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Problem 1 .

As shown in Fig. 1, there is a sufficiently thin square coil A of side length 2a and of winding -
number N in a medium with magnetic permeability x#, on the xy-plain. Its center is at the arigin O
of the xyz-space. There is a fine line conductor B which is infinitely long in the y-direction at
x=-b and z=0, where b>a>0. A constant current /g flows in the y-direction from
positive to negative in conductor B. Let us assume that the magnetic permeability of these
conductors is also ;.

(1) Find the magnetic flux density B(x) produced by /5 at a point P (x, y, 0), where x # —b,
on the xy-plain in Fig. 1.

(2) A constant current /, flows in coil A as shown in Fig. 1. Find the magnetic force dF
acting on a line element vector ds in coil A. The direction of ds is identical to that of the
coil current.

(3) Find the magnitude and the direction of the force acting on coil A based on the result of
Question (2).

(4) Find the magnetic flux produced by current /, and linked to coil A .

(5) Find the mutual inductance between coil A and line conductor B.

(6) Find the magnitude and the direction of the force between coil A and line conductor B based
on the virtual displacement principle using the result of Question (5).

Point P (x, y, 0)
o
Current /_
A;V
(-a,+a,0) @—— (+a,+a,0)

(—a',—a,O) | (ta,—a,0)

Line conductor B

Fig. |
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Problem 2

Answer the following questions. Symbols in the figures can be found in the legend. Assume that
the operational amplifier has an infinite gain, an infinite input impedance, and a zero output
impedance. Assume that the output of the operational amplifier is never saturated. Assume that, at
the time of ¢#=0, no charges are stored in the capacitor and no current flows through the inductor. If
necessary, use the following formulae of the Laplace transform regarding a time domain function
7). ulf) is a unit step input.

1) FE)=[F )
ult) = %

i
e u(l)c>g+a

1

(s+a)f

b
_GIS. bt-ult)e>———
- .u() (s+a}2+b2

re""ult) =

(1) Determine the current / in the circuit shown in Fig. 1. .

(2) Answer the following questions (2-1) and (2-2) on the circuit shown in Fig. 2, where ¥, =1V,
R =4Q and L =1H.
(2-1) When C,=0.25F, find the current i(f) for ¢>0 and sketch the waveform of E'(r) "
(2-2) When C, =0.2F, find the current i(f) for £>0 and sketch the waveform of i(z).

(3) Answer the following questions (3-1), (3-2) and (3-3) on circuits using operational amplifiers.
(3-1) On the circuit shown in Fig. 3, express the output voltage V,,;; with the input voltages
Vo and V. '

(3-2) The signal shown in Fig. 5 is applied to the input of the circuit shown in Fig. 4, where
R; =200kQ and C, =1puF. Draw the waveform of the output voltage.

(3-3) Consider a circuit using operational amplifiers to simulate the solution of a differential
equation as a voltage waveform in the time-domain. Draw the circuit whose output voltage
simulates the solution x(f) of the differential equation shown in Eq. (i) using the circuit
configurations shown in Figs. 3 and 4. Here, the time is ¢(s), the voltage is x(V), the input
voltage of the circuit issetto a(V),and x(0)=0V.

dbx

E—Zx:a . (i)
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Problem 3

Consider coding weather information. Answer the following questions about the information
coding and the error correcting code. Suppose that a codeword is represented by a sequence of
binary digits, 0 and 1. Answer the average code length to two decimal places.

(1) Suppose that the symbols of the weather types are represented by the code shown in Table 1.
Calculate the average code length when the probabilities of the weather types are all 1/5. Also,
give an example of a prefix code that has the same codeword length for each symbol as the code
shown in Table 1. Here, a prefix code is a code in which there is no codeword that coincides

with a prefix of any other codewords.
Table 1
Symbol Sunny Cloudy Rain Snow Fog
Code 100 110 10 00 . 01

(2) Give a Huffman code when the pfobabilities of the weather types shown in Table 1 are
p(Sunny)=1/3, p(Cloudy)=1/4, p(Rain)=1/6, p(Snow)=1/8 and p(Fog)=1/8. Also, calculate the
average code length of the Huffman code.

