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Q1.[6] Consider the wide-swing current mirror shown below where the desired output current is 30µA.
Given that M1 and M2 are identical in size and the minimum output voltage is 0.5 V, find the length
of the transistors such that the current mirror output resistance is 60 MΩ

Vtn 0.3 V

unCox 160 µA/V2

λ′n 0.04 µm/V

M1

M2

vo

VB1

VB2

ID = 30µA

Solution
V o(min) = 0.5 mV = 2Vov ⇒ Vov = 0.25 V

gm = 2ID
Vov

= 2(30e−6)
0.25 = 240.0µA/V

Rout ≈ gmr2o ⇒ ro =
√

Rout
gm

=
√

60e6
240.0e−6 = 0.5 MΩ

ro = L
|λ′n|ID

⇒ L = ro|λ′n|ID = (0.5e6)(0.04e− 6)(30e− 6) = 0.6µm

L = 0.6µm
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Q2. Consider the differential to single ended amplifier shown below. All transistor lengths are 0.2µm
and have Vov = 0.15 V. Also, ID5 = 80µA and Vdd = 1.8 V.

Vtn 0.25 V

unCox 200 µA/V2

λ′n 0.05 µm/V

Vtp −0.3 V

upCox 60 µA/V2

λ′p −0.04 µm/V

M1 M2

M3 M4

M5

Vdd Vdd

Vout

Vin1 Vin2

Vbias

(a)[3] Find the small-signal gain Vout/vid where vid ≡ Vin2 − Vin1
Solution
Since ID5 = 80µA, ID1 to ID4 all equal 40.0µA
ro2 = L2

|λ′n|ID2
= 100.0 kΩ

ro4 = L4
|λ′p|ID4

= 125.0 kΩ

Rout = ro2||ro4 = 55.556 kΩ
gm2 = 2ID2

Vov2
= 533.333µA/V

Vout/vid = −gm2Rout
Vout/vid = −29.63 V/V

(b)[3] Find the maximum (Vcm(max)) and minimum (Vcm(min)) common-mode input voltages that keep
all transistors in the active region.

Solution
Vcm(min) = Vov5 + Vtn + Vov2 = 0.15 + 0.25 + 0.15 = 0.55 V

Vcm(min) = 0.55 V

For Vcm(max), first find the bias voltage for VD1

VD1 = Vdd − |Vtp| − Vov3 = 1.8− 0.3− 0.15 = 1.35 V
Vin1 can go up to Vtn above VD1 so
Vcm(max) = VD1 + Vtn = 1.6 V
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Q3. Consider the amplifier shown below where all transistor lengths are 0.18 µm.
The bracketed numbers are the transistor’s (W/L) value:

Vtn 0.25 V

unCox 200 µA/V2

λ′n 0.05 µm/V

Vtp −0.3 V

upCox 60 µA/V2

λ′p −0.04 µm/V

M1 M2

M3

M4 M5 M6

I1
15µA

I2
20µA

Vdd Vdd Vdd

Vdd

VB1

vi

vo

(5) (5)

(10)

(10)
(20)

(20)

(a)[3] Calculate the drain currents, overdrive voltages and ro for M2/M3/M4/M5 transistors.

Solution
ID1 = I1 = 15µA ID2 = ((5)/(5))ID1 = 15.0µA

ID6 = I2 = 20µA ID5 = ((10)/(20))ID1 = 10.0µA ID3 = ID5 = 10.0µA

ID4 = ID2 − ID3 = 5.0µA

λn = λ′n/L = 0.05
0.18 = 0.278 V−1 ro2 = 1

λnID2
= 240.0 kΩ ro3 = 1

λnID3
= 360.0 kΩ

λp = λ′p/L = −0.04
0.18 = −0.222 V−1 ro4 = 1

|λp|ID4
= 900.0 kΩ ro5 = 1

|λp|ID5
= 450.0 kΩ

For nmos: Vov =
√

2ID
µnCox(W/L)

= 100.0
√

ID
(W/L)

Vov2 = 0.173 V Vov3 = 0.1 V

For pmos: Vov =
√

2ID
µpCox(W/L)

= 182.574
√

ID
(W/L)

Vov4 = 0.091 V Vov5 = 0.183 V

(b)[3] Estimate the small-signal gain vo/vi
Hint: Impedance looking into the M3 drain is much higher than ro5

Solution
gm4 = 2ID4

Vov4
= 109.545µA/V

Isc = gm4vi
Rout ≈ ro5
vo = −IscRout ⇒ vo/vi = −gm4ro5 = −49.295 V/V

vo/vi = −49.295 V/V
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Q4.[6] Consider the feedback amp shown below with the input signal, vi. All current sources are ideal (i.e.
infinite output resistance)

gm1 = gm2 = 0.1 mA/V
gm3 = 5 mA/V

ro1 = ro2 = ro3 →∞
R1 = 10 kΩ R2 = 10 kΩ
R3 = 10 kΩ RS = 10 kΩ

M1

M2 M3

I1

R1 R2

R3RS

Vdd Vdd

vo

vi

vx
vy

vz

Using loop-gain analysis, find L, A∞ and vo/vi.
(assume d = 0).

