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Problem 1

As shown in Figs. 1 and 2, infinitely thin spherical conducting shells A and B of radii a and 3a,
respectively, are concentrically placed in vacuum of permittivity &,, and dielectric substances of
permittivity 3¢ and ¢ are inserted between shells A and B with a sphere of radius 2a as a
boundary. The electric charge on shell A is denoted by g,4. Do not use g, for answers in Questions
(3)—(7). Let the potential at infinity be zero.

First, as shown in Fig. 1, shell B is grounded and voltage V, (> 0) is applied to shell A. Answer

the following questions.

(1) Express the electric field strength at a distance r from the center of the spherical shells using
qa.

(2) Find the relation between q, and V.

(3) Find the potential at a distance r from the center of the spherical shells, and plot the potential
as a function of r.

(4) Find the magnitude and direction of electrostatic force per unit area acting on shell B using the

principle of virtual work.

Next, as shown in Fig. 2, shell A is grounded and the voltage V, (> 0) is applied to shell B.

Answer the following questions.

(5) Find the electric charge on shell B and the polarization charge density on the surface of the
dielectric substance at radius 3a.

(6) Find the electric energy density at a distance r from the center of the spherical shells. Then,
calculate the electrostatic energy stored in this system using the electric energy density.

(7) A conducting sphere C of radius a is newly placed at a distance from shell B, and voltage
—2V, is applied to sphere C. Sketch the electric lines of force when the distance between the
centers of shell B and sphere C is 10a. Do not forget to include the lines that are inside shell B.

Let & = 2¢,.
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Problem 2

I. Answer the following questions related to linear circuits. Here, j is the imaginary unit.

(1) Concerning the circuit in Fig. 1, find the voltage transfer function H(jw) between terminal pairs
A-A’ and B-B’ as a function of angular frequency w.

(2) Assuming L=1H, C=1F, R; =10, and R, =1, find the amplitude and the phase of
H(jw) derived in Question (1), and draw them as functions of w (Bode diagram). Use
logarithmic axes for the amplitude and the angular frequency, and linear axis for the phase.

(3) Asshown in Fig. 2, let us assume a voltage source Vi,,(t) at the terminal A-A’. Find the voltage
transient response V1 (t) appearing at the terminal B-B’, and draw it, assuming L =1H, C =
1F, Ry =1Q,and R, =1Q.

(4) Assuming L=x[H], € =1F, R, =1Q,and R, =1Q in Fig. 2, find the range of x, where
the transient response appearing at the terminal B-B’ contains no oscillation component.

(5) Let us assume a sinusoidal current I, (t) = V21, cos wt at the terminal A-A’, as shown in
Fig. 3. Find the voltage V,(t) appearing at the terminal A-A’. Also find the active power P, the
reactive power (Q (defined as positive in the case of lag), the apparent power S, which are
supplied by the current source, and the power factor PF.

II. Answer the following questions related to the common source amplifier that consists of an n-type
MOS transistor. Note that a small signal equivalent circuit of a transistor is expressed as either
Fig. 4(a) or Fig. 4(b). Here, g, 1,, and g, are transconductance of MOS transistor, drain
resistance, and body conductance (transconductance according to body bias voltage), respectively.

(6) Draw a small signal equivalent circuit of the common source amplifier with resistive load shown
in Fig. 5.
(7) Find the voltage gain Ay, = 1;0““ and output resistance R,,¢; appearing at output V¢, in the

in1
circuit in Question (6). Note that v;,; and vg,; represent small signal components of the input
Vin1 and the output V., respectively.
(8) Consider the common source amplifier with the ideal constant current-source load shown in

Fig. 6. Find the voltage gain Ay, = ?ﬂ Note that v;,, and v, represent small signal
in2
components of the input V;,, and the output V., respectively.

(9) Inreality, the constant current source is often realized by MOS transistor shown in Fig. 7, instead
of the ideal constant current source. Find the voltage gain A,; = ?ﬂ Note that v;,3 and Vg3
represent small signal components of the input V;,; and the outpulthout3, respectively, and V5
represents the appropriate bias voltage. Note that n-type MOS and p-type MOS in Fig. 7 have the
same transconductance g,,, drain resistance 7,, and body conductance g, . Use these
parameters as necessary in your answer.