(3) The code B shown in Table 2 is generated from the code A in order to detect errors caused by
noise in a channel. Explain the mechanism of this error detection method. Also, explain why this

: method cannot correct errors.

Table 2
Symbol Sunny Cloudy Rain Snow Fog'
Code A 000 001 011 010 100
Code B 0000 0011 0110 0101 1001

(4) Suppose that the code for error correction is generated by Hamming coding. Give the generator
matrix when the parity check matrix H of the Hamming code is given in Eq. (i). Also, show the
code generated from the code A in Table 2 by using the generator matrix. In addition, explain the
mechanism of the error detection and correction methods by giving an example of a situation
when an error occurs.

H= @

- o O

0
]
1

OO

1
0
1

o - O

1
1
0

(5) Explain the error correcting capability of the code generated in Question (4). Also, briefly
explain a method that extends Hamming coding to further improve the error rate.
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en_um.mark_t {h_f?ee, h_used};
struct ({ .

enum mark t mark;

char *data;
} htable[M];

int n_used;

void init ()
e | | 4 |
for (int i=0; i < M; i++) htable[i].mark = h_free;
, n_used = 0;
i : 4
int insert (char *d)
{
int h = hash(d) % M, hh = h2(d);
if (n_used >= M) feturn -1; '
while (htable[h].mark == h_used) {
if (!strcmp(d, htable[h].data)) return -1;
h = (h + hh) % M;
: :
htable[h].data = d; htable[h].mark = h used;
n_used++; return h;
} _ : _
(1) linsert BELLBIMET S Li%, TN ETIC insert (s) BEAT I TV RNXF
5l s }:?ﬂ"l{, POED LS 7 sICBRY, insert (s) iz ko T htable D ®H HBFHRE
D UThh, BT HIFESRMENIZLEES. BT init RFUTLEL TS,
‘n_used <M®DEEIT insert RHICEL®ET S, T0BmE [ELIEMETS)
DEZRIZE L TRE. o ’ ' :
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int search(char *d)

{

int h = hash(d) % M, hh = h2(d);

while (htable[h].mark == h used) { -
if (!strcmp(d, htable[h].data)) return h;
h = (h + hh) % M;

}

return -1;

- X s IR L, search(s)iX, s 2% htable RIZHEMEN TWNIEE DBFTOFF
¥, WRTIE-1 BT, insert ¥8BLooENEMEBAY L.
() h2(d) =1 GEYVELLTHIC1ZERT) LT5LE, htable NOFFEm ICHIER
- RHIRT ABIEE AT OL S ICBET 3. '

void delete(int m)

{

htable [m] .mark = h free;

n_used = n_used-1;

(a) ZOEFTIZLY, LI#BD search ® insert z)‘IEL( !ﬁ‘f‘ﬁ L72WRIEEMEDN 5 = <‘_‘

.

(b) htable [m]iZ, FRERHIFMFT P LEREB T Z & T, delete TR I ¥V .

BF i BUTORGEZ®T L %, htablel[i] ogiu htable [m] 2B L Tix\»
FRNZ L ETE.
@ !'n<:®c‘:‘,'?-_E H5j mt1<ji<i) i-—i‘i‘L'C htable[j] .mark = h_free 2R Y 3L
2, E£7iXm<hash(htablel[i].data) mod M = i BEKY 3.
® i<m 03&3, HBj (mr1sSjsM—1 £hix 0§j§i) {Z®t LT htable [j] .mark=
h_free A Y X 2% ,. ¥ 72X hash(htable[i]l.data) mod M =i H»
m<hash (htable[i] .data) modMﬁSEEU:'Z’J |

(¢) ELLKEMET B delete ZFi}. FulS5IU0E nnmﬁﬁiiﬂﬁbf:lr‘
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Problem 4

Answer the questions on the C program below for hash tables. Suppose that M is a prime number,
that hash (char *) is a hash function of strings that returns an integer, and that h2 (char *) is
a function of strings that returns an integer larger than 0 and less than M. In the program, strcmp is
a function taking two strings as arguments. It returns 0 if the arguments are the same, and returns a
value other than 0 if not. We do not consider any overflow in arithmetic operations.

