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Pre-Assignments

The lecture “Analog Integrated Circuit Design” aims at teaching the basic principles, basic circuit blocks
and the basic working methods that an analog designer needs to know.

Nowadays, microchips have a high amount of digital components on them. Nevertheless, analog signal
processing is still very important before an analog-to-digital converter converts the signal for further
digital signal processing. Therefore, we will learn a lot about analog signal processing.

The following figure shows an example of an analog design flow.
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To meet the given specifications it is important to know about the different building blocks and to
know the different methods to calculate the parameters of such a circuit. Therefore, this exercise aims
at practicing the different methods by applying them to several schematics.
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Please prepare the following exercises before the exercise session. The results will be needed during
the lesson.

In this exercise you will
e deepen your knowledge about the basic principles of BJTs and MOSFETs
e practice a method to calculate Q-points while using the Kirchhoff’s voltage and current laws
e get more familiar with the small signal equivalent circuit of BJTs and MOSFETs

Exercise 1.1: Transistor Basics
Recap the basic principles of the bipolar as well as the MOS transistors. Therefore, please fill in the
following table:

Characteristic BJT MOSFET (enhancement mode)
Different Types and their

symbols

Current equations in the Cutoff Off

different operating conditions
and their prerequisites
Linear region

Forward-active region

Saturation region

Transconductance g, Forward-active region Saturation Region
(equation)

Output resistance r, Forward-active region Saturation Region
(equation)

Small Signal Model NPN NMOS
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Which effect has to be taken
into account if the small signal
output resistance cannot be
neglected? How does this effect
influence the output transfer
characteristic?

Exercise 1.2: Methodology
a) Write down the different steps for the Q-point analysis (DC-Analysis).

b) Please explain in your own words, what the Kirchoff’s Voltage Law and the Kirchhoff’s Current
Law say.

¢) Write down the different steps for the AC-analysis.
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Presence Exercises

Exercise 1.3: Q-point and small signal equivalent circuit

a) Find the value of the resistor R;, if Voo=2V (whereby Vqq is the output voltage in the Q-point)
for R.=500Q.
b) Draw the small signal equivalent circuit and replace the transistor with its small signal model.
¢) Compute the small signal voltage amplification A,=V,/Vv;.
You may assume fr=100 and Vz=0.7V.

‘ ‘ Vee =12V

| w0
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Exercise 1.4: MOS-Resistors

Given is the following circuit (next page), which acts as an active resistor, with two identical NMOS
transistors. You may assume the following parameters: W/L=4, K'y=24uA/V?, V5,=0.75V. Note that
KN:K‘N*W/L.

a) What should be the value of V¢ if an ac equivalent resistance r,.=2kQ is required? For which
values of the voltage V is the circuit expected to operate in the linear mode?

b) Let the transistor M; be removed. Determine the voltage V¢ which corresponds to an ac
resistance of 2kQ for the case Vpg=3V.

+ +

|1 %

Note that Bulk is connected to Vgs for both transistors
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Pre-Assignments

Please prepare the following exercises before the exercise session. The results will be needed during the lesson.

In this exercise you will
e deepen your knowledge about different current mirror configurations
e practice to draw the small signal equivalent circuit for complex schematics
e practice to calculate the voltages, currents and gains of different circuits
e gain basic knowledge about reference / bias circuits
Exercise 2.1: Current Mirror Basics

Recap the basic principles of current mirrors from the script.

a) Draw a simple current mirror and explain the working principle in your own words.

b) In which operating condition are the transistors of current mirrors working? Why?
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Exercise 2.2: Cascode Current Mirror

The schematic of a cascode current mirror is shown below. You may assume that the transistors M;=M, and
M;=My, are properly matched. /.. is a constant current, Vpp a constant supply voltage. I..r and Vpp are chosen in
a way that the circuit is operating properly. For all transistors you may assume g, >>gqs (With ggs=1/r,).

