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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
a) Sketch the output voltage as a function of the input voltage
Vout = F(V;,)) for the input voltage between ground and the power
supply voltage.
b) Determine the operation region of the transistor in the different parts of

the figure sketched in a).

The transistor is cut-off for high input voltages. The bulk is connected to the
power supply voltage. Hence, the threshold voltage is not varied with the
operating point. When the transistor is operating in the cut-off

region(V,;, >Vp— V1) the current through the device is small
(approximately zero) and the output voltage is zero (since the voltage over
the resistor is the resistance times the current). Decreasing the input
voltage will result in a transistor operating in the saturation region since
the drain-source voltage (the power supply voltage minus the output is
larger than the effective voltage). The current is increasing approximately
quadratically due to the transistor model. For low input voltage the drain-
source voltage is smaller than the effective voltage and the transistor
operates in the linear region. The output voltage increases linearly. (This
can be seen as two resistors in series where the top resistor is varible.

Figure 1.1 The output voltage as a function of the input voltage.
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¢) Determine the input and output voltage when the transistor switches
from operating in the saturation region to operate in the linear region.
Neglect the influence of the channel-length modulation.

The voltage when the transistor is switching from the saturation region to
the linear region is when the drain-source voltage equals the effective
voltage. Hence,

Vsp = Vsg=Vr1 = Verr (1.1)

The current is the saturation region is given by |5 = a(Vpp—V;,— VT)2
when the channel-length modulation is neglected. Further, the source-
drain voltage is given by Vp — V1 and the output voltage is determined

by Vyut = Rlp. Inserting Eq. (1.1) into the current equation yields

\ 2

which can be simplified to

1
Vgut Vout%]R"'ZVDDE"' VDD =0 (1.3)

Hence, the output voltage is

_ 1 g
Vour = 2aR+VDD [2 +Vopg —Véo (1.4)
which can be simplified to
1 1 Vb
\% Vpopt + 1.5
out 20R DD 40°R aR ( )

Where the plus solution is outside the interval.
The input voltage is Vpp =V, = Vpp —Vui— V1 according to Eq. (1.1).
Hence, the input voltage is

V
Vip = Vout+VT = %Q'FVDD'*'VTi 4(1]?:R2+% (1.6)

2. Small-signal analysis
a) The circuit can be decomposed into two different parts, i.e., the PMOS
transistor and the resistor R; and the NMOS transistor and the resistor
R,. The PMOS transistor and R; can in a small-signal sense be reduced
to a resistor. Derive an expression for the equivalent resistor, Req

The small-signal model of the PMOS and resistor part is shown in Figure
2.1. The impedance of the amplifier is computed by adding a current source
at the output and computing the current through the device. The current is
computed using the nodal analysis in node V, and V,,,;. The nodal analysis
gives the following equations
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Figure 2.1 The small-signal model of the PMOS part of the amplifier.

ngVy + gmbszvy + (Vy_vout)gdsz + Iout =0 (2.2)

The voltage in node Vy can be computed as a function of the output voltage
from the results in Eq. (2.1). This yields

\Y/
V. = gdsZ out (2.3)

Y Om2t Ompe 940 + G

Inserting this into Eq. (2.2) yields

Jys2 0
Om2 * Ombe * Gge + G1H

| out — Vout%dsz - (gm2 T Ompe * gdsZ)

which is simplified to

G,
lout = V L (2.4)
out OUt%dszgmz + Ombe + Ja + G
and the resistance is then
R = Vout _ 9m2 ' Ombe T 942 * G1 -
eq G,g -
out 19ds2
= ﬂ + i (2.5)
Gi93s1 Yds1

b) Derive the small-signal gain and the first pole of the amplifier shown in
the figure, where the PMOS transistor and R; is substituted with an
equivalent resistance, Req. The expressions should be functions
containing Req.

4 (10)



TSEI30, Analog and discrete-time integrated circuits 20030312

The small-signal model of the amplifier is shown in Figure 2.2.

8) Vout
8m1(Vip-Vy) l £ds1 Geq:: CrL
V., L 1

gmbsl('Vx) [ —

Gy

Figure 2.2 The small-signal model of the amplifier.

