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Student’s Instructions

The CMOS transistor operation regions, small signal parameters, and noise characteris-
tics are found on the last page of this test.

Generally, do not just answer yes or no on a short question. You always have to answer
with figures, formulas, etc., otherwise no or fewer points will be given.

Basically, there are few numerical answers to be given in this test.
You may write down your answers in Swedish or English.

This exam covers nearly the whole course except the filter chapters. Our advise to you is
to start by reading through the exam and then begin to solve the exercises that you are
familiar with.

Exercise

1. Basic CMOS building blocks
a) Assume that V, 5 is connected to ground. Determine the gain and the
dominating pole of the circuit.

The gain, poles and zeros can be determined from the equivalent small
signal scheme, ESSS, shown in Figure 1.1.

gmbsz('vx)
ng(Vin'Vx)
Qs Oosz =T o
Vy L
gd33+gm3+gmsb3

Figure 1.1 ESSS for the amplifier

Using nodal analysis in nodes V, and V ; results in the following
equations

gmz(vin _Vx) + gmbsz(_vx) + (Vout_vx)gdsz + Vout(gdsl + SCL) =0 (11

ng(Vin _Vx)_gmeVx + (Vout_vx)gdSZ _VX(gdS3 tO0nst gmsts) = 0(1.2)

Solving for V, in Eq. (1.2) gives the transfer function of the circuit
according to
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V. = ngVin + gdsZVout (1 3)
* Om2* Imbe * Y42 + Imz + Jass F Imsts

Insert Eq. (1.3) into Eq. (1.1) gives the transfer function.

Vout — gmz(ng + gmskB + gds3)
Vin (g1 + 9a2 +SCL)(Im3 *+ Imsis + Jass) + (Fgs1 + SCL(Imz + Imbe + Jas2)

We can identify the gain, poles, and zero since C| » Cgs4.

gmz(gms + Omst + gdﬁ) ~
(94s1 * 9as2) (Imz t Ygass) + 9as1(Im2 + Impe + Jus)

Ay =

1

" (O4e1 *+ 94 N Jst %l + Imbe]
gm2 gm3 + gmstB + gds3 u

gm2

p, = gdsl + gdsZ(gm3 + gmsbB + gds3) ~
1" CL CL(9mz* Ymsts + 9dsz T Iz * Imbe * 9as2)

gdsl + gdsz(gmstﬁ + ng)
CL CL(ng + gmstﬁ + gm2 + gme)

b) Derive the expression for the possible input and output swing for the
circuit shown Figure 1.1. Use relevant design parameters such as W, L ,...

The minimum and maximum input signal to ensure that all transistors
work in saturation region is

Vin, min = Vg3t Vge

Vin, max — VDD _Vsdl _VdSZ + VgsZ
The minimum voltage drop between drain and source is defined as

Vdsmin =V _VT = Veff

gs

Solving for V4 in the square-law relationship between the input voltage
and the drain current of a CMOS transistor gives

ID
Vgs_VT = = = Ve

and

|
_ D
Vge =[5+ Va

Insertion of the expressions for Vgs and V4 gives

3 (15)



TSEI 30, Analog and discrete-time integrated circuits 20010816

The output swing is given by

ID ID

Vout, min — ngS+Vd32 = /6—3+VT3+ /(X
ID
Vout, max — VDD_Vsdl = VDD_ P

The common-mode range and output range is then

CMR = { V,

n, min Vin,max}

OR={V, Vv

ut, mirr ¥ out, ma>}

¢) Which node has the largest parasitic capacitance? Find an expression for
that capacitance.

The largest parasitic capacitance is situated in the node between the
sources of transistor M2 and M3. C; = Cy g+ Cga+ Cgy3 + Cpp

2. Operational transconductor amplifiers
a)Draw the small signal scheme for the amplifier. Do not forget the most
important parasitics.

The small signal scheme will look like the one shown in Figure 2.1.
Cp1=Cyat Cygp and C; =C .
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Om 1(Vx'Vinp) ng(Vx'Vinn) Vx
1
CQSl:: mgdsl

inp Vy |:| gdSS - Vi _l_ c
—T1— “~L
Qds3 T~ V Qds6
Co C, Ime(V 1) @ —
1 ngVy e L

—— Cgs2 Ods7

Figure 2.1 Small signal schematic with parasitics.

b) Derive the gain, poles, and zeros of the amplifier. Motivate all the
approximations you are doing.