enum mark t {h_free, h used};
struct {

enum mark t mark;

char *data;
} htable[M];

int n_used;

void init ()
{
for (int.i=0; i < M; i++) htable[i] .mark = h_free;
n_ﬁsed =07 -
}
int insert (char *d)
{
int h = hash(d) $ M, hh = h2(d);
if (n_used >= M) return -1;
while (htable[h].mark == h_used) ({
if (!strcmp(d, htable([h].data)) return -1;
h = (h + hh) % M; :
}
htable(h].data = d; htable[h].mark = h_used;

n_used++; return h;

(1) We mean by “insert correctly works” that for a string s for which insert (s) has not been
executed before, and for such s only, by execution of insert (s), alocation is assigned within
htable, and related information is stored there. Suppose that init is executed first. When

n_used <M, insert always works correctly. Show its reason, based on the definition of
“correctly work.”
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(2) Suppose that init is executed first, and then insert is executed several times. We design
search that searches htable for a given string d.

int search(char *d)
{
int h = hash(d) % M, hh = h2(d);
‘while (htable[h].mark == h_used) {
if (!strcmp(d, htable([h].data)) return h;
: h = (h + hh) % M;
} <
return -1;
}
For a string s, search (s) -returns the index of s in htable if it is stored there, and -1
otherwise. Show its reason by referring to insert.

(3) Assuming h2 (d) = 1 (always returns 1), we design a function that deletes the item stored at the
. indexm in htable.

void delete(int m)

{
htable[m] .mark = h_free;
n used = n_used-1;

} ;

(a) Show that, by executing this function, subsequent executions of search or insert may
not work correctly.

(b) We consider completing delete by, if available, moving an item to htable [m] from
somewhere. Show that when index i satisfies the condition below, we must not move the
ittm in htable [i] tohtable[m].

® When m<i, there is some j (m+1=j<7) such that htable[j] .mark = h_free, or
m<hash (htable[i].data) mod M = i
® When i<m, there is some j (m+*1 S jS M—1 or 0=j=<1i such that
htable[j] .mark = h_free, or either hash(htablel[i] .data) mod M =i or
m<hash (htable[i] .data) mod M.
(c) Write a correct delete. You can use any programming language.
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Problem A

Given a set of input variables xi, x2,..., X», we assume that x; is the lowest bit and x, is the highest
bit. We would like to design a circuit, called LeastFlip(n), whose inputs and outputs are shown in Fig.
1. LeastFlip(n) identifies the lowest input variable x;whose value is 1 and assigns 0 to y;. All of the
other outputs have the same values as their corresponding inputs. For example, when n=4,
LeastFlip(4) generates the output values y1=0, yn=0,jf3=1 , y&=1 for the input values x;=0, x=1, x=l,
xa=1. If all the input values are 0, the output values to be generated are all 0.

Answer the following questions. When designing a circuit, it must be simplified as much as
possible. Use the notations for AND gates, OR gates and inverter gates shown in Fig. 2.

(1) When n=2, show the truth table for LeastFlip(2) with inputs x1, x2, and outputs yi, y2.

(2) When n=3, design a circuit for the outputs yi, y» of LeastFlip(3) by utilizing LeastFlip(2).

(3) By adding a circuit for the output ys to the circuit of Question (2), complete LeastFlip(3).

(4) Input variables xi,x2,..., X, are supposed to represent an »-digit binary number where x; is the
least significant bit and x» is the most significant bit. Output variables y1, y,..., ya also represent
an n-digit binary number in the same way. We would like to design a combinational circuit,
called Decrement(r) as shown in Fig. 3, which receives an input number represented with x,,
Xx2,..., X» and generates an output number represented with yy, ..., yn, in such a way' that the
output number equals to the input number minus 1. If the input number is 0, the output number
should also be 0. When #=3, show the truth table for Decrement(3) with inputs xj, x2, x3 and
outputs y1, y2, 3. ]

(5) Design a circuit for LeastFlip(3) by using only Decrement(3) and AND gates. -

(6) Explain the reason why LeastFlip(r) can be designed with only Decrement(n) and AND gates.
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Problem B .

