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Ph.D. Preliminary Examination Solutions
Spring 2007
Problem 1 (Core: CompE-ECE2030) Code Number:

RCE2030 (CORE) Pretim Probler

o Using the nFET nerwork given below, draw the sorrésponding pFET network fo zomplete this
complex CMOS logie gate, Wit function dozs this circuit tmplesent?

x —dE

CRY

b, Show the LOGIC sehenmtic for the following Boolean funcrion, Please show the impomeniation
{pweterably with mixed logie notation] using NOR gates and INVERTERS oy,

¢ Show fhe TRANSISTOR schemaiie for a conpléx CMOS gate thin implements the fellowing
function witha msivimem sember of wansistors.

GUT=X Va7 e d




Problem 2 (Core: CompE-ECE2030) Code Number:

(a) List all the prime implicants of the boolean function f(w,x,y,z) given by the following
Karnaugh map:

yz
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Prime implicants:
WX(;{) %5{2., Wk 2, %0‘12, WJZ, wxj)
Wxz and wyzZ

(b) List all the essential prime implicants of the boolean function f( ), above.

Essential prime implicants:

Thete ore mo esSerJL'lch TIs.

(c) Give a minimal sum of products form expression for the function f( ) below:

.——-—’/

f(wxyz) = W)(J + —J\I—XZ‘F‘W‘/'Z.'J'“;:]Z

(d) Give a minimal product of sums expression for the same function () below:

fwxyz) = @\7 + ;[) . (?‘—kz}- ( W x4y -Ff)



(e) Show an implementation of the function f(wxyz) = wx +xy+wyz using a minimum
number of inverters and NAND gates only. You may use two or three input NAND gates
in your design.
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Problem 3 (Core: CompE-ECE3055) Code Number:
The following RISC dssembly language program is executed on a 32-bit MIPS processor. Fill in
the register values that will be present, after execution of this program. A summary of MIPS
instructions is included ai the bottom of the page - for anyone vafamiliar with the MIPS
instruction set. Prior to execution of the program, meémory location 0x01000 contains
Ux3035203 1. Note: 0x indicates hexadecimal and all answers must be in hexadecimal, default is
decimal in the MIPS assembly language source file. A MIPS memory word or register contains
32-bits. Use XXXXXXXX for an undefined value,

LW §3,0x01000 R3Fery2ev s
SLL $4,93,4 Ry=Clry 6310
ADD $2,83,84  RA=3164N23 4
AND $3,84,53 RIscogoovio
LUt $5,0x3055 RS S30F5000.
ORI §5,55,38 RSFjefsoel
SUB . s6.54,53 "Grogonoioo
BNE $3, %6, LABEL1
ADDI $6, 50, 20

LABELL:  SW $6, 0301000

After execution of the MIPS code sequence above,

R2=0x 3 SAY 29 ¢ 1 { in hexadecimal)

r3=0x 005 C00 1O

{in fiexadecimal)

Rét = Ox Of5§ 2031 O (it hexadecimal)

RE =0y 3 G g S 0072 6 {in hesadecimaly

Memory Location (x01000 containg: 02@6 5 GZG ?3 06 (in kamdecimaﬁ

The MIPS processor contajus thinty-twg 32-bi registers, 50 through 831, 30 always Contaiis a 2ern, By défaal al
arithinetie speradoniase 1we's complement srithmerie, Assume no branch delay sforis present,

MIPS Instruction Mueaning

ADD Rd, Rs, 11 - TR B R (R - register 3) 5

ANy RdRs, Rt = R = s bivwise Jogieal AND Rr (R - register (8))

ORl Rd, Bs, dned - Rl = R bitwise logical OR Immredinie value

L R, fmapd - Rl =1 603t mendiote vl high 16-bits, 078 low 16-4ii%

BNE s, B, address
LW Rd. address -
SLL Rid, Rs, counit
BUB R4 Re R

SW RA, wdddress
XOR R, R, R

Bravch voaddress, only i Renotequal 10
LOAD - Rd gets contents of memory st address
Shift dedt logical {use 007 by wount Bils
Rdw=Re- Rt

STORE « menmory at address gets contents of Rd
Rl =R bitwise Jogieal XORRe

EINNE ST S B



Problem 4 (Core: CompE-ECE3060)  Code Number:

Solutions:
a) F=ab-c+d=(a+b)cd

1 F

vZH—cw:H—d
v

b) pull-up: 3-2R/3-10Cinv = 20z. pull-down: 2-R/3:10Cinv = 20/37. Thus, the worst-case
delay is 20z.

a—|2w

b’ —| 2w

¢) sizing is shown in the figure above



Problem 5 (Core: E&M-ECE3025) Code Number:
Prelim Problem, ECE 3025

Omne of Maxwell’s equations is Faraday’s law of induction, expressed below in point and integral
forms: The left-hand integral is taken over a contour, C', that forms the closed boundary of surface
8. The unit vector, 1, is normal to that surface. The direction of the contour integral is defined
according to the right-hand convention, in wlhich the thumb of the right hand is directed along the
normal, n, while the fingers of the right hand curl in the divection of the contour integral {or dL}.

