M4, this gives:

 

For M5, we find

 

Inserting these values in the expression for  , we find 

.. From this, we find .

Question 2:

The following small-signal diagram is shown with a purely differential input voltage . 
With M3 and M6 considered as ideal dc current sources, they are open circuits in the small-
signal diagram, i.e., they are omitted from the small-signal diagram.
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The small-signal parameters   and   can be calculated from   

and with , we find , so 

.

Question 3:

In order to find the differential gain, a differential voltage is applied, i.e., .  
With , a node equation at the source of M1 and M2 yields

 

With , we find

 

 

At very low frequencies, we find  V/V.

From the expression for , we find the −3 dB bandwidth as the pole frequency 

, so the gain-bandwidth product is

With , we find .

Question 4:

We now have ,   and . Since ,  
we still find . The difference between   and   must flow into 

, so the current in  is . With , we find an 
output voltage  , corresponding to an input offset voltage of 

.. Notice that the input offset voltage is defined as the input 
voltage required to bring the output voltage to 0 V.
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Question 5:

The following figure shows an LTspice schematic for the circuit. For the transistors, we have 
selected the geometries and the parameter ‘Kp’ such that   for 
M1, M2 and M4, while  for M6 and  
for M3 and M5.

From a ‘.op’ simulation, we find the following results from the error log file:

 

Error log file 

We notice   for all transistors except M6 where . This is as expected 
and confirms the result from Question 1. We also note that the simulated and calculated 
values of the gate-source voltages are the same and the simulated value of  is 
0.894 mA/V, closely matching the calculated value of 0.893 mA/V found in Question 2.

For verifying the results from Question 3, we run a ‘.ac’ simulation. From the plot of , 
we find a low-frequency gain of 33 dB  44.7 V/V, i.e., the same as the calculated value. 
The −3 dB frequency is 2.23 MHz, giving a gain-bandwidth product of 99.7 MHz which 
is a close match to the specified value of 100 MHz. Thus, the value of   is verified.
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For verifying the result from Question 4, we change the channel width of M3 to 10.1 µm. 
This increases the current in M3 by 1%. From a ‘.dc’ simulation with ‘Vid’ as the input, 
we find the following plot of  versus .

From this plot, we find an output voltage of 100 mV for a differential input voltage of 0 V, 
i.e., the same as the calculated value, and we find that an input voltage of  
is required for an output voltage of 0 V as also calculated in Question 4.

Question 6:

For simulating the circuit with different values of , we introduce ‘lambda’ as a parameter 
in the model specifications for both the NMOS transistors and the PMOS transistors as 
shown in the following LTspice schematic. Also, we remove the resistor . For finding a 
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value of  resulting in an output resistance of 100 kΩ, we run the ‘.tf ’ simulation shown 
in the schematic and we step ‘lambda’ through the range from 0 to 0.1 by a ‘.step’ directive. 
After having run the ‘.tf ’ simulation, it is a good idea to run a ‘.op’ simulation to verify 
that all transistors are biased in the active region.

From the ‘.tf ’ simulation, we may plot the ‘output_impedance_at_V(vo)’ versus ‘lambda’ 
as shown below, and we find that  results in an output resistance of 100 
kΩ. Alternatively, the value of  can be found using the ‘.meas tf ’ directive shown in the 
schematic.
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Question 7:

For finding the frequency response, we run the ‘.ac’ simulation with the ‘.step’ directive 
shown as a comment in the LTspice schematic. The resulting plot of  is shown in the 
following figure.

We notice that the phase shift at high frequencies is only −90° so the response has only a 
single pole, implying that the gain-bandwidth product is equal to the unity-gain frequency. 
The unity-gain frequency is found using the ‘.meas ac’ directive shown in the schematic. Also 
the low-frequency gain is found using a ‘.meas’ directive. From the error log file, we find:

: , .

: , .

: , .

We notice that even though the low-frequency gain depends strongly on , the gain-
bandwidth product shows only a small variation as also expected from the expression for 
GBW found in Question 3, showing that GBW depends only on   and   where   
shows only a weak dependence on .
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SOLUTION TO PROBLEM 11

Question 1:

With  V, the current in  is 0, so . Since M2 and M3 are identical and both 

in the active region, . The current in  is . The voltage across  is

The voltage  is found from the Shichman-Hodges model for a MOS transistor in the 
active region:

 

For M3, this gives:

 

Beware of the signs: both  and   are negative.

Thus,

 

For the input transistor M1, we find:

 

From this, we get .

Question 2:

For  V, we find  V, i.e., , so the current in M1 is 0. This 

implies that the drain current from M2 must flow in . With  μA , we find 

 μA   kΩ  V.

With  V , we find  V which is larger than 

 V  V  V. Thus, M2 is in the active region and  V  for  V.
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For  V, we have  V. Assuming that M1 is in the active region, this results 
in   
which clearly cannot be obtained through M2 and . Thus, M1 is in the linear region, i.e.,

 

From a node equation at the output node, we also have , so

 

Re-writing the right-hand side of this equation to , we obtain 
a quadratic equation which can be solved for .

Inserting numerical values, we find

 

This quadratic equation in  has the solution , so  
for  V. The quadratic equation also has a solution for   which is larger 
than   but this is rejected as it does not correspond to M1 being in the linear 
region.

In conclusion, for an input voltage range from −1 V to +0.5 V, we find an output voltage 
range from +1 V to −1.437 V.

Question 3:

Transistors M2 and M3 are bias transistors forming a constant-current source. Thus, they 
are not included in the small-signal diagram which is shown below
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The transconductance  is calculated from

 

The small-signal voltage gain is

 

Question 4:

The input capacitance is the Miller capacitance, i.e.,

 

Instead of using the Miller transformation, the input impedance can be calculated directly 
from   when an input voltage  is applied. A node equation at the output gives

 

 

With , the expression for  reduces to , so 

from 

which we see that for frequencies , the input is capacitive with 

an input capacitance of   as also found from the Miller transformation. 

Question 5:

With �� = 500 kΩ  and an input capacitance of 16.7 pF, we find a time constant from the 

input of the amplifier of . This corresponds to 

a −3 dB bandwidth of ..
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Question 6:

The small-signal diagram including  and  is shown below.

A node equation at the gate of M1 results in

 

and a node equation at the output node results in

 

Solving these equations for  results in

 

Question 7:

From the transfer function, we find a low-frequency gain of . The low-frequency 
gain is independent of , and with  and , we find 

, compare to Question 3.

We notice that the transfer function has a right-half-plane zero at the frequency 
, independent of .

From the transfer function, we also find the pole frequency
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For , we find .

For ,, we find .

For , we find ..
For , we find .

Except for , we find , so the pole frequencies are good approximations to 

the −3 dB bandwidth. For , we can expect a −3 dB bandwidth which is somewhat 
higher than the pole frequency. The exact value can be found from the equation

 

 

 

Inserting the pole frequencies and the zero frequency, we find the following bandwidths:

:   BW=811 kHz

:   BW=436 kHz

:  BW=85.1 kHz

:  BW=18.6 kHz

Question 8:

Shown below is an LTspice schematic for the circuit. Resistor  has the value found in 
Question 1. Also the dc value of  V has the value found in Question 1. The resistor  in 
series with the input voltage is inserted with the value defined as a parameter ‘RS’. For the 
first questions, we use ‘RS=0.1’ since LTspice does not accept a value of 0. The capacitor 
, is inserted with a value of 2 pF. It does not affect the simulation results for the first 

three questions but it is needed for the following questions.
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For verifying the answer to Question 1, we run a ‘.op’ simulation. From the output, we 
find    and , closely matching the values specified in Question 1. 
The main source of inaccuracy in the calculated results is the rounding off of  to 0.77 
V rather than 0.7722 V.

For verifying the answer to Question 2, we run the ‘.dc’ simulation shown as a comment in 
the schematic. The plot of  versus  is shown below. We find an output voltage range 
from 1 V to −1.438 V for  in the range from −1 V to +0.5 V. This closely matches the 
calculated range but we notice that the useful input voltage range is only from −1 V to 
about −0.6 V.

For verifying the answers to Questions 3 - 5, we run a ‘.ac’ simulation with .
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The ‘.ac’ simulation results in the following plot of . We find a low-frequency gain of 17.2 
dB  −7.28 V/V, confirming the result from Question 3. We also find a −3 dB frequency 
of 18.7 kHz which is close to the calculated approximate value from Question 5.

Assuming a capacitive input, we notice that . With   

real and , we find . Thus, in order for  to be 

real,  is imaginary and  can be found from . With the amplitude 

of ‘Vin’ equal to 1,  can be found from a plot of ‘abs(v(Vin))/(2*pi*frequency)’ when 

. From the plot shown below, we find , confirming the value calculated 

in Question 4.

Finally, for verifying the calculated results from Question 7, we run a ‘.ac’ simulation with 
 stepped between the four specified values. For this simulation, we also include ‘.meas’ 

directives to find the low-frequency gain and the bandwidth.

The ‘.ac’ simulation results in the following plot of .

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN solution to Problem 11

143

From the error log file, we find the results of the ‘.meas’ directives. We find a gain of 17.2 
dB and the following values of the bandwidth:

:   BW=811 kHz
:   BW=438 kHz

:  BW=85.7 kHz
:  BW=18.8 kHz

These values are all very close to the calculated values, thus confirming the calculated results.
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SOLUTION TO PROBLEM 12

Question 1:

We assume that all transistors are in the active region, and neglecting the channel-length 
modulation, we find

 

 

From this, we find . We also note that 

.. Further, with   and , we find

and with , we find 

. Thus,   which is larger than 

. This implies that the assumption of M5 being in the active region is correct.

Question 2:

Shown below is an LTspice schematic of the amplifier stage.
The transistors have been specified with geometries and parameters giving

 and .
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For finding the value of  resulting in a drain current in M5 of 20 µA, we run a ‘.dc’ 
simulation with a sweep of  from −0.5 V to −0.3 V. This result in the plot of   shown 
below.

From the plot, we find   for . Alternatively, the value of  may 
be found using the ‘.meas VB’ directive shown in the schematic. The result of the ‘.meas’ 
directive is found in the error log file.
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Question 3:

The lower limit is given by

 

where   was found in Question 1.

The upper limit is given by

 

where

 

Be careful with the signs. M3 is a PMOS transistor and 

 

 must be more negative than , 

i.e.,  must be more positive that . From this, we find 

.

Question 4:

For simulating the limits of the common-mode input voltage range, we run a ‘.dc’ simulation 
with ‘VICM’ as the input.

The lower limit is caused by M5 where we require 

. Hence, we plot ‘V(vd5)’ and ‘V(Vb)-0.7’ and find the intersection between the two 
curves.

The upper limit is caused by M1, requiring 
. Hence, we plot ‘V(vg3)’ and ‘V(vicm)-0.7’ and find the intersection between 

the two curves.
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From the following plot, we find  and . Both values are 
reasonably close to the calculated values. The difference between calculated and simulated 
values appears because the channel-length modulation is neglected for the calculated values.

Alternatively, the limits may be found using the ‘.meas’ directives shown in the LTspice 
schematic.

Question 5:

The gain is . The transconductance  is found from 

. From Question 1, we have  and , giving 

..

The output resistances may be calculated from . For both 
M2 and M4, we have . For symmetry reasons, the bias value of the output 

voltage is the same as , and from Question 3, we have , resulting in 

an output voltage  . Thus,  and 

   when .

Inserting in the expression for , we find 

 and , giving 

.

Inserting in the expression for , we find . The 
output resistance is ..
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Question 6:

The results for Question 5 may be verified by the ‘.tf ‘ simulation shown as a comment 
in the LTspice schematic. From the output file, we find a gain of 45.8 V/V and an output 
resistance of 566 kΩ. These values are close to the calculated values. The difference is caused 
mainly by the neglection of the channel-length modulation in the calculation of  . By 
running a ‘.op’ simulation, we find   giving  which results 
in , i.e., very close to the simulated value.

Question 7:

With the bulk of M1 and M2 connected to , the threshold voltage of M1 
and M2 is changed to

 

where ,   and .

Concerning Question 1:

With , the source voltage of M1 and M2 is about  V,, so  is about 0.5 

V, causing the threshold voltage of M1 and M2 to be about  

. This reduces the drain-source voltage of M5 to about 
0.41 V which is still larger than   found in Question 1, implying that 
M5 is in the active region. Thus, the calculation of  when neglecting the channel-length 
modulation remains the same as for Question 1, i.e., .

Concerning Question 2:

The slightly reduced value of   implies that   should be increased in order to obtain 
a current of 20 µA for M5. Repeating the simulation from Question 2 with the bulk of M1 
and M2 connected to , we find   for .

Concerning Question 3:

In the calculation of the lower limit for  V, the value of   is increased by the bulk 
effect. For the calculation of , we estimated   to be about 0.41 V and   to 
be about 0.37 V for . Thus, the input voltage may be reduced by about 

40 mV with M5 still in the active region. As this also reduces , the body effect is also 

reduced slightly, so an estimate for   is ..
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In the calculation of the upper limit for  V, we have   where   
is the threshold voltage of M1, taking the body effect into account. The increased value of 

  implies a larger value of  . With 

, we find , resulting in  

. With this value of  , we find 

.

Concerning Question 4:

For simulating the limits of the common-mode input voltage range, we repeat the ‘.dc’ 
simulation with ‘VICM’ as the input.

The lower limit is caused by M5 where we still require   and 
  is the threshold voltage of M5 which is not affected by the bulk effect. Hence, we plot 

‘V(vd5)’ and ‘V(Vb)-0.7’ and find the intersection betwee n the two curves. This results 
in . As for the case with no bulk effect, this value is slightly lower than 
the calculated lower limit. The main reason for the difference is that the neglection of the 
channel-length modulation causes the calculated values of both   and   to be 
slightly larger than the simulated values.

The upper limit is caused by M1 where we still require . 
However, now   depends on the bulk effect and is given by

 

Hence, we plot ‘V(vg3)’ and ‘V(vicm)-0.7-0.5*(sqrt(v(VD5)+2.2)-sqrt(0.7))’ and find the 
intersection between the two curves. This results in max = 1.39 V , closely matching the 
calculated value.

Alternatively, the limits may be found using ‘.meas VINmin’ and ‘.meas VINmax’ directives. 
The ‘.meas VINmin’ directive is as for Question 4. The ‘.meas VINmax’ directive is changed 
into ‘.meas VINmax find v(VICM) when v(VG3)=V(VICM)-0.7-0.5*(sqrt(v(VD5)+2.2)-
sqrt(0.7))’ in order to take the body effect into account.

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN solution to Problem 12

150

Concerning Question 5:

The gain is = ( ). The transconductance  is found from = 2 /
( ). The bulk effect increases   but also   is increased, so  remains the same , 

i.e., ��� = 76.9 μA/V. The output resistances may be calculated from = (1 + | |)/( ). 
For both M2 and M4, we have �� = 10 μA. The bulk effect does not affect M4, so  remains 

unchanged, i.e., ���� = 1.115 MΩ. For M2, the bulk effect causes an increase in drain-source 

voltage of about 0.13 V to about 1.44 V, so  is increased to = (1 + 0.1 V × 1.44 V)/  

(0.1 V�� × 10 μA) = 1.144 MΩ, giving (���� � ����) = 565 kΩ. Inserting in the expression 

for , we find �� = 76.9 μA/V × 565 kΩ = 43.4 V/V..

The output resistance is ���� = ���� � ���� = 565 kΩ .

Thus, the bulk effect has only a marginal effect on the gain and output resistance.

Concerning Question 6:

Repeating the ‘.tf ’ simulation with the bulk of M1 and M2 connected to , we find a 
gain of 46.2 V/V and an output resistance of 569 , i.e., values which are marginally larger 
than the simulated values without body effect. As for the calculated results, the simulated 
results show that the bulk effect has only a marginal effect on the gain and output resistance.
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SOLUTION TO PROBLEM 13

Question 1:

The feedback factor is found as the voltage-divider ratio between the impedances  and 
 where  is the parallel connection of  and . Thus,

= + = + 1/( ) =
+ /( )

+ 1/( )
 

= +
+ 1

1 + /( + ) = +
+ 1

1 + ( )  

Question 2:

With an ideal opamp, the closed loop transfer function ( )/ ( )  is equal to 1/ , so

= ( )
( ) =

1 = 1 + 1 + /(1 + / )
1 + = 1 + 1 + ( )

1 +  

The pole frequency is �� = 1/(2������) = 1/(2 × � × 45 kΩ × 35.4 nF) = 100 Hz.

The zero frequency is �� = 1/(2��(�� ∥ ��)��) = 1/(2 × � × (45 kΩ ∥ 5 kΩ) × 35.4 nF) =  
1 kHz .

The gain at low frequencies ( 100 Hz or 0) is 1 + / = 10 V/V..

The gain at high frequencies ( 1 kHz or ) is 1 V/V.

A Bode plot of | ( )/ ( )|  is shown below.
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Question 3:

The loop gain is

( ) = ( )
( ) = +

1 + 2
1 + 2 ( ) 1 + / 1 + /  

From ( ), the loop gain has a zero at 100 Hz and a pole at 1 kHz. From the opamp 
transfer function, the loop gain has poles at 100 kHz and 200 MHz.

The loop gain at very low frequencies ( 100 Hz) is /( + ) = 100 V/V.

The following figure shows the Bode plot. The amplitude plot starts at 40 dB corresponding 
to a gain of 100 V/V at low frequencies. The first breakpoint appears at the zero frequency of 
100 Hz where the slope of the amplitude plot changes to 20 dB/dec. The second breakpoint 
appears at the pole frequency of 1 kHz where the slope of the amplitude plot changes back 
to 0 dB/dec. The third breakpoint appears at the pole frequency of 100 kHz where the 
slope of the amplitude plot changes to −20 dB/dec, and finally at the pole frequency of 
200 MHz, the slope of the amplitude plot changes to −40 dB/dec.

The phase plot (black plot) is the sum of the red, green, blue and magenta plots corresponding 
to the phase shifts from the zero at 100 Hz and the poles at 1 kHz, 100 kHz and 200 
MHz, respectively.

From the Bode plot, the phase margin is estimated to be 60°.
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Question 4:

A more accurate value may be found as follows:

At high frequencies, 1 kHz , the feedback factor  is approximately 1, so the expression 
for the loop gain simplifies to

( ) = 1 + / 1 + /  

This is a second-order loop gain function with a gain-bandwidth product = = 100 MHz  
and a ratio between the non-dominant pole and the gain-bandwidth product of / = 2. 
From Fig. 6.35(a) or the corresponding table in Chapter 9.9 in ‘CMOS Analog IC Design: 
Fundamentals’, we find that this corresponds to a phase margin of 65.5°.
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Alternatively, the frequency  for which the loop gain is 1 V/V  0 dB is found from

10
(1 + /0.1 MHz)(1 + /200 MHz) = 1 = 91 MHz 

At = 91 MHz, we find

��(���) = arctan �91 MHz
0.1 kHz� − arctan �91 MHz

1 kHz � − arctan �91 MHz
100 kHz� − arctan � 91 MHz

200 MHz� 

= 90° − 90° − 89.9° − 24.5° = −114.4° 

From this, we find a phase margin of 180° − 114.4° = 65.6°.

For analyzing the circuit with LTspice, we model the opamp using two lowpass RC-filters 
separated by voltage-controlled voltage sources to model the poles in the transfer function 
and a voltage-controlled voltage source to model the low-frequency gain . For the RC-
filters, we use a value of ‘1’ for the resistors and values of ‘{1/(2*pi*100k)}’ and ‘{1/
(2*pi*200Meg)}’ for the capacitors as shown in the LTspice schematic below. Notice that 
LTspice recognizes ‘pi’ as the value of π  and remember to include the curly brackets in the 
specifications of the capacitors.

By running the ‘.ac’ simulation specified in the schematic, we obtain the following Bode 
plot of the closed-loop response . The match to the piecewise-linear approximation from 
Question 2 is apparent.
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In order to find the phase margin, we must simulate the loop gain. For this simulation, we 
reset the input signal, break the feedback loop at the inverting input of the opamp, i.e., at 
the inverting input of the voltage-controlled voltage source ‘E1’, and apply a test voltage ‘Vt’ 
with an ac amplitude of 1 to the inverting input of ‘E1’ as shown in the LTspice schematic 
below. The loop gain is ( ) = ( )/ ( )  where  is the feedback voltage from the 

-network.

From a ‘.ac’ simulation, we obtain the following plot. From the plot, we find a phase 
margin of PM = 180° − 114.4° = 65.6°, closely matching the value found from the exact 
analytical calculation.
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The LTspice schematic also includes a `.meas’ directive to find the phase margin. The phase 
margin is

PM = 180°  � ����(���)� = 180° + ���(���)� = ����(���)� = ����(���)/��(���)� 

so the phase of ‘v(Vf )’ is equal to the phase margin when the magnitude of ‘v(Vf )’ is equal 
to 1.
From the error log file, we find ‘pm: v(vf )=(-0.00071279dB,65.6033°) at 9.11196e+007’, 
i.e., a phase margin of 65.6° and a unity gain frequency of 91.1 MHz for the loop gain. 
These results closely match the results from the plot and from the analytical calculation.
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SOLUTION TO PROBLEM 14

Question 1:

For the common-source stage, we have the output resistance ���� = ���� = 200 kΩ .

