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TSTE 80, Analog and discrete-time integrated circuits 20020603

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
In an operational amplifier a buffer at the output is needed to increase the
output conductance of the amplifier and thereby be able to drive resistive
loads. The buffer is shown in the figure. In this exercise neglect the
influence of the channel length modulation.

a) Derive a large signal expression for the output voltage as a function of
the input voltage. Assume that all transistors are operating in the
saturation region.

We know that the large signal current equation in saturation for an NMOS
transistor when we have ignored without channel length modulation is
given by

_ “CoxW
From the KCL we know that the current through both transistors must be
equal. This gives the following equation.

p‘Coxwl
2 L, (v

HCo W,

_VOU'[_VT]_)2 = (Vbias_vT2)2 (1.2)

in

Taking the square root of both sides gives

pC, W /uC W
ZOX‘L_l(Vin_Vout_VTl) = ZOXL_Z(Vbias_VTZ) (1.3)
1 2

Solving for V ,; gives

W2 Wl
Vout = Vin_ 'E;/:(Vbias_VTZ)_VTl (1.4)

b) Express the first pole as a function of the bias voltage, V..
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To find a small signal expression for the first pole we need to draw the
equivalent small signal model for the amplifier. Here we do not either use
the channel length modulation and thereby the output conductance of the
transistor is zero, i.e., infinite output resistance. The small signal
equivalent is shown in Figure 1.1.

gml(VirL'Vout) T) R C'L VOZUf

Figure 1.1 The equivalent small signal model for the common drain amplifier.

The transfer function of the amplifier is found by using the nodal analysis
which yields

gml(vin _Vout) - SCl_Vout = 0. (1.5)

The transfer function is found to be

v 0 0
out _ Om1 - O 1 0 (1.6)
Vin Om tsC %l + 0
gml/CLD
The first pole is given by
Im1
p; = —= (1.7)
1 CL

When the channel length modulation is ignored the transconductance value
is given by

W
Om = [2HCox— (1.8)
Ll
The current through transistor M, is given by the current source transistor

M, . The current generated by M, is

HC, W
o = 2 L,

(Vblas VTZ) (1.9

Combining (1.8) and (1.9) give the expression for the first pole as a function
of the bias voltage according to
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Om1 1HC
pl = C_n:_ - /\/ZMCOXL 20XL (Vblas VT?_)
(1.10)

W1W2
= “Cox L_L_(Vbias_VTZ)
1 =2

Hence, the first pole is linearly controlled by the bias voltage of transistor
M,.

¢) What is the maximum value of the pole when both transistors are
operating in the saturation region?

The maximum value of the pole is according to (1.10) maximized when we
have as large bias voltage as possible. The problem is to find the maximum
possible bias voltage so that the transistor are operating in the saturation
region. For the saturation region of the transistor

For the output voltage the maximum value is limited by the input voltage
V.

n-

Vout, max — Vln min VTl (1.12)
The maximum bias voltage is
Vpias max= Vbs maxt V12 = Vout maxt VT2 (1.13)

Hence the maximum bias voltage is

Vbias max — in, min

and thereby the maximum value of the first pole is

W1W2
= UGy, (Vin, min_VTl) (1.15)

Py, 71
max — Ll L2
2. Small signal analysis
A new type of transistor has been developed. The approximate expression
for the transistor is as follows:

I =15/ Vac (2.1)
\</AC VB(:|:|

l, = gV H (2.2)

Iy = 1,+1, (2.3)

where |55 and K are process dependent constants and V; = k—T

a) Derive a small signal model equivalent to the one shown in th% figure for
the transistor.
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The small signal model is found by taking the derivative of the current into
the transistor with respect to the voltages V 5, and V. It can also be seen
as a first order multidimensional Taylor expansion around a specific
operation point.

ol ol
iac = 0 - Vac+a - Ve = glvac+gzvbc (2.4)
VAC VBC
o0l ol
Ipe = 2y +—2vb = O3Vact daVp (2.5)
c aVAC ac 6VBC c ac c

