ECE-343 Test 2: Mar 24, 2010
6:00-8:00pm, Closed Book
Name : SOLUTION

1. (25 pts) Assume that the operational amplifiers in the circuit below are ideal. Define the differential input signal
as vVqg = v1 — V2.

(a) Draw the differential and common mode half-circuits, and use them to evaluate the differential and common-
mode transfer functions for a single-ended output. (No other analysis technique allowed or graded.)
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(b) For the single-ended output v 4, evaluate the low-frequency common-mode rejection ratio.
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Solution:

(a) The Differential and Common mode half-circuits are found by replacing the 10C' capacitor and the “joining”
resistor by their equivalent series components as shown above. For the differential half-circuit, the node
joining these series components is known to be at zero volts, so the circuit shown above-right can be examined.
For the common-mode half-circuit, no current flows in these components, so the circuit shown below-right is
appropriate.

The differential half circuit consists of a lowpass RC filter followed by a non-inverting amplifier. The differ-
ential transfer function is then

va ( 1 > <1+ 50R> 101 so, Hals) = va(s) 50.5

va/2  \1+2IRCs R/2) ~ 1+21RCs va(s) 1+ 2IRCs
The common mode half circuit is a lowpass filter (with different pole) followed by a unity gain voltage buffer,
giving
1
o (5) = va(s)

Vem () ~ 1+ RCs
(b) CMRR = 50.5/1 = 50.5.



2. (45 pts) The two-stage CMOS amplifier shown below is fabricated in a 0.18 — um technology having k!, =
4k:; = 400 pA/ V2, Vin = —Vip = 0.4 V. Neglect the body effect, assume that all nmos transistors have an
Early voltage of V4,, = 6 V, and pmos transistors have an Early voltage of V4, = 5 V. Define the differential
input voltage as v;q = v — vs.

+1V
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(a) Complete the design of the amplifier so that each of M;, My, Ms, and M, have drain currents of 200 uA,
and M5 has a drain current of 1 mA. Design so that all transistors operate at an overdrive voltage of 0.2 V.
Specify the W/ L ratios for all transistors in the following table. (Please neglect channel-length modulation
for this part of the problem.)

Transistor: | My | My | M3 | My | Ms | Mg | My | Mg
W/L: 25 [ 25 | 100 | 100 | 500 | 125 | 50 |25

Solution: Start with Mg, setting the drain current to 200 A for a 0.2 V overdrive:

400 pA/V? (W ) W 1
200 uA = —L— [ —) (0.2 — (=) = — 25
8 2 ( L )s (02) L]

The other nmos transistors can be scaled from this result. M; and M, carry the same current as Myg; My carries
twice the current; and Mg carries five times the current (all at the same overdrive voltage).

(B-or e (o)

M3 and My each carry 200 pA. Using k; = 100 pA/V gives

100 uA/V? (W 144 4
200 A = L0 HA/V () 02?2 — () - ~ 100
3,4 3,4

2 L L (0.2)2
M3 has the same overdrive voltage as M3 and My, and carries five times the current: (%)5 =5 (%)3 , = 500.
(The DC bias voltages, assuming Viog = 0.6 V for all transistors are labeled in the avove diagram.)

(b) Find the DC output voltage

Solution: Set the drain currents of M5 and Mg equal, taking into account the Early voltages:
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(c) Find the input common mode range.

Solution: For M7 to remain saturated, we need v, > —1V 4+ V,,7 = —0.8 V. For v; = vy = v.y,, we have
Vg = Vem — Vgs1 = Vem — (Vi + Vou1) = Vem — 0.6 V. S0 vep, > 0.2 V is required.

Also, Vp1 = Vpa = 1-V,43 =1-0.6 V = 0.4 V. M; will become ohmicif vg; > Vg1 +V; = 0.44-0.4 = 0.8 V.
This gives the upper limit on v, .

]—0.2\/ < Ve < 0.8V

(d) Find the allowable range of the output voltage.

