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Problem Set 3

Q1. Given an NMOS transistor fabricated in a process for which k′n = 200µA/V2 and V ′
A = 20 V/µm, de-

termine the intrinsic gain Ao and design parameters ID and W assuming gm = 2 mA/V, L = 500 nm
and Vov = 0.25 V.

Solution

First, the required current is determined.
As per the equation: gm = 2 ∗ ID/Vov, a rearange can be performed:
ID = gm ∗ Vov/2 = (2e− 3) ∗ (0.25)/2 = 250µA
ID = 250µA

Second, the width is determined. (Hint: match up the units!)
As per the equation: ID = (k′n/2)(W/L)V 2

ov where k′n = un ∗ Cox, a rearange can be performed:
W = (2 ∗ ID ∗ L)/(k′n ∗ V 2

ov) = (2 ∗ (250e− 6) ∗ (500e− 9))/((200e− 6) ∗ (0.25)2) = 20µm
W = 20µm

Finally, the intrinsic gain can be determinde. With a rearange of equation Ao = gm ∗ ro, we get:
Ao = V ′

A ∗ 106 ∗
√

2 ∗ k′n ∗W ∗ L/
√
ID = (20) ∗ 106 ∗

√
2 ∗ (200e− 6) ∗ (20e− 6) ∗ (500e− 9)/

√
(250e− 6) = 80 V/V

Ao = 80 V/V

Answer

ID = 250µA; W = 20µm; Ao = 80 V/V

Q2. Given an NMOS transistor fabricated in a certain process, an intrinsic gain of Ao1 = 80 V/V can be
achieved with ID1 = 100µA.
a) Determine the achievable intrinsic gain for the same transistor with a bias current of ID2 = 25µA
and ID3 = 400µA.
b) For each current, find the factor by which Ao changes relative to its initial value.

Solution

As we know: Ao = gm ∗ ro = V ′
A ∗
√

2 ∗ un ∗ Cox ∗W ∗ L/
√
ID.

As such the constants can be determined:
V ′
A ∗
√

2 ∗ un ∗ Cox ∗W ∗ L = Ao1 ∗
√
ID1 = (80) ∗

√
(100e− 6) = 0.8 A

With this:
Ao2 = V ′

A ∗
√

2 ∗ un ∗ Cox ∗W ∗ L/
√
ID2 = (0.8)/

√
(25e− 6) = 160 V/V

Ao2 = 160 V/V

Ao3 = V ′
A ∗
√

2 ∗ un ∗ Cox ∗W ∗ L/
√
ID3 = (0.8)/

√
(400e− 6) = 40 V/V

Ao3 = 40 V/V

The gm ratios can now be calculated as they are proportional to the change in intrinsic gain:
Ka = Ao2/Ao1 = (160)/(80) = 2
Ka = 2
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Kb = Ao3/Ao1 = (40)/(80) = 0.5
Kb = 0.5

Answer

Ao2 = 160 V/V; Ao3 = 40 V/V; Ka = 2 ; Kb = 0.5

Q3. Given an 0.18µm NMOS transistor fabricated with k′n = 387µA/V2 and V ′
A = 5 V/µm, an intrinsic

gain of Ao = 25 V/V and a gm = 1 mA/V is required. Find the required W , W/L and bias current
ID. (Assume L = 0.3µm).

Solution

As we know, the intrinsic gain of a transistor is Ao = gm ∗ ro.
By substitution, we get the equation:
Ao = V ′

A ∗
√

2 ∗ un ∗ Cox ∗W ∗ L/
√
ID where k′n = un ∗ Cox.

With further rearanging, we get:
W ∗ L/ID = (Ao/V

′
A/106)2/(2 ∗ k′n) = ((25)/(5)/106)2/(2 ∗ (387e− 6)) = 32.3 nm2/A

W/ID = W ∗ L/ID/L = (32.3e− 9)/(300e− 9) = 0.1077 m/A

We have one equation with two unknowns. We can thus arbitrarily chose a value for the current,
suppose ID = 60µA:
W = W/ID ∗ ID = (0.1077) ∗ (60e− 6) = 6.46µm
ID = 60µA; W = 6.46µm

And finally:
W/L = W/L = (6.46e− 6)/(300e− 9) = 21.53

W/L = 21.53
Note: many answers are possible!

Answer

W = 6.46µm; W/L = 21.53 ; ID = 60µA

Q4. Given a process with k′n = 200µA/V2 and V ′
A = 20 V/µm, design a current-source-loaded common-

source amplifier for operation at ID = 50µA with Vov = 0.2 V. The amplifier must achieve an open-
circuit voltage gain of Aoc = −100 V/V. Determine L and W/L. (Assume the current-source load is
ideal).