The first approximation come from the fact that C pl is much smaller than
C. and C, since the output node is often connected to many other stages
and thereby is it large. The C, is often even larger than C and

Weg» W, = W,. Furthermore, the output resistance of transistor M5 is
assumed to be very large which means that the g, disappears at the same
time as V, can be considered small signal ground. The ESSS of the
differential gain stage is simplified to the one shown in Figure 2.2.

gmz('vinn)
1
gml('vinp) Jus1 Jus2
1
Vy T
Ods3 Ydsa — Vl
I C

J_ ngVy e

Figure 2.2 Simplified ESSS for the differential gain stage.

Nodal analysis in node V, and V, gives
gmlvinp + Vy(gdsl + gdsS) =0 (2.1)

Om2Vinn + V1(9de2 * Gasa + SCL) + OmaVy = O (2.2)

Solving for Vy in Eqg. (2.1) and inserting it in Eq. (2.2) give the transfer
function from the input to the output.
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1 Ima O
V, = V. —g V. b=
! gd52+gds4%mlgm3+gd53+gdsl np.=maTinng]
gm2
M(Vinp_vinn)

The approximation step comes from the fact the g3 » 944 + 94 together
with the matching between the transistors M1-M2 and M3-M4.

The differential gain stage can be simplified to the first part of Figure 2.3
Ce

Vi ]
I
ImiVin 9=c, a T C

Vout

OmnV1

Figure 2.3 Simplified ESSS for the two stage amplifier
where
Imi = Im2
9 = Y42t Yuss
it = YIme

91 = 9ds * Yas7

The second part of the ESSS comes from the common source gain stage at
the output of the OTA.

Use nodal analysis to the left and right of the compensation capacitor gives
the following equations.

gml(vinp_vinn) +V,(g, +sC) +sC(V;—Vyy) = 0 (2.3)

gmllvl + Vout(gll + SCL) + (Vout_vl)scc =0 (2.4)
The transfer function can be found by combining Eg. (2.3) and Eq. (2.4).

Vout — gml(gmll _SCC)
V. 2
Vinp~Vinn 9,9, +s(g(CL+C.) +9,(C, +C) +C.9y,) +sC C,

(2.5)

We can now determine the DC-gain, poles, and zeros directly from the
transfer function.
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A, = Imi9mi
9,9

_ 99,

p =
1 gmiCe

2uC W6|
u —_—
..._g_|+g| 0 + O +C|g|| __gm” _ OXL6 D6

P25 ¢ C, cc,_cC ¢

c) Determine two ways to increase the unity-gain frequency of the amplifier.
What will happen to the phase margin, common-mode range, and the DC
voltage at node x?

The unity-gain frequency of the amplifier with separated poles is

W2I
ox|] 'D2
L2

C

2u,.C
C

Cc

Wu = Ao pl =
C

There are three different ways to increase the unity-gain frequency.
1) Increase W,/ L,.

This will only increase the unity-gain not the second pole or the zero and
thereby the phase margin will decrease, since the unity-gain frequency will
be closer to the second pole.

The common-mode range is

’IDZ ’IDZ IDZ
— +Vi,—=V.,V - == [=_V 2.6
Oy T3 T1 YDD 2G5 ay T1 (2.6)

Increasing W,/ L, will increase a; and thereby the common-mode range
will increase.

If we start by looking at the drain current expression for a saturated
transistor:

_ W 2
2

Furthermore, we know that | 5 will constant while W,/ L, will increase at
the same time as V, and V4, will be constant. This results in a decreased
V, voltage.
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2) Increase the current through transistor M2, |, .

This increment will not change the phase margin of the amplifier, since the
unity-gain frequency will increase as fast as both the second pole as the
zero.

The common-mode range will decrease and the voltage at node x will
increase since Vg, will be constant and V4, will increase.

3) Decrease C,
The phase margin will decrease since p2 will lay still while z; will increase.
The common-mode range and V, will be constant.

3. Noise
a) Derive the total thermal output noise power of the circuit. All parasitics
are much smaller than C| . Assume that the resistor is not noisy.

The ESSS is shown in Figure 3.1.

T Om2Vx ]
gm3+gd33[ | d32 | I d22
T Vx Gos2] —-
2 - C
CJ* R [ |R2 Im1Vin |d12 )
T Gos] L

Figure 3.1 The ESSS of the noisy circuit.

We have to calculate the transfer function from the drain of transistor M1
to the output, H1, from transistor M2 to the output, H2, from transistor M3
to the output, H3.

