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6.02 Digital Communication Systems—Spring 2609

Quiz 1 - 7:30-9:30pm (Two Hours)
Thursday, March 5, 2009

Check your section  Section Time Room Rec. Instr.

1 10-11  13-5101 Chris Terman

11-12 13-5101 Chris Terman
1-2 5-233  Mythili Vutukuru
2-3 5-233  Mythili Vutukuru
[-2  38-166 Vladimir Stojanovic
2-3  38-166 Vladimir Stojanovic
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Directions: The exam consists of 6 problems on 10 pages. Please make sure you have all the pages.
Enter all your work and your answers directly in the spaces provided on the printed pages
of this exam. Please make sure your name is on all sheets. DO IT NOW! All sketches must
be adequately labeled. Unless indicated otherwise, answers must be derived or explained in the
space provided, not just simply written down. This examination is closed book, but students may
use one 8 1/2 x 11 sheet of paper for reference. Calculators may not be used.

The probability density function for a zero-mean unit standard deviation Normal(Gaussian) ran-
dom variable is:

52

2

1l

1
x —r
The cumulative distribution function for a zero-mean unit standard deviation Normal(Gaussian)
random variable is:

S | 22
d(z) = —~——=e 7 dI
@=[ gzt

Please leave the rest of this page blank for use by the graders:

Problem | No. of points | Score | Grader |

1 5 =y
2 10 |7
3 17 I +
3 24 27
5 24 i
6 20 j /§

Total 100 / grr e
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Problem 1 (S points)

In the following plot of a voltage waveform from a transmitter, the transmitter sends 0 Volts for a
zero bit and 1.0 Volts for a one bit, and is sending bits with with a certain number of samples per

bit.
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1A. (2 points) What is the largest number of samples per bit the transmitter could be using?

2 %

1B. (3 points) What is the sequence of bits being sem?[/‘
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Problem 2 (10 points)

The input sequence to a lincar time-invariant (LTI) system is given by

zl0] =0,
z{l] = 1,
z[2] = land

z.n] = 0 for all other values of n

and the output of the LTI system is given by

yi0] = 1,
y[l} =2,
¥.2] =land

y[n] = 0 for all other values of n.

2A. (3 points) Is this system causal? Why or why not?

1 f o .
Mo, i icnd coucal becauge +he SycTeEm  recpone
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2B. (7 points) What are the nonzero values of the output of this LTI system when the input is

0] =0, —
i[l]zl, 3= \(W'%_ ,
e Il = & hlJafw-
z{4] = 1 and v
zn] = 0 for all other values of n?

lg[v\] =] ;b[v\{ 1j+ /X[”\J )
ta’:bj = | | | /
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Problem 3 (17 points)

Suppose the voltage sampled by a receiver is 1.0 + noise volts when the transmitter sends a one
bit, and 0.0 + noise volts when the transmitter sends a zero bit, where noise is a zero-mean Nor-
mal(Gaussian) random variable with standard deviation ¢.

3A. (4 points) If the transmitter is equally likely to send zeros or ones, and 0.5 volts is used as the
threshold for deciding the bit value, give an expression for the bit-error rate (BER) in terms of the
zero-mean unit standard deviation Normal cumulative distribution function, ®, and 7.,

- 22} L
Ber = @(?> g Pmbab\;:ié of an eror

W s Bee emugl! . g.l‘v & i’l.
) gen & D= e P‘V tiig i?wcj
3B. (7 points) If the transmitter is equally likely to send zeros or onés, and 0.5 YoltsTs used as the

threshold for deciding the bit value, for what value of & is the probability of a bit error approxi-

mately equal to %? Note that $(0.85) =~ g (see cover page for definition of ).

’@(0.8§?§cq/s w/ O =
D(2=)= % 0.6 = &

0‘*558‘) o

3C. (3 points) Will your answer for o in part 3B change if the threshold is shifted to 0.6 volts? Do
not try to determine o, but justify your answer.

T
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3D. (3 points) Will [ your answer for & in part 3B change if the transmitterds fwice as Tikely to serid™
ones as zeros, but the threshold for deciding bit value is still 0.5 volts? Do not try to determine a,
but justify your answer.

