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Guidelines: Closed book. You may use a calculator.
Do not unstaple the exam. In order to maximize your score, write clearly and indicate each
step of your calculations. We cannot give you partial credit if we do not understand your
reasoning. Feel free to use scratch paper but copy the final results to the exam (do not
staple any additional sheets).

The resistance of a material is related to the physical dimensions and resistivity by
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The capacitance of a parallel plate structre is given by
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εA
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The conductivity of a material depends on charge density (n and p), mobility µn,p, and
charge of carriers qe:

σ = qe(µnn+ µpp)

Note that mobility is defined through the drift velocity, v = µE where E is the electric field.
An instrinsic semiconductor has a doping concentration of ni = pi = 1.4× 1010cm−3. A pn
junction has a built-in potential given by
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and a depletion region width of (for a reverse bias voltage of Vrev)
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where the permittivity of Si is given by

εs = 11.9× 8.854× 10−14
F

cm

The thermal voltage at room temperature T is given by

Vt =
kT

q
≈ 26mV

where q = 1.6× 10−19C is the charge of an electron.
MOS Square Law Device Physics (Saturation)
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The transconductance is given by
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In the triode region, we have
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Miller’s Theorem allows us to replace an impedance Z between two nodes with two
impedances to ground at node 1 and 2:

Z ′1 =
Z

1− A0

Z ′2 =
Z

1− A−10

where A0 = v2/v1 is the voltage gain between the nodes.
A 3-termianl transistor can be represented by its small-signal equivalent circuit shown
below:
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A 4-termianl transistor can be represented by its small-signal equivalent circuit shown
below:
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1. (20 points) An op-amp is configured as shown below.

Rx

RL

C1

vs

vo

R

(a) (4 points) Assuming the op-amp is ideal, find the transfer function to the output.

(b) (4 points) What are the poles and zeros of the transfer function?
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(c) (4 points) Suppose the input is a step function that transitions from 0V to 1V at
a time t = 0s. Plot the output voltage and carefully label the time scale.
Assume the op-amp has a slew-rate of 1V/µs. Use the following values:
C1 = 100pF, R2 = 1kΩ, RL = 100Ω, Rx = 1MΩ.
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(d) (4 points) Now suppose that the op-amp has infinite DC gain but has a unity
gain frequency ωu:

A(ω) =
ωu

jω

Re-derive the transfer function and state the poles and zeros explicitly.

(e) (4 points) The op-amp has an input bias current of 1nA that flows into both
input terminals and operates on power supply rails of ±5V. Calculate the
output DC offset voltage. Suggest a nulling strategy.
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2. (20 points) An amplifier is shown below. Both PMOS and NMOS transistor have
µCox = 100µA/V2, a threshold voltage of ±0.5V. You may assume square law
behavior. Device dimensions are as follows: (W/L)1 = (W/L)2 = 1,
(W/L)3 = (W/L)4 = (W/L)5 = 5, (W/L)6 = (W/L)7 = 10. Assume λ = 0.05V−1.
Suppose that VDD = 5V and VSS = 0V. The source resistance Rs = 4kΩ.

vsRs
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M2
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M5 M6

C∞

IQ = 50µA

M7

We will ignore the device parasitic capacitances for parts (a)-(d).

(a) (4 points) Find all DC currents and DC voltages in the circuit and label them
below. Make approximations and neglect λ in your calculations unless
absolutely necessary.

IQ = 50µA
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(b) (4 points) Identify the signal path and redraw the circuit and the relevant
components. Do not draw a small-signal model. If you ignore a device, include
the equivalent circuit for it.

(c) (4 points) Draw the small-signal circuit. You may neglect devcies that are not
important for calculation of voltage gain.
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(d) (4 points) What is the voltage gain? You may make approximations here.
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(e) (4 points) What is the approximate 3-dB bandwidth of the circuit? Assume
Cgs = 0.2pF and Cgd = 0.05pF for all transistors.
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3. (30 points) A device known as a Junction FET (JFET) is shown below. It is built
from a conducting piece of semiconductor (p-type) sandwiched between two heavily
doped gate regions (n-type) that act like ideal conductors (shorted to each other) and
the source/drain are modeled as perfect conductors at either end for simplicity. Ignore
end-effects (assume 1D profiles). The device length L = 1µm, W = 100µm (into the
page) and the thickness t = 10µm. Assume the gate has a doping of 1020cm−3.

t L

VG

VG

VS VD

Si BodyHeavily doped Si

Heavily doped Si

Source Drain

Gate

Gate

p-type

n-type

n-type

(a) (3 points) If the semiconductor is intrinsic Si (and not p-type as labled), what is
the resistance of the structure? Ignore the gates and their influence on the
structure for this problem. Just assume it’s a silicon slab of given dimensions.
This is a “warm up” problem.

(b) (3 points) To dope the body p-type as shown, should we add a group 3 or group
5 element? Explain. After doping, what is the free hole concentration ? Explain.
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(c) (3 points) If the semiconductor is now doped with a concentration of 1018cm−3,
what is the resulting resistance of the rectangular cross section shown? Ignore
the gates and their influence on the structure for this problem. Just assume it’s
a doped silicon slab of given dimensions. Use the provided graph in the “cheat
sheet”.

(d) (3 points) Now suppose that the gate voltages are biased with a positive voltage.
What do you expect to happen? Draw a picture and explain your figure.
Assume both the drain and source are grounded.
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(e) (5 points) For a gate bias of 0.5V, what is the drain-source current when a VDS

is applied?

(f) (3 points) Can you explain how this structure acts like a transistor? Does the
current increase or decrease with increasing gate bias? Explain how the gate
controls the channel.
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(g) (4 points) Can you explain why the device current will eventually saturate if we
bias the drain voltage to some high negative value? What is happening in the
device?

(h) (3 points) Show the physical origin of the capacitors in this structure.

(i) (3 points) Derive the complete small-signal model and draw a small-signal
model. You should do it symbolically, there is no need to carry out the
calculations.
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4. (30 points) A differential amplifier is shown below. IQ1 = 200µA, IQ2 = 150µA, and
IQ3 = 50µA. Assume transistors are biased with Vdsat = .4V and λ = .025V−1. The
device |VT | = 0.25V. Current sources are ideal.

IQ

VDD = 3

VVSS = 0

V

IQ

vo

v1 v2M1 M2

M3

M4

IQ IQ

1V

(a) (2 points) Please identify the input v+ and v−, labeled as v1 and v2.

(b) (7 points) Find the DC voltages and currents in the circuit when the inputs are
at DC 1.5V. Approximations are highly encouraged, especially neglecting output
resistance (λ) unless absolutely necessary.
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(c) (7 points) What is the DC gain of the amplifier for a differential input.

(d) (7 points) If the amplifier drives a load of 1MΩ (AC coupled), how does the gain
change?
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