Solution:

A Vs < Vgt <1 —V,ps — ]—0.8\7 < Vgyt < o.sv\

(e) Evaluate the differential gain of the amplifier vyt /vig-

Solution: Multiply the differential gain of the first stage (differential amplifier) by the gain of the second stage
(common source amplifier):
Ad = [gm1(ro2 || Toa)] [=gms5(Tos || T06)]

2Ip1  2(200 pA) 6V 5V
ml = = =2mA/V 02 = =30k 04 = =25k
Jmi =3 02V mA/ 027 900 A "ot 900 A
~2(1mA) 6V 5V
g’m,5*W*10mA/V TOG—m—GkQ T'Os—m—5kg
Both stages have a gain of 27.27:
| Aq = (27.27)(—27.27) = —743.8 | (57.4 dB)

Solution: More accurate: Use Vy, in the calculation of r, values. From the bias voltages of parts 2a and 2b,
2(200 pA) 6V+1V 5V4+06V
ml = ————— = 2mA/V =— =35k = ———— =28k
Imi= G2y mA/N T2 = 50 A "ot = 700 pA
2(1 mA) 6V+1.09V 5V+4+091V
s = —————2 =10 mA/V 6= ———— " =T709KQ rps=——" " =591k
Ims = 702V mA/V Tos 1 mA " 1 mA
| Ag = (31.11)(—32.23) = —1002.8 (60.0 dB)

(f) Evaluate the output impedance of the amplifier.

Solution:
Rout =705 || 706 = 2.722 k2 (or, more accurately, 3.22 k)

(g) Evaluate the common-mode gain of the amplifier.

Solution: The common mode gain of the difference amplifier (1st stage) is

p 1:—1/gm3_ ~1/(2mA/V) -500Q -1

2ryr  2(6V)/(400 pA) — 2(15kQ) 60

This is multiplied by the gain of the second stage to get the overall common mode gain:

-1
Aem = (60> (—27.27) = 0.4545 (—6.85 dB)



3. (30 pts) A current-mixing, current-sampling feedback technique is used in the design of a current amplifier as
shown below.

Feedback Amplifier
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(a) Draw a two-port model which is appropriate for describing the “feedback amplifier” part of the circuit.
The model should include the forward gain Ay (in A/A) of the closed loop system. It should also show
the appropriate parameters I2;¢, I, , and the reverse gain By.

ey
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Solution: The “h-parameters” provide a 2-port model with the appropriate current-controlled current source in the
output port. The model is shown here with the parameters given in terms of the closed-loop circuit values:

(b) DERIVE the expression for By in terms of R;4, R4, A, and .

Solution: From the above 2-port (h-parameter) model, we know we can determine By by evaluating v; /v, when
port-1 is open (i;, = 0). The original closed-loop amplifier is redrawn below, with port-1 held open, and port-2
driven by a current source to set the value of i,:

i =0 i Feedback Amplifier i
L -

* @ﬁio %Rm <>Aim %Rm " @ i”
9 Y,

With ¢, set, the port-1 voltages and currents fall out:

ij4 = —Bi, vy = Ripiia = =Rl
Since 7; 4 is determined, vo can be found
Vo = (io - AiiA)RoA = (io + Aﬁio)RoA = (1 + Aﬁ)RoAio

The end result is

U1 —BR;a

By = _PhA
7 0, _y (1+AB)Roa




(c) Evaluate R;¢, Ro¢, Ay, and By using the numerical values below. (No derivations needed, or graded.) Be
sure to include units.

A =250 A/A B=01A/A Ria = 6 kQ Roa = 50k

Solution: We have 1 + A3 = 26, so

250 6k
Ap=""=961A/A if = 50— =230.80Q
=g = 9614/ Rip = = = 2308

—0.1(6 k) .

Bf= ————2 = 461 x107*V/V of = 26(50 kQ) = 1.3 M€
) 61x1074V/ Rop = 26(50kQ) = 1.3

(d) Find the system gain i, /i; when Ry, = 0 and Ry = 10 kQ) (Use the values given in 3c).
Solution: The equivalent 2-port representation found in 3c is shown below.

lin ‘ 10

=0
9.61 i

‘ 230.8 Q %,

L 10 kQ

For Ry, = 0, the By source is not active, and current division gives the input current %;,,. The gain is

i 10 kQ 10 kQ
5, - ool <10 k€ + 230 Q) =901 <1o.230 kQ) = 939 A/A.

s

(e) Use the parameters given in 3c, except assume that A — oo. Find the gain A of the feedback amplifier.

Solution:

A A—oo
=

_ L
1+ ApB B

=10A/A

(f) What are the restrictions on the amplifier gain A so that Ay remains within 5% of the value you predicted
in part 3e?

Solution:

A
1+A(O.1)*095(10) 9.5 A > 190