The small-signal gain at low frequencies is �� = −������� = −0.4 mA/V × 200 kΩ =  
−80 V/V ∼ 38.0 dB.

The −3 dB bandwidth is ��� �� = 1/(2� ������) = (2 × � × 200 kΩ × 5 pF)�� = 159 kHz..

The gain-bandwidth product is GBW = | |  = 80 × 159 kHz = 12.7 MHz.

Question 2:

For the cascode amplifier, we have the output resistance ���� ≃ (��� + ����)�������� = 

(0.4 mA/V + 0.1 mA/V) × 200 kΩ × 200 kΩ = 20 MΩ (see ‘CMOS Analog IC Design: 
Fundamentals’, Eq. (4.27)).

The small-signal gain at low frequencies is �� = −������� = −0.4 mA/V × 20 MΩ = −8.0 ×  

10� V/V ∼ 78.0 dB.

The −3 dB bandwidth is ��� �� = 1/(2� ������) = (2 × � × 20 MΩ × 5 pF)�� = 1.59 kHz.

The gain-bandwidth product is GBW = | |  = 8.0 × 10 × 1.59 kHz = 12.7 MHz , 
i.e., the same as for the common-source stage.

Question 3:

For the cascade amplifier, the values of the small-signal parameters change because the 
quiescent current is changed.

From �� ≃ �2�����(�/�)�� , we see that when the current is multiplied by a factor of 

0.5, the transconductance is multiplied by a factor of √0.5 = 0.707  so the new value of 
 is =  0.283 mA/V. 
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From ��� ≃ 1/(���), 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  is ��� = 400 kΩ.

So, for the cascade amplifier, we have the output resistance ���� = ���� = 400 kΩ .

The small-signal gain at low frequencies is = ( )( ) = (0.283 mA/V × 

400 kΩ)� = 12.8 × 10� V/V ∼ 82.1 dB.

The −3 dB bandwidth is ��� �� = 1/(2� ������) = (2 × � × 400 kΩ × 5 pF)�� = 79.6 kHz. 

The gain-bandwidth product is GBW = | |  = 12.8 × 10 × 79.6 kHz = 1.019 GHz, 
i.e., much larger than for the common-source stage and the cascode stage.

Question 4:

From = 2 /( ) , we find ��� � �� = 2���/�� = 2 × 50 μA/0.4 mA/V = 0.25 V .  

From the Shichman-Hodges model, we then find with 1 + ���� ≃ 1 

�� ≃ 1
2 �����(�/�)(��� � ��)�   ⇒   �� = 2���

�����(��� � ��)� = 2 × 50 μA
200 μA/V� × (0.25 V)� = 8 

From ��� ≃ 1/(���) when 1 + ���� ≃ 1 , we find � � 1/(������) = 1/(50 μA × 200 kΩ) =  

0.1 V . 

From �� = �� = 0.1 μm/V, we find � = �/�� = 1 μm.

Thus, for the simulations, we use = 0.1 V , � = 1 μm  and � = 8� = 8 μm.

Shown below is the LTspice schematic for simulating the common-source amplifier. The 
current source  is inserted between ground and . In an actual circuit implementation, 
the upper terminal of the current source would be connected to a supply voltage which 
for the transistor parameters selected for the simulation would have a value of about 2 V 
but for the purpose of this simulation, the upper terminal just has to be connected to an 
arbitrary dc voltage which can provide the current .
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The first simulation is a ‘.dc’ simulation for finding the input voltage required to get an 
output voltage in the useful output voltage range of the amplifier. By running the ‘.dc’ 
simulation shown in the schematic, we get the following plot of the output voltage. Here 
we observe that the y-axis extends from 0 to 27 MV which is obviously not physically 
reasonable for the circuit. The reason for this is the ideal dc current source . This is not 
a realistic model for a real physical current source where the output voltage cannot exceed 
the supply voltage.

In order to see  in a realistic range of output voltages, we set the range of the y-axis to 2 
V as shown in the following plot. We see that the output voltage changes abruptly for an 
input voltage of about 0.65 V. In order to find a reasonable value of the input bias voltage, 
we use the ‘.meas’ directive shown in the LTspice schematic. This finds the value of  
resulting in = 0.8 V. From the error log file, we find = 0.640563 V  and we insert 
this value as the dc value for ‘VIN’.
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Next, we may run a ‘.op’ simulation. From this, we may verify that a dc value of 0.640563 
V for ‘VI’ results in an output voltage of 0.8 V, and from the error log file, we find 

= 0.416 mA/V  and ���� = 4.63 μA/V  corresponding to ���� = 1/���� = 216 kΩ . 
These values are close to the values specified for the circuit. The difference is caused by the 
neglection of the factor (1 + ) in the expressions for  and .

With the simulated small-signal parameters, we expect an output resistance of = =
216 kΩ , a low-frequency gain of �� = −������� = −0.416 mA/V × 216 kΩ = −90 V/V ∼ 

39.1 dB  and a bandwidth of ��� �� = 1/(2� ������) = (2 × � × 216 kΩ × 5 pF)�� =  

147.4 kHz. 

We may verify gain and output resistance by a ‘.tf ’ simulation. From this, we find a gain 
of −89.789 V/V and an output resistance of 215.999 kΩ.

Finally, by running a ‘.ac’ simulation, we verify the −3 dB bandwidth. From the plot below, 
we find  = 146 kHz, matching the calculated value very well. We may also note that 
with a phase shift of 90° at high frequencies, the amplifier has only a single pole, so the gain-
bandwidth product is equal to the unity-gain frequency of 13.4 MHz as indicated in the plot.
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Next, we repeat the simulations for the cascode amplifier. For this, we need to determine a 
value for . This bias voltage should be large enough to keep M1 in the active region. For M1, 
we have ����sat = ��� � �� ≃ 0.25 V  so the source voltage of M2 should be larger than 0.25 V. 
Leaving some margin, we may assume ��� ≃ 0.35 V.. The bulk effect causes an increase of the 

threshold voltage of M2. With = 0.35 V , we find ��� = ��� + � ����� + |2Φ�|−��2Φ��� =  

0.4 V + 0.5 √V × �√0.35 V + 0.7 V − √0.7 V� = 0.494 V . This causes  to be =  

����sat + ��� = 0.25 V + 0.494 V ≃ 0.75 V, and with ��� ≃ 0.35 V, we find = + =
1.1 V. The bulk transconductance is given by

���� = ���
�

2���� + |2Φ�| = 0.4 mA/V × 0.5 √V
2 × √0.35 V + 0.7 V = 0.098 mA/V 

i.e., a value very close to the specified value of 0.1 mA/V.

The following figure shows the LTspice schematic for simulating the cascode amplifier.

We start by running a ‘.dc’ simulation in order to find the bias value of the input voltage. 
As for the common-source stage, this results in an output plot of ‘v(Vo)’ with a very abrupt 
change of ‘v(Vo)’ for an input voltage of about 0.65 V. The plot is not shown here. For 
finding a reasonable value of the input bias voltage, we use the ‘.meas’ directive shown in 
the LTspice schematic. This finds the value of  resulting in = 1.0 V . The value has 
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been selected slightly higher than for the common-source stage because the cascode transistor 
shifts the output voltage range to higher voltage levels. Because of the very high gain in 
the cascode stage, the step size for the ‘.dc’ simulation has been selected to be very small, 
10 µV. From the error log file, we find = 0.645607 V  and we insert this value as the 
dc value for ‘VIN’. 

Next, we may run a ‘.op’ simulation. From this, we may verify that a dc value of 0.645607 

V for ‘VIN’ results in an output voltage of 1.0 V, and from the error log file, we find = 

0.407 mA/V  and ���� = 4.83 μA/V  corresponding to ���� = 1/���� = 207 kΩ. For M2, 

we find = 0.413 mA/V , = 0.100 mA/V  and ���� = 4.70 μA/V  corresponding 

to = 213 kΩ . These values are close to the values specified for the circuit. From the 
error log file, we also verify that both transistors are in the active region with ‘Vds>Vdsat’.

With the simulated small-signal parameters, we expect an output resistance of ���� ≃ 

(��� + ����)�������� = (0.413 mA/V + 0.1 mA/V) × 213 kΩ × 207 kΩ = 22.6 MΩ . The 

expected low-frequency gain is �� = −������� = −0.407 mA/V × 22.6 MΩ = −9.2 ×  
10� V/V ∼ 79.3 dB  and the bandwidth is ��� �� = 1/(2� ������) = (2 × � × 22.6 MΩ ×  

5 pF) = 1.408 kHz.

We may verify gain and output resistance by a ‘.tf ’ simulation. From this, we find a gain 
of −9286.01 V/V and an output resistance of 23.0198 MΩ.

Finally, by running a ‘.ac’ simulation, we verify the −3 dB bandwidth. From the following 
plot, we find  = 1.41 kHz , matching the calculated value very well. We may also note 
that with a phase shift of 90° at high frequencies, the amplifier has only a single pole, so 
the gain-bandwidth product is equal to the unity-gain frequency of 13 MHz as indicated 
in the plot.
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Finally, we repeat the simulations for the cascade of two common-source stages. Shown 
below is the LTspice schematic.

As for the other amplifiers, we start by running a ‘.dc’ simulation in order to find the bias 
value of the input voltage. This results in an output plot of ‘v(Vo)’ with a very abrupt change 
of ‘v(Vo)’ for an input voltage of about 0.57 V. The following plot shows ‘v(Vo)’ versus 
‘v(Vin)’ for an output voltage range of 2 V. We notice that the amplifier is noninverting 
because it is a cascade of two inverting gain stages.

From the ‘.meas’ directive, we find that = 0.571943 V  results in an output voltage 
of 0.8 V. The bias value of the input voltage has changed compared to the bias value 
for the common source stage and the cascode stage because the bias current for each 
transistor has been reduced. This also changes the small-signal parameters. From a ‘.op’ 
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simulation, we find = 0.291 mA/V, ���� = 2.37 μA/V  corresponding to ���� = 422 kΩ, 

= 0.294 mA/V  and ���� = 2.32 μA/V  corresponding to ���� = 431 kΩ. These values 
are close to the values calculated in Question 3. From the ‘.op’ simulation, you may also 
verify that the gate-source voltage of M2 is 0.57 V, confirming that both M1 and M2 are 
in the active region.

With the simulated small-signal parameters, we expect an output resistance of = = 
431 kΩ. The expected low-frequency gain is �� = �������������� = 0.291 mA/V × 422 kΩ × 
0.294 mA/V × 431 kΩ = 15.6 × 10� V/V ∼ 83.8 dB  and the bandwidth is  = 1/  
(2� ������) = (2 × � × 431 kΩ × 5 pF)�� = 73.9 kHz . We may verify gain and output 
resistance by a ‘.tf ’ simulation. From this, we find a gain of 15600.5 V/V and an output 
resistance of 431.782 kΩ.

Finally, by running a ‘.ac’ simulation, we verify the −3 dB bandwidth. From the following 
plot, we find  = 73.7 kHz, matching the calculated value very well. We may also note 
that with a phase shift of 90° at high frequencies, the amplifier has only a single pole, so 
the gain-bandwidth product is equal to the unity-gain frequency of 1.15 GHz as indicated 
in the plot.
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SOLUTION TO PROBLEM 15

Question 1:

With = 0 V, the bias current in M1 is equal to the bias current in M3 (and M2) since 
the current in  is 0 and M2 - M3 form a current mirror. From this, we find

��� = 1
2 �����(�/�)(��� + ��� − ���)� = 20 μA 

� ��� + ��� − ��� = �2 × 20 μA/300 μA/V� = 0.365 V 

� ��� = 0.365 V − 1.5 V + 0.5 V = −0.635 V 

The voltage  across  is = = 1.5 V + 0.635 V = 2.135 V , resulting in =  

��/��� = 2.135 V/20 μA = 106.8 kΩ .

Question 2:

The lower limit for the output voltage is found when = 0. For = 0, the current in  is 
equal to , i.e., 20 µA. This gives an output voltage of ��min = −����� = −50 kΩ × 20 μA = 
−1 V.

For this output voltage, the drain-source voltage of M3 is 0.5 V which is larger than 
=  + = 0.365 V, so M3 is in the active region as required.

Note that the source follower only works for input voltages down to ��min + ��� ≃ −0.4 V  
(assuming ��� ≃ 0.6 V). For lower values of the input voltage, M1 is no longer in the active 
region but in the cut-off region and the output voltage is clamped to −1 V.

The upper limit for the output voltage is reached for = = 1.5 V . In this case

= +  

and

= 1
2 ( / )( )  

where = 0.8 V
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Thus, we have

+ = 1
2 ( / )( )  

Inserting numerical values, we get a quadratic equation for . The equation has two solutions 
for , either = 1.247 V  or = 0.286 V. The correct solution is = 0.286 V since 
only this solution gives a positive value for . Thus, max = 0.286 V.

Question 3:

The following figure shows the low-frequency small-signal diagram for the source follower. 
Only transistor M1 appears in the small-signal diagram. Transistors M2 and M3 serve only 
to provide the dc bias current for M1 and are thus omitted from the diagram. You may 
compare the small-signal diagram to Fig. 4.11 in ‘CMOS Analog IC Design: Fundamentals’.

The small-signal parameters are calculated as follows:

��� = �2�����(�/�)��� = �2 × 300 μA/V� × 20 μA = 109.5 μA/V 

���� = ���� = 0.137 × 109.5 μA/V = 15.0 μA/V 

The small-signal gain is calculated as follows using a node equation at the output:

���(��� � ��) = ������ + ��/�� 

� ������ = (��� + ���� + 1/��)�� 

� ��/��� = ���/(��� + ���� + 1/��) 

= 109.5 μA/V/(109.5 μA/V + 15.0 μA/V + 1/50 kΩ) = 0.758 V/V 
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Question 4:

Shown above is an LTspice schematic corresponding to the source follower. For the transistor 
model, we use ‘Kp=150u’ with ‘W=2u’ and ‘L=1u’. This results in �����(�/�) = 300 μA/V� 
as specified.

Also, we use ‘Vto=0.5’ and ‘Phi=0.7’ as specified.

The value of ‘Gamma’ is found from ��� = ��� + ������ + |2Φ�|−�|2��|�.

For = max = 0.286 V = max + = 1.786 V , we have = 0.8 V . 

This results in � = (��� − ���)/����� + |2Φ�| −�|2Φ�|� = (0.8 V − 0.5 V)/  

�√1.786 V + 0.7 V − √0.7 V� = 0.405 √V .

First, we run a ‘.dc’ simulation with the input voltage swept from  to . From this 

simulation, we plot  and , see below. We notice that = 0  for = 1.127 V  and 

for this value of , the current  is 20 µA as requested. This confirms the calculation 

of  in Question 1.
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From the plot, we also see that the output range of  is from −1 V to 0.286 V, confirming 
the calculations of min  and max  in Question 2.

Next, we run a ‘.op’ simulation with the dc value of  specified to 1.127 V. From the error 
log file from this simulation, we find ��� = 110 μA/V   and ���� = 15 μA/V , confirming 
the calculations of the small-signal parameters in Question 3.

Finally, we run a ‘.tf ’ simulation for finding the low-frequency gain. From the output file, 
we find / = 0.758071 V/V, confirming the calculation in Question 3.

We may also run a ‘.op’ simulation with = 1.5 V  in order to verify the value of the 
threshold voltage when = max. From the error log file from this simulation, we find 

= 0.800 V, confirming the calculation of  for the transistor model.
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SOLUTION TO PROBLEM 16

Question 1:

From = (1/2) ( / )( ) , we find

�� = � 2����
���������� − �����

= 1 μm × 2 × 18 μA
50 μA/V�(−0.3 V)� = 8 μm 

Question 2:

For M1 and M2 we have

= 1
2 ( ) (1 + ) 

and

= 1
2 (1 + | |) 

From the schematic, we see that = . Also, ���� − ��� = �� − ��� = 0.9 V − 0.6 V = 

0.3 V  and ���� − ��� = ���� − ��� = −0.3 V. Furthermore, = | | = /2. 

Consequently, we find

���
��� = 1 = ������������ �

��
��

� � �� = �������������� = � 50 μA/V�

160 μA/V�� × 8 μm = 2.5 μm 

Question 3:

The transconductance is given by = 2 /( ) where  (neglecting 

the channel-length modulation). From this, we find ��� = (2 × 18 μA)/0.3 V = 120 μA/V.

The small-signal gain at low frequencies is given by | | = ( ) where = where | | = ( ) where = 

���� ≃ 1/(����) ≥ 1/(0.1 V�� × 18 μA) = 556 kΩ..

From this, we find |��| ≥ 0.12 mA/V × 556 kΩ/2 = 33.3 V/V .
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Question 4:

The bandwidth of the amplifier is

= 1
2 ( ) 

The gain-bandwidth product is

GBW = |��|�� = ���(���� � ����) � 1
2���(���� � ����)� = ���

2��� = 120 μA/V
2 × � × 0.5 pF = 38.2 MHz 

Question 5:

From = (1/2) ( / )( ) , we see that with = 4 , the effective gate 

voltage   for M4 must be half the effective gate voltage for M3. With M1 identical 

in size to M3, we find = ( )/2 = ( )/2 = 0.15 V.

Question 6:

The voltage across  is = 0.15 V  and the current in  is equal to ��� = 18 μA ,  

so �� = 0.15 V/18 μA = 8.33 kΩ.

Question 7:

Shown below is an LTspice schematic corresponding to the amplifier. For M1 and M2, 
transistor models with �����(�/�) = 800 μA/V�, ��� = 0.6 V and � = 0.1 V�� are used while the other transistors are modeled with 
= 0 . A very large resistor  is inserted to ensure that the correct bias point is found for 

the bias circuit. If  is not included, LTspice finds a bias point where all currents in the 
bias circuit are zero, see ‘CMOS Analog IC Design: Fundamentals’, Chapter 8. The resistor 
should be inserted between two nodes where a bias point with zero current in all transistors 
will result in a voltage across the resistor such that current in the resistor forces the circuit 
away from a bias point where the current in all branches is zero.

The supply voltage  has (somewhat arbitrarily) been selected to 2.2 V. The exact value 
is not important as the value of  is not used in the calculations in Questions 1 - 6.
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From a ‘.op’ simulation, we find the bias point for the circuit. The output file shows 
= 18.0146 μA  and = 1.1045 V , confirming the calculations for Questions 1 and 

2, respectively.

The error log file shows ��� = 133 μA/V   and ���� = ���� = 1/1.80 μA/V = 555.6 kΩ . The 
value of  is slightly larger than the value calculated in Question 3 because the channel-
length modulation in M1 and M2 causes the drain current of M1 and M2 to be slightly 
larger than 18 µA. With ��� = 133 μA/V   and ���� = ���� = 1/1.80 μA/V = 555.6 kΩ , we 
expect a low-frequency gain of |��| = 0.133 mA/V × 555.6 kΩ/2 = 36.9 V/V, showing a 
reasonable match to the calculated value.

The error log file also shows = 0.75 V  as calculated in Question 5, and with ��� = 18.0 μA,,  
also the calculation of  in Question 6 is confirmed.

For finding the gain-bandwidth product, we run a ‘.ac’ simulation. The output of this 
simulation is shown below.
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From the plot, we find a low-frequency gain of 31.3 dB corresponding to 36.7 V/V and a 
bandwidth of 1.1599 MHz, giving a gain-bandwidth product of 42.6 MHz. Again, we note 
a reasonable match to the calculated value from Question 4, the difference being caused 
by the slightly larger simulated value of . From the frequency response, we may also 
note that the system has only a single pole so the gain-bandwidth product is equal to the 
unity-gain frequency found to be 42.5 MHz in the plot of .

Also from Question 4, we notice that the gain-bandwidth product does not depend on the output 
resistances  and . Thus, the gain-bandwidth will show only a weak dependence on   
through the transconductance , depending on   by the relation ��� = �����(��/�)(�� − 

)(1 + ) = ( / )( )(1 + /2). This may be verified by a simulation 

with different values of   but this is an exercise left for the reader.
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SOLUTION TO PROBLEM 17

Question 1:

We find the voltage  across  as the bandgap voltage  minus the gate-source  
of transistor M1.

 is found from

= 1
2 ( )  

where = = = .

���� = ��� + � 2������
�����(�/�) = 0.6 V + � 2 × 20 μA

160 μA/V� × 2.5 = 0.916 V 

��� = ��� − ���� = 1.24 V − 0.916 V = 0.324 V 

�� = ���/����� = 0.324 V/20 μA = 16.2 kΩ 

Question 2:

To ensure M2 and M1 in the active region, we have min = | | + min +  where 

����min = ����sat = ���� − ��� = 0.916 V − 0.6 V = 0.316 V .

| | is found from

= 1
2  

⇒ |����| = �����+� 2������
�����(�/�) = 0.6 V +� 2 × 20 μA

50 μA/V� × 2.5 = 1.166 V 

Hence, min = 1.166 V + 0.316 V + 0.324 V = 1.806 V.

