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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 circuit in the figure is a commonly used structure when designing
analog circuits. In all following exercises assume that the transistor M1 is
biased in saturation. Also assume that the W/L ratio of the transistor M2 is
K time larger than for transistor M1.

a) Derive the output voltage as a function of the K factor, i.e.,
Viout = F(K), when the transistor M2 is saturated. Express the output
voltages in terms of the current | ; and transistor design parameters not
voltages.

The output voltage is given by V ,; = VDD Rlp, saturation and the
current through transistor M2 when it is saturated is given by (where the
channel-length modulation is neglected)

Ve,

Wl
ID2 saturation — DL Ll%Dl - DL ngo = K'o (1.1

2

Hence,
VOUt = VDD_RKIO' (1.2)

b) Derive the output voltage as a function of the K factor, i.e.,
Vout = 9(K), when the transistor M2 is operating in the hnear region.
Express the output voltages in terms of the current | ; and transistor
design parameters not voltages.

The output voltage of the circuit is also here given by
Vout = Vop —Rlpy jinears (1.3)

but the current through transistor M2 is given by

ID2,Iinear = BZ[(VGS_VTH)Vout_VCZJut] =
B:iKI(Vos=Vru)Vour—Véud - (1.4)

The current through transistor M1 is given by

2 (10)
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By 2

lp = E(VGS_VTH)2 = 03(Ves=Vrn) (1.5)
if the channel-length modulation is neglected. Inserting Eq. (1.5) into Eq.
(1.4) yields

_ I0 2 _
l D2, linear — BlK G_Vout_vout -
1

2K[ /ullovout—alvgut] (1.6)

Inserting Eq. (1.6) into Eq. (1.3) yields

Solving for V,; yields

O o v
-1 +1‘/\/E+B 1,1/ DD_ (g

V.. = + = 127 -
out  4a,KR  2\a; " 4 fa, KR 2ya,0 2a,KR

¢) Determine for which value of K the transistor M2 switches from
operating in the saturation region to the linear region.

The K for which the transistor M2 enters the linear operation region from
the saturation region is when its drain-source voltage equals the gate-
source voltages minus the threshold voltage, i.e.,

In this case it is translated to

|
Vour = Ves— V7 = 0(_(1 (1.10)

since the transistors are operating in the saturation region (or both the
transistor equations are equal). Further, the output voltage is

Vout = VDD_RIDZ, saturation — VDD_RKIO' (1.11)

Combining Eq. (1.10) and Eq. (1.11) yields

|
E = Vpp—RKIj (1.12)
1

which is reformulated to

3 (10)
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_ VDD_ 1

- 1.1
RI, RI, (113)

lo
oy

d) Sketch the output voltage as a function of the K, i.e., V ,; = h(K), for
K>0.

As long as the transistor is operating in the saturation region the output
voltage will decrease linearly with increased K value. The output voltage for
very small transistor widths will be close to V. For very large values of
the transistor the output current will be close to ground. When the
transistor is operating in the linear operation region the current increase at
a lower rate than for the transistor operating in the saturation region.
Hence, the slope of the output voltage will decrease as the K value is
increased even further.

2. Small-signal analysis
The circuit shown in the figure is used in an analog circuit where each
transistor is biased in the saturation region. Further, the size of transistors
M2 and M3 are equal. Neglect the influence of all internal parasitics in the
transistors.

a) Derive the transfer function of the circuit, i.e., H(S) = V()7 V;,(9).
The small-signal model of the amplifier is shown in Figure 2.1

Em1Vin 8ds1
Vout
8ds2 — CL

Figure 2.1 The small-signal model of the common-source amplifier biased with a cur-
rent mirror. (no variations on the current mirror gives AC ground)

Using nodal analysis of the circuit yields

Vout(gdsl + gdsZ + SCL) + Vingml = 0. (2.1)

Hence, the transfer function is given by

4 (10)
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H(9 = wout = Om
Vin Jas1 T 9ge +SCL

Im1 1

Oust +Gus2q 4 S
9ds1 * Yas2
CL

(2.2)

The DC gain is given by

g +g Dl
dst 7 Yds2 T + _Ei -

(2.3)

while the first pole is located at

E'_lﬂ_l%oz
et Sl S Y 2.4
P1 C, C, 2LC, '

and the unity-gain frequency is

Wll
- Ip2
9m1D L

C, (2.5)

W, = |A0| P =

where the channel length of all transistors are assumed to be equal. The
output range is given by

ID2 ID2
OR = [Vds, saQ;VDD_Vds satL] = |: /G_;VDD_ /(X_ (2.6)
2 1

Derive expressions for the circuit’s output range, common-mode range, DC
gain, first pole, and the unity-gain frequency. From these results how will
these parameters be affected if...

b) ... W/L of the transistors are constant, but L (and W) is increased?
¢) ... the bias current, Ij;,, is increased?

