
Exam in
SSY305 Kommunikationssystem

Department of Electrical Engineering

Exam date: March 21, 2019, 14:00–18:00
Document updated: March 21, 2019

Teaching Staff
Erik Ström (examiner), 031-772 5182
Chouaib Bencheikh Lehocine, 073-742 6431

Material Allowed material is

• Chalmers-approved calculator

• L. R̊ade, B. Westergren. Beta, Mathematics Handbook, any edition.

• One A4 page with your own handwritten notes. Both sides of the page can be used.
Photo copies, printouts, other students’ notes, or any other material is not allowed.

• A paper-based dictionary, without added notes (electronic dictionaries are not al-
lowed).

Grading A correct, clear and well-motivated solution gives a maximum of 12 points per prob-
lem.

An erroneous answer, unclear, incomplete or badly motivated solutions give point reduc-
tions down to a minimum of 0 points. No fractional points are awarded.

Answers in any other language than Swedish or English are ignored.

Solutions Are made available at the earliest at 19:00 on the course web page.

Results Exam results are posted on Ping-Pong no later than March 27, 2019. The grading
review is on March 27 and April 4, 2019, 12:00–13:00 in room 3340 in the ED-building.

Grades The final grade on the course will be decided by the projects (maximum score 46),
quizzes (maximum score 6), and final exam (maximum score 48). Project and exam must
be passed (see course-PM for rules). The sum of all scores will decide the grade according
to the following table.

Total Score 0–39 40–69 70–79 ≥ 80
Grade Fail 3 4 5

PLEASE NOTE THAT THE PROBLEMS ARE NOT NECESSARILY
ORDERED IN DIFFICULTY.

Good luck!



Table over the Q-function

x Q(x ) x Q(x ) x Q(x ) x Q(x ) x Q(x ) x Q(x ) x Q(x ) x Q(x )
0.00 5.0000E-01 0.76 2.2360E-01 1.52 6.4260E-02 2.28 1.1300E-02 3.04 1.1830E-03 3.80 7.2350E-05 4.56 2.5580E-06 5.32 5.1880E-08
0.01 4.9600E-01 0.77 2.2060E-01 1.53 6.3010E-02 2.29 1.1010E-02 3.05 1.1440E-03 3.81 6.9480E-05 4.57 2.4390E-06 5.33 4.9110E-08
0.02 4.9200E-01 0.78 2.1770E-01 1.54 6.1780E-02 2.30 1.0720E-02 3.06 1.1070E-03 3.82 6.6730E-05 4.58 2.3250E-06 5.34 4.6470E-08
0.03 4.8800E-01 0.79 2.1480E-01 1.55 6.0570E-02 2.31 1.0440E-02 3.07 1.0700E-03 3.83 6.4070E-05 4.59 2.2160E-06 5.35 4.3980E-08
0.04 4.8400E-01 0.80 2.1190E-01 1.56 5.9380E-02 2.32 1.0170E-02 3.08 1.0350E-03 3.84 6.1520E-05 4.60 2.1120E-06 5.36 4.1610E-08
0.05 4.8010E-01 0.81 2.0900E-01 1.57 5.8210E-02 2.33 9.9030E-03 3.09 1.0010E-03 3.85 5.9060E-05 4.61 2.0130E-06 5.37 3.9370E-08
0.06 4.7610E-01 0.82 2.0610E-01 1.58 5.7050E-02 2.34 9.6420E-03 3.10 9.6760E-04 3.86 5.6690E-05 4.62 1.9190E-06 5.38 3.7240E-08
0.07 4.7210E-01 0.83 2.0330E-01 1.59 5.5920E-02 2.35 9.3870E-03 3.11 9.3540E-04 3.87 5.4420E-05 4.63 1.8280E-06 5.39 3.5230E-08
0.08 4.6810E-01 0.84 2.0050E-01 1.60 5.4800E-02 2.36 9.1370E-03 3.12 9.0430E-04 3.88 5.2230E-05 4.64 1.7420E-06 5.40 3.3320E-08
0.09 4.6410E-01 0.85 1.9770E-01 1.61 5.3700E-02 2.37 8.8940E-03 3.13 8.7400E-04 3.89 5.0120E-05 4.65 1.6600E-06 5.41 3.1510E-08
0.10 4.6020E-01 0.86 1.9490E-01 1.62 5.2620E-02 2.38 8.6560E-03 3.14 8.4470E-04 3.90 4.8100E-05 4.66 1.5810E-06 5.42 2.9800E-08
0.11 4.5620E-01 0.87 1.9220E-01 1.63 5.1550E-02 2.39 8.4240E-03 3.15 8.1640E-04 3.91 4.6150E-05 4.67 1.5060E-06 5.43 2.8180E-08
0.12 4.5220E-01 0.88 1.8940E-01 1.64 5.0500E-02 2.40 8.1980E-03 3.16 7.8880E-04 3.92 4.4270E-05 4.68 1.4340E-06 5.44 2.6640E-08
0.13 4.4830E-01 0.89 1.8670E-01 1.65 4.9470E-02 2.41 7.9760E-03 3.17 7.6220E-04 3.93 4.2470E-05 4.69 1.3660E-06 5.45 2.5180E-08
0.14 4.4430E-01 0.90 1.8410E-01 1.66 4.8460E-02 2.42 7.7600E-03 3.18 7.3640E-04 3.94 4.0740E-05 4.70 1.3010E-06 5.46 2.3810E-08
0.15 4.4040E-01 0.91 1.8140E-01 1.67 4.7460E-02 2.43 7.5490E-03 3.19 7.1140E-04 3.95 3.9080E-05 4.71 1.2390E-06 5.47 2.2500E-08
0.16 4.3640E-01 0.92 1.7880E-01 1.68 4.6480E-02 2.44 7.3440E-03 3.20 6.8710E-04 3.96 3.7470E-05 4.72 1.1790E-06 5.48 2.1270E-08
0.17 4.3250E-01 0.93 1.7620E-01 1.69 4.5510E-02 2.45 7.1430E-03 3.21 6.6370E-04 3.97 3.5940E-05 4.73 1.1230E-06 5.49 2.0100E-08
0.18 4.2860E-01 0.94 1.7360E-01 1.70 4.4570E-02 2.46 6.9470E-03 3.22 6.4100E-04 3.98 3.4460E-05 4.74 1.0690E-06 5.50 1.8990E-08
0.19 4.2470E-01 0.95 1.7110E-01 1.71 4.3630E-02 2.47 6.7560E-03 3.23 6.1900E-04 3.99 3.3040E-05 4.75 1.0170E-06 5.51 1.7940E-08
0.20 4.2070E-01 0.96 1.6850E-01 1.72 4.2720E-02 2.48 6.5690E-03 3.24 5.9760E-04 4.00 3.1670E-05 4.76 9.6800E-07 5.52 1.6950E-08
0.21 4.1680E-01 0.97 1.6600E-01 1.73 4.1820E-02 2.49 6.3870E-03 3.25 5.7700E-04 4.01 3.0360E-05 4.77 9.2110E-07 5.53 1.6010E-08
0.22 4.1290E-01 0.98 1.6350E-01 1.74 4.0930E-02 2.50 6.2100E-03 3.26 5.5710E-04 4.02 2.9100E-05 4.78 8.7650E-07 5.54 1.5120E-08
0.23 4.0900E-01 0.99 1.6110E-01 1.75 4.0060E-02 2.51 6.0370E-03 3.27 5.3770E-04 4.03 2.7890E-05 4.79 8.3390E-07 5.55 1.4280E-08
0.24 4.0520E-01 1.00 1.5870E-01 1.76 3.9200E-02 2.52 5.8680E-03 3.28 5.1900E-04 4.04 2.6730E-05 4.80 7.9330E-07 5.56 1.3490E-08
0.25 4.0130E-01 1.01 1.5620E-01 1.77 3.8360E-02 2.53 5.7030E-03 3.29 5.0090E-04 4.05 2.5610E-05 4.81 7.5470E-07 5.57 1.2740E-08
0.26 3.9740E-01 1.02 1.5390E-01 1.78 3.7540E-02 2.54 5.5430E-03 3.30 4.8340E-04 4.06 2.4540E-05 4.82 7.1780E-07 5.58 1.2030E-08
0.27 3.9360E-01 1.03 1.5150E-01 1.79 3.6730E-02 2.55 5.3860E-03 3.31 4.6650E-04 4.07 2.3510E-05 4.83 6.8270E-07 5.59 1.1350E-08
0.28 3.8970E-01 1.04 1.4920E-01 1.80 3.5930E-02 2.56 5.2340E-03 3.32 4.5010E-04 4.08 2.2520E-05 4.84 6.4920E-07 5.60 1.0720E-08
0.29 3.8590E-01 1.05 1.4690E-01 1.81 3.5150E-02 2.57 5.0850E-03 3.33 4.3420E-04 4.09 2.1570E-05 4.85 6.1730E-07 5.61 1.0120E-08
0.30 3.8210E-01 1.06 1.4460E-01 1.82 3.4380E-02 2.58 4.9400E-03 3.34 4.1890E-04 4.10 2.0660E-05 4.86 5.8690E-07 5.62 9.5480E-09
0.31 3.7830E-01 1.07 1.4230E-01 1.83 3.3620E-02 2.59 4.7990E-03 3.35 4.0410E-04 4.11 1.9780E-05 4.87 5.5800E-07 5.63 9.0100E-09
0.32 3.7450E-01 1.08 1.4010E-01 1.84 3.2880E-02 2.60 4.6610E-03 3.36 3.8970E-04 4.12 1.8940E-05 4.88 5.3040E-07 5.64 8.5030E-09
0.33 3.7070E-01 1.09 1.3790E-01 1.85 3.2160E-02 2.61 4.5270E-03 3.37 3.7580E-04 4.13 1.8140E-05 4.89 5.0420E-07 5.65 8.0220E-09
0.34 3.6690E-01 1.10 1.3570E-01 1.86 3.1440E-02 2.62 4.3960E-03 3.38 3.6240E-04 4.14 1.7370E-05 4.90 4.7920E-07 5.66 7.5690E-09
0.35 3.6320E-01 1.11 1.3350E-01 1.87 3.0740E-02 2.63 4.2690E-03 3.39 3.4950E-04 4.15 1.6620E-05 4.91 4.5540E-07 5.67 7.1400E-09
0.36 3.5940E-01 1.12 1.3140E-01 1.88 3.0050E-02 2.64 4.1450E-03 3.40 3.3690E-04 4.16 1.5910E-05 4.92 4.3270E-07 5.68 6.7350E-09
0.37 3.5570E-01 1.13 1.2920E-01 1.89 2.9380E-02 2.65 4.0250E-03 3.41 3.2480E-04 4.17 1.5230E-05 4.93 4.1110E-07 5.69 6.3520E-09
0.38 3.5200E-01 1.14 1.2710E-01 1.90 2.8720E-02 2.66 3.9070E-03 3.42 3.1310E-04 4.18 1.4580E-05 4.94 3.9060E-07 5.70 5.9900E-09
0.39 3.4830E-01 1.15 1.2510E-01 1.91 2.8070E-02 2.67 3.7930E-03 3.43 3.0180E-04 4.19 1.3950E-05 4.95 3.7110E-07 5.71 5.6490E-09
0.40 3.4460E-01 1.16 1.2300E-01 1.92 2.7430E-02 2.68 3.6810E-03 3.44 2.9090E-04 4.20 1.3350E-05 4.96 3.5250E-07 5.72 5.3260E-09
0.41 3.4090E-01 1.17 1.2100E-01 1.93 2.6800E-02 2.69 3.5730E-03 3.45 2.8030E-04 4.21 1.2770E-05 4.97 3.3480E-07 5.73 5.0220E-09
0.42 3.3720E-01 1.18 1.1900E-01 1.94 2.6190E-02 2.70 3.4670E-03 3.46 2.7010E-04 4.22 1.2220E-05 4.98 3.1790E-07 5.74 4.7340E-09
0.43 3.3360E-01 1.19 1.1700E-01 1.95 2.5590E-02 2.71 3.3640E-03 3.47 2.6020E-04 4.23 1.1680E-05 4.99 3.0190E-07 5.75 4.4620E-09
0.44 3.3000E-01 1.20 1.1510E-01 1.96 2.5000E-02 2.72 3.2640E-03 3.48 2.5070E-04 4.24 1.1180E-05 5.00 2.8670E-07 5.76 4.2060E-09
0.45 3.2640E-01 1.21 1.1310E-01 1.97 2.4420E-02 2.73 3.1670E-03 3.49 2.4150E-04 4.25 1.0690E-05 5.01 2.7220E-07 5.77 3.9640E-09
0.46 3.2280E-01 1.22 1.1120E-01 1.98 2.3850E-02 2.74 3.0720E-03 3.50 2.3260E-04 4.26 1.0220E-05 5.02 2.5840E-07 5.78 3.7350E-09
0.47 3.1920E-01 1.23 1.0930E-01 1.99 2.3300E-02 2.75 2.9800E-03 3.51 2.2410E-04 4.27 9.7740E-06 5.03 2.4520E-07 5.79 3.5190E-09
0.48 3.1560E-01 1.24 1.0750E-01 2.00 2.2750E-02 2.76 2.8900E-03 3.52 2.1580E-04 4.28 9.3450E-06 5.04 2.3280E-07 5.80 3.3160E-09
0.49 3.1210E-01 1.25 1.0560E-01 2.01 2.2220E-02 2.77 2.8030E-03 3.53 2.0780E-04 4.29 8.9340E-06 5.05 2.2090E-07 5.81 3.1240E-09
0.50 3.0850E-01 1.26 1.0380E-01 2.02 2.1690E-02 2.78 2.7180E-03 3.54 2.0010E-04 4.30 8.5400E-06 5.06 2.0960E-07 5.82 2.9420E-09
0.51 3.0500E-01 1.27 1.0200E-01 2.03 2.1180E-02 2.79 2.6350E-03 3.55 1.9260E-04 4.31 8.1630E-06 5.07 1.9890E-07 5.83 2.7710E-09
0.52 3.0150E-01 1.28 1.0030E-01 2.04 2.0680E-02 2.80 2.5550E-03 3.56 1.8540E-04 4.32 7.8010E-06 5.08 1.8870E-07 5.84 2.6100E-09
0.53 2.9810E-01 1.29 9.8530E-02 2.05 2.0180E-02 2.81 2.4770E-03 3.57 1.7850E-04 4.33 7.4550E-06 5.09 1.7900E-07 5.85 2.4580E-09
0.54 2.9460E-01 1.30 9.6800E-02 2.06 1.9700E-02 2.82 2.4010E-03 3.58 1.7180E-04 4.34 7.1240E-06 5.10 1.6980E-07 5.86 2.3140E-09
0.55 2.9120E-01 1.31 9.5100E-02 2.07 1.9230E-02 2.83 2.3270E-03 3.59 1.6530E-04 4.35 6.8070E-06 5.11 1.6110E-07 5.87 2.1790E-09
0.56 2.8770E-01 1.32 9.3420E-02 2.08 1.8760E-02 2.84 2.2560E-03 3.60 1.5910E-04 4.36 6.5030E-06 5.12 1.5280E-07 5.88 2.0510E-09
0.57 2.8430E-01 1.33 9.1760E-02 2.09 1.8310E-02 2.85 2.1860E-03 3.61 1.5310E-04 4.37 6.2120E-06 5.13 1.4490E-07 5.89 1.9310E-09
0.58 2.8100E-01 1.34 9.0120E-02 2.10 1.7860E-02 2.86 2.1180E-03 3.62 1.4730E-04 4.38 5.9340E-06 5.14 1.3740E-07 5.90 1.8180E-09
0.59 2.7760E-01 1.35 8.8510E-02 2.11 1.7430E-02 2.87 2.0520E-03 3.63 1.4170E-04 4.39 5.6680E-06 5.15 1.3020E-07 5.91 1.7110E-09
0.60 2.7430E-01 1.36 8.6910E-02 2.12 1.7000E-02 2.88 1.9880E-03 3.64 1.3630E-04 4.40 5.4130E-06 5.16 1.2350E-07 5.92 1.6100E-09
0.61 2.7090E-01 1.37 8.5340E-02 2.13 1.6590E-02 2.89 1.9260E-03 3.65 1.3110E-04 4.41 5.1690E-06 5.17 1.1700E-07 5.93 1.5150E-09
0.62 2.6760E-01 1.38 8.3790E-02 2.14 1.6180E-02 2.90 1.8660E-03 3.66 1.2610E-04 4.42 4.9350E-06 5.18 1.1090E-07 5.94 1.4250E-09
0.63 2.6430E-01 1.39 8.2260E-02 2.15 1.5780E-02 2.91 1.8070E-03 3.67 1.2130E-04 4.43 4.7120E-06 5.19 1.0510E-07 5.95 1.3410E-09
0.64 2.6110E-01 1.40 8.0760E-02 2.16 1.5390E-02 2.92 1.7500E-03 3.68 1.1660E-04 4.44 4.4980E-06 5.20 9.9640E-08 5.96 1.2610E-09
0.65 2.5780E-01 1.41 7.9270E-02 2.17 1.5000E-02 2.93 1.6950E-03 3.69 1.1210E-04 4.45 4.2940E-06 5.21 9.4420E-08 5.97 1.1860E-09
0.66 2.5460E-01 1.42 7.7800E-02 2.18 1.4630E-02 2.94 1.6410E-03 3.70 1.0780E-04 4.46 4.0980E-06 5.22 8.9460E-08 5.98 1.1160E-09
0.67 2.5140E-01 1.43 7.6360E-02 2.19 1.4260E-02 2.95 1.5890E-03 3.71 1.0360E-04 4.47 3.9110E-06 5.23 8.4760E-08 5.99 1.0490E-09
0.68 2.4830E-01 1.44 7.4930E-02 2.20 1.3900E-02 2.96 1.5380E-03 3.72 9.9610E-05 4.48 3.7320E-06 5.24 8.0290E-08 6.00 9.8660E-10
0.69 2.4510E-01 1.45 7.3530E-02 2.21 1.3550E-02 2.97 1.4890E-03 3.73 9.5740E-05 4.49 3.5610E-06 5.25 7.6050E-08 6.01 9.2760E-10
0.70 2.4200E-01 1.46 7.2150E-02 2.22 1.3210E-02 2.98 1.4410E-03 3.74 9.2010E-05 4.50 3.3980E-06 5.26 7.2030E-08 6.02 8.7210E-10
0.71 2.3890E-01 1.47 7.0780E-02 2.23 1.2870E-02 2.99 1.3950E-03 3.75 8.8420E-05 4.51 3.2410E-06 5.27 6.8210E-08 6.03 8.1980E-10
0.72 2.3580E-01 1.48 6.9440E-02 2.24 1.2550E-02 3.00 1.3500E-03 3.76 8.4960E-05 4.52 3.0920E-06 5.28 6.4590E-08 6.04 7.7060E-10
0.73 2.3270E-01 1.49 6.8110E-02 2.25 1.2220E-02 3.01 1.3060E-03 3.77 8.1620E-05 4.53 2.9490E-06 5.29 6.1160E-08 6.05 7.2420E-10
0.74 2.2960E-01 1.50 6.6810E-02 2.26 1.1910E-02 3.02 1.2640E-03 3.78 7.8410E-05 4.54 2.8130E-06 5.30 5.7900E-08 6.06 6.8060E-10
0.75 2.2660E-01 1.51 6.5520E-02 2.27 1.1600E-02 3.03 1.2230E-03 3.79 7.5320E-05 4.55 2.6820E-06 5.31 5.4810E-08 6.07 6.3960E-10
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1. Consider transmission of 1500 byte long packets over an AWGN channel with noise power
spectral density N0/2 using M -ary PAM, where N0 = 1.1 × 10−20 W/Hz. The bits that
make up the packet are assumed to be independent and equally likely. The received signal
power is 10−12 W and the packet error probability should not exceed 0.1.