No. Eocauee dhe threchold is v Hhe piddie e
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Problem 4 (24 points)

Consider three linear time-invariant systems, denoted I, Il, and III, cach characterized by their
unit-sample responses:

"o
2R
e

602

O H ) ) i b

There are also three possible inputs to each of these linear time-invariant systems:

Sequence X,:1;[n] = u/n] 4
Sequence Xz:22n) = (-1)*(un] — ufn - 5)) ———2
Sequence Xsizzin] = uln| — u[n ~ 3] v

Note that u[n] denotes the unit step. That is u[n] = 1 for n > 0 and is zero otherwise.

4A. (12 points) Which system (I, II or IIT) and which input (X;, X5 or X3) produced the following
output, AND what is the numerical value of D? In addition to justifying your answer, for possible
partial credit, briefly explain why you ruled out particular combinations of the given LTI systems
and responses.
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Problem 4 (continued)

Consider the same three linear time-invariant systems as in 4A, denoted 1, I, and 111, each charac-
terized by their unit sample responscs (repeated here for your convenience):

[
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There are also the same three possible inputs to each of these linear time-invariant systems (again

repeated here for your convenience):
IILFLH

4B, (12 points) Which system (I, Il or III) and which input (X, X; or X;) produced the following
output, AND what is the numerical value of D in the plot below? In addition to justifying your
answer, for possible partial credit, briefly explain why you ruled out particular combinations of the
given LTI systems and responses.

T & X

Sequence X,:zy[n] = uln]
Sequence Xo:zq[n] = (—1)"(ujn] — u[n - 5))

Sequence X3:z3in] = uln] — uln - 5|
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Problem 5 (24 points)

This question refers to the LTI systems, I, II and III, whose unit sample responscs were given in
questions 4 (again repeated here for your convenience):

P

< aea

802;

o

In this question, the input to these systems are bit streams with eight voltage samples per bit, with
cight one-volt samples representing a one bit and eight zero-volt samples representing a zcro bit.

5A. (12 points) Which system (I, IT or III) generated the following eye diagram? To ensure at least
partial credit for your answer, explain what led you to rule out the systems you did not sclect.

(13

oL

0e

a2

I ) %e,re, re +Qo
Lowae 5o of 1<8
Joob cant be i

Yere ¢ no J\t(vaéué
So it cant be T
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Problem S (continued)

This question refers to a fourth LTI system whose unit sample response, h;y[n] is given below: i

NAME: 9‘0 l }/\e,}/

010

i = @

where, just like in problem SA, the input to this system is a bit stream with eight voliage samples
per bit, with eight one-volt samples representing a one bit and cight zero-volt samples representing

a zero bit.

5B. (12 points) Determine the voltage level denoted by D in the eye diagram generated from the

system with unit sample response hyy n].
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Problem 6 (20 points)

Consider a transmitter that encodes pairs of bits using four voltage values. Specifically:

00 is encoded as zero volts,

01 is encoded as ! /3Vhign volts,

10 is encoded as 2/3Vjign volts and
11 is encoded as Vygn volts.

For this problem we will assume a wire that only adds noise. That is,
y[n] = z.n] + noise[n]

where y[n] is the received sample, x[n] the transmitted sample whose value is one of the above
four voltages, and noise'n] is a random variable.

Please assume all bit patterns are equally likely to be transmitted.

Suppose the probability density function for noise[n] is a constant, X, from —0.05 volts to0 0.05
volts and zero elsewhere.

6A. (3 points) What is the value of K?

’—':jf— D.\ widdh > L\e«f%\/\“" = avea

bor 0.5 ol ¥ h = |

h= 1o

P
ke

6B. (3 points) What is the smallest numerical value for Viign such that a threshold detector can
determine the transmitted bit pair from y[n] WITHOUT ERROR. Assume the threshold detector
needs a forbidden zone of 0.1 volt.

\JV\(‘ W +
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Problem 6 (continued)

Suppose now Vjign = 1.0 volts and the probability density function for noise[n] IS a4 zcro-mean
Normal with standard deviation o.

6C. (7 points) If o = 0.001, what is the approximate probability that § < y[n] < £? You should
be able to give a numerical answer.

ylad = nelnarers se (3
bic vb‘vxe, e(ﬁ<vsa¢"‘?= Lo e b

/W b= 1/3 | 6t sequences X €quai
( >( ‘U\d GQMSS*\CW A ies e ibut | o

v g ué%\t&‘s_?;(;:‘”(‘gé

6D. (7 points) If o = 0.1, is the probal;ﬁty'th'at a transmitted 01 (3 volts) will be incorrectly
received the same as the probability that a transmitted 11 (1.0 volts) will be incorrectly received?
Explain your answer.