; oB
VxE:-—z}? N

d B
éE‘dL'——-Ef[gB-nda-

a. Suppose a spatially-uniform, but time-varving magmetic
field, B(t), penetrates n civeular surface, S, in the zy
plane, with the magnetic field orfented in the positive
z divection. B is known to decrease with time., Obtain T -
the corvect orientation of the induced electric field, and
express this direction as an appropriate unit vector in
cyvlindrical coordinates,

133

/

Ans: As B decreases with time (dB/dt < 0), and is in the same direction as the normal to the
surface {B - n > 0), the integral equation indicates that B - dL will be net positive. B is
thus in the direction of dL, or +ay. oriented

b, Deseribe the modifications that eould be made to the given B field that would lead to the
same answer as i part «.

Ang; Reversing the direction of B and making it increase with time would lead to the same
electric fleld magnitude and direction as in part a.

¢. Under the conditions of part @, write an expression for the magnitude of the net induced
voltage around a cireutar loop of radius ¢, with the loop in the wy plane, Express vour result
in terms of B(£) and other pertinent quantities.

Ans; With B spatially-upiform, and with area 762 within the loop, the induced voltage (or

emf) is
% E.dL

4. Under the conditions of part «, write an expression for the magnitude and direction of the
indueed electric field at radins ¢, Express your result in terms of B{t) and other periinent
quantities.

dB

2
= 7a
ot

Ans: E will be constant around the loop. Having already found the voltage, we would therefore
have

aB a

dr | °¢

emf «
dra 2




Problem 6 (Core: E&M-ECE3065) Code Number:

50».&1‘*003

P .

Problem 6 (Core EM — ECE 3065) Code Number:

The Holland Tunnel has & rectangular cross-section with dimensions shown below.
Because of the water which permeates the walls of the tunnel, the walls can be
considered as nearly perf‘act conductors, and the tunne} is filled with lossless
alr (= pg = 1,256 x 10° H/m and ¢ « ¢, = 8.854 x 1072 F/n)

e
A 3
P4
rd
>
~\
Hollard b= Sen =
Tunnel
3 »
.._L...L.. - e & % 30 medery >

a) What is the cul-off frequency for the dominant waveguide mode
propagating inside the tunnel? “Daminent mods is “TE,,

RN py Wraas § ?-W/f‘g/{;'g.jam
b) ¥hat waveguide mode will have the next highest cut;?f f;equ;;;?m de 13
TEam (nawe of mode) ?S”'{.ﬁzf: :3“4{ s,‘,’l..d
c} ¥ill signals frem Jocal AM radio stations {assume f = 1ooomia‘; -:'tlo‘T-:.-:.%ﬁ
Hz) propagate inside the tumnel? (Yes or No, and Why?)

Yes {Circle one)
¥hy? 'P(g syt Q_)mg.u(sm"l. s Bt[m«? cdw{:‘:

d) Assuming a 6 MHz (6 x 10° Hz} transmitter is placed at the entrance

to the tunnel, what will be the wavelength of propagating waves
inside the tunnel?

»-_ 30,45

meters ~So -

A wmwa\a{&. {§ o n'ﬂw&"&-\m 4@1\«'";
A = 30 AS = ’\'fm-sram_

— s 4 s B L e . S
.S [ —

SOmalers

g ot




Problem 7 (Core: EDA-ECE2040) Code Number:
Consider the circuit below. Assume the op-amp is an ideal op-amp. You must write your answers in the
line (where a line is given) below to receive any credit.
Solution: What is the input resistance /
impedance looking into the input terminals

1pF of an ideal op-amp?
4pF I I Infinite Resistance

| | For a DC input voltage of 0V applied to the

V. — input, the DC output voltage is 2V. What

n I I v is the cause of the 2V DC output voltage?

out
GND— + Charge Stored at the node connected to the
1pF, 4pF and — op amp terminal.

For the rest of the problem, assume the statement to be true for a DC input voltage of OV applied to the
input, the DC output voltage is 2V. Solve for the dc gain and the bandpass gain.

Dc gain = -4 (impedance at the — terminal is infinite even with the feedback)
(did accept an answer of 0 if justified)

Bandpass gain=___ -4
S (4pF) Vin =s (1pF) (-Vou ); therefore Vo / Vi = -4.

Rigorously, this solution holds upto s=0, therefore gain is -4, but at DC, the gain is undetermined by this
method of analysis. A more rigorous analysis even at DC gives a gain of -4. One could argue that in a
physical system that charge might not be held infinitely, so the gain at DC might be 0. Of course, a
physical op-amp would also not have infinite gain, etc, so not a strong argument.

