SOLUTIONS. Exam May 29, 2006
TSTES80 Analog and Discrete-time Integrated Circuits.

Excercise 1.

a) Transistor M2 works in saturation.

Enclosed page of formulas gives:

'fLCOI W
Ho 5 (L> (Vas2 = Vin)?) (1 + A\Vps2)
2

Ips =

Neglecting channal-length modulation (i.e. A = 0) gives:
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Also transistor M1 works in saturation. Neglecting channal-length modulation gives:

TLCO.”Z? W
Ipy =1y = “”T (L> (Vast — Vin)?
1

As Vg1 = Vgse equation (2) and equation (3) gives:

Ips ('), (‘£),
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Figure 1 gives:
Vout = Vpp — RIps = Vouwr = Vpp — RK
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Figure 1: A commonly used analog circuit.
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b) Transistor M1 is still in saturation and channel-length modulation still neglects,
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_ ponCon w
Where o = #onzes (1)

Transistor M2 works in the linear region. Enclosed page of formula gives:

Coz (W
Ipy = Hoox (

=5 I ) (2(Vas2 — Vin) — Vbs2)Vbs2
2

As Vpsa = Vour, Vasa = Vasi and (1), = K (1), (7) can be written as:

IDQ = K041(2(VG,5‘1 - an) - Vout)vout

[ 1
Ips = Kal(2 aio - Vout)vout
1

Inserting (9) in the equation

Inserting (6) in (8) gives:

Vout = Vpp — RIpo

gives:

1
Vout = VDD - RKa1(2 0 Vout)Vout
aq
Rewriting (10) gives:

RKa V2, — (14+2RK\/a115)V,u: +Vpp =0

Solving for V,,,; gives the answer:
1 1 1 I ? \%
Vou = 5 5 =2 + 2 - DD
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¢) At the limit of saturation region

Vps = Vas — Vin

In this case
Vbs2 = Vout } (12) Iy

Vasz = Vin = |/ 2 = Vour =4/ —

ar a1

But, as before in a) and b):
Vout = Vpp — RK 1

I
/- =Vpp — RKI,
a1

Combining (14) and (15) yields
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which is reformulated to

Io
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which is the answer.

Exercise 2.

(16)

a) Figure 2 a) gives the complete small signal equivalent circuit (SSEC) and in figure 2

b) this SSEC has been redrawn noticing that:

L4 gslz‘/i
° 953:0

e g4s3 1s parallel to ggqs1
Introducing the voltage V. in node D1, S2 yields:

L4 gsZZVQZ_‘/s2:0_Vz:_Vz
L4 %52:%2*‘/52:0*‘/ :*Vr

KCL in the output node and in ground node gives:

_(Vvout - O)SCL + (ng + gbs2)VzL’ - gdsZ(Vout - V:z:)
(Vout - O)SCL + grnl‘/;n + (gdsl + gdsS)(Vm - 0)

SCL Vout + 9ds2 Vout

1=V, =
gm2 + 9ds2 + 9bs2
—5CLVout — Gm1 Vi
(18) - V$ _ SUL Vout Im1Vin
Gds1 + Gds3
Le.
SCLVout + gds2Vout _ _SCLV;Jut - gml‘/zn
Im2 + gbs2 + Gds2 9ds1 + 9ds3
(21) gives:
Vout o —9gm1
V., (sCrL+9gds2)(gds1+9gds3)
! SCL + gm2+gvs2+9gds2

Rewriting (22) gives the answer:

H(s) = Voutr _ —Im1(gm2 + Gvs2 + gas2)

Vi Gas2(gas1 + gass) + SCL(gast + Gass + Gm2 + Gos2 + Gds2)

(17
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b) Neglecting the bulk effect, i.e. putting g,s2 = 0, and assuming g,, >> g4, gives following

approximation of H(s):

H(s) = —9Im19m2 _ —Gm1Gm2 -
gdsQ(gdsl + gdSS) + SCLng gd82(gd51 4 gds?,) 1+
(23) gives:
e DC-gain Aj = ——dmidm2 _

9ds2(gds1+9ds3)

9ds2(gds1+gds3)

(23)
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Figure 2: Small signal equivalent circuit

: _ 9ds2(gds1+9gdss)
e First (and only) pole p; = o glmQ
°
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Hw) = .
Yds2 (gd81 + gdSS) 1+ 9gds2(9gds1+9ds3)