(10)Compare the magnitudes of Ay, Ay,,and Ay3, and describe the reason of the magnitude relation

in about three lines.
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Problem 3

Suppose that € is an information transmission channel whose input and output are taken from F =

{0,1,2,3}. Let P(y|x) be the probability to have an output y € F given an input x € F, which is

defined as
p(1—q) :wheny = x,
P(y|x) = (1-p)q :wheny = (x + 1)mod 4,
(1-p)(1—q) :wheny = (x+2)mod4,
pq :wheny = (x + 3)mod 4,

where a mod b is modulo of a by b, 0 <p <1, and 0 < q < 1. Let the base of log be 2 and
C be the channel capacity of the channel £. Answer the following questions.
(1) Draw the channel diagram of the channel € for g = 1.
(2) For the channel €&, express the entropy of the output as a function of p and g when the input
is fixed to x.
(3) Express the channel capacity C as a function of p and q: C(p, q).
(4) Find the minimum of C(p,q) and all the pairs of p and q that attain the minimum. Also
describe the reason, in about two lines, why those pairs of p and g attain the minimum.
(5) Find the maximum of C(p,q) and all the pairs of p and q that attain the maximum. Also
describe the reason, in about two lines, why those pairs of p and g attain the maximum.
(6) When p + g = 1/2, find the maximum of C(p,q) and all the pairs of p and g that attain
the maximum. Write down the derivation as well.
(7) Suppose that we send A = {a, b, c,d} by using the channel €. We encode each letter of A
by two letters of F. When p=1/2 and g =1, derive a mapping that minimizes the
transmission error, provided that a — 00 is fixed. Also, describe the relationship between the

derived mapping and the channel capacity in about two lines.
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void sort(int data[], int left, int right){
if(left < right){

int pivot = data[right];

int pos = left;

int i, tmp;

for(i = left; 1 < right; i++){
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}
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Problem 4

Let data be a data array of n integers. Program 1 is a function, written in the C programming
language, to sort data in ascending order by calling sort(data, 0, n - 1). Assume thatall

elements in data have different values. Answer the following questions.

/* Program 1 */
void sort(int data[], int left, int right){
if(left < right){

int pivot = data[right];

int pos = left;

int i, tmp;

for(i = left; 1 < right; i++){

if(data[i] < pivot){
tmp = data[pos]; data[pos] = data[i]; data[i] = tmp;

pos++;
+
}
tmp = data[pos]; data[pos] = data[right]; data[right] = tmp;
sort @) D;
sort (ii) D

}

(1) Explain this sort algorithm in about three lines.

(2) Write codes appropriate for blanks (i) and (ii) in Program 1 by using the C programming

language.

(3) Give the maximum and average orders of the time complexity of the algorithm for the number of

elements N. You may consider only the number of comparisons of the values.

(4) Describe the situations when the order of the time complexity becomes maximum by considering

the given data and the selection of the reference value pivot, respectively.
We will modify Program 1 in the following questions, respectively.

(5) We want to improve the computational efficiency by modifying the selection method of the
reference value pivot. Describe one possible method to achieve this, with reasoning, in about

three lines.

(6) We want to implement the algorithm of Program 1 by using the stack instead of the recursive
computation. Assume that we call the function as sort_stack(data, n). Also, assume that
the left and the right positions of a data array not to be sorted immediately are pushed to the stack.
Write a program of this sort algorithm by using the C programming language. You may omit the
lines of the program that are not modified from Program 1. Define the data structure of the
stack and the functions push and pop appropriately.
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Problem A

I. Answer the following questions on logic circuits. In circuit diagrams, you may use AND and OR

which have three or more inputs. To fix an input value to 0 or 1, put “0” or “1” at the input.

(1)

Using the symbols in Fig. 1, draw a circuit of a half adder, which outputs sum S and carry Coy of
1-bit inputs A and B.

A half adder cannot receive a carry from the lower digit. An adder that can add a carry from the

lower digit is called a full adder.

)

)

Give the truth table of a full adder that has an input Ci, for the carry from the lower digit, in
addition to the inputs and outputs of the half adder in Question (1). Design a circuit that gives Cou
of the full adder using a Karnaugh map, and draw the circuit using the symbols in Fig. 1.

The symbol in Fig. 2 represents a full adder. Consider a circuit with a 1-bit input signal I and a 3-
bit output signal 0,010y. The output 0>0;00 changes in the order as shown in (a) or (b) every
time when the input I changes from 0 to 1. Draw the circuits for the respective cases by using the
symbols in Fig. 1 and Fig. 2. The clock inputs CLK of the all D-FF must be connected to the
input I.

