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Problem 1

A solenoid and a small circular circuit are placed as shown in Fig, 1. The centers of the solenoid
and the circular circuit are located at the origin of the xyz coordinate space. Both the solenoid and
the circular circuit are able to rotate about the x axis. Therefore, the central axis of the solenoid as
well as the surface normal vector n of the plane covered by the circular circuit can be turned to
arbitrary directions in the yz plane. The angle between the central axis of the solenoid and the z
axis is denoted by 6, and that between n and the z axis is denoted by @,. The angle between the
central axis of the solenoid and n is given by @ = 8, — ;. A current source is connected to the
solenoid to deliver a dc current I,, and it can rotate together with the solenoid. The number of turns,
the length, and the radius of the solenoid are denoted by N, I, and q, respectively. Here, we assume
that N > 1 and a « [. The radius and the resistance of the circular circuit are given by b (< a)
and R, respectively. The self inductance of the circular circuit can be ignored. The electromagnetic
radiation caused by the rotation of the solenoid and the circular circuit is assumed to be so small that
they can be neglected. The permeability of the system including conducting wires can be set to Uo-

Answer the following questions.

(1) Assume that the solenoid and the circular circuit are not moving, and a current of Iy is supplied
to the solenoid. In the steady state, the current in the circular circuit is 0. Derive the magnitude
of the magnetic flux density B, inside the solenoid.

(2) Derive the self inductance L of the solenoid.

(3) Assume that Ip = 0 and that a current /; is flowing through the circular circuit. Derive the
magnitude of the magnetic flux density B, at the center of the circular circuit.

(4) Derive the mutual inductance between the solenoid and the circular circuit as a function of 8.

(5) The solenoid is rotated by an external force while a current of I, is supplied to the solenoid.
Then, the circular circuit starts to rotate. Derive the current /; in the circular circuit as a
function of & and its time derivative %z—. You may use B, derived in Question (1).

(6) In the situation of Question (5), derive the magnitude of the torque T exerted by the magnetic
field as a function of @ and z—i. Again, you may use B, derived in Question (1). (Hint: the
torque on a closed circuit exerted by a magnetic field is independent of the circuit shape if the
flux linkage is the same.)
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Problem 2
Answer the following questions. Symbols in the figures are specified in the legend. @ is the
angular frequency and ¢ is the time. j is the imaginary unit.

In order to measure the values of L, and R,. the circuit in Fig. | is constructed. The values of R,

Ro, Ry, r. and C are given.

(1) The input voltage vy,=Vycosar (Vo e’ in the complex form) is applied to the circuit of Fig. 1.
(1-1) Express the voltage at point A in the complex form.
(1-2) Express the voltage at point B in the complex form. You may use L, and R, if necessary.
(1-3) A current meter is inserted between point A and point B, and it shows O current in any

frequency. Express the values of L, and R, .

(2) The step voltage shown in Fig. 2 is applied as the input v;, to the circuit of Fig. 1. Assume that
the circuit is in the steady state when 7 <0.
(2-1) Express the voltage at point B. You may use L, and R, if necessary.
(2-2) The voltage waveform at point B has the time constant 7, and the voltage becomes a
constant value of ¥, after a sufficient time. Express the values of L, and R, in terms of the
appropriate parametérs from r. F,, the given resistance values, and the given capacitance

value.

(3) The voltage shown in Fig. 3 is applied as the input v;, to the circuit of Fig. 1. Assume that the
circuit is in the steady state when 7 <0 and that 7 is the time constant defined in Question (2-2).
In the following questions, you may use 7 and V; defined in Question (2-2) if necessary.
(3-1) Express the voitage at point B,
(3-2) Draw the graph of the voltage waveform at point B.
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Problem 3

Consider a symmetric binary channel I'. where the input symbols are 4 = {0, 1}. and the output
symbols are B = {0, 1}. We denote the probability distribution of A as P,, and the probability of
event a. which belongs to A. as Py(a). Suppose that P,(0) =p. P,(1)=1-p. and the
probability of a symbol swap is g whichever symbol is inputted to channel I'. Answer the following

questions. In this problem. the base of logarithm is 2.

