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Problem 1

An electron, whose electric charge and mass are —e (e>0) and m, respectively, is accelerated
between a pair of sufficiently large parallel plate electrodes (a) and (b) in Fig. 1. The initial position
of the electron is at (a) and the initial velocity v, of the electron is zero at +=0. The electric potential
of the plate electrode (a) is ~U <0. This electron passes through a small hole at the plate electrode
(b), whose voltage is 0, runs straight in the region between (b) and (c), and enters the region between
(c) and (d), where homogeneous magnetic flux density B=(0,0,5B), where B >0, is applied in
z-direction. This region of homogeneous magnetic flux is infinitely large in y-direction and has a
length of / in x-direction. The whole setup is placed in a vacuum. No resistance force is applied on
the moving electron. Effects caused by the moving electron on the magnetic flux density are
negligible.

(1) Find the time and the speed of the electron when it passes through the electrode (b).

(2) Find the condition that the electron reaches the right-hand side of the boundary (d).

(3) Find the speed of the electron at the time when it passes through the boundary (d).

(4) Find the angle of the electron trajectory to the x-aXis when the electron passes through the
boundary (d).

(5) Find the time when the electron passes through the boundary (d). You can use inverse
trigonometric functions here.

(6) Explain what happens when the magnetic flux density between the boundaries (¢) and (d) does
not meet the condition obtained in Question (2).

(7) The trajectory of the electron varies depending on the magnetic flux density B. However, there
is a region(s) where the electron can never pass. [llustrate the region(s) graphically.
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Problem 2

Because of the non-linear characteristics of MOS transistors, it is difficult to analyze their
operation. Therefore, a minute range in the vicinity of the bias pdint is analyzed. This is referred to
as the small-signal analysis method. Figure 1 shows the small-signal model of a short-channel MOS
transistor. Here, the substrate bias effect is neglected, and let g, be the transconductance, 1, be the
output resistance, and vgs be the small signal component of the gate-to-source voltage. Symbols in

the figures can be found in the legend. Answer the following questions.

(1) Draw the small-signal equivalent circuit of the common-source circuit with a load resistance Rp
as shown in Fig. 2. In addition, express the voltage gain Ay, the input resistance Ry, and the
output resistance Rgy¢.

(2) Figure 3 shows the common-source circuit after replacing Rp in Fig. 2 with a constant current
source. Draw the small-signal equivalent circuit for it. In addition, find a formula for the voltage
gain Ay.

(3) A constant current source can be realized by a circuit shown in Fig. 4. Draw its small-signal
equivalent circuit. In addition, find a formula for the voltage gain Ay.

(4) The circuit shown in Fig. 5 is used to provide a gate bias 1}, of the MOS transistor as a constant
current source in Fig, 4. In this circuit, the current I, is always equal to I,. Taking this into
account, show the differential gain of the differential amplifier circuit shown in Fig. 6.

(5) As shown in Fig. 7, feedback is applied to the differential amplifier circuit by using the

capacitors. Find the closed-loop gain of this differential amplifier circuit.
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Problem 3

Answer the following questions regarding entropy and channel capacity.

Table 1 shows the joint probability distribution of the weather of city A and city B. The weather of
the cities for a day is represented by one of “Sunny”, “Cloudy”, “Rainy”, and “Snowy™. There are
some correlations between the weather of city A and that of city B as shown in Table 1. It is assumed

that, for each city, there is no correlation between the weather of a day and that of any other day.

Table 1
City A Sunny Cloudy Rainy Snowy
City B
Sunny 1/8 1/16 1/32 1/32
Cloudy 1/16 1/8 1/32 1/32
Rainy 1/16 1/16 1/16 1/16
Snowy 1/4 0 0 0

(1) Calculate the entropy of weather for one hundred days of city A and that of city B, respectively.
(2) Calculate the joint entropy of weather for one hundred days of city A and city B.

Figure 1 shows a channel between a transmitter T and a receiver R. T transmits one of 8 codes of
0,1,2,3.4, 35, 6,and 7 at a time. For a code ¢ transmitted by T, R receives the code ¢ or code
¢+1(modulo8), as shown in Fig. 1, and both of their probabilities are 1/2. For example, when T
transmits code 3, the probability of R receiving code 3 and that of R receiving code 4 are both 1/2.

The probability of R receiving any other codes is zero.

NoumbwNPRFEO
~NoummbhwWwNEHEOD

Fig. 1

(3) Calculate the capacity of this channel.

(4) Explain a method to achieve error-free communication over this channel.
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Figure 2 shows a channel between a transmitter T" and a receiver R’. T’ transmits one of m codes
of 0,1 -+, k ---,andm -1 at a time. When the code transmitted by T’ is x, the probability
p(ylx) of R’ receiving code y is given by Eq. (i). For example, when T’ transmits the code , the
probability of R’ receiving the code & is (I ~ r), and the probability of R’ receiving any one of codes
other than k£ isr f(m -1).

s
‘e,

P
n? 2> 1 B e AT TN Vol | . e S e N e - irz _____1
l=r
Fig. 2
1-r whenx=y,
piyx)={ r (i)
—— whenx # y.