(a) Give an expression for the packet error probability in terms of the symbol error
probability Pe. (2p)

(b) What is the maximum data rate if M = 2? (3p)

(c) Repeat Part (b) for M = 4. (3p)

(d) Suppose we use root-raised cosine pulse shapes with roll-off factor α = 0.1 and
a matched filter receiver. If the transmission should be free of ISI, what is the
bandwidth of the transmitted signal in Part (b) and (c)? (2p)

Hint: the symbol error probability for M -ary PAM is

Pe =
2(M − 1)

M
Q

(√
6

M2 − 1

Es

N0

)

2. (a) Explain what is piggy-backing is and what the advantage if it is. (2p)

(b) Explain what the hidden-terminal problem is and what measures can taken to coun-
teract it. (3p)

(c) Consider an Ethernet LAN consisting of a number of hosts with full-duplex connec-
tions to an Ethernet switch. Explain why the Ethernet CSMA/CD medium access
method is not needed for this setup. (2p)

(d) Define the security goal “integrity.” (1p)

(e) What is the purpose of the demodulator block in the Shannon communication model?
(2p)

(f) Describe the service provided by the TCP protocol in the TCP/IP model. (2p)
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3. Consider a network consisting of three nodes, the two end-nodes (hosts) A and C, and an
intermediate router B.

Node A
<latexit sha1_base64="N9LIomBtr9h8xMRTOj2Ipx6b6dU=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFnRhRu1gn1AZ5BMetsGM5MxuSOWod8h7vRL3Ilbl36Ie9PHwteBhMM5997cnCiVwqDnfTgzs3PzC4uFJXd5ZXVtvbix2TAq0xzqXEmlWxEzIEUCdRQooZVqYHEkoRndHI/85h1oI1RyhYMUwpj1EtEVnKGVwgDhHvNz1QF6NLwulryKNwb9S/wpKVXJBLXr4mfQUTyLIUEumTFt30sxzJlGwSUM3SAzkDJ+w3rQtjRhMZgwHy89pLtW6dCu0vYkSMfq946cxcYM4shWxgz75rc3Ev/z2hl2D8NcJGmGkPDJQ91MUlR0lADtCA0c5cASxrWwu1LeZ5pxtDm5wQnYv2g4s3MvUtAMlc4DW9ob5uPbdW1O/u9U/pLGXsX3Kv7lfqlaniZWINtkh5SJTw5IlZySGqkTTm7JA3kiz86j8+K8Om+T0hln2rNFfsB5/wJntaBg</latexit><latexit sha1_base64="N9LIomBtr9h8xMRTOj2Ipx6b6dU=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFnRhRu1gn1AZ5BMetsGM5MxuSOWod8h7vRL3Ilbl36Ie9PHwteBhMM5997cnCiVwqDnfTgzs3PzC4uFJXd5ZXVtvbix2TAq0xzqXEmlWxEzIEUCdRQooZVqYHEkoRndHI/85h1oI1RyhYMUwpj1EtEVnKGVwgDhHvNz1QF6NLwulryKNwb9S/wpKVXJBLXr4mfQUTyLIUEumTFt30sxzJlGwSUM3SAzkDJ+w3rQtjRhMZgwHy89pLtW6dCu0vYkSMfq946cxcYM4shWxgz75rc3Ev/z2hl2D8NcJGmGkPDJQ91MUlR0lADtCA0c5cASxrWwu1LeZ5pxtDm5wQnYv2g4s3MvUtAMlc4DW9ob5uPbdW1O/u9U/pLGXsX3Kv7lfqlaniZWINtkh5SJTw5IlZySGqkTTm7JA3kiz86j8+K8Om+T0hln2rNFfsB5/wJntaBg</latexit><latexit sha1_base64="N9LIomBtr9h8xMRTOj2Ipx6b6dU=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFnRhRu1gn1AZ5BMetsGM5MxuSOWod8h7vRL3Ilbl36Ie9PHwteBhMM5997cnCiVwqDnfTgzs3PzC4uFJXd5ZXVtvbix2TAq0xzqXEmlWxEzIEUCdRQooZVqYHEkoRndHI/85h1oI1RyhYMUwpj1EtEVnKGVwgDhHvNz1QF6NLwulryKNwb9S/wpKVXJBLXr4mfQUTyLIUEumTFt30sxzJlGwSUM3SAzkDJ+w3rQtjRhMZgwHy89pLtW6dCu0vYkSMfq946cxcYM4shWxgz75rc3Ev/z2hl2D8NcJGmGkPDJQ91MUlR0lADtCA0c5cASxrWwu1LeZ5pxtDm5wQnYv2g4s3MvUtAMlc4DW9ob5uPbdW1O/u9U/pLGXsX3Kv7lfqlaniZWINtkh5SJTw5IlZySGqkTTm7JA3kiz86j8+K8Om+T0hln2rNFfsB5/wJntaBg</latexit><latexit sha1_base64="B7WlbEak4fEAGAP66kbOZl81obI=">AAACF3icbVDLSgMxFM3U9/iqunQTLEJXZUYEXVZ04cYX2FboDCWT3rahmcmY3BHL0O8Qd/ol7sStSz/EvWntQqsHEg7n3Htzc6JUCoOe9+EUZmbn5hcWl9zlldW19eLGZt2oTHOocSWVvomYASkSqKFACTepBhZHEhpR/3jkN+5AG6GSaxykEMasm4iO4AytFAYI95ifqzbQo2GrWPIq3hj0L/EnpEQmuGwVP4O24lkMCXLJjGn6XophzjQKLmHoBpmBlPE+60LT0oTFYMJ8vPSQ7lqlTTtK25MgHas/O3IWGzOII1sZM+yZaW8k/uc1M+wchrlI0gwh4d8PdTJJUdFRArQtNHCUA0sY18LuSnmPacbR5uQGJ2D/ouHMzr1IQTNUOg9saXeYj2/XtTn506n8JfW9iu9V/Kv9UrU8SWyRbJMdUiY+OSBVckouSY1wckseyBN5dh6dF+fVefsuLTiTni3yC877Fwf1oCA=</latexit>