For the circuit below, solve for the dc gain, the bandpass gain, and the corner frequency for the resulting
circuit. Assume the op-amp is an ideal op-amp. You must write your answers in the line below to receive
any credit. For this circuit, when a dc input of OV is applied, the dc output voltage is OV.

1000MQ  4PF [

AN

GND out

Analyzing this circuit, we get

(Vin -V )/ 1000MQ = s (4pF) V =s (1pF) (-Vou ); therefore Vo / V = -4.
V(s)/Vin(s) =1/ (1+s (4pF)(1000MQ) ) =1/ (1 + s (4ms) )

Dc gain = -4

Bandpass gain = -4

Corner frequency = __1/(2 n4ms) = 39.8 Hz (~ 40Hz)

7



Problem 8 (Core: EDA-ECE3050/3041) Code Number:

Assume you have a MOSFET transistor with all four terminals available, where one of the terminals is a
gate, one is a source, one is a drain, and one is a well terminal, but none of the terminals were labeled. You
know that none of the terminals are tied together. Your job is to determine an experimental procedure to
identify all four terminals using typical laboratory benchtop equipment (i.e. voltage sources, voltage
meters, current meters), as well as identify whether the device is an nFET or a pFET transistor.

Solution: There are a few strategies for solving this problem; we will present the easiest approach, but all
approaches take a similar form of their solution.

A MOSFET is a 4 terminal device. The one terminal that never has current flowing into it is the gate
terminal, because the gate is a capacitor to the silicon substrate. All other three terminals can have a
forward biased pn junction in particular conditions, which we will utilize a bit later on in this problem.

Therefore, the first problem is developing a set of experiments to check for a terminal that never pulls any
current. Therefore, take all of the pairwise set of terminals, while keeping the other two terminals floating
(and therefore forcing the resulting current through those terminals equal to 0), and perform a voltage
sweep while measuring the current flowing between the selected two terminals. After finishing these six
measurements, there are 3 measurements that yield effectively zero current with one terminal in common.
That common terminal is the gate for the device.

Next question is finding the bulk terminal from the remaining three devices. The other two terminals are
the source terminal and the drain terminal, which for a fabricated MOSFET are identical. We know that
electrically we see a p-n junction device from source or drain to the bulk potential; therefore if we look at
the sweep data from the above experiments that did not include the gate terminal, we should be able to
figure out which terminal is the bulk terminal. Two other experiments will look like a pn junction with a
forward bias and a reverse bias region; there would be no current from the other terminal, since it would be
disconnected. These two experiments will have the bulk terminal in common. One experiment will be
inconclusive, because it will be looking at the current between source and drain; depending upon the
location of the surface potential one might get a wide range of measured current when sweeping the
voltage, but would not get a pn junction response that matches the other two devices. One could get an
asymmetric response, but since the source and drain are identical, we would expect nearly identical
responses from two of the curves. Therefore, we select the common terminal between these two sweeps, to
give us the well terminal. The other two terminals are the source and drain terminals.

Finally, further looking at the two sweeps to determine the bulk terminal, we can determine whether we
have an nFET or a pFET device. Remember we have a p-n junction between bulk and source-drain
junction; an nFET would have p-type substrate (and n+ type source-drain junctions), where a pFET would
have n-type substrate (and p+ type source-drain junctions). Therefore, if we had exponentially rising
current dependance when the bulk terminal was higher than the source-drain junctions, we have an nFET,
and if we had exponentially rising current dependance when the bulk terminal was lower than the source-
drain junctions, we have a pFET.



Problem 9 (Core: Power-ECE3070) Code Number:

a) The core loss conduetance is given by,

= P"f 100, =20.66uS
V2o 2200
The exciting impedance is,
Y, = L _ 2 0009ms
V.. 2200

The magnetizing susceptance is then,
— 2 2
B, =Y. -G =0.908mS

b) Referring these values to the high voltage side,

B¥ =B£V(%V-} ==0.908E-3{ 000 ] =0.3635u8

HY

72 N Y O \ )
G szy(fﬂJ =2o,66E-6( J =8.264E-8S

HV

¢) The power would be unchanged, but the current would be divided by the turns ratio.

. ,
I = 1(329_‘3.) - z( 2200 }:0.4A
11000 11000

d) The rating of the autotransformer is the rated primary current times the rated input

voltage. As an autotransformer the primary (input) current is the rated current of the
2200 V winding. Therefore, the rating is;

13, ZOO( w] =600kVA
2200




Problem 10 (Core: Power-ECE3070) Code Number:

Sel. @wTion
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Problem 11 (Core: Microsystems-ECE3040) Code Number:

metal E A p-type semiconductor

See Pierret p. 482 and
discussion in Lecture Notes

’ EFm

i

11



Problem 12 (Core: Microsystems-ECE3080) Code Number:

Solution:

From the depletion approximation. one may assume that the depletion width is equally
divided between the N-side and P-side of the junction due to symmetric doping profile.

