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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 to 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.

Solutions

1. Large-signal analysis
The three amplifiers shown in Figure 1.1 are commonly used in for example
operational amplifiers. In this exercise the analysis of these amplifier is
considered. All transistor should operate in the saturation region.

a) Determine the width-over-length ratios for the two transistors in
Figure 1.1a for a given output range OR, Vout bc = (OR,LinT ORLa/ 2,
and current through the transistors | . Do not neglect the channel-length
modulation nor the body effect.

The output range is given as the voltage in which all transistors are
operating in the saturation region. In order to ensure this the drain-source
voltage must be at least as large as the effective voltage, i.e., the gate-source
voltage minus the threshold voltage. Hence, the effective voltage for the
NMOS transistor is OR;,, while it is V5 —-OR ,, for the PMOS
transistor. Further, we can express the currents through the transistors as

I =1lp; = O‘lvgffl(l”‘\/out po) = 03 [ORZ, (1+A(ORip+ OR 14)/2)

— — 2
I'=1Tpy = 03Vesa(1+A(Vpp =Vout po))
= C‘Z(VDD - ORmax)z(:l' + )\(VDD - (ORmin + ORmax)/Z))
In these equations the power supply voltage, the output ranges, and the

current, | are given in the exercise. Hence, the width-over-length ratio can
be derived by a simple rearrange in the equations. This results in

Wy | 2

1 0 (1.1)
Ly ORr%in(l"')‘(ORnin"'ORma)?/z) MnCox

Wz | 2

0
L2 (Vbp = ORya (1 +A(Vpp = (ORpin* ORya0)72)) HpCox

b) Determine the width-over-length ration of the common drain circuit
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shown in Figure 1.1b for given valus of the voltages V,, ¢, Vout DC>
Vpias» and the current through the transistors |. Do not neglect the
channel-length modulation nor the body effect.

The current through the transistors is expressed as

I =151 = 01(Vin pe=Vour pe= VT, 1?1+ MVpp=Vour pd)

and

I =15y = 0,(Vpias— V1, 2)%(L+ AV po)

Note that the threshold voltage for transistor 1 is increased due to the body
effect. This results in a threshold voltage

Vi1 = Vyo 11 Y020 Vo pet J29:)

Since the DC output voltage is given in the exercise the threshold voltage,
V1 1,can be computed directly. Further, all the voltages are fixed due to the
specification as well as the current, | . Hence, the width-over-length ratio
can be solved by rearranging the two current equations. This results in

W1 | 2

L, 2(1+ \ Hc
1 (Vinbe=Vout e~ VT, )L+ A(Vpp —Voui b)) Hn%ox

and

V\_lz = I B 2
Ly (Vbias_VT, 2)2(1+)‘Vout, DC) MnCox

¢) Determine the input range of the common-drain amplifier shown in
Figure 1.1b for the same parameters as in exercise 1b. Neglect the
channel-length modulation, but not the body effect. (This exercise can be
solved even though exercise 1b is not solved.)

The input range is determined as the range in which all transistors are
operating in the saturation region. In this case, the input transistor limits
the maximum input voltage while the biasing transistor limits the
minimum possible input voltage. Starting from the lower limit of the input
range. First, the minimum output voltage is determined by ensuring that
the bias transistor are operating in saturation. The biasing transistor is
saturated if its saturation voltage is larger than the effective voltage, i.e.,

Vout, min ~ VDS, sat?2 = Veff,2 = Vbias_VT,Z (1.2)

The current through the input transistor is then
ID1 = O(1(\/in,min_vout1 min_VT, 1)2 (1.3)

where the threshold voltage in this case is evaluated for the source voltage
of Vout min- The use of the minimum input and output voltage in Eq. (1.3)
is a result of that the circuit is non inverting. From Eq. (1.3) the minimum
input voltage can be solve according to
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fl fl
_ D1 _ D1
Vin,min - a_l+vout, min+VT,l - a_l+vbias_VT,2+VT,1

Note, that the threshold voltage of the two transistors differ.

