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Problem 1

In the space with coordinate system (x, y,z), the region of z > 0 is a perfect conductor and the
region of z < 0 is a vacuum as shown in Fig. 1. In the region of z <0, an incident
electro-magnetic wave propagates from —z direction toward the surface of the perfect conductor at
z = 0. The electric field E'= (Ei_x,Eiy,Eiz) of the incident wave is given as Eq. (i).

Q’Eix = E,cos (kz = a)t)
{E'y = Eysin (kz - ot) @)
E;=0 :

where Fo, &, and @ are the amplitude, the wavenumber, and the angular frequency of the electric

field of the incident wave, respectively. And ¢ is time. Assume k > 0 and w > 0.

(1)  Derive the magnetic flux density B' of the incident wave in the region of z < 0.

(2)  Using figures, explain the propagation behavior of the electric field E' of the incident wave
and the magnetic flux density B’ of the incident wave in the region of z < 0.

(3) Calculate the electric field and the magnetic flux density in the perfect conductor region of
z=0.

(4) The incident wave is reflected at the surface of z = 0. Derive the electric field E' of the
reflected wave and the magnetic flux density B' of the reflected wave in the region of z < 0.
The reflected wave propagates toward —z direction.

(5) The incident and the reflected waves form a standing wave in the region of z < 0. Explain

this phenomenon with equations and figures.

z

4
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Problem 2

Answer the following questions. Symbols in the figures are specified 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 also that no charge is

stored in the capacitors and no current flows through the inductors at time =0.

(1) As the input voltage Vi, to the circuit in Fig. 1, the square wave in Fig. 2 is applied.
(1-1) Show an expression for the output voltage Vou from time ¢ =0 s to time £ = 1 s using R and
E
(1-2) Show the amplitude of the output voltage swing when the amplitude of the output voltage

swing becomes constant after a sufficient time, assuming that R=1 €2 and Z=1 H.

(2) A sinusoidal AC (alternating-current) voltage of the angular frequency @ is applied to the input
vin Of the circuit shown in Fig. 3.

(2-1) Show the voltage transfer functi on from vin to vou as a function of the angular frequency a.

(2-2) Assuming that R=1Q and C=1F, sketch graphs for the magnitude—angular frequency

characteristics and phase—angular frequency characteristics of the transfer function obtained

in Question (2-1). The axes for the angular frequency and the magnitude should be

logarithmic, and the axis for the phase should be linear.
(3) Figure 4 is a non-inverting amplifier. Express the voltage gain of the circuit.

(4) Consider building a sinusoidal-wave oscillator by using the circuit in Fig. 5. First, separate vou:
and Vou2, and then short veur and vour to form the oscillator. When the condition that the phase
and magnitude of vou1 and veur are equal is met, the oscillation starts if vour and veur2 are shorted.

Find an expression for the angular frequency @, and the relationship between Ry and R; to satisfy

this condition.

(5) The circuit in Fig. 5 starts oscillating when the condition found in Question (4) is met, but ‘n
reality there are variations in the values of Ry and R; and it is impossible to completely satisfy the
condition found in Question {(4). Consequently, as is. the waveform of the oscillation may become
non-sinusoidal or the oscillation swing may become zero. This problem can be solved by replacing
either R or R; by a thermistor whose resistance decreases much as the temperature increases.

Show which resistor should be replaced. Explain the reason, too.



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

Legend

% T

Operational Ground

e — AN



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

RI%E 3

TR BBV TRE) OBREMEOHSBIEELN L TEERANLDRET ST
= bUATLERE LY. BEOHLBERIT 1 AH7h TR HHVE TR
D—oOOBREGRETH ZAXNFEERTHY, BO BRI 1% THIbDLTH. £, [H
Bl & TR OBROABERIENTN 95%, S%EEELTURAT ARRETTHHD
15, 728, log,3=158, log,5=2.32, log,95=6.57 &L, fHEERE] TG TEX
bNDLDLTD. P(4)IXRFT 4, ORI DR, P(B,|4)ERET4,PEI o7& EIIE
5B, R AEMMEREBTHS.

i J

I= ZP(Bj)logz(P(JIB.)]—ZP(Ai)ZP(Bj IAf)IOgZ[P(Bl.M.)J @

1) BELEEERELXEFTIEROT b b—%RD L.
(2) FEFRE L EERAEOBFRETHAY L.
() ZOZEHEEROBEREEEZRD L.

