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Instructions A maximum of 25 points can be obtained, 10 points are required to pass,

15 for a grade four, and 20 for a grade five. (Hint! Be strategic when you
pick exercises to solve. You have five exercises in four hours and you
could therefore spend some 45 minutes on each exercise. That leaves
you 15 minutes to relax...)

Note that a good motivation to your answer must be included in your
solutions in order to obtain maximum number of points! With “motivation”
mathematical derivations are understood (and not only text).

Also note that the questions in this exam are divided into logical sections.
You may use Swedish, English or German in your answers.

Notice that some questions are “hidden” in the text and therefore: read
the instructions carefully!

x Notice also that eventhough you do not fully know the
answer, please add some elaborations on your reasoning
around the question. Any (good...) conclusions might add
up points in the end.
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MISC 1: CMOS, PERFORMANCE, ETC. (5P)

In saturation region the current is given by

_ 3 2,2 _ HCoe W
ID—(x-Veff-(1+2\ -Vds) , Where cx—Z—VO-T . (1.1)
This transistor is saturated for V<V, and onfor V 4+>0.
Assume the linear region behaves as “usual’.
The transconductance can be derived as
d ID 2 2 2 3 ID
= =3V - 1+A%V |= 1.2
or
- dl, =3V (142272 )~3 13, 5 2B.p2 3 53 123
gm_dV /f_ X eff ds) ¥ IKX X eff X D (13)
g N[2D/3
The output impedance or the output conductance is given by
dil, 3,2 2 1
= =2V A"V, ~2X°V = r =
8as dv, [ o ds ds* 0~ Tay 2A2VdsID (1.4)
The DC gain of the transistor is
3i
S _ _ Ve _ 15 (1.5)

-r — —
-9 En'Tas 2NV I, NV oV

Previously we have seen a term like 1/A qu. Now notice that the gain is also dependent on the
output operating point too.

Sketch the DC transfer curve. The output voltage is
Vou=Vpp—= R, Ip=V pp— R x(V;,— VT)3'< 1 +A2V§ut)

Vou=Vpp— R, (V;,— VT)3
We have three regions.

1) Cut-off, when V;,< V' which means no current, which means V...~V pp . Draw a vertical line

to mark the region.
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2) Linear region when V;,— Vi<V, .Drawa diagonal line to mark the region.

3) Saturation region, V<V, <V,. TV ;. Sketch the curve between. Just draw something with a
cubic relationship between input and output.
What is the DC gain?

Assume that R, is much smaller than 7, and the gain must be

3RLID=3 VDD_VOUT
Veff VIN_VT

Ay=g,R,=
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GAIN STAGES (5 P)

Keyword here is that all transistors but M3 need to be in saturation region. Notice in the
exercise also that ¢ is set to high.

First of all conclude that this is a common-drain amplifier (with a PMOS input), ie., gain
should be around one or so, and it should have a wide bandwidth. We should expect that
the output voltage tracks the input voltage by some:

Vou=Vi, T VTp+Avp
R ——

(2.1)

To find the swings vs regions start from the VDD. The maximum output voltage must be

Vour,max=V pp—=Av,—Av —Av =V, (2.2)
The minimum output voltage can be

Vou mn=AV,, (2.3)
We can deduce the range for the input voltage from these values:

Vi min=VYout. min " VTp—A vp=A v,— VTP—A V,=— VTp (2.4)
and

Voo Ve VTp_A V,=
=Vpp=24v,=Av, =V, =Vy,—Av,= (2:5)

=V,,—3A vp—Avn—VTn—VTp

which kind of indicates quite some limitation upwards.

The bandwidth is found by studying the small-signal schematics. Notice that the current source is
a cascoded current source, ie., high output impedance. The NMOS M2 will only add some
resistance in series with the current source with very high output impedance. Ignore it in the
small-signal schematics.