(1) Draw a channel diagram of channel I".

(2) Describe the probability distribution of B. Pg. using p and q.

(3) Describe the entropy H(B) and the conditional entropy H(A|B) using p and q.

(4) Calculate H(A|B) and the mutual information /(A4; B) for each of the two cases. (p = 0.25,9 =
0) and (p = 0.25, g = 0.25). Also. explain the meaning of /(A; B) in this channel comparing the

1(A; B) values in the both cases.

Suppose that memoryless channels I; and [ are cascade-connected. In channe! [7. the input
symbols are X = {x,,x,} and the output symbols are Y = {y,,y,}. In channel I}, the input symbols
are Y and the output symbols are Z = {z,, z,}. We denote the simultaneous probability of x and y as

P(x,y). and the conditional probability of x given y as P(x|y). Answer the following questions.

(3) Prove that Eq. (i) is true on channel 7 and channel I.

i=1 j=1

2 2 2
HXIZ) = H(XIY) = XZ[P(yE.z,«)ZP(xklya {log PCelyd = log P(xulz)}| (.
k=1

(6) Prove that H(X|Z) = H(X|Y) is true. Based on this, explain the meaning of the mutual
information /(X; Z).

(7) Suppose that the probability distribution of X as Py(x;) =s and Py(x,) = 1-—s. and the
probability of a symbol swap is r on channel I7 and channel 3. The capacity in the entire

channel is denoted as C;. Obtain the values of r and C;, when C;, is maximized.
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[*FasIn¥
typedef struct node{
int value;
struct node *left, *right;

} Node;

Node* search(Node *r, int key){

Node *current_node = r;
while(current_node != NULL){
int diff = key - current_node->value;
(A)
}

return current_node;
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Problem 4

Answer the following questions on the binary search tree. The binary search tree is an ordered
binary tree which has the following properties; a value is stored in each node in the tree. the value at
each node is always greater than any values stored in that node’s left sub-tree, and always less than
any values in that node’s right sub-tree. Here, the values in the tree are integers, and there is no

duplication among them.

(1) Consider the procedure to search a binary search tree for a specific value. When n denotes the
number of nodes in the binary search tree, what is the order of the average time complexity of
the searching algorithm? In addition, describe the reason briefly.

(2) Consider completing Program 1 for the search algorithm. Fill in the blank (A) using C language.
Note that function ‘ search’ in Program | takes the pointer ‘r’ to the root of the tree and the
key ‘key’ for searching as input. It returns the pointer to the node which is found when the
search succeeds, or NULL when the search fails.

(3) Rewrite function ‘search’ in Program 1 as a recursive algorithm.

/* Program | */
typedef struct nodef{

int value;

struct node *1eft, *xright;
} Node;

Node* search(Node *r, int key){

Node *current_node = r;

while (current_node {= NULL){

int diff = key - current_node->value;

(A)

}

return current_node;
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(4) Consider inserting three new values {23, 27, 30} to the binary search tree in Fig. 1. These values
compose a sub-tree of the node whose value is *32°. Considering different orders of insertion,
iliustrate all the possible sub-trees after the insertion operations.

(5) By modifying the program from either Question (2) or Question (3), write function ‘insert’

using C language, where a new value ‘v’ is added to the binary search tree whose root node is
2 guag ary

$ *

r.

(6) Hiustrate the binary search tree, whose height is minimum, constructed by the 15 values (12
values in Fig. 1 and 3 values in Question (4)).

(7) Describe the deletion algorithm for a binary search tree in two lines for each of the following
cases. Here, a node which will be deleted is called a candidate node.

(a) A candidate node has no child node.
(b) A candidate node has one child node.
(c) A candidate node has two child nodes.

(8) In the binary search tree, the height of the tree depends on the order of insertion. An AVL tree is
a data structure where the difference of the heights between the left and right sub-trees at each
node is always at most 1, and it can reduce the worst case complexity of operations for the
binary search tree. Consider converting the tree in Fig. I to an AVL tree. Describe the procedure
of the conversion and illustrate the resulting tree.