Solution
Define Ry to be the impedance looking into the source of M1

Define Rx to be the impedance looking into R1 from vx side
Define Ro to be the impedance looking into R2 from vo side
Ry ≡ (1/gm1) = 10.0 kΩ
Rx ≡ (Ry||RS +R1) = 15.0 kΩ
Ro ≡ ((Rx||R3 +R2) = 16.0 kΩ

Breaking the loop at the M3 gate, we have
vo/vg3 = −gm3Ro = −80.0 vx/vo = Rx||R3

(Rx||R3)+R2
= 0.375

vy/vx =
Ry ||RS

(Ry ||RS)+R1
= 0.333 vz/vy = gm1

gm2
= 1.0

L = −vo/vg3 × vx/vo × vy/vx × vz/vy ⇒ L = 10.0
For A∞, L → ∞ which results in vz → 0. Since vz = 0, iD1 = 0 resulting in vy = vi and no current
flows into the source of M1

As a result, vx/vi = 1 +R1/RS = 2.0 and vo/vx = 1 +R2/(R3||(R1 +RS) = 2.5
Resulting in A∞ = vo/vx × vx/vi ⇒ A∞ = 5.0

vo/vi = A∞
L

1+L = 5.0 10.0
1+10.0

vo/vi = 4.545



ECE 331 Page 6 of 9 Dec 19, 2019: 2pm

Q5. Consider the input impedance looking into the source of the circuit below. Let ro → ∞ and only
consider capacitance Cgs.

M1

R1

Vdd Vdd

Zin

(a)[3] Draw the small signal model and find the loop gain.

Solution

R

Cgs gmvgs

Zin

vgs

R

Cgs gmvgs

Cgs

R

vt
vr

vgs

LO ≡ −vr/vt = −( −1/sCgs

1/sCgs+R
)gm(1+sCgsR

sCgs
) = gm

sCgs

LO =
gm
sCgs

LS = 0

(b)[3] Using the loop gain found above, find Zin.
Solution
ZP0 = R + 1

sCgs
= 1+sCgsR

sCgs

Zin = ZP0

[
1+LS

1+LO

]
=
(

1+sCgsR

sCgs

)(
1

1+ gm
sCgs

)
Zin =

(
1

gm

)(
1 + sCgsR

1 + sCgs/gm

)
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Q6. Assume an opamp is ideal but has the following open-loop gain.

A(s) = 1.0e+05
(1+s/ωp1)(1+s/ωp2)(1+s/ωp3) where ωp1 = 1.0e+ 01, ωp2 = 2.0e+ 06 and ωp3 = 2.0e+ 09

(a)[3] Draw the Bode plot for the above open loop gain (Label all plot axis).

Magnitude
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0
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(b)[3] Estimate the phase-margin (PM) if the above opamp is used to create a gain of +3 using
2 resistors (a non-inverting configuration) (Hint: Note that the unity-gain frequency is much
greater than ωp1 and much less than ωp3.)

Solution
For a non-inverting opamp gain of +3, β = 1/3 = 0.333 resulting in the loop gain equal to
L(s) = βA(s) = L0

(1+s/ωp1)(1+s/ωp2)(1+s/ωp3)
where L0 = 3.33e+ 04 and ωp1, ωp2, ωp3 given above.

For frequencies near ωt where ωp1 � ωt � ωp3, we can approximate L(s) as
L(s) ≈ L0

(s/ωp1)(1+s/ωp2)
and making use of |L(jωt)| = 1, we have

L2
0

(ωt/ωp1)2(1+(ωt/ωp2)2)
= 1⇒ ω2

p1ω
2
p2L

2
0

ω2
t (ω

2
t+ω

2
p2)

= 1⇒ (ω2
t )

2 + ω2
p2(ω

2
t )− ω2

p1ω
2
p2L

2
0 = 0

(ω2
t )

2 + 4.000e+ 12(ω2
t )− 4.444e+ 23 = 0 Solving for ω2

t , we have ω2
t = 1.082e+ 11 rad/s

resulting in ωt = 3.289e+ 05 rad/s
So now, we can find the phase of L(jωt) as (−90◦ is due to the ωp1)
< L(jωt) ≈ −90◦ − tan−1( ωt