Also M3 should be in the active region. This requires |����| ≥ |����|� ����� = |����|� ����� =
0.566 V . With = 1.0 V  and = 1.806 V , we find |����| = 1.806 V − 1.0 V = 0.806 V >
0.566 V , so the condition for active region for M3 is fulfilled with = 1.806 V .
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Question 3:

The maximum value of  is ��� − |����min| = ��� − �|����| − ������ = 3.0 V − 0.566 V =
2.434 V. Transistors M1 and M2 are in the active region since  is larger than the minimum 

value of  calculated in the previous question.

Question 4:

Shown above is an LTspice schematic corresponding to the bias circuit. From a ‘.op’ 
simulation, we find the current  from the output file as the current ‘I(Vl)’ = 19.9906 
µA as required, thus confirming the calculation of . From the error log file, we verify 
that all transistors have ‘|Vds|>|Vdsat|’ so they are all in the active region.

Running a ‘.dc’ simulation with  swept from 1 V to 3 V, we obtain the plot of  

shown below. From this, we see that the minimum value of  required for ����� = 20 μA  
is 1.806 V as also found in Question 2.
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Running a ‘.dc’ simulation with  swept from 1 V to 3 V, we obtain the plot of  
shown below. From this, we see that the maximum value of  for which ����� = 20 μA  is 
2.434 V as also found in Question 3.
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SOLUTION TO PROBLEM 18

Question 1:

We find the feedback factor = /( + ) = 0.1 and we have the amplifier gain at 
low frequencies as = 50 V/V  (corresponding to 34 dB).

The low-frequency closed-loop gain is found from

= 1 + = 50 V/V
1 + 0.1 × 50 V/V = 8.33 V/V 

This corresponds to 18.4 dB.

Question 2:

The −3 dB bandwidth of the amplifier with feedback is the −3 dB bandwidth of the basic 
amplifier multiplied by the amount of feedback which is 1 + = 6 .

The −3 dB bandwidth of the basic amplifier is given by the pole frequency of 2 MHz, so 
the −3 dB bandwidth of the amplifier with feedback is 6 × 2 MHz = 12 MHz.

This can also be found from the relation

( ) = ( )
1 + ( ) =

/ 1 + /
1 + / 1 + / = 1 +

1
1 + / (1 + )

 

giving a bandwidth with feedback of (1 + ) = 12 MHz .

Question 3:

The loop gain is

( ) = ( ) = +
(1 / )

1 + / 1 + /  
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The following figure shows the Bode plot. The amplitude plot starts at 14 dB corresponding 
to a loop gain of = = 5 V/V  at very low frequencies. The first breakpoint appears 
at the pole frequency = 2 MHz  where the slope of the amplitude plot changes to −20 
dB/dec. The second breakpoint appears at the zero frequency = 20 MHz  where the slope 
of the amplitude plot changes back to 0 dB/dec. The third breakpoint appears at the pole 
frequency = 200 MHz  where the slope of the amplitude plot changes to −20 dB/dec.

The phase plot (black plot) is the sum of the red, green and blue plots corresponding to 
the phase shifts from ,  and , respectively.

From the Bode plot, we estimate a phase margin of 72°.

A more accurate analytical calculation gives the following: The frequency  for which the 
loop gain is 0 dB is found from
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0.1 × 50 × 1 20 MHz
1 + 2 MHz 1 + 200 MHz

= 1 = 11.3 MHz 

At = 11.3 MHz , we find:

��(���) = − arctan ������ − arctan� ������ − arctan� ������ 

= − arctan �11.3 MHz
20 MHz � − arctan �11.3 MHz

2 MHz � − arctan �11.3 MHz
200 MHz� 

= −29.5° − 80.0° − 3.2° = −112.7° 

From this, we find a phase margin of 180° − 112.7° = 67.3°.

Question 4:

The LTspice schematic shown below models the gain function

( ) = ( )
( ) =

(1 / )
1 + / 1 + /  

and the -network is implemented by the resistors  and . The gain function is implemented 
using filter blocks similar to those described in Example 5.3 in ‘CMOS Integrated Circuit 
Simulation with LTspice’. The zero is defined by the parameter ‘fz1’ and since it is a right-
half-plane zero, it is defined with a negative value, i.e., ‘.param fz1=-20Meg’. The poles are 
defined by the parameters ‘fp1’ and ‘fp2’.

From a ‘.ac’ simulation, we plot the loop gain as ‘v(Vf )’. We find a phase shift of −112.5° 
when the loop gain is 0 dB, corresponding to a phase margin of 67.5°.
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The phase margin may also be found using the ‘.meas’ directive shown in the LTspice 
schematic.

The phase margin is PM = 180°  � ����(���)� = 180°  + ���(���)� = ����(���)�  where 

( ) is the loop gain and  is the frequency where | ( )|  has dropped to a value of 1.

Thus, the phase of ‘-v(Vf )’ is equal to the phase margin when the magnitude of ‘v(Vf )’ is 
equal to 1. The result of the ‘.meas’ directive is found in the error log file which shows a 
phase margin of 67.3751°. Thus, the simulated results match the exact calculation of the 
phase margin very well.
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SOLUTION TO PROBLEM 19

Question 1:

For finding a relationship between the small-signal gain and the bias current, we examine 
the small-signal diagram for the amplifier. The small-signal diagram is shown below.

With the capacitor  being so large that it can be treated as a short circuit and the resistor  

being so large that it does not affect the small-signal gain, we have = . At low frequencies 

where  can be treated as an open circuit, we find = = .

Assuming 1 + ����� ≃ 1, we have

��� ≃ �2�����(�/�)�� 

and

���� ≃
1
��� 

From this, we find

�� = −������� ≃ −��2�����(�/�)���� �
1
���� = −�1

���
2�����(�/�)

��  

� �� ≃ 2 � 1
�|��|�

�
�����(�/�) = 2 × � 1

0.1 V�� × 80�
�

× 800 μA/V� = 25 μA 

Question 2:

As there is no dc current flowing in  and no dc current flowing into the gate of M1, a 
node equation at the gate of M1 shows that also the dc current in  is zero. Hence, the 
voltage across  is zero and the quiescent value of the drain voltage of M1 is equal to the 
quiescent value of the gate voltage of M1, leading to
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�� = ���� = ���� = ��� + � 2��
�����(�/�) = 0.6 V + � 2 × 25 μA

800 μA/V� = 0.85 V 

Question 3:

Neglecting the transistor capacitances, the bandwidth  of the amplifier is given by  and 
, i.e., = 1/(2 ). Thus, the gain-bandwidth product is

GBW = | |
2 = 2 = 2  

From this, we find

�� = ���
2���GBW ≃ �2�����(�/�)��

2���GBW = �2 × 800 μA/V� × 25 μA
2 × � × 300 MHz = 0.106 pF 

Question 4:

In the small-signal diagram, a load resistor from the current source appears in parallel with 
. The load resistor from the current source is approximately 1/( ), so when   for the 

current source has the same value as   for M1, the load resistor from the current source 
is approximately equal to . This causes the low-frequency gain to be halved and the 
bandwidth to be doubled. The gain-bandwidth product remains unchanged.
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SOLUTION TO PROBLEM 20

Question 1:

The bias current of M1 is

��� = �� + ��� − ��
�� = 100 μA + 3 V − 2 V

100 kΩ = 110 μA 

From

= 1
2 ( )  

we find with = :

�� = 2������
�����(��� − ���)� = 2 × 110 μA × 1 μm

160 μA/V� × (1 V − 0.5 V)� = 5.5 μm 

The question can also be solved by LTspice:

Shown below is an LTspice schematic for the circuit where the channel width  has been 
defined as a parameter. By running a ‘.op’ simulation with  stepped from 3 µm to 8 
µm, we can obtain a plot of  versus  as also shown below. From the plot, we find 
�� = 2 V for �� = 5.5 μm for �� = 2 V for �� = 5.5 μm.
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Question 2:

The small-signal diagram is shown below.

For calculating the gain, we need the transconductance :

��� = 2����
���� − ��� = 2 × 100 μA

1 V − 0.5 V = 0.44 mA/V 

At low frequencies, the capacitor  is treated as an open circuit, so a node equation at the 
output node results in = / . Also, =   since the dc current through  is 
0. From this, we find the small-signal gain at low frequencies as:

��� = ��/�� = −����� = −0.44 mA/V × 100 kΩ = −44 V/V 

Question 3:

The capacitor  between input and output gives rise to an input capacitance which is found 
from the Miller transformation:
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= (1 + | |) = (1 + 44) × 1.2 pF = 54 pF 

Together with , the input capacitance creates a pole which defines the −3 dB bandwidth:

��� �� = 1
2������� = 1

2 × � × 500 kΩ × 54 pF = 5.89 kHz 

The bandwidth may also be found using a ‘.ac’ simulation (shown as a comment in the 
previous LTspice schematic). For this simulation, the ‘.step param’ directive should be 
turned into a comment. Also remember to define the ac amplitude of ‘Vs’. From the 
simulation, we find the following plot. From this, we find a low-frequency gain of 32.9 
dB corresponding to −44.2 V/V and we find a bandwidth of 5.9 kHz. Both values match 
the calculated values very well.

Question 4:

We have

In this expression, the first term is constant (independent of ) and the second term 
is proportional to .

We also have
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This expression also has a first term which is constant (independent of ) and a second 
term which is proportional to .

By equating the terms which are independent of  and using , 
we find

Questi on 5:

By equating the terms in the expressions for  which are proportional to , we find:

Question 6:

For M2, we have  and . Since M3 

- M2 form a current mirror, we also have  and . 

Thus, the voltage across  is  and the current in  is equal to 

, so .

The results for Questions 4 - 6 may be verified by an LTspice simulation. The following 
figure shows the LTspice schematic. From the error log file shown below, we may verify all 
bias values, and we may verify the value of  as ‘1/Gds’ for M2. The error log file shows 

 as specified.
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Error log file 
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SOLUTION TO PROBLEM 21

Question 1:

We find the feedback factor  and we have the amplifier gain at 

low frequencies as  (corresponding to 46 dB).

The low-frequency closed-loop gain is found from

This corresponds to 18.7 dB.

Using LTspice, see schematic below, the gain can be simulated by a ’.tf ’ simulation.

From the output file, we see .

Question 2:

The −3 dB bandwidth of the amplifier with feedback is the −3 dB bandwidth of the basic 
amplifier multiplied by the amount of feedback which is .

The −3 dB bandwidth of the basic amplifier is given by the pole frequency which is 270 kHz, 
so the −3 dB bandwidth of the amplifier with feedback is 23.22 × 270 kHz = 6.27 MHz.

This can also be found from the relation

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN solution to Problem 21

188

giving a bandwidth with feedback of .

Using LTspice, the frequency response can be simulated by a ‘.ac’ simulation. The transfer 
function for  is implemented by introducing a low-pass RC network comprising  
and  as shown in the following figure. From the output plot, we find a bandwidth of 
6.3 MHz.

Question 3:

The loop gain at low frequencies is , i.e., the unity-gain 
frequency for the loop gain is much larger than the pole frequency. Thus, the phase shift 
of the loop gain at the unity-gain frequency is approximately 90°, so the phase margin is 
(approximately) 180° − 90° = 90°.
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A more accurate calculation is the following: The loop gain is

where , corresponding to 26.9 dB.

The frequency  for which the loop gain has dropped to 0 dB is found from 

 . At this frequency, 

,, so the phase margin is 180° − 87.4° 

= 92.6°.

The phase margin may be verified by an LTspice simulation. Shown in the following figure 
is a schematic for simulating the loop gain. From the simulation, we find a phase shift of 
−87.4° when the loop gain has dropped to 0 dB, so the phase margin is 180° − 87.4° = 92.6°.
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Question 4:

With  included, the feedback factor is

The loop gain is

where ,  and

..

The following figure shows the Bode plot. The amplitude plot starts at 26.9 dB. The first 
breakpoint appears at the pole frequency  where the slope of the amplitude plot 
changes to −20 dB/dec. The second breakpoint appears at the pole frequency  
where the slope of the amplitude plot changes to −40 dB/dec.

The phase plot (black plot) is the sum of the red plot and the green plot corresponding to 
the phase shifts from  and ,, respectively.

From the Bode plot, the phase margin is estimated to 45°.
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Question 5:

A better estimate of the phase margin can be found by observing that the feedback amplifier 
is a second-order system with a gain-bandwidth product of the loop gain of 

 and a non-dominant pole . Thus, 

 and from Fig. 6.35(a) in ‘CMOS Analog IC Design: Fundamentals’, we find 

that the phase margin is  when assuming that the phase shift from the dominant 
pole is 90°. In Question 4, we found a phase shift of about 87.4° at a frequency of 6 MHz, 
so about 2.6° can be added to the phase margin estimated from Fig. 6.35(a), resulting in 
an estimate for the phase margin of .

The phase margin may also be found using a analytical approach. We find the unity-
gain frequency  of the loop gain and find the phase of the loop gain at the unity-gain 
frequency as follows:
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With , we find

From this, we find a phase margin of 

Alternatively, we may use LTspice to simulate the loop gain. We modify the previous 
LTspice schematic by inserting  and run a ‘.ac’ simulation, resulting in the simulation 
plot shown below. From the plot, we find a phase shift of 125.1° when the loop gain is 0 
dB, corresponding to a phase margin of 54.9°, i.e., a value very close to the calculated value.

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN solution to Problem 22

193

SOLUTION TO PROBLEM 22

Question 1:

With  for M1, the bias current of M1 is

which results in

Question 2:

For the PMOS transistor M2, the current is given by

With , this results in

The value of  has been calculated with high precision because the output voltage is very 
sensitive to even small variations in . The small-signal gain from  to the output is 
about the same as the small-signal gain from the input voltage to the output. This may be 
illustrated by an LTspice simulation. The following figure shows an LTspice schematic with 
simulation directives for a dc sweep of the bias voltage , a ‘.op’ simulation for finding 

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN solution to Problem 22

194

the bias point and the small-signal parameters, a ‘.tf ’ simulation for finding the small-signal 
gain and output impedance at low frequencies (Question 3) and a ‘.ac’ simulation for finding 
the input capacitance (Question 4).

Also included is a ‘.tf ’ simulation directive for finding the small-signal gain from  to 
the output.

The plot of the output voltage versus the bias voltage  is shown below. From the plot, 

we find that  results in  and we also see that the curve showing 
the output voltage versus the bias voltage is very steep, so even a small error in  causes 
a large error in . The ‘.tf ’ simulation with  as the input shows a small-signal gain of 

−45.7 V/V from  to the output.
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Question 3:

In the small-signal diagram,  is infinite because the channel-length modulation is neglected 
for M1, and for M2, only  appears because the gate voltage to M2 is a dc voltage. The 
following figure shows the small-signal diagram.

At low frequencies, both capacitors are treated as open circuits, so a node equation at the 
output gives . From this, we find the low-frequency gain 

.

We find the small-signal parameters  and  from

and
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Inserting the values for  and , we find .

The output resistance is .

These results may be verified by a ‘.op’ simulation and a ‘.tf ’ simulation shown as comments 
in the LTspice schematic.

From the error log file shown below from the ‘.op’ simulation, we notice that ,,  

confirming the bias value of the output voltage, and we notice  and 

 , confirming the calculated values of small-signal parameters.

Error log file 

From the output file from the ‘.tf ’ simulation shown below, we find the small-signal gain 
to be −46.0 V/V and the output resistance to be 46 kΩ as also found from the calculations 
above.

Output file 
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Question 4:

The capacitor  between input and output gives rise to an input capacitance which is 
found from the Miller transformation:

This adds to the capacitance , so the total input capacitance is 
.

Using LTspice, we can run a ‘.ac’ simulation shown as a comment in the LTspice schematic. 
Assuming a purely capacitive input, we have . Thus, 

with an input ac amplitude of 1, we find  as ‘abs(i(Vin))/(2*pi*frequency)’.

From the plot of ‘abs(i(Vin))/(2*pi*frequency)’ shown below, we find , 
confirming the calculated result. Note that in the plot below, linear axes have been used.

Question 5:

In the small-signal diagram, M3 is modeled only by a voltage-controlled current source since 
 is infinite because the channel-length modulation is neglected for M3. The direction 

of the current source is from source to drain since the controlling voltage is .  
The small-signal diagram is shown below. You may compare the small-signal diagram to 
Fig. 4.24 in ‘CMOS Analog IC Design: Fundamentals’.
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At low frequencies, both capacitors are treated as open circuits.

For finding the output resistance, we reset the input voltage. When resetting , both of the 

controlled current sources are reset, so the output resistance is .  
Notice that the bias conditions for M2 are unchanged from Question 3, so  is also 
unchanged.

A loop equation for the loop comprising ,  and  shows that the current 

 flows through , so the low-frequency gain is  where 

the transconductance  is also unchanged 

from Question 2.

Inserting the values for  and , we find .

Both gain and output resistance are unchanged compared to the simple common-source 
stage from Question 3.

Question 6:

A node equation at  results in .

As M1 and M3 have the same dimensions, no channel-length modulation and , they 

have the same value of . Hence, 

.
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Question 7:

The capacitor  between input and output gives rise to an input capacitance which is 
found from the Miller transformation:

This adds to the capacitance C1, so the total input capacitance is .

We notice that the input capacitance is significantly smaller than for the simple common-
source stage from Question 4. For this reason, the cascode configuration is often useful in 
circuits designed for high-speed operation.

The results for the cascode amplifier may also be verified using LTspice. Shown below is an 
LTspice schematic including the cascode transistor M3.

From the ‘.op’ simulation, we may verify that ,  and  remain unchanged. The 
results from the error log file are shown below.
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Error log file 

From the ‘.tf ’ simulation with ‘v(Vo)’ as the output, we may verify that the low-frequency 
small-signal gain and output resistance remain unchanged, see the following output file.

Output file 

From the ‘.tf ’ simulation with ‘v(Vx)’ as the output, we may verify that the low-frequency 
small-signal gain  is −1 , see output file below.

Output file 

From the ‘.ac’ simulation, we may obtain the following plot, verifying that the input 
capacitance is 0.2 pF.
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SOLUTION TO PROBLEM 23

Question 1:

The low-frequency closed-loop gain is given by  where  is the low-
frequency open-loop gain. With a low-frequency gain of 46 dB, we find , 
and using , we find the closed-loop low-frequency gain 

.

Using LTspice, the gain can be simulated by a ‘.tf ’ simulation with ‘v(Vo)’ as the output 
and ‘Vin’ as the source. From the output file, we find .

Question 2:

With the feedback factor , the low-frequency gain  and the pole frequencies  and 
,, the loop gain expression is as follows:

The following figure shows the Bode plot using asymptotic piecewise-linear approximations. 
The amplitude plot starts at 26 dB corresponding to a loop gain of 20 V/V   26 dB at 
very low frequencies. The first breakpoint appears at  where the slope of the 
amplitude plot changes to −20 dB/dec. The second breakpoint appears at  
where the slope of the amplitude plot changes to −40 dB/dec. The phase plot (black plot) 
is the sum of the red and green plots corresponding to the phase shifts from  and ,,  
respectively.
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Question 3:

From the asymptotic piecewise-linear approximations to the Bode plot shown above, we 
estimate a unity-gain frequency of  and a phase margin of 40°.

Analytically, a more precise value for the phase margin may be found as follows:

From the expression for the loop gain, we find the unity-gain frequency  from

With , we find

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN solution to Problem 23

203

From this, we find the phase margin .

The Bode plot and the phase margin may also be found using LTspice. The loop gain can 
be plotted from a ‘.ac’ simulation using the schematic below where two RC networks have 
been inserted, providing a time constant  and a time 

constant . The low-frequency open-loop gain is modeled 
by the voltage-controlled voltage source ‘E1’ and the feedback factor  is modeled by the 
voltage-controlled voltage source ‘E2’. The Bode plot is also shown below.

From the plot of the feedback voltage , we find a phase margin of 43.4° as shown above.

The phase margin may also be found using the ‘.meas’ directive shown in the LTspice 
schematic.
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The phase margin is  where 

 is the loop gain and  is the frequency where  has dropped to a value of 1.
Thus, the phase of ‘-v(Vf )’ is equal to the phase margin when the magnitude of ‘v(Vf )’ is 
equal to 1.

The result of the ‘.meas’ directive is found in the error log file which shows a phase margin 
of 43.3309°. We notice that there is a good match between the analytically calculated phase 
margin and the simulated phase margin.

Question 4:

A Bode plot using asymptotic piecewise-linear approximations is shown below, resulting in 
a phase margin of 60°. From the Bode plot, we find .

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN solution to Problem 23

205

The plot is constructed as follows:

1. Draw the phase response at high frequencies. This can easily be done since the 
pole frequency , remains unchanged, line segments a and b.

2. Find the frequency where , giving a phase margin of 60°. This is 
also the unity-gain frequency  of the loop gain.

3. Draw line segment c in the amplitude response as a line through 0 dB at the 
unity-gain frequency and with a slope of −20 dB/decade.

4. Draw line segment d in the amplitude response as a line with a slope of −40 
dB/decade, starting from line segment c at the frequency .

5. Draw line segment e in the amplitude response as a horizontal line at 26 dB 
(the low-frequency loop gain). The intersection between segment e and segment 
c is the frequency  which may be read from the Bode plot as 24 kHz.

6. Draw line segment f in the phase response as a line from 0° at 
 to −90° at , i.e., a slope of −45°/decade.

7. Draw line segment g in the phase response with a slope of −90°/decade, starting 
from line segment f at a frequency of .