\/DE} rout
1 ¢ 3

ref o

- Cascode Current Mirror

a) Draw the small signal equivalent circuit.

b) Calculate the small signal output resistance 7yt
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Presence Exercises

Exercise 2.3: WideswingCascode Current Mirror

Given below is a wideswingcascode current mirror. Answer the questions given on the next slide. Assume all
transistors have the same threshold voltages Vr, Ky‘=gn'Cox and channel length modulation effects can be

neglected.
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a) What is the minimum output voltage V,, required so that the transistors Q, and Q4 remain in saturation?
Express the answer in relation to the bias voltage (Vps2sa=Vags2-Vr) of transistor Q,.

b) Prove through equations that the transistor Q; is just in the saturation region.

¢) Check additionally for which bias voltage Vs, the transistor Q, will be in saturation.
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Exercise 2.4: Self Biased Current Reference

Given below is a self biased current reference, meaning that the current reference is independent of the supply
voltage. Assume the transistors M3,M4 have same W/L ratio of 1:1 and the transistors M1,M2 have a ratio of
1:K. Assume a threshold voltage of Vip&Vin , Kn=tin Cox andKp‘=pCyy as well that channel length
modulation is neglected.

VDD VDD
i M4
M3 |:) q Vbiasp
| M2, K
M1 I D%hmn

I REFl I REFl R

Show that the current reference given below is independent of the power supply voltage Vpp.
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Pre-Assignments

Please prepare the following exercises before the exercise session. The results will be needed during the lesson.

In this exercise you will
e deepen your knowledge of voltage and current references
e use your expertise of small signal equivalent circuits and circuit analysis to calculate the specifications
of a circuit (such as gain, 7, Zout,- .. )
o refresh your knowledge of single stage amplifiers and their configurations.

Exercise 3.1: Supply Voltage Independent and Bandgap Reference
Recap the basic principles of bandgap references from the script.

a) How can you calculate the sensitivity of an output voltage with respect to the supply voltage? Explain
your approach if you were given a schematic.

b) Explain in your own words the principle of bandgap references.
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Exercise 3.2: Multistage Amplifiers

a) Recap the different configurations of single stage amplifiers (common-...). How do they look like?
How can you identify them in a multistage amplifier? What are their main purposes/advantages?

b) Recap the different steps to perform a DC analysis to calculate the Q-point of a circuit.

¢) How do you calculate the overall gain of a three stage amplifier with A;, A, and A; being the
amplifications of the three stages.

d) What are the definitions for the small signal input and output resistancer;, andr,,, respectively?

e) Recap how to draw the small signal equivalent circuit of a circuit.
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f) Draw the small signal equivalent circuit of the following circuit.
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Presence Exercises

Exercise 3.3: Voltage Reference
Given below is the schematic of a voltage reference circuit. Assume that the PMOStransistors (M3,M4) are

matched properly. You may further assume that thetransistors M1 and M2 are sized according to the ratio 1:k.
You may neglectchannel length modulation effects.

VDD

R l Vout

=

a) Derive the voltage Vour of the circuit across the resistance R in terms of the circuit parameters.
Is the output voltage dependent on the supply voltage? Is it dependent on temperature?

b) Can you think of a circuit that makes a better voltage reference than the one shown above? Draw its
schematic.
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Exercise 3.4: Two Stage Amplifier

The schematic of a two stage amplifier is given. Useff;=100 andV,=70V for all transistors
Use the small signal equivalent circuit from exercise 3.2.

+15
R R
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300kQ
R, = 300k0 20k R, 20k O
2k Q c,
__/\/\/\/ 1L
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Rg
&
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-— S
R
R, > 1s80k0
R

a) Calculatethe Q-points ofthetransistors.

b) Calculatethemidbandvoltagegainofeachstage.

¢) Calculatetheoverallmidbandvoltagegain.

d) Calculatetheinputandoutputresistance oft he circuit.
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Pre-Assignments

Please prepare the following exercises before the exercise session. The results will be needed during the lesson.