(@)

|9 000—001—010—011—100—101—110—111

(b)

|% 000—001—010—011—100—101—110—111—110—101—100—011—010—001 ]

— —D Q}— —D -
O D > R = =
T ] D/I\Q [ ] g |
AND OR NOT D-FF  Multiple D-FF with =

a common clock input
(D-FF: D-Flipflop)
Fig. 1 Fig. 2
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II. Consider a computer with a 4M-word main memory address space and a 32K-word single cache
memory. The main memory is cached in the unit of the 32-word cache block. Each block in the cache
has a Tag field. The Tag field of a cache block is checked against the Tag part of the access address
when the main memory is accessed. We assume that required Tag field comparison is performed in
parallel for each main memory access. Here, 1M is 2%°, and 1K is 2'°. You may use power-of-two

representations in the answer. Answer the following questions.

(4) Give the number of blocks in the cache memory, and the number of blocks that the main memory
address space corresponds to.

(5) Consider a cache memory in which a block in the main memory can be cached at any block.

A) Give the number of bits of a Tag.

B) Give the number of comparators required in the entire cache memory system to check the
Tag part.

C) Give the name of this type of cache memory.

(6) Consider a cache memory in which each block in the main memory can only be cached at a
corresponding block. The Index part of the address of the main memory determines the block in
the cache memory at which the block in the main memory is stored.

A) Give the number of bits of a Tag and an Index.

B) Give the number of comparators required in the entire cache memory system to check the
Tag part.

C) Give the name of this type of cache memory.

(7) Fig. 3 shows allocations of the Tag and the Index in a main memory address. In the case of
Question (6), which one of (a) and (b) is better to make the cache hit rate higher? Discuss with the

reason.

MSB LSB

(a) Tag Index (Offset)

MSB LSB

(b) Index Tag (Offset)

MSB: most significant bit
LSB: least significant bit

Fig. 3
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Problem B

Consider the finite impulse response (FIR) system shown in Fig. 1. Here, x(n) and y(n) are the
input and output signal sequences, respectively, and represent the signal values at time nT (T > 0)
for n =0,1,---. The circuit consists of an adder, coefficient multipliers, and delays of T, whose
respective functions are described in Fig. 2. In Fig. 1, a,, (m = 0,1, 2) represent the coefficients of
respective multipliers and have real values.

Answer the following questions. In the questions, w denotes the angular frequency, and j is the

imaginary unit.

(1) Consider the case where ay = 1/4, a; = 1/2,and a, = 1/4.

(a) Derive the impulse response of this system h,(n) and its z-transform H; (z).

(b) Let the frequency response of this system be expressed as A(w)e/®@), where A(w) and
0(w) are real-valued functions of w. Show that this system has a linear-phase property, or
in other words, 0(w) is expressed in the form 6(w) = Dw + ;. Derive D and 6,. Also,
obtain the expression for A(w) and plot it as a function of w.

(c) Explain the filtering function of this system on the input signal in about two lines.

(2) Derive the conditions of a,, (m = 0,1, 2) for the FIR system in Fig. 1 to have a linear-phase

property. Assume that at least two of a,, are non-zero.

Next, consider the recursive system shown in Fig. 3. Here, ay, a;, a,, by, and b, represent the

coefficients of respective multipliers, and are real values.

(3) Derive the z-transform H,(z) of the impulse response for this system.

(4) Consider the case where ay =1, a; =4, a, = 4, and b, = 0. Derive the condition of b; for
this system to be stable.

(5) Consider the case where ay = —b,, a; = —b;,and a, = 1. Assume that the two poles of H,(z)
are expressed as z = ret/P where 0 <r <1 and 0 <p < .
(a) Express the zero(s) of this system by using r and p.
(b) Explain the filtering function of this system on the input signal. Write down the derivation

as well.

(6) Since the circuit in Fig. 3 is a linear system, it can be rearranged into several different

configurations. Draw a circuit with a fewer number of delays while the response is the same as

that of the circuit shown in Fig. 3.
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Problem C

Consider the one-dimensional lattice model for lattice vibration (phonon) in a solid where atoms A
and B are aligned with a distance of L, as shown in Fig. 1. The masses of A and B are m and M,
respectively (m < M). Here, the lattice vibration in a transverse mode is considered, and lateral
displacements of individual atoms A and B from their equilibrium positions are expressed as u,, and
Uynt1, Tespectively, where n is an integer. Each atom receives force only from its nearest neighbors
according to Hooke's law with a spring constant of . For instance, the force acting between the

(2n)" and the (2n + 1) atom is given by (Upp41 — Uszy ). Answer the following questions.

(1) As for dispersion curves between the angular frequency w and the wavenumber k of the
phonon in the transverse mode, we have two branches P and Q as shown in Fig. 2. Choose the
appropriate illustrations from (I) to (VI) in Fig. 3 which correspond to the maximum
displacements of atoms in the conditions of (c) and (d), respectively, in Fig. 2.