P N
Np -Na 4
Px)=nx
-2 »
W72 X
The Poisson’s equation leads to the following derivation:
vip = 2%
[7 , Kf
p(x)=j'a_x —-——Sxi—i-
{ 0  elsewhere
The électric field &£ = —VV
‘\{‘g A
ve=22=L9 qop)
& g,
. W2
ga(x® ——-)
N H 24
= | = S =
12 o 3,8,
1. Wl
x ~9aG¥ =) W W W W
Vx)=— [&x)dx= 3 4 =2 3y e
() -Il’f',i—z() 25083 | I:; 685&'01(2) (z)k \} 3 X 5
q7(1 w3 o W) qa(—mﬂ Rl
- ¢ —_— - f - -+ 3
VWi =V, = 38 427, 38 42 g
2,6, 2g,z, 12¢,¢,
F = (12508.5 ‘Vbx')us
qa

12



Problem 13 (Core: DSP-ECE2025) Code Number:

Solution

a) Setting w1 (1) = F2(t), we have
i 1 /. R
) = 5= (f(w) " f"(w}) .

Sinee f {w) =0 for | > 2, ( fa £) will be zero outside a band twice as large; that is

hiw) =0 for |> 200

b) The y4n] ave samples of f2{t} - the squaring operation is applied pointwise, and hence
comunutes with the sampling operator. The Shannon-Nvquist sampling theorem tells us
that if the sample spacing T obeys
L 2
T oy
BW
where BW Is the bandwidth of the signal being sampled, we can reconstruct the signal
perfectly using the sinc interpolator shown in the problem. Here, we have BW = 40, and

8
ki

will guarantee that y2(t) = w{t). T < 7/(20), it is easy to find a bandlimited f such
that 1 (f) s* yo(f). Take, for example, f with

c} Using similar reasoning above, we can deduce the bandwidth of each of the terms in

the polynomial £2(#) has bandwidth 4Q, 3 {#) has bandwidth 6¢2,... f~ {f) has bandwidth

INQ (the constants ay,...,an do not affect the bandwidth). K is eagy to see that the

bandwidth of the sum of each of these terms is 2NV €. Thus we need
by

<¥a

T

to have yoft) = y; (¢) for all £(#) bandlimited to .

13




Problem 14 (Core: DSP-ECE3075)

3075 SOLUTION

@

e

Let X nudd ¥V be vandom variables that are uniformly

disiributed over the shaded region shown to the right.

so that the joint pdf for X and Vis:

0. elsewhere
where K is an appropriate constant,

Are X and Vindependent? 75 %
{

Explain

By symumetry, both X and Yare zero mean. Without computing a numerical value, we can

. &L for {z, ¥ € shaded region

Code Number:

Ve

see that X and Yare positively correlated: E{X Y] will be positive because f{z, ) is nonzero
only when = and y have the same sign. And correlated RV’s are not independent.

Sketen the conditional pdf Fy e carefully labeling both axes.

The conditional pdfis fly|x) = f(z, ¥)/f(« ), where the numerator “slices” the joint pdf

along the given value of z, and the denominator scales the result so that it integrates to unity.
Slicing and scaling the given joint pdf will yield one of two conditional pdf's, depending on

the sign of z.

When z > 0, it will look like this:

1
When « « 0 it will be the same, only reflected about y = 0. J1=

flyl2)

Define a new random variable B = JX7T <77, 0 Ji—at Y
Fiad an equation for, and also garefully sketeh, s pdf f#).
Iscdfis  F(r) =Pl /X' +V<r]= || flz,y)dedy
cirele of
radis »
= K.0517% = ¢° for0 < vl
Differentiating gives the pdf: ]
i 2 ot
fr)
)= %.F{r} =2r  for0<r<«l,
as sketched here:
4] 1 f‘/

14




Problem 15 (Core: S&C-ECE3085) Code Number:

Solution:

Step 1:
DESY = R($)~ C(5)

€W _q, KS)[ G(s)

2 R( 1+ G(s)

N = 2 KD
s +280, s+ o,

i

} ~d+ KS){ o’ } w1+ Ks)

2 R DR B3
2,0 . z 29 . Z
A 50, §+ w, N+ 25 w8+ @,

Step 2:
Substituting (3) into {1)

B = R(s) - LKD)y
§° 428w 5+ @’

E{s) = R{s)[

7, e 2
5"+ 2w, s - w Ks
2 3

3"+ 28w, 5+ o]