Node B
<latexit sha1_base64="DySbAC2k1AI89atioSEvrO5owOM=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFnUhRu1gn1AZ5BMetsGM5MxuSOWod8h7vRL3Ilbl36Ie9PHwteBhMM5997cnCiVwqDnfTgzs3PzC4uFJXd5ZXVtvbix2TAq0xzqXEmlWxEzIEUCdRQooZVqYHEkoRndHI/85h1oI1RyhYMUwpj1EtEVnKGVwgDhHvNz1QF6NLwulryKNwb9S/wpKVXJBLXr4mfQUTyLIUEumTFt30sxzJlGwSUM3SAzkDJ+w3rQtjRhMZgwHy89pLtW6dCu0vYkSMfq946cxcYM4shWxgz75rc3Ev/z2hl2D8NcJGmGkPDJQ91MUlR0lADtCA0c5cASxrWwu1LeZ5pxtDm5wQnYv2g4s3MvUtAMlc4DW9ob5uPbdW1O/u9U/pLGXsX3Kv7lfqlaniZWINtkh5SJTw5IlZySGqkTTm7JA3kiz86j8+K8Om+T0hln2rNFfsB5/wJpXaBh</latexit><latexit sha1_base64="DySbAC2k1AI89atioSEvrO5owOM=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFnUhRu1gn1AZ5BMetsGM5MxuSOWod8h7vRL3Ilbl36Ie9PHwteBhMM5997cnCiVwqDnfTgzs3PzC4uFJXd5ZXVtvbix2TAq0xzqXEmlWxEzIEUCdRQooZVqYHEkoRndHI/85h1oI1RyhYMUwpj1EtEVnKGVwgDhHvNz1QF6NLwulryKNwb9S/wpKVXJBLXr4mfQUTyLIUEumTFt30sxzJlGwSUM3SAzkDJ+w3rQtjRhMZgwHy89pLtW6dCu0vYkSMfq946cxcYM4shWxgz75rc3Ev/z2hl2D8NcJGmGkPDJQ91MUlR0lADtCA0c5cASxrWwu1LeZ5pxtDm5wQnYv2g4s3MvUtAMlc4DW9ob5uPbdW1O/u9U/pLGXsX3Kv7lfqlaniZWINtkh5SJTw5IlZySGqkTTm7JA3kiz86j8+K8Om+T0hln2rNFfsB5/wJpXaBh</latexit><latexit sha1_base64="DySbAC2k1AI89atioSEvrO5owOM=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFnUhRu1gn1AZ5BMetsGM5MxuSOWod8h7vRL3Ilbl36Ie9PHwteBhMM5997cnCiVwqDnfTgzs3PzC4uFJXd5ZXVtvbix2TAq0xzqXEmlWxEzIEUCdRQooZVqYHEkoRndHI/85h1oI1RyhYMUwpj1EtEVnKGVwgDhHvNz1QF6NLwulryKNwb9S/wpKVXJBLXr4mfQUTyLIUEumTFt30sxzJlGwSUM3SAzkDJ+w3rQtjRhMZgwHy89pLtW6dCu0vYkSMfq946cxcYM4shWxgz75rc3Ev/z2hl2D8NcJGmGkPDJQ91MUlR0lADtCA0c5cASxrWwu1LeZ5pxtDm5wQnYv2g4s3MvUtAMlc4DW9ob5uPbdW1O/u9U/pLGXsX3Kv7lfqlaniZWINtkh5SJTw5IlZySGqkTTm7JA3kiz86j8+K8Om+T0hln2rNFfsB5/wJpXaBh</latexit><latexit sha1_base64="szToxLu3t1bd+TiUWf/h73eF2Ds=">AAACF3icbVDLSgMxFM3U9/iqunQTLEJXZUYEXRZ14cYX2FboDCWT3rahmcmY3BHL0O8Qd/ol7sStSz/EvWntQqsHEg7n3Htzc6JUCoOe9+EUZmbn5hcWl9zlldW19eLGZt2oTHOocSWVvomYASkSqKFACTepBhZHEhpR/3jkN+5AG6GSaxykEMasm4iO4AytFAYI95ifqzbQo2GrWPIq3hj0L/EnpEQmuGwVP4O24lkMCXLJjGn6XophzjQKLmHoBpmBlPE+60LT0oTFYMJ8vPSQ7lqlTTtK25MgHas/O3IWGzOII1sZM+yZaW8k/uc1M+wchrlI0gwh4d8PdTJJUdFRArQtNHCUA0sY18LuSnmPacbR5uQGJ2D/ouHMzr1IQTNUOg9saXeYj2/XtTn506n8JfW9iu9V/Kv9UrU8SWyRbJMdUiY+OSBVckouSY1wckseyBN5dh6dF+fVefsuLTiTni3yC877FwmdoCE=</latexit>

Node C
<latexit sha1_base64="CHwsO/i8MQSY11BFdy0HzEbn21I=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFmoCze+wGqhM5RMetuGZiZjckcsQ79D3OmXuBO3Lv0Q96aPhVoPJBzOuffm5kSpFAY979OZm19YXFourLira+sbm8Wt7RujMs2hzpVUuhExA1IkUEeBEhqpBhZHEm6jfm3k396DNkIl1zhIIYxZNxEdwRlaKQwQHjA/V22gtWGrWPIq3hh0lvhTUqqSCS5bxa+grXgWQ4JcMmOavpdimDONgksYukFmIGW8z7rQtDRhMZgwHy89pPtWadOO0vYkSMfqz46cxcYM4shWxgx75q83Ev/zmhl2jsNcJGmGkPDJQ51MUlR0lABtCw0c5cASxrWwu1LeY5pxtDm5wQnYv2g4s3MvUtAMlc4DW9od5uPbdW1O/t9UZsnNQcX3Kv7VYalaniZWILtkj5SJT45IlZySS1InnNyRR/JMXpwn59V5c94npXPOtGeH/ILz8Q1rBaBi</latexit><latexit sha1_base64="CHwsO/i8MQSY11BFdy0HzEbn21I=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFmoCze+wGqhM5RMetuGZiZjckcsQ79D3OmXuBO3Lv0Q96aPhVoPJBzOuffm5kSpFAY979OZm19YXFourLira+sbm8Wt7RujMs2hzpVUuhExA1IkUEeBEhqpBhZHEm6jfm3k396DNkIl1zhIIYxZNxEdwRlaKQwQHjA/V22gtWGrWPIq3hh0lvhTUqqSCS5bxa+grXgWQ4JcMmOavpdimDONgksYukFmIGW8z7rQtDRhMZgwHy89pPtWadOO0vYkSMfqz46cxcYM4shWxgx75q83Ev/zmhl2jsNcJGmGkPDJQ51MUlR0lABtCw0c5cASxrWwu1LeY5pxtDm5wQnYv2g4s3MvUtAMlc4DW9od5uPbdW1O/t9UZsnNQcX3Kv7VYalaniZWILtkj5SJT45IlZySS1InnNyRR/JMXpwn59V5c94npXPOtGeH/ILz8Q1rBaBi</latexit><latexit sha1_base64="CHwsO/i8MQSY11BFdy0HzEbn21I=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFmoCze+wGqhM5RMetuGZiZjckcsQ79D3OmXuBO3Lv0Q96aPhVoPJBzOuffm5kSpFAY979OZm19YXFourLira+sbm8Wt7RujMs2hzpVUuhExA1IkUEeBEhqpBhZHEm6jfm3k396DNkIl1zhIIYxZNxEdwRlaKQwQHjA/V22gtWGrWPIq3hh0lvhTUqqSCS5bxa+grXgWQ4JcMmOavpdimDONgksYukFmIGW8z7rQtDRhMZgwHy89pPtWadOO0vYkSMfqz46cxcYM4shWxgx75q83Ev/zmhl2jsNcJGmGkPDJQ51MUlR0lABtCw0c5cASxrWwu1LeY5pxtDm5wQnYv2g4s3MvUtAMlc4DW9od5uPbdW1O/t9UZsnNQcX3Kv7VYalaniZWILtkj5SJT45IlZySS1InnNyRR/JMXpwn59V5c94npXPOtGeH/ILz8Q1rBaBi</latexit><latexit sha1_base64="+Hal1qgagbCxhjPZMYXbcF9osPI=">AAACF3icbVC7TsMwFHV4E14FRhaLCqlTlSAkGCuVgYWXREulJkKOc1ssnDjYN4gq6ncgNvgSNsTKyIew47YZeB3J1tE5915fnyiTwqDnfThT0zOzc/MLi+7S8srqWmV9o21Urjm0uJJKdyJmQIoUWihQQifTwJJIwmV00xz5l3egjVDpBQ4yCBPWT0VPcIZWCgOEeyxOVAy0ObyqVL26Nwb9S/ySVEmJs6vKZxArnieQIpfMmK7vZRgWTKPgEoZukBvIGL9hfehamrIETFiMlx7SHavEtKe0PSnSsfq9o2CJMYMkspUJw2vz2xuJ/3ndHHsHYSHSLEdI+eShXi4pKjpKgMZCA0c5sIRxLeyulF8zzTjanNzgEOxfNBzbuacZaIZKF4Et7Q+L8e26Nif/dyp/SXu37nt1/3yv2qiViS2QLbJNasQn+6RBjsgZaRFObskDeSLPzqPz4rw6b5PSKafs2SQ/4Lx/AQtFoCI=</latexit>

physical medium
<latexit sha1_base64="27oODHzMGGLqzzpteRAvw2aZx6A=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZcFXbgRFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/fORX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyWFMpngppX/DtoxTxVEyCUzpuF7CTYzplFwCUM3SA0kjPdZFxqWRkyBaWbj/Yf0yCpt2om1PRHSsfq7I2PKmIEKbaVi2DOz3kj8z2uk2DlrZiJKUoSITx7qpJJiTEdh0LbQwFEOLGFcC7sr5T2mGUcbmRtcgP2Lhis79zoBzTDWWWBLu8NsfLuuzcmfTWWeVI9Lvlfyb08K5eI0sVVyQA5JkfjklJTJJbkhFcLJI3kiL+TVeXbenHfnY1Kac6Y9e+QPnK8fNiClAg==</latexit><latexit sha1_base64="27oODHzMGGLqzzpteRAvw2aZx6A=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZcFXbgRFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/fORX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyWFMpngppX/DtoxTxVEyCUzpuF7CTYzplFwCUM3SA0kjPdZFxqWRkyBaWbj/Yf0yCpt2om1PRHSsfq7I2PKmIEKbaVi2DOz3kj8z2uk2DlrZiJKUoSITx7qpJJiTEdh0LbQwFEOLGFcC7sr5T2mGUcbmRtcgP2Lhis79zoBzTDWWWBLu8NsfLuuzcmfTWWeVI9Lvlfyb08K5eI0sVVyQA5JkfjklJTJJbkhFcLJI3kiL+TVeXbenHfnY1Kac6Y9e+QPnK8fNiClAg==</latexit><latexit sha1_base64="27oODHzMGGLqzzpteRAvw2aZx6A=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZcFXbgRFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/fORX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyWFMpngppX/DtoxTxVEyCUzpuF7CTYzplFwCUM3SA0kjPdZFxqWRkyBaWbj/Yf0yCpt2om1PRHSsfq7I2PKmIEKbaVi2DOz3kj8z2uk2DlrZiJKUoSITx7qpJJiTEdh0LbQwFEOLGFcC7sr5T2mGUcbmRtcgP2Lhis79zoBzTDWWWBLu8NsfLuuzcmfTWWeVI9Lvlfyb08K5eI0sVVyQA5JkfjklJTJJbkhFcLJI3kiL+TVeXbenHfnY1Kac6Y9e+QPnK8fNiClAg==</latexit><latexit sha1_base64="ZZ5GPtSiPOjS1dT7ZCL/jV1leGg=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZeCLtyIFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/YuRX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyUFMkW5lf8O2jFPFUTIJTOm4XsJNjOmUXAJQzdIDSSM91kXGpZGTIFpZuP9h/TIKm3aibU9EdKx+rsjY8qYgQptpWLYM7PeSPzPa6TYOWtmIkpShIhPHuqkkmJMR2HQttDAUQ4sYVwLuyvlPaYZRxuZG1yC/YuGazv3JgHNMNZZYEu7w2x8u67NyZ9NZZ5Uj0u+V/JvTwrnxWliq+SAHJIi8ckpOSdXpEwqhJNH8kReyKvz7Lw5787HpDTnTHv2yB84Xz/WUaTC</latexit>

physical medium
<latexit sha1_base64="27oODHzMGGLqzzpteRAvw2aZx6A=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZcFXbgRFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/fORX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyWFMpngppX/DtoxTxVEyCUzpuF7CTYzplFwCUM3SA0kjPdZFxqWRkyBaWbj/Yf0yCpt2om1PRHSsfq7I2PKmIEKbaVi2DOz3kj8z2uk2DlrZiJKUoSITx7qpJJiTEdh0LbQwFEOLGFcC7sr5T2mGUcbmRtcgP2Lhis79zoBzTDWWWBLu8NsfLuuzcmfTWWeVI9Lvlfyb08K5eI0sVVyQA5JkfjklJTJJbkhFcLJI3kiL+TVeXbenHfnY1Kac6Y9e+QPnK8fNiClAg==</latexit><latexit sha1_base64="27oODHzMGGLqzzpteRAvw2aZx6A=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZcFXbgRFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/fORX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyWFMpngppX/DtoxTxVEyCUzpuF7CTYzplFwCUM3SA0kjPdZFxqWRkyBaWbj/Yf0yCpt2om1PRHSsfq7I2PKmIEKbaVi2DOz3kj8z2uk2DlrZiJKUoSITx7qpJJiTEdh0LbQwFEOLGFcC7sr5T2mGUcbmRtcgP2Lhis79zoBzTDWWWBLu8NsfLuuzcmfTWWeVI9Lvlfyb08K5eI0sVVyQA5JkfjklJTJJbkhFcLJI3kiL+TVeXbenHfnY1Kac6Y9e+QPnK8fNiClAg==</latexit><latexit sha1_base64="27oODHzMGGLqzzpteRAvw2aZx6A=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZcFXbgRFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/fORX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyWFMpngppX/DtoxTxVEyCUzpuF7CTYzplFwCUM3SA0kjPdZFxqWRkyBaWbj/Yf0yCpt2om1PRHSsfq7I2PKmIEKbaVi2DOz3kj8z2uk2DlrZiJKUoSITx7qpJJiTEdh0LbQwFEOLGFcC7sr5T2mGUcbmRtcgP2Lhis79zoBzTDWWWBLu8NsfLuuzcmfTWWeVI9Lvlfyb08K5eI0sVVyQA5JkfjklJTJJbkhFcLJI3kiL+TVeXbenHfnY1Kac6Y9e+QPnK8fNiClAg==</latexit><latexit sha1_base64="ZZ5GPtSiPOjS1dT7ZCL/jV1leGg=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZeCLtyIFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/YuRX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyUFMkW5lf8O2jFPFUTIJTOm4XsJNjOmUXAJQzdIDSSM91kXGpZGTIFpZuP9h/TIKm3aibU9EdKx+rsjY8qYgQptpWLYM7PeSPzPa6TYOWtmIkpShIhPHuqkkmJMR2HQttDAUQ4sYVwLuyvlPaYZRxuZG1yC/YuGazv3JgHNMNZZYEu7w2x8u67NyZ9NZZ5Uj0u+V/JvTwrnxWliq+SAHJIi8ckpOSdXpEwqhJNH8kReyKvz7Lw5787HpDTnTHv2yB84Xz/WUaTC</latexit>