(9) Consider inserting the three values in Question (4) to the AVL tree obtained in Question (8).
illustrate the final AVL tree.

Fig. 1
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Problem A

We would like to indicate the number on a dice, which is ! to 6, by using lighting patterns of LEDs
as shown in Fig. 1. This aim is realized with a combination of the lighting patterns from a to d
shown in Fig. 2. For example, the number 6 can be indicated by combinationof a =0, b=1. ¢ =

1,and d = 1, as shown in Fig. 3. Answer the following questions.

(1) Itis assumed that the dice has six states, 5; to Sg, which correspond to the numbers on that dice,
respectively. A 3-bit binary number x,x,x, is used to represent the state of the dice. For example,
state sg is represented as x,X;xp = 110. In order to realize the lighting patterns in Fig. I,

describe the logical expression for each of a, b. ¢, and d as a disjunctive normal form of x,

X1, and xg.
O Ol @ O] [O @
OO | OO0 | |00 ooo
O O] |1O @] |®@ O
Sy S2 S3
@® : LEDon, O : LEDoff
Fig. 1
LR | T (i e R !
| 1@ 1 @ |
B o 0 @
| @ e z
Tl - I e e d=1
Fig. 2
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(2) Based on the dice in Question (1), we consider a logical circuit, which is synchronous with clock
pulses and also controlied by an input signal S. When S is 0, a self-loop transition happens.
When S is 1, a state transition happens in the following order: $;->53255256254 25,725,
and these transitions are repeated. For example, when the current state is s; and S is I, it moves
to s; on the next clock.

(a) Show the state transition diagram for this circuit.
(b) Based on the diagram in Question (2)(a), show the state transition table for the next state
index x,'x;'xy" by using S and the current state index x,X;Xq.

(3) We would like to implement a “false dice™. which indicates the number 6 with higher probability
than the other numbers. Here, in addition to the original states in Question (1). a new state, s, is
introduced, and it is represented as x,x,x, = 111. When a state transition arrives at this state s,
the LEDs are turned on to indicate the number 6.

{a) We would like to design the combinational circuit to indicate the number on this false dice by
LEDs. Describe the logical expression for each of a, b, ¢, and d. which must be simplified
as much as possible. Here, it is not necessary to consider state sq.

(b) To realize the state transitions for the false dice, the input signal S is considered as in
Question (2). Here. state transitions happen in the following order:
5,253 >S5 PS> 57 D5, >S,->s;. Design and draw the circuit for the state transition. You
may use only the symbols shown in Fig. 4. and the circuit must be simplified as much as

possible.
S | — 8D —
: 5 l > —bCck 0
Multi-input AND gate Multi-input OR gate NOT gate D flip-flop

Fig. 4
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Problem B
Answer the following questions regarding continuous signals, x(t) and y(t). and their Fourier
spectra, X(w) and Y(w). You are allowed to refer to the Fourier transform table (Table 1) if needed.

J is the imaginary unit.

Tabie 1
x(t) “ X(w)
8(t) I
1 218 (w)
e/@otx(t) X(w — wg)

(1) Express X(w) mathematically by using x(t). Also, express x(t) mathematically by using
X{w). Let’s assume that a time delay happens to x(t) and changes it to x(t — t;). Explain
mathematically what kind of spectrum change is caused by this time delay.

(2) A periodic sequence of impulses with their periodic interval T(> 0) is denoted as d(t) and its
Fourier spectrum is D{(w).

(e = Z 8(t — kT)

k=—o00

To prove that D(w) is also a periodic sequence of impulses, answer the following questions.

. o i . 2
(a) Express d(t) as a linear combination of e/"@of_ where n is an integer and w, = ?ﬂ Note
that d(t) can be expanded to a complex Fourier series because d(t) is a periodic signal.

(b) By conducting Fourier transform on the answer to the above question, prove that D(w) is
also a sequence of impulses.