The maximum input voltage is determined by the input transistor. The
drain-source voltage should be larger than the effective voltage, i.e.,

VDS, satl ~ VDD _Vout, max — Vef f1~ Vin, max_vout max_VT, 1

From this equation can solve for V; in,max = Vopt VT 1- Notice that the

threshold voltage in this case is computed for the source voltage of Vout max

d) Determine the output range of the amplifier shown in Figure 1.1c as a
function of the bias voltages, current, power supply voltage, and device
parameters.

The maximum output voltage is determined by the saturation voltage of the
PMOS transistor, i.e.,

Vout max= Vob—Vsp sar2 = Voo~ Veif, 2 = Vbiaw — V7,2

The minimum output voltage is determined as the voltage for which the
transistor M1 is saturated. Hence, in this case the V¢ = V S safl which
results in the following equation

Vblasl Vln min VT,l = Vout, min_Vin,min (1.4)
Solving for the minimum output voltage results in
Vout, min ~ Vbiasl_VT, 1 (1.5)

where Vi is evaluated according to Vii1= V01 since the minimum
input voltage is assumed to be ground.

2. Small-signal analysis
The transistor in the circuit shown in Figure 2.1 is biased in the saturation
region. Neglect the influence of all internal parasitics in the transistor.

a) Compute the small-signal transfer function of the circuit shown in
Figure 2.1, H(s) = V,{(9)/V,,(S) . Do not neglect the bulk effect.

The small-signal model of the amplifier is shown in Figure 2.1

The transfer function from the input to the output is computed by for
example applying nodal analysis. This gives the following equation

Im1Vin* Voul G+ ggs+sC) = 0 (2.1)
This gives the transfer function

Vout(s) _ gm1
Vin(s) G+ gds+SCL

(2.2)

b) How will the DC gain, unity-gain frequency and the first pole be changed
when the supply current, |, increases (i.e., when the DC input voltage
level is increased). Assume that gy « 1/R.

The DC gain, unity-gain frequency, and the first pole are given by
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R
Vout

EmVin l) 8ds —C

Figure 2.1 The small-signal model of the common-source amplifier with cascodes.

WI
T 'suppl
Om ngA/LGppy 2.3)

Ao = gdS+G: G
O A/Vtv'supply
oou:|AO| plzc-—-L 0 -—-—(—:-L———— (2.4)
_9%s*C_G

This results in that the DC gain and the unity-gain frequency increases

while the first pole is constant when the supply current, | supply increases.

¢) The resistor and the transistor generate thermal noise. Compute the
input referred noise power within the unity-gain frequency band, i.e.,
W, = Gy1/ C , of the circuit shown in Figure 2.1 caused by the thermal
noise. Neglect the channel-length modulation.

The noise spectral density at the output is computed by the formula

Sl @ = 3 [Hi%S 2.6)

where H; is the frequency response from the i:th noise source to the output
and S is the spectral density of the i:th noise source.

Further, the noise spectral density at the input is

Soul®)

2.7
H(e)|?

Sin(®) =

where H(w) is the frequency response from the input to the output of the
circuit. The noise power within the unity-gain frequency is computed by
integrating the noise spectral density between zero and the unity-gain
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frequency.

The thermal noise generated by a resistor can be modeled as a current noise
source in parallel with the resistor. The noise sources spectral density is
given by

SR(w) = ‘M (2.8)

while for a transistor the noise source can be modeled as a a voltage noise
source at the gate of the transistor with the following value

Sy(w) = &= (2.9)

The input referred spectral density is given by

where

Hyy (@) = G+gi"fijL (2.10)
and

H(w) = VILR“‘ = W (2.11)

Vin=0

n

Hence, the input referred noise spectral density is given by

S, (@) = §£<_T-§1—+—-4kTG - 4KT2, Gp

(2.12)

The noise power within the unity-gain frequency is

1. 4kT[2 G 4kT[?_ 10
= o Sn(@de = 50603 %” onc, (3 agi 21

in
d) How should the amplifier be designed to have a small input referred
noise power within the unity-gain frequency?

In order to have a small input referred noise power within the unity-gain
bandwidth the second term in Eq. (2.13) must be small, i.e., increase the DC
gain of the amplifier. This can be performed in two ways, either increase the
transconductance of the transistor by increasing the supply current or
increasing the width of the transistor, or increase the resistance of the
resistor.