The protocol stack in each node consists of four layers. In alphabetical order, the layers
are the data link (D), network (N), physical (P), and transport (T) layers. For simplicity,
we assume that protocol overhead of layer x is in the form of a header field denoted xH,
where the layer x ∈ {D,N,P,T}. The service data unit of layer x is denoted xSDU. A
generic data unit consisting of the fields (i.e., headers or SDUs) F1, F2, and F3 is denoted
|F1|F2|F3|.
The transport layer protocol implements a Stop-and-Wait ARQ mechanism to provide a
reliable service. The ACK frame of the protocol is simply the transport layer header (TH)
with an empty payload. That is, the transport layer information packet is |TH|TSDU|
and the transport layer ACK packet is |TH|.
The physical link is full-duplex with data rate 1 Mbit/s.

For simplicity, we assume that all data transfer is error-free.

(a) Copy the figure above and identify the protocol layers in the nodes. (2p)

(b) Draw a line with arrows to indicate the path a TSDU takes from Node A to Node C.
Add another line to show the path of the corresponding transport layer ACK packet.
Specify all data units (using the notation |F1|F2| · · · |Fn|) that passes over the phys-
ical link between Node A and B. (3p)

(c) Suppose we add a Stop-and-Wait protocol to the link layer as well. The link layer
ACK message is just a link layer header with no payload. Note that both the trans-
port layer and the data link layer are executing ARQ protocols. Repeat Part (b),
i.e., draw a line with arrows to indicate the path a TSDU takes from Node A to
Node C. Add lines with arrows to indicate the paths of all ACK packets that result.
Specify all data units that passes over the physical link between Node A and B. (3p)

(d) Suppose the TSDU is 1500 byte and that all headers are 25 byte long. Assume that
the propagation delay of each link is 10µs and that processing delays are negligible.
Give reasonable time-out values to be used by the transport layer and data link layer
ARQ protocols. Motivate. (4p)
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4. Consider a network with N > 1 users that share access to a wireless channel with total
bandwidth W Hz using TDMA or FDMA. Suppose the users want to transmit nf -bit
long packets. The physical layer is able to support a data rate of B bit/s, where B is the
channel bandwidth for TDMA or FDMA, respectively.

For the FDMA scheme, the total bandwidth is divided into N frequency channels of
bandwidth W/N , and the nth user is allocated to the nth frequency channel.

For the TDMA scheme, the time axis is divided into N time slots of duration Tslot, and
the nth user is allocated time slots n, n+N , n+2N , etc. In particular, User 1 is allocated
the slots [0, Tslot), [NTslot, (N + 1)Tslot), [2NTslot, (2N + 1)Tslot), . . ., see figure below. The
slot time is chosen such it takes exactly K time slots to transmit nf bits.

t
<latexit sha1_base64="f7WgGd10ubfoccmKq0oBarOLL3A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69BIvQU0lE0GPBi8cWbCu0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/j9uOgrQ8GHu/NMDMvTKUw5HnfTmFjc2t7p7hb2ts/ODwqH5+0TZJpji2eyEQ/hMygFApbJEjiQ6qRxaHETji+nfmdJ9RGJOqeJikGMRsqEQnOyEpN6pcrXs2bw10n/pJU6rBAo1/+6g0SnsWoiEtmTNf3UgpypklwidNSLzOYMj5mQ+xaqliMJsjnh07dC6sM3CjRthS5c/X3RM5iYyZxaDtjRiOz6s3E/7xuRtFNkAuVZoSKLxZFmXQpcWdfuwOhkZOcWMK4FvZWl4+YZpxsNiUbgr/68jppX9Z8r+Y3ryr16jKOIpzBOVTBh2uowx00oAUcEJ7hFd6cR+fFeXc+Fq0FZzlzCn/gfP4AL2aNHg==</latexit><latexit sha1_base64="f7WgGd10ubfoccmKq0oBarOLL3A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69BIvQU0lE0GPBi8cWbCu0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/j9uOgrQ8GHu/NMDMvTKUw5HnfTmFjc2t7p7hb2ts/ODwqH5+0TZJpji2eyEQ/hMygFApbJEjiQ6qRxaHETji+nfmdJ9RGJOqeJikGMRsqEQnOyEpN6pcrXs2bw10n/pJU6rBAo1/+6g0SnsWoiEtmTNf3UgpypklwidNSLzOYMj5mQ+xaqliMJsjnh07dC6sM3CjRthS5c/X3RM5iYyZxaDtjRiOz6s3E/7xuRtFNkAuVZoSKLxZFmXQpcWdfuwOhkZOcWMK4FvZWl4+YZpxsNiUbgr/68jppX9Z8r+Y3ryr16jKOIpzBOVTBh2uowx00oAUcEJ7hFd6cR+fFeXc+Fq0FZzlzCn/gfP4AL2aNHg==</latexit><latexit sha1_base64="f7WgGd10ubfoccmKq0oBarOLL3A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69BIvQU0lE0GPBi8cWbCu0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/j9uOgrQ8GHu/NMDMvTKUw5HnfTmFjc2t7p7hb2ts/ODwqH5+0TZJpji2eyEQ/hMygFApbJEjiQ6qRxaHETji+nfmdJ9RGJOqeJikGMRsqEQnOyEpN6pcrXs2bw10n/pJU6rBAo1/+6g0SnsWoiEtmTNf3UgpypklwidNSLzOYMj5mQ+xaqliMJsjnh07dC6sM3CjRthS5c/X3RM5iYyZxaDtjRiOz6s3E/7xuRtFNkAuVZoSKLxZFmXQpcWdfuwOhkZOcWMK4FvZWl4+YZpxsNiUbgr/68jppX9Z8r+Y3ryr16jKOIpzBOVTBh2uowx00oAUcEJ7hFd6cR+fFeXc+Fq0FZzlzCn/gfP4AL2aNHg==</latexit><latexit sha1_base64="TidOdul7qlMsANXA+rwJ5IE1evQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOQU9gVQY8BLx4TMImQLGF20puMmX0w0yuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUiUNue63U9jY3NreKe6W9vYPDo/Kxydtk2RaYEskKtEPATeoZIwtkqTwIdXIo0BhJxjfzv3OE2ojk/ieJin6ER/GMpSCk5Wa1C9X3Jq7AFsnXk4qkKPRL3/1BonIIoxJKG5M13NT8qdckxQKZ6VeZjDlYsyH2LU05hEaf7o4dMYurDJgYaJtxcQW6u+JKY+MmUSB7Yw4jcyqNxf/87oZhTf+VMZpRhiL5aIwU4wSNv+aDaRGQWpiCRda2luZGHHNBdlsSjYEb/XlddK+rHluzWteVerVPI4inME5VMGDa6jDHTSgBQIQnuEV3pxH58V5dz6WrQUnnzmFP3A+fwDYV4ze</latexit>

Tslot
<latexit sha1_base64="jYMWYSEYGBW/XkujKY5AaCEtUWc=">AAACHXicbVDLSgMxFM34rOOr1aWbwSq4KjMq6LKgCzdihb6gU0omvW1DM5MhuaOUYT5F3OmXuBO34oe4N30stPVAwuHcc29uThALrtF1v6yl5ZXVtfXchr25tb2zmy/s1bVMFIMak0KqZkA1CB5BDTkKaMYKaBgIaATDq3G98QBKcxlVcRRDO6T9iPc4o2ikTr5Q7aR+SHGgwlQLiVnWyRfdkjuBs0i8GSmWyRSVTv7b70qWhBAhE1TrlufG2E6pQs4EZLafaIgpG9I+tAyNaAi6nU5Wz5xjo3SdnlTmROhM1N8dKQ21HoWBcY631PO1sfhfrZVg77Kd8ihOECI2faiXCAelM87B6XIFDMXIEMoUN7s6bEAVZWjSsv1rMH9RcGvm3sWgKEqV+sbaz9LJbdsmJ28+lUVSPy15ZyXv/rxYPpolliMH5JCcEI9ckDK5IRVSI4w8kifyQl6tZ+vNerc+ptYla9azT/7A+vwBWNCjAg==</latexit>

2Tslot
<latexit sha1_base64="XJP43oQjboD8+1j7exGFQ4cRUkE=">AAACHnicbVDLSsNAFJ34rPFVdekmWAVXJVFBlwVduBEV+hCaECbT2zo4yYSZG7GE/Iq40y9xJ271Q9w7TbtQ64EZDueee+fOiVLBNbrupzUzOze/sFhZspdXVtfWqxubbS0zxaDFpJDqJqIaBE+ghRwF3KQKaBwJ6ER3p6N65x6U5jJp4jCFIKaDhPc5o2iksLp50AxzP6Z4q+JcC4lFEVZrbt0t4UwTb0JqDTLGVVj98nuSZTEkyATVuuu5KQY5VciZgML2Mw0pZXd0AF1DExqDDvJy98LZM0rP6UtlToJOqf7syGms9TCOjHO0pf5bG4n/1boZ9k+CnCdphpCw8UP9TDgonVEQTo8rYCiGhlCmuNnVYbdUUYYmLts/A/MXBRdm7mUKiqJUuW+sgyIvb9s2OXl/U5km7YO6d1j3ro9qjd1JYhWyTXbIPvHIMWmQc3JFWoSRB/JInsmL9WS9Wm/W+9g6Y016tsgvWB/f1AajPg==</latexit>

NTslot
<latexit sha1_base64="OO3uOQiwlCN0MDk8kO0ASLrQdn0=">AAACHnicbVDLSgMxFM3U9/iqunQzWAVXZUYFXRZ04Uat0Bd0Ssmkt21oZjIkd8QyzK+IO/0Sd+JWP8S96WOhrQcSDueee3Nzglhwja77ZeUWFpeWV1bX7PWNza3t/M5uTctEMagyKaRqBFSD4BFUkaOARqyAhoGAejC4HNXrD6A0l1EFhzG0QtqLeJczikZq53dvK+3UDyn2VZhqITHL2vmCW3THcOaJNyWFEpmg3M5/+x3JkhAiZIJq3fTcGFspVciZgMz2Ew0xZQPag6ahEQ1Bt9Lx7plzZJSO05XKnAidsfq7I6Wh1sMwMM7Rlnq2NhL/qzUT7F60Uh7FCULEJg91E+GgdEZBOB2ugKEYGkKZ4mZXh/WpogxNXLZ/BeYvCm7M3LsYFEWpUt9Ye1k6vm3b5OTNpjJPaidF77To3Z8VSofTxFbJPjkgx8Qj56RErkmZVAkjj+SJvJBX69l6s96tj4k1Z0179sgfWJ8/BDWjWg==</latexit>

2NTslot
<latexit sha1_base64="bwYqW/MdLOm6ItyidH36pbcipUs=">AAACH3icbVDLSsNAFJ34rPFV7dJNsAquSqKCLgu6cOMLrC00oUymt+3QSSbM3Agh5FvEnX6JO3Hrh7h3+lho64EZDueee+fOCRPBNbrul7WwuLS8slpas9c3Nre2yzu7j1qmikGDSSFVK6QaBI+hgRwFtBIFNAoFNMPhxajefAKluYwfMEsgiGg/5j3OKBqpU64c3zx0cj+iOFBRroXEouiUq27NHcOZJ96UVOtkgrtO+dvvSpZGECMTVOu25yYY5FQhZwIK2081JJQNaR/ahsY0Ah3k4+UL59AoXacnlTkxOmP1d0dOI62zKDTO0ZZ6tjYS/6u1U+ydBzmPkxQhZpOHeqlwUDqjJJwuV8BQZIZQprjZ1WEDqihDk5ftX4L5i4JrM/c2AUVRqtw31n6Rj2/bNjl5s6nMk8fjmndS8+5Pq/WDaWIlskf2yRHxyBmpkytyRxqEkYw8k1fyZr1Y79aH9TmxLljTngr5A+vrB3+fo5Y=</latexit>