Consider a current source at in parallel with transistor M1 this will give a
transfer function from that current source to the output according to

H1 = 1 (3.1)

O4s1 t Yas2 T SC.

the pole is located in

9as1 + de
py = =2 20 (3.2)
Ce
Continuing with the transfer function from the noise current source of
transistor M2 to the output.
H2 = H1 (3.3)

The transfer function from M3 to the output is given by
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V. V
3 = \;Jutl X - . 2 = 1 - (3.4)
x 'nm3 Ods1 T Yas2 Ogcs + Oma *
The spectral density of the output can be calculated as
—_ 2 2 2 2 2 2
Soui(f) = |H1(f)| [ "n1+ |H2(f)| [ “n2 + |H3(f)| ["n3 (3.5)
where
_ 8kT
Ini = Tgmi (3.6)
The noise power at the output can now be calculated according to
Vi = ISout(f)df (3.7)
0
If we do not like to perform the integration we can use the concept of noise
bandwidth (see chapter 4 in Johns&Martin). The integral of a one pole
system (or a system with well separated poles) is equivalent to the integral
of a rectangle with the width of the dominant pole divided by four.
[l 5 %
V2 _ 2kT 1 %ml + g_m2 + gm2 g_m§D (38)

out ~ -~
Ot 991CL 03 3 30
=g EIR% tOmst gdssg 0

b) Describe two ways to decrease the thermal output noise power of the
circuit by changing relevant design parameter. What will happen to the
gain and the unity-gain frequency?

1) Increase the load capacitor. This will decrease the unity-gain frequency
of the amplifier but the gain will not change.

2) Decrease the resistance R. This will increase the current through
transistor M3 and thereby through all transistors.

The output noise voltage is approximately proportional to the inverse of the
square root of the current through transistor M1. g5 » 1/R is assumed.

Increasing the current will decrease the gain of the circuit but increase the
unity-gain frequency.

3) Decrease the size of M1. Decreases the gain and the unity-gain.

4) Decrease the size of both M2 and M3 => approximately constant current.
No change will happen to neither the gain nor the unity-gain frequency.
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¢) Add a large capacitor C; » C, in parallel with the resistor. Furthermore
assume that 1/R» g ;. What will happen to the output noise power?

The ESSS is the same as in Figure 3.1.
The transfer function H1 and H2 will not be affected but H3 will be changed.

Im2 1
= 3.9)
3 + 0y +5C 1 (
gdSl gdSZ C:LFe + gm3 + gd$3 + SCl
The dominating pole of H3 is approximately
1
R 9m3 T Ous
A — (3.10)

Cy

Using the same way to calculate the output noise as in 3a) gives

2

, _ 1 2kT Ei(g g+ Om2 1 O

out 3gd52+gd515CL mi - Sme gd52+gd811+gm3+gds'3ClE
R

4. Switched capacitor circuits
a) Derive the transfer function from V, to V,.

The circuit with parasitics is shown in Figure 4.1

Figure 4.1 The SC circuit with parasitic capacitances

V,, is the input voltage of the amplifier. The transfer function can be
derived by using charge analysis.
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t
0y (t) = Cy(V4(t) = V(1)) (4.1)
Gp(t) = Cy(V(t) = V(1)) (4.2)
ga(t) = C3(=Vp(1)) (4.3)
t+T1:
qy(t+1) = CyVy(t+1) (4.4)
Ot +7T) = gy(t) (4.5)
Ga(t+1) = Ca(V,(t+1) =V (t+1)) (4.6)
t+21:
qu(t+21) = Cy(Vq(t+21) =V, (t+21)) 4.7)
o(t +2T) = C,y(V,(t+21) =V, (t+21)) (4.8)
Qa(t +21) = —CuV, (t+21) (4.9)

Charge redistribution
0,(t) +a5(t) = g(t+ 1) +05(t+71) (4.10)
dy(t+27) + gp(t + 21) +qa(t + 21) = gy (t+71) + gyt + 1) +0a(t + 1) (4.11)

We also know that V, = A(V,—V) where V and V,, is the positive and
negative input node of the OTA respectively.