(3) You have a periodic signal y(t) with its periodic interval T, shown in Fig. 1. It can be assumed
that y(t) is the output from a filter that takes d(t) from Question (2) as an input. Sketch the
shape of the impulse response A(t) of that filter. '

(4) Sketch |Y(w)| by using the shape of |H(w)| and explain why |Y(w)| has such a shape. Here.
H(w) is the Fourier spectrum of h(t) from Question (3) and you can assume any shape for
[H(w)l. You do not have to calculate |H(w)| directly from h(t). which was sketched in
Question (3).

(3) One wants to convert y(t) to its digital signal by sampling. Describe what kind of conditions
have to be satisfied for adequate sampling. Also explain what kind of amplitude spectrum will be
obtained if the above conditions are not satisfied. You have to explain by drawing figures using
the answer to Question (4).
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(6) The logarithmic amplitude spectrum of the digitized version of y(t) is calculated by Fast Fourier
Transform (FFT). It is shown in Fig. 2 and its shape is different from the answer to Question (4).

Describe possible reasons.

|~ AV Vosy VLAV e I A I B A
t=0 t=Tt
Fig. 1
A
3
=
g

Fig.2
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Probiem C

In the infinite one-dimensional lattice with a lattice constant @ on the x axis shown in Fig. 1, the

wave function @(x) of electrons satisfies the Schrédinger equation given by Eq. (i).

h d? i
[— ot V(x)]co(x) = Egp(x), (i)

where i =h/(2r), h is the Planck constant. #1 is the electron mass. x is the coordinate.
V(x) is the potential, and E is the electron energy. Consider approximating Eq. (i) using a finite
difference method, in which the first and second derivatives of @(x). @'(x) and ¢"(x). are
approximated by Eq. (ii) and Eq. (iii), respectively.

p(x+a)-p(x) _ (i)
a

P'(x) =

(0”(x) — qo'(X)_Z'(x_a) ) (iif)

in the following questions, # isan integer, X, is the coordinate of the n-th atom, and ¢(x,) = @, .

n

We assume V{(x,) =V forall n.where V is aconstant. Answer the following questions.

(1) Using Eq. (ii) and Eq. iii), derive the following Eq. (iv) from Eq. (i).

2

h- .
- -2_-”“1_2 ((0n+] - 2¢n + ¢M—| ) + qu" = E‘pn . (IV)

(2) We assume ¢, = Aexp(ikx,), where 4 is a constant and £ is the wave number of the
electron. Draw the £ —k curve in the first Brillouin zone (—a/a <k <m/a). Show the
energies at the zone boundaries.

(3) For the conditions of Question (2). draw the graphs of the group velocity (%@_) and the

1 dk

d-{;J of electrons as a function of & in the first Brillouin zone.

effective mass J\ nt/

(4) For the conditions of Question (2), express the density of states (dN / dE) per unit length by
using £ . Here, N is the number of states per unit length.

{3) For the conditions of Question (2), consider the case when the number of electrons per lattice
point is one. Explain the electrical transport of this material qualitatively in two lines from the
viewpoint of the effective mass.

(6) Consider the infinite two-dimensional square lattice with a lattice constant & shown in Fig. 2.
The electron wave function @, , of the atom that is located at the n-th lattice point in
the x direction and at the ¢-th lattice point in the y direction is expressed

as Aexp(ik x, +ik y,). Show the relationship among £, k,, and k_ by applying the same
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finite difference method as that shown in Eq. (ii) and Eq. (iii) to the y direction as well.
Here, A is a constant, and X, and y, are the x and ) coordinates of this atom. respectively.

k,_ and k_ are the wave numbers in the x and y directions, respectively. £ is an integer.