In this exercise you will
o! get a deeper understanding of multistage amplifiers and the differences to differential amplifiers
o! analyze a differential amplifier to get a good understanding of its functioning

Exercise 4.1: Single Stage Amplifiers
Recap the basic principles of differential amplifiers.

a)! What are the advantages of differential amplifiers compared to multistage amplifiers?

b)! Which general circuit building blocks can you find in a two-stage opamp?

c)! Which of the following statements is correct? If necessary, correct the answers.
1.I' CMRR is the ratio of Acy to Apm
ii.!  For a differential amplifier with ideal matched devices CMRR—
iii.!  The half circuit method can also be used for analyzing the input stage of operational amplifiers.
iv.l  The half circuit method that we use for calculating the Q-point can also be used for the
calculation of the differential mode gain.
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d)! What is the difference between Class-A, Class-B, and Class-AB output stages?

e)! What is the purpose of the additional transistors that can often be found in output stages?

Exercise 4.2: Methodology

Write down the different steps for half circuit analysis.
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Exercise 4.3: Differential Amplifier

The schematic of a differential amplifier with resistor load is given. You may assume the following parameters:
VDD:12V, VSS:12V, [0:4OH,A RD:300kQ, RGZIkQ, RLzle, RSSZSOOkQ, KN:KP:K:64OHA./V2, VTN:'

VTP: VTZIV, AN: AP: 0

Analyze the circuit according to the questions a)-c).

Hint: Use the method of half circuit analysis.

D o
Vod
M,
Rss

Vop

i e

Vss

D

a)! Calculate the Q-points of the transistors M; and M,.
Hints:
o! Use the steps for DC analysis from preparation of Exercise 1.
o! Calculate V45 and V.

b)! Calculate the differential mode gain Apy, the common mode gain Acy and the CMRR when using v, as
output.
Hints:
o! What does the symbol of current source mean for AC / DC?
ol Apwm: AC Analysis — what happens to node at source of transistor?
o! Results: Apy=-24 =27.6dB; Ac\=-0.3 =-10.5dB; CMRR=80=38.1dB

c)! Now v,q is used for output. How does the result from b) changes?
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Presence E

xercises

Exercise 4.4: Differential Amplifier

Now the differential stage of Exercise 4.3 is extended by an output stage. Use the parameters as given in
Exercise 4.3.
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the following questions:

Calculate the Q-point of transistor M.
Calculate Vgout.
Hint:

o! During DC-Analysis you might find a quadratic equation. Solve it and check the
meaningfulness of the two solutions by comparing them to the physical relationships given in
the schematic.

Calculate the Q-points of the transistors My and Ms.
Hint:

o!  Which mode of operation are the transistors in? Linear region or saturation region?
Calculate the differential mode gain Apy, the common mode gain Acy of the complete circuit.
How does the CMRR change compared to 4.3 (b)?

Interpret your results. Which part of the circuit is responsible for the common mode rejection?

AICD - Exercise 4 — Differential Amplifiers
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Pre-Assignments

Please prepare the following exercises before the exercise session. The results will be needed during
the lesson.

In this exercise you will
e apply the SCTC and the OCTC method to different circuits
e refresh some of the methods that you have already learned in previous exercises (small signal

equivalent circuit, equivalent resistance,...)

Exercise 5.1: Useful Methods

a) Which method is used to estimate the lower cutoff frequency of an amplifier? Write down the
different steps that have to be performed.

b) Write down the different steps that have to be performed for the Open-Circuit Time-Constant
method. Why does the hybrid-pi model has to be used for calculating the upper cutoff
frequency?

¢) How do you calculate the equivalent resistance of a circuit?
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Exercise 5.2: Multistage Amplifier

The schematic of a multistage amplifier is given in the following.

Calculate the lower-cutoff frequency f;, of the amplifier following the steps that you have figured

out in Exercise 5.1.

Hints:

* Use the SCTC (Short-Circuit Time Constant) method. The circuit has 6 independent coupling
and bypass capacitors.

» For considering the influence of C,, the output resistance r, of M; can be neglected.

» The output resistance r, of Q, and Qs can be neglected when calculating Cy4, Cs, Ce.

AICD - Exercise 5 — Frequency Response



Presence Exercises

Exercise 5.3: Cascode Amplifier

The schematic of a cascode amplifier is given in the following.

\
= iout
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Vs r Rs2
Rin = Re — Ce

Calculate the upper-cutoff frequency fy of the amplifier following the steps that you have figured
out in Exercise 5.1.