3. Operational amplifiers
The trend is to decrease the minimum feature sizes in CMOS process. This
causes the low-frequency gain of a single transistor to decrease. If high DC
gain is required in a modern process, a multi-stage amplifier may be an
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appropriate choice. In this exercise, the small-signal equivalent of the

differential response of a three-stage amplifier shown in Figure 3.1a is

considered. The common-mode gain is zero. Throughout this exercise,

assume that C, »C; =C, =C,R; =R, =R =R.

a) Derive the transfer function from the input to the output of the circuit
shown in Figure 3.1a, i.e., H(S) = V,,(9/ Vi, 4ifi(S) -

Since there are not direct connections (compensations) between the

individual gain stages in this circuit the transfer function can be divided

into a product of partial transfer functions, i.e.,

Vour _ Vout¥aVi _  9msRL 0 Im2Ro 0 Im1Ry 3.1)
V., V,V,V.  1+sRC, 1+sRC, 1+sRC,

b) Compute an approximative expression for the unity-gain frequency
given that the higher-order poles are located at much higher frequency
than the unity-gain frequency. Motivate your solution.

Due to the simplification mentioned above, the transfer function can be
reformulated to

\Y A
H(S) = out = 0 (32)

Vin + i + il]z
o

where p; = 1/(R . C|), p, = 1/(RC), and Ay = AjAA;.
The unity-gain frequency of the amplifier is computed as |H(j oou)| =

AZ 0 o2 ol

=1 O Ag = Dl+—Djl.+—2D

ad OOLZJED (DS[F U pl p50
Eﬂ-"‘—éD:U."'—éD
0 pf  p30

This equation may be hard to solve exactly. However, an approximate
solution is obtained by assuming that | p2| » Wy, . This assumption causes the
term

w2?

0
D]_+_._D =1 (3.3)
0

Hence, the approximated equation is now

wz
pf

which results in the following approximate expression for the unity-gain
frequency

This expression holds if higher-order poles do not contribute so much to the

decrease in the magnitude response and that the DC gain is much larger
than unity (which is the case here).
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¢) The amplifier is connected in a close-loop configuration as shown in
Figure 3.1b. For such a circuit, the transfer function can be given in the
form

_ A
H(S) = 1+BA(5) (36)

where B is the feedback factor and A(9 is the gain of the amplifier. Determine
the feedback factor for the circuit shown in Figure 3.1b..

This exercise is solved by computing the transfer function from the input of
the amplifier in the feedback configuration to its output. In this case the
characteristics of the amplifier is

(Vin,amp+_vin, amp—)A = Vout, opamp

Inserting this into the buffer connected circuit the result is

<

t A

- ou
(Vin _Vout)A = Vout b Vi, 1+A

Hence, the feedback factor [ is unity.

d) For the circuit in Figure 3.1b compute an analytic expression for the
factor K, which relates the second pole p, and the unity-gain frequency
W, in the expression p, = K [, in order to obtain a specific phase
margin, i.e., compute K = f(@,) . Assume that at the unity-gain
frequency the first pole has caused a —90 degree phase shift.

The phase margin of the circuit for f = 1 is computed as follows

Wy Wy W, 1
¢, = —atan— — ZAatan— + 180 = —atan— — 2atanK +180
Py P> Py

From the exercise the first term in the equation for the phase margin is —90
degrees. Hence, the phase margin is

¢, = 90- 2atanl% (3.7)

Solving for the K factor results in

K= L (3.8)

PO~ %m
[
tanD > O

e) Compute the value of the K factor to obtain a phase margin of 45 and 75
degrees, respectively.

Using Eq. (3.8) for the phase margins of 45 and 75 degrees respectively

results in that the higher-order poles must be located at 2.4 and 7.6 times

the unity-gain frequency.

f) Isthe approximation in 3b good for the two cases in exercise 3e?
Motivate your answer carefully.

Here it is not so easy to give a yes or no answer since this will depend on the
application. However, in the computation of the approximate expression for
the unity-gain frequency we obtained the following expression
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W21 oo2[12
AO = Eﬂ- + —2|:|j|- + —2|:| (3.9)
0 pf  psd

which should be solved with respect to the unity-gain frequency. In the
approximate expression the second term was set to zero since |p2| » W, . For
a phase margin of 45 degrees |p2| = 2.4w,, which results in value of the
second term in Eq. (3.9) to be equal to about 1.37. Hence, the unity-gain
frequency is a little bit smaller than for the estimation.