X, .. X X

n-1 n a “‘ntl x
—0—9 >
¢n—1 (0}1 (0n+1

Fig. 1

—0—0

On-1,0+1{Pro+1  |Prr1,0+1

@

Ou-140 |Pne a Dpt1,0

‘ y

(on-l,ﬁ—l wn,f-l ¢)1+1,f—1 ‘ X

Fig. 2
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Problem D

Figure 1 schematically shows an energy band diagram of a MOS (Metal-Oxide-Semiconductor)
structure, where a metal gate electrode, a thin oxide film and a p-type Si substrate are connected. We
assume, as shown in Fig. I, that the electric fields at the Si substrate/oxide film interface and inside
the oxide are zero (the flat band condition) when the gate electrode and the back surface of the Si
substrate are grounded.

Here, the elementary charge is ¢, the permittivity of Si is &, the permittivity of the oxide is
€oyx » the thickness of the oxide is Tpy , and the acceptor concentration in the p-type Si substrate is
N

sub - AlS0, we assume that the Fermi level of the Si substrate is located at a position which is lower

by g@g from the center of the Si band gap ( E, ). The effects of free carriers in the depletion layer

and any defects including interface states can be ignored. Answer the following questions.

(1) When a positive gate voltage is applied to the gate electrode, a depletion layer extends from the
Siloxide interface to the Si substrate, and the Si energy band near the Si/oxide interface is bent
downward. When the electrostatic potential is defined as zero in a region of the Si substrate
sufficiently far from the Si/oxide interface, the potential at the Siloxide interface is called the
surface potential, which is taken as positive when the band is bent downward. Find the
expression for the depletion layer thickness when the surface potential is @, .

(2) Find the expression for the electric field in the oxide film under the condition of Question (1).

(3) It is known that, when the surface potential defined in Question (1) reaches 2¢,, a large
amount of conduction electrons are induced in Si near the Si/oxide interface and the strong
inversion condition is realized. Find the expression for the gate voltage needed to realize this
strong inversion condition (threshold voltage), V.

(4) Sketch the energy band diagram of the MOS structure when the strong inversion condition is
realized. Here, indicate the depletion layer and the position of the Fermi levels in the gate

electrode and the Si substrate in the sketched diagram.

We suppose an n-channel MOS field effect transistor, shown in Fig. 2, by using the MOS
structure shown in Fig. 1. Here, this transistor has a circular source region with a radius of «, a
ring-shaped drain region having an inner circle with a radius of » and a ring-shaped gate electrode
whose inner and outer circles have a radius « and a radius b, respectively. The gate vollage Vgs
which is higher than the threshold voltage ¥, , is applied to the gate electrode. The source region is
connected to the ground. The drain voltage V , which is sufficienily lower than Vs —Vy), is
applied to the drain region. Here, 4 is the electron mobility in an inversion layer formed in the Si

substrate, and the gate capacitance per unit area is Cyy (= Tyx) - Also, the z axis is taken as the

Eon '
direction along the depth of the Si substrate. The inversion layer thickness is sufficiently thin in
comparison with the depth of the source and drain regions. Answer the following questions.

(5) The current density at a position of distance » from the center of the source and of a depth z
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from the surface of the Si substrate is denoted as i(r,z). Also, the concentration of electrons in
the inversion layer per unit volume is denoted as n(r, z). As shown in Fig. 2, the electric field in
the inversion layer, parallel to the MOS interface, at a position of distance » is denoted as
E(r). (E(r) is assumed to be independent of z .) Show the relation between i(r,z) and E(»).
(6) When the current per unit channel width at a position of distance » from the center of the
source is denoted as j(r), show the relation between j(#) and E(r) by using the answer of
Question (5). Here, we can assume that the current is flowing only inside the inversion layer.

When the inversion layer thickness is denoted as W , the relationship
W

qIn(r, z)dz = Cox (V5 —V,,) canbe used.
0

(7) When the current flowing into the drain region is denoted as /,,, express /;, as a function of
J(7), defined in Question (6).

(8) Express I, asafunctionof ¥, and V,; by using the answers of the above questions.