Solution
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M1

I1

50µA

Vdd

vs

vo

First, the W/L ratio can be determined. By rearanging: ID = k′n/2 ∗W/L ∗ V 2
ov, we can get:

W/L = 2 ∗ ID/(k′n ∗ V 2
ov) = 2 ∗ (50e− 6)/((200e− 6) ∗ (0.2)2) = 12.5

W/L = 12.5

Second, the transistor length can be determined:
Aoc = −gm ∗ rout = −2 ∗ ID/Vov ∗ VA/ID, where VA = V ′

A ∗ L.
As such:
L = −Aoc ∗ Vov/(2 ∗ V ′

A ∗ 106) = −(−100) ∗ (0.2)/(2 ∗ (20) ∗ 106) = 500 nm

L = 500 nm

Answer

W/L = 12.5 ; L = 500 nm

Q5. Given a two-stage common-source amplifier where VAN = |VAP | and assuming the biasing current
sources I1 and I2 have output resistances equal to those of M1 and M2 respectively, determine an
expression for the total voltage gain in terms of gm1, gm2, ro1 and ro2.
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Vdd
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Solution

Looking at the first stage, we get a voltage transfer function of:
A1 = −gm1 ∗ rout1 = −gm1 ∗ ro1/2

Looking at the second stage, we get a voltage transfer function of:
A2 = −gm2 ∗ rout2 = −gm2 ∗ ro2/2

As such, the total transfer function is:
A = A1 ∗A2 = gm1 ∗ gm2 ∗ ro1 ∗ ro2/4;

A = gm1 ∗ gm2 ∗ ro1 ∗ ro2/4

Answer

A = gm1 ∗ gm2 ∗ ro1 ∗ ro2/4

Q6. Given transistor M1 which has k′n ∗W/L = 2 mA/V2, V ′
A = 20 V/µm, and Vt = 0.5 V:

a) Ignoring any DC current in R2 and assuming ro →∞, determine VGS .
b) Now determine the DC current in R2, determine VDS , and justify your neglection of the DC cur-
rent when calculating VGS .
c) Determine the small-signal voltage gain Vo/Vs. (Assume an ideal current source)
d) Assuming the negative swing of the output limits the overall output swing, what is the min output
voltage, max output voltage and output peak-to-peak swing?
e) What is the corresponding input amplitude?
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Solution

a) Assuming all the current goes through the channel and none goes into R2 since it is so large:
ID = k′n/2 ∗ (W/L) ∗ (VGS − Vt)2
VGS =

√
2 ∗ ID/k′n ∗W/L+ Vt =

√
2 ∗ (200e− 6)/(2e− 3) + (0.5) = 0.9472 V

VGS = 0.9472 V

b) Rearanging the voltage division rule: VGS = VDS ∗R1/(R1 +R2)
VDS = VGS +R2 ∗ VGS/R1 = (0.9472) + (3e6) ∗ (0.9472)/(2e6) = 2.368 V
VDS = 2.368 V

As such, the current in R2 is:
IFB = VDS/(R1 +R2) = (2.368)/((2e6) + (3e6)) = 473.6 nA
This is quite small compared to ID1 so ignoring this current in part (a) is justified.

c) First, gm and ro is calculated:
gm = 2 ∗ ID/(VGS − Vt) = 2 ∗ (200e− 6)/((0.9472)− (0.5)) = 894.4µA/V
ro = V ′

A/ID = (20)/(200e− 6) = 100 kΩ

R1

2 MΩ

R2

3 MΩ

gm ∗ vs
ro
100 kΩ

vs vo
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Second, using KCL:
(Vo − Vi)/R2 + gm ∗ Vi + Vo/ro = 0
Av = (1/R2 − gm)/(1/R2 + 1/ro) = (1/(3e6)− (894.4e− 6))/(1/(3e6) + 1/(100e3)) = −86.53 V/V

Av = −86.53 V/V

d) For M1 to remain in the active region, we require that VD1 ≥ VG1 − Vt
Now let us write VG1 as VG + ∆VG and VD1 as VD + ∆VD
where VG and VD are the bias voltages for the gate and drain respectively
So we have the requirement
VD + ∆VD ≥ VG + ∆VG − Vt
Now, from small-signal analysis, Av ≡ ∆VD/∆VG or ∆VG = ∆VD/Av. Putting this into the above
equation, we have
VD + ∆VD ≥ VG + (∆VD/Av)− Vt
and setting it to equality to find the max ∆VD (which is the min VD1), we have
∆VD(1− 1/Av) = VG − Vt − VD
Now, in this case, Av � 1 so we can ignore 1/Av resulting in
∆VD = VG − Vt − VD = (0.9472)− (0.5)− (2.368) = −1.921
This give the max output peak-to-peak output swing of
Vo,pp = 2 ∗ |∆VD| = 2 ∗ |(−1.921)| = 3.842 V