The transfer function is found by utilizing nodal analysis in nodes V, and
\%

out-
gml(vin _Vx) _ngmbsl + (Vout_ Vx)gdsl _VXGZ =0
gml(vin _Vx) _ngmbs‘L + (Vout_ Vx)gdsl + Vout(Geq + SCL)
Solving this system of equations yields

Vout — Om1
Vin (gml * Ombg T Y01 + GZ)Geq+ ngdsl + SCL(gml * Ombg T Y01 + GZ)
GZ GZ

Hence, the DC gain is given by

A = gml ~ gml
0 (gml + Ombst + Ogs1 + GZ)Geq + ngdsl (gml + GZ)Geq + Gngsl
GZ GZ

and the first pole by

— (gml * Ombs T 941 GZ)Geq+ ngdsl _ Geq + Gngsl

! (Im1 * Imbe + Jas1 + G2)CL CL (Y1t Impa +9gs1 +G2)C

3. Macro blocks
a) Derive the transfer function from the input to the output of the circuit,
H(s) = Vyud9)/ V(9.

The gain of the amplifier is finite, hence, the output of the amplifier is

Vout = A(S)(Vinp, amplifier_vinn, amplifier) (3.1)
which means that the voltage at the negative input terminal is
\%
V out (32)

inn, amplifier = _A(S).

Using nodal analysis yields
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Vin _Vinn, amplifier _ Vinn, amplifier_v

out
R1 RZ + (Vinn, amplifier_vout)scl

Combining this equation with Eq. (3.2) yields

V
RoVin = _K%é%t(Rl + R, +sCR1Ry) =V (R +sC R Ry)

Hence, the transfer function is

\ R
out _ 2 - (3.3)
Vin R;+R, +sCR/R,
AS +R; +sCRR,
which can be simplified when A(S) is large to
\ R
out _ 2 1 (3.4)
Vin R11 +_S
RZCl
Hence, a lossy integrator.
b) The transfer function of the circuit can be written in the form
_ A(s)
H(s) = K1+ BOAS (3.5)

derive the feed back factor 3(S).

The 3 can be derived using several approaches. Either by converting the
expression in Eq. (3.3) into the form of Eq. (3.5) or by using the fact that the
B factor is the part of the output voltage that is fed back to the input of the
operational amplifier. Here we derive the feed back factor by the latter
approach.

Break the feedback loop to the right of C; and R, and compute the transfer
function to the input of the OPamp when the input is grounded.

N S Ri  _ R1+sRCy
R+ R, [IsCy R-L  RitR+RRsC
2sC,
Rt —
R, + ==
2" sC

¢) Derive the transfer function of the building block when A(S) — o
This transfer function is found utilizing the expression in Eq. (3.3).

Vout — R2 1
V

(3.6)

; R S

in 11+
_1
R2Cl

which is a lossy integrator.
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4. Switched-capacitor circuit analysis
a) Compute the output voltage in the Z-domain.

The negative plate of the capacitors are assumed to be connected to the
input of the active device (OTA). In the first clock cycle we have that

dy(t) = V1()Cy, ax(t) = CVyudt)-

In the clock cycle t + T

gt +1) = CV,(t+71), gy(t+T) = GV (t+71).

and in clock cycle t + 21

Oyt +21) = V (t+21)Cy, gyt +21) = C,V ,(t+21).
The charge conservation equations are

gq(t) +g,(t) = q(t+T1) +q,(t+ 1) (4.1)
Oo(t + 1) = gyt + 21) (4.2)

Equation (4.2) yields that V (t + 21) = V,(t + T). Further, (4.1) together
with the former result yield

Vi()C + CoV () = CiVo(t+1) + C,V ,(t+21)

Some simplifications give

Ci(V(t) =V,(t+71)) = Co(Vyuft +21) =V, (1)) . Further, we know that
Vo(t) = Vy(t+1).

Hence, C{(V(t) = V(1)) = Co(Voudt +21) =V, (1)) .

Performing a Z transformation yields

C1(V1(d -V(2) = Vo, (9Cy(z-1)

and the output voltage is expressed as

E}d/ 12— Vz(Z)D

Vould = &0 721 O (4.3)

Hence, the circuit is a differential accumulator.
b) Is the circuit insensitive to parasitics?
The circuit together with the parasitics introduced by the switches and the
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top and bottom plate is shown in

Cpo |
==

gr— Czi‘|:}_“' * T Cor
Cpe HHI =" )
77 X Vs

Coa 27 Copp 7

Vi

Figure 4.1 SC circuit with capacitive parasitics.