For the case of 75 degree phase margin the second term is about 1.035 which
typically is small enough for many of the hand computation tasks.

4. Switched-capacitor circuit analysis
A switched capacitor circuit in clock phase 1, i.e., time t, t + 27,t + 41, etc.
is shown in Figure 4.1. Assume that the input signal are constant between
clock phase 1 and 2, i.e., V4(t) = V4(t+71).
a) Express the output voltage, V (2, as a function of the input voltage,
V(2 for clock phase 1 of the switched capacitor circuit shown in
Figure 4.1. Assume that the operational amplifier is ideal.

Starting by assigning positive charge at the left plate of capacitor C,; and
C, and to the right of C5 and C,.

The next step is to express the charge at the capacitors.

At time ¢

dy(t) = CVi(1), ax(t) = 0, as(t) = C3Vy (1), du(t) = CuVy (D

time t+ T

Qut+T) = CoVy+T), Gt +1) = CVy(t+ 1), Galt+ 1) = CaVgyt+1),
qut+1) =0

and at time t + 21
qq(t+21) = C V4 (t+21), gyt +21) = 0, g5t +21) = C3V (t+21),
Oyt +21) = C,4V, (t+27)

The charge conservation equations are

Ot +T) + Ot +T) + Ot +T) +qut+7) =
qq(t +21) + go(t + 21) + g5t + 21) +q,(t + 21) (4.1)

(1) +ag(t) = gyt +1) + g5t + 1) (4.2)
The Eq. (4.2) results in

CiV() +CaVy ) = CV4(t+1) +C3V ((t+T) (4.3)

OU'[(

Further, by applying the fact that V,(t) = V,(t + 1) results in
Voul® = Voudt+1) (4.4)

which states that the output voltage at clock phase 2 is equal to the output
voltage at the previous clock phase.

Furthermore, Eq. (4.1) results in
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de I C4 I Cpe
1

T T
Cpa Cpc
Vl —_I:o—e/ 0:1_ —o—o —
q ¢ IVout
j o\ + I
| = Cpr

Figure 4.1 The SC circuit with capacitive parasitics due to the capacitor and the
switches.
CVi(t+1) +CV (t+1) +ClV  (t+T) =
= CV (t+21) + G5V (t+21) + C,V (L + 27) (4.5)

This can be simplified to

(CL+CV (1) + CV () = CiV4(t+21) +(Cy+ CyV, ,(t+27)

(4.6)
Performing a Z-transformation on this equation gives the results
Voul@dI(C53+Cpz-C5] = V;,(9[C;+C,-C,7] (4.7)
Hence, the transfer function is
0 C,0
L+ C—D— z
Voutl? _ C,+C,-Cyz _ c, U 10 @.8)
Vin@  (C3+Clz-C  C3  p c,0
1-z+ =0
| 30

b) Is the circuit insensitive to capacitive parasitics? Motivate your answer
carefully.

The parasitics of interest are shown in Figure 4.1.
Cp, do not alter the transfer function since they are always connected to the
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ideal input source.

Cpp,Cpq are connected between ground and virtual ground and thereby does
not change the transfer function.

C, Charged at clock phase 2 by an ideal voltage source and discharged at
clock phase 1 to ground. No changes in the transfer function.

Cpe Connected between ground and the output node of the OP amp which
can generate and sink as much charge as required. No effect on the transfer
function.

Hence, the circuit is insensitive to capacitive parasitics, when the transfer
function is of concern.

c) Express the output voltage, V, (2, as a function of the input voltages,
V(2 for clock phase 1 of the switched capacitor circuit shown in Figure
4.1. Assume that the OTA suffers from an offset voltage, V .