\m—1

(5) Show the capacity of this channel as an expression using » and r.

(6) Whenm =35, draw a sketch of a graph of the channel capacity in Question (5) as a function of #,
indicating the values of the maximum channel capacity with its corresponding » and the
minimum channel capacity with its corresponding 7. Use values below if necessary.
log;3=1.59, log,5=2.32, log,7=2.81. log,11=3.46.
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void maketable (char *patn, int *table) {
int 505wk,
int m = strlen(patn); // "F—UXFFIORES

table[0] = 1; table[l] = 1;
for(i = 2; 1 < m; i++){
gorti = 1; 3. < i; S++)1{
for(k = 33 k < i; k++){
if (] (R) |) break;
}
if (| (B) ) break;
}
table[i] = 3;
}
}
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Problem 4

String search is to find an occurrence of a given pattern string in a text string. Answer the
following questions about string search. Let # and m (m > 0, n > 0) be the lengths of the text string

and the pattern string, respectively, and m be much smaller than .

(1) One of the simplest string search algorithms compares the characters of the pattern string with
those of the text string one by one as shown in Fig. 1. When a mismatch is found, the pattern
string is shified by one character. In this algorithm, find at most how many times the characters
are compared using m and ». In addition, give the order of the time complexity of the algorithm.

albldlec Text string
[ —— * Character matching
#blc Shift Pattern string (abc)
alb|c Pattern string after shift
Fig. 1

(2) The matching process can be accelerated by shifting the pattern string by more than one

character when a mismatch is found. As shown in Fig. 2, when a mismatch is found after
matching some characters, the shift amount is determined by the sub-pattern preceding the
mismatched character. The character comparison is restarted from the mismatched character of
the text string.
Describe the reason why the pattern string can be shifted by 2 characters instead of 1 character at
the 1st shift in Fig. 2. In addition, describe the reason why the pattern string can be shifted by
only 3 characters, by neither 4 characters nor 5 characters, when the mismatches are found in the
2nd shift and the 5th shift.

]:‘b a bic alc a|b cla|b|c |~ Textstring

It shift E}E]bﬁ\alﬂd\
zndshiﬁdv\la\ti[c\a]b[ﬂ
3rdshiﬁE:>E‘b‘Clalb!d[
4th shift E[}Li]blC\a]ﬂdJ

sthshit C>|a|blc|a|b|d]
A

Pattern string (abcabd)

A Starting point of comparison

Fig. 2
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(3) Figure 3 shows the shift amounts when the mismatches are found at respective characters of the
pattern string “abcabd”. Make the tables of shift amounts for the pattern strings (i) “abababcd”
and (ii) “aaabcabed” after the fashion of Fig. 3.

Character position D1 23

Pattern string (abcabd) alb|c|a

Wl || wn

Shift amount of patternstring | 1 [ 1 |2 |3 | 3

Fig. 3

(4) Program 1 is a program to make a table “table” of shift amounts for an input pattern string
“patn” as explained in Question (3). Write conditions appropriate for the blanks (A) and (B). In
addition, give the order of the time complexity of the program.

Program 1
void maketable (char *patn, int *table) {
int A AN
int m = strlen(patn); // length of pattern string

table[0] = 1; table[l] = 1;
for(i = 2; 1 < m; i++){
ForinEs St e g 1)

for(k = 9; k=< i: k++)4
if (| (R) ) break;
}

if( (B) ) break;

}
table[i] = 3j;
}
}

(5) Assuming that the table of shift amounts has been made, estimate at most how many times the
characters are compared by the algorithm described in Question (2). In addition, give the order
of the time complexity of the algorithm.

(6) There are many algorithms other than the algorithm ‘described in Question (2) for accelerating
string search. Describe briefly one of such algorithms.
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Problem A

Answer the following questions on logic circuits for adders.

(1) When two inputs 4 and B are representations of one-bit unsigned binary numbers, the logic circuit
that makes the two-bit binary unsigned representation of the sum of the inputs is called half adder:
Give the truth table of the half adder. In the table, the lower bit of the output should be indicated
as S, and the upper bit, which represents the carry, should be indicated as C.

(2) Give a circuit diagram of a half adder consisting of AND, OR, and NOT gates. Gates should be
represented as shown in Fig. 1.

D D P

AND gate OR gate NOT gate
Fig. 1

(3) Half adders cannot take a carry from lower places into account, and thus cannot realize one bit
portion of addition of multi-bit binary numbers. Give the truth table of full adder that has the
function of summing up the carry from lower places. In the table, the two input bits of the full
adder should be indicated as 4 and B, the carry from one lower place should be indicated as Cig,
the output of the place should be indicated as S, and the carry to be propagated to the next place
should be indicated as Coy.