ωp2
) = −90◦ − 9.339◦ = −99.339◦

Finally, the phase-margin can be found as
PM ≡< L(jωt)− (−180◦) = 80.661◦
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Equation Sheet

Constants: k = 1.38× 10−23 J K−1; q = 1.602× 10−19 C; VT = kT/q ≈ 26mV at 300 K; ε0 = 8.85× 10−12 F m−1;
kox = 3.9; Cox = (koxε0)/tox; ω = 2πf

NMOS: kn = µnCox(W/L); Vtn > 0; vDS ≥ 0; Vov = VGS − Vtn
(triode) vDS ≤ Vov; vD < vG − Vtn; iD = kn(VovvDS − (v2DS/2))

(active) vDS ≥ Vov; iD = 0.5knV
2
ov(1 + λvDS); gm = knVov = 2ID/Vov =

√
2knID; rs = 1/gm;

ro = L/(|λ′|ID)

PMOS: kp = µpCox(W/L); Vtp < 0; vSD ≥ 0; Vov = VSG − |Vtp|
(triode) vSD ≤ Vov; vD > vG + |Vtp|; iD = kp(VovvSD − (v2SD/2))

(active) vSD ≥ Vov; iD = 0.5kpV
2
ov(1 + |λ|vSD); gm = kpVov = 2ID/Vov =

√
2kpID; rs = 1/gm;

ro = L/(|λ′|ID)

BJT: (active) iC = ISe
(vBE/VT )(1 + (vCE/VA)); gm = α/re = IC/VT ; re = VT /IE; rπ = β/gm; ro = |VA|/IC ;

iC = βiB; iE = (β + 1)iB; α = β/(β + 1); iC = αiE; Rb = (β + 1)(re +RE); Re = (RB + rπ)/(β + 1)

vi

RS
Rx ≈ (1 + gmRS)ro

isc ≈ −(1/gm +RS)−1vi

(Approx due to gmro � 1)

vi

Rx ≈ 1/gm +RD/(gmro)
voc ≈ vi

RD

vi

vo/vi ≈ gm(ro||RD)

RD

vo

Diff Pair: Ad = gmRD; ACM = −(RD/(2RSS))(∆RD/RD); ACM = −(RD/(2RSS))(∆gm/gm); VOS = ∆Vt; VOS =

(VOV /2)(∆RD/RD); VOS = (VOV /2)(∆(W/L)/(W/L))

1st order: step response y(t) = Y∞ − (Y∞ − Y0+)e−t/τ ; unity gain freq for T (s) =
AM

1 + (s/ω3dB)
for AM � 1 ⇒

ωt ' |AM |ω3dB

Freq: for real axis poles/zeros T (s) = kdc
(1 + s/z1)(1 + s/z2) . . . (1 + s/zm)

(1 + s/ω1)(1 + s/ω2) . . . (1 + s/ωn)
OTC estimate ωH ' 1/(

∑
τi); dominant pole estimate ωH ' 1/(τmax)

Miller: Z1 = Z/(1−K); Z2 = Z/(1− 1/K)

Mos caps: Cgs = (2/3)WLCox +WLovCox; Cgd = WLovCox; Cdb = Cdb0/
√

1 + Vdb/V0;
ωt = gm/(Cgs + Cgd); for Cgs � Cgd ⇒ ft ' (3µVov)/(4πL

2)

Feedback: Af = A/(1 + Aβ); xi = (1/(1 + Aβ))xs; dAf/Af = (1/(1 + Aβ))dA/A; ωHf = ωH(1 + Aβ); ωLf =

ωL/(1 +Aβ);
Loop Gain L ≡ −sr/st; Af = A∞(L/(1 + L)) + d/(1 + L); Zport = Zpo((1 + LS)/(1 + LO)): PM =

∠L(jωt) + 180; GM = −|L(jω180)|db;
Pole splitting ω′p1 ' 1/(gmR2CfR1); ω′p2 ' (gmCf )/(C1C2 + Cf (C1 + C2))

Pole Pair: s2 + (ωo/Q)s+ ω2
o; Q ≤ 0.5⇒ real poles; Q > 1/

√
2⇒ freq resp peaking

Power Amps: Class A : η = (1/4)(V̂O/IRL)(V̂O/VCC); Class B : η = (π/4)(V̂O/VCC); PDN max = V 2
CC/(π

2RL);
Class AB : inip = I2Q; IQ = (IS/α)eVBB/(2VT ); i2n − iLin − I2Q = 0

2-stage opamp: ωp1 ' (R1Gm2R2Cc)
−1; ωp2 = Gm2/C2; ωz = (Cc(1/Gm2 −R))−1;

SR = I/Cc = ωtVov1; will not SR limit if ωtV̂O < SR