V2
Vo= —% (4.12)

Eqg. (4.10) gives that
—CaV, (1) = Co(Vy(t+T1) =V, (t+T1)) (4.13)

Solving this equation gives

V,(t+1) = V2l (4.14)
2 (A+1) '
Inserting all necessary equations in Eq. (4.11) gives the following transfer
function:
C zV,(z
V,(2) = T 1 il )C (4.15)
C,+=(C,+C,+C 1
2 A( 1 2 3) At

z-1

+
C,(A+1)+C, +C,

11 (15)
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b) Is the circuit insensitive to parasitics?
Yes it is insensitive to parasitics.
Parasitics:

Cpa is connected to an ideal voltage source is will not affect the transfer
function.

C,p is connected between ground and virtual ground or ground and ground
so it will not affect the transfer function.

Cpc is connected between ground and virtual ground so it will not affect the
transfer function

C,q is either connected to the output of the OTA or it will not be connected
so it will not affect the transfer function.

Cpe is connected to the output of the OTA and thereby not change the
transfer function.

¢) Find the settling time constants, i.e. the speed of the circuit, for both clock
phases. Neglect the influence of the switches.

The settling time constant is the same as the inverse of the w_5 5
frequency. From the feedback theory we know that

W_ayg = Bwu (4.16)

where 3 is the feedback factor.
For clock phase 1 (t, t+ 21, ..))

1
B, = C1tCa*Cpp*Cpc  _ C (4.17)
! _!'_+ 1 C2+Cl+C3+Cpb+Cpc
C2 C1+C3+Cpb+cpc

For clock phase 2 (t+ 1, t+ 31, ..)

1
C C,
B, = pc  _ (4.18)
? _!'_ + _]_'_ C3 + Cpc
C3 Cpc

B, is probably much smaller than (3, and thereby is the circuit slower in
clock phase 1 than in clock phase 2.

5. A mixture of questions
a) Sketch the output signal of the circuit as a function of the input signal,
when the input signal ramps from ground to V. Determine the operation
region of the transistor in the diagram.
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For large input voltages, V,, =V, is the transistor in the cut-off region
and no current will flow through the circuit. The output voltage of the
circuit will then be very close to zero volt.

For small input voltages, V;,= 0, will the transistor work in the linear
region. The maximum output voltage of the circuit is when V|
approximately equal to zero, then the output voltage is equal to

R
VDDRL *Rs

For some signal in between V5 — V1 and ground the transistor will be in
the saturation region. When does the transistor change from operating in
the linear region to the saturation region? It is exactly when

Vg = Vgg— V. The input voltage that fulfills the equation

Vgg = Vgg—Vy iscalled V,

We know that

2
Vout = Rilp (5.3)

Insert Eq. (5.2) and Eqg. (5.3) into Eq. (5.1)

2
Solving the above equations gives | = ... andthe V, = ....
Vout
VDD/2 ******
Y o
Vi o Vin
VDD'VT

Figure 5.1 Output voltage as a function of input voltage

b) Determine the output resistance of the circuit.

The output impedance is determined by

\%
|

out (5.5)

out |
in=0
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Iout + VOUt
Ima(Vin-Vy) Jus3
Vi lin Ombsd-Vx)
Vi
gml(Vx) Jds1 JdsztOm2

L

Figure 5.2 ESSS for the current mirror

Using nodal analysis in the ESSS shown in Figure 5.2 we get the following

equations
Lout = 9m3(Vin =V + (Vout— V) 943 = ImbssVx (5.6)
lout = Vx(Omz + Yas) (5.7)
ImVx* Vindgss = 0 (5.8)

Solve for V ,; as a function of |, .

R = (Om2 + 942) Ydst * Ima(Imr + 9as1) * Yas1(Imbs + Jusa) -
out 94s3(Imz + Jas2) a1

_1_ + igmbg + 1E+ gm3gm1
Yas3  Im2—Yds3 Im29ds19ds3

c) Derive the minimal input and output voltages of the current mirror

Iout Iout
Vin,min = Vg2 ¥ Vg = | a, + _CX3 +Vi,+ Vg (5.9)
fl fl
- _ out out
Vout, min ~ VgsZ+Vd33 - 0‘2 + 0‘3 +VT2 (5-10)

d) Explain the difference between an operational amplifier, OP, and an
operational transconductance amplifier, OTA. Draw a macro model of both

amplifiers.

An OP works as a voltage controlled voltage source. It has very high input
impedance and low output impedance.
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ROUt

Figure 5.3 A OP macro model

An OTA is a voltage controlled current source. It has very high input
impedance and high output impedance.

+ +

Vin gmvin Rout Vout

Figure 5.4 A OP macro model
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