(4) A full adder can be built using two half adders and a single OR gate. Give a diagram of such a
logic circuit. Here, a half adder should be drawn as shown in Fig. 2.

A

]

B

— C

Fig. 2

Adders of an arbitrary number of bits can be constructed by simply connecting full adders in line.
With such a construction, however, the time required to obtain all the output bits is proportional to
the number of bits, making an adder for many bits too slow. To solve this problem, the carry
look-ahead method, in which carries are not propagatéd through the line of full adders but are
computed separately by dedicated circuits, is commonly adopted.

(5) Show that the carry bits for all the places can be obtained only with delays of two gates, using
AND/OR gates of an arbitrarily large number of inputs and outputs, when wiring delays are
ignored.

(6) The common practice is, instead of using circuitry that can compute all the carry bits with two
levels of gates, using carry look-ahead circuits with more stages. Describe the technical reason
why such a design is common.
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Problem B

Figure 1 is a sequence chart which shows a procedure for setting up a connection in TCP

(Transmission Control Protocol). Answer the following questions concerning TCP.

Host A Host B
e CHER

(1) Sequence numbers of 32 bits are used in TCP for flow control, error control and so on. What

problems can arise if the size of sequence numbers is too small and if it is too large compared
with 32 bits?

(2) The initial value of a sequence number is not predetermined but is set at random. Describe one

reason for this.

(3) What problem arises if the acknowledgment number is set to a value much larger than the

correct one after the connection setup?

(4) A host, which has received a SYN segment whose SYN flag is set, will return a SYN,ACK
segment whose SYN and ACK flags are both set if the data exchange is possible after the
connection setup, as shown in Fig. 1. If the data exchange is impossible, however, the host will
return a segment whose ACK flag is not set. What problem arises if the procedure is changed so

that no segments are returned instead of returning a segment whose ACK flag is not set?

(5) Consider a connection setup procedure in the case where two hosts A and B transmit SYN
segments to each other almost simultaneously and receive such transmitted SYN segments
afterwards. Show a sequence chart for this procedure including the exchange of SYN segments

in a manner similar to Fig. 1.

(6) Assume that host A transmits a SYN segment to host B and that host A does not return an ACK
segment to host B after receiving a SYN,ACK segment from host B. If such operations are
repeated frequently in a short period of time by host A, what problem arises for host B? In

addition, describe a method for host B for solving this problem.
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Problem C

As a model of lattice vibration, consider a one-dimensional chain composed of atoms A of mass
M connected with springs with a spring constant K at their natural length, as shown in Fig. |. The
chain is infinitely long in both directions. The distance between the adjacent atoms is defined as .
The longitudinal waves propagating in the one-dimensional chain are expressed by

u, =uexpli(qgna— i), (1
where u, is the deviation of the z-th atom from its equilibrium position. Here, n is an integer
between —oand+o0, u is the amplitude of the oscillation, @ is the angular frequency, ¢ is the
time, g is the wave number, and / is the imaginary unit. We assume that the forces applied to each
atom follow the Hooke’s law.

(1) Write the equation of motion for the # -th atom.
(2) Write the relation between @ and ¢ (dispersion relation). In the answer’ sheet, simplify the
answer equation form by using 1-cosga =2sin*(ga/2). Also, draw this dispersion relation in

the first Brillouin zone (-7/a<g<n/a).

(3) Draw the g -dependence of the group velocity (dw /dq ) in the first Brillouin zone. Explain the
phenomenon taking place when g =+7/a.

(4) By using the periodic boundary conditions of length L, find an expression for ¢ .

(5) Show the density of states g(@) by using the dispersion relation derived in Question (2). Show
that g(w) becomes infinite at a certain value of @.

(6) As shown in Fig. 2, we replace the £ -th atom A shown in Fig. | with an atom B of half the
mass M /2. At this condition, only the decaying waves expressed by Eq. (ii) can exist, which
propagate in the left- and right- directions from the atom B. Find the value of exp(y «) when
lexp(y a)|>1. Here. y is the decay constant. .

u, =uexp(—iot)exp(~y an— 1)) (ii)

(7) Show ¢ and @ corresponding to the state derived in Question (6).
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Problem D

The relationship between the current / and the terminal voltage ¥ of an ideal silicon p-n
junction diode is given by the following equation:

I = Is{exp(: ;;_) -1}, ()
B

where ¢ is the elementary charge, k, the Boltzmann’s constant, T the absolute temperature,

and [ the saturation current. The voltage F is measured with respect to the n-type terminal, and
the direction of the current 7/ is defined to be positive when flowing from the p-type to the n-type.