Analytically, a more precise value for the phase margin with  may be found 
as follows:

Using  in

we find a unity-gain frequency .

With this value of , we find

corresponding to a phase margin of 69.4°.

A somewhat better estimate of  may be obtained by noting that for a second-order system 
with , a phase margin of 60° requires that the frequency , of the second pole 
is 1.5 times the gain-bandwidth product  of the loop gain, see Fig. 6.35(a) in ‘CMOS 
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Analog IC Design: Fundamentals’. Thus, we find . 
With a low-frequency loop gain , we find .  
According to Fig. 6.35(b) in ‘CMOS Analog IC Design: Fundamentals’, the unity-gain 
frequency for the loop gain is approximate . Using  
and , we find

corresponding to a phase margin of 63.2°. The extra 3.2° of phase margin appears because 
the phase shift from the dominant pole is not 90° but only about 87° at the unity-gain 
frequency for the loop gain.

Obviously, using an accurate calculation of unity-gain frequency and phase margin, a 
somewhat larger value of  may be determined. Analytically, the equations to be solved 
with respect to  and  are

and .

This set of equations may be solved to yield  and ,, i.e., a phase 
margin of 60° is obtained with the dominant pole moved from 100 kHz to 39.7 kHz.

Using LTspice, the dominant-pole frequency may be defined as a parameter ‘fp1’ which can 
be stepped through a range of values as shown in the schematic below.
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The schematic includes a ‘.meas’ directive which calculates the phase margin. The result of 
this calculation is given in the error log file and a right-click in the error log file lets you 
plot the phase margin versus the dominant pole frequency  as shown in the figure below. 

From this, we find ,.
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SOLUTION TO PROBLEM 24

Question 1:

The bias current  in M5 is the sum of the bias currents for M1 and M2, and since M1 
and M2 are matched, , so .

With , the bias current of M5 is

which results in

Question 2:

When  is the only capacitor to be considered, the gain-bandwidth product GBW of the 
differential stage is given by

where  is the output resistance of the differential stage (see Eqs. (4.71) and (4.107) in 
‘CMOS Analog IC Design: Fundamentals’).

From this, we find

We may note that with the specification of , the output resistance is infinite, so 

there is a pole at  and the gain-bandwidth product is equal to the unity-gain frequency.

Question 3:

From , we find 
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From

we find

Question 4:

The minimum common-mode input voltage is limited by the requirement that M5 should 
remain in the active region, i.e., have a drain-source voltage of at least . 
With , we find 

 where the value of  is taken from Question 3.

Question 5:

The maximum common-mode input voltage is limited by the requirement that M1 should remain 
in the active region, i.e., have a drain-source voltage of at least . With 

 and , we find 

..

For M3, we have  and , so .. From

we find (with ))

As M3 and M4 are matched, .

Question 6:

The small-signal output resistance is  (see Eq. (4.70) in ‘CMOS Analog 
IC Design: Fundamentals’).
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The small-signal parameters  and  are calculated from

and

From this, we find  kΩ  kΩ  kΩ..

A slightly more accurate calculation takes the drain-source voltages of M2 and M4 into account. 
For M2 and M4 we find , where 

we have used , compare to Question 3. Also,  

(compare to Question 5) and .

Inserting in the expressions for , we find

and

From this, we find  kΩ  kΩ  kΩ.

Question 7:

The small-signal gain at low frequencies is given by . The transconductance 

 was calculated in Question 2, and using the approximate value for  from Question 

6, we find .

With the more accurate value for  from Question 6, we find 

.

Question 8:

For verifying the answers to Questions 1 - 5, we use the LTspice schematic shown below 
with the transistor models specified in the problem and the transistor geometries calculated 
in Questions 1, 3 and 5.
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Running a ‘.op’ simulation, the result of Question 1 ( ) is verified 
from the error log file. Also, the error log file shows  as found in 
Question 2 and used in Question 3.

Running a ‘.ac’ simulation, we obtain the following plot. The gain-bandwidth product is 
found as the unity-gain frequency which from the plot is found to be 100 MHz, i.e., a 
perfect match to the specified gain-bandwidth product.

Running a ‘.dc’ simulation with a sweep of , the common-mode range specified in 
Questions 4 and 5 is verified by examining the common-mode voltage range for which  
is 25 µA (Question 4) and examining the common-mode voltage range for which  is 
equal to 750 mV (Question 5). When  increases above 750 mV for high values of the 
common-mode input voltage, it is an indication that M1 enters the triode region. From the 
plot shown below, we see a perfect match to the calculated common-mode range.
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For verifying the answers to Questions 6 and 7, the schematic is modified by introducing 
 in both transistors models, and M5 is replaced by a dc current source ensuring 

that the bias currents in the differential pair remains unchanged, see the following schematic.

For finding the small-signal output resistance and low-frequency small-signal gain, we run a 
‘.tf ’ simulation with ‘v(Vo)’ as the output and ‘Vid’ as the source. From the output file, we 
find an output resistance of 286.995 kΩ and a gain of 30.285 V/V, both values matching 
the calculated results from Questions 6 and 7 reasonably well. The discrepancies are due 
to slightly altered bias voltage conditions because of the channel-length modulation. This 
causes  and  to be slightly larger than 0.1 mA/V. The error log file from a ‘.op’ 
simulation shows .
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SOLUTION TO PROBLEM 25

Question 1:

The small-signal diagram is shown below. Notice that  since the gate of M2 is 
connected to a dc bias voltage. Hence, the voltage-controlled current source representing 
M2 is pointing from source to drain with  as the controlling voltage. Also note that M3 
has a constant gate-source voltage, so the small-signal equivalent of M3 is reduced to the 
small-signal output resistance .

The small-signal parameters  and  can be calculated from

With  and , we find

The small-signal parameters , , and  can be calculated from

With  and , we find
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Question 2:

For the common-drain stage (M1), the voltage gain is

where  and  is the load resistance of the common-drain stage, i.e., the 
input resistance of the common-gate stage.

The input resistance of the common-gate stage is found using Eq. (4.23) in ‘CMOS Analog 
IC Design: Fundamentals’:

= +
1 +  

Using ,  , and ����� ≫ 1, we find

��� ≃
2����
����� =

2
�� 

and

�� ≃
��

�� + ��/2 = 2/3 = 0.67 

Question 3:

The gain in the common-gate stage is found using Eq. (4.22) in ‘CMOS Analog IC Design: 
Fundamentals’:

= + 1 ( )

Using ���� � ���� � ��� and ��� � �� ≫ 1/��� and ���� � ���� � ��� and ��� � �� ≫ 1/��� , we find

/2 

and = = /3.

With �� ≃ 1.00 mA/V  and ��� ≃ 100 kΩ, we find �� ≃ 50 V/V  and = 33 V/V.

Question 4:

The output resistance is the output resistance of a common-gate stage which is found using 
Eq. (4.26) in ‘CMOS Analog IC Design: Fundamentals’:
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���� � ���� ∥ (���� + ����������) 

where  is the signal source resistance to the common-gate stage, i.e., the output resistance 
of the common-drain stage. From Eq. (4.16) in ‘CMOS Analog IC Design: Fundamentals’, 
we find

��� =
1
���

� ���� ≃
1
�� 

From this, we find using   and  

���� � ��� ∥ (��� + �����/��) = ��� ∥ (2����) = 2����/3 

With ��� = 100 kΩ, we find ���� ≃ 67 kΩ.

Question 5:

Shown below is the LTspice schematic for the circuit. The transistor models and geometries 
have been selected to provide ( / ) = 2.00 mA/V  for both the NMOS transistors 

and the PMOS transistors.

For verifying the small-signal parameters, we run a ‘.op’ simulation and open the error log 
file to find the simulated values of the small-signal parameters.
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The error log file lists the following small-signal parameters: = 1.05 mA/V , =
1.03 mA/V , ���� = ���� = 9.21 μA/V � ���� = ���� = 109 kΩ , and ���� = 9.62 μA/V ⇒
���� = 104 kΩ. From the error log file, we also verify that all transistors are biased in the 

active region, i.e., ‘|Vds|>|Vdsat|’.

The simulated small-signal parameters are slightly larger than the calculated parameters 
because the factor (1 + ) has been neglected in the calculations.

For finding the gain , we run a ‘.tf ’ simulation with ‘v(Vs)’ as the output and ‘Vin’ as 
the input. The output file from this simulation shows a transfer function of 0.661549 V/V, 
i.e., very close to the calculated value.

For finding the total gain , we run a ‘.tf ’ simulation with ‘v(Vo)’ as the output and ‘Vin’ 
as the input. The output file from this simulation shows a transfer function of 36.4832 
V/V, i.e., slightly larger than the calculated value. This is caused mainly by the slightly 
larger values of  and . The gain  may be found from the simulation results as 

= / = 55.1481 V/V,, again slightly larger than the calculated value.

The output resistance is found from the ‘.tf ’ simulation with ‘v(Vo)’ as the output and ‘Vin’ 
as the input. The output file lists an output impedance of 70.0272 kΩ, again slightly larger 

than the calculated value due to the larger values of  and .

Question 6:

The input capacitance is found using the Miller transformation. This results in = + 
(1 − ��)��� = 3 fF + (1 − 0.66) × 50 fF = 20 fF .

Question 7:

For a common-source stage with a gain of �� = −36 V/V  and = 50 fF  and = 3 fF,  

we find = + (1 ) = 50 fF + (1 + 36) × 3 fF = 161 fF .

Thus, the two-stage common-drain/common-gate amplifier provides a major reduction of 
the input capacitance compared to a single-stage common-source amplifier.
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SOLUTION TO PROBLEM 26

Question 1:

With an ideal opamp, = 0, so a node equation at the inverting input of the opamp 
results in

��� − 0
� = 0 − ��

1/(2������) � ���(��) =
��(��)
���(��) =

−1
2������� = �

2������ 

Question 2:

The loop gain may be found by resetting  and breaking the feedback loop at the inverting 
input of the opamp, applying a test voltage  at the inverting input and calculating the 
returned voltage  across the resistor .

With = 1/(2 ), this results in

�(��) = −��(��)
��(��) = �(��) � �

� + 1/(2������)� 

= � ���
����1 + ��/���

� � 2�������
1 + 2�������� = ���/���

(1 + ��/���)�1 + ��/���
,     q.e.d. 

Question 3:

At low frequencies, the loop gain approaches the value = / , so for a loop gain of 40 

dB 100 V/V, we find ��� = 100���� = 100/(2����) = 100/(2 × � × 10 kΩ × 15.9 pF) = 

100 MHz.

Question 4:

With the unity-gain frequency  for | ( )| much larger than , the loop gain at high 
frequencies can be approximated by

( ) = 1 + /  
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From this, ��(��) = −90°− arctan��/���, so for a phase margin of 60°, arctan / = 30°  
at the frequency = . From this, ��/�� = tan(30°) = 1/√3 � �� = √3��. The unity-gain 

frequency  is found from

|�(���)| = ������ �
⎝
⎛ 1
�1 + ���/����⎠

⎞ = 1 

⇒ 1 = ������ � �
1

�1 + 1/3� ⇒ �� = �√32 ���� 

Inserting in �� = √3��, we find = (3/2) = (3/2) × 100 MHz = 150 MHz.

A Bode plot using asymptotic piecewise-linear approximations to the loop gain

�(��) = ���/���
(1 + ��/���)�1 + ��/���

= 100
(1 + ��/1 MHz)(1 + ��/150 MHz) 

is shown below. The amplitude plot starts at 40 dB, corresponding to a loop gain of 100 
V/V at very low frequencies. The first breakpoint appears at the pole frequency = 1 MHz  
where the slope of the amplitude changes to −20 dB/dec. The second breakpoint appears at 
the pole frequency = 150 MHz  where the slope of the amplitude changes to −40 dB/dec. 
The phase plot (black plot) is the sum of the red plot and the green plot, corresponding to 
the phase shifts from the poles at 1 MHz and 150 MHz, respectively.

Notice that due to the piecewise-linear approximations, the phase margin appears somewhat 
smaller than found from the calculations.
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Using LTspice, the answers to Questions 2 - 4 may be verified. The LTspice schematic in 
the following figure shows a circuit where the opamp is modeled by the voltage-controlled 
current source ‘G1’, the capacitors ‘C1’ and ‘C2’, the voltage-controlled voltage sources 
‘E1’ and ‘E2’, and the resistor ‘R1’ (compare to Table 5.3 in ‘CMOS Integrated Circuit 
Simulation with LTspice’). The loop gain is found from a ‘.ac’ simulation with the test 
voltage ‘Vt’ as the input and the input voltage ‘Vin’ reset. The returned voltage is ‘Vr’, so 
the loop gain ( ) = /   is shown by plotting ‘-Vr’ as shown below. A ‘.ic’ directive 
is inserted to define the bias voltage of the node ‘V1’ which is a floating node. If this ‘.ic’ 
directive is omitted, the error log file opens automatically with a message that the node 
is floating but the simulation still runs and gives correct simulation results. With the ‘.ic’ 
directive included, the error log file does not open automatically. It can be opened with 
‘Ctrl-L’ and it will inform you that node ‘V1’ is floating and the bias value is defined solely 
by the ‘.ic’ directive.

From the plot, we see that the low-frequency loop gain is 40 dB as requested, and we find a 
phase margin of 60.7°. The reason for the additional 0.7° of phase margin is that the phase 
shift from the factor 1/(1 + / )  was approximated to be −90°. With = 86.3 MHz  
and = 1 MHz, the phase shift is only −arctan(86.3) = 89.3°, corresponding to the 
additional phase margin of 0.7°.
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SOLUTION TO PROBLEM 27

Question 1:

For M1, we have the Shichman-Hodges model for a MOS transistor without channel-length 
modulation:

= 1
2 ( / )( )  

As there is no dc current flowing through , we have ���� = ��� − (−���) = 0 V − (−1 V) =
1 V. With / = 50, we find ��� = (1/2) × 100 μA/V� × 50 × (1 V − 0.8 V)� = 100 μA.

Using Kirchhoff’s voltage law and Ohm’s law, we find ��� = ��� − ����� = 1 V − 10 kΩ ×
100 μA = 0 V, q.e.d.

Similarly for M2, we find

��� =
1
2 �����(��/��)(|����|− |���|)�

where |����| = |��� − ���| = |0 V − 1 V| = 1 V. With / = 125, we find = (1/2) ×  

40 μA/V� × 125 × (1 V − 0.8 V)� = 100 μA.

Using Kirchhoff’s voltage law and Ohm’s law, we find ��� = −��� + ���� = −1 V + 10 kΩ ×
100 μA = 0 V, q.e.d.

Question 2:

The low-frequency small-signal diagram is shown below.
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Using a node equation at the output of the first stage, we find

= = / = / =  

The transconductance is found from ��� = 2����/(���� − ���) = 2 × 100 μA/(1 V −  

0.8 V) = 1 mA/V. From this, we find ��� = −����� = −1 mA/V × 10 kΩ = −10 V/V.

Using a node equation at the output of the second stage, we find

= / / = / = ( ) 

The transconductance  is found from ��� = 2����/�|����| − ������ = 2 × 100 μA/(1 V −
0.8 V) = 1 mA/V. From this, we find ��� = −���(�� ∥ ��) = −1 mA/V × (10 kΩ ∥ 40 kΩ) = 

−1 mA/V × 8 kΩ = −8 V/V.

The total gain is �� = ������ = (−10 V/V) × (−8 V/V) = 80 V/V .

Question 3:

Using the small-signal gain to calculate the input amplitude, we find = / = 

100 mV/80 = 1.25 mV. The linear small-signal approximation can be used when ��� ≪ 

2( ), see Eq. (3.43) in ‘CMOS Analog IC Design: Fundamentals’. With = 1.25 mV, 

this is clearly the case for M1 where 2( ) = 400 mV . The amplitude of the output 

voltage from the first stage is = | | = 10 × 1.25 mV = 12.5 mV . For M2, we find 

2 | | = 400 mV  which is much larger than 12.5 mV, so also for M2, the small-

signal approximation is reasonable.

We note that with an output amplitude of 100 mV, | |  is larger than 900 mV, i.e., 
larger than | sat| = | | = 200 mV,, so M2 is in the active region. Likewise, 
with an amplitude of 12.5 mV for the drain voltage of M1,  is larger than 987.5 mV, 
i.e., larger than sat = = 200 mV, so M1 is in the active region.
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Question 4:

For finding the dominant pole, we estimate the equivalent time constants to ground for 
the gate of M1, the gate of M2 and the output node.

For the gate of M1, the time constant  is the product of the resistor �� = 1 kΩ  and the 
input capacitance of the first stage which can be found using the Miller approximation (see 
Eq. (4.80) in ‘CMOS Analog IC Design: Fundamentals’), i.e.

+ (1 + | |) = 100 fF + (1 + 10) × 20 fF = 320 fF, so

�� ≃ 1 kΩ × 320 fF = 320 ps.

For the gate of M2, the time constant  is the product of the resistor �� = 10 kΩ  and the 
input capacitance of the second stage which can be found using the Miller approximation, 
i.e., + (1 + | |) + = 250 fF + (1 + 8) × (50 fF + 200 fF) = 2.5 pF,, 
so �� ≃ 10 kΩ × 2.5 pF = 25 ns  

For the output node, the time constant  may be estimated as the product of (�� � ��) = 8 kΩ  
and + = 250 fF  (see Eq. (4.82) in ‘CMOS Analog IC Design: Fundamentals’), 

i.e., �� ≃ 2 ns .

Apparently, the dominant pole originates from the gate of M2, and we may estimate the −3 
dB frequency to be �-3 dB ≃ 1/(2����) = 1/(2 × � × 25 ns) = 6.4 MHz .

Question 5:

Shown below is an LTspice schematic for the amplifier. The channel lengths have (somewhat 
arbitrarily) been selected to �� = �� = 1 μm and the channel widths have been specified 

according to the specified /  ratios. The capacitor ‘C3’ is the sum of   and .
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For verifying the results from Question 1, we run a ‘.op’ simulation. From the output file, 

we find ��� = −20.1 nV  and = 176.88 nV. Both values are sufficiently close to 0 V to 

confirm that = = 0 V  as requested. We may also open the error log file (‘Ctrl-L’) 

from which we verify that ��� = ��� = 100 μA  and = = 1 mA/V  as used for the 

calculations in Question 2.

For verifying the results from Question 2, we run the two ‘.tf ’ simulations shown (as 
comments) in the LTspice schematic. For the simulation with ‘v(Vo1)’ as the output, we 
find a transfer function of −10, i.e., ��� = −10 V/V. For the simulation with ‘v(Vo2)’ as 
the output, we find a transfer function of 80, i.e., = 80 V/V . As = , we find 
��� = ��/��� = −8 V/V. These results are identical to the results calculated in Question 2.

For verifying the results from Question 3, we run the ‘.dc’ simulation shown (as a comment) 
in the LTspice schematic. This results in the following plot. From the plot, we see that an 
output swing of ±100 mV corresponds to an input swing from −1.29 mV to +1.21 mV. 
This is fairly close to the input swing of ±1.25 mV expected from the linear small-signal 
calculation used in Question 2 but the simulation shows that the nonlinearities in the circuit 
are visible for input signal amplitudes on the order of a few mV.
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The ‘.meas’ directives shown in the schematic finds the exact input voltages for an output 
voltage of ±100 mV. These results are given in the error log file which reports ‘vin+: 
v(vo2)=100m AT 0.00120954’ and ‘vin-: v(vo2)=-100m AT -0.00129591’.

For verifying the results from Question 4, we run the ‘.ac’ simulation shown (as a comment) 
in the LTspice schematic. This results in the following plot.

From the plot, we find �-3 dB=  5.84 MHz which is somewhat smaller than the −3 dB 
frequency found using the dominant-pole approximation. This is not surprising. The 
additional non-dominant poles slightly reduce the −3 dB frequency.
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SOLUTION TO PROBLEM 28

Question 1:

At low frequencies, the capacitor  is treated as an open circuit.

A node equation at the output (node B) gives / + = 0 = .

A node equation at node A gives ��/�� + ���(���� − ����) = 0 � �� = −�����(���� − 

) = .

Inserting, we find = = = / = ..

Question 2:

When including the capacitor , node equations at node A and node B gives:

Node A: ������ + ��/�� + (�� � ��)����� = 0 = 0

Node B: (�� � ��)����� + ������ + ��/�� = 0 = 0

Rearranging, we find

Node A: ��(1/�� + ����) � ������� = ������� =��(1/�� + ����) � ������� = ������� 

Node B: ��(��� � ����) + ��(1/�� + ����) = 0 = 0

From this, we find the transfer function

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN solution to Problem 28

227

( ) = ( )
( ) = ( )

(1/ + )(1/ + ) + ( ) 

= ( )
1/( ) + (1/ + 1/ + ) 

= 1 /
1 + ( + + )          q.e.d. 

From this expression, we see that the transfer function has a right-half-plane zero at the frequency 
= /   and a left-half-plane pole at the frequency = 1/ ( + + ) .

Question 3:

With ��� ≫ 1/�� and ��� ≫ 1/�� and ��� ≫ 1/�� and ��� ≫ 1/��, we find �� ≃ 1/(���������) , so

��� = �����/(2��) ≃ ����������
2������������ = ���

2����   q.e.d.

