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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. Basic building block
a) Starting from V, we know that the transistor is cut-off when the
V< V. Hence, no current (only the very small leakage current) will
flow through the transistor and thereby the output voltage will be very
close to ground.

Decreasing the input voltage will set the transistor to operating in the
saturation region. The current will approximately increase quadratically
and thereby will the output voltage increase quadratically. At a certain
voltage when Vg <Vgg— V1 > 0 then will the transistor start to operate
in the linear region and the current will increase linearly. The output
voltage will increase linearly until it is close to V.

b) The current in the saturation region of the transistor is given by

Assuming that the channel length modulation is negligible yields the
following equation

The current through the resistor is given by

\
lp = 24 1.2
R R (1.2)
We know that the maximum voltage for the transistor to operate in the
saturation region is Vp— V. For the transition from the saturation to
linear (triode) region we know that Vgp = Vgg— V1 which is equal to
Voo —Vout = Vpp = Vin — V1. Adding these expressions gives

V
2 = a(Vpp~Vou? 13)

solving the equation yields the result of the maximum output voltage for the
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transistor to be in saturation.

1 Vob 1
V = Vpp t+ + / + 1.4
out DD 2Ra Ra 4R2(12 ( )

We know that the solution with V>V is a false solution. The

minimum input voltage so that the transistor is operating in the saturation

region is V;, = V,;— V1. Hence,

1 Vbp 1
VDD+2RCX—/\/RG+—4R2(12_VT<Vin<VDD_VT (1.5)

2. Small signal analysis
a) The small signal model of the double cascode amplifier is shown in

Figure 2.1
out
gm3V 8ds3
gsz 8ds2
gml 8ds1

Figure 2.1 The small signal model of the amplifier.

Using nodal analysis in nodes V j , Vy, and V, yields the following
equations

ImaVy * (Vy=Vouddass = 0 (2.1)

ImaVy * (Vy=Vouddass + (Vy=Vi)Ouo —mVx = 0 (2.2)

(Vy=V,)%4e2 = Im2Vx = Vx9ast = 9m Vin = O (2.3)
Solving for Vy in Eq. (2.1) yields

O4s3

—_—V (2.4)
Om3* Ogz O

y =

inserting this in Eq. (2.2) and then solving for V, gives
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g
%gm3 tOusst gdsZ)gi

3+ Ogss _gds?E\/out = Vi Omz * gdsz)

which can be simplified and rearranged to

_ 942933
X (Om3 * 9¢d) (Om2 * Oge) O™

(2.5)

and finally inserting these equations into Eq. (2.3) and solving for V
gives the transfer function.

U dyYds3 Y4293
———— —(Im2 + Y42 * Ygs1) Nout = Im1Vi
Oms*tOass 0 0% 9G93+ 94a) (Omp + a)) O TN
Simplify the expression gives
Y4s1930Y4s3
V. = 0 Vi (2.6)
(9ma * 9gsa) (Imz + Gge) O T 1"
The transfer function is given by
Vout — Im1 — —Im1 (2.7)
Vin gdslgdszgdsg Yout
(9m3 * 94s3) (Imz + Yas2)
By approximating this expression we get
Vout - gmlgm29m3 (2.8)
Vin 9451902943

b) How to increase the DC gain by changing certain design parameters can
be found by expressing g,,, and g, in the large signal parameters.

W
Gy O /EI o (2.9)

Ibias

9asH T (2.10)

and

Inserting these equation into Eq. (2.8) gives the following expression for the
DC gain
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J T
L blas L blas L bias _

IblasI blasI bias

L L L

W, W liaal)3/2 12
= MWW - ww, B2 o)

Iblas

The DC gain can be increased by a factor of two by decreasing the bias

current. | ;.. must be decreased by a factor of 22/3 t0 obtain a doubled DC

gain.

¢) The double cascoded configuration we have a lower power consumption
compared to a gain boosted version for equal DC gain, but the output
swing will be lower for the double cascode.

3. An amplifier in a context
a) The transfer function is found by using KCL at the negative input
terminal of the amplifier.
(Vin =V, G+ (V V,)sC =0 3.1

out™—

Furthermore, the output voltage of the amplifier is expressed as

AO
Vour = (Vp=V)A® = A9(0-V,) = -

vV, (32
1+
P1

Combining Eq. (3.1) and Eq. (3.2) and eliminating V, yields the following

transfer function.