. . . . 1
Since R(s) is a ramp input, R(s)=-—=
5

- 152+ 28w s— 'K
The-retoreE(.s)=_z{g t 5w, S -, 5}
5

3 o 7
& +28w,8 + w;

Step 3:
To find equation for steady state error:
2 [ 2 2 2y

118" +280w,8— w, Ky s+ 28w, —w,K 28w, -0K
s — 1 N LA P Sl b - [ aiknall DO £ « - It _ =5V %
¢, =Hm_osE(s)=lim _, s— T N =00 _

s 87+ 280, 5+ w;, 5"+ 280, 5+ w, N
Step 4:

To eliminate steady state error:
28w, - K . 28
= 0= 28w, -~ 0K =0 = K =22

N ‘@

n i

Uy = 0==

15



Problem 16 (Core: S&C-ECE3085) Code Number:

Solution:
o) Nycquist plot starts for w = 0 at 3 and end for @ = o0 at 0. The RL branch must start
at one of the poles (here {i +35v/3)/2) and approach the zero at § = —3 via a br cakpoint

i)

i)

somewhere on the negative real axis. The natural (for increasing k) direction is thus
froms right o left.

Trivial: Since wy € Q, with H{jwo) = —Np. Recall that the Nyquist plot is nothing
but S H (jw) versus RH(jw) as w : 0 — o0,

This i a reformulation of the previous: §H (s) = 0 when s = juy. Recall that each of
the Root Locus branches traces a solution, s to H{s) = —1 [k as k10— co. Thus the
pointg fuyp les on the Root Loens since & (H (fwp) = 0 and S(~1/k} = 0.
First note that in the limit for Aw — 0,

H(j{wo + Aw)) — H{jwo) = H'(jwo) jAw.

Hence the Nyquist path leaves from frequency wy (the crossing) at an angle given by

arg (H'(jwp) jAw) = arg (H'(jwe) ) +

l‘vl =

But ¢wv, the directed angle from the real axis to the Nyquist plot, is then the m*gatlw*
of this quantity: Thus

¢n = — arg (H'(juwo) ) —

Likewise the {directed) angle between the RL branch and the imaginary axis follows
from

l‘q| E]

. 1
ke + Ak ke
where corresponding to s = jup, we have ky = 1/Ny. But the left hand side approaches
wll As the complex number H'(jwy)As. For small Ak > 0, the right hand side

approaches |
Lot Ak
e —— = e e ] —
I‘i’(] + AIC 1;)0 k{) 1 + %:., }40

It follows that the directed angle from the imaginary axis to the RL branch is

T Ak
oOnrt = arg{ds) -5 =arg (m) -

H(?“)ﬂ -+ AS} - .H.(j(&)ﬂ:l = —

= — arg (H'(jaw) ) — g = ¢n.

MI“%

16



Problem 17 (Specialized: Comp Science-CS3210) Code Number:

SOLUTION

Uses MHPS assembly and assumes semaphore is stored at memory location loc_sem.

acquire: I rl, loc_sem
blez rl, acquire
addi  rl,r1,-1
sC 11, loc_sem, 12
beqz 12, acquire
return

release: I 13, loc_sem
addi 13,13, 1
sC 13, loc_sem, 14
beqz rd4, release
return

17



Problem 18 (Specialized: Software Sys- ECE3035) Code Number:

Prelim Problem Sohutions Computing Mechanisms
Below is a snapshot of heap storage in byte addressed memory. Values that are pointers are denoted with
4 “$”. The heap pointer is $6112. The heap has been allocated contignously beginning at $6000, with no
gaps between objects. Objects are word-aligned. Each allocated object has a header word containing the
size of the object in bytes. The address of the object points to the word just after the header (i.e., the first
word allocated for the object’s data), For example, the object pointed to by $6004 has size 16 bytes, so
the next allocated object in the heap is of size 8 bytes and is pointed to by $6024.

adde | value | adde | value | addr | value dd addr | value
6128
6132
6136
6140
6144
6148
6152
6156

Part A Suppose the stack holds a local variable whose value is the memory address $6052. No registers
or static variables currently hold heap memory addresses, List the addresses of all objects in the heap that
are not garbage.

Addresses of Non-Garbage Objects: $6004, $6052, $6068, 56080, 56092

DIOIQOQIOIGICIO

Nen-garbage objects are color-coded above {green indicates an object header containing size info in
bytes and blue indicates the space allocated for the object’s data). The address of each object is the
address of the first word of data allocated for the object. Non-garbage objects are those reachable
from the root address $6052.

Part B If an object of size 15 bytes is allocated, what address will be returned as a pointer to the newly
allocated object using a first-fit allocation strategy?

Address: $6116

None of the objects on the free list (i.e., those that are garbage) are large enough to hold 15 bytes.
So the new object is alfocated at the top of the heap. Ifs size info goes in $6112 and $6116 is the
pointer returned ¢o the newly allocated object.