Question 4:

The transfer function ( )  may be written as ( ) = (1 / )/ 1 + / .

For the amplifier with feedback, the transfer function is

( ) = ( )
1 + ( ) 

= (1 / )
1 + / 1 + (1 / )/ 1 + /

 

= (1 / )
1 + + 1/ /  

= 1 /
1 + /  

where = /  was found in Question 2 and  and   are given by
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= 1 +  

= 1 +
1/ / = (1 + ) 1

1 /  

Question 5:

With ��� ≫ 1, we find ���� ≃ 1/� and / 1 / . Using =  

/(2 )  and = / , we find

1
1 /  

Using = / , we then find the gain-bandwidth product

GBW = /(2 ) 1
1 /

1
1 /  

We notice that the zero causes the gain-bandwidth product of the feedback amplifier to be 
larger than the gain-bandwidth product   of the basic amplifier. For a feedback amplifier 
using a basic amplifier with a single pole and no zero, the bandwidth  is the bandwidth 

of the basic amplifier multiplied by the factor (1 + ) . Introducing a right-half-

plane zero at the frequency  increases the bandwidth by an extra factor (1 / ) .
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SOLUTION TO PROBLEM 29

Question 1:

Using Kirchhoff’s voltage law, we find that the voltage  across  is �� = ��� − |����|−
| |. Also, since , M1 and M2 are connected in series, the current is the same in these 
devices, i.e., �� = ��� = ��� = 20 μA  where  is the current through .

For M1, we have the Shichman-Hodges model for a MOS transistor without channel-length 
modulation:

= 1
2 ( / ) | |  

Notice that since M1 is a PMOS transistor, we use absolute values of the gate-source voltage 
and the threshold voltage, and from the equation above, we find

|����| = ����� + � 2����
�����(��/��) = 0.7 V + � 2 × 20 μA

100 μA/V� × (5 μm/0.5 μm) = 0.9 V 

Since =   and / = / , we find | | = | | = 0.9 V, so �� = ��� − |����|−
|����| = 3 V − 0.9 V − 0.9 V = 1.2 V.. From Ohm’s law, we find �� = ��/�� = 1.2 V/20 μA = 

60 kΩ.

Transistors M1 and M3 form a current mirror, so

��� = ���/��
��/��� ��� = 20/10 × 20 μA = 40 μA 

Likewise, M1 and M8 form a current mirror, so

��� = ���/��
��/��� ��� = 100/10 × 20 μA = 200 μA 

Question 2:

The condition for a transistor to be in the active region is |���| ≥ |���|− |��| .

For M1 and M2, we have |���| = |���| > |���|− |��|, so M1 and M2 are in the active region.
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For M3, we have | | = | | = 0.9 V. Also, = = 3 V. From Kirchhoff’s voltage 

law, we find | | = + | |. Using = /2, we find | |  from

|����| = ����� + � ���
�����(��/��) = 0.7 V + � 40 μA

100 μA/V� × (20 μm/0.5 μm) = 0.8 V 

Thus, = + | | = 1.5 V + 0.8 V = 2.3 V , resulting in |����| = |2.3 V − 3.0 V| =
0.7 V > |����| − ����� = 0.9 V − 0.7 V = 0.2 V,, so M3 is in the active region.

For M4 and M5, we have | | = 0.8 V  and we find = =   where (using 
= =  /2))

���� = ��� + � ���
�����(��/��) = 0.5 V + � 40 μA

200 μA/V� × (5 μm/0.5 μm) = 0.641 V 

With = = = 2.3 V, we find |����| = |����| = |���� − ���| = |0.641 V − 2.3 V| =
1.659 V > |����|− ����� = |����|− ����� = 0.8 V − 0.7 V = 0.1 V , so M4 and M5 are in 

the active region.

For M6, we have = > , so M6 is in the active region.

For M7, we have for symmetry reasons =  and since = = , we find 
= > , so M7 is in the active region.

For M8, we have |����| = ��� − �� = 3.0 V − 1.5 V = 1.5 V and |����| = |����| = 0.9 V,, 
i.e., |����| > |����| − ����� = 0.9 V − 0.7 V = 0.2 V, so M8 is in the active region.

For M9, we have = = 1.5 V   and = = = 0.641 V , i.e., ���� > ���� −
��� = 0.641 V − 0.5 V = 0.141 V, so M9 is in the active region.

Question 3:

The gain at low frequencies is the product of the gain of the differential stage with active 
load and the gain of the common-source stage.
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The differential gain of the differential stage with active load is the transconductance of the 
input transistors multiplied by the output resistance of the stage, i.e., = ( ).

For the common-source stage, the gain is the transconductance of M9 multiplied by the 
output resistance of the stage, i.e., = ( ).

The total gain is = = ( ) ( ), compare to Eq. (5.7) in 
‘CMOS Analog IC Design: Fundamentals’.

Using =   and the approximation 1 + ���� ≃ 1, we find

��� = 2����
|����| − �����

= 2 × 20 μA
0.8 V − 0.7 V = 0.40 mA/V 

��� = 2����
���� − ��� = 2 × 200 μA

0.641 V − 0.5 V = 2.83 mA/V 

���� ≃ ���� ≃
1

���� = 1
0.1 V�� × 20 μA = 500 kΩ 

���� ≃ ���� ≃
1

���� = 1
0.1 V�� × 200 μA = 50 kΩ 

Inserting in the expressions for the gain, we find ��� = −0.40 mA/V × (500 kΩ ∥ 500 kΩ) = 

−100 V/V  and ��� = −2.83 mA/V × (50 kΩ ∥ 50 kΩ) = −70.7 V/V   giving a total gain of 

�� = 7070 V/V ∼ 77 dB .

The small-signal output resistance is ���� = ���� ∥ ���� = 50 kΩ ∥ 50 kΩ = 25 kΩ , compare 
to Eq. (5.8) in ‘CMOS Analog IC Design: Fundamentals’.

Question 4:

With the Miller capacitor being the only capacitor which must be taken into account, the −3 dB 
bandwidth is given by the dominant pole caused by the output resistance (���� � ����) ≃ 250 kΩ  
from the differential stage and the input capacitance to the second stage. This input capacitance 
is found using the Miller approximation as = (1 ) = 1 pF × (1 + 70.7 V/V) =
71.7 pF. Thus, we find ��� �� = 1/(2���(���� � ����)����) = 1/(2 × � × 250 kΩ × 71.7 pF) =  

8.88 kHz.
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Question 5:

With the output connected back to the inverting input, we have a feedback amplifier with 
a feedback factor = 1. From the feedback theory explained in Chapter 6 in ‘CMOS 
Analog IC Design: Fundamentals’, we find that the output resistance of the amplifier with 
feedback is = /(1 + ) where  is the low-frequency gain of the opamp, i.e., 

= = 7070 V/V. Thus, ������ = ����/(1 + ���) = 25 kΩ/7071 = 3.54 Ω .

Also from the feedback theory, we find that the bandwidth of the amplifier with feedback 
is found as the bandwidth of the amplifier without feedback multiplied by the factor 
(1 + ) (the amount of feedback). Thus, for the buffer, we find a −3 dB frequency of 
8.88 kHz × 7071 =  62.8 MHz .

Question 6:

The following figure shows the LTspice schematic corresponding to the opamp. The transistor 
models have been defined with = 0.1 V , so for the simulated results, the channel-length 
modulation is included in all question.

For verifying the answers for Questions 1 and 2, we run a ‘.op’ simulation. From the output 
file, we note that = 1.46183 V, i.e., very close to the specified value of = /2 = 1.5 V . 

From the ‘.op’ simulation, we also find the results from the error log file shown after the 
LTspice schematic. We notice that the bias currents are close to the anticipated values, thus 
confirming the calculation of . Only =  is about 7% larger than the calculated values.

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN solution to Problem 29

233

 

Error log file 

The error log file also lists  and = sat  for each transistor, and we note that 
| | > | sat| for all transistors, confirming that all transistors are in the active region as 
found in Question 2.

For verifying the results for Question 3, we may run the ‘.tf ’ simulations shown as comments 
in the LTspice schematic. The directive ‘.tf v(Vo1) Vin+’ finds the gain in the first stage. 
From the output file, we find the gain ��� = −120 V/V. The directive ‘.tf v(Vo) Vin+’ finds 
the total gain and the output resistance. From the output file, we find = 10091 V/V  and 
���� = 26.819 kΩ. We notice that the values of gain and output resistance are somewhat 
higher than the values calculated in Question 3. In these calculations, the approximation 
1 + ���� ≃ 1 was used. This leads to smaller values of  and  than what is found from 
the simulations. From the error log file shown above, we find

��� = 0.431 mA/V 
��� = 3.14 mA/V 
���� = 1/���� = 1/1.71 μA/V = 585 kΩ 
���� = 1/���� = 1/1.87 μA/V = 535 kΩ 
���� = 1/���� = 1/18.6 μA/V = 53.8 kΩ 
���� = 1/���� = 1/18.7 μA/V = 53.5 kΩ 

From the expressions for the gain, we find ��� = −0.431 mA/V × (585 kΩ ∥ 535 kΩ) =  

−120.4 V/V  and ��� = −3.14 mA/V × (53.8 kΩ ∥ 53.5 kΩ) = −84.18 V/V  giving a total 

gain of �� = 10135 V/V ∼ 80.1 dB..

The small-signal output resistance is ���� = ���� ∥ ���� = 53.8 kΩ ∥ 53.5 kΩ = 26.8 kΩ .

These values match the simulated values of gain and output resistance very closely.

For verifying the result for Question 4, we run the ‘.ac’ simulation shown as a comment 
in the LTspice schematic. Notice the specification of the input voltage sources ‘Vin+’ and 
‘Vin-’. The ac amplitude is specified to be 0.5 V and the ac phase for ‘Vin+’ is specified to 
be 0° while the ac phase for ‘Vin-’ is specified to be 180°. This gives differential ac input 
with an amplitude of 1 V.
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From the simulation, we find the following plot of , showing a −3 dB frequency of 6.67 kHz, 
which is somewhat lower than the calculated result. Using the simulated values of gain and 

small-signal parameters, we find = (1 ) = (1 / ) = 1 pF × (1 + 10091/ 

120) = 85 pF and ��� �� = 1/(2���(���� ∥ ����)����) = 1/(2 × � × (585 kΩ ∥ 535 kΩ) ×  

85 pF) = 6.70 kHz  which is a very close match to the simulated value.

The simulation also shows that ( )  has a zero at a high frequency (between 100 MHz 
and 1 GHz), so the gain function is not just a simple first-order lowpass function.

For verifying the results for the buffer amplifier, Question 5, we modify the LTspice schematic 
as shown in the following figure.
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Using the directive ‘.tf v(Vo) Vin+’, we find from the ‘.tf ’ simulation a closed-loop output 
resistance of 2.66 Ω which is somewhat lower than the value found in Question 5 but 
an exact match to ������ = ����/(1 + ���) = 26.819 kΩ/(1 + 10091) = 2.66 Ω  with the 
simulated values of  and .

With the ‘.ac’ simulation shown as a comment in the LTspice schematic, we find the plot of  
shown below from which we find a −3 dB bandwidth of 79.4 MHz. This is somewhat higher 
than the value calculated in Question 5 or calculated from the simulated values of    and 

. From the simulated values, we find (1 + )  = (1 + 10091) × 6.67 kHz = 67.3 MHz . 
However, we notice from the simulation plot that the frequency response is not a simple first-
order response with only a dominant pole, so in the buffer amplifier, the high-frequency zero 
found from the simulation of ( )  modifies the frequency response, leading to a somewhat 
higher bandwidth. It can be shown (see Problem 28) that the frequency of the dominant 
pole in the feedback amplifier is multiplied by an extra factor (1 − ����/���)�� = (1− 1 ×  

0.431 mA/V/3.14 mA/V) = 1.159 , giving a dominant pole at 67.3 MHz × 1.159 = 78 
MHz which matches the simulated bandwidth very well.
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SOLUTION TO PROBLEM 30

Question 1:

For the amplifier, the low-frequency gain is  so the low-frequency loop gain is = =
100 ∼ 40 dB . The magnitude of ( )  is

| ( )| = 1 + ( / )
1 + / 1 + /

 

With = , this expression can be simplified to

| ( )| = 1
1 + /

 

This corresponds to an amplitude plot starting at 40 dB at very low frequencies and a 

breakpoint at = 1 kHz  where the slope of the amplitude changes to −20 dB/dec as 

shown in the Bode plot below.
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The phase of the loop gain is

��(��) = − arctan(�/���) − arctan��/���� − arctan��/���� 

Thus, the phase plot (black plot) is the sum of the red, green and blue plots corresponding 

to the phase shifts from ,   and , respectively. Since = , the green plot and the 

blue plot overlap and each of them gives a phase shift of −45° at = 1  MHz as marked 

by a dot in the phase plot.

Question 2:

From the Bode plot, we find the unity-gain frequency = 100 kHz  and we can estimate 
the phase margin to be about 90°. However, since a breakpoint in the phase plot appears 
at the frequency , the estimation of the phase margin is not very precise.

Using a more precise calculation, we find the unity-gain frequency  for ( )  from

|�(��)| = 1 � ���
1

�1 + ���/������
= 1 

� ��� = 1 + ���/����� 

� �� = ������� − 1 = 1 kHz × √9999 = 100 kHz 

The phase margin is PM = 180° ( ) = 180° + ( )  where

��(���) = − arctan(��/���) − arctan���/���� − arctan���/���� 
= − arctan(100 kHz/1 MHz) − arctan(100 kHz/1 kHz) − arctan(100 kHz/1 MHz) 
= −5.71° − 89.43° − 5.71° = −100.85° 

From this, we find PM = 180° + ��(�\��) = 180°− 100.85° = 79.15°.

Question 3:

For a phase margin of 60°, we find ��(���) = −120°, i.e.,
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arctan( / ) + arctan / + arctan / = 120°

With = = 1 MHz and �� � ��� ⇒ arctan���/���� ≃ 90° , this expression can be 

simplified as follows:

arctan(��/���) + arctan���/���� + arctan���/���� = 120° 
⇒ 2 arctan(��/1 MHz) + 90° ≃ 120° 
⇒ arctan(��/1 MHz) = 15° ⇒ �� ≃ 1 MHz × tan(15°) = 0.268 MHz 

With �� = ��� ≫ 1 , we have / = 268 kHz/(1000 × 1 kHz) =
0.268. Thus, the maximum value of  for PM ≥ 60° is = 0.268.
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SOLUTION TO PROBLEM 31

Question 1:

With = 1.2 V, we find the drain current �� = (��� − ��)/�� = (1.8 V − 1.2 V)/30 kΩ =  

20 μA .

From = 2 /( ), we find ��� � �� = �eff = 2���/�� = 2 × 20 μA/0.2 mA/V = 

0.2 V .

From = ( / )( ), we find

� = � � ��
�����(��� � ��)� = 0.9 μm × � 0.2 mA/V

180 μA/V� × 0.2 V� = 5 μm 

Question 2:

The bias value of  is found from Ohm’s law: = = = 0.3 V. 

The bias value of  is found as = + = + eff + = 0.9 V..

Question 3:

The small-signal diagram is shown below.

A node equation at the source of the transistor gives = ( ) = / ..
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Rearranging, we find

�� �
1
�� + ��� = ����� ⇒

��
��� =

����
1 + ���� 

Inserting numerical values, we find

��
��� = 15 kΩ × 0.2 mA/V

1 + 15 kΩ × 0.2 mA/V = 0.75 V/V 

The drain voltage is found from

�� = −������� = −����(��� − ��) = −������� �1−
����

1 + ����� = −��� �
����

1 + ����� 

⇒ ��
��� = − ����

1 + ���� 

Inserting numerical values, we find

��
��� = − 30 kΩ × 0.2 mA/V

1 + 15 kΩ × 0.2 mA/V = −1.5 V/V 

Question 4:

We may find the output resistance at the drain by resetting , i.e., , and applying 

a test voltage  at the drain. The output resistance is then found as  

where  is the current delivered by . The current flowing in  is . The 

current flowing into the drain is . Since  for , we 

find , and this relation is only fulfilled for , so the current flowing 

into the drain is 0. Thus,  .

Applying a test voltage to the source terminal, we find , so  

.
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Question 5:

In the small-signal diagram,  now appears as a capacitor from gate to source as shown 
below.

A node equation at the source of the transistor now gives

From this expression, we find the frequency of the zero as

 mA/V
 pF

 MHz

We also find the frequency of the pole as

Question 6:

The drain voltage is found from
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This is a first-order low-pass transfer function with a low-frequency gain of  

 as found in Question 3 and a −3 dB frequency corresponding 

to the pole frequency  found in Question 5.

Question 7:

For verifying the results, we use the LTspice schematic shown below.

For verifying the results for Questions 1 and 2, we run a ‘.op’ simulation and check the 

voltages  and . We find  and  as expected. From the error log 

file, we find = 0.2 mA/V  as expected.

For verifying the numerical values for Questions 3 and 4, we run the two different ‘.tf ’ 
simulations shown in the schematic and check the values of transfer function and output 
impedance. From ‘.tf v(Vd) Vin’, we find a gain of −1.5 and an output impedance of 30 
kΩ as expected and from ‘.tf v(Vs) Vin’, we find a gain of 0.75 and an output impedance 
of 3.75 kΩ as expected.
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For verifying the result for Question 5, we run the ‘.ac’ simulation shown in the schematic. 
From this, we may plot  as shown below. We notice that the gain changes from −2.5 dB 

 0.75 V/V to 0 dB  1 V/V at a frequency of slightly more than 100 MHz as expected 
from the calculated values of pole frequency and zero frequency. As expected, the pole 
frequency is higher than the zero frequency and the gain at very high frequencies is 0 dB 
as the term  becomes dominant in both the numerator and the denominator of the 
transfer function. Essentially, the capacitor  shorts the input node and the output node 
at very high frequencies.

For verifying the result for Question 6, we plot  from the ‘.ac’ simulation as shown 
below. From the plot, we find a low-frequency gain of 3.52 dB and a −3 dB bandwidth of 
133 MHz as expected.
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SOLUTION TO PROBLEM 32

Question 1:

Using Kirchhoff’s voltage law and Ohm’s law, we find .

From the Shichman-Hodges transistor model, we find

For M1, we find with :

For M2, we find with :

From this, we find .

Question 2:

M1 is in the active region since .

The maximum value of  is limited by the minimum output voltage  required to keep 

M2 in the active region. This requires 

, resulting in  

.
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Question 3:

The output resistance of the current source is the output resistance of a common-gate 
configuration which is given by

see ‘CMOS Analog IC Design: Fundamentals’, Eq. (4.25).

From  and , we find 

From ,, we see that  is somewhat larger than 2 MΩ because 

of the term . Also  is somewhat larger, . With 

a value of about 1 V for , we find a value for  which is about 10% higher than 

the value found above.

Question 4:

With a doubling of both W  and L  for both transistors, the ratio /  is unchanged but the 
channel-length modulation parameter  is reduced by a factor of 2, i.e., = 0.05 V . This 
causes a doubling of the transistor output resistances while the transconductances remain 
unchanged when assuming ���� ≪ 1 . Thus, the output resistance +  

is doubled, i.e., ���� ≃ 20 MΩ .

Question 5:

Shown below is an LTspice schematic where  is specified to 66.7 kΩ and  is specified 
to 0 V−1. The load resistor is specified to �� = 20 kΩ  which ensures that M2 is in the active 
region when verifying the answer to Question 1. From the error log file from a simulation 
with = 20 kΩ, we find ��� = 5.00 μA  as requested, thus verifying the value of .
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For verifying the answer to Question 2, we run a ‘.op’ simulation with  stepped from 220 
kΩ to 300 kΩ. This gives the following plot of =   and we find that for �� = 260 kΩ,,  
M2 is just at the border between the active region and the triode region.

For verifying the answer to Question 3, we modify the transistor model to include the 
channel-length modulation parameter and we connect a dc voltage to the drain of M2 instead 
of the load resistor . The dc value is selected to 0.9 V, ensuring M2 in the active region. 
The new LTspice schematic is shown below. For finding the output resistance, we run a 
‘.tf ’ simulation with ‘Vo’ as the source and ‘v(Vo)’ as the output. From this simulation, we 
find the output resistance of the current source as ‘vo#Input_impedance’. A value of 11.2 
MΩ is found which matches the calculated value reasonably well, taking the drain-source 
voltage of M2 into consideration.

We may also run a ‘.op’ simulation to find the small-signal parameters. From this, we find 
= 60.5 mA/V  and ���� = 0.454 μA/V , corresponding to 2.20 MΩ. Again, considering 

the channel-length modulation, these values match the calculated values reasonably well.
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Finally, for verifying the answer to Question 4, we change ‘Lambda’ in the transistor model 
specification to 0.05 and we change W  and L  for both transistors to 4 µm and 2 µm, respectively. 
From the ‘.tf ’ simulation, we now find the output resistance to be 21.1 MΩ which is as expected 

about twice the value found with �����(�/�) = 800 μA/V�, ��� = 0.6 V and � = 0.1 V��,   and � = 1 μm.
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SOLUTION TO PROBLEM 33

Question 1:

The -circuit consists of the gain stage ( )  and the transistor M1 with the load resistance 
+ . From this, we find

( ) = ( ) ( + ) = ( + )
1 + / 1 + /  

The -circuit is the voltage divider consisting of  and , i.e., = /( + ). 