Vout — Gl AO

Vin 1+i gl(l-'-AO) 1%_’_ 2 71 Cl

1+ (SCp+ Gy)— D1 T A
Ao

In the design we know that C;R; > 1/ p; which yields that
C,(1+ Ay)R; » 1/ p, since an operational amplifier has large gain.

This leads to that the poles of the closed loop system can be extracted from
the expression above.

P~ TR ™ (3.3)
T CL(1+ Ay~ AC, .
and
AgC1P1G,
Pu = G, C; = Agpy = Wy, amplifier (3.4)

by using the approximation that
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S S[_ m . 10, % _ s, s
+ 2 + 2= ] + s + =M+ =1+=2+
p|%l- py U thy  pyH pipy P PPy

and identify with the expression for the transfer function. The DC gain of
the circuit is equal to the DC gain of the open loop amplifier.

b) The phase margin is defined as the phase plus 180 degrees at the unity-
gain frequency. The phase is

@ = —atan= — atan™ (3.5)
P Py

The unity-gain frequency is approximately given by

G, _G

1
wu,integrator: AO,integratorpI = Aom - C_l = E (3.6)

Hence, the phase margin is given by

A A
@y = ¢+180 = - atanpl 0 _ atan 0P + 180 =
P P
180— atanA, — atang (3.7
1

where p; is the first pole of the amplifier and P, is the first pole of the
integrator.

In an ideal integrator we have a phase margin of 90 degrees. In Eq. (3.7) we
see that the second term is approximately equal to 90 degrees and thereby
we need to ensure that p,/ p; must be a small value. Hence, we have to
have a large value of the first pole of the amplifier compared to the first pole
of the integrator to have a good integrator.

4. Switched capacitor circuit
A switched capacitor circuit in clock cycle 1 is shown in the figure.

a) Derive the transfer function for the clock cycle 1 of the switched
capacitor circuit, i.e., V,,(2)/V,,(2) . Assume that the OTA is ideal.

The circuit in Figure 4.1 shows the circuit for both clock cycles.

Cy ’_{ 0’2_{
V. Cq
m I I : — Vout .

¢y
.

Cg C4 C3 C4
L I Vin__|| |
| | I |

out

Figure 4.1 The SC circuit in both clock phases. Left @, Right @,.
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To compute the transfer function for the circuit charge redistribution
analysis is used.

For clock cycle 1, @, , at time ¢

g,(t) = C1(V;,(1)=0); gx(t) = Co(Voud) —0); as(t) = 0;
da(t) = C4(Voudt) —Vin(®)
For clock cycle 2, @,, at time t + T

gyt +1) = 0; gy(t + 1) = gy(t);
O3t +1) = Co(V;,(t+1)=0) gyt + 1) = Cy(Vyu(t +1)=0)

The charge on the plates of capacitor C, will be unchanged since it is not
connected on both terminals during clock phase 2.

For clock cycle 1, @, at time t + 2T = t+T:
gy (t+21) = Ci(Vipt+21) =0); gyt + 21) = C,(V, (t +21)=0);
O3t +21) = 0qu(t+21) = Cy(Vy lt+21) =V, (t +21))

The charge conservation equations are
gq(t) +ax(t) +ag(t) +gu(t) = gyt + 1) + gyt + 1) + g3t + 1) +qut + 1)

gt + 1) +0y(t+71) = gyt +21) + qy(t + 21)

Inserting the charges into the lower one of the equations above gives the
following expression

0+ CoVyudt) = CiV, (t+21) + C,V (L + 21)
Perform Z transformation on the expression gives
—C,zV,, (2 = Cy(z-1)V (2
The transfer function is then

V@ | Cpz-1 Cyi-z3

(4.1)

It is a inverting accumulator

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

The circuit with parasitic capacitors are shown in
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c CQ TCpb
Cr= 1 =
VinI | l pe _ Vout
| ' e
Cpg; I H|' * ; Cpa
— Cpe = C
4
e |

|
| ide

Figure 4.2 The SC circuit with parasitics capacitors

Cp 5 1s connected to the ideal output of the OPamp and ground and thereby
not changing the transfer function.