Hints:

* Use the OCTC (Open-Circuit Time-Constant) method. Assume that the early effect can be
neglected. Use the hybrid pi transistor model.

* Capacitors Cp and C¢ are used for AC coupling, whereas Cp and Cg are AC bypass capacitors. Cy
is a small capacitance that will be used to control the higher 3-dB frequency of the amplifier.

*  Only when calculating the time constant for the capacitance C, in the transistor Q,, assume that
the capacitance Cy is connected across B’ and C to simplify calculations.
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Pre-Assignments

Please prepare the following exercises before the exercise session. The results will be needed
during the lesson.

In this exercise you will

draw the two-port model of different amplifiers and identify the feedback topology
deepen your knowledge of the characteristics of the different feedback topologies
calculate the A and the B-circuit of different amplifiers

deepen your understanding of the differences between open-loop parameters and
closed-loop parameters for the different types of feedback

Exercise 7.1: Feedback Topologies

a) Name the four feedback topologies. When do you use which topology?

b) A negative feedback is intended to allow a modification of some characteristics of a

particular amplifier. Which feedback topology should be used in the following
cases?
i.  Input resistance is to be lowered and output resistance to be increased
ii.  Both input and output resistance should be increased
iii.  Both input and output resistance should be decreased

¢) How do you identify the feedback topology in a circuit? Write down your method.

AICD - Exercise 7 — Feedback



d) Draw the two port model of the circuit and mark the open-loop amplifier (A) as well as
the feedback network (F) for the following amplifiers.
Identify their feedback topology.

Rg
&
R
A vo v
Vs -
- vs
- | &,
R -
> : -
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(b

Exercise 7.2: Feedback Topologies
Please identify the feedback topology of the following circuits.

a) Feedback Amplifier I
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b) Feedback Amplifier II

Ve

o=

¢) Feedback Amplifier III

+15V
Rp=10kQ
R-=1MQ C,

| Vo
| O
C'l

|
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| | M
| | R,=10kQ
Ro=100kQ
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Exercise 7.3: Stability

Which of the following statements about stability are true? If needed, correct the false
statements.
i. The stability of a feedback amplifier, depicting a zero phase margin, can be improved
by increasing the open loop gain.
ii. If the open loop gain A of a feedback amplifier decreases by 10%, the closed loop
gain will increase by 10% at least.
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Presence Exercises

Exercise 7.4: Feedback Amplifier |
For the circuit “Feedback Amplifier I” shown in Exercise 7.2 a), answer the following questions.

a) Show that if the open loop gain A is large, then the closed loop voltage gain Ay is given
approximately by
R, +R,
p :

E

14
A, =2
vs

b) If Rg is chosen equal to 50%, find the value of Ry that will result in a closed loop gain of
approximately 25.

¢) If Q,is biased at Ic;=1mA, Q, at Ic,=2mA and Qs with Ic3=5mA, and assuming that all
transistors have =100, find approx. the values for R¢; and R, to obtain gains from the stages
of the feedforward circuit as follows: a voltage gain of about -10 for Q; and a voltage gain of
about -50 for Q..

d) For your design, what is the closed loop voltage gain realized?

e) Calculate the input and output resistances of the closed-loop amplifier designed.

Exercise 7.5: Feedback Amplifier Il

For the circuit “Feedback Amplifier II” shown in Exercise 7.2 b), the following parameters are known:
R;=1kQ, R,=7.5kQ, By=100, Rip=40kQ (input resistance of the opamp for the differential mode),
Iy=200pA, V=10V, A=50dB, R.,:=0Q. The input resistance for the common mode is neglected /
assumed to be infinite.