When we exchange messages through a network, cryptographic technologies are often used to
encrypt or sign plain text messages using an encryption key (K) at the sender side and decrypt the
ciphertext messages or verify the signature using a decryption key (Ky) at the receiver side to avoid
eavesdropping and falsification.

The public key cryptography using two different keys for K. and Ky has the following
characteristics. ;

When sender A encrypts a plain text message with the public key of receiver B, K,", the ciphertext
message can be decrypted only with the private key of receiver B, K. It means that the original
plain text message cannot be eavesdropped. -

On the other hand, when sender A signsra plain text message with the private key of sender A, K,
the signature can be verified with the public key of sender A, Kp“, by receiver B. It means that the
original plain text message is not falsified.

Answer the following questions.

(1) The RSA algorithm is a typical public key cryptographic technology. When a third-party
encrypts 161 types of alphabetical messages from “aa” to “ge” using RSA with encryption key
K.=(53, 161), we would like to infer the original plain text messages from ciphertext messages.
Answer the following questions with break process. '
Here, in RSA, a plain text message M (M is an integer such that 0 <M <n) is encrypted to the
ciphertext message C using encryption key K. = (e,;n) as C=M* mod n. A ciphertext message
C is decrypted to the plain text message M using decryption key Ky = (dn)as M =C “ modn.
Here, n is computed using two prime numbers p and g as n= p-q. Furthermore, d and e are
selected so that d-emod L=1, where L=(p-1)-(g—1). Assume that plain text messages and
ciphertext messages are encoded as “aa”=0,..., “az"=25, “ba”=26,..., “ge”=160.

(a) Infer the decryption key K corresponding to encryption key K.
(b Using decryption key Kyin Question (a), infer the original plain text messages of ciphertext
messages “ca, af, ad”.

(2) Suppose that we are the sender and convert messages using the RSA algorithm described in
Question (1). We would like to make it extremely difficult for those who do not have the
decryption key to infer the original plain text messages. Describe such a method briefly.

(3) Consider sending messages from sender A to receiver B in such a way that the messages sent
from sender A cannot be eavesdropped on the network and receiver B can verify that the
rﬁessages are not falsified. Describe what kind of methods should be apﬁlied at sender A and
receiver B in order to implement this feature using a public key cryptographic tec.hniq ue.

(4) Describe what kinds of risks exist when sender A generates the ciphertext messages to receiver
B, if a third-party X falsely gives the public key of X (‘pr) as the public key of B to sender A.
Also answer some ideas to avoid those risks.

L
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Problem C

When a metal is heated up to a high temperature, electrons are often emitted from the metal sur-
face. Answer the following questions regarding this phenomenon. Here, let g and m be the ele-
mentary charge and the mass of free electrons in the metal, respectively.

(1) What is this phenomenon called?

(2) When the difference between the Fermi level of free electrons in the metal and the vacuum level
outside the metal is denoted as W, whatis W called?

(3) Suppose an outward-going coordinate normal to the metal surface is x, and a plane parallel to
the surface is y—z plane. Show the condition that the x-component of the electron velocity,

v, , should satisfy in order for free electrons inside the metal to go out from the metal surface.

Here you can assume that electrons having their energies larger than the Fermi level are moving
freely in the metal, and that the energy difference from the Fermi level corresponds to the kinet-
ic energy of their translational motion. =

(4) Assume the number of free electrons per unit volume having v, is n(v,). Express current per
unit area, i , when those electrons are flowing out of the surface.

(5) If the free electrons inside the metal follow a velocity distribution function f (vx,vy,vz) , obtain
a formula expressing the total current per unit area i, flowing out of the surface, namely, the
summation of i over all velocity components. Here, v, and v, are velocitiesin y and z
directions, and the number of free electrons per unit volume in the metal is 7.

(6) In (5), by assuming the free electrons in the metal follow the Maxwell-Boltzmann’s velocity
distribution law g 3 5 B @
f,v,v,) ( - ]2ex mv +v, +v,)
Sl TP 2kT

obtain i . Here, k, T,and s are the Boltzmann’s constant, the absolute temperature, and
the circular constant, respectively. :

(7) Name one device or instrument utilizing the phenomenon in Question (n.