Set up the nodal equations for whatever is remaining:
_gmp<vx_Vin)+(0_vx)gdsp+<vaut_vx) C'.;on=0:>
(gmp+gdsp+Gon) vx=voutGon+gmpvin (26)
(0_ vout)SCL+(vx_vout)Gon=0 = Vx= vout(s CL/Gon+ 1 )
Combine

(8t 8upt G, (1+s C,/1G,)v =V, Gyt 8o Vi (2.7)

out
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gives
vout SCL+(gmp+gdsp)(1 +SCL/Gon) =gmpvin (28)
gives
gmp
Vou m, m + s,
You gpc-(g e Emp 1g‘”’ 1 (2.9)
in /G mp dsp
+ @t Gupt 1+5C,- +
SCL gmp gdSP ° Gon t gmp+gdsp Gon)
or
gmp
M= gn1p+gdsp
Vi 14 s (2.10)
(gmp + gdsp> Gon
(gmp+gdsp+G0n)CL

We can do our standard approximations, since quite often Eup <& :

Emp
VoutN gmp — 1
v, s S (2.11)
14 1+
(gmp)Gon gmpGon
(gmp+G0n)CL (gmp+G0n)CL

Then we can use the assumption from the exercise, saying that G,> 8mp Which gives us

Your 1 _ 1

V; S S
gm Gon gmp/CL ( )
GonCL

We identify the DC gain, 4o=1 and the dominant pole, i.e., the bandwidth as 21=g,,/C .

The DC gain is constant and its graph as function of {, becomes quite dull... The 8. depends
on the current as for example

g2Vl (2.13)

So sketch something that decreases with the square root of the current.
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3. NOISE (5 P)

This is a current mirror and there are several ways to solve the problem. First of all. Identify
the symmetry: the noise from M2 will be as visible on the output as will the noise from M1.
They both describe a common-source. What about M3? Well, it is a current mirror as said,
and the input current must be mirrored to the output. The ratio is unity in this example.

So the noise in the left-most branch, on the M3 can be either modelled as a current source
or a voltage source. Doesn't matter. We can quickly calculate the noise due to M3 on the
source-gate voltage of M2 and M3:

v =y Ems ~v (3.1)

e gm3T 8 as3
This means that the noise from M3 will be approximately equal to the noise from M2.

The transfer function from gate of M1 to output is

A (S)= g’”” = gmn/<gdsn+gdsp) — A()n
O Swt 8w tsCuyy S I+s/p) (32)
(gdSP—i_gdvn)/CL

and due to symmetry we must have from M2 (and thus from M3 too in this example) to

output:
/ +o. A
AZ(S)NA3 (S)= Emp — Emp (gdsn gd.sp) — 0p
Sunt upT5C 1+ s 1+s/p, (3.3)
(gdsp+ gdsn)/CL

Use the superformula to derive the noise spectral density at output:

So(f)=Ss<f)“A3(S)2|+Sz(f)"Az(S)2|+S1<f)"141<s)2| (3.4)

and we have

2| 2‘A§n_ Z.Aén_ z.g_,zm
|4, (s V=], ()} =52 =45 (s)]- =5 =|4,(5)°]-=3 (3.5)
AOp AOp gmp

Combining the expressions gives us the output noise spectral density.
g2
So(£)=((S(f)+8,(£)]-222+8,(f) |4, (s)] (36)

Before we move on, we can here put an expression on the input noise spectral density:
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|=(S3(f>+sz<f>)-g—;""+sl<f> (3.7)

mn

Insert the expressions on noise (given in the exercise) in these two expressions and you
have the answers.

2 2 2
2 8w 1 | 8m!8u _28mt 8. 4kT
So(f)=4kTy |2t — | SmSou_ZSmw Om. Z2°Y (3.8)
ng & mn g’”” 1+0() /pl 8out 1+(U /pl
M3 and M2 are identical. The input-referred spectral density becomes
2
2 +
gmp gmn gm” mn
The total noise power on the output can be found as the spectral density DC gain value
times the brickwall filter bandwidth as given in the exercise. This means that
2 m, + mn 4kT : ou 2 m, + mn kT
P,=8,(0)- Lt =8 Em 22 Y Bou_ “8m Bm 2L, (3.10)
4 gout 4 CL gout CL
The signal power is given in the exercise and the amplitude we can set to V_a =V_DD/2,
which means we have the SNR as
svp=fecl Voo VoY Crgw
Pn 8 2gmp+gmn kT 8kT 2gmp+gml1 (311)
gout CL
Insert some intelligent expressions for £,,,, &u,,and &, :
Vo A, +A,)1 Vipy-(A,+A 1,
SNR=_-DD Y_CL_ (_p n)_D — DDY( » n)'CL' iD _ (3.12)
8 kT (4ye,+2+e, )T, 16 kT 2\o, 4w,