1
<latexit sha1_base64="d9XEmUrreKWK3f2RKanu0heDxzc=">AAACC3icbVDLSgMxFM34rOOr6tJNsAquyowKuizowo3Ygn1AZyiZ9LYNzSRDkhHK0C8Qd/ol7sStH+GHuDeddqGtBxIO59yb3HuihDNtPO/LWVpeWV1bL2y4m1vbO7vFvf2GlqmiUKeSS9WKiAbOBNQNMxxaiQISRxya0fB64jcfQWkmxYMZJRDGpC9Yj1FirFTzO8WSV/Zy4EXiz0ipgqaodorfQVfSNAZhKCdat30vMWFGlGGUw9gNUg0JoUPSh7algsSgwywfdIxPrNLFPansEQbn6u+OjMRaj+LIVsbEDPS8NxH/89qp6V2FGRNJakDQ6Ue9lGMj8WRr3GUKqOEjSwhVzM6K6YAoQo3Nxg1uwO6i4M6+e5+AIkaqLLCl/XGW365rc/LnU1kkjbOyf172axelyvEssQI6REfoFPnoElXQLaqiOqII0BN6Qa/Os/PmvDsf09IlZ9ZzgP7A+fwBmFSbGA==</latexit>

2
<latexit sha1_base64="yGJdpJiMi7lB/beH+HyCDvUzE6w=">AAACC3icbVDLSgMxFM3UVx1fVZduglVwVWaqoMuCLtyILdgHdIaSSe+0oZnMkGSEMvQLxJ1+iTtx60f4Ie5Np11o64GEwzn3JveeIOFMacf5sgorq2vrG8VNe2t7Z3evtH/QUnEqKTRpzGPZCYgCzgQ0NdMcOokEEgUc2sHoeuq3H0EqFosHPU7Aj8hAsJBRoo3UqPZKZafi5MDLxJ2Tcg3NUO+Vvr1+TNMIhKacKNV1nUT7GZGaUQ4T20sVJISOyAC6hgoSgfKzfNAJPjVKH4exNEdonKu/OzISKTWOAlMZET1Ui95U/M/rpjq88jMmklSDoLOPwpRjHePp1rjPJFDNx4YQKpmZFdMhkYRqk43t3YDZRcKdefc+AUl0LDPPlA4mWX7btsnJXUxlmbSqFfe84jYuyrWTeWJFdISO0Rly0SWqoVtUR01EEaAn9IJerWfrzXq3PmalBWvec4j+wPr8AZn7mxk=</latexit>

N
<latexit sha1_base64="23le09tVhoZ3L0hofupqx3PiLQs=">AAACC3icbVDLSgMxFM3UVx1fVZduglVwVWZU0GVBF27UFuwDOkPJpHfa0MxkSDJCGfoF4k6/xJ249SP8EPem0y609UDC4Zx7k3tPkHCmtON8WYWl5ZXVteK6vbG5tb1T2t1rKpFKCg0quJDtgCjgLIaGZppDO5FAooBDKxheTfzWI0jFRPygRwn4EenHLGSUaCPV77qlslNxcuBF4s5IuYqmqHVL315P0DSCWFNOlOq4TqL9jEjNKIex7aUKEkKHpA8dQ2MSgfKzfNAxPjZKD4dCmhNrnKu/OzISKTWKAlMZET1Q895E/M/rpDq89DMWJ6mGmE4/ClOOtcCTrXGPSaCajwwhVDIzK6YDIgnVJhvbuwazi4Rb8+59ApJoITPPlPbHWX7btsnJnU9lkTRPK+5Zxa2fl6tHs8SK6AAdohPkogtURTeohhqIIkBP6AW9Ws/Wm/VufUxLC9asZx/9gfX5A8g/mzU=</latexit>

1
<latexit sha1_base64="d9XEmUrreKWK3f2RKanu0heDxzc=">AAACC3icbVDLSgMxFM34rOOr6tJNsAquyowKuizowo3Ygn1AZyiZ9LYNzSRDkhHK0C8Qd/ol7sStH+GHuDeddqGtBxIO59yb3HuihDNtPO/LWVpeWV1bL2y4m1vbO7vFvf2GlqmiUKeSS9WKiAbOBNQNMxxaiQISRxya0fB64jcfQWkmxYMZJRDGpC9Yj1FirFTzO8WSV/Zy4EXiz0ipgqaodorfQVfSNAZhKCdat30vMWFGlGGUw9gNUg0JoUPSh7algsSgwywfdIxPrNLFPansEQbn6u+OjMRaj+LIVsbEDPS8NxH/89qp6V2FGRNJakDQ6Ue9lGMj8WRr3GUKqOEjSwhVzM6K6YAoQo3Nxg1uwO6i4M6+e5+AIkaqLLCl/XGW365rc/LnU1kkjbOyf172axelyvEssQI6REfoFPnoElXQLaqiOqII0BN6Qa/Os/PmvDsf09IlZ9ZzgP7A+fwBmFSbGA==</latexit>

1
<latexit sha1_base64="d9XEmUrreKWK3f2RKanu0heDxzc=">AAACC3icbVDLSgMxFM34rOOr6tJNsAquyowKuizowo3Ygn1AZyiZ9LYNzSRDkhHK0C8Qd/ol7sStH+GHuDeddqGtBxIO59yb3HuihDNtPO/LWVpeWV1bL2y4m1vbO7vFvf2GlqmiUKeSS9WKiAbOBNQNMxxaiQISRxya0fB64jcfQWkmxYMZJRDGpC9Yj1FirFTzO8WSV/Zy4EXiz0ipgqaodorfQVfSNAZhKCdat30vMWFGlGGUw9gNUg0JoUPSh7algsSgwywfdIxPrNLFPansEQbn6u+OjMRaj+LIVsbEDPS8NxH/89qp6V2FGRNJakDQ6Ue9lGMj8WRr3GUKqOEjSwhVzM6K6YAoQo3Nxg1uwO6i4M6+e5+AIkaqLLCl/XGW365rc/LnU1kkjbOyf172axelyvEssQI6REfoFPnoElXQLaqiOqII0BN6Qa/Os/PmvDsf09IlZ9ZzgP7A+fwBmFSbGA==</latexit>

2
<latexit sha1_base64="yGJdpJiMi7lB/beH+HyCDvUzE6w=">AAACC3icbVDLSgMxFM3UVx1fVZduglVwVWaqoMuCLtyILdgHdIaSSe+0oZnMkGSEMvQLxJ1+iTtx60f4Ie5Np11o64GEwzn3JveeIOFMacf5sgorq2vrG8VNe2t7Z3evtH/QUnEqKTRpzGPZCYgCzgQ0NdMcOokEEgUc2sHoeuq3H0EqFosHPU7Aj8hAsJBRoo3UqPZKZafi5MDLxJ2Tcg3NUO+Vvr1+TNMIhKacKNV1nUT7GZGaUQ4T20sVJISOyAC6hgoSgfKzfNAJPjVKH4exNEdonKu/OzISKTWOAlMZET1Ui95U/M/rpjq88jMmklSDoLOPwpRjHePp1rjPJFDNx4YQKpmZFdMhkYRqk43t3YDZRcKdefc+AUl0LDPPlA4mWX7btsnJXUxlmbSqFfe84jYuyrWTeWJFdISO0Rly0SWqoVtUR01EEaAn9IJerWfrzXq3PmalBWvec4j+wPr8AZn7mxk=</latexit>

N
<latexit sha1_base64="23le09tVhoZ3L0hofupqx3PiLQs=">AAACC3icbVDLSgMxFM3UVx1fVZduglVwVWZU0GVBF27UFuwDOkPJpHfa0MxkSDJCGfoF4k6/xJ249SP8EPem0y609UDC4Zx7k3tPkHCmtON8WYWl5ZXVteK6vbG5tb1T2t1rKpFKCg0quJDtgCjgLIaGZppDO5FAooBDKxheTfzWI0jFRPygRwn4EenHLGSUaCPV77qlslNxcuBF4s5IuYqmqHVL315P0DSCWFNOlOq4TqL9jEjNKIex7aUKEkKHpA8dQ2MSgfKzfNAxPjZKD4dCmhNrnKu/OzISKTWKAlMZET1Q895E/M/rpDq89DMWJ6mGmE4/ClOOtcCTrXGPSaCajwwhVDIzK6YDIgnVJhvbuwazi4Rb8+59ApJoITPPlPbHWX7btsnJnU9lkTRPK+5Zxa2fl6tHs8SK6AAdohPkogtURTeohhqIIkBP6AW9Ws/Wm/VufUxLC9asZx/9gfX5A8g/mzU=</latexit>

2
<latexit sha1_base64="yGJdpJiMi7lB/beH+HyCDvUzE6w=">AAACC3icbVDLSgMxFM3UVx1fVZduglVwVWaqoMuCLtyILdgHdIaSSe+0oZnMkGSEMvQLxJ1+iTtx60f4Ie5Np11o64GEwzn3JveeIOFMacf5sgorq2vrG8VNe2t7Z3evtH/QUnEqKTRpzGPZCYgCzgQ0NdMcOokEEgUc2sHoeuq3H0EqFosHPU7Aj8hAsJBRoo3UqPZKZafi5MDLxJ2Tcg3NUO+Vvr1+TNMIhKacKNV1nUT7GZGaUQ4T20sVJISOyAC6hgoSgfKzfNAJPjVKH4exNEdonKu/OzISKTWOAlMZET1Ui95U/M/rpjq88jMmklSDoLOPwpRjHePp1rjPJFDNx4YQKpmZFdMhkYRqk43t3YDZRcKdefc+AUl0LDPPlA4mWX7btsnJXUxlmbSqFfe84jYuyrWTeWJFdISO0Rly0SWqoVtUR01EEaAn9IJerWfrzXq3PmalBWvec4j+wPr8AZn7mxk=</latexit>

The packet delivery time τ is defined as τ = td− ta, where ta is the time when the packet
arrives at the transmitted MAC layer and td is the time when it is delivered from the
receiver MAC layer. We assume that the processing delays at the MAC and PHY layers
are negligible and that the transmission is error-free.

For the purpose of this problem, we will consider the packet delivery time for the first
packet from user number 1. That is, User 1 has no packets currently in transmission.
The arrival time for the first user’s first packet is assumed to be uniformly distributed in
the interval (−NTslot, 0], that is ta ∼ U(−NTslot, 0]. For the considered TDMA scheme,
we cannot transmit during a part of a slot. That is, we cannot start transmission in the
middle of a slot.

(a) Give an expression for the packet delivery time for FDMA. (2p)

(b) Give expressions for the minimum, average, and maximum packet delivery time for
User 1 in the TDMA scheme when K = 1. (4p)

(c) Give expressions for the minimum, average, and maximum packet delivery time for
User 1 in the TDMA scheme when K > 1. (4p)

(d) Compare the the minimum, average, and maximum packet delivery time for the
TDMA scheme with the FDMA delivery time for K = 1 and when K →∞. What
conclusions can be drawn? (2p)

Hint: if X ∼ U(a, b], then E[X] = (b− a)/2.
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Teaching Staff
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Material Allowed material is

• Chalmers-approved calculator

• L. R̊ade, B. Westergren. Beta, Mathematics Handbook, any edition.

• One A4 page with your own handwritten notes. Both sides of the page can be used.
Photo copies, printouts, other students’ notes, or any other material is not allowed.

• A paper-based dictionary, without added notes (electronic dictionaries are not al-
lowed).

Grading A correct, clear and well-motivated solution gives a maximum of 12 points per prob-
lem.

An erroneous answer, unclear, incomplete or badly motivated solutions give point reduc-
tions down to a minimum of 0 points. No fractional points are awarded.

Answers in any other language than Swedish or English are ignored.

Solutions Are made available at the earliest at 19:00 on the course web page.

Results Exam results are posted on Ping-Pong no later than March 27, 2019. The grading
review is on March 27 and April 4, 2019, 12:00–13:00 in room 3340 in the ED-building.

Grades The final grade on the course will be decided by the projects (maximum score 46),
quizzes (maximum score 6), and final exam (maximum score 48). Project and exam must
be passed (see course-PM for rules). The sum of all scores will decide the grade according
to the following table.

Total Score 0–39 40–69 70–79 ≥ 80
Grade Fail 3 4 5

PLEASE NOTE THAT THE PROBLEMS ARE NOT NECESSARILY
ORDERED IN DIFFICULTY.

Good luck!