Pare C If the local variable whose value is the address $6052 is popped from the stack, which addresses
listed in Part A will be reclaimed by each of the following strategies? If none, write “none.”

Reference Counting: $6052, 56080 (the rest are involved in cyelic references)

Mark and Sweep: $6004, 56052, $6068, $6080, $6092

Old-New Space (copying): $6004, 36652, $6068, $6080, $6092

18 -



Problem 19 (Specialized: Telecom-ECE3076) Code Number:

Between hosts A in Atlanta and B in Las Vegas there are 2 routers (X,Y). The link
between routers (---) is 10 Mbps. The access links (LANs, ===) are 1000 Mbps. The
distance from A to B is 2500 km. A starts to send a large file using TCP, sending 1500
byte packets to B. B ACKs with 40 byte packets. There is no other traffic on this
network. :

===X.._ _Y===

What is the time required to transmit a 1200 Byte datagram at 10 Mbit/s?
0.96 ms

What is the propagation delay for the round trip in milliseconds (ms):
25 ms

If the router buffers are empty, what is the total round trip transmission delay (neglect
processing delay)? _ 26.15 ms

What is the average transport rate for a 5 kByte Window size and this RTT? 1.53
Mbps

How big a Window size would be needed to reach 10 Mbit/s? 32.7

kByte

What would happen if the window size was 65 kByte? ___Limited to 10 Mbps by X-T
link speed. {Buffer delay will increase to limit A's transmission rate. If overflow occurs,
A's window size will decrease.}

Other traffic builds up the average level in X's X-to-Y output buffer to 50 kBytes. What
does this queuing delay add to the RTT? 40 ms

What is the average transport rate for this new (total) RTT (Window still 5 kByte)?
_0.605 _ Mbits/s

What will happen to reduce the rate A sends bits if packets start being lost? __ Window
size decreases

Why is the output buffer delay for router Y not a concern? ___ It's output is faster than
it's input
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Problem 20 (Specialized: Optics-ECE4500) Code Number:

Solutions:

1) The electric permittivity tensor is a second-rank tensor that is diagonal in the principal axis and
can be written as:

g, 0 0 g 0 0
E=|0 ¢, 0|=0 g, 0
0 0 e, 0 0 g

In a uniaxial crystal €, = &y,

2) From the constitutive equations, the relationship between refractive index and electric
permittivity is

2

E= &€&, With n° =g,

Hence,

£y =EonE =2x10"" F/m

€y =Eone =19x107" F/m

3) Index ellipsoid in x = 0 plane writes:

2.22
t—=
(]

=1

A
S

4) For s-polarized wave: n = n, = 1.507

5) For p-polarized wave:

sin6 cos’ @ 1
nf nf n?

sin?45 = cos?45 = 1/2

2 2 1/2
n=(2”—”°2} = 1.487

2
n, +n,

20



Problem 21 (Specialized: Optics-ECE4501) Code Number:

112

Chapier 3 Cuided Waves i Diel

¢ Glabs g Fiburs

wagential coMponeats of (e field veutors Wi onh nterface, t addition 10 the coptinuity
conditions al the Teterfuces. another mportant Hourlary condition for guided modes is that
the field wngiiudes be 200 8 fafinity. A discussion of the general proyenios of the solutions
of Bauation (3.1-4) wil] be given later in (bis POOK.

We now proceed with fiie solution of Bguatios (3.5-4) in each segment of the diglectric
strucane, The propagation gonstant 3 Is & very important parameler Yocause it dowrmines
whether the field varies sinuscidaliy or exponeatially. For confited modes, the field auph-
sude must fall off eaponentially autside 1he goide sttt Consequently, the guantity
(rajer’ ~ B in Bauation (318 must e negaive for x> 4. 0 otlser words, e propa-
gation consians fi of 8 vanfined sonde mist be sech it

5o M2 (15)

wihrete we o] that #, B the iadex of refaction of the pounding media, On e oftier hand,
the continuity of the field seguires that te magmitude of dw field ¥, 40 atain 2 asinnEn
value, The existonee of 2 saaximura reguines that the Laplactun of sk field be negative, Tt
ot words, e propugation consiant of 5 confined mode must be such it

{3.1-0%

Thus we will find condned modes whose propagation constant satisfios these conrhitions,
Eouasions (3.1 Ay wd 316, The enedes o wlso be chussified ay eliher TH of £ anodes.
The TE modes have thell decric ficld perpendicular © the xz plage (plans of incidence.
or plage of propagation) wd s Tve onty the field conpponems By, H and M. The T™
modes have the fighd components Mo E o wd B '

Guided TE Modes
e clostric Beld mnplitude of e goided TE modes can fe writien T the form