Solving the differentials gives the following values of the components

\%
oy _les vy, Veco_ 2
— = Vil 4 B < 2.
BN Voo A+ VA 26
\%
alz _Acl |2
— - | VT R — 2-
97 Ve ~ 8 K T Voo+K @
g, = - 2,21 _ 20l 1 (2.8)
YUo0Vae V3 ViVac VaclVr VacH
ol |
g, = —— = 2 (2.9)

Vge  (Vgct+K)Vpc

All of these variables is a current source between either node A or node B to
node C. A current source in that is voltage controlled with the voltage across
the current source is equal to a resistor.

b) Is it good to use this transistor as input transistor in an operational
amplifier what are going to be used in a switched capacitor circuit?
Motivate your answer carefully.

A switched capacitor circuit must not loose charge at the negative input of
the operational amplifier. Since this transistor have DC current into the
transistor, charge will be lost, and thereby the correct operation of the
circuit will not be achieved.

3. Operational amplifier / Operational transconductance amplifier
An operational amplifier is used in a feedback configuration shown in the
figure. The transfer function of the amplifier is given by

Ao
A(s) = (3.1
S
1+—=
P2

a) Find an expression for the feedback factor, 3. Sketch the magnitude and
phase responses of the loop gain as a function of the frequency. Assume

that R, = 10R, and that R,C = 0.5/p,
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The feedback factor is found be open the feedback loop to the right of the
capacitor in parallel with the resistor R,, then compute the transfer
function from that point to the input of the amplifier when the input signal
is zeroed. In this case we see that

1+2
5= R, _ R, _ R;(1+sR,C) _ R, Zg
R1+—l—|| R, R+ R, Ri(1+sRC)+R, R1+R21+§
1
sC 1+sR,C Pp
where 75 = 1/(R,C) and
R, +R 1
Pg = =om = (3.2)
R;R,C (R; [ R,)C
The zero is always lower in frequency than the pole. The magnitude and
phase response of the feedback factor and the OPamp gain are shown in
Figure 3.1.
0 T r 100
3] (]
S-10f 2
g € 50}
£729 £
000 2110 710 7*1000 213000 210 710 71000
60 T v 0
$40r 8
g g 50
QZO. o
z/?OOO z/ELO z*llo z*1000 _1299000 z/I10 z*l10 z*1000
frequency frequency
a) b)

Figure 3.1 The magnitude and phase response of the a) feedback factor, b) OPamp.

The magnitude and phase response of the loop gain is the sum of the phases
and the product of the magnitudes. The result is shown in

[e2]
o

N
(@)

magnitude
N
o

Z/?OOO z/10 z*10 z*1000

_1 " "
2%000 z/10 z*10 z*1000
frequency

Figure 3.2 The magnitude and phase response of the loop gain of the lossy integrator.
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b) Assume that the last stage, a common drain gain stage, in the
operational amplifier is the stage that limits the slew rate. How large
must the current through the last stage be to have a slew rate of

SR = 40V/ps.

The last stage must be able to drive the capacitor at the output. Here we can
use the Miller theorem to achieve the equivalent capacitor, Ceq, at the
output connected to ground. The gain of the circuit is negative.

Ceq = H- %EbL (3.3)

The slew rate is defined as

AV, 0 _ max Iy
SR = max; 0=

(3.4)
eq

This means that the maximum output current should be
I = SROG q

out, max —

¢) Inthe circuit shown in the figure the capacitor and the resistor forms the
time constant in the building block.Process and temperature variations
yields a large component spread, low matching of the time constant.
Assume instead that we can form the time constant by a capacitor ratio.

State three ways to improve the matching of the two capacitors where
C, = C; = 50pF.