Cpb Charged by the output of the operational amplifier in clock cycle 1 and
does not discharge during clock cycle 2. Not changing the transfer function.
C . is connected between the virtual ground and ground and thereby not
changing the transfer function.

de is charged by the input voltage during clock cycle 1 and discharged
during clock cycle 2 into the virtual ground and thereby changing the
transfer function.

Cpe is connected with both terminal to ground and not changing the
transfer function

C,; Connected between ground and the input voltage or ground and ground
so it will be charged in clock cycle 1 and discharged to ground in clock cycle
2. Hence, not affecting the transfer function.

C 0g Charged by the input source and discharged to ground and thereby not
changing the transfer function.

The circuit is sensitive to parasitics since the value of the parasitic capacitor
C nd will be a part of the over all transfer function if they are included in the
computation of the transfer function.

c)

An offset voltage is modelled as a voltage source at the positive input of the
amplifier. The voltage source will have the value of V .

Performing the charge redistribution analysis gives:

For clock cycle 1, @, at time ¢

a1 (t) = Ci(Vin(t) =V,o); a(t) = Cr(Veudt) = Voo ;5 ast) = 0;

da(t) = Cu(Voudt) = Vin(®)

For clock cycle 2, @,, at time t + T

g (t+71) = —C{Vs; Ot +T) = 0y(1);

Ot + 1) = Co(Vi,(t+1) =V, Qu(t +T) = Cu(Vout +1) =V

The charge on the plates of capacitor C, will be unchanged since it is not
connected on both terminals during clock phase 2.

For clock cycle 1, @;, at time t + 2T = t+T:

0.(t+21) = Ci(Vipt+21) =V, 9); Uo(t +2T) = Co(Vylt +21) =V, ;
O3t +21) = 0qu(t+21) = Cy(Vyult+21) =V, (t +21))

8 (10)



TSTE 80, Analog and discrete-time integrated circuits 20020603

The charge conservation equations are
g, (t) + g,(t) +a5(t) +aut) = qut+1) +gy(t+T) + g5t + 1) +gu(t +1T)

gt + 1) + gy(t +T) = gyt + 21) + g,(t + 27)

Inserting the charges into the lower one of the equations above gives the
following expression

- C1Vos + CZ(Vout(t) - Vos) =

Ci(Vi(t+21) =V ) + Co(Vo it +2T) =V,

Here we can see that the V ¢ can be cancelled. Hence, the transfer function
is the same in exercise a.

5. A mixture of questions
a)
Accurate matching is achieved if we are using unit sized elements or
elements with at least the same area or perimeter ration. Furthermore, the
area to perimeter for the unit sized capacitors should be as large as possible.

Using common-centroid layout techniques makes the capacitor array less
sensitive to temperature gradient and slow oxide thickness variations.

Another important point is to ensure that the neighborhood of each
capacitor is equal. This is done by adding dummy capacitor around the
capacitor array.

Matching of components depends of the distance of the devices. Hence, a
structure with as short maximum distance is desired.

b)

The process technology can make it impossible to have two different
voltages at the bulk of two transistors, as our case (M1, M2 and M5).

It is not possible to connect the bulk of transistor M1 and M2 to the
substrate if we are not using an p-well in a p-substrate process. It comes
from the fact that there is low resistance between the substrate contacts of
the three transistors.

It is possible to implement this amplifier in n-substrate and the twin well
process but not the n-substrate and P-well process.

c)

The positive PSRR is found by adding an ac source at the positive power
supply line and compute the transfer function to the output. By taking the
absolute value and dividing the transfer function from the input to the
output with the transfer function from the positive power supply to the
output we achieve the positive PSRR.

The transfer function from the input to the output is given by

Vout — gml (5 1)
Vin Qas1 T Yas2

The transfer function from the positive power supply to the output is given

by
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Vout _ Im2 + gdsZ

= (5.2)
Vps 94s1 + Qa2
Hence, the positive PSRR equals
OPSRR= —omL (5.3)

Im2 + gdsZ

d) Transistors in the saturation region have higher transconductance and
about the same output conductance. Hence, the gain of the circuit will be
much higher if both transistor are operating in the saturation region.

e) A CMFB, Common-Mode Feed Back, circuit is used to stabilize the
output voltage of a fully differential circuit.
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