@) N7 EERENC R T, COBERERAVTI Sbi) o0BRERT
BIET BT LB TE D IEIEEEEA T TRE

(5) BUIRERRA LB ERE R LR VARZ LT, ZOREREFAVWTED 2 14
HTD—DOOBREFETIHIZLENTE 2050 2EBHE T TRE.

(6) WEORBERELE S BEREELEAVE LT, OBEREPAVTEY 2 BR
EEETEARAOEEL— MNERD)ERD L.



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 3

You need to design a questionnaire system to collect opinions of “agree” or “disagree” from many
people through a noisy channel. The noisy channel is a binary symmetric channel capable of

transmitting one opinion, eithe e, and the probability of error is

(6) Find the maxis
opinions with no e
coding and channel coding.

system can transmit

d an appropriate source

e e
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Problem 4

Consider algorithms to solve an 8-puzzle shown in Fig. 1. In the 8-puzzle, there are eight tiles
numbered from 1 to 8 and an empty space to move tiles in a 3x3 grid. The empty space is shown as 0
in Fig. 1. The objective of the 8-puzzle is to reach the goa! state shown in Fig. 1(b) from the given
initial state. Only the tiles that are adjacent to the empty space can be moved, and only sliding them is

allowed. In other words, it is not allowed to pick up and move a tile.

(a) The initial state (b) The goal state

Fig. 1

(1) Draw a tree with the depth of 2 by having a state of the 8-puzzle as a node, state transition
(movement of a tile) as an edge, and the state shown in Fig. 1(a) as the root node.

(2) When a tree like what is created in Question (1) is given, depth-first search is one of the general
approaches to searching it. In order to implement a process to perform depth-first search with
recursion, fill out the blank in five lines or fewer in the following pseudo code. You only need to
write a process of depth-first search, and do not need to find a path to the goal state or display it.
You may use the following variables if necessary. The readability of the pseudo code in your .
answer is also considered for marks.

* Boolean Edge[n] [n]: Denotes the adjacency matrix of a given free. We assign an
integer to each node as its index. The index starts from 0, which is associated with the root
node:. If there is an edge from a node i to a child node j, Edge[il] [j] is setto true.

_ Otherwise, it is set to £alse. Note that even in this case, Edge [j] [1] is not true.
* Boolean Checked[n]: Denotes the visited state of a node i. If the node i has been

visited, Checked[i] is true. Otherwise, it is setto false.
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// Initialize and start depth-first search
StartDES ()

{

for({all n){

(4) With modi ructure, the pseud : i i i onverted to

{5) An actual algorithm searches ng : by using a given tree. In

this case, if you use depth-first sea / € 'solution. Explain the reason.
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Problem A

We would like to design a circuit that repeatedly outputs the sequence of numbers 1, 2, 3, 5, 8, and
13 synchronously with clock pulses. This circuit outputs 1 at the clock pulse just after it has output

13. A four-bit binary number ‘x3x,x;x," represents the output of the circuit. Answer the following

questions.

(1) Give the state trans

(2) Let us desi

multi-input AND gate = multi-input OR gate D flip-flop

Fig. 1
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Problem B

When packets are transferred over network, the mechanism that decides the direction of forwarding
packets depending on the destination and delivers them to the destination, is called routing. Answer

the following questions. The values in figures express the distance cost.

(1) Describe the difference between a circuit switching system and a packet switching system

briefly.
~ (2) There are typical classifications of network topology such as star, ring, bus, mesh, tree, and line.
Draw the graphs of star, ring, mesh, and tree topology using nodes and edges.

(3) Regarding ring topology and mesh topology, describe an advantage and a disadvantage of each
topology from the standpoints of fault tolerance and laying cost.