' NO; ‘%ﬁf_.xé ard pol Phe sSawme because

o bt eecor foe W\ can ﬁl«éé‘: occuc ik Yhe
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End of Quiz 1!
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Problem 1. (15 points)
(A) (1 point) Two code words A and B have a Hamming distance of 2. If an even parity bit

is appended to each code word, producing A" and B’, what is the Hammine distance
berween A" and B?

Hamming distance between A" and B": 3 )\\/

(B} (3 points) Consider a channel encoding that simply replicates each bit 8 times, i.e., "0 is

encoded as the code word "00000000" and "1" is encoded as the code word " 1111"
; s
(n,k,d) designation for this code: | \i Ly & y 8,&/’

b /
e

code rate for this code: ./

If one uses this code to detect and correct errors of up to C bits, whar's the maximum

possible value for C?

Maximum possible value for C; _~

(C) (3 points) Three parity bits (P P, P;) calculated as specified below are concatenated

with five message bits (D, ..., D.) to form an 8-bit code word. % means XOR ( addition
modulo 2.

P, =D, EBD r@})/

P, = D e:-apg ez,

P, = Dr@ Ry @ %

After a transmission involving at most a single bit error. checking the received parity
bits indicates parity errors involving P, and P, but not P;. What correction (if any) is
indicated?

Correction (if any): Lz /

“Can this code be used to perform single-bit error correction assuming that the error can
occur in any one of the eight code word bits? Briefly explain your reasoning.

Single-bit error correction possible (YES or NO}: NC ‘7/
€ aw ector O cwenrs n [y
i, ;
’ : Wil ke rurang
Sheo Ve Pa wilh b Love el

TR R S sided B E, TR 2
AT o o1 B G R AR S : JRLEES

§ s
e 1T T {,J«s
. - . .
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(D) (3 points) A RS(n, k) Reed-Solomon code encodes a block of X message symbols into a

block of n code word symbols; in this problem each symbol is an 8-bit byte. A RS(n,k}
code can detect and correct any combination of E symbol errors and $ symbol erasures
solongas2E+S =n—k.

Consider an encoding scheme where a 28-byte data block is encoded as a 32-byte mes-
sage block using a RS(32,28) code. Then thirty-two 32-byte message blocks undergo a
32-way interleaving, transmitting the first byte of each of the thirty-two message blocks,
then the second byte, and so on until ail 1024 code word bytes have been sent.

if the transmission is corrupted by one error burst of B bytes, what is the longest burst
that can be corrected by the encoding scheme? Briefly explain your reasoning.

P e B i:l“; Maximum value of B: i 2;8 o
?, TN ve el cEG
-\ F n Cmg £ 9
k/'w;l 0=a2-28 = Y ¢ rovs P . g A s |
o e £ prws RS T AV UL
2 - 5 . & 27 » .« - : ;.
f'\il{:(ﬁ'ﬂﬂrfy\(’cg Neovsrs X D (= !f‘g RV BECIES L R PR

(E) (5 points) Congratulations! You've been hired by the Registrar to come up with a binary

encoding for the gender field of the records database. They want an encoding that al-
lows detection of errors of up to three bits in the gender field (no correction required;
they'll use back-up tapes to restore fields where errors have been detected). Assume
that three (!) genders (Male, Female, Other) need to be encoded. Please indicate the
required Hamming distance between your code words and specify an appropriate code
word for each gender. Your code doesn’t have to be optimal, but it must support 3-bit

error detection.

Pl etelace

Required Hamming distance:
Binary code word for Male: _

R
Binary code word for Female: ' ' ' 1 | i

Binary code word for Other: Olelolo ‘/

$o
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Problem 2. (18 points)

Consider a convolutional code with three generator polynomials

x{nl®x[n-=1] }

i

Gy=11= pyln]
G,=10= p,[n] x[n]
G,=01= py(n]= x[n-1]

i

5
1

The figure below is a snapshot of the decoding trellis showing a particular state of a maximum
likelihood decoder implemented using the Viterbi algorithm. The labels in the boxes show the
path metrics computed for each state after receiving the incoming parity bits at time r. The
[abels on the arcs show the expected parity bits for each transition; the actual received bits at
each time are shown above the trellis.