(1) Show the p-n junction band diagram of this diode when it is not irradiated by light. Use labels
E., EC, and E for the upper edge of the valence band. the lower edge of the conduction
band, and the Fermi level, respectively.

(2) When the p-n junction is irradiated by light, which creates electron-hole pairs, a photocurrent
I, is observed to flow out from the terminal. Draw the flow of such electric charges in the
band diagram. Use labels E,,. Ec-' and f for the upper edge of the valence band, the lower
edge of the conduction band. and the Fermi level, respectively.

(3) Modify Eq. (i) and show the 7-J" characteristic under the condition of Question (2). Show
also the equivalent circuit. The internal resistance of the diode can be ignored.

(4) Show a graph of the J-J° characteristic under the condition of Question (2). Use the
horizontal and vertical axes for the voltage J~ and the current [, respectively.

(5) Using the equation derived in Question (3), show the open-circuit voltage Voc that appears
when the terminals are opened under the condition of Question (2). You may presume that
I, >

(6) Using Eq. (i), show the relation between VOC derived in Question (5) and the voltage Vm, at
which the power P = 7-J delivered from the diode is maximized.



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

HMEE
B1D7 44— FRy Z7HERICOVWTELTORMICE X k.
) K=0&L, HERELEICTS K OFEZRD L.
(2) K2=0 &L, 0<Kj<oo [ZOWTHREBFZHIT.
(B) Kh=0 DL ZFIVATLAEREERRICTS K (>0) 2R L. KiC, KT OfICEE
L, 0<K;<o0 [ZOWTIRBBRZHEIT.
) DEORRPOER D Z & &b~ &,

o + 1
- = | s(s+1)(s+2)

K,s




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 E
Answer the following questions on the feedback control system shown in Fig. 1.
(1) Putting K, = 0, show the condition of K| to stabilize the system.
(2) Putting K, = 0, draw the root locus with respect to K; (0 < K <<0).
(3) Find K; (> 0) to set the system at stability limit when K, = 0. Next, by fixing K to this value,
draw the root locus with respect to K> (0 < K, <0) .

(4) Describe what can be said from the results above.

+ = 1
= — | s(s+1)(s+2)

K,s |«

Fig. 1
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Problem F

Consider the growth of an electron avalanche between parallel-plate electrodes as shown in Fig. 1.
The gap length is d, and a positive voltage V" is applied to the anode. The gap is filled with an
electronegative gas material made of molecule M. The origin is located on the surface of the cathode,
and the x axis directs to the anode. The electrodes are infinitely large. Ignore the edge effect.

In the gap, an electron e~ drifts to the anode with the speed of u.V'/d, where u, is a constant
corresponding to the mobility of an electron. When an electron travels a small distance dx toward the
anode, the collisional ionization

M+e - M"+2e (1)
occurs with the probability of adx, where the molecule M is divided into an electron and a
monovalent positive ion M". In the same manner, when an electron travels a small distance dx
toward the anode, the electron attachment

M+e =M (ii)
occurs with the probability of ndx, where the molecule M turns into a monovalent negative ion
M~ . Here, @—7>0. The generated ions M" and M~ drift to the cathode and anode,
respectively, with the speed of x V' /d . where u; is aconstant corresponding to the mobility of an
ionand u, ~10004;.

Answer the following questions. Denote the elementary charge by e, and neglect the field

distortion by charged particles generated in the ionization and the attachment mentioned above.

(1) Electrons, whose number is initially V,, are emitted from the cathode at x=0 at time ¢ = 0.
These electrons drift to the anode changing their number through the collisional ionization and
the attachment. This is called an electron avalanche. Let Ne(x) be the number of electrons
when they travel the distance x from the cathode and Np(x) be the total number of positive
ions M* generated by this time, and Ny(x) be that of negative ions M~ . Show the three
differential equations which N, (x), Np(x),and Ny(x) satisfy.

(2) Solve the differential equations derived in Question (1). and obtain Ne(x), Np(x). and
Ny (r)

(3) When a positive ion hits the cathode, a new electron, which is called a secondary electron, is
emitted from the cathode with the probability of y . Find the total number of the secondary
electrons.

(4) The secondary electrons grow into subsequent electron avalanches. According to Townsend
theory, the inception condition of electrical discharge is the formation of sustainable electron
avalanches. Find the expression for the inception condition of electrical discharge.

(5) Here, unlike Questions (3) and (4), suppose 7=0 and y=0 for simplicity, where the

influences of negative ions and subsequent avalanches by secondary electrons are ignored. The
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current observed with the current monitor A in Fig. 1 is the sum of the current /7, carried by
electrons and the current /p carried by positive ions. Find the expressions of 7, and /, as

functions of time 7, and sketch the graphs of I, (t) and ]p(f].

+V

cathode ) =

é) A: current monitor
Al
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