(4) In some network using the Internet Protocol (IP), routing is based on an algorithm called a
distance vector. As shown in Fig. 1, a network is attached to a router and routing information is
exchanged between the adjacent routers. Routing information consists of “network information”

and “distance cost”. The database referred to by a router for packet forwarding is called a
routing table. Describe the data fields that are absolutely necessary for a routing table to forward
packets properly. Explain the reasons.
(5) The procedure of exchanging routing information by routers is defined as follows:
i. A router stores the network information attached to itseif in its own routing table, and
sends routing information to all the adjacent routers.

ii.  The router compares received routing information from all the adjacent routers with
stored information in its own routing table, and then the router chooses the information
with less distance cost and stores the chosen information in the routing table.

iii. * The router sends the stored information in its own routing table as the latest routing
information to all the adjacent routers.
iv.  After a certain period of time, the procedure goes back to step i.
All routers exchange all of routing information by repeating the procedure. In Fig. 2, calculate
the shortest route from Network A to Network F by applying the proceduré defined above, and
describe the routing table in Router C after all the routers have acquired the shortest route to

each network.
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Routing information sent from Router A

Routing information sent from Router B Routing intormation sent from Router B

Routing information sent from Router C

Router A 5 Router B 1 Router C
Network A Network B Network C
Fig. 1
Network B Network F
j RouterD 1 Router F
Router B -
5 1
1 Router C ) Router E
Router A .
Network A Network E
Fig, 2

(6) After all the routers have acquired the shortest route to each network, suppose that Network E,
which is attached to Router E. becomes disconnected. In this case. even if the routing procedure
defined in Question (5) is repeated, packets towards Network E are bounced between routers.
Explain the reason why the packets make round trips between the routers.

(7) As shown in Question (6), the routing procedure defined in Question (5) has the problem of

causing bounced packets when a network is disconnected. Describe a solution to this problem.
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Problem C

Free electrons in a metal can be treated as the free electron Fermi gas that follows the Fermi
distribution. Answer the following questions regarding this. Here, let %, kg, m, and 7 be

Planck’s constant, Boltzmann’s constant, the mass of free electrons, and the circular constant,

respectively.

(1) Express the Fermi distribution function f(g) as a function of the energy &, when the
temperature is 7' and the Fermi level is x . In addition, sketch the graphs of the function f(&)
at the following two temperatures,

(1-1) T =0, and
(1-2) T >0, where T is low enough that the electron gas is considered degenerate (still holds

the features of the Fermi gas).

(2) Assume that the metal is a cube of the edge length of L, and set the coordinate so that the x,y,
and z axes are all parallel to the cube edges. Obtain the wavenumber vector k =(k,.k,.k.) of
the wave function of an electron, using the quantum numbers #,, n,,and n for x,y, and z

directions, respectively.
(3) Derive the energy & of an electron using the quantum numbers #,, n,,and », .

(4) A discrete point in the A space in Question (2) corresponds to a state of an electron. By
estimating the number of those points between k:'kl and k+Ak (Ak isthe small increment
of k), show that the density of states D,(e) at the energy of & (number of states per unit
volume) is proportional to Ve, and derive its proportional constant. Note that electrons have

spins.
(5) Let N; be the density of electrons in the metal. Derive the Fermi level g, at T=0.
{(6) Express the averaged energy of an electron 8_0 using 4, at T7=0.

(7) We assume that the metal is a two-dimensional thin film on the x,y plane, or a one-dimensional
thin wire along the x axis. Derive the respective densities of states D,(¢) (per unit area) and

D,(¢) (per unit length) for the two cases, following the derivations for the three-dimensional

case in Questions (2)-(4).

(8) Derive the respective Fermi levels x4, at I’=0 for the two-dimensional and one-dimensional
cases. Here N, denotes the density of electrons per unit area in the two-dimensional case, and

N, denotes the density of electrons per unit length in the one-dimensional case.

(9) When the temperature is raised to be 7 >0, how does the Fermi level g deviate from
derived in Questions (5) and (8)? Answer with reasons for the three-dimensional, two-dimensional

and one-dimensional cases. Here we assume that the electror gas is degenerate.
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Problem D

Consider the carrier distribution, static current-voltage characteristics, and switching characteristics
of a PN diode which consists of a P-type semiconductor (called P) and an N-type semiconductor
(called N). P and N are uniformly doped by impurities of concentrations Na and No (N, > N;),
respectively. The diffusion coefficients.of minority carriers in P and N are D, and D,, and the minority
carrier lifetimes in P and N are 7 and g, respectively.