(8) Even without heating, when the metal surface is illuminated by light, electrons can be emitted.
What is this phenomenon called?

(9) When the thermal motion of free electrons is negligible because of low temperature, show the
condition that the optical frequency v should satisfy for making electrons jump out. Use the
Planck’s constant / as necessary.

*+



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

FED

Hl@oLdic, £BY—b, BRE (B3 d HERe) & pHr¥k (Fr&79E
B N 75725 MIS (Metal-Insulator-Semiconductor) #&EIZBNWT, BRNA T AEBE V
BLUBNERBEOBER BTN TNAETH IR ZAVTHARIE (CVHE)
BT5ZL2EX3. ZITORE CR, BUERSLVOBEETS. ¥k, &BY—F
EEBEOMONA T ABENYOOEERE 1 OICRTE 527 5y MY RRBER
STW3HETS. ZIT, RR7NVIR[THS. 212, Bz 2 EROTHEAHEK
KBNTASh CV iR IBLUD THZ. ZOLE, UTOMCERL. B, &
REGEHABVEL, £k, REBHLOPBIRETEZD0LTS.

(1) B2 0BBoREOESAbEELTELVSOE A £ BASER. BB, ZITO
NATABEVIZ, $BERPEBLEDOELTERTS. .

@ K20 P, Q R OABEMRICHIB/N> REOKKER 1 b)cR 5> THY. T0
B HhoRRIRERL TV, 7o IBRoMBRBRTRTZE

6) ® 20 Q DERTIIER/ 1 7 ABEOEILIC & > TAERARBMNE TS,
FOBHERALL.

@ H2eBI3 oEEXBRERDEL.

65) ERESBLUCBERERTO CVREIRLD, B2IoRTL5R2 21:0)51:% C-V Hiit
BEOSNTVWS. BEAEKTO CVHRICHET2H02 1, IH5RBXR. £k, TO
XS BABREEENEN S Bh 2R,

6) TUETIYBENERNSEZLE20 COEREDE S BT 2hERHE L.

() MRBOBEE: 2 HHBLE20 00 CVERIZEDL S BT 50, HBE
ERAVWTHBERL. £, COMSHBELERPEFSD VRS (FED) OF v XU
BRAVERS, T0LCHERBOBEEEZEDBILILL>TEDL S BPEMN
FET i b/ 5 INBhERRE.



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

(a) R (834 B#ERe) (b)
SEY— + | pﬁiﬁﬁﬁi (FUETSHEEN,) - #ﬁiﬁ
s
: 1 . p BURHK .
e = amrovf | 7T s
XHME  EWIATR | —— _ : EETH
(B (BE W = @
SRat
K1
BRE C
A -
[ H . I
---Co ------ ‘-. -‘—-
R
B
T i I S 0
I H [ )

0" mySATRBE ¥
A& | E |
B Gk B

 HE2



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

Problem D

Consider performing capacitance-voltage .(C-¥) measurements by a capacitance meter with a
variable DC bias voltage ¥ and a small AC voltage with a variable frequency f on a MIS
(Metal-Insulator-Semiconductor) structure consisting of a metal gate, an insulator (thickness: d,
dielectric constant: €), and a p-type semiconductor (acceptor density: Na), as shown in Fig. 1(a).
Here, capacitance C is determined on a unit area. Assume that a null bias voltage between the metal
.gate and semiconductor gives the flat band condition as shown in Fig. 1(b), where Er is the Femn
level. Figure 2 shows the C-V curves (I and II) acquired at two different frequencies. Answer the
following questions. Note that the insulator is sufficiently thick and that any influences of interface
states can be neglected.

(1) Choose A or B for the correct pair of bias signs for the horizontal axis in Fig. 2. Here, the bias

~ voltage ¥ is defined with respect to the grounded semiconductor.

(2) Schematically draw the respective band diagrams at thelbias conditions P, Q and R in Fig. 2,
similarly to Fig. 1(b). You may omit the notes in the figure, but you should indicate the Fermi
level position by the dashed line.