Improved matching is achieved using unit sized capacitor connected in
parallel. A layout technique with results in a common centroid is preferable
to achieve tight matching. Another way is to place all unit sized capacitors
as close to each other as possible so that all transistors have nearly the same
surroundings. Some dummy capacitors can be placed at the edges of the
capacitor array to achieve the same surroundings. Furthermore,
Maximizing the area-to-perimeter helps to increase the matching.

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.
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—|+

-+

j +

—= = Cer
Figure 4.1 The SC circuit in both clock phases. Left @, , Right @, .

To compute the transfer function for the circuit charge redistribution
analysis is used.

For clock cycle 1, @, , at time ¢

dy(t) = Ci(Vin(t) —0); ay(t) = C,(0-0); as(t) = C3(Vyuft) —0)
For clock cycle 2, @,, at time t + T

Au(t +1) = C1(0—-Vj(t+71)); gt +T) = Cy(Vi,(t +1)-0);

Gglt + 1) = Co(Vou{t +1)—0)

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

Ay(t+21) = Cy(Viy(t+21) —0); gyt + 21) = C,(0—0);
g5t +21) = C5(V,(t+21)-0)
The charge conservation equations are

gy(t) —0,(t) —as(t) = g4t +1)—g,(t + 1) — st + 1) (4.1)

-t + 1) —0g3(t+ 1) = —gq(t +21) —g3(t + 21) (4.2)

Inserting the charges into both equations above gives the following
expressions

CiV, () =0-C3V (1) = —=C,V,,(t+ 1) =C,V, (t+ 1) —C3V ,(t+ 1)
C Vit +1)-CiV,,(t+1) = —C,V,;,(t +21) = C3V, ,(t + 21)

Eliminating the V (t + T) term in both the equations gives the following
equation

CVip(t) —=0=C5V (1) = «(2C; + C,)V;,(t + T)-C,V;,(t + 2T) = C3V (L + 21)
Some simplifications gives

CiVip() + (2C + Cy)V,(t +T) + C V(1 + 2T) = C3V (1) —C3V,,(t +21)
Perform Z transformation on the expression gives

(C;+2(C;+C,)ZY2+C 2)V,,(2 = —C3(z—1)V,,(2

The transfer function is then
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Vould _ Ci1+z 2(Cy+Cy) /2 s
Vin(Z) C32—1 C3 z—1 .

H(2)

Voul?d _ C_11 +71 B 2(C,+Cy) 12

HE) = ~out? _
Vin(@ C3p1_71 Cs; 1-7%

(4.4)

The transfer function is the sum of an inverting bilinear accumulator and
an delayed version of an inverting accumulator.

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

The circuit with parasitic capacitors are shown in

V.

in ©
Cp

ij

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 pot in the signal path and short circuited, not changing the transfer
function.

C, is connected between the virtual ground and ground and thereby not
changing the transfer function.

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

Cpe Charged in clock cycle 2 to g = Cpevin(t + 1) and discharge to the
virtual ground node and thereby adding charge. Hence, it is sensitive to
parasitics.

Cpf Connected between ground and virtual ground or ground and ground
so it will never be charged. Hence, not affecting the transfer function.

Cp The same as Cpe but charged in clock cycle 1 and discharged at clock
cyc?e 2. It will affect the transfer function.

C,n Always connected to the input voltage source that charges the
capacitor. It will not affect the transfer function

Cpi Charged by the input source and discharged to ground and thereby not
changing the transfer function.

The circuit is sensitive to parasitics no both sides of the capacitor C, .
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¢) What are the benefits and drawbacks of an SC circuit compared to a
continuos time circuit?

An SC circuit suffers from the fact that the sampling frequency must be
much larger than the maximum signal frequency, we will also need a
sample-and-hold circuit to produce the input signals. The benefits is the
matching between two capacitors instead of matching of a resistor and a
capacitor or a transconductor and a capacitor. Hence, no extra circuitry is
needed to achieve an accurate output from the circuit.

5. A mixture of questions
a) Linus has a 10-bit digital to analog converter och needs a SNR of more
than 65dB. Propose one way to achieve this SNR.