Table over the Q-function

x Q(x ) x Q(x ) x Q(x ) x Q(x ) x Q(x ) x Q(x ) x Q(x ) x Q(x )
0.00 5.0000E-01 0.76 2.2360E-01 1.52 6.4260E-02 2.28 1.1300E-02 3.04 1.1830E-03 3.80 7.2350E-05 4.56 2.5580E-06 5.32 5.1880E-08
0.01 4.9600E-01 0.77 2.2060E-01 1.53 6.3010E-02 2.29 1.1010E-02 3.05 1.1440E-03 3.81 6.9480E-05 4.57 2.4390E-06 5.33 4.9110E-08
0.02 4.9200E-01 0.78 2.1770E-01 1.54 6.1780E-02 2.30 1.0720E-02 3.06 1.1070E-03 3.82 6.6730E-05 4.58 2.3250E-06 5.34 4.6470E-08
0.03 4.8800E-01 0.79 2.1480E-01 1.55 6.0570E-02 2.31 1.0440E-02 3.07 1.0700E-03 3.83 6.4070E-05 4.59 2.2160E-06 5.35 4.3980E-08
0.04 4.8400E-01 0.80 2.1190E-01 1.56 5.9380E-02 2.32 1.0170E-02 3.08 1.0350E-03 3.84 6.1520E-05 4.60 2.1120E-06 5.36 4.1610E-08
0.05 4.8010E-01 0.81 2.0900E-01 1.57 5.8210E-02 2.33 9.9030E-03 3.09 1.0010E-03 3.85 5.9060E-05 4.61 2.0130E-06 5.37 3.9370E-08
0.06 4.7610E-01 0.82 2.0610E-01 1.58 5.7050E-02 2.34 9.6420E-03 3.10 9.6760E-04 3.86 5.6690E-05 4.62 1.9190E-06 5.38 3.7240E-08
0.07 4.7210E-01 0.83 2.0330E-01 1.59 5.5920E-02 2.35 9.3870E-03 3.11 9.3540E-04 3.87 5.4420E-05 4.63 1.8280E-06 5.39 3.5230E-08
0.08 4.6810E-01 0.84 2.0050E-01 1.60 5.4800E-02 2.36 9.1370E-03 3.12 9.0430E-04 3.88 5.2230E-05 4.64 1.7420E-06 5.40 3.3320E-08
0.09 4.6410E-01 0.85 1.9770E-01 1.61 5.3700E-02 2.37 8.8940E-03 3.13 8.7400E-04 3.89 5.0120E-05 4.65 1.6600E-06 5.41 3.1510E-08
0.10 4.6020E-01 0.86 1.9490E-01 1.62 5.2620E-02 2.38 8.6560E-03 3.14 8.4470E-04 3.90 4.8100E-05 4.66 1.5810E-06 5.42 2.9800E-08
0.11 4.5620E-01 0.87 1.9220E-01 1.63 5.1550E-02 2.39 8.4240E-03 3.15 8.1640E-04 3.91 4.6150E-05 4.67 1.5060E-06 5.43 2.8180E-08
0.12 4.5220E-01 0.88 1.8940E-01 1.64 5.0500E-02 2.40 8.1980E-03 3.16 7.8880E-04 3.92 4.4270E-05 4.68 1.4340E-06 5.44 2.6640E-08
0.13 4.4830E-01 0.89 1.8670E-01 1.65 4.9470E-02 2.41 7.9760E-03 3.17 7.6220E-04 3.93 4.2470E-05 4.69 1.3660E-06 5.45 2.5180E-08
0.14 4.4430E-01 0.90 1.8410E-01 1.66 4.8460E-02 2.42 7.7600E-03 3.18 7.3640E-04 3.94 4.0740E-05 4.70 1.3010E-06 5.46 2.3810E-08
0.15 4.4040E-01 0.91 1.8140E-01 1.67 4.7460E-02 2.43 7.5490E-03 3.19 7.1140E-04 3.95 3.9080E-05 4.71 1.2390E-06 5.47 2.2500E-08
0.16 4.3640E-01 0.92 1.7880E-01 1.68 4.6480E-02 2.44 7.3440E-03 3.20 6.8710E-04 3.96 3.7470E-05 4.72 1.1790E-06 5.48 2.1270E-08
0.17 4.3250E-01 0.93 1.7620E-01 1.69 4.5510E-02 2.45 7.1430E-03 3.21 6.6370E-04 3.97 3.5940E-05 4.73 1.1230E-06 5.49 2.0100E-08
0.18 4.2860E-01 0.94 1.7360E-01 1.70 4.4570E-02 2.46 6.9470E-03 3.22 6.4100E-04 3.98 3.4460E-05 4.74 1.0690E-06 5.50 1.8990E-08
0.19 4.2470E-01 0.95 1.7110E-01 1.71 4.3630E-02 2.47 6.7560E-03 3.23 6.1900E-04 3.99 3.3040E-05 4.75 1.0170E-06 5.51 1.7940E-08
0.20 4.2070E-01 0.96 1.6850E-01 1.72 4.2720E-02 2.48 6.5690E-03 3.24 5.9760E-04 4.00 3.1670E-05 4.76 9.6800E-07 5.52 1.6950E-08
0.21 4.1680E-01 0.97 1.6600E-01 1.73 4.1820E-02 2.49 6.3870E-03 3.25 5.7700E-04 4.01 3.0360E-05 4.77 9.2110E-07 5.53 1.6010E-08
0.22 4.1290E-01 0.98 1.6350E-01 1.74 4.0930E-02 2.50 6.2100E-03 3.26 5.5710E-04 4.02 2.9100E-05 4.78 8.7650E-07 5.54 1.5120E-08
0.23 4.0900E-01 0.99 1.6110E-01 1.75 4.0060E-02 2.51 6.0370E-03 3.27 5.3770E-04 4.03 2.7890E-05 4.79 8.3390E-07 5.55 1.4280E-08
0.24 4.0520E-01 1.00 1.5870E-01 1.76 3.9200E-02 2.52 5.8680E-03 3.28 5.1900E-04 4.04 2.6730E-05 4.80 7.9330E-07 5.56 1.3490E-08
0.25 4.0130E-01 1.01 1.5620E-01 1.77 3.8360E-02 2.53 5.7030E-03 3.29 5.0090E-04 4.05 2.5610E-05 4.81 7.5470E-07 5.57 1.2740E-08
0.26 3.9740E-01 1.02 1.5390E-01 1.78 3.7540E-02 2.54 5.5430E-03 3.30 4.8340E-04 4.06 2.4540E-05 4.82 7.1780E-07 5.58 1.2030E-08
0.27 3.9360E-01 1.03 1.5150E-01 1.79 3.6730E-02 2.55 5.3860E-03 3.31 4.6650E-04 4.07 2.3510E-05 4.83 6.8270E-07 5.59 1.1350E-08
0.28 3.8970E-01 1.04 1.4920E-01 1.80 3.5930E-02 2.56 5.2340E-03 3.32 4.5010E-04 4.08 2.2520E-05 4.84 6.4920E-07 5.60 1.0720E-08
0.29 3.8590E-01 1.05 1.4690E-01 1.81 3.5150E-02 2.57 5.0850E-03 3.33 4.3420E-04 4.09 2.1570E-05 4.85 6.1730E-07 5.61 1.0120E-08
0.30 3.8210E-01 1.06 1.4460E-01 1.82 3.4380E-02 2.58 4.9400E-03 3.34 4.1890E-04 4.10 2.0660E-05 4.86 5.8690E-07 5.62 9.5480E-09
0.31 3.7830E-01 1.07 1.4230E-01 1.83 3.3620E-02 2.59 4.7990E-03 3.35 4.0410E-04 4.11 1.9780E-05 4.87 5.5800E-07 5.63 9.0100E-09
0.32 3.7450E-01 1.08 1.4010E-01 1.84 3.2880E-02 2.60 4.6610E-03 3.36 3.8970E-04 4.12 1.8940E-05 4.88 5.3040E-07 5.64 8.5030E-09
0.33 3.7070E-01 1.09 1.3790E-01 1.85 3.2160E-02 2.61 4.5270E-03 3.37 3.7580E-04 4.13 1.8140E-05 4.89 5.0420E-07 5.65 8.0220E-09
0.34 3.6690E-01 1.10 1.3570E-01 1.86 3.1440E-02 2.62 4.3960E-03 3.38 3.6240E-04 4.14 1.7370E-05 4.90 4.7920E-07 5.66 7.5690E-09
0.35 3.6320E-01 1.11 1.3350E-01 1.87 3.0740E-02 2.63 4.2690E-03 3.39 3.4950E-04 4.15 1.6620E-05 4.91 4.5540E-07 5.67 7.1400E-09
0.36 3.5940E-01 1.12 1.3140E-01 1.88 3.0050E-02 2.64 4.1450E-03 3.40 3.3690E-04 4.16 1.5910E-05 4.92 4.3270E-07 5.68 6.7350E-09
0.37 3.5570E-01 1.13 1.2920E-01 1.89 2.9380E-02 2.65 4.0250E-03 3.41 3.2480E-04 4.17 1.5230E-05 4.93 4.1110E-07 5.69 6.3520E-09
0.38 3.5200E-01 1.14 1.2710E-01 1.90 2.8720E-02 2.66 3.9070E-03 3.42 3.1310E-04 4.18 1.4580E-05 4.94 3.9060E-07 5.70 5.9900E-09
0.39 3.4830E-01 1.15 1.2510E-01 1.91 2.8070E-02 2.67 3.7930E-03 3.43 3.0180E-04 4.19 1.3950E-05 4.95 3.7110E-07 5.71 5.6490E-09
0.40 3.4460E-01 1.16 1.2300E-01 1.92 2.7430E-02 2.68 3.6810E-03 3.44 2.9090E-04 4.20 1.3350E-05 4.96 3.5250E-07 5.72 5.3260E-09
0.41 3.4090E-01 1.17 1.2100E-01 1.93 2.6800E-02 2.69 3.5730E-03 3.45 2.8030E-04 4.21 1.2770E-05 4.97 3.3480E-07 5.73 5.0220E-09
0.42 3.3720E-01 1.18 1.1900E-01 1.94 2.6190E-02 2.70 3.4670E-03 3.46 2.7010E-04 4.22 1.2220E-05 4.98 3.1790E-07 5.74 4.7340E-09
0.43 3.3360E-01 1.19 1.1700E-01 1.95 2.5590E-02 2.71 3.3640E-03 3.47 2.6020E-04 4.23 1.1680E-05 4.99 3.0190E-07 5.75 4.4620E-09
0.44 3.3000E-01 1.20 1.1510E-01 1.96 2.5000E-02 2.72 3.2640E-03 3.48 2.5070E-04 4.24 1.1180E-05 5.00 2.8670E-07 5.76 4.2060E-09
0.45 3.2640E-01 1.21 1.1310E-01 1.97 2.4420E-02 2.73 3.1670E-03 3.49 2.4150E-04 4.25 1.0690E-05 5.01 2.7220E-07 5.77 3.9640E-09
0.46 3.2280E-01 1.22 1.1120E-01 1.98 2.3850E-02 2.74 3.0720E-03 3.50 2.3260E-04 4.26 1.0220E-05 5.02 2.5840E-07 5.78 3.7350E-09
0.47 3.1920E-01 1.23 1.0930E-01 1.99 2.3300E-02 2.75 2.9800E-03 3.51 2.2410E-04 4.27 9.7740E-06 5.03 2.4520E-07 5.79 3.5190E-09
0.48 3.1560E-01 1.24 1.0750E-01 2.00 2.2750E-02 2.76 2.8900E-03 3.52 2.1580E-04 4.28 9.3450E-06 5.04 2.3280E-07 5.80 3.3160E-09
0.49 3.1210E-01 1.25 1.0560E-01 2.01 2.2220E-02 2.77 2.8030E-03 3.53 2.0780E-04 4.29 8.9340E-06 5.05 2.2090E-07 5.81 3.1240E-09
0.50 3.0850E-01 1.26 1.0380E-01 2.02 2.1690E-02 2.78 2.7180E-03 3.54 2.0010E-04 4.30 8.5400E-06 5.06 2.0960E-07 5.82 2.9420E-09
0.51 3.0500E-01 1.27 1.0200E-01 2.03 2.1180E-02 2.79 2.6350E-03 3.55 1.9260E-04 4.31 8.1630E-06 5.07 1.9890E-07 5.83 2.7710E-09
0.52 3.0150E-01 1.28 1.0030E-01 2.04 2.0680E-02 2.80 2.5550E-03 3.56 1.8540E-04 4.32 7.8010E-06 5.08 1.8870E-07 5.84 2.6100E-09
0.53 2.9810E-01 1.29 9.8530E-02 2.05 2.0180E-02 2.81 2.4770E-03 3.57 1.7850E-04 4.33 7.4550E-06 5.09 1.7900E-07 5.85 2.4580E-09
0.54 2.9460E-01 1.30 9.6800E-02 2.06 1.9700E-02 2.82 2.4010E-03 3.58 1.7180E-04 4.34 7.1240E-06 5.10 1.6980E-07 5.86 2.3140E-09
0.55 2.9120E-01 1.31 9.5100E-02 2.07 1.9230E-02 2.83 2.3270E-03 3.59 1.6530E-04 4.35 6.8070E-06 5.11 1.6110E-07 5.87 2.1790E-09
0.56 2.8770E-01 1.32 9.3420E-02 2.08 1.8760E-02 2.84 2.2560E-03 3.60 1.5910E-04 4.36 6.5030E-06 5.12 1.5280E-07 5.88 2.0510E-09
0.57 2.8430E-01 1.33 9.1760E-02 2.09 1.8310E-02 2.85 2.1860E-03 3.61 1.5310E-04 4.37 6.2120E-06 5.13 1.4490E-07 5.89 1.9310E-09
0.58 2.8100E-01 1.34 9.0120E-02 2.10 1.7860E-02 2.86 2.1180E-03 3.62 1.4730E-04 4.38 5.9340E-06 5.14 1.3740E-07 5.90 1.8180E-09
0.59 2.7760E-01 1.35 8.8510E-02 2.11 1.7430E-02 2.87 2.0520E-03 3.63 1.4170E-04 4.39 5.6680E-06 5.15 1.3020E-07 5.91 1.7110E-09
0.60 2.7430E-01 1.36 8.6910E-02 2.12 1.7000E-02 2.88 1.9880E-03 3.64 1.3630E-04 4.40 5.4130E-06 5.16 1.2350E-07 5.92 1.6100E-09
0.61 2.7090E-01 1.37 8.5340E-02 2.13 1.6590E-02 2.89 1.9260E-03 3.65 1.3110E-04 4.41 5.1690E-06 5.17 1.1700E-07 5.93 1.5150E-09
0.62 2.6760E-01 1.38 8.3790E-02 2.14 1.6180E-02 2.90 1.8660E-03 3.66 1.2610E-04 4.42 4.9350E-06 5.18 1.1090E-07 5.94 1.4250E-09
0.63 2.6430E-01 1.39 8.2260E-02 2.15 1.5780E-02 2.91 1.8070E-03 3.67 1.2130E-04 4.43 4.7120E-06 5.19 1.0510E-07 5.95 1.3410E-09
0.64 2.6110E-01 1.40 8.0760E-02 2.16 1.5390E-02 2.92 1.7500E-03 3.68 1.1660E-04 4.44 4.4980E-06 5.20 9.9640E-08 5.96 1.2610E-09
0.65 2.5780E-01 1.41 7.9270E-02 2.17 1.5000E-02 2.93 1.6950E-03 3.69 1.1210E-04 4.45 4.2940E-06 5.21 9.4420E-08 5.97 1.1860E-09
0.66 2.5460E-01 1.42 7.7800E-02 2.18 1.4630E-02 2.94 1.6410E-03 3.70 1.0780E-04 4.46 4.0980E-06 5.22 8.9460E-08 5.98 1.1160E-09
0.67 2.5140E-01 1.43 7.6360E-02 2.19 1.4260E-02 2.95 1.5890E-03 3.71 1.0360E-04 4.47 3.9110E-06 5.23 8.4760E-08 5.99 1.0490E-09
0.68 2.4830E-01 1.44 7.4930E-02 2.20 1.3900E-02 2.96 1.5380E-03 3.72 9.9610E-05 4.48 3.7320E-06 5.24 8.0290E-08 6.00 9.8660E-10
0.69 2.4510E-01 1.45 7.3530E-02 2.21 1.3550E-02 2.97 1.4890E-03 3.73 9.5740E-05 4.49 3.5610E-06 5.25 7.6050E-08 6.01 9.2760E-10
0.70 2.4200E-01 1.46 7.2150E-02 2.22 1.3210E-02 2.98 1.4410E-03 3.74 9.2010E-05 4.50 3.3980E-06 5.26 7.2030E-08 6.02 8.7210E-10
0.71 2.3890E-01 1.47 7.0780E-02 2.23 1.2870E-02 2.99 1.3950E-03 3.75 8.8420E-05 4.51 3.2410E-06 5.27 6.8210E-08 6.03 8.1980E-10
0.72 2.3580E-01 1.48 6.9440E-02 2.24 1.2550E-02 3.00 1.3500E-03 3.76 8.4960E-05 4.52 3.0920E-06 5.28 6.4590E-08 6.04 7.7060E-10
0.73 2.3270E-01 1.49 6.8110E-02 2.25 1.2220E-02 3.01 1.3060E-03 3.77 8.1620E-05 4.53 2.9490E-06 5.29 6.1160E-08 6.05 7.2420E-10
0.74 2.2960E-01 1.50 6.6810E-02 2.26 1.1910E-02 3.02 1.2640E-03 3.78 7.8410E-05 4.54 2.8130E-06 5.30 5.7900E-08 6.06 6.8060E-10
0.75 2.2660E-01 1.51 6.5520E-02 2.27 1.1600E-02 3.03 1.2230E-03 3.79 7.5320E-05 4.55 2.6820E-06 5.31 5.4810E-08 6.07 6.3960E-10
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1. Consider transmission of 1500 byte long packets over an AWGN channel with noise power
spectral density N0/2 using M -ary PAM, where N0 = 1.1 × 10−20 W/Hz. The bits that
make up the packet are assumed to be independent and equally likely. The received signal
power is 10−12 W and the packet error probability should not exceed 0.1.