£l n e B4 wxplite - Pt 337
Ty & masner very similar w the wavelunction of & panicle i a sque well potential. e mede
function £, is wken 98
}f\ Sy By Beos i« «%d

€ ot b {;a‘ (3.8

3 2uggx s X <mikd

whiere A, B, £ and {2 aro constanis, sl the pusicters & and g 4re retated 1 the propagation
consting by

3.9 :

T parameler A ay be considered as e HRNEVENE compenent of he wivevestor i
guidting layer. To be neciptable solutiens, \be: (angentind component of the eloctric and et
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3.4 Tf and T™ Confined Modes in Syrmetrdc Slab Waveguides 113

fields, £, and #, must be continuous at the interfaces, Since #, = (foudE, FEx), Wi st
match i‘Ew ;ua;,zzmxdc s well as the slope of the TE mode ﬁuwxmm £, (x) at de interfaces.
Fhis Jeads

Asin(Ehd) -+ B eos{ i udy = C eaplgqdy
it cos{ iy — Bl sinlbhd) = ~qC expi-d4d)
S L) < B cosCphd) = D> expldid}
BA CosCdy + BB sin( hd) = gl eapi-dqdd

from which we obinin

24 sin(dhidy = (0~ Dy expledgdd 3.0
284 vosthidy w -4t C o~ 1¥ expl-s g {34113
24 costEid s = 10+ DY expi-dqd) 3313
0B sl Fidy o g + DYy eapt-tad) : {4313

By examining the above equations, we find theee are two sets of solutions.

(o3 Symmenic modes (A = 0 and C = Dy Bquators (3.1-12) and 3. 1-13) vield

¥ tang %M} sy o symmenic TE modes) {4014
{by Antisymmetric modes (8 0 awd ¢ = -0 Bguations 3110 and (3.1-11) give
heotididy =g or antivymmenrie T8 modes) {3.1-133

Note tant both Bouations (3.1-14) and (3.1:15) canaor be satisficd simultneously since
the sliminmion of ¢ would fead 1o a pure imaginary & and a negative ¢. However, these two
Lgeutions cae he combined e a single equation {se¢ Problem 3,14):

2hay ;o
(a0} = g G116
E - g”
The sointions of TE modes way thus be divided into two classes. For the first class,
Awl, Cab, hun(dhdisg (31-17)
ard for the second class,
Beal, Cs-D, heo(dhd)=—q (3.1-183

Note that the solutions in the first class have symuetric wavefunctions, whereas those of the
second ¢lass have antisymmetric wavefunctions.

The propagation constants of the TE modes are found from a numerical or graphical
sotution of Equations (3.1-17) and {3.1-18), with dw definition of 4 and ¢ given by Eyua-
tion (3,193, A very simple and well-known graphic solution is described here, since it cleady
shows the way in which the number of TE modes depends on both the diickness 4 and the
difference of indives of refraction. By putting « = fhd and v = £od, Bquation (3.1-17) becomes
tan ey, witly

: , {104 . o {ud Y ) \
PSS {ﬁ% » ;gf'gi s cx:{ygf; - ?I‘;)E . § ;,»‘3 3119
Z HIPYN 1T
L wl Y A7
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7

ol

“ figure 3.2 Urnphic soluton of
Cygoations (3.3-17 and (3118
for thres values of V. Solig
cupves oo gl g, and the
# dotled Cerves are ¢ i Tt .

£

Sinve 2 and ¢ are restricied 1o positive values, the propugation constams ey be found
in (lils case from the intersection of both the curve o = i fan 2 and o ciscle of kaown radius
Vo {nh - a3 mdin) in the first quadrant of the s plane. A simiker praphic construction for
the solution of Lguation (3.1-18) can be obtaized by plotting ¢ = —u vot g and the cirdleon
thi¢ v plane. Figure 3.2 shows wueh a graphic method lor three values of V. For Vs 1.2, there
is oy one solution-—the TE, mode, There are twn solutions (T, and TE,) when Ve 25 and
four solutions when V= 3. Note that de samber of solutions depends on the value of U

From Figure 3.2, it & clear that the mumber of covfined TE mwdes depemds on da
magnitude of the parmmeter V. For Vo between zoro and 42 there i5 just one TE mnde of
the first class, The st msode of the second class appears when the purameter Vs greaier
than 47 As this parsneter ¥ increases. confined modes appear suceessively, fivst of one ches
and then of the other, Fgure 3.5 plots the wavefimetions of o symanenieal sab waveguids
with fi; = 1600, » 1.5, d = 31um, and & = 1.35 pm. Acconding 1o Fouation (3,119, the
parameter ¥ = 5,64, This waveguide supports four TE modes. 1t is not difficult 1o sex from
Figure 3.3 that, when ordered according 10 the propagation constust [ the sl waveluneties
has 5 - 1 nodes, We also notice that the wavefunctions are eitlier symmetric or antisyrnelic
with respect 10 1he origin 2= 0, U follows from the discussion carlior that the wavelimetions
are divided into two classes (see Bauations (3:0-17) and (31187, This division i 4 direet
consequence of the fact that the index profile #(x) s symmetric about x = U,