Figure 1 shows the PN diode. The space charge profile of the depletion layer is assumed to be a box
shape. The x coordinates of the boundary between the neutral region and the depletion region in P and
N are —x; and x», respectively. A bias voltage V is applied to the PN diode by the external voltage
source. The direction of a current /in Fig.1 is positive in the direction of the arrow. The cross-sectional
area of the PN diode is 4.

The elementary charge is ¢, the intrinsic carrier concentration of the semiconductor is 7, the

Boltzmann constant is ks, and the temperature is T.

(1) The minority carrier concentrations at the boundary between the neutral region and the depletion
region are n; and p» in P and N, respectively. Under the bias voltage 7, derive expressions for the
carrier concentration differences, An,(—x,) and Ap.(x.), from the equilibrium state at =0 by using
impurity concentration and ¥. You may use the following equation for the relationship between
the electron concentration » and hole concentration p under the bias voltage V:

e MR B LT LR (@)

np=n.e
(2) The electric field in the neutral region is zero, and the steady-state diffusion equations for the
minority carriers in the neutral region are expressed by the differences of the carrier

concentrations, An,(x) and Ap.(x), from the equilibrium state at /=0 :

d*An. An .
n 5 2 - =0> (“)
dx* 7,
2
Dpd_{pn_%:o (iif)
dx* T,

By using the result of Question (1) and the boundary conditions of Arny(—0)=0 and Apn(0)=0,
solve the diffusion equations and derive expressions for the distributions of An, and Apx in the

neutral region, respectively. Use L, =Dz, and L =,/D.7  forconcise expressions. Use
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&)

©)

the coordinates x' and x" in Fig. 1 for P and N, respectively. The left direction is positive

along the x' axis and the right direction is positive along the x” axis.

Sketch the distributions of n, and p» in the neutra region under forward and reverse biases along
the x axis. Take N, > N, into account.

The electric field in the neutral region is zero, and the minority electron current density J_, and
minority hole current density J, are expressed by the diffusion current densities in the neutral

region, respectively:

dAn

J, =gD, dxp (x5-=x]), (iv)
dA '

Jp=—qDP df" (x2x.). )

If the carrier generation and recombination are neglected in the depletion layer, the electron
current density J: and hole current density J, are constant in the depletion layer. Then, derive an

expression for the current 7 of the PN diode as a function of the applied voltage V.

e o)
Iy
R Ve ,=o< —H=.
I——q - . {
0
I@) J
Fig. 2 Fig. 3

A circuit is built by adding two external voltage sources Ve and Fx, resistances Rr and Rx, and a
switch to the PN diode in Fig. 2. At time #<0, Re and Vr are connected to the PN diode by the
switch, and the circuit is in the steady state. At ¢ =0, the switch disconnects Re and ¥ from the
PN diode and immediately connects Rz and ¥k to the PN diode. Figure 3 shows the time response
of the current Xf) of the PN diode. Explain the physical phenomena that occur in Fig. 2 during
the respective period, @t<0, @0<t<t, @1 <t<t,,and @t, <r inFig. 3.

When the following modifications are made in Fig. 2, sketch the respective time response of the
current /(¢) such that the difference from Fig. 3 can be clearly seen:

(6-1) when only V¥ is increased,

(6-2) when only Fr is increased,

(6-3) when only 7 in the semiconductor is decreased.
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-40 ~ —60 [dB/dec]

-40 ~ —60 [dB/dec]

X 2
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Problem E

Answer the following questions about the control system of Fig. 1. C; and C; are the transfer
functions of controllers, and P is that of the controlled object. r, u, d and y are command, control
input, disturbance and controlled variable, respectively, and w is angular frequency.

(1) Calculate the transfer functions f

gned independently

w [rad/s]

[
L

~-40 ~ -60 [dB/dec]

Fig. 2

e e e e SN i .~ .
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Problem F
Let us consider a symmetrical three-phase AC (alternating current) underground electric
transmission system using three power cables with length L . The line voltage is ¥ and its angular

frequency is @ . Answer the following questions.

(1) Figure 1 shows the cros inder structure. The inner

radius of the onductor when the

iric permittivity
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central conductor

shielding conductor

coating

Fig. 1

three-phase power cables

AC voltage source [:] load —— capacitance

Fig. 2
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