(a) Give an expression for the packet error probability in terms of the symbol error
probability Pe. (2p)

(b) What is the maximum data rate if M = 2? (4p)

(c) Repeat Part (b) for M = 4. (4p)

(d) Suppose we use root-raised cosine pulse shapes with roll-off factor α = 0.1 and
a matched filter receiver. If the transmission should be free of ISI, what is the
bandwidth of the transmitted signal in Part (b) and (c)? (2p)

Hint: the symbol error probability for M -ary PAM is

Pe =
2(M − 1)

M
Q

(√
6

M2 − 1

Es

N0

)
Solution:

(a) We recall that the symbol energy is Es = P/Rs, where P is the received power
and Rs is the symbol rate. Since symbol errors are independent for PAM over a
baseband AWGN channel (assuming that there is no ISI), the packet error probability
is Pp = 1−(1−Pe)

ns , where Pe is the symbol error probability and ns is the number of
symbols in the packet. Cleary, ns = 8nb/ log2(M), where nb is the number of bytes
in the packet and log2(M) is the number of bits per symbol. Putting everything
together, we can compute the symbol error probability as

Pp = 1− (1− Pe)
ns ⇒

Pe = 1− (1− Pp)
log2(M)/(8nb) (1)

(b) We start by solving for Es as

Pe =
2(M − 1)

M
Q

(√
6

M2 − 1

Es

N0

)
⇒

Es = N0
M2 − 1

6

[
Q−1

(
M

2(M − 1)
Pe

)]2
(2)

Finally, the data rate Rb (in bit/s) can be written as Rb = Rs log2(M), and since
Rs = P/Es, we have that

Rb = Rs log2(M) =
P

Es

log2(M) (3)

By substituting the known quantities nb = 1500, Pp = 0.1, N0 = 1.1 × 10−20 in
Equations (1)–(3), we can compute the maximum data rates for M = 2 as Rb =
9.82 Mbit/s.

(c) Repeating the solution for Part (a) withM = 4 yields the data rateRb = 4.05 Mbit/s.
The reason for the lower data rate with M = 4 compared to M = 2 is that a higher
Eb/N0 is required to reach the packet error target for M = 4 compared to M = 2
(recall that the power efficiency for M -ary PAM is decreasing with M). Hence, for
a fixed received power, the M = 4 must operate at a lower data rate to reach the
required Eb/N0 compared to the M = 2 system.
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(d) The bandwidth for an M -ary PAM system with symbol rate Rs and RRC pulse
shaping with roll-off factor α is W = Rs(1 + α)/2. Hence, the bandwidth required
is 5.40 MHz and 1.11 MHz for M = 2 and M = 4, respectively. As expected, the
bandwidth requirement is less for the M = 4 system compared to the M = 2 system
(recall that the spectral efficiency for M -ary PAM is increasing with M).

2. (a) Explain what is piggy-backing is and what the advantage if it is. (2p)
Solution: if we use an ARQ protocol, the transmitting node sends informations
frames to the receiving node and ACK frames goes in the opposite direction. Now,
suppose Node A and Node B transmit data frames in both directions, then ACK
frames are also goes in both directions. We can then embed the ACK-frame pay-
loads into data frames (i.e., let the ACK-frame payload piggy-back onto the data
frame). This will overall save communication resources, since there is no need for
the overhead (addresses, etc.) needed to transmit explicit ACK frames.

(b) Explain what the hidden-terminal problem is and what measures can taken to coun-
teract it. (3p)

Solution: the hidden-terminal problem occurs in carrier-sense multiple access sys-
tems when an on-going transmission might not be detected by all nodes. This is a
problem in practice for Wi-Fi networks. Suppose Node A and Node B are out of
radio range of each other (i.e., they cannot detect each others transmissions). How-
ever, the nodes are in radio range of the access point (AP). Suppose that Node A
transmits a frame to the AP. During the transmission, Node B senses the channel to
determine if it also can transmit a frame. Node B will not hear Node A’s transmis-
sion and therefore thinks (wrongly) that the channel is idle and starts a transmission.
Node A and Node B’s transmissions will then collide at the AP, which could lead to
that one or both of the frames are lost. Here we say that Node A is a hidden terminal
to Node B. To counteract this problem, we can use a request-to-send/clear-to-send
(RTS/CTS) handshake procedure. The handshake work like this: if Node A wants
to transmit a data frame to the AP, it first transmits a RTS frame to the AP. The
AP answers the request by sending a CTS frame to Node A. The latter transmission,
i.e, the CTS from the AP to Node A is also picked up by Node B. Hence, Node B
now knows that the channel will be busy, in spite of the fact that Node B did not
hear the RTS packet. (The CTS packet contains information on how long the chan-
nel will be busy in order to complete transmission of the subsequent information
frame from Node A.) The RTS/CTS procedure is not perfect since simultaneously
transmitted RTS frames from Node A and Node B can collide. However, since the
RTS/CTS frames are much shorter than typical data frames, the probability for RTS
collision is smaller than the probability for data frame collisions (when RTS/CTS is
not used). However, RTS/CTS implies a significant overhead and is not used very
often in practice.

(c) Consider an Ethernet LAN consisting of a number of hosts with full-duplex connec-
tions to an Ethernet switch. Explain why the Ethernet CSMA/CD medium access
method is not needed for this setup. (2p)

Solution: since all the hosts are connected to the switch with full duplex point-to-
point link, collisions can’t occur. Hence there is no need to have a collision detection
mechanism. In such setting, the only event that may result in a frame loss, is buffer
overflowing at the switch.

(d) Define the security goal ”integrity”. (1p)

4



Solution: the goal of integrity is to ”guarantee that messages have not been altered
in transmission” by a third party.

(e) What is the purpose of the demodulator block in the Shannon communication model?
(2p)

Solution: the purpose of the demodulator is to convert the received analog signal to
decisions on the transmitted bits.

(f) Describe the service provided by the TCP protocol in the TCP/IP model. (2p)

Solution: TCP provides a connection-oriented, full-duplex, reliable stream trans-
mission service. This is realized using using SNs, ACKs, error check codes, and
re-transmissions.
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3. Consider a network consisting of three nodes, the two end-nodes (hosts) A and C, and an
intermediate router B.