Knowledge that the solution possesses a definite symmetry sometioes simplifies e
dewrmination of the propagation constant, since we need only find the soluting {or positive .
ven solutions hiave zero stope and odd solutions have zero value at the origin x = 0. Thus
the wavefunction of the even solutons can be written as cos(id, whereas those of the oiled
sofutions can be writien as sin(v). Both types of solutions devay sxpunentially in the rogion
Lx] = 4d, The solutions are then obtained by matching the value and the stope at [y} = ;
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=10 & @
Figure 3.3 Wavefunctions of 2 symmeteival shab waveguide with ay = 1.6 and ng = 1.3, The thickness
of the core s eyl 10 = 5 um, and & = .55 g, The aoraaiized propagatinn constanls aw 159440,
15785, 1.5524, and 15175, The fimdanental made hias the Jargest propagation fonstant, The contioe.
suent factors Craction of engsgy inside the cored for the modus ate T = 00014, D863, 09033 and
07511, The fundamumsl mode has e highest confinemoent.

For the purpose of describing wnd comparing she coufined modes, #t is convenieni to define
the normalized propagation conslunt 48
i 3
B L (3120
wie
Such a normalized propagation is often called the effective index of refraction of e mode,
ity and i related to the phase velocily of the mode:

P ¢ ) .
3 gy w e {21213
%,

where v, is the phase velocity of the mode, g, = /8, Thus, for condined modes, thig pormal-
ived propagation constant § or the effective indes e §8 betswgen sy and 21y,

Guided TM Modes

We naw consider the TM modes whose mugnetic ficld vector is perpendicuar 1o the plane of
propagation (e plane). The derivation of the confined TM modes is similar in principle 0 that
of the T8 modes. The figld ansplitudes are wrillen

H s s L expliler - f3l

i g
Bz, 2,83 m s e B 31003
’ wy o (3122
i

;.‘( L pa B} e
: Wit &x
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The wavefunction /7, () is
A st Ao Boos s, §xi€ -%4?
U, fxy e 30 expl-axd, x»dd {312
1}3 explg, x4 ~bd
where A, B, €, and [2 are constants, and the parametess # and ¢ axe given by Tquation (3.1-9)
The contingity of H, and E, at the tw0 interfaces x = 24d lewds, In a maaner similar lo
Eguations {3.1-14) and (3.1-13), 1o the Tollowing cigenvalue cuation:

1
b hd) = o2y foreves solutions

i uy

]

{3,124
. . nE . .
& eot{dddy = ey o o solutions
> H 4 f
These two smtions can also be cosabined into o single equation,
2hd .t
fun{uly = wwm—qf»w; {5,125}
1,0 e 52
4 4
where
# :
§ momg {3.1-26)
3 ;

Eyuation (3.1-24) can also be solved by using the graphic method described carkier.
Figure 3,4 shows the dispersion relation {elffoctive index sy vorses sormalized froquency V)
of a 1ypical symemetric waveguide,

The frequency ut which g = Qs 4 cutoff frequency. Por a mode with g = {0, the fickl is no
tonger exponeminily decaying in the cladding region and the propagation is no longer
confined. Referring to Figure 3.4, we note that TEand TM modes have a0 catoff froguency.
15 other words, these 1wo modes are alvays confined in s symmetric wavegnide, V= &2

1.8 ¢ -
Y H 2 3 4 & §

Figure 3.4 The effevtive fndex iy versss pormalized frequency Voof o typleal symmetdc waveguide

with 1, % 1.5 and ny = 2.0,
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Problem 22 (Specialized: Microsystems-ECE4451) Code Number:

Solutions:
1. The minority carriers for n-type semiconductor are holes.
2. There is no light illumination at £>0. The time-dependent minority carrier
continuity equation is
BAp,(x.t)  Ap, 8Ap, 82Ap,
=- —u,E D .
o T, et TPy x?
The drift velocity vy=(0.45cm-0.05cm)/(0. Ims-0.2ms}=4000 cny's
4. The mobility for holes is w,=v/E=4000/2=2000 em¥(V-s). From Einstein
relation, D,=(kT/q)1,=0.0259%2000=51.8 cm?/s

W

26




Problem 23 (Specialized: Bio Eng-ECE4781) Code Number:
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Problem 24 (Specialized: Bio Eng-ECE4781) Code Number:
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Problem 25 (Specialized: Bio Eng-ECE4782) Code Number:
Y. %’ no!t ‘4, red museles, PIV-n2de, Dawlle o Hs, Dunile brondes
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