The SNR now depends on some different terms. The first part, we can assume to be
untouchable. Then we have the C; , the sizes, «~W , and the current, I, . So:

1) Maximize current
2) Maximize capacitance
3) Minimize transistor sizes

There are of-course some side effects due to this that gives us preference among these
three, but that is not part of the exercise.
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(5P)

You can create a low gain stage in several different ways. The exercise requires common-
source, and we have several options. If we start with NMOS input transistor, it would be:

1) NMOS input with PMOS diode load
2) NMOS input with NMOS diode load

3) NMOS input with resistive load

4) NMOS input with floating NMOS load (essentially equal to case 2, but with ¥,

something else than V)

Let's look at small-signal schematics first. The DC gain of the alternatives:
1) Ae=8pi! &pr and P1=g,,,/C,

2) A40=8ni! &> and p,=g,,,/C,

3) 4y=&,u R, and p;=1/(R,C))

4) Ay=8pui! Eyn> and P1=8,no!C,

For the DC operating point:

1)

Vi o,
Vo =V pp— VTp_A V,=Vp=Vi5,— o(_l;= Vip=Vp— Vi~ Vrn)\/o(_N

P

Vo=V o= Vpp=2V,=Vg)

ou

since we know that 4y=g,..;/ p>= \/an/(xp= \/un/up-\/Wn/Wp=2

2)

1
Vo=V o=V 5,=AV, =V pp— VTn_\ O(—]\’i2= oV i\ = ), e

Ky

Vout = VDD_ VTn

—2(v,

n

- VTn)= VoptVep=2V,,

since we know that Ay =g,/ S = V& &, .=\ W W ,,=2

3)

Vin_VTn
VourZVp= R Ip=V pp=R g ——F—=Vpp=V,,+V

out 2 in Tn
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4)

0(2'( Vbias2 - Vaut - VTn)2=‘Xl ( Vin - VTn)Z

VbiaxZ_ Vout_ VTn= \ 0(1/0(2'( Vin_ VTn)=2 (Vin_ VTn) (44)
Vout = VhiasZ + VTn _2 Vin

since we know that A, =g,/ =N, 1, =\ W, I W ,,=2

For 1), 2), 3) we do not need any bias. For 4) we need a current mirror.
Output swing

1)From AV, to V=V ,—AV

2)From AV, to V=V, =AYV,

3)From AV, to V),

4)From AV, to Viy=Vy =4V,

Input swing (all stages are inverting - common-source -, use V,,,=AV, and solve for max
case).

1) Vi to Vi +(V pp= Vi, = AV )2

2) Vi to (Vpp+ V5, —AV,)I2

3) Vi to (Vpp=V ,—AV )2

4 Viyto (Vi Vi —=AV )2
Difference between OTA and low-gain stage

1) Driving strength. Output drive current is decoupled from the input DC level. We can size
regardless of input signal.

2) Common-mode rejection
3) Output range higher for operational amplifier. In our case the choice of
4) Area. OP amp is larger

5) Complexity and feedback is avoided
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5. MISC 2: DATA CONVERTERS, TRANSMISSION LINES,
IMPEDANCE MATCHING, ETC. (5P)

5.1 Transmission Lines and Impedance Matching (2 p)

You want maximum power transfer (of signal power) from sender to receiver and you do
not want any reflections or losses along the wire.

The drawbacks are area (more components) and power consumption (losses in termination
due to DC currents).

5.2 Data Converters and Performance (3 p)

The speed of the first amplifier is given by

_1_ C, _CL C, _ C, _VDDCL
T,=—

pl—gout—gds_A[D_)\PA/VDD_ AP,

(5.1)
Sanity check: Higher C, means longer delay. OK. Higher power means shorter delay, OK.
Higher V 5, means longer delay (?), probably OK, we have higher swing to deal with.

The delay through the second amplifier is approximately

VDDCL — A72, VDD CL

T,=N-1,=N-—F—17—F-= 5.2
5 0 A(PgIN) APy (52)
where T, is the delay of a single cell. Each stage consumes one N th of the total Py
power. The ratio between the time constants is
VDD CL
T AP 1 P
T 2 VDDCL N A
AP,
When is the right-most amplifier N times faster than the left one?
Compare the two time delays:
T T P
rmts oy Lo N p =p N (5.4)

N TB NZPA

So ... speed costs.
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