The loop gain is the product of ( )  and , i.e.,

( ) = ( ) = 1 + / 1 + /          q.e.d. 

At low-frequencies, we find �� = ������(�� + ��) = 1000 V/V × 0.1 mA/V × (1 kΩ +  

9 kΩ) = 1000 V/V  and � = ��/(�� + ��) = 1 kΩ/(1 kΩ + 9 kΩ) = 0.1 V/V . This results 

in = = 1000 V/V × 0.1 V/V = 100 V/V .

The low-frequency value of /  is (0)/ = /(1 + ) = 1000 V/V/(1 + 100) = 

9.90 V/V .

Question 2:

The gain-bandwidth product of the loop gain is = = 100 × 20 × 10  rad/s = 2 ×  

10  rad/s .

Question 3:

For finding the phase margin, we may find the frequency  where the magnitude of the 
loop gain is 1, i.e.,

� ��
�1 + ���/�����1 + ����/����

� = 1 ⇒ ���
�1 + ���/������ �1 + ���/������

= 1 
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With = 100, we may assume , so the equation above may be modified as follows:

/ 1 + /
= 1 

/ 1 + / =  

/ + / / =  

This is a quadratic equation in / . 

Inserting numerical values and solving for / , we find ���/����� = 8284 ⇒  

/ = 91.0 = 91.0 × 20 × 10  rad/s = 1.82 × 10  rad/s.

The phase margin PM is then calculated from

PM = 180° − arctan���/���� − arctan���/���� 

= 180° − arctan�1.82 × 10� rad/s
20 × 10� rad/s � − arctan�1.82 × 10� rad/s

4 × 10� rad/s � 

= 180° − 89.4° − 24.5° 

= 66.1° 

We may also find the phase margin by realizing that = 2   which gives a phase 
margin of 65.5°, see ‘CMOS Analog IC Design: Fundamentals’, Fig. 6.35(a) or table in 
Chapter 9.8. The difference between this value and the value calculated above is an extra 
contribution of 0.6° because the phase shift from the dominant pole is not −90° as assumed 
in Fig. 6.35(a) but only −89.4° as calculated above.

Question 4:

With �� � ��� ⇒ arctan���/���� � 90°, the expression for the phase margin can be 

simplified to PM = 180°− arctan���/���� − arctan���/���� � 90°− arctan���/����.

For PM = 76°, we find �� = ��� × tan(90° − PM) = 0.25 × ��� = 1 × 10� rad/s .

From ( ) = 1, we then find, using :
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/ 1 + /
= 1 

= ( / ) 1 + /  

= (10   rad/s/100) × 1 + 0.25 = 10.3 × 10  rad/s 

We may also find the new value of  by realizing that a phase margin of 76° requires 
= 4 , see ‘CMOS Analog IC Design: Fundamentals’, Fig. 6.35(a) or table in Chapter 

9.8. From this, we find = / = /(4 ) = 10 × 10  s .

We may use LTspice to verify the phase-margin calculations. The following figure shows a 

schematic for modeling the loop gain. Resistor  and capacitor  model the dominant 

pole, ��� = 1/(10 kΩ × 5 nF) = 20 × 10� rad/s , while  and  model the non-

dominant pole, ��� = 1/(10 kΩ × 25 pF) = 4 × 10� rad/s. The gain in the controlled 

voltage source is equal to .

From a ‘.ac’ simulation, we can find the unity gain frequency  and the phase of the loop 

gain for = . We find = 290 kHz, corresponding to = 1.82 × 10  rad/s  and we 

find the phase to be −114°, corresponding to a phase margin of 66°.
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Reducing the dominant pole to 10.3 × 103 rad/s by increasing  to 9.71 nF, we find the 

gain plot shown below. From this, we find a phase margin of 76.5°. Again, the approximation 

arctan / 90° causes a small difference between simulated and calculated phase 
margin.
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SOLUTION TO PROBLEM 34

Question 1:

With = 1 V , we have ���� = �� > ���� − ��� = ��� − ��� = 0.7 V − 0.6 V = 0.1 V, so 
M1 is in the active region.

Thus, the bias current in M1 is given by

= 1
2 ( / )( ) (1 + ) 

= 1
2 ( / )( ) (1 + ) 

From ��� = ���� = 0.1 μm/V , we find �� = 0.1 μm/V/0.5 μm = 0.2 V��  and inserting in 

the expression for , we find

 

 

Since the capacitor  is an open circuit for dc voltages, Kirchhoff’s current law implies 
= ��� = 14.4 μA .

Question 2:

With = 1 V , we have |����| = |�� − ���| = |1.0 V − 2.0 V| = 1 V . Also, =
��� − ��� − ���� = |1.1 V − 2.0 V − (−0.7 V)| = 0.2 V , so | | > , implying 
that M2 is in the active region.

Thus, the bias current in M2 is given by

= 1
2 ( / ) 1 + | |  

= 1
2 ( / ) 1 + ( )  

= 2
1 + ( )
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From ��� = ���� = 0.2 μm/V,, we find �� = 0.2 μm/V/0.5 μm = 0.4 V��  and inserting in 

the expression for , we find

�� = 2 × 14.4 μA × 0.5 μm
100 μA/V� × �1.1 V − 2 V − (−0.7 V)�� × �1 + 0.4 V�� × (2.0 V − 1.0 V)�

= 2.57 μm 

Question 3:

The transconductance  may be found as follows:

��� = ����
���������� �����

= �����(��/��)(���� − ���)(1 + ������) 

= �����(��/��)(��� − ���)(1 + ����) 

= 300 μA/V� × (4 μm/0.5 μm) × (0.7 V − 0.6 V) × (1 + 0.2 V�� × 1.0 V) 

= 288 μA/V 

Question 4:

The small-signal output resistance  is the reciprocal of the small-signal output conductance 
 which may be found using Eq. (3.68) in ‘CMOS Analog IC Design: Fundamentals’:

= 1 + | | 

From this expression, we find

���� = 1/���� = 1 + ��|����|
����� = 1 + ��|�� − ���|

�����  

= 1 + 0.4 V�� × |1.0 V − 2.0 V|
14.4 μA × 0.4 V�� = 243 kΩ 

Question 5:

For finding the small-signal gain, we derive the small-signal equivalent circuit shown below. 
The gate-source voltage for M2 is a dc voltage, i.e., the small-signal voltage of  is zero, 
so the voltage-controlled current source   is omitted.
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With the capacitor  being so large that it can be treated as a short circuit for signal 
variations, we have ,  and  in parallel and a node equation at the output gives

+ /( ) = 0 = / = ( ) 

For finding the numerical value, we need the value of . This is found using = 

(1 + )/( ), compare to Question 4. Inserting numerical values, we find

���� = 1 + ����
����� = 1 + 0.2 V�� × 1.0 V

14.4 μA × 0.2 V�� = 416.7 kΩ 

We then find

�� = −���(���� � ���� � ��) = −���(1/���� + 1/���� + 1/��)�� 

= −288 μA /V × (1/243 kΩ + 1/416.7 kΩ + 1/200 kΩ)�� 

= −288 μA/V × 86.84 kΩ = −25.0 V/V 

Question 6:

For a transistor to be in the active region, we require |���| ≥ |���|− |��|. With a high 
value of , this condition is fulfilled for M1, but for M2, we must require

|����| ≥ |����| − ����� � |�� − ���| ≥ |�� − ���| − ����� 
� ��� − �� ≥ ��� − �� + ��� � �� � �� − ��� 

� ��max = �� − ��� = 1.1 V − (−0.7 V) = 1.8 V 
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Question 7:

For verifying the results for the previous questions, we may use the LTspice schematic shown 
below. The coupling capacitor at the output has been specified to 1 F which is a very large 
value ensuring that the capacitor appears as a short circuit for ac signals. The device values 
have been specified as given in the problem and the value of  has been specified to the 
value found in Question 2.

By running a ‘.op’ simulation, the output file from the simulation shows the dc values = 
0.998771 V  and ��� = ��� = 14.3971 μA , closely matching the value specified for  and 
the value calculated for  and , thus confirming the results of Questions 1 and 2.

From the error log file from the ‘.op’ simulation, we find ��� = 288 μA/V, confirming the 

result from Question 3. We also find ���� = 4.11 μA/V , corresponding to = 1/ =
243.309 kΩ, confirming the result from Question 4.

For finding the small-signal gain = /   at low frequencies, we run a ‘.ac’ simulation 
with a frequency range from 1 kHz to 10 kHz. As shown in the output plot below, this gives a 
gain of 27.963 dB  25.01 V/V, and the phase  of is −180°, so �� = ��/��� = −25.01 V/V ,  
confirming the result from Question 5.
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Note that the low-frequency gain cannot be found by a simple ‘.tf ’ simulation because 
of the coupling capacitor. A ‘.tf ’ simulation with ‘Vin’ as the source and ‘v(Vx)’ as the 
output gives an output resistance of ���� = 153.563 kΩ  and a gain of ��� = −44.217 V/V .  
From these values, the gain /  with a load resistor �� = 200 kΩ  may be calculated as 

= /( + ����) = −44.217 V/V × 200 kΩ/(200 kΩ + 153.563 kΩ) = −25.01 V/V
as also found from the ‘ac’ simulation.

For confirming the result from Question 6, we find from the error log file from the ‘.op’ 
simulation the saturation voltage for M2 to be ‘Vdsat: -2.00e-01’, implying that 
��max = ��� − |����sat| = 2.0 V − 0.2 V = 1.8 V, confirming the result from Question 6.
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SOLUTION TO PROBLEM 35

Question 1:

The condition for a transistor to be in the active region is |���| ≥ |��� � ��| = |����sat|. In 
the error log file, we find both sat  and  listed.

For M1, = 0.233 V  and sat = 0.100 V, i.e., > sat , so M1 is in the active region.

For M2, = 1.27 V  and sat = 0.0674 V, i.e., > sat, so M2 is in the active region.

For M3, ��� = −1.22 V  and ����sat = −0.117 , i.e., | | > | sat|, so M3 is in the active 
region.

For M4, ��� = −0.283 V  and ����sat = −0.200 V, i.e., | | > | sat|, so M4 is in the 
active region.

Question 2:

The small-signal output resistance is the parallel combination of the small-signal resistance 
 looking into the drain of M3 and the small-signal resistance  looking into the 

drain of M2 as shown in the schematic below. Each of these resistances are found using 
Eq. (4.23) from ‘CMOS Analog IC Design: Fundamentals’. In this equation, the bulk 
transconductance is omitted since all transistors have their bulk and source terminal connected.

We find ���� � ����������� = ���/(��������) = 0.131 mA/V/(0.684 μA/V × 1.45 μA/V) =  

132.08 MΩ  and ������ � ����������� = ���/(��������) = 0.228 mA/V/(0.681 μA/V ×
0.750 μA/V) = 446.40 MΩ. From these values, we find ���� = ���� � ������ = 101.9 MΩ..
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Question 3:

The small-signal gain for the cascode stage is the transconductance of the common source 
transistor M4 multiplied by the output resistance, and it is inverting, compare to Eq. (4.27) 
in ‘CMOS Analog IC Design: Fundamentals’. Thus, �� = −������� = −76.7 μA/V ×  

101.9 MΩ = −7816 V/V ∼ 77.9 dB .

Question 4:

The small-signal gain of the common-source stage M4 is , = ( )  where 
 is the small-signal resistance looking into the source of M3, compare to Eq. (4.5) in 

‘CMOS Analog IC Design: Fundamentals’.

The resistance  is ���� = 1/���� = 1/1.45 μA/V = 0.690 MΩ .

The resistance  is the input resistance of the common-gate gain stage M3, see the 
schematic below. This is found using Eq. (4.19) in ‘CMOS Analog IC Design: Fundamentals’. 
The load resistor for the common-gate stage M3 is the resistance  found in Question 
2 looking down into the drain of M2, so Eq. (4.19) results in
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������ ≃
1
���

+ ������
������� = 1

���
+ ����������

���
 

= 1 + ����������
���

= 1 + 446.40 MΩ × 0.684 μA/V
0.131 mA/V = 2.338 MΩ 

Finally, we find ��,�� = −���(���� ∥ ������) = −76.7 μA/V × (0.690 MΩ ∥ 2.338 MΩ) =  

−40.9 V/V ∼ 32.2 dB .
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SOLUTION TO PROBLEM 36

Question 1:

Assuming that both transistors are in the active region in the bias point, we find that 
=   leads to

1
2 �����(��/��)(��� � ���)�(1 + ����)

= 1
2 �����(��/��)���� � �� � ������� �1 + ��(��� � ��)� 

⇒ 1 + ��(��� � ��)
1 + ���� = ������ �

��/��
��/��� �

��� � ���
��� � �� � �����

�
�
 

From ��� = ���� = 0.1 μm/V, we find = / = 0.1 V . From ��� = ���� = 0.2 μm/V,  

we find = / = 0.1 V . Inserting numerical values in the equation above, we find

�300 μA/V�

100 μA/V�� × � 6 μm/1 μm
36 μm/2 μm� × � 0.8 V − 0.6 V

2.0 V − 1.1 V − 0.7 V�
�

= 1 

⇒ 1 + 0.1 V�� × (2.0 V − ��) = 1 + 0.1 V�� × �� ⇒ �� = 1.0 V 

Note that both M1 and M2 have | | > | |  so they are in the active region.

The bias current in M1 and M2 is

��� = ��� = 1
2 �����(��/��)(��� − ���)�(1 + ����) 

= 0.5 × 300 μA/V� × (6 μm/1 μm) × (0.8 V − 0.6 V)� × (1 + 0.1 V�� × 1 V) = 39.6 μA 

Question 2:

The small-signal diagram is shown below. Notice that both  and  are reset, implying 
that in the small-signal diagram, M2 is reduced to the small-signal drain-source resistance 

. For details on how to create the small-signal diagram from the schematic, you may 
turn to Appendix A in this book.
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The small-signal parameters are:

��� = 2����/(���� − ���) = 2 × 39.6 μA/(0.8 V − 0.6 V) = 396 μA/V 

���� = (1 + ������)/(�����) = (1 + ����)/(�����) 
= (1 + 0.1 V�� × 1 V)/(0.1 V�� × 39.6 μA) = 278 kΩ 

���� = �1 + ��|����|�/������� = �1 + ��(��� − ��)� /������� 
= �1 + 0.1 V�� × (2 V − 1 V)�/(0.1 V�� × 39.6 μA) = 278 kΩ 

Question 3:

From the small-signal diagram with = 0, we see that the small-signal output resistance at 
low frequencies is the parallel combination of  and , i.e., ���� = ���� ∥ ���� = 278 kΩ ∥ 
278 kΩ = 139 kΩ .

From a node equation at the output node, we find at low frequencies where all capacitors are 
open circuits: / + / + = 0   from which = / = ( ) = 

−396 μA/V × 139 kΩ = −55.0 V/V.

Question 4:

With >   and a fairly large input capacitance due to the Miller effect on , the dominant 
pole is found from the input side. Using the Miller transformation, the time constant from 
the input side is ��� � ����� = ����� + ��(1 � ��)� = 250 kΩ × �2 pF + 0.5 pF × (1 + 55)� =

�
 

7.50 μs. This corresponds to 2 = 21.2 kHz.
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Question 5:

The amplifier may be recognized as the Miller-compensated gain stage in a two-stage opamp 
which is analyzed in Chapter 6.6 in ‘CMOS Analog IC Design: Fundamentals’. Using Eq. 
(6.59) from this chapter, we find ��� � ���/�2���(�� + �� + ����/��)� = 396 μA/V/�2 × � ×  

(2.0 pF + 1.0 pF + 2.0 pF × 1.0 pF/0.5 pF) = 9.0 MHz..

Question 6:

Shown below is an LTspice schematic for the amplifier.

From the output file from the ‘.op’ simulation, we find = 1.0 V  and ��� = ��� = 39.6 μA  
as calculated in Question 1. From the error log file from the ‘.op’ simulation, we find =  

396 μA/V  as calculated in Question 2, and we find ���� = ���� = 3.60 μA/V, corresponding 

to ���� = ���� = 1/���� = 1/3.60 μA/V = 278 kΩ  as calculated in Question 2.

From the output file from the ‘.tf ’ simulation shown in the schematic, we find the low-
frequency gain to be �� = ��/��� = −55 V/V  and we find the output resistance to be 

���� = 138889 Ω ≃ 139 kΩ  as calculated in Question 3.

For finding the pole frequencies of the amplifier, we run the ‘.ac’ simulation shown in the 
schematic. Shown below is a plot of the output voltage. We notice that the low-frequency gain 
is about 34.8 dB, corresponding to | | = 55 V/V  as also found from the ‘.tf ’ simulation. 
We also find that there is a pole at a frequency about 20 kHz, another pole at a frequency 
about 10 MHz and a zero at about 100 MHz.

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN solution to Problem 36

263

The exact location is not easy to find from the plot but by plotting ‘V(vo)*frequency’, we 
obtain a plot where the slopes of the line segments in the Bode plot are changed by 20 dB/
dec., compare to Fig. 6.54 in ‘CMOS Analog IC Design: Fundamentals’. This plot is shown 
below. In the plot, a piecewise-linear approximation with line segments with slopes of 0 dB/
dec. and ±20 dB/dec. is also shown (in red), and from this, we may estimate ��� ≃ 21.3 kHz  
and ��� ≃ 9.3 MHz , values which are close to the values calculated in Questions 4 and 5. 
We may also estimate a zero frequency �� ≃ 126 MHz. From Eq. (6.54) in ‘CMOS Analog 
IC Design: Fundamentals’, the zero frequency may be calculated as �� = ���/(2����) = 396 μA/V/(2 × � × 0.5 pF) = 126 MHz,

�� = ���/(2����) = 396 μA/V/(2 × � × 0.5 pF) = 126 MHz,, exactly matching the simulated value.
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SOLUTION TO PROBLEM 37

Question 1:

The closed-loop gain is given by ( ) = ( )/ 1 + ( ) ( ) . At very low frequencies, 

we have (0) = 1000 V/V  and = 0.06 V/V, so we find the low-frequency closed-loop 
gain to be (0) = 1000 V/V/(1 + 0.06 V/V × 1000 V/V) = 16.4 V/V .

Question 2:

Shown below is an LTspice schematic of the feedback amplifier. The two RC networks provide 

a time constant �� = �2������� = ���� = 132.6 μs  and a time constant = 2 =
���� = 0.5305 μs . The low-frequency open-loop gain is modeled by the voltage-controlled 
voltage source ‘E1’ and the feedback factor  is modeled by the voltage-controlled voltage 
source ‘E4’.

From a ‘.ac’ simulation, we obtain the following plot of the output voltage from which 
we find a low-frequency gain of 24.3 dB  16.4 V/V and a −3 dB frequency of 93.3 kHz, 
resulting in a gain-bandwidth product of GBW = 1.53 MHz.
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Alternatively, the low-frequency gain and the bandwidth may be found using the ‘.meas’ 
directives shown in the schematic. From the error log file, we find the low-frequency gain 
to be 24.293 dB  16.4 V/V and the bandwidth to be 93.2467 kHz, confirming GBW = 
1.53 MHz.

Question 3:

The phase margin is determined by the loop gain

( ) = ( ) ( ) = 0.06 V/V × 1000 V/V
1 + / 1 + / = 60 V/V

1 + / 1 + /  

It is found as PM = 180° ( )   where  is the unity-gain frequency of the loop 

gain, i.e., the frequency where | ( )| = 1.

The frequency  is found from

60 V/V

1 + / 1 + /
= 1 = 70.2 kHz 

With = , we find

��(���) = − arctan���/���� − arctan���/���� 

= − arctan(70.2 kHz/1.2 kHz) − arctan(70.2 kHz/300 kHz) = −89.0° − 13.2° = −102.2° 

From this, we find the phase margin PM = 180° + ( ) = 77.8°.
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We may also estimate the phase margin by recognizing that the amplifier is a second-order system 
with a gain-bandwidth product of the loop gain = (0) = 1.2 kHz × 0.06 V/V ×  

1000 V/V = 72 kHz  and a second pole at = 300 kHz . This gives the ratio / = 4.17  
and from Fig. 6.35 in ‘CMOS Analog IC Design: Fundamentals’, we may estimate the 

phase margin to be PM ≃ 77°.

The phase margin may also be found using LTspice. The loop gain can be plotted from a 
‘.ac’ simulation using the schematic below where the feedback loop has been opened. Also 
a plot of the loop gain is shown.

From the plot of the feedback voltage , we find a phase margin of 77.7° as shown above.

The phase margin may also be found using the ‘.meas’ directive shown in the LTspice 
schematic.

The phase margin is PM = 180° ( ) = 180° + ( ) = ( )  where 

( )  is the loop gain and  is the frequency where | ( )|  has dropped to a value of 1.
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Thus, the phase of ‘-v(Vf )’ is equal to the phase margin when the magnitude of ‘v(Vf )’ is 
equal to 1.

The result of the ‘.meas’ directive is found in the error log file which shows a phase margin 
of 77.8289°. We notice that there is a good match between the analytically calculated phase 
margin and the simulated phase margin.