Vo,min = VD + ∆VD = (2.368) + (−1.921) = 0.4472 V

Vo,max = VD −∆VD = (2.368)− (−1.921) = 4.289 V

e) The maximum input swing is related by:

Vs,pp = Vo,pp/|Av| = (3.842)/|(−86.53)| = 44.4 mV

Since Vs is biassed at VGS = 0.9472 V, the min/max values are

Vs,min = VGS − Vs,pp/2 = (0.9472)− (44.4e− 3)/2 = 0.925 V

Vs,max = VGS + Vs,pp/2 = (0.9472) + (44.4e− 3)/2 = 0.9694 V

Note that in this case, since the swing on VG1 is so small, we could have determined that the min
voltage on VD1 was equal to Vov = VG − Vt and have found the approx answer to part (d) much
quicker.

Answer

a) VGS = 0.9472 V
b) VDS = 2.368 V
c) Av = −86.53 V/V
d) Vo,pp = 3.842 V; Vo,min = 0.4472 V; Vo,max = 4.289 V
e) Vs,pp = 44.4 mV; Vs,min = 0.925 V, Vs,max = 0.9694 V

Q7. In a MOS cascode amplifier, the cascode transistor is required to raise the output resistance by
a factor of 40. If the transistor is operated at Vov = 0.2 V, what must its VA be? If the process
technology specifies V ′

A as 5 V/µm, what channel length must the transistor have?

Solution

K = 40 = gm2ro2 = VA
Vov/2
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so that
VA = K ∗ Vov/2 = (40) ∗ (0.2)/2 = 4 V
If V ′

A = 5 V/µm,
L = VA/V

′
A = (4)/(5e6) = 800 nm

Answer

VA = 4 V

L = 800 nm

Q8. Design the cascode amplifier of Fig. 1 to obtain gm1 = 1 mA/V and Ro = 400 kΩ. Use a 0.18-µm
technology for which Vtn = 0.5 V, V ′

A = 5 V/µm and k′n = 400µA/V2. Determine L, W/L, VG2, and
I. Use identical transistors operated at Vov = 0.2 V, and design for the maximum possible negative
signal swing at the output. What is the value of the minimum permitted output voltage?

M1

M2

I

VDD

VG2

vi

vo
+

-

Ro ≈ (gm2ro2)ro1

Rin =∞

Figure 1: cascode amplifier

Solution

gm1 = 2ID
Vov

, so, ID = gm1 ∗ Vov/2 = (1e− 3) ∗ (0.2)/2 = 100µA

ID = 100µA
Ro = (gm2ro2)ro1
However, if we make gm2 = gm1 = gm and ro1 = ro2 = ro, we can say that:
ro =

√
Ro/gm1 =

√
(400e3)/(1e− 3) = 20 kΩ

Since ro = 20 kΩ=
V ′
AL
ID

,
L = ID ∗ ro/V ′

A = (100e− 6) ∗ (20e3)/(5e6) = 400 nm

L = 400 nm
gm =

√
2k′n(W/L)ID so that

W/L = g2m/(2 ∗ k′n ∗ ID) = (1e− 3)2/(2 ∗ (400e− 6) ∗ (100e− 6)) = 12.5

W/L = 12.5

For maximum negative excursion at the output, we want the MOSFETs to be biased so that each
transistor can reach VDS = Vov = 0.2 V.
Set VG2 = Vtn + Vov + Vov = (0.5) + (0.2) + (0.2) = 0.9 V
VG2 = 0.9 V
Minimum output voltage will be:
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Vomin = 2 ∗ Vov = 2 ∗ (0.2) = 0.4 V
Vomin = 0.4 V

Answers

ID = 100µA

L = 400 nm

W/L = 12.5

VG2 = 0.9 V

Vomin = 0.4 V

Q9. Design the circuit of Fig. 2 to provide an output of 100µA. Use VDD = 3.3 V, and assume the
PMOS transistors to have µpCox = 60µA/V2, Vtp = −0.8 V, and |VA| = 5 V. The current source is
to have the widest possible signal swing at its output. Design for Vov = 0.2 V, and specify the values
of the transistor W/L ratios and of VG3 and VG4. What is the highest allowable voltage at the output?
What is the value of Ro?