Node A
<latexit sha1_base64="N9LIomBtr9h8xMRTOj2Ipx6b6dU=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFnRhRu1gn1AZ5BMetsGM5MxuSOWod8h7vRL3Ilbl36Ie9PHwteBhMM5997cnCiVwqDnfTgzs3PzC4uFJXd5ZXVtvbix2TAq0xzqXEmlWxEzIEUCdRQooZVqYHEkoRndHI/85h1oI1RyhYMUwpj1EtEVnKGVwgDhHvNz1QF6NLwulryKNwb9S/wpKVXJBLXr4mfQUTyLIUEumTFt30sxzJlGwSUM3SAzkDJ+w3rQtjRhMZgwHy89pLtW6dCu0vYkSMfq946cxcYM4shWxgz75rc3Ev/z2hl2D8NcJGmGkPDJQ91MUlR0lADtCA0c5cASxrWwu1LeZ5pxtDm5wQnYv2g4s3MvUtAMlc4DW9ob5uPbdW1O/u9U/pLGXsX3Kv7lfqlaniZWINtkh5SJTw5IlZySGqkTTm7JA3kiz86j8+K8Om+T0hln2rNFfsB5/wJntaBg</latexit><latexit sha1_base64="N9LIomBtr9h8xMRTOj2Ipx6b6dU=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFnRhRu1gn1AZ5BMetsGM5MxuSOWod8h7vRL3Ilbl36Ie9PHwteBhMM5997cnCiVwqDnfTgzs3PzC4uFJXd5ZXVtvbix2TAq0xzqXEmlWxEzIEUCdRQooZVqYHEkoRndHI/85h1oI1RyhYMUwpj1EtEVnKGVwgDhHvNz1QF6NLwulryKNwb9S/wpKVXJBLXr4mfQUTyLIUEumTFt30sxzJlGwSUM3SAzkDJ+w3rQtjRhMZgwHy89pLtW6dCu0vYkSMfq946cxcYM4shWxgz75rc3Ev/z2hl2D8NcJGmGkPDJQ91MUlR0lADtCA0c5cASxrWwu1LeZ5pxtDm5wQnYv2g4s3MvUtAMlc4DW9ob5uPbdW1O/u9U/pLGXsX3Kv7lfqlaniZWINtkh5SJTw5IlZySGqkTTm7JA3kiz86j8+K8Om+T0hln2rNFfsB5/wJntaBg</latexit><latexit sha1_base64="N9LIomBtr9h8xMRTOj2Ipx6b6dU=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFnRhRu1gn1AZ5BMetsGM5MxuSOWod8h7vRL3Ilbl36Ie9PHwteBhMM5997cnCiVwqDnfTgzs3PzC4uFJXd5ZXVtvbix2TAq0xzqXEmlWxEzIEUCdRQooZVqYHEkoRndHI/85h1oI1RyhYMUwpj1EtEVnKGVwgDhHvNz1QF6NLwulryKNwb9S/wpKVXJBLXr4mfQUTyLIUEumTFt30sxzJlGwSUM3SAzkDJ+w3rQtjRhMZgwHy89pLtW6dCu0vYkSMfq946cxcYM4shWxgz75rc3Ev/z2hl2D8NcJGmGkPDJQ91MUlR0lADtCA0c5cASxrWwu1LeZ5pxtDm5wQnYv2g4s3MvUtAMlc4DW9ob5uPbdW1O/u9U/pLGXsX3Kv7lfqlaniZWINtkh5SJTw5IlZySGqkTTm7JA3kiz86j8+K8Om+T0hln2rNFfsB5/wJntaBg</latexit><latexit sha1_base64="B7WlbEak4fEAGAP66kbOZl81obI=">AAACF3icbVDLSgMxFM3U9/iqunQTLEJXZUYEXVZ04cYX2FboDCWT3rahmcmY3BHL0O8Qd/ol7sStSz/EvWntQqsHEg7n3Htzc6JUCoOe9+EUZmbn5hcWl9zlldW19eLGZt2oTHOocSWVvomYASkSqKFACTepBhZHEhpR/3jkN+5AG6GSaxykEMasm4iO4AytFAYI95ifqzbQo2GrWPIq3hj0L/EnpEQmuGwVP4O24lkMCXLJjGn6XophzjQKLmHoBpmBlPE+60LT0oTFYMJ8vPSQ7lqlTTtK25MgHas/O3IWGzOII1sZM+yZaW8k/uc1M+wchrlI0gwh4d8PdTJJUdFRArQtNHCUA0sY18LuSnmPacbR5uQGJ2D/ouHMzr1IQTNUOg9saXeYj2/XtTn506n8JfW9iu9V/Kv9UrU8SWyRbJMdUiY+OSBVckouSY1wckseyBN5dh6dF+fVefsuLTiTni3yC877Fwf1oCA=</latexit>

Node B
<latexit sha1_base64="DySbAC2k1AI89atioSEvrO5owOM=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFnUhRu1gn1AZ5BMetsGM5MxuSOWod8h7vRL3Ilbl36Ie9PHwteBhMM5997cnCiVwqDnfTgzs3PzC4uFJXd5ZXVtvbix2TAq0xzqXEmlWxEzIEUCdRQooZVqYHEkoRndHI/85h1oI1RyhYMUwpj1EtEVnKGVwgDhHvNz1QF6NLwulryKNwb9S/wpKVXJBLXr4mfQUTyLIUEumTFt30sxzJlGwSUM3SAzkDJ+w3rQtjRhMZgwHy89pLtW6dCu0vYkSMfq946cxcYM4shWxgz75rc3Ev/z2hl2D8NcJGmGkPDJQ91MUlR0lADtCA0c5cASxrWwu1LeZ5pxtDm5wQnYv2g4s3MvUtAMlc4DW9ob5uPbdW1O/u9U/pLGXsX3Kv7lfqlaniZWINtkh5SJTw5IlZySGqkTTm7JA3kiz86j8+K8Om+T0hln2rNFfsB5/wJpXaBh</latexit><latexit sha1_base64="DySbAC2k1AI89atioSEvrO5owOM=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFnUhRu1gn1AZ5BMetsGM5MxuSOWod8h7vRL3Ilbl36Ie9PHwteBhMM5997cnCiVwqDnfTgzs3PzC4uFJXd5ZXVtvbix2TAq0xzqXEmlWxEzIEUCdRQooZVqYHEkoRndHI/85h1oI1RyhYMUwpj1EtEVnKGVwgDhHvNz1QF6NLwulryKNwb9S/wpKVXJBLXr4mfQUTyLIUEumTFt30sxzJlGwSUM3SAzkDJ+w3rQtjRhMZgwHy89pLtW6dCu0vYkSMfq946cxcYM4shWxgz75rc3Ev/z2hl2D8NcJGmGkPDJQ91MUlR0lADtCA0c5cASxrWwu1LeZ5pxtDm5wQnYv2g4s3MvUtAMlc4DW9ob5uPbdW1O/u9U/pLGXsX3Kv7lfqlaniZWINtkh5SJTw5IlZySGqkTTm7JA3kiz86j8+K8Om+T0hln2rNFfsB5/wJpXaBh</latexit><latexit sha1_base64="DySbAC2k1AI89atioSEvrO5owOM=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFnUhRu1gn1AZ5BMetsGM5MxuSOWod8h7vRL3Ilbl36Ie9PHwteBhMM5997cnCiVwqDnfTgzs3PzC4uFJXd5ZXVtvbix2TAq0xzqXEmlWxEzIEUCdRQooZVqYHEkoRndHI/85h1oI1RyhYMUwpj1EtEVnKGVwgDhHvNz1QF6NLwulryKNwb9S/wpKVXJBLXr4mfQUTyLIUEumTFt30sxzJlGwSUM3SAzkDJ+w3rQtjRhMZgwHy89pLtW6dCu0vYkSMfq946cxcYM4shWxgz75rc3Ev/z2hl2D8NcJGmGkPDJQ91MUlR0lADtCA0c5cASxrWwu1LeZ5pxtDm5wQnYv2g4s3MvUtAMlc4DW9ob5uPbdW1O/u9U/pLGXsX3Kv7lfqlaniZWINtkh5SJTw5IlZySGqkTTm7JA3kiz86j8+K8Om+T0hln2rNFfsB5/wJpXaBh</latexit><latexit sha1_base64="szToxLu3t1bd+TiUWf/h73eF2Ds=">AAACF3icbVDLSgMxFM3U9/iqunQTLEJXZUYEXRZ14cYX2FboDCWT3rahmcmY3BHL0O8Qd/ol7sStSz/EvWntQqsHEg7n3Htzc6JUCoOe9+EUZmbn5hcWl9zlldW19eLGZt2oTHOocSWVvomYASkSqKFACTepBhZHEhpR/3jkN+5AG6GSaxykEMasm4iO4AytFAYI95ifqzbQo2GrWPIq3hj0L/EnpEQmuGwVP4O24lkMCXLJjGn6XophzjQKLmHoBpmBlPE+60LT0oTFYMJ8vPSQ7lqlTTtK25MgHas/O3IWGzOII1sZM+yZaW8k/uc1M+wchrlI0gwh4d8PdTJJUdFRArQtNHCUA0sY18LuSnmPacbR5uQGJ2D/ouHMzr1IQTNUOg9saXeYj2/XtTn506n8JfW9iu9V/Kv9UrU8SWyRbJMdUiY+OSBVckouSY1wckseyBN5dh6dF+fVefsuLTiTni3yC877FwmdoCE=</latexit>

Node C
<latexit sha1_base64="CHwsO/i8MQSY11BFdy0HzEbn21I=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFmoCze+wGqhM5RMetuGZiZjckcsQ79D3OmXuBO3Lv0Q96aPhVoPJBzOuffm5kSpFAY979OZm19YXFourLira+sbm8Wt7RujMs2hzpVUuhExA1IkUEeBEhqpBhZHEm6jfm3k396DNkIl1zhIIYxZNxEdwRlaKQwQHjA/V22gtWGrWPIq3hh0lvhTUqqSCS5bxa+grXgWQ4JcMmOavpdimDONgksYukFmIGW8z7rQtDRhMZgwHy89pPtWadOO0vYkSMfqz46cxcYM4shWxgx75q83Ev/zmhl2jsNcJGmGkPDJQ51MUlR0lABtCw0c5cASxrWwu1LeY5pxtDm5wQnYv2g4s3MvUtAMlc4DW9od5uPbdW1O/t9UZsnNQcX3Kv7VYalaniZWILtkj5SJT45IlZySS1InnNyRR/JMXpwn59V5c94npXPOtGeH/ILz8Q1rBaBi</latexit><latexit sha1_base64="CHwsO/i8MQSY11BFdy0HzEbn21I=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFmoCze+wGqhM5RMetuGZiZjckcsQ79D3OmXuBO3Lv0Q96aPhVoPJBzOuffm5kSpFAY979OZm19YXFourLira+sbm8Wt7RujMs2hzpVUuhExA1IkUEeBEhqpBhZHEm6jfm3k396DNkIl1zhIIYxZNxEdwRlaKQwQHjA/V22gtWGrWPIq3hh0lvhTUqqSCS5bxa+grXgWQ4JcMmOavpdimDONgksYukFmIGW8z7rQtDRhMZgwHy89pPtWadOO0vYkSMfqz46cxcYM4shWxgx75q83Ev/zmhl2jsNcJGmGkPDJQ51MUlR0lABtCw0c5cASxrWwu1LeY5pxtDm5wQnYv2g4s3MvUtAMlc4DW9od5uPbdW1O/t9UZsnNQcX3Kv7VYalaniZWILtkj5SJT45IlZySS1InnNyRR/JMXpwn59V5c94npXPOtGeH/ILz8Q1rBaBi</latexit><latexit sha1_base64="CHwsO/i8MQSY11BFdy0HzEbn21I=">AAACF3icbVDLSgMxFM34rOOr6tJNsAhdlRkRdFmoCze+wGqhM5RMetuGZiZjckcsQ79D3OmXuBO3Lv0Q96aPhVoPJBzOuffm5kSpFAY979OZm19YXFourLira+sbm8Wt7RujMs2hzpVUuhExA1IkUEeBEhqpBhZHEm6jfm3k396DNkIl1zhIIYxZNxEdwRlaKQwQHjA/V22gtWGrWPIq3hh0lvhTUqqSCS5bxa+grXgWQ4JcMmOavpdimDONgksYukFmIGW8z7rQtDRhMZgwHy89pPtWadOO0vYkSMfqz46cxcYM4shWxgx75q83Ev/zmhl2jsNcJGmGkPDJQ51MUlR0lABtCw0c5cASxrWwu1LeY5pxtDm5wQnYv2g4s3MvUtAMlc4DW9od5uPbdW1O/t9UZsnNQcX3Kv7VYalaniZWILtkj5SJT45IlZySS1InnNyRR/JMXpwn59V5c94npXPOtGeH/ILz8Q1rBaBi</latexit><latexit sha1_base64="+Hal1qgagbCxhjPZMYXbcF9osPI=">AAACF3icbVC7TsMwFHV4E14FRhaLCqlTlSAkGCuVgYWXREulJkKOc1ssnDjYN4gq6ncgNvgSNsTKyIew47YZeB3J1tE5915fnyiTwqDnfThT0zOzc/MLi+7S8srqWmV9o21Urjm0uJJKdyJmQIoUWihQQifTwJJIwmV00xz5l3egjVDpBQ4yCBPWT0VPcIZWCgOEeyxOVAy0ObyqVL26Nwb9S/ySVEmJs6vKZxArnieQIpfMmK7vZRgWTKPgEoZukBvIGL9hfehamrIETFiMlx7SHavEtKe0PSnSsfq9o2CJMYMkspUJw2vz2xuJ/3ndHHsHYSHSLEdI+eShXi4pKjpKgMZCA0c5sIRxLeyulF8zzTjanNzgEOxfNBzbuacZaIZKF4Et7Q+L8e26Nif/dyp/SXu37nt1/3yv2qiViS2QLbJNasQn+6RBjsgZaRFObskDeSLPzqPz4rw6b5PSKafs2SQ/4Lx/AQtFoCI=</latexit>

physical medium
<latexit sha1_base64="27oODHzMGGLqzzpteRAvw2aZx6A=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZcFXbgRFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/fORX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyWFMpngppX/DtoxTxVEyCUzpuF7CTYzplFwCUM3SA0kjPdZFxqWRkyBaWbj/Yf0yCpt2om1PRHSsfq7I2PKmIEKbaVi2DOz3kj8z2uk2DlrZiJKUoSITx7qpJJiTEdh0LbQwFEOLGFcC7sr5T2mGUcbmRtcgP2Lhis79zoBzTDWWWBLu8NsfLuuzcmfTWWeVI9Lvlfyb08K5eI0sVVyQA5JkfjklJTJJbkhFcLJI3kiL+TVeXbenHfnY1Kac6Y9e+QPnK8fNiClAg==</latexit><latexit sha1_base64="27oODHzMGGLqzzpteRAvw2aZx6A=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZcFXbgRFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/fORX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyWFMpngppX/DtoxTxVEyCUzpuF7CTYzplFwCUM3SA0kjPdZFxqWRkyBaWbj/Yf0yCpt2om1PRHSsfq7I2PKmIEKbaVi2DOz3kj8z2uk2DlrZiJKUoSITx7qpJJiTEdh0LbQwFEOLGFcC