The next step is to express the charge at the capacitors.
At time ¢

qq(t) = C1(V1() =Vyo), d(t) = Cr(0-V ), dz(t) = C3(Vyu () —Vyo) >
ds(t) = C4(Voud — Voo
time t + T

dyt+1) = C(V4(t+1)=Vy9), Ot +T) = CV(t+7),
Gyt +17) = Co(Voult+ 1) =V, Qu(t+17) = 0
and at time t + 21

Oyt +21) = Cy(Vy(t+21) =V, Ayt +21) = Co(0-V,J),
Oalt +21) = Ca(Vyt+21) =V, Gyt +21) = Cu(Vy t +21) =V,

The charge conservation equations are

Gyt +T) + Oplt + 1) + gt + 1) +Q(t+T) =

qq(t +21) + go(t + 21) + g5t + 21) +q,(t + 21) (4.9

qy(t) +qz(t) = qqt+7) + a5t +7) (4.10)
The Eq. (4.2) results in

CiV,() +CaVy 1) = C V4 (t+T) +CaV ({t+T) (4.11)
Further, by applying the fact that V,(t) = V(t + 1) results in

Voul® = Vout+71) (4.12)

which states that the output voltage at clock phase 2 is equal to the output
voltage at the previous clock phase.

Furthermore, Eq. (4.1) results in
CV(t+ 1) +CV (t+1) +CV ((t+T) =

(4.13)

This can be simplified to
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Figure 5.1 A CMOS inverter used as a analog amplifier

(Cy+Cy)V () + CaVy () + (Co+ Cp)Vg = CyV4(t+21) + (Cg+ Cp)Vy  (t + 2T)
(4.14)

Performing a Z-transformation on this equation gives the results

Voul@l(C3+Cpz—GC5l = Vi (9[Cy +Cy—CyZ] +(Cy+ CYV g

(4.15)
Hence, the output signal is
o C,O
[ﬂ_+C—E—Z
c, 1 C,+C)V
Vould = —=———V, (2 - (27 ColVos (4.16)
C n
3 0O C,O0 0 0O C,m
1-z[01+ =0 Cyl -z + [0
0 Ca0 0 0 Cam

5. A mixture of questions
a) Draw the small-signal model and compute the DC gain, input and
output resistance for this circuit shown in Figure 5.1.

The DC gain can be computed by applying nodal analysis in the output node

ngVin + gmbszvin + gdsz(vin _Vout) _Vout(gdsl + SCL) =0
(5.1)
This results in the transfer function
Vout - gm2 + gmbsz + gdsZ
Vin  9ds1F Y42 ¥ SC.

The output resistance is computed by adding a voltage source at the output
and computing its current when the input voltage is zero.

(5.2)

lout = Vout(9ds1 + 9as) (5.3)

Hence, the output resistance is
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1
Mo, = ———— (5.4)
o' 9y * 9ge
The input resistance is
Iin = Voutgdsl = Vin(ng + gmbsz) + (Vin _VOUt)gdSZ (5.5)
The first equality gives V; = |,,Ry5 and inserting it into the second
equality gives
I, =V + + | Jds2 (5.6
in = Vin(9m2 * Imbe * Y4s2) — ing_ 6)
dsl

Hence, the input resistance is

1+ g£2
\_ﬁg — 9ys1 (5.7)
Iin gm2+gmb52+gdsz
Vin
gmst(Vin)
2m2 Vi) (}) O 8ds2
Vout

8ds1

Figure 5.2 A small-signal model for a common-gate amplifier.

b) State advantages and disadvantages of using switched capacitor filters
compared with active-RC filters.

The benefits of using a switched capacitor filter over an active-RC filter is
that the time constants do not need to be tuned since they are given by a
ratio between two or several capacitors compared to a resistance times a
capacitance. The drawback is that a clock is required which typically is
unwanted on analog integrated circuits due to noise from this clock.

¢) State benefits and drawbacks of using a fully differential compare with
a single-ended circuit structure in an integrated analog circuit.

Benefits of using fully differential circuits are decreased noise at the
outputs, increased CMRR and PSRR. Suppression of even-order distortion
terms. The drawbacks are increased power consumption and the need for a
common-mode output stabilization circuit.

d) Why is it uncommon to use the minimum channel length and channel
widths for a transistor in an analog design.
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The minimum channel length is not commonly used since the B matching
is poor for this choice of channel length. Instead, larger channel lengths are
commonly used.
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