The SNR of a 10-bit digital to analog converter is defined by the formula

SNR = 6.0N +1.76dB = 60.2+ 1.76dB= 61.96dB (5.1)

which is smaller than the 65dB that he like to have in his application. If he
uses oversampling the SNR can be improved according to the following
formula

SNR= 6.02N + 1.76dB+ 100gOSR (5.2)

where the OSR is the over sampling ratio. In his case he needs to have an
OSR of

65— 61.96
OSR=10 10 =201 (5.3)

b) We have designed a folded cascode operational transconductance
amplifier but the Common-Mode Rejection Ratio is too low. This comes
from the fact that when the input common-mode voltage is increased the
current generated by current source transistor will increase. How can
we decrease this sensitivity to common-mode signals?

The CMRR can be increased by decreasing the sensitivity of the drain of the
transistor in the current source connected to either the ground or V
depending on the input transistors. This sensitivity can be decreased by
using a cascode current source.

¢) In mixed signal designs it is common that the noise from the digital
circuits is passed via the substrate to the analog circuits. Assume that
we have a common source amplifier with resistive load that are close to
a digital switching network. We assume that the switching noise can be
modelled as a white noise source with the spectral density of V% = Sy
Derive the equivalent input referred noise spectral density. The only
noise to be considered except the substrate noise is the thermal noise of
the transistor and the resistor.

For a noise analysis we must compute the transfer function from the noise
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sources to the output. This can be done by super position. Starting from the
input transistor the transfer function is given by

H, = om = m 1 (5.4)
1 1 Jgs+ Gy, S '
CL

The spectral density of the transistor thermal noise can be modelled as a
voltage source at the input with the spectral density of s; = (8KT)/(39,,).

For the resistor the thermal noise spectral density is given by
S, = (4KT)/R, where the transfer function is given by

H, = Vout _ 1 __ 1 1 (5.5)
In gds+G+SCL gds+G1+ 1
gds'*'G
CL

The substrate noise from the digital circuit, S; = S ,,,, have the following
transfer function to the output

Imbs Imbs 1
H, = = (5.6)
° gds+G+Sq_ gds+G]_+ 1
Ogs+ G
CL
The total output noise power is then
Shout = [HE|sy +[HEs; +|HE[s; (5.7)

The total input referred noise value can be related to the output noise value
according to

Shout = Sn, in|H1(jw)|? (5.8)

so the input referred noise can be computed by dividing the output referred
noise by the square of the DC gain of the circuit

2

32+

2

H, s,

H,

Hs

.. =g +
Sn,m 1 H1

_ 8kT i4kTG+ ﬂﬂ-‘ﬂzs
3 2 Oq,. O “sub
gm m gm

d) State two ways to decrease the input noise power in exercise c¢) and
thereby the SNR (if the input signal power is constant) by changing two
different relevant design parameters? What will happen to the DC gain
of the circuit in both cases? Assume that the resistance R is much
smaller than the output resistance of the transistor.
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The input referred noise power is decreased if the spectral density is
decreased. This is done by increasing the transconductance value of the
transistor. This is done by either increasing the current through the
transistor which will decrease the possible output swing, or by increasing
the size of the input transistor. Increasing the maximum current will
increase the DC gain since G » ¢,. Increased size of the transistor will also
increase the DC gain of the circuit.

6. Extra exercise
NOTE: This exercise is only for the students that have taken the
course before 2002 and not handed in three assignments during the
course.

The circuit shown in the figure is to be used in a analog signal processing
circuit.

a) Draw a small signal model of the amplifier, neglect the influence of the
parasitic capacitances introduced in the transistors.