Unity-gain frequency w, is the frequency when |H(w)| =1

=1= w, = |p1]\/A2 — 1 =~ |p1||Ao|

o 9dm1

In this case:
e

gdm19m?2

9ds2 (gdsl + gdSS) )
9as2(gas1 + 9ds3)
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An . _ —9m1gm2 _ gds2(9gds1+9ds3) _ gm1
swer: Ay 9ds2(gds1+9gds3)’ p1= CLgm2 » Wy Cr

c) As Gmi ~ /%ID’U Jdsi ~ %IDia and Ipo = Iy, Ip1 = Iy + Ip3 where Ips is the
current for M3. Also Ipz ~ 12/—: set Ips = kVLV—:

W W
_ —9Im19m2 N \/ﬁ(IO + I3)\/T2ZIO (25)
= 9as2(gds1 + gas3) L%IO (L%(Io +I3) + ilg)
WiLiWoLoy /14 % WiLiWsLay/1 + i?;‘;

_ (10+13+§—313) - (]0_’_kW3_’_L;kZI;3) (26)
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Equation (26) yields that:

e |A| decrease when I increase.
e |Aj| increase when L; increase.
e |Ay| decrease when W3 increase.

Exercise 3.

a) a) This exercise is solved using the charge redistribution analysis. The voltage at
the node between C and C5 is here denoted V,.(¢). First, the reference direction of
the charge is chosen. Next, the charge of the capacitors are computed for time ¢,
t+7,and t + 27
For time ¢:

(27

For time ¢ + 7:

)
-y (28)
)

For time ¢ + 27:
Va(t+27))Ch

—(0—
—(0— V(t+27))02
= (Vout(t + 27) — Va(t +27))Cs 29)
—(

Vou (t+27’) — 0)04

Equations for the charge conservation:

@2(t) — qa(t) = q2(t +7) — qu(t +7) (30)

q@(t+7) = g2t + 27) (31)

—1(t+7)—@t+7)—g(t+7) = —q1(t + 27) — q2(t + 27) — g3(t + 27) (32)



a)

Vrout
—o

- b)

Figure 3: a) SC-circuit in clock phase 1. b) SC-circuit in clock phase 2.

As ¢2(t) = 0 and ¢2(t + 7) = ot + 27) (26) also ¢2(t + 27) = 0 and V,.(t + 27) = 0,
which means that V,(¢) = 0 for all ¢.
Furthermore equation (30) gives:

(0—Va(t)C2 — (Vour(t) = 0)Ca = 0 — (Voue(t +7) — 0)Cy (33)
As V,(t) = 0 equation (33) gives that:
Vout (t + T) = Vout (t) (34—)

As 5 is zero for all ¢ and ¢3(¢t + 7) = ¢3(¢) equation (32) yields:

(Vin(t+7)=0)C1 4+ (Vour (1) = V. (¢))C5 = (0= Vo (t+27))C1 4+ (Vour (t4+27) = V. (t4+27) ) Cs

Using V,, = 0 for all ¢ equation (35) can be simplified to: )
Vin(t + 7)C1 4 Vour (t)C3 = Voue (t + 27)C3 (36)
Since V;,,(t + 7) = Vi, (t) (given in the exercise) equation (36) yields:
Vin(£)C1 + Vour (1) Cs = Vi (t + 27)C 37
Setting 27 = T gives the differens equation:
C1Vin(t) + C3Vour(t) = C3Vour(t + 1) (38)
Finally, z-transforming (38):
C1Vin(2) + C3Vour(2) = C32Vour(2) (39)

Which gives the answer:

Ch 1

Vout(z) - 073 1

b) Switches, capacitors, and the operational amplifier introduce parasitic capacitors
into the circuit as is shown in Figure 4.

* Cpq 1s connected between the ideal input voltage source and ground where
the input source can source/sink as much charge as is required. Hence, this
parasitics do not change the transfer function.
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Figure 4: SC-circuit with parasitics in clock phase 1.

* Clpyp 1s in one clock phase shorted to ground and the next connected to the ideal
voltage source. Thus, the charge on the capacitor does not discharge into a
sensitive node and this parasitic will not be part of the transfer function.

% Cp. is in one clock phase connected to virtual ground (V,, = 0) and the next
connected to ground. Hence the transfer function will not be affected.

* Cpq 1s always connected to virtual ground and will not be part of the transfer
function.

% Cp, is in one clock phase connected to the ideal output and the next connected
to a floating node. Hence the transfer function will not be affected.