Question 4:

The closed-loop gain is given by ( ) = ( )/ 1 + ( ) ( ) . For the modified amplifier, 

we have at very low frequencies (0) = 100 V/V  and (0) = 0.6 V/V , so we find the low-

frequency closed-loop gain to be (0) = 100 V/V/(1 + 0.6 V/V × 100 V/V) = 1.64 V/V..

Question 5:

Shown below is an LTspice schematic of the modified feedback amplifier.

From a ‘.ac’ simulation, we obtain the following plot of the output voltage from which 
we find a low-frequency gain of 4.29 dB  1.64 V/V and a −3 dB frequency of 102 kHz, 
resulting in a gain-bandwidth product of GBW = 167 kHz.
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Alternatively, the low-frequency gain and the bandwidth may be found using the ‘.meas’ 
directives shown in the schematic. From the error log file, we find the low-frequency gain 
to be 4.29303 dB  1.64 V/V and the bandwidth to be 101.930 kHz, confirming GBW 
= 167 kHz.

Question 6:

The phase margin is determined by the loop gain

( ) = ( ) ( ) = 0.6 V/V
1 + /

100 V/V
1 + / = 60 V/V

1 + / 1 + /  

We notice that the expression for the loop gain of the modified amplifier is identical to the 
expression for the loop gain of the original amplifier. Hence, the phase margin is the same 
for the modified amplifier as for the original amplifier, i.e., PM ≃ 77.8° .

However, notice that the closed-loop gain given by ���(�) = �(�)/�1 + β(�)�(�)�  is 

different for the two configurations. Even though the denominator 1 + ( ) ( )   is the 

same for the two configurations, the numerator ( )  is different.
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SOLUTION TO PROBLEM 38

Question 1:

For finding the loop gain, we open the feedback loop at the noninverting input to the 
amplifier  and apply a test signal  to the noninverting input of . The input voltage 

ref  to the inverting input of  is reset, i.e., ref = 0  and the returned voltage  is the 
voltage at the node between the two resistors. The loop gain is found as

( ) = ( )/ ( ) = ( ) /( + )  

where  is the small-signal gain of the common-source gain stage formed by transistor 
M1 and the two resistors  and . This gain is

���� = ��������� ∥ (�� + ��)� =
��������(�� + ��)
���� + �� + ��  

Inserting in the expression for ( ), we obtain

( ) = 1 + /
( + )

+ + +  

= 1 + / + +  

At very low frequencies, we find

�� = �����������
���� + �� + �� = 500 V/V × 10.0 mA/V × 5 kΩ × 20 kΩ

5 kΩ + 20 kΩ + 20 kΩ = 11111 V/V 

The feedback factor is = /( + ) = 0.5  and with a loop gain which is much larger 

than 1, we find an output voltage ref/ = 2.50 V .

Question 2:

The line regulation /  is the closed-loop gain  from the input voltage  to the 
output voltage , so it can be found as = /(1 + ) /   where  is the loop 
gain found in Question 1 and  is the open-loop gain from  to . When the feedback 
loop is open, the gate voltage for M1 is a dc voltage and M1 is a common-gate stage so 
the open-loop gain from  to  is found as � � �������� ∥ (�� + ��)�, compare to Eq. 

(4.18) in ‘CMOS Analog IC Design: Fundamentals’.
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Using the expression for the low-frequency loop gain found for Question 1, we obtain

���
���� � ��������(�� + ��)

���� + �� + �� � ����� + �� + ��
����������� � 

= � 1
��� �1 + ��

��� = � 1
500 V/V� �1 + 20 kΩ

20 kΩ� = 4 mV/V 

Question 3:

The low-frequency open-loop output resistance may be found as the small-signal output 
resistance  of transistor M1 in parallel with the resistor + . Thus, we find 

���� = ���� ∥ (�� + ��). The closed-loop output resistance at low frequencies is found using 
Eq. (6.13) in ‘CMOS Analog IC Design: Fundamentals’, i.e.,

������� = ����
1 + �� ≃

����
�� = � ����(�� + ��)

���� + �� + ��� �
���� + �� + ��
����������� � 

= � 1
������

� �1 + ��
��� = � 1

500 V/V × 10.0 mA/V� �1 + 20 kΩ
20 kΩ� = 0.4 Ω 

Question 4:

For transistor M1, we have = + /( + ) = 2.0 mA + 2.5 V/(20 kΩ+ 20 kΩ) =  

2.0625 mA  and |���| = ��� − �� = 3.0 V − 2.5 V = 0.5 V..

Using Eq. (3.68) in ‘CMOS Analog IC Design: Fundamentals’, we find

���� = 1 + �|���|
��� � � = 1

������ − |���| = 1
5.0 kΩ × 2.0625 mA − 0.5 V = 0.102 V�� 

Using Eq. (3.65) in ‘CMOS Analog IC Design: Fundamentals’, we find

= 2 = 2 = 2 × 2.0625 mA
10 mA/V = 0.4125 V 

We notice that | | > , so M1 is in the active region.

Using Eq. (3.64) in ‘CMOS Analog IC Design: Fundamentals’, we then find
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��� = ����� �
��
�� � ����� � �����(1 + �|���|) 

� �� = �� �
���

���������� � �����(1 + �|���|)� 

= 1 μm × � 10 mA/V
100 μA/V� × 0.4125 V × (1 + 0.102 V�� × 0.5 V)� = 230.66 μm 

Question 5:

The following figure shows an LTspice schematic of the voltage regulator. Transistor M1 is 
modeled by the Shichman-Hodges transistor model with the model parameters and channel 
dimensions found in Question 4. The opamp  is modeled by the voltage-controlled voltage 
sources ‘E1’ and ‘E2’ and the RC network ‘Ra1’ and ‘Ca1’, providing a time constant 
corresponding to the pole frequency = 100 kHz.

From the ‘.op’ simulation, we find the following results from the output file and the error 
log file.

  

Output file Error log file 
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We notice that the values of  and  are exactly matching the specifications given 
in the problem. However, the value of  is almost 9 mV larger than ref/  even though 
the loop gain is very high, on the order of 80 dB. The reason for this is that in the 
feedback circuit consisting of the opamp  and the transistor M1, a dc bias voltage 

= 2.1873 V  is needed for the gate of M1. This requires a dc input voltage to  of 

off = 2.1873 V/ = 2.1873 V/500 =  4.3746 mV. Inserting this offset voltage in the 
LTspice schematic as shown below and running a new ‘.op’ simulation, we find the following 
results from the output file and the error log file.

  

Output file Error log file 

From the ‘.tf ’ simulation shown (as a comment) in the schematic, we find the low-frequency 
line regulation as the transfer function from  to  to be 4.0797 mV/V and the output 
resistance to be 0.399964 Ω, both results matching the calculated result from Questions 
2 and 3 very well.

For finding the line regulation versus frequency, we run the ‘.ac’ simulation shown in the 
schematic with the ac amplitude of ‘Vin’ specified to 1 and the ac amplitude of ‘IL’ specified 
to 0. The resulting plot is shown below. A linear y-axis has been selected. At 2 MHz, we 
find a line regulation of 81.3 mV/V.
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For finding the output impedance versus frequency, we run the ‘.ac’ simulation shown in 
the schematic with the ac amplitude of ‘Vin’ specified to 0 and the ac amplitude of ‘IL’ 
specified to 1. The resulting plot is shown below. At 2 MHz, we find an output impedance 
of 7.98 Ω.
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SOLUTION TO PROBLEM 39

Question 1:

The low-frequency closed-loop gain is calculated from

= 1 +  

where the feedback factor at low frequencies is � = ��/(�� + ��) = 200 kΩ/(200 kΩ + 

200 kΩ) = 0.5. Inserting in the equation above, we find

���� = ��
1 + ��� = 1000 V/V

1 + 0.5 × 1000 V/V = 1.996 V/V ∼ 6 dB 

Question 2:

With , the parasitic capacitor from the inverting opamp input to ground creates a 

short circuit for , so the closed-loop gain for  is given by ( )  with , i.e.

���� = −�� �
��
��
� = −1000 V/V × 20 kHz

30 MHz = −0.667 V/V ∼ −3.52 dB 

Question 3:

At high frequencies, the feedback factor is

= 1/
1/ + = + + = +

1
1 + ( )  

where  is the parasitic capacitance from the inverting opamp input to ground. Thus, the 
loop gain is

( ) = +
1

1 + ( )
1 /
1 + /  

The loop gain has a low-frequency value of �� = �����/(�� + ��) = 500 V/V ∼ 54 dB, a 

dominant pole at = 20 kHz, a right half-plane zero at = 30 MHz  and a non-dominant 

pole at ��� = 1/�2���(�� � ��)��� = 1/(2 × � × 100 kΩ × 200 fF) = 7.96 MHz.
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The following figure shows the Bode plot. The amplitude plot starts at 54 dB corresponding 
to a gain of 500 V/V at very low frequencies. The first breakpoint appears at = 20 kHz  
where the slope of the amplitude plot changes to −20 dB/dec. The second breakpoint 

appears at = 7.96 MHz  where the slope of the amplitude plot changes to −40 dB/dec, 

and finally at = 30 MHz, the slope of the amplitude plot changes back to −20 dB/dec.

The phase plot (black plot) is the sum of the red, green and blue plots corresponding to 
the phase shifts from ,  and , respectively.

From the Bode plot, we estimate the phase margin to be PM ≃ 23°. However, with the 
breakpoints in the piecewise linear approximations to the Bode plot close to the unity gain 
frequency for the loop gain, this estimation is not very precise.
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Question 4:

For finding a more precise value for the phase margin, we may use LTspice to simulate 
the loop gain. The following schematic models the loop gain ( ) . The gain function 
is implemented using filter blocks similar to those described in Example 5.3 in ‘CMOS 
Integrated Circuit Simulation with LTspice’. The zero is defined by the parameter ‘fz’ and 
since it is a right-half-plane zero, it is defined with a negative value, i.e., ‘.param fz=−30Meg’. 
The pole in the transfer function ( )  is defined by the parameter ‘fp’ and the pole caused 
by the parasitic capacitance  and the feedback resistors is modeled by ‘R1’, ‘R2’ and ‘Cp’.

From a ‘.ac’ simulation, we plot the loop gain as ‘v(Vf )’. From the plot, we find that when 
the loop gain is 0 dB, the phase of the loop gain is −148°, corresponding to a phase margin 
of 32°.

The phase margin may also be found using the ‘.meas’ directive shown in the LTspice 

schematic. The phase margin PM = 180°  � ����(���)� = 180° + ���(���)� = ����(���)� 
is where  is the frequency | ( )|  where has dropped to a value of 1. Thus, the phase of 
‘-v(Vf )}’ is equal to the phase margin when the magnitude of ‘v(Vf )’ is equal to 1. From 
the error log file, we find PM = 32.8°.
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SOLUTION TO PROBLEM 40

Question 1:

With = 0 V , the current in  is 0 and = . Assuming that M1 is in the active 
region, the current in M1 is found from the Shichman-Hodges model

= 1
2 ( ) (1 + ) 

where = = , = =  , and = / = 0.16 V .

From the equation above, we find

�� = 1
2 ����� �

��
�� �

(��� � ���)�(1 + �����) 

� ��� = ��� + � 2���
�����(��/��)(1 + �����) 

= 0.5 V + � 2 × 100 μA
240 μA/V� × (100 μm/0.5 μm) × (1 + 0.16 V�� × 1.5 V) = 558 mV 

We note that >   so the assumption that M1 is in the active region is correct.

Question 2:

The transconductance is

��� = 2���/(���� − ���) = 2��/(��� − ���) = 2 × 100 μA/(0.558 V − 0.5 V) = 3.45 mA/V..
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Question 3:

The figure above shows a low-frequency small-signal diagram of the source follower. The 
capacitor  is omitted since it is an open circuit at low frequencies and also the current 
source  is omitted since it is an ideal dc current source, i.e., an open circuit in the small-
signal diagram.

A node equation at the output node gives

= ( ) = / + /  

( + 1/ + 1/ ) =  

= = + 1/ + 1/  

The small-signal resistance  is found from

���� = (1 + �����)/(����) = (1 + 0.16 V�� × 1.5 V)/(0.16 V�� × 100 μA) = 77.5 kΩ 

Inserting in the expression for , we find

�� = ���
��� + 1/���� + 1/�� = 3.45 mA/V

3.45 mA/V + 1/77.5 kΩ + 1/1 kΩ = 0.773 V/V 

Question 4:

We find the minimum output voltage for ��� = −��� = −1.5 V  where  is negative. 
Hence, transistor M1 is in the off-region and = 0 so the bias current  flows in .

This results in ��,min = −����� = −100 μA × 1 kΩ = −0.1 V.
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Question 5:

We find the maximum output voltage for = = 1.5 V . Using a node equation at the 

output, we find = + ,max/ . With = = ,max , we find

1
2 ,max 1 + ,max = + ,max 

This is a cubic equation from which ,max  can be found. However, closed-form solutions 
to a cubic equation are quite complicated and not suited for hand calculations, so assuming 

that ,max 1 , we can simplify the equation above as follows.

1
2 ,max = + ,max 

Inserting numerical values and solving for ,max , we find ,max = 1.24 V  or ,max = 0.806 V. 

The solution ,max = 1.24 V  results in ,max < , so this solution is rejected and we find 

,max = 0.806 V. With this value of ,max , we find ,max = 0.111. We may find a 

more exact solution to the cubic equation above by inserting 1 + ,max = 1.111,  

resulting in 

1
2 ����� �

��
�� �  1.111 ���� � ��,max � ����� = �� +

��,max
��  

Inserting numerical values and solving for ,max , we find ,max = 0.815 V.

Question 6:

The dominant pole can come either from the gate of M1 or from the output node.

At the gate of M1, both  and  contribute to the input capacitance. As the gate-
source capacitance is subject to the Miller effect, it appears smaller at the input by a factor 
(1 ) and using Eq. (4.85) in ‘CMOS Analog IC Design: Fundamentals’, we find the 
equivalent capacitance to ground

��,�� = ���� + ����(1 − ��) = 10 fF + 200 fF × (1 − 0.773 V/V) = 55.4 fF

With a signal source resistance �� = 20 kΩ, this results in a time constant of , = , =
20 kΩ × 55.4 fF = 1.11 ns , corresponding to a pole frequency of , = 1/ 2 , = 

144 MHz.
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At the output node, we note that  is orders of magnitude larger than the other capacitors 
in the circuit so the time constant at the output is approximately , = ( )  where 

 is the output resistance of the source follower. From Eq. (4.12) in ‘CMOS Analog IC 

Design: Fundamentals’, we find ���� = (1/���) ∥ ���� = (1/3.45 mA/V) ∥ 77.5 kΩ = 289 Ω,  

giving an output time constant of ��,� = 1 nF × (1 kΩ ∥ 289 Ω) = 224 ns. This is much 

larger than the time constant from the input side, so it corresponds to a dominant pole 

frequency of , = 1/ 2 , = 711 kHz.

Question 7:

The figure above shows an LTspice diagram including the capacitors ,  and . For 

verifying the bias point, we run a ‘.op’ simulation. From this, we find an output voltage 

= 25.2319 μV ≃ 0 V  as expected, and from the error log file, we find = 3.45 mA/V   
and ���� = 12.9 μA/V , corresponding to ���� = 77.5 kΩ  as found in Questions 2 and 3.

By running a ‘.tf ’ simulation, we find the low-frequency small-signal gain to be 0.773072 
V/V, closely matching the value found in Question 3.

By running a ‘.dc’ simulation, we find the following plot of the output voltage versus the 
input voltage.
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From the plot, we verify both the bias value of  and the values of ,min and ,max  found 
in Questions 4 and 5. We also note that the source follower only works for input voltages 
in the range from 405 mV to 1.5 V.

Finally we run a ‘.ac’ simulation in order to estimate the frequency of the dominant pole. 
The plot of  versus frequency is shown below.

From the plot, we find the dominant pole frequency to be about 712 kHz as calculated 
in Question 6. We also note that there is a non-dominant pole at a frequency somewhat 
below 100 MHz. This is lower than the pole frequency estimated from the input side. 
However, this estimate was based on the Miller effect with a gain of 0.773 V/V. At 
frequencies much higher than the dominant pole frequency, the gain is smaller, causing a 
larger contribution from  to the input capacitance, hence a smaller value of the non-

dominant pole. Assuming a gain close to zero, the input capacitance is approximately 

��,�� = ���� + (1 � ��)���� ≃ ���� + ���� = 210 fF  with �� ≃ 0, so the non-dominant pole 

frequency may be estimated to ��� ≃ 1/�2������,��� = 1/(2 × � × 20 kΩ × 210 fF) ≃ 38 MHz,,  
matching the result shown in the Bode plot.
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SOLUTION TO PROBLEM 41

Question 1:

The low-frequency closed-loop gain is given by

���� = ��
1 + ��� = 1000 V/V

1 + 0.2 V/V × 1000 V/V = 4.975 V/V ∼ 13.94 dB 

Question 2:

The unity-gain frequency  for the loop gain is found as follows:

|�(���)| = 1 ⇒ � ���(1− ���/��)
�1 + ���/�����1 + ���/����

� = 1 

⇒ ����� �1 +
���
���� = �1 + ���

����
� �1 + ���

����
� 

⇒ (���)�
���� ����

+ ��� �
1
����

+ 1
����

− �����
��� �+ 1− ����� = 0 

⇒ (���)� + ��� ����� + ���� − �����
���� ����
��� �+ (1− �����)���� ���� = 0 

Introducing

� = ����� + ���� − �����
���� ����
��� � 

= (0.02 MHz)� + (50 MHz)� − (0.2 × 1000)� × �(0.02 MHz)� × (50 MHz)�
(10 MHz)� � 

= −2100.0004 MHz� ≃ −2100 MHz� 

and

� = (1 − �����)���� ���� = (1 − 40000) × (0.02 MHz)� × (50 MHz)� = −39999 (MHz�)� 

we may re-write the equation above to
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( ) + ( ) + = 0 

This is a quadratic equation from which we can calculate . Selecting the positive solution, 
we find

��� = −� + √�� − 4�
2 = −2100 MHz� + �(2100 MHz�)� + 4 × 39999 (MHz�)�

2  

= 18.877 MHz� 

from which we find the unity gain frequency for the loop gain to be �� = √18.877 MHz� =  
4.34 MHz.

Question 3:

The phase margin is PM = 180° + ( ), see Eq. (6.23) in ‘CMOS Analog IC Design: 

Fundamentals’. With = 4.34 MHz , we find

PM = 180° − arctan ������ − arctan� ������ − arctan� ������ 

= 180° − arctan �4.34 MHz
10 MHz � − arctan �4.34 MHz

0.02 MHz� − arctan �4.34 MHz
50 MHz � 

= 180° − 23.46° − 89.74° − 4.96° = 61.84° 

Question 4:

The following figure shows an LTspice schematic of the amplifier with feedback. The 
amplifier has been implemented using filter blocks similar to those described in Example 
5.3 in ‘CMOS Integrated Circuit Simulation with LTspice’. The low-frequency gain  is 
specified as the gain in the voltage-controlled voltage source ‘E1’. The zero is specified by 
the parameter ‘fz’. Since it is a right-half-plane zero, it is specified by a negative value. The 
poles are specified by the parameters ‘fp1’ and ‘fp2’. The feedback factor  is specified as a 
parameter ‘beta’ for the gain in the voltage-controlled voltage source ‘E3’.
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Running a ‘.tf ’ simulation, we find the low-frequency gain to be 4.97512 V/V, confirming 
the result from Question 1.

For finding the phase margin and the unity-gain frequency  of the loop gain, we use the 
following LTspice schematic where the feedback loop is open and a plot of ‘v(Vf )’ shows 
the loop gain.

From the following plot of ‘v(Vf )’, we find a unity-gain frequency = 4.34 MHz  for 

the loop gain, confirming the result from Question 2. We also find ��(���) = −118.2°,  
corresponding to a phase margin of 61.8°, closely matching the result from Question 3.

Download free eBooks at bookboon.com



CMOS ANALOG IC DESIGN solution to Problem 41

285

The phase margin may also be found from the ‘.meas PM’ directive shown in the schematic. 
Since PM = 180° + ( ) = ( ), the phase of ‘-v(Vf )’ is equal to the phase margin 
when the magnitude of ‘v(Vf )’ is equal to 1. From the error log file, we find a phase margin 
of 61.8133° and a unity-gain frequency of 4.34487 MHz, both values closely matching the 
results from Questions 2 and 3.

Question 5:

For finding the −3 dB bandwidth and unity-gain bandwidth  for the closed-loop gain, 
we run a ‘.ac’ simulation using the LTspice schematic for the amplifier with feedback. The 
plot of the output voltage ‘v(Vo)’ is shown below. From the plot, we find a −3 dB bandwidth 
of 20.1 MHz and a unity-gain bandwidth of 98 MHz. Thus, the unity-gain bandwidth 
is close to the gain-bandwidth product GBW = 4.975 V/V × 20.1 MHz = 100 MHz  but 
much higher than the gain-bandwidth product = 20 MHz of the amplifier without 
feedback. This increase in bandwidth of the amplifier with feedback is caused by the zero 
in the amplifier transfer function.