1 Tox 13
e
Electron E,
energy
' E_ (conduction band bottom edge)
Frmemimmmea 1 E; (center of the bandgap)
e 3 “
F 7 E, (valence band top edge)
99Ps
E; (Fermi level)
E

- Metal gate ;'—'51 P-type Si subslr;te
electrode Oxide 4

v

Fig. 1
Gate electrode
D ! s 3
) ) |ram._ O L | Drain CFoes
7 = T X 4 «
1 NN ..§0urct |-~ sectional view
4 Oxide

P-type St substrate

Source

view
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Problem E

Consider the plant described by the differential equation (i).
day(t) .
——==2u()-3y(¢ i
I ) =3y(") ®
Here, u(r) is the control input and y(r) is the output. U(s) and Y(s) are the Laplace

transformations of u(r) and y(f), respectively. Answer the fotlowing questions.

(1) Derive the transfer function of the plant P(s) = Y(s)/U (s).
(2) For this plant, a feedback controller C(s) is designed as the proportional-integral controller

expressed by Eq. (ii). Draw the block diagram of the whole control system,
K -
U(s)=C(s)R(s)-Y(5)), C(s)=K, +—L (ii)
s
Here, R(s) is the command, K, is the proportional gain, and X, is the integral gain.

(3) Obtain the gains K, and X, to assign all the closed-loop poles to —10 in Question (2).

(4) Let the command (1) be the unit step function. Calculate the time response of the output, y(z),

with the gains obtained in Question (3).

(5) Sketch the Bode diagram of the open-loop transfer function P(s)C(s) with the gains obtained in
Question (3).

(6) Explain how to find the phase margin from the Bode diagram of Question ).
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Problem F

A circuit breaker is a switch which isolates fault equipment from the electric power system by
interrupting a large fault current in a short time. Figure 1 shows a schematic of an air circuit breaker.
When the contacts are opened in air to interrupt a large current, an arc discharge is formed between
the opened contacts and the current is not interrupted immediately. In the case of ac-current
interruption. the arc discharge is extinguished and the current is interrupted at the current zero-crossing
point. if the contacts are apart sufticiently long at that time. Answer the following questions.

_ Arc Movable
discharge _ contact

Fixed
contact

Fig. |

(1) Arc discharge and glow discharge are sustained discharges. Explain the feature of each discharge
from the viewpoint of electron emission and ionization processes in a few lines.

(2) Except for the above mentioned air. what are used to extinguish the arc discharge in circuit
breakers in electric power systems? Explain also the reasons in a few lines.

[n the case of dc-current interruption. an additional circuit is required since there is no current zero-
crossing point. Figure 2 shows an example of such a circuit where an inductance L and a capacitance
C are used in addition to a circuit breaker CB. R is the resistance of the lead wire of the circuit. This
circuit can produce a divergent oscillating current to create current zero-crossing points. At the initial
condition. the circuit breaker is closed and dc current [, flows through it. At 1 = 0. the contacts in the
circuit breaker are opened and an arc discharge bridges between them immediately. Answer the
following questions.

(3) Let the current flowing through the circuit breaker be /, . and the voltage drop due to the arc
discharge be V.. Derive the circuit equation which I, satisfies.

(4) While the arc discharge is maintained, a linear relationship expressed by Eq. (i) with a negative
slope holds between ¥, and /, as shown in Fig. 3.
Ve ==a(l, =1,)+V,,
where > 0.

(i)

Find the condition for / to have a divergent oscillation form. It is assumed that V is kept

positive for the range of the current /, supposed in this question.

(5) Find the expression of /(¢) as a function of time 7 under the condition of Question (4). and sketch
the graph of /,(f). Suppose that the arc discharge is extinguished at the first current zero-crossing
point.



2020
This sample is based on the problems before FY2020, which are different from the current ones in their style, volume, range, and level.

R
CB
{, 1
=S ESP
\./
Vs
L: inductance
(": capacitance
R: resistance
CB: circuit breaker
Fig. 2
V. S A
[
Vo VS=—a(15—IO)+V0

Fig. 3



	2018-problem_1_je
	2018-problem_2_je
	2018-problem_3_je
	2018-problem_4_je
	2018-problem_A_je
	2018-problem_B_je
	2018-problem_C_je
	2018-problem_D_je
	2018-problem_E_je
	2018-problem_F_je