(2) When atoms A and B are positive and negative ions, respectively, choose the branch for the phonon
from P or Q which strongly interacts with an electromagnetic wave. In addition, describe why
such an interaction is strong, in three lines or less.

(3) Equations of motion for the (2n)™ and (2n + 1)™ atoms are given by Egs. (i) and (ii),
respectively. Fill in and to complete these equations.

m e = p([5]) ()

M = g([T]) (i)

(4) Choose the appropriate illustration from (I) to (VI) in Fig. 3 which corresponds to the maximum
displacements of atoms in the condition of (e) in Fig. 2. Explain your answer by supposing
traveling waves given by Egs. (iii) and (iv) as solutions of Egs. (i) and (ii), and by deriving the
relational expressions between a, b and w acquired at the condition of k = % Here, i inEgs.
(ii1) and (iv) is the imaginary unit.

Uy, = ae~i(@t-2nkL) (iii)
Uypaq = be~Hot-@n+DkL} (iv)

(5) Phonon scattering is an important factor to degrade electron mobility. Choose the temperature
(low or high), at which the phonon scattering effect is significant, and describe the reason for this.
On the other hand, the phonon on the P or Q branch strongly influences electron transport in a
high electric field. Choose an appropriate branch for this effect and describe the reason why.

(6) In general, the phonon plays an important role for electron-hole recombination process in an
indirect transition semiconductor. Describe the reason for this in five lines or less from the

viewpoints of wavenumber and energy. Usage of some illustrations is allowed.
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Problem D

Consider the n-type MOS transistors shown in Figs. 1 and 2. Take the x axis in the depth
direction with x = 0 at the interface between the p-type substrate and the gate oxide. In Transistor 1,
the impurities are uniformly doped in the p-type substrate and the impurity concentration is Ny, as
shown in Fig. 1. In Transistor 2, on the other hand, the impurity concentration from the surface to a
depth of t; is low (concentration of N; in 0 < x < t;) and the impurity concentration is high in
the deeper region (concentration of N, in x > t;), as shown in Fig. 2. The gate oxide thickness is
tox, the permittivity of vacuum is g, the relative permittivity of the gate oxide is €, the relative
permittivity of the semiconductor is &g;, the gate voltage is Vj, the flat band voltage is Vgg, and the
electron charge is g. The effect of the interface states and the short channel effect are negligible.

Assume that the source, drain, and substrate are grounded.

First, answer the following questions on Transistor 1.

(1) On increasing the positive gate voltage, the depletion layer below the gate expands into the
substrate. Solve the Poisson equation in the depletion region in the substrate and obtain the
electric field E and the potential ¢ as functions of x. Here, the depletion width is Wj.

(2) As the gate voltage is increased further, the depletion layer does not expand any more at a
certain point. Explain the reason for this in about two lines.

(3) Wymax1 1s defined as the maximum depletion width. It is known that the depletion region
reaches Wynax1 When the surface potential ¢g reaches 2¢g. Explain the definition of ¢g.

(4) Obtain the formula of Wy ax1-

(5) Express the threshold voltage Vi;,; of Transistor 1 using N, and Wyyaxi-

(6) Draw schematic figures of the electric field E and the potential ¢ with a horizontal axis of x

when the gate voltage is Vi,q.

Next, answer the following questions on Transistor 2.

(7) On increasing the positive gate voltage, the depletion layer below the gate expands into the
substrate. Depending on the conditions, the depletion region remains in the low concentration
region with Ny, or the depletion region reaches the high concentration region with N,. In each
case, solve the Poisson equation in the depletion region in the substrate and obtain the electric
field E and the potential ¢ as functions of x. As in Question (1) the depletion width is
expressed as Wj.

(8) Express an inequality to show the condition of t; for the maximum depletion width to reach the

high concentration region with N,.
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Assume that the condition in Question (8) is satisfied in the following questions.

(9) Obtain the formula of the maximum depletion width Wy a2

(10) Express the threshold voltage Vi, using Ny, Ny, t;, and Wypaxo-

(11) Draw schematic figures of the electric field E and the potential ¢ with a horizontal axis of x
when the gate voltage is Vy,;.

(12) Based on the results of above questions, let us consider the maximum depletion width of
Transistor 1 and Transistor 2. When N; > Ni, Wy can be designed to be smaller than
Wamax1 at the condition of Vi1 = Vi, Explain qualitatively in about five lines how to realize

Wamaxz < Wamax1- Usage of figures is allowed.
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A 4
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Problem E
There is a six-pole three-phase induction machine. The induction machine is connected to a

three-phase power source of 50 Hz, and operated as a motor. Under nominal operation conditions,

the rotary speed is 960 revolutions per minute (rpm) and the mechanical output is 6 kW. The no-

load loss of the motor is 200 W and the amount of the loss is assumed unchanged under nominal

operation conditions. The iron loss of the motor is negligibly small. The ratio of the primary

resistance to the secondary resistance seen from primary side is 4:5. Answer the following

questions concerning the operation of the induction motor.