Table 1: Performance metrics variations due to design parameter variations.

A0 pl wu OR
b) W, L increased increased decreasef - -
C) lpyias increased decreased increased increased decreg

sed
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3. Macro blocks
In an analog circuit the building block shown in Figure 3.1 is identified.
a) Derive the transfer function from the input to the output of the circuit,
H(s) = Vyul9)/Vin(9) -

The transfer function can be derived into several partial transfer functions
(see Figure 3.1).

—RW Rg
| R %
I : |
Rl Cl R3 | |
Vin —\VV\~ R;
—\/ VN
V., v -
— — y Vout
Figure 3.1 A Tow-Thomas biquad.
_ 1
Voul = _STC—:Z_IRTSVV(S) (3.1
_ R
Vy(S) = —E?)VX(S) (3.2)
R2 R2

VA9 = ~mrercy Y ~RiTreme ou® 39

Substituting Eq. (3.2) and Eq. (3.3) into Eq. (3.1) yields

1 R4D R, R, O
SCRsR;MRy (1 + SR2C1)Vin(S) " Re(1+ Schl)V"”‘(S)D

Voul® =

which is reformulated to

1 My R; O_ 1 Ry R,
Vout(s)% * SC,RsR;Rs(1+SR,C;)J0 ™~ sC,R.R;R; (1 + SR2C1)Vin(S)
1 &1 Rz
Voul® _ sC,RsR3R, (1 + SR,C)) _ R R,Rs _
V.(9) L1 R, R, R,(1+SR,C,)SCR;R:R; + R,R,
SC,R;R;R,(1 + SR,C,)
R2 R4R6

b) Consider only the second stage, consisting of the resistors R; and R,
and the OP, assume that the OP has a gain of A. Derive the transfer
function of this second stage with the non-ideal OP.

The negative input node, V,,, will track the output of the OP, Vy according
to Figure 3.1, according to

6 (10)
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— - Vy
Vy = AV,=V) OV, = 2 (3.4)

since V , is connected to analog ground. Using nodal analysis in the
negative input node yields

Vyi=Vy _ Va-V,

3.5
> 3 (3.5)
Some manipulations lead to
1
V, = \% (3.6)
bR 1 34 R
R, A R,U
which is simplified to
Vv R
y 2 L (3.7)

\—/—x ) Ry, 1 Rig
1+ 5+ R,

Hence, increasing R, while keeping R; constant yields larger errors
between the ideal and the non ideal amplifier.

4. Switched-capacitor circuit analysis
A switched capacitor circuit in clock phase 1 is shown in the figure. The
value of V, changes only at time t, t + 27, t + 41, and so on, i.e,,
Vi) = Vy(t+1).
a) Express the output voltage, V (2), for clock phase 1 of the switched
capacitor circuit shown in Figure 4.1. Assume that the OTA is ideal.

In the first clock cycle we have that

0y(t) = C(0-V, (), Gt) = CHO-V,(D), ds(t) = C(V,(0) =V, (1),
0u(t) = C4(0-V,(1)

In the clock cycle t + T

Aut +1) = CVy(t+71), got +1) = 0, ga(t + 1) = (1),

Qu(t+71) = C 0=V, (t+71)).

and in clock cycle t + 21

gyt +21) = Ci(0=V, (t+21)), gy(t +21) = C,(0-V, (t +21)),

Ot +21) = C5(Vo(t+21) =V, (1 +21)), q,(t + 21) = C,(0-V,(t +21)).
The charge conservation equations are

Oo(t) +0u(t) = ao(t + 1) + gyt + 1) (4.1)

Oy(t + 1) = gyt +21) (4.2)

Qu(t + 1) + 0t + 1) + gt + 1) =
gy (t + 21) + gyt + 21) + g5t + 27) (4.3)

The Eq. (4.2) yields

7 (10)
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0 = C,(0-V,(t +27)) (4.4)

which means that V (t + 21) = 0. Which means that V, = 0 for all times.
Furthermore, Eq. (4.1) yields