Calculate the following circuit characteristics:
a) The voltage gain A,
b) The input resistance R,
¢) The output resistance R,y

Exercise 7.6: Feedback Amplifier 111

For the circuit “Feedback Amplifier III” shown in Exercise 7.2 c), the following parameters are known:
gm=2mS, r,=40kQ

Calculate the following circuit characteristics:
a) The midband transresistance Ay
b) The input resistance R,
¢) The output resistance Ry,

AICD - Exercise 7 — Feedback 4



Exercise 7.7: Transfer Functions
The closed-loop transfer function of a system is given by

10%s + 1015

A(s) =
() = 231011075 7 1072

Use the transfer function to answer the following questions.

a) How many poles and zeros does the system have?

b) Calculate the location of the poles and zeros. At which frequencies are these located? Express
your answer in Hz.

c) Calculate the low-frequency (i.e., DC) gain of this system? Express your answer in decibels.

d) Draw the magnitude and phase response of the system in the graph given on the next page.
Mark the poles, zeros, the DC Gain, the unity-gain frequency and the slope of the magnitude
response in the plot.

e) Calculate the phase margin of the system from the plots.
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Pre-Assignments

Please prepare the following exercises before the exercise session. The results will be needed during

the lesson.

In this exercise you will
e deepen your knowledge of switched capacitor circuits
e derive the transfer function of a switched capacitor circuit
e deepen your knowledge of ADCs and DACs as well as their characteristics

Exercise 8.1: Switched Capacitors

a) Explain the principle of switched capacitors in your own words? How does this method emulate
resistors? Derive the equation for the equivalent resistance.

b) Why are switched capacitors preferred to resistors in integrated circuits?

Exercise 9.1: ADCs and DACs

a) Name the ADC architectures introduced in the script and explain their working principle in
your own words.
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b) Name the DAC architectures introduced in the script and explain their working principle in
your own words.

¢) Why is the weighted-resistor DAC not suitable for single-chip integration solutions?

d) What kind of AD converter can be used in the following case: bandwidth: 500kHz, resolution:
12bits, sampling rate: 1MHz. Assume: ADC clock frequency = sampling rate. Choose one of the
following converter types:

o Parallel (flash) converter
o Successive approximation converter
o Counting converter
o Single-ramp converter
Hint: What are the conversion times of the different ADCs?
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e) The circuit shown below is intended to be used in a DAC based on the switching of binary
weighted current sources. Find the currents I, I,, I3 and I,.
Hint: Consider the scaling factors of the emitter-base junction areas.
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Presence Exercises

Exercise 8.2: Switched Capacitor Circuit

Given below is a switched capacitor circuit. Please answer the following questions.

C2

KA KA 1
FS"'I o— s, 1| \
v C,== / Vo

a) A clock frequency of 100kHz is used in the switched capacitor circuit shown on the next page.
What input resistance corresponds to C; capacitance values of 1pF and 10pF?

b) For a dc voltage of 1V applied to the input of the circuit shown on the next page, in which C; is
1pF, what charge is transferred for each cycle of the two-phase clock?

¢) For a 100kHz clock, what is the average current drawn from the input source? For a feedback
capacity C, of 10pF, what change should be expected in the output for each cycle of the clock?

d) For an amplifier that saturates at +10V and the feedback capacitor being discharged, how many
clock cycles would it take to saturate the amplifier? What is the average slope of the staircase
output voltage produced?

AICD - Exercise 8 / 9 - Filters and Tuned Amplifiers / AD/DA Converter 4



Exercise 9.2: R-2R-Ladder

Given below is the schematic of a 3bit R-2R-Ladder. Answer the following questions.

REF

0 <

a) Find the output voltage v, in the given R-2R ladder for the input bit sequence 101 (Vzgr=2V).
Hint: Redraw the schematic using the Thévenin Equivalent. The amplifier will then look like a
simple inverting. What is Vq and Req?

b) For an offset voltage Vs of -150mV and a feedback resistance value of 1.05'R, determine the
gain and offset errors for the bit sequences 101 and 010.

Hint: See Script Slide 489-491.
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Exercise 9.3: Dual Ramp AD-Converter

The following circuit has been designed to be a dual-ramp AD converter. 128us are required for the
first integration while converting a voltage of 2V. Furthermore the following values are known:
fclk: 1MHZ, VREF: 3V.

¢ Control

<— logic
F
Start i v
n-bit

EOC *—| ounter [ Dataout

a) Determine the ADC resolution.
Hint: How is T; usually chosen? Interpret from the equation in the script.

b) How long should it take to perform a complete conversion for an input voltage of 2.5V?

c) A voltage peak value of 4.64V has been reached during the conversion of a voltage of 2V. Find
the time constant of the converter.
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