(3) In the Q region in Fig. 2, a large capacitance change occurs according to the DC bias sweep.
Explain its reason. '

- (4) Give an expression of Cp in Fig. 2.

(5) The C-V measurements at low and high frequencies provide two different C-¥ curves shown in
Fig. 2. Choose I or II for the C-¥ curve acquired at the high frequency, and explain the reason
why such frequency dependence appears.

(6) Explain how the value of C in Fig. 2 changes when the acceptor density Na is increased.

(7) Explain how the C-V curve II in Fig. 2 changes when only the dielectric constant & of the
insulator is increased, by using a schematic drawing. When, in addition, this MIS structure is
applied to the channel region in a field-effect transistor (FET), describe what influence is
brought to the FET by such an increase of the dielectric constant of the insulator.
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Problem E

Answer the following questions on a feedback control system.
(1) In the feedback control system shown in Fig.1, the transfer function of Controller is given by

1
s(Ts+1)

and C(s) denote the reference input and the controlled variable, respectively, which are
expressed by the Laplace transformation of time signals r(¢#) and c(z). T is a positive
constant. Find the transfer function of the whole control system.

(2) In general, the transfer function of a second-order control system' is expressed by
3

. ;
G(5) = ——2—
(s) 2 2 s : , where®, and ; denote the natural angular frequency and the

G,(s)=K (K >0), and the transfer function of Plant is given by G,(s)=

. Here R(s)

damping ratio, respectively. When 7'=0.1 in the control system given in Question (1), find
K that makes the damping ratio & =0.5. Then find the steady state error £ for the input
r@®)=1+t (t=0).
(3) In the control system given in Question (1), find K (=K,) that makes the system show the
critical damping in response to the unit step input. Then describe how the system responds to the
unit step input in the case that K is larger than K, and also in the case that K is smaller than
£ .

(4) Figure 2 shows the control system where an inner feedback loop is added to the system given in
Question (1). When H(s)=K,s (K,>0), find the transfer function of the whole system shown
in Fig.2. Then describe how the stability of this system depends on K, .

Reference input Controller Plant Controlled variable
+
R (s) Gs) G(s) » C(s)
Fig.1
o+ +
R(s) —Q—* Gs) - G(s) > C(s)
H(s)

Fig.2

Ll
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Problem F

Figure 1 shows a coaxial cylindrical cable composed of conductor A of radius @ and grounded
conductor B of radius b (a < b). Let us consider insulation between conductors A and B of the cable
using a solid dielectric material or nitrogen gas.

First, the space between conductors A and B is filled with a solid dielectric material of permittivity
¢ and breakdown field strength E}, for the insulation. Answer the following questions.

(1) When a voltage V is applied to conductor A, a charge with a charge density g per unit length is induced
on conductor A. Express the electric field strength at a distance r (a < r < b) from the center axis of the
cable in terms of g.

(2) Express the electric field strength in Question (1) in terms of V.

(3) Let us assume that the radius b of conductor B is a fixed value and the radius a of conductor A is
variable. Find the radius a that maximizes the breakdown voltage between conductors A and B.

Next, the solid dielectric material between conductors A and B is replaced with a nitrogen gas as
an insulator. Answer the following questions on breakdown phenomena in the nitrogen gas.

(4) In the nitrogen-gas discharge, let v, be the average electron velocity, 7. and n; be the densities of
electrons and nitrogen molecules, respectively, and o be the collision cross-section between
electrons and nitrogen molecules. Assume that the average velocity of nitrogen molecules is
sufficiently lower than v,. Complete the equations in (i) to (iii) in the following description.

“The relation between the mean free path of electrons, A, and the collision frequency
of electrons with nitrogen molecules, f;, is expressed as A = (i) . The
relation between f, and n; is expressed as f; = (ii) . Therefore, the relation
between 4. and ng is expressed as 1. = (jii) i

(5) When the pressure of the nitrogen gas is significantly increased from the atmospheric pressure,
the breakdown voltage between conductors A and B increases. Also when the pressure is

significantly decreased from the atmospheric pressure, the breakdown voltage increases.
Describe the reasons for both cases.
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