The small signal model for the folded cascode amplifier is shown in Figure
6.1)
8ds1t8ds2 'V,

x
m3VxL
gmlvin 8ds3
1
l Vout
— v 8ds4 C
_g 4 J— L
m4Vy Vy T
8ds5

Figure 6.1 The small signal model for the folded cascode amplifier.

b) The transfer function of the amplifier can be computed to

Vout — gml(gms + gdsS)a
Vin  (94s49¢ss + 0SC ) (9yss + Ima) *+ (Jgs1 + 9ue0) (JgsaOdss + (g3 + 5C) )

where 0 = g4y + 4 + 9pg When the body effect is neglected.
Approximate the transfer function and find simple expressions for the DC
gain, first pole, and the unity-gain frequency.

The DC gain, first pole and the unity-gain frequency is found from the
transfer function. To arrive in a small expression we approximate the
transfer function. First we collect all terms containing O is the
denominator.
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Vout — gml(gm3 + gds3)a

Vin Jas49ds5(9ds3 T Ima + Jas1 + Jas2) + (Fus1 + Jas2) (Jgss T SCL) A + (ysz + Ima)ASC

Move the factors (0,3 + 94s3) O to the denominator this gives the following
transfer function

Vout _ gml
Vin Jas4945(9ds3 * Imz + Jas1 * Jasp) N 0 ((9gs1 * Yas2) (Y3 + SC) + (Jysg + Im3)SC)
(Om3 + 9gs3) (Omz + 9gs3) 0

Use the approximation that g, » g4s.

Vout _ gml

Vin Jys494s5(9ds3 + Ima) N (94s1 * Y4s2)9as3 * (Jysa t Ima)SC.
(I3 + Yg) O (93 * 9gs3)

Some further simplifications gives

Vout — gml
Vin 934945 N (dgs1 * Yas2) Y3 +sC,
gm4 gm3

The transfer function can be reformulated as

Vout - Im1 1
Vin  9ds19ds5 , (as1 * Yuso)Yussq 4 S
Oma Om3 Yas49dss (9ds1 * Yus2)Yds3
gm4 gm3
CL

The DC gain is thereby

Ag= Iy (6.1)
944945 N (94s1 + 940 Yds3

gm4 ng

The first pole is

9us49ds5 N (94s1 + 9ds2) Yds3

gm4 gm3
pL= (6.2)
CL
In a one pole system the unity-gain frequency is approximately given by the
expression
_ _9m
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¢) What will happen to the DC gain and the first pole if we ...
...increase the current through transistor M, .
...increase the size of the load capacitor.
...insert a gain boosting stage to transistor M; and M,

Assume that the increased sizes does not change the operation region of the
transistors.

To solve this we have to formulate the small signal parameters as functions
of the design variables.

Wi
O = /2uCOXV—IYIDD /TD (6.4)

Ogs = Mp O =2 (6.5)

In this exercise we are not interested of the influence of the channel length
so g, U /Wy and g4s U | 5. Inserting this expressions into Eq. (6.1) and
Eq. (6.2) gives

A = Im1 0 JWilpg _ Wilpg
0~ I lng+1no)lpa 132 1/2
Jout lpalps  (Up1tlplps 182 (21, +1ps)l4E

+ +
NWalpy NWslps «/W4 «/WS

3/2 1/2
Ipalps | (Ip1+1p2)lps 18  (2lpy *+1ps)lpe

+ +
_ goutD NWalpa N W3l _ M A/WS

P1 CL CL CL

In the last equality we have used the fact that | 53 = I, = |p5 and that
Ip2 = Ip1+lps-

An increased current through transistor M, gives an increased current
through transistor M; but Mg will have nearly the same current. Hence,
only |5, will increase. The output conductance, g, will increase so the
first pole will increase in frequency. If we instead look at the DC gain we
have two cases. First, if the | 5 factors in the denominator are dominating
then will the DC gain increase as the current increases. Second, when the
| p; term is dominating then will the DC gain be decreased as |,
increases.

Increasing the load capacitor will not change the DC gain but the first pole
will decrease in magnitude.

Adding a gain boosting stage to the amplifier will increase the gain by a
factor of the gain in the gain boosting stage. On the other hand the first pole
will also move towards lower frequencies by a factor of about the gain in the
gain boosting stage.

14 (14)