M4

M3

VDD

VG4

VG3

(gm3ro3)ro4

ro4

Figure 2: cascode PMOS source

Solution

ID3 = ID4 = ID = 1
2µpCox

(
W
L

)
V 2
ov

W/L = 2 ∗ ID/(µpCox ∗ V 2
ov) = 2 ∗ (100e− 6)/((60e− 6) ∗ (0.2)2) = 83.33

W/L = 83.33
For VG4 :
VG4 = VDD − |Vtp| − |Vov| = (3.3)− |(−0.8)| − |(0.2)| = 2.3 V

VG4 = 2.3 V
For maximum swing:
VSDmin = |Vov| = 0.2 V
so, VD4 would be:
VD4 = VDD − Vov = (3.3)− (0.2) = 3.1 V
VG3 must be:
VG3 = VD4 − |Vtp| − |Vov| = (3.1)− |(−0.8)| − |(0.2)| = 2.1 V

VG3 = 2.1 V
The highest allowable output will be:
Vomax = VDD − |Vov| − |Vov| = 2.9 V
Vomax = 2.9 V
From Fig. 2, Ro = (gm3ro3)ro4
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ro3 = ro4 =ro = |VA|/|ID| = (5)/|(100e− 6)| = 50 kΩ
gm = |ID|/(|Vov|/2) = |(100e− 6)|/(|(0.2)|/2) = 1 mA/V
Ro = gm ∗ r2o = (1e− 3) ∗ (50e3)2 = 2.5 MΩ
Ro = 2.5 MΩ

Answers

W/L = 83.33

VG4 = 2.3 V

VG3 = 2.1 V

Vomax = 2.9 V

Ro = 2.5 MΩ

Q10. For VDD = 1.8 V and using Iref = 100µA, it is required to design the circuit of Fig. 3 to obtain
an output current whose nominal value is 100µA. Find R if M1 and M2 are matched with channel
lengths of 500 nm, channel widths of 4µm, Vt = 0.5 V, and k′n = 400µA/V2. What is the lowest
possible value for Vo? Assuming that for this process technology the Early voltage is V ′

A = 10 V/µm,
find the output resistance of the current source. Also, find the current change in output current
resulting from a +0.5 V change in Vo

M1 M2

R

VDD

Vo

Iref

ID1

Io

Figure 3: NMOS current mirror

Solution

Io = Iref = 1
2k

′
n(W/L)V 2

ov ⇒
Vov =

√
2 ∗ Io/(k′n ∗ (W/L)) =

√
2 ∗ (100e− 6)/((400e− 6) ∗ ((4e− 6)/(500e− 9))) = 0.25 V

VDS =VGS = Vt + Vov = (0.5) + (0.25) = 0.75 V
R = (VDD − VGS)/Iref = ((1.8)− (0.75))/(100e− 6) = 10.5 kΩ

R = 10.5 kΩ
The lowest Vo will be when
VDS2min = Vov = 0.25 V
ro = V ′

A ∗ L/Io = (10e6) ∗ (500e− 9)/(100e− 6) = 50 kΩ

ro = 50 kΩ
∆ID = ∆Vo/ro = (0.5)/(50e3) = 10µA
∆ID = 10µA
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Answers

R = 10.5 kΩ
VDS2min = 0.25 V

ro = 50 kΩ

∆ID = 10µA

Q11. Consider the NMOS diff pair shown below with a common-mode input, VCM and VDD = 1 V,
VSS = 1.1 V, µnCox = 400µA/V2, (W/L)1,2 = 12.5 , Vtn = 0.4 V, IB = 200µA, RD = 5 kΩ. In addi-
tion, the minimum voltage required across IB is 0.2 V so that the current source transistor creating
IB does not leave the active region. Ignore channel length modulation.

M1 M2

RD RD

IB

VCM

VDD VDD

vD2vD1

−VSS

VS

(a) For VCM = 0.1 V, find Vov1, VGS1, VS , ID1 and VD1

(b) What is the highest value for VCM such than no transistors leave the active region?
(c) What is the lowest value for VCM such than no transistors leave the active region?

Solution
(a) ID1 = IB/2 = (200e− 6)/2 = 100µA and using the active equation ID = (µnCox/2)(W/L)(Vov)2,
we have
Vov1 =

√
(2 ∗ ID1)/(µnCox ∗ (W/L)1,2) =

√
(2 ∗ (100e− 6))/((400e− 6) ∗ (12.5)) = 0.2 V

VGS1 = Vov1 + Vtn = (0.2) + (0.4) = 0.6 V

VS = VCM − VGS1 = (0.1)− (0.6) = −0.5 V

VD1 = VDD − ID1 ∗RD = (1)− (100e− 6) ∗ (5e3) = 0.5 V

(b) As VCM increases, the current through M1 remains constant so VD1 remains at 0.5 V. M1 will go
into triode when the drain of M1 is one threshold below the gate of M1, so the max gate voltage is
VCM,max = VD1 + Vtn = (0.5) + (0.4) = 0.9 V

(c) We are given VCS,min = 0.2 V as the minimum voltage required across the current source, IB. As
VCM decreases, VS decreases with it and when VS goes too low, the current source IB will leave the
active region. This occurs at
VCM,min = −1 ∗ VSS + VCS,min + VGS1 = −1 ∗ (1.1) + (0.2) + (0.6) = −0.3 V