Co(0-V, (1)) + C,(0—V,(t)) = 0+Cu(0-V,(t+T1)) (4.5

which gives that V,(t + T) = V,(t). The Eq. (4.3) together with Eq. (4.2)
yields

CiV (t+1)+CaV,(t+1) =
Ci(0O=V (t+21)) + C5(V,(t + 21) =V (t + 21)) (4.6)

which is simplified to
C V (t+1) +CoV (1) = CaV,(t+21). (4.7)

Since V4(t +T) = V,(t) is given in the exercise this yields that when
performing a Z-transformation on Eq. (4.7) the results will be

C1Vi(2 +C3V,(9 = zGV,(9) (4.8)
rearranging the equation yields

V.(z C

A2 _ 1 1 (4.9)
Vi Cyz-1
which is a common non inverting accumulator.

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

The parasitics of interest is shown in

| Vout
L=,

Figure 4.1 The SC circuit with capacitive parasitics due to the capacitor and the
switches.

C)q does not alter the transfer function since it is always connected to the
ideal input source.

Cpp does not change the transfer function since it is shorted to ground in one
clock phase and connected to ground and the input source in the other clock
phase.

Cpc The voltage in node where this parasitics is connected is always virtual

8 (10)



TSEI30, Analog and discrete-time integrated circuits 20030429

ground. Hence, the transfer function will not be changed.

Cpq Connected between ground and ground which results in no change in
the transfer function

Cpes Cpr Connected between virtual ground and ground. No effect on the

transfer function.

C,¢ Floating node and ground or output node of OP to ground. No changes
in the transfer function.

Cpp, Connected to the output of the OP and ground not changing the transfer
function.

Hence, the circuit is insensitive to capacitive parasitics, when the transfer
function is of concern, but the settling time will be affected.

5. A mixture of questions
a) Explain the similarities and differences between an operational
amplifier and an operational transconductance amplifier.

Both operational amplifiers (OP) and operational transconductance
amplifiers (OTY) have high gain, high input impedance and they differ in
the output resistance, since an OP has low output resistance while an OTA
has high output impedance.

b) What is the difference between a mosfet-C and an active-RC integrator?

An active-RC integrator consists of an operational amplifier and a resistor
at the negative input and a capacitor between the output and the negative
input. A mosfet-C integrator is the resistor replaced by a mosfet transistor
instead.

¢) Compare a telescopic-cascode and a folded-cascode OTA with respect to
swing, DC gain, and maximum possible unity-gain frequency. Motivate
your answers carefully.

In a telescopic-cascode OTA we have 5 transistor on top of each other this
means lower swing compared to a folded-cascode OTA which only has 4
transistor stacked on top of each other. The DC gain is approximately the
same since these are two single stage OTA which has the gain of g,/ g,
where the output resistance is approximately equal (cascoded output
stages). The maximum unity-gain frequency is limited by the second pole
for a realistic phase margin. The second pole is determined by the amount
of capacitive load at the internal nodes. The parasitics load for the folded-
cascode amplifier is larger than for the telescopic cascode which means that
the telescopic-cascode OTA should have higher maximum unity-gain
frequency.

d) Derive the output range of the amplifier shown in the figure.

The maximum possible output voltage so that all transistors are operating
in the saturation region is given by

Vout, max — VDD _Vds sat7_vds saf2 =

o7 |7
=Vpp— |[—— |— (5.1)
DD\, 24,

while the minimum possible output voltage so that all transistors are
operating in the saturation region is

9 (10)
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Vout, min — max{ Vgs6 + Vds sat4;(vds sath + Vgs3_vgs4 + Vds sat4)} =

0|7 Ip7 O/lp7 . |lp7 0
= max] [z=— + Vg + ' + +Vqi3—V
t 20, 1° 4/20(4’D 205 A2a; 13 T‘%E

e) State three benefits of using active load instead of passive load in a
CMOS amplifier?

Smaller silicon area, larger possible swing, and high output impedance =>

high DC gain.

f) A three terminal switch, the figure (a), is realized with two NMOS
devices, the figure (b), in an SC circuit. The gates of the transistors are
connected to the clocks, @; and @,, respectively. The waveforms for two
different types of 2-phase clocks are shown in the figure (c) and (d),
where @, is solid and @, is dashed. Which of these two 2-phase clocks((c)
or (d)) should be used in order to guarantee a good operation of the SC
circuit. Motivate your answer carefully.

(d) is the correct operation since otherwise both of the switches will be on at
the same time which is not the desired operation. Hence, we like to have non
overlapping clocks in order to guarantee good operation.

10 (10)