The unity-gain bandwidth  may also be found using the ‘.meas’ directive shown in the 
schematic. From the error log file, we find = 98.0521 MHz .

Question 6:

By repeating the simulation of the loop gain and phase margin with different values of 
the feedback factor , we note that the phase margin is reduced when  is increased. The 
stability limit is reached when the phase margin reaches a value of 0°. In order to find 
this limit, we run the simulation of the loop gain with the value of ‘beta’ stepped through 
the range from 0.2 to 0.7 using the directive ‘.step param beta 0.2 0.7 0.01’ shown as a 
comment in the LTspice schematic for simulation of the loop gain.
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The error log file from this simulation shows the phase margin versus  in tabular form. 
When right-clicking in the error log file, a dialogue box opens and you can select ‘Plot 
.step’ed .meas data’ which opens a window in the waveform viewer showing the phase 
margin versus . By default, the plot uses a logarithmic horizontal axis and it shows both 
amplitude and phase of ‘PM’. You may select not to show the amplitude and to use a linear 
horizontal axis by right-clicking on the axes and edit how ‘PM’ is plotted. The resulting 
plot is shown below and using the cursor, we find that = 0.50 results in a phase margin 
of 0°, i.e., max = 0.50  is the maximum value of  for which the amplifier is stable.

The stability limit may also be calculated analytically. From the closed-loop transfer function 

( ) = ( )/ 1 + ( ) , we see that the stability limit where = max may be found 

by considering the situation �max�(��) = −1, causing the denominator in the closed-loop 
transfer function to be 0 or the phase margin to be zero. This condition implies

�max�(��) =
�max��(1− ��/��)

�1 + ��/�����1 + ��/����
= −1 

� �max��(1− ��/��) = −�1 + ��/�����1 + ��/���� 
� �max�� − ���max���/�� = −1 + ��/�������� − ���/��� + �/���� 

By equating the imaginary terms in the equation above, we find

max / = / + /  

max = / + / / = (10 MHz/0.02 MHz + 10 MHz/50 MHz)/1000 = 0.5002 

We see that the value found for max  matches the simulated value very well.
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SOLUTION TO PROBLEM 42

Question 1:

From the schematic, we see that = | |  and from the error log file, we find ‘Id1 = 
-2.00e-05’, i.e., ����� = 20 μA. Notice that in the error log file, ‘ Id1’ appears with a negative 
value since the drain current flows out of the drain for a PMOS transistor and the LTspice 
convention is that a current is positive when flowing into the transistor.

For finding , we apply a loop equation to the loop consisting of ,  and . 

The loop equation results in + = 0 = .

From the error log file, we find ‘vds3 = -1.63e+00’ and ‘vds8 = 1.67e+00’, i.e., = 1.67 V + 

1.63 V = 3.30 V .

Question 2:

For finding the input quiescent voltage , we apply a loop equation to the loop consisting of 

, =  and . The loop equation results in + + =
0 = + . From the error log file, we find ‘vgs5 = -9.19e-01’, ‘vds5 

= -1.80e+00’ and ‘vds7 = 7.73e-01’, i.e., ���� = −0.919 V + 1.80 V + 0.773 V = 1.654 V.

For finding the input quiescent voltage , we apply a loop equation to the loop consisting of 
, =   and . The loop equation results in + + =

0 = + . From the error log file, we find ‘vgs4 = -9.19e-01’, ‘vds4 = 

-1.80e+00’ and ‘vds6 = 7.73e-01’, i.e., ���� = −0.919 V + 1.80 V + 0.773 V = 1.654 V.

As expected, = .

For finding the output quiescent voltage , we note that = . From the error log 

file, we find ‘vds8 = 1.67e+00’, i.e., = 1.67 V.
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Question 3:

The low-frequency small-signal differential gain is the product of the small-signal gain in 
the input differential stage and the small-signal gain in the output common-source stage.

The gain in the differential stage is = / ( ) = /( + ), 
compare to Eq. (4.67) in ‘CMOS Analog IC Design: Fundamentals’. The gain in the common-

source stage is = / = ( ) = /( + ), compare to Eq. 

(4.5) in ‘CMOS Analog IC Design: Fundamentals’. Hence, the total gain is

= / = = + +  

The error log file shows ‘Gm4 = 3.28e-04’, ‘Gds5 = 2.42e-06’, ‘Gds7 = 2.77e-06’, ‘Gm8 
= 2.99e-03’, ‘Gds3 = 1.39e-05’ and ‘Gds8=1.38e-05’. Inserting in the expression for , 
we find

�� = � 328 μA/V
2.42 μA/V + 2.77 μA/V� × � 2990 μA/V

13.9 μA/V + 13.8 μA/V� = 63.2 × 107.9 = 6822 V/V 

∼ 76.7 dB 

Question 4:

Using the results from Section 7.2 in ‘CMOS Analog IC design: Fundamentals’, we find the 
frequency  of the dominant pole from the time constant caused by the output resistance 

= = 1/( + )  of the differential stage and the input capacitance 

,  to the common-source stage.

The output resistance is ����� = 1/(2.42 μA/V + 2.77 μA/V) = 192.7 kΩ..

Neglecting the small parasitic capacitances from M5 and M7, the input capacitance is the 
sum of  and the Miller capacitance caused by  and , i.e., , + (1 ) + 

. 

From the error log file, we find:

= Cgs8 + Cgsov8 + Cgb8 + Cgbov8 = 50.4 fF + 10.0 fF + 0.00 fF + 0.07 fF=60.47fF 

= Cgd8 + Cgdov8 = 0.00 fF + 10.0 fF = 10.0 fF 
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Using ��� = −107.9  from Question 3, we find:

, = 60.47 fF + (1 + 107.9) × (0.2 pF + 10.0 fF) = 22.9 pF .

Thus, we find ��� ≃ 1/�2����������,��� = 1/(2 × � × 192.7 kΩ × 22.9 pF) = 36.1 kHz.

Question 5:

Using the results from Section 7.2 in ‘CMOS Analog IC design: Fundamentals’, we find 
the frequency  of the non-dominant pole from Eq. (7.6):

= 1
2 + + / +  

where = 60.47 fF i is the capacitance to ground at the output of the differential 

stage and �� = �� + ���� + ���� = 1.0 pF + 7.94 fF + 7.86 fF ≃ 1.02 pF  is the capacitance 
to ground from the output of the amplifier. As the numbering of the transistors is different 
compared to Eq. (7.6) in ‘CMOS Analog IC design: Fundamentals’, the transconductance 
in the numerator has been changed to  (the transconductance of the common-source 
transistor) and  has been replaced by +  in the equation above.

Inserting numerical values, we find:

��� = � 1
2 × �� �

2.99 mA/V
60.47 fF + 1.02 pF + 60.47 fF × 1.02 pF/(0.2 pF + 10.0 fF)� ≃ 346 MHz 

Question 6:

Using the results from Section 7.2 in ‘CMOS Analog IC design: Fundamentals’, we find 
the frequency  of the zero from Eq. (7.7) with  replaced by  and  replaced by 

+ :

�� = � 1
2��� �

���
�� + ����� = � 1

2 × �� �
2.99 mA/V

0.2 pF + 10.0 fF� ≃ 2.27 GHz 
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Question 7:

From feedback theory, Eq. (6.13) in ‘CMOS Analog IC Design: Fundamentals’, we find

= 1 +  

where  is the output resistance of the opamp without feedback,  is the open-loop 
gain op the opamp  and is the feedback factor. For a buffer where the output is connected 
directly to the inverting input, the feedback factor is = 1. From Question 3, we have 

= 6822 V/V .

The open-loop output resistance of the opamp is

���� = ���� � ��� = 1
���� + ���� = 1

13.9 μA/V + 13.8 μA/V = 36.1 kΩ 

Inserting in the expression for the closed-loop output resistance, we find

������ = 36.1 kΩ
1 + 6822 V/V = 5.29 Ω
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SOLUTION TO PROBLEM 43

Question 1:

The closed-loop gain is given by ( ) = ( )/ 1 + ( ) ( ) . At very low frequencies, 

we have �(�) = �� = 80 dB ∼ 10000 V/V  and = 0.05 V/V , so we find the low-frequency 

closed-loop gain to be ���� = 10000 V/V/(1 + 0.05 V/V × 10000 V/V) = 19.96 V/V ∼  

26.0 dB.

Question 2:

For a first-order system, the bandwidth BW of the amplifier with feedback is equal to the 

bandwidth  of the amplifier without feedback multiplied by the low-frequency amount 

of feedback (1 + ), see Eq. (6.11) in ‘CMOS Analog IC Design: Fundamentals’.

Thus, BW = (1 + ) = 1.2 kHz × (1 + 0.05 V/V × 10000 V/V) = 601.2 kHz.

The answers to Questions 1 and 2 may be verified by an LTspice simulation. Shown below 
is an LTspice schematic of the feedback amplifier and a plot of from a ‘.ac’ simulation. The 

 network provides a time constant = 2 .

The low-frequency open-loop gain is modeled by the voltage-controlled voltage source ‘E1’ 
and the feedback factor  is modeled by the voltage-controlled voltage source ‘E2’.
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From the ‘.ac’ simulation, we find a low-frequency gain of 26.0 dB  20.0 V/V and a −3 dB  
frequency of 600 kHz.

Alternatively, the low-frequency gain and the bandwidth may be found using the ‘.meas’ 
directives shown in the schematic. From the error log file, we find the low-frequency gain to 
be 26.0032 dB  20.0 V/V and the bandwidth to be 601.363 kHz, matching the calculated 
results very well.

Question 3:

The phase margin PM is calculated from Eq. (6.24) in ‘CMOS Analog IC Design: Fundamentals’, 
i.e., PM = 90° + arctan(1/ ) where =   is the low-frequency loop gain.

Thus, PM = 90° + arctan 1/(0.05 × 10000) = 90.11°.

The phase margin may also be found using LTspice. The loop gain can be plotted from a 
‘.ac’ simulation using the schematic below where the feedback loop has been opened.

Also a plot of the loop gain is shown.
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From the plot of the feedback voltage , we find a phase margin of 90.12° as shown above.

The phase margin may also be found using the ‘.meas’ directive shown in the LTspice 
schematic.

The phase margin is PM = 180°  � ����(���)� = 180° + ���(���)� = ����(���)� where 

( )  is the loop gain and  is the frequency where | ( )|  has dropped to a value of 1. 
Thus, the phase of ‘-v(Vf )’ is equal to the phase margin when the magnitude of ‘v(Vf )’ is 
equal to 1. The result of the ‘.meas’ directive is found in the error log file which shows a 
phase margin of 90.1147°, perfectly matching the calculated phase margin.

Question 4:

Shown below is an LTspice schematic of the feedback amplifier with two poles in the 

-circuit. The two  networks provide a time constant = 2  and a time constant 

= 2 . The low-frequency open-loop gain is modeled by the voltage-controlled 

voltage source ‘E1’ and the feedback factor  is modeled by the voltage-controlled voltage 
source ‘E2’.
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From a ‘.ac’ simulation, we obtain the following plot of the output voltage from which 
we find a low-frequency gain of 26.0 dB  20.0 V/V and a −3 dB frequency of 849 kHz.

Alternatively, the low-frequency gain and the bandwidth may be found using the ‘.meas’ 
directives shown in the schematic. From the error log file, we find the low-frequency gain 
to be 26.0032 dB  20.0 V/V and the bandwidth to be 849.400 kHz.

We may also estimate the bandwidth by recognizing that the amplifier is a second-order system 
with a gain-bandwidth product of the loop gain of = = 1.2 kHz × 0.05 V/V × 

10000 V/V = 600 kHz  and a second pole at the frequency = 1.2 MHz. This gives the 

ratio / = 2  and from Fig. 6.30 in ‘CMOS Analog IC Design: Fundamentals’, we 
may estimate the closed-loop bandwidth to be BW ≃ 1.41���� = 1.41 × 600 kHz = 846 kHz,  
closely matching the simulated value.

Question 5:

For a second-order system with / = 2 , we find a phase margin of 65.5°, see Fig. 
6.35(a) in ‘CMOS Analog IC Design: Fundamentals’.
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The phase margin may also be found using LTspice. The loop gain can be plotted from a 
‘.ac’ simulation using the schematic below where the feedback loop has been opened. Also 
a plot of the loop gain is shown.

From the plot of the feedback voltage , we find a phase margin of 65.6° as shown above.

Using the same approach as in Question 3, the phase margin may also be found using the 
‘.meas’ directive shown in the LTspice schematic.

The result of the ‘.meas’ directive is found in the error log file which shows a phase margin 
of 65.6587°, closely matching the value found from Fig. 6.35(a) in ‘CMOS Analog IC 
Design: Fundamentals’.

Question 6:

The following figure shows an LTspice schematic of the feedback amplifier with the dominant 
pole in the -circuit and the non-dominant pole in the -circuit.
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The open-loop gain is modeled by the voltage-controlled voltage source ‘E1’ and the  
network ‘R1’ and ‘C1’. The voltage-controlled voltage source ‘E3’ serves as an output 
buffer ensuring an output resistance of zero for the -circuit. The feedback network is 
modeled by the voltage-controlled voltage source ‘E2’, the  network ‘R2’ and ‘C2’ and 
the voltage-controlled voltage source ‘E4’ (serving as an input buffer, ensuring an infinite 
input impedance of the -network).

From a ‘.ac’ simulation, we obtain the following plot of the output voltage from which we 
find a low-frequency gain of 26.0 dB  20.0 V/V and a −3dB frequency of 1.076 MHz.

Alternatively, the low-frequency gain and the bandwidth may be found using the ‘.meas’ 
directives shown in the schematic. From the error log file, we find the low-frequency gain 
to be 26.0032 dB  20.0 V/V and the bandwidth to be 1.08127 MHz.

We notice that the bandwidth is larger for this configuration than for the configuration 
with both poles in the -circuit. With both poles in the -circuit, we find

( ) = ( )
1 + ( ) = 1 + / 1 + / +  

With the dominant pole in the -circuit and the non-dominant pole in the -circuit, we find
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( ) = ( )
1 + ( ) ( ) =

1 + /
1 + / 1 + / +  

When comparing the two expressions for the closed-loop gain, we see that the poles are 
the same for the two configurations but the configuration with the non-dominant pole 
in the -network also has a zero at the frequency , pushing the −3 dB frequency to a 
higher value.

Question 7:

The phase margin is determined by the loop gain

( ) = ( ) ( ) = 1 + / 1 + / = 1 + / 1 + /  

We notice that the expression for the loop gain is the same for the amplifier with the 
non-dominant pole in the -circuit and the amplifier with the non-dominant pole in the 

-circuit. Hence, the phase margin is the same for the two amplifiers, i.e., PM ≃ 65.6°.
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APPENDIX A

Deriving a small-signal equivalent circuit from a large-signal schematic

Deriving a small-signal equivalent circuit requires some experience. For the beginner, it may 
be useful to apply a step-by-step procedure when creating the small-signal equivalent circuit.

The steps in the procedure are the following:

1. Reset all dc voltage sources and current sources. A voltage source is reset by 
replacing it with a short circuit. A current source is reset by replacing it with 
an open circuit, i.e., by removing it.

2. Remove components (e.g., transistors, resistors, etc.) which are subject to only 
dc voltages or dc currents. This is typically components used for generating dc 
bias voltages or currents. Alternatively, this step may be performed as the first 
step in deriving the small-signal equivalent circuit.

3. Replace all nonlinear components (e.g., transistors and diodes) with their 
linearized small-signal models while leaving linear components (e.g., resistors, 
capacitors and inductors) unchanged.

4. Reset controlled sources where the controlling signal is zero, i.e., remove 
controlled current sources with a controlling signal of zero and short circuit 
controlled voltage sources where the controlling signal is zero.

5. Redraw the small-signal equivalent circuit by ‘folding down’ devices which have 
a ground connection pointing upwards.

We illustrate the procedure by a few examples.

Example 1. The first example is a common-source amplifier with a resistive load. The large-
signal schematic is shown below.
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The first step is to reset all dc voltage sources and dc current sources. Thus,  is replaced 
by a short circuit and the input voltage is changed from = +  to  to , i.e., the 

dc bias voltage  is reset.

Also, the notation for the output voltage is changed from = +  to   to = +  to   which is only 
the small-signal part of the output voltage. Likewise, the notation for the drain current is 
changed from = +  to . The following figure shows the schematic resulting from 
this step.

In this circuit, there are no components which are subject to only dc voltages or dc currents 
so step 2 is omitted and we proceed with the next step. The only nonlinear device in the 
circuit is the transistor M1, so the next step is to replace the symbol for M1 with the small-
signal model for the transistor as shown in the following figure. The small-signal model 
for M1 is shown in the box outlined with the red dashed line. Gate, drain and source are 
marked by G1, D1 and S1, respectively.
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Finally, the small-signal equivalent circuit is redrawn with  ‘folded down’ towards ground 
as shown in the following figure.

Example 2. The second example is a common-source amplifier with an active load. The 
large-signal schematic is shown below.

The first step is to reset all dc voltage sources and current sources. Thus,  and  are 

both replaced by short circuits and the input voltage is changed from = +  to  to 

, i.e., the dc bias voltage  is reset.
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Also, the notation for the output voltage is changed from = +  to   to = +  to   which is 
only the small-signal part of the output voltage. The following figure shows the schematic 
resulting from this step.

In this circuit, there are no components which are subject to only dc voltages or dc currents 
so step 2 is omitted and we proceed with the next step. The only nonlinear devices in the 
circuit are the transistors M1 and M2, so the next step is to replace the symbols for M1 and 
M2 with the small-signal models for the transistors as shown in the following figure. The 
small-signal models are shown in the boxes outlined with the red dashed lines. Gate, drain 
and source are marked by G1, D1 and S1 for M1, and G2, D2 and S2 for M2.

In this circuit, we notice that the controlling signal  for the current source   is 
zero, so this current source is removed when redrawing the small-signal equivalent circuit 
with  ‘folded down’ towards ground as shown in the following figure.
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Example 3. The third example is a common-source amplifier with a current mirror as an 
active load. The large-signal schematic is shown below.

When examining the schematic, we notice that  and M3 are subject only to dc voltages. 
They are used for generating the gate voltage of M2 as a dc voltage. There is no signal path 
from the input signal to the gate voltage of M2 and M3 at low frequencies. Hence,  and 
M3 may be replaced by a dc voltage =   at the gate of M2. This turns the circuit into 
a circuit which is identical to the circuit shown in Example 2 so the conversion to a small-
signal equivalent diagram results in the same small-signal diagram as shown for the amplifier 
in Example 2. Neither , nor the small-signal parameters  and  are present in the 
small-signal equivalent circuit.

Example 4. The fourth example is an inverting amplifier which is a parallel connection 
of a PMOS common-source stage and an NMOS common-source stage. The large-signal 
schematic is shown in the following figure. This circuit may also be treated as a digital 
inverter.
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The first step in deriving the small-signal equivalent diagram is to reset all dc voltage sources 
and current sources. Thus,  and  are both replaced by short circuits and the input 
voltage is changed from = +  to  to , i.e., the dc bias voltage  is reset.

Also, the notation for the output voltage is changed from = +  to   to = +  to   which is 
only the small-signal part of the output voltage. The following figure shows the schematic 
resulting from this step.

In this circuit, there are no components which are subject to only dc voltages or dc currents 
so step 2 is omitted and we proceed with the next step. The only nonlinear devices in the 
circuit are the transistors M1 and M2, so the next step is to replace the symbols for M1 and 
M2 with the small-signal models for the transistors as shown in the following figure. The 
small-signal models are shown in the boxes outlined with the red dashed lines. Gate, drain 
and source are marked by G1, D1 and S1 for M1, and G2, D2 and S2 for M2.
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Finally, the small-signal equivalent circuit is redrawn with M2 ‘folded down’ towards ground 
as shown in the following figure. Observe that the two transistors are connected in parallel 
in the small-signal equivalent circuit.

Example 5. The fifth example is a current mirror where the output resistance is increased 
by using a regulated cascode transistor. The schematic is shown in the following figure. The 
current source  is a dc bias current source with a finite small-signal output resistance ). 
The output of the current mirror is connected to a voltage = +  to  . The small-signal 
equivalent circuit is to be used for finding the small-signal output resistance  looking 
into the drain of M3.
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The first step in deriving the small-signal equivalent diagram is to reset all dc voltage sources 
and current sources. Thus,  is replaced by a short circuit and for the current source, the 
dc bias current is reset, i.e., removed while the output small-signal resistance appears as a 
resistor ). The input current is changed from = +   to , i.e., the dc bias current 

 is reset, and the voltage source connected to the output is changed from = +  to   to 
which is only the small-signal part of the output voltage, i.e., the dc bias voltage  is reset.

The following figure shows the schematic resulting from this step.

In this circuit, there are no components which are subject to only dc voltages or dc currents 
so step 2 is omitted and we proceed with the next step. The nonlinear devices in the circuit 
are the transistors M1 - M4, so the next step is to replace the symbols for M1 - M4 with the 
small-signal models for the transistors as shown in the following figure. The small-signal 
models are shown in the boxes outlined with the red dashed lines and gate, drain and source 
are marked for each transistor.
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Finally, we may redraw the small-signal equivalent diagram as shown below. We may combine 
 and ) into a single resistor which is ( )  as shown below.
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