Cp a and Cpb does not change the transfer function since it is connected to
the input sources.

CpC Is charged in clock phase 1 and charged/discharged in clock phase 2,
not changing the transfer function.

C,q Connected between ground and ground or ground and virtual ground
not changing the transfer function.

C,e Connected between virtual ground and ground and thereby not
changing the transfer function.

Cpf connected between ground and to the output of the amplifier. Hence
not changing the transfer function.

The circuit is insensitive to capacitive parasitics.

¢) The amplifier has a finite gain, A. Derive the output voltage, V(2 , for
clock phase 1.

Charge conservation is used in order to define the output voltage as a
function of the input voltages. The output voltage of the amplifier is
AV A(Vp -V,) = A(-V,) which yields that V, = =V /A in both

out —
clock phases.

q]_(t) = V]_(t)Cl’ qz(t) = CZ(Vout(t) +Vout(t)/A) .

In the clock cycle t + T

Gt +T) = Cy(Volt+1) + (Vo (t +1)/ A)),

Oy(t+1) = Co(Vo{t+D(1+1/A)).

and in clock cycle t + 21

g,(t+21) = V,(t+21)Cy, gyt +21) = C,V ,(t+21)(1+ 1/ A).

The charge conservation equations are
0y(t) +ap(t) = gyt + 1) + oyt + 1) (4.4)
Ot +T) = gyt +21) (4.5)

Equation (4.2) yields that V, (t + 2T) = V_,(t + T) . Further, (4.1) together
with the former result yield

1
V4(t)Cy + CyV o D HL + KE =
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Ci(Vo(M) + (Voudt +21)/A)) + CLV, {1+ 2T) (1 + I/ A)
Some simplifications give
11 CV, ,(t+27)
Cy(V4(1) = Vo(0) = CoVoult +20) = Vo () EL + RE+ ——.
Performing a Z transformation yields 1
VA
C1(V4(2) ~V4d) = VoudCo(z- 1)L + 35+ CoVould 5

and the output voltage is expressed as

0 0
out? = ¢ 1+C,/C B
e S B 4
A A
C E V,(2) = V.(2) E
Z) — Z
— 1 1 2 E (4.6)

1+C,/C (A+1)C
ngl + - Z%‘ =0
A (A+1)C,+Cy
Hence, the circuit is a differential accumulator with loss.

5. A mixture of questions
a) Derive the common-mode and output ranges of the circuit.

The minimum input voltage is determined from all paths from ground to the
input. Hence,

ID7 IDl
ch min — VDS, sa? T VGSl = /G_7 + 0‘_1 +VT1 (5.1)

The maximum input voltage is

Vemmax™ Vob—Vses—Vsa— Vos sat T Vest =

lbs I3
= Voo~ |- T g, Vs Vs tVn (5.2)
5 3

The output range is determined by

/|D7 /'Dz
Vout min = Vs saz t Vbs sag = 0(_7 + 0(_2 (5.3)

and the output range is

Vout max= Vop— Vs~ Vsast Vsa—Vsp san =

’ID5 ’|D3
5 3

b) Derive the differential and the common-mode output voltage. From your
result, what are the benefits of using fully differential compared to
single-ended structures?

The differential output voltage is described by

9 (10)



TSEI30, Analog and discrete-time integrated circuits

20030312

_ _ 2 3
Vout ditt = Vout p~Yout n = (@p+@0)Vin gitr T (B =Pn)Vin gitt +(Cp * Co)Vin gifs

where a,=~a,, bp =b,,, and Cp=Cp. The common-mode output is given by

- VOUL P
out cm — 2 - 2 in,cm 2 in,cm 2

\Y

The fully differential circuit we see that the even-order distortion terms are
small for the differential output voltage compare to a single-ended structure
(where the output voltage is described by the expression

VOUt = ap(vln p |n n) + b (V |n n) +C (V |n n) ) The
common-mode voltage is domlnatec? by second- order dlstortlon and by
matching errors.

¢) In analog circuit design it is not common to use the minimum channel
length of the transistors. Give two reasons for this.

Minimum channel length is not commonly used in analog circuit design due
to matching reasons of the transistors. Further, a small channel-length also
increases the channel-length modulation. Hence, decreased output
impedance and DC gain of the CMOS circuits.

+V0uL n _ (ap_an) (bp+ bn) 2 (Cp_cn) 3

in,cm
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