Time: 1 2 3 4 5 6

(B) (3 points) Draw the state transition diagram for a transmitter that uses this convolutional
code. The states should be labeled with the binary string x[n—11..x[n—k+ 1] and the
arcs labeled with x[n}/pyp,p, where x[n] is the next message bit and p,, p, and p, are
the three pariry bits computed from x[n]...x[n — k + 1] using G;, G, and G,.

(Draw state transition diagram)

i

/ P

/
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(C) (4 points) Fill in the path metrics in the empty boxes in the trellis diagram on the previous
page {corresponding to the Viterbi calculations for times 5 and 6).

(:LD (Fill in path metrics)

{D) (2 points) Considering the original irellis (i.e., the parts that had already been filled in
before you did pant C), what is the most-likely final state through time 4? How many
errors were detected along the most-likely path to that state?

Q
L~

Most-likely final state through time 4:

Number of errors detected: 1

o/

(E) (4 points) Again, considering only through time 4, what's the most-likely decoded mes-
sage? You mav find it helpful to mark the most-likely path through the trellis up until
ume 4.

Most-likely decoded message through time 4:__ C l l GQ _
| T } ot B¢ GriH
{ coi UMY gy crlped ot t-*)

(F) (3 points) Based on your choice of the most-likely path through the trellis up until ume 4,
at what time(s) did the error(s) occur?

Time(s) error(s) occurred: =
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Problem 3 (33 points)

In answering the four parts of this queston, consider three linear time-invariant systems, de-
noted 1, I1, and 111, each characterized by the magnitude of their frequency responses, |H,{e?)],

|H,; ()], and |H,;,(e’)|, given in the plot below. It may be helpful to recall that cosf = £

—3

and cos 2 =

V2

%% o5

[ S
a7 3
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(A) (7 points) Which frequency response (1, Il or I} corresponds to the system

(1.1Py[nl+ay[n—=11+y[n-2]=x[n]+ vV2x[n - 1} +x[n - 2]
and what is the numerical value of a '

I[?'\/ —7cos(S2)
£y

/ -2 cos(T2)
]

~

(B) (9 points) Which frequency xeslg'c‘rnéé (. Horl HI')‘ cBrresponés o the system
yla) =x[r]+{V/3.0- \/Z.O)x}E —114+Bx[n—-2]+(v3.0~v2.0)x[n-3]+x{n-4]

—_—

and what is the numerical value of /S?M -

W63 =1 Uedhle] = | |

L\[l] = L\\toj \'\1‘:‘3\» %’\\t‘—)\/\ztss - - 2eosTy *(—Z(og?;,:
Wl23 = K 0odnCed+w O0h, 0]

shyleTh ) = L1+ (E)E)

=2+ 12—5_%‘
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(C) (7 points) Suppose the input to each of the above three LTI systems is zero for n < 0 and

n)+cos(0-n)

T
2.0

}+ 1.0 = sin(

T
—n

2.0

x[n] = sin(

11 or 111), produced the following plot of the output y[n],

and what is the value of C in the plot?

for n > 0. Which system, (I,

s sesnsasys
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(D} (10 peints) Suppose the input to each of the above three LTI systems is zero for n < 0 and
[n] = sin(n) + 1.0 = sin{—=n) +cos(0 - n)
x[n] =sin(>—=n 0 =sin{o=n) +cos(0-n,

for n > 0. Which system, (1, Il or lI), produced the following plot of the output y[n],
and what, approximately (within 10 percent) is the value of D in the plot?

f
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Problem 4 (20 points)

Consider the simple modulation-demodulation system below, where Q, = 28%:2x

>

Input

cosQan + cos2Q,n

cos20.n

11
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The Fourier Series coefficients for the input to the modulation-demodulation system is
plotted below for the case N = 10001. Norte that the Fourier coefficients are nonzero only for
- 400 £ k < 400.

10000

/ \
- - ; ; - !
10000 3000 3000 ) 7000 4960
Ceethicion” indox
10000 T
i
(= 5
2 4] - & A
&
-} i 1 - i T e i S e e S i S -
i —4000 —2600 2 2000 ance

Coaffictent Index

12
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On the two sets of axes below, please plot the Fourier series coefficients for the signal at
location A and B in the above diagram. Be sure to label key features such as values and coef-
ficient indices for peaks.

Plot of Fourier Coefficients of signal at Point A

10000

e+ = e e

{
i
!
| ‘
5000 |- - . \
% .

—4000 " -2000 , o
Coeffinient Index

10000 - e s - )

5000 =3

ST O

_____&%E_.._ T *260(5 R 4 4] T ZOt;éM R 4000_“
Coeffictent index
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. Plot of Fourier Coefficients of signal at Point B
19000

5000 -
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pY

-5000 + - o . iy o . s g f T g 8w x\ ,,,,,,,, o ones an
~10000 e - R R s PERES. 1)
-4000 -2000 Q 2000 4000

Zoefficient Index
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Coefficient Index
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Problem 5 (14 points)

Consider the multiple delay system diagrammed below.

3l 1 Sample Delay

Input —

] M Sample Delay

15
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The input to the multiple delay system is a moduiated signal that is periodic with period
N =B001. The Fourier Series coefficients for this modulated signal are plotted below.

Sik]

- : )
009560 ~3000 ~2000 -1000 c 1008 NKG 000 4020
Cosfhient Index

—4007; 1 n .
408550 3000 3500 YT o 1005 7660 00 acoc
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(A) (10 points) Below are plots of the real and imaginary parts of the Fourier coefficients for
point A in the multiple delay system. Determine the numerical values for the six peaks

in the plots.

S{k] after delay
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(B) (4 points) Use the following plot of the Fourier series coefficients for the sum of the de-
layed signals (point B in the multiple delay diagram), to determine the smallest integer
value for M, the number of samples in the second delay.

Six] of sum of delayed signals
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End of Quiz 2!
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Department of Electrical Engineering and Computer Science

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

6.02 Spring 2009

Quiz 111

There are 24 questions and 9 pages in this quiz booklet. Answer each question according to the
instructions given. You have 120 minutes to answer the questions.

If you find a question ambiguous, be sure to write down any assumptions you make. Please be
neat and legible. If we can’t understand your answer, we can’t give you credit!

Use the empty sides of this booklet if you need scratch space. You may also use them for answers,
although you shouldn’t need to. If you do use the blank sides for answers, make sure to clearly
say so!

Before you start, please write your name CLEARLY in the space below.

One two-sided “crib sheet’” and calculator allowed. No other notes, books, computers, cell
phones, PDAs, information appliances, carrier pigeons carrying answer slips, etc.!

Do not write in the boxes below

1-8 (/31) | 9-14 (x/22) | 15-17 (x/14) | 18-20(x/19) | 21-24 (x/14) | Total (x/100)

o

s | [ e | 5%

Name:
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I Warmup
1. [2 points]: To stabilize Aloha, a node should __ \xsuye /1/ts packet transmission
/_}' "\ probability on a collision and _ ¢ cea“f “\v/{ on a successful transmission.
{ /

2. [8 points]: A switch uses time division multiplexing (rather than statistical multiplexing) to share
a link between four concurrent connections (A, B, C, and D) whose packets arrive in bursts. The link’s
data rate is 1 packet per time slot. Assume that the switch runs for a very long time.

A. The average packet arrival rates of the four connections (A through D), in packets per time slot,
are 0.2, 0.2, 0.1, and 0.1 respectively. The average delays observed at the switch (in time slots)
are 10, 10, 5, and 5. What are the average queue lengths of the four queues (A through D) at the

switch?
Ldtes low (Answer legibly in the space below.)
Aj \} A = 2 N=AD
;/ E‘. - 2 N y
- c - 05
b o35

B. Connection A’s packet arrival rate now changes to 0.4 packets per time slot. All the other con-
nections have the same arrival rates and the switch runs unchanged. What are the average queue
lengths of the four queues (A through D) now?

A—--%K

(Answer legibly in the space below.)

e 2 AT
c= 0. N
O O';

3. [8 points]: Under some conditions, a distance vector protocol finding minimum cost paths suffers
from the “‘count-to-infinity” problem.
(Circle True or False for each choice.)

A. Qrue)/ False ’ﬁhec/ount-to-inﬁnity problem may arise in a distance vector protocol when the

/ _/> network gets disconnected:
g .

&Y V.
' L{ B. True / The cSunt-to-infinity problem may arise in a distance vector protocol even when
: Z " the network never gets disconnected.

C. True /@ Thg split horizon” technique always enables a distance vector protocol to con-
verge without counting to infinity.

D. @ / False The “path vector” enhancement to a distance vector protocol always enables the
protocol to convegrge without counting to infinity.
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4. [3 points]: Which of these statements is true of layering in networks, as discussed in 6.027
(Circle True or False for each choice.)

A. True /(Fals¢ The r;nspon layer runs only at the communicating end points and not in the
switches on st:;zth between the end points.

‘ / B@u/e’ / Fal e same transport layer protocol can run unchanged over a network path with a
/ variety of different link technologies.

%Y

L

C. / False T§§e lower layers perform error detection on behalf of the higher layers, eliminat-
ing the need for fisgher layers to perform this function.

5. [4 points]: The exponential weighted moving average in a reliable transport protocol is:
(Circle True or False for each choice.)

A. Tgyg/k;’gl{alse A single-pole low-pass filter to estimate the smoothed round trip time (RTT).

’,/{v)! B. 1'1‘115;/ “E/alse A low-pass filter with a pole and a zero to estimate the smoothed RTT.

“/L} C. @ I/Ifalse Not necessary if the RTT is constant.
D. True / al;ez Not necessary if the RTT samples are from an unknown Gaussian distribution.

6. [2 points]: In lecture we learned that the JPEG encoding for images was a “lossy” encoding.
Which step of the JPEG encoding process loses information?
(Answer legibly in the space below.)

R
[ON 7
\ | ; &
7. [2 points]: The human genome consists of approximately 10° codons where each codon can be
thought of as one of 21 “symbols” coding for one of the twenty amino acids or serving as a “stop”
symbol. Give an expression for the number of bits of information in the genome assuming that each

codon occurs independently at random with equal probability.
(Answer legibly in the space below.)

(5 (2) 107 = 4591676 ks

8. [2 points]: You are trying to determine the registration number on Alice’s Belize license plate.
License plates in Belize have four characters, each either a digit or an upper-case letter, and are
selected at random. Alice tells you that her license plate contains only digits. How much information
has Alice given you about her license plate? You can give your answer in the form an expression.

(Answer legibly in the space below.)
f - M
o = | 5 ( / %>

/3B L 18
1%(“—)—;—3 + M bits
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II Aloha

Ben Bitdiddle sets up a shared medium wireless network with one access point and N client nodes. Unless
mentioned otherwise, assume that the N client nodes are backlogged and that the access point has no packets
to send. Each of the N clients wants to send its packets to the access point. The network uses slotted Aloha
with each packet fitting exactly in one slot. Recall that each backlogged node in Aloha sends a packet with
some probability p.

9. [4 points]: Suppose each node uses the same, fixed value of p. If two or more client nodes
transmit in the same slot, a collision occurs at the access point and both packets are lost. The graph
below shows the utilization of this protocol as a function of p with N backlogged nodes. Fill in the
three blanks shown in the graph below. . B

Utilization |

> Maximum utilization when N =4 is \ZNZ!'Q‘) \</ ;
. Maximum utilization when N is largeis 'z ~.

é \ —~
i foranyN, p when utilization is maximum = /N “

A B C | Sending probability, p

10. [2 points]: The graph above shows three values of p: A, B, and C. Rank them in qecreasing
order of collision probability. ’
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Now assume that the access point is also backlogged and each of its packets is destined for some client.
As before, any two or more nodes (including the access point) sending in the same slot causes a collision.
Ben sets the transmission probability, p, of each client node to 1/N and sets the transmission probability of
the access point to a value p,.

11. [5 points]: What is the utilization of the network in terms of NV and p,? (Note that the client

node transmission probability p = 1/N.)
(Answer legibly in the space below.)

A e \L

e

12. [3 points]: Suppose N is large. What value of p, ensures that the aggregate throughput of
packets received successfully by the IV clients is the same as the throughput of the packets received
successfully by the access point? Explain your answer.

(Answer legibly in the space below.)

Vo X

From here on, only the client nodes are backlogged—the access point has no packets to send. Each
client node sends with probability p (don’t assume it is 1/N).

Ben Bitdiddle comes up with a cool improvement to the receiver at the access point. If exactly one node
transmits, then the receiver works as usual and is able to correctly decode the packet. If exactly two nodes
transmit, he uses a method to cancel the interference caused by each packet on the other, and is (quite
remarkably) able to decode both packets correctly.

13. [4 points]: What is the probability, P», of exactly two of the N nodes transmitting in a slot?
Note that we want the probability of any two nodes sending in a given slot.
(Answer legibly in the space below.)

AT
PL’ 2\//_ 2&(\0’2)&

{7
[

e

14. [4 points]: What is the utilization of slotted Aloha with Ben’s receiver modification? Write your
answer in terms of N, p, and Py, where P is defined in the problem above.
(Answer legibly in the space below.)

Use  prwp £ TR0 12 as

x+ £,
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IIT Loss-minimizing routing

Ben Bitdiddle has set up a multi-hop wireless network in which he would like to find paths with high
probability of packet delivery between any two nodes. His network runs a distance vector protocol sim-
ilar to what you developed in Lab 9. In Ben’s distance vector (BDV) protocol, each node maintains a
metric to every destination that it knows about in the network. The metric is the node’s estimate of the
packet success probability along the path between the node and the destination. The packet success proba-
bility along a link or path is defined as 1 minus the packet loss probability along the corresponding link or
path.

Each node uses the periodic HELLO messages sent by each of its neighbors to estimate the packet loss
probability of the link from each neighbor. You may assume that the link loss probabilities are symmetric;
i.e., the loss probability of the link from node A to node B is the same as from B to A. Each link I maintains
its loss probability in the variable L.1ossprob and 0 < L.1lossprob < 1.

15. [8 points]: The key pieces of the Python code for each node’s integrate() function in
BDV is given below. It has three missing blanks. Please fill them in so that the protocol will
eventually converge without routing loops to the correct metric at each node. The variables are
the same as in Lab 9: self.routes is the dictionary of routing entries (mapping destinations
to links), self.getlink (fromnode) returns the link connecting the node self to the node
fromnode, and the integrate procedure runs whenever the node receives an advertisement (adv)
from node fromnode. As in Lab 9, adv is a list of (destination, metric) tuples. In the code below,
self.metric is a dictionary storing the node’s current estimate of the routing metric (i.e., the
packet success probability) for each known destination.

# Process an advertisement from a neighboring node in BDV
def integrate(self, fromnode, adv):
L = self.getlink (fromnode)

for (dest, metric) in adv: >(
my_metric = ety e — L IoS‘g(P(Oé : # fill in the blank
if (dest not in self.routes \/
or self. metrlc[dest] _<_ my_metric / # £fill in the blank
or ce\l. coutesfdesd] == L L ): # fill in the blank
self.routes[dest] = L
self.metric[dest] = my_metric 5,//
// 2

# rest of integrate() not shown
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Ben wants to try out a link-state protocol now. During the flooding step, each node sends out a link-state
advertisement comprising its address, an incrementing sequence number, and a list of tuples of the form
(neighbor, lossprob), wherethe Lossprob is the estimated loss probability to the neighbor.

16. [2 points]: Why does the link-state advertisement include a sequence number?
(Answer legibly in the space below.)

%eco\%e' e LSA v Lorwarded on each recelpt,

So without o ceeamunn old  ads g 'cverw"’}(e
hewer ones ahd an eld ad wouf rever o

echoing through he network.

Ben would like to reuse, without modification, his implementation of Dijkstra’s shortest paths algorithm
from Lab 9, which takes a map in which the links have non-negative costs and produces a path that minimizes
the sum of the costs of the links on the path to each destination.

17. [4 points]: Ben has to transform the 1ossprob information from the LSA to produce link costs
so that he can use his Dijkstra implementation without any changes. Which of these transformations
will accomplish this goal?
(Circle the BEST answer) ,
/ﬁis Wi\ cunm what should e ()\'Od“ Tahan
—A—Use-lossprob-as-the-link-cost.. e is negat e
e d

Yse=——m—t——"""755 the linkcost.
B. : "'1OE(‘Y2”1‘O‘SSprObT'aS"M_COSt B

1 . e,

, \ “\1'\\5 Yo
L0g (l l - lc{é’(gmfp} Cost Licler
- . [ 3
Or greuter

cucese
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IV Reliable data delivery

18. [4 points]: Consider a best-effort network with packet losses and variable delays. Here, Louis
Reasoner suggests that the receiver does not need to send the sequence number in the ACK in a
correctly implemented stop-and-wait protocol, where the sender sends packet k£ + 1 only after the
ACK for packet k is received. Explain whether he is correct or not.

(Answer legibly in the space below.)
fect oule e -
Locrect, Decause we are worttng {oe each

. { ! 5
pac ke ALCkV\OLOchéaeméw{ belice sendes. anodher
theve  can only ever be ove oulctasclily (ocker and

the recetver will  pever fesevel v pck for o succerstul i
19. [8 points]: The 802.11 (WiFi) link-layer uses a stop-and-wait protocol to improve link reliability. 4 ransaq
The protocol works as follows:

A. The sender transmits packet k + 1 to the receiver as soon as it receives an acknowledgment
(ACK) for the packet k. Neither the packet nor the ACK incur any queueing delay.

B. Right after the receiver gets the entire packet, it computes a checksum (CRC). The processing
time to compute the CRC is T}, and you may assume that it does not depend on the packet size.

C. If the CRC is correct, the receiver sends a link-layer ACK to the sender. The ACK has negligible
size and reaches the sender instantaneously.

The sender and receiver are near each other, so you can ignore the propagation delay. The bit rate is
R = 54 Megabits/s, the smallest packet size is 540 bits, and the largest packet size is 5,400 bits.

What is the maximum processing time 7}, that ensures that the protocol will achieve a throughput of
at least 50% of the bit rate of the link in the absence of packet and ACK losses, for any packet size?
(Answer legibly in the space below.)

SHO bits =
1O smillion packers [second

@ S oc0O OQzC‘“)/TP’ To=2 ei?j,scc&v\&s |

N\

T

.4 v ¥ . ’,A . s g
oSS\ v‘% all poorens S Eify

20. [7 points]: Consider a sliding window protocol between a sender and a receiver. The receiver
should deliver packets reliably and in order to its application.

The sender correctly maintains the following state variables:
unacked_pkts — the buffer of unacknowledged packets
first_unacked - the lowest unacked sequence number (undefined if all packets have been acked)
last_unacked — the highest unacked sequence number (undefined if all packets have been acked)
last_sent — the highest sequence number sent so far (whether acknowledged or not)
If the receiver gets a packet that is strictly larger than the next one in sequence, it adds the packet to a
buffer if not already present. We want to ensure that the size of this buffer of packets awaiting delivery
never exceeds a value W > 0. Write down the check(s) that the sender should perform before sending

a new packet in terms of the variables mentioned above that ensure the desired property.
(Answer legibly in the space below.)

(lcxé( —sey\Jr - ‘F\‘w"‘ﬁ; uhal ;~€5“i\) L= w”‘ /2

L -
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V Source coding

21. [6 points]: Consider a Huffman decoding tree for messages made up by randomly choosing one
of 10 symbols (each symbol occurs with a non-zero probability). Let ¢ be the length of the encoding
for the symbol least likely to occur.

A. What is the minimum possible value for £? Give one example sequence of probabilities for the
symbols that produce;*h'ksnﬂnimum.

yad //\* (Answer legibly in the space below.)
/,ﬁé\x‘:r ) iz) e= f°-yr,o.{,o.i,a.f,c‘f/ a%ylls

A A
PR COE & GH h by 2=y
B. What is the maximum possible value for £? Give one example sequence of probabilities for the

symbols that produces this maximum.
ray (Answer legibly in the space below.)

!
A6
r ﬁ\ 0:-8%
//Ce é’/g\ . U/Oc,,l\;ul,;_l_“g
Aéc . 7 p= EO-S/O' AN )b)g’ilu’Y,TZ—ng':"”"Z‘(

Alyssa P. Hacker’s experiment consists of flipping a biased coin 100 times and encoding the resulting H/T
sequence into a message. Each coin flip is independent of the others. The coin has a probability of landing
heads, P(H) of 0.75. Alyssa has chosen a Huffman code for encoding pairs of results (HH, HT, TH, TT),
so the message is constructed by concatenating the codes for 50 pairs.

22. [4 points]: Give an encoding for each of the four possible pairs that would have resulted from
running Huffman’s algorithm to produce the decoding tree. Draw the tree in the space below.

Code for HH: __| /k( (M) = 20 .
Code for HT: __O | e 0 /"\ v fimy= (83577
oceforih S () 1By
{
9 . s By
Code for TH: _0C1 e T (1) - 0.0% e
) \

Code for TT: @Q_

23. [2 points]: Using your code for the previous question, what is the average length of an encoded
message obtained from 100 coin flips?
$6.25 v R | (Answer legibly in the space below.)

4 [‘6,3’3“.\.9(. 2*3“)
Y el - S0z 100 =
|/ ,

7 i Pa N
- (,l‘,ftx' L}&C‘!' ﬁgs\tf; C\,gs’ Sa lf}j-’;\
24. [2 points]: Give an expression for the minimum number of bits required to encode the results
for a single flip of this biased coin whose P(H) = 0.75.

(Answer legibly in the space below.)

ﬂ A m?:‘;