* ()¢ is either shorted to ground or connected to virtual ground so the transfer
function is not changed.

* Cpgy is always connected to the ideal output of the operational amplifier and
ground and thereby will not be a part of the transfer function.

Hence, the circuit is not sensitive to capacitive parasitics when the transfer func-
tion is of concern.

Exercise 4.

a) Figure 5 a) shows signal scheme and figure 5 b) small signal equivalent circuit
(SSEC).
The signal scheme obtains by: 1) replacing voltage sources Vpp and Vj,s with
short circuits, 2) replacing current source with open circuit,3) putting input signals
to zero and intoduce voltage V,, at ground node.
Following relationships: gasi = gas3, 9ds2 = Jdsa> Gm1 = Gm3, 9dsol = Jds03> Gmo1 =
gmo2, has been used in the SSEC.
Nodal analysis with respect to nodes y, x and out in SSEC gives: (Note that V,
V,ut because of symmetri in the circuit.)

Vi Gmo2(Vy — Vo) + gaso2(Vy = Vi) =0=V, =V, (40)
X: 2(=gm3Ve + gas3s(Vour — Vz)) = gaso2(Ve — Vi) (41)
out: —GdsaVout = Gas3(Vout — Vi) — gm3Va (42)
Equations (40)-(42) gives:
A ~ Vouwr (gm3 + gas3)gasoz
GND =

Vi 9as02(9ass + gas1) + 29asa(Gm3 + gdss)

7
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Figure 5: Small signal scheme and SSEC for differential gain-stage with single-ended output.

PSRR with respect to GND obtains from:

PSRRn _ Asingle _ Asingle . 9ds02 (gdSS + gds4) + 2gds4(gm3 + gdsB)
AGND (gm3 + 9ds3)9aso2

which can redraws as

: 2
PSRR, = Agingle - (gdss + Gdsa " gds4>
9m3 + gds3  9ds02

b) Asingle A~ —dms y1elds

9ds3+9dsa
PSRRn ~ 9m3 . (gds?) + Gdsa + 2gds4) _ 9Im3 + 9m3 ) 2gds4
9ds3 + 9dsa Im3 + 9ds3  gdso02 Im3 + 9ds3  9ds3 T Gdsa  9ds02

Generally g,,, >> gqs so the first term in this expression is approximately 1, and as
gas 1s about the same for all transistors the second term is approximately g,,.3/gas02
ie.
PSRR, ~1+ 273
9ds02

PSRR, can be increased by decreasing g402, i.e. by increasing the output resistans
of the current mirror yielding the source current to be more of an ideal source
current.

c¢) Exactly the same calculations as in a). As, for the fully differential gain-stage,
Vout = Voutp — Voutn, Where Voury, = Vour and Viyuy, = V. refering to figure 5 b,
Vour = 0 1in the fully differential case because V,,; = V, refering to the solution in
a). Which gives

Vout

=0
Vi

Acnp =

and



A
PSRR, = -1 = o

AanD

This indicates one of the benefits of a fully differential structure, i.e. it suppresses
variations in source voltages better than a single-ended topology.

d) If mismatch exists between transistors M2 and M4, as well as between M1 and
M3 the relationship V5,1, = Voun Do longer will be correct, as the circuit isn’t
symmetric any more, whereby Acyp no longer is zero and PSRR,, decreases.

Exercise 5.
a) The output noise spectral density can be computed by by the following formula
Sout(w) = [H(w)|*Sin(w) (43)

where H(w) is the transfer function from the noise source output node.

Determin the transfer function from the positive input node to the output of the
operational amplifier, while the input voltage is zeroed:

Rl R2

Va
o Vour
Vp

Sin,opamp 8

Figure 6: Determing H = V1 /Vp.

(O - Vn)Gl = (Vn - Vout)G2

(Vy — Vi) A = Vyus (44)
Solving this system of equation results in
H— Vout _ G1+Go _ (G1+ G2)gm1 (45)
Vo G2+ (G1+G2) /A Gagmi + (G1 + G2)gout
Hence, the equivalent output noise spectral density is given by
2

Using the fact that the ratio between the resistors is equal to a gives the answer:

2
(1+a)%gm 16KT ) gt “n

Sou =
' (gm,l + (]- + a).gout)2 3 Im1

b) The noise at the output can be decreased by increasing the transconductance g,,,1
of the input stage. This decreases the last term in Equation (47) while the first
part is not changed so much. This will increase the gain of the amplifier.