(1) Draw a single-phase T-type equivalent circuit of the motor. Define necessary circuit constants by
yourself. Explain the meanings of the circuit constants.

(2) Find the synchronous rotary speed per minute of the motor.

(3) Find the slip under the aforementioned nominal operation conditions.

(4) Find the frequency of the current flowing in the secondary circuit under the nominal operation
conditions.

(5) Find the three-phase secondary power under the nominal operation conditions.

(6) Find the mechanical torque under the nominal operation conditions.

(7) Tllustrate the energy flow in the induction motor under the nominal operation conditions and
explain your illustration. Find the efficiency of the motor under the nominal operation conditions

based on the illustration.

In the previous questions, a motor with slip between 0 and 1 was discussed. In the following,

consider more general operation of the induction machine.

(8) Draw a graph representing the relationship between rotary speed of the rotor and torque in the
following three modes: When the slip is larger than 1, when the slip is between 1 and 0, and when
the slip is negative. Explain the function of the electro-mechanical energy conversion and the

energy flow in each mode.
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Problem F

In a power system, two synchronous generators, Generator 1 and Generator 2, are under
synchronized operation around the common standard frequency f, = 50 Hz. The energy losses in
transmission and distribution networks are assumed to be zero in this power system. When t < 0's,
the load is constant at P, = 320 MW, and the deviation in frequency from the standard value is
Af =0Hz. At t =0s, the load makes a step increase of 30 MW, and is kept constant at
P, =350 MW when t > 0s. The ordinary differential equations of the mechanical inputs, the
electrical outputs and the frequency are described as follows. Here, the inertia constants of Generator
1 and Generator 2 are denoted as M; and M,, respectively. The mechanical inputs of Generator 1
and Generator 2 are denoted as P,,; and Py,,, respectively. The electrical outputs of Generator 1 and
Generator 2 are denoted as P,; and P,,, respectively. The frequency f is common for the both

generators.

af
MlEZPml_Pel

af
MZE=Pm2_Pe2

Values of the inertia constants and the rated outputs are listed as follows.

Generator 1
Inertia constant : M; =40 MW-s?
Rated output : PR,=400 MW
Generator 2
Inertia constant ' M, =20 MW-s?

Rated output : PR,=200 MW

Answer the following questions.
(1) We assume that Generator 1 and Generator 2 are used for proportional control of the frequency
deviation in this power system. Here, the proportional control means that the following

relationships hold between the frequency deviation Af, changes in the mechanical inputs AP,
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and AP,,,, and gains in the proportional control 1/r; and 1/r, when t = 0s.

APy, = —Af /7y, 1,=0.005 (MW) 1571
AP, = — Af /7y, 15=0.01 (MW) 151

Taking the above conditions into consideration, find an expression for Af when t > 0 s, and
show that the frequency does not converge to the standard frequency after infinite time has passed.

(2) We assume that Generator 1 is used for a proportional-integral control of the frequency deviation
in this power system; in addition to the proportional control described in Question (1), an integral
control with a gain of K; = 240 MW is applied. On the other hand, Generator 2 is used only for
the proportional control described in Question (1). Taking this condition into consideration, find
an expression for Af when t > 0 s, and show that the frequency converges to the standard
frequency after infinite time has passed.

(3) We assume that the operators of Generator 1 in Question (2), which is used for the proportional-
integral control, receive a revenue calculated by Equation (i), in which « is a real constant. Find
the revenue until ¢t = 10 s using two significant figures for the coefficient of @. Furthermore,
the fuel cost of Generator 1 is expressed by Equation (ii), in which a and b are positive real
constants. Find also the condition, using some of @, a and b, for this revenue to be higher than
the increase in the fuel cost accompanying the increase in the mechanical input AP, from

t=0s to t=10s.

Revenue until t [s] of Generator I : Reward = « | Ot AP, dt (1)

Fuel cost per second of Generator 1 : F(Ppq) = aPp, + b (i1)

(4) Nowadays, the demand of frequency control is increasing rapidly due to large scale integration
of renewable energy sources such as solar power generation. Taking this point and the contents
of Question (3) into consideration, briefly explain measures to maintain the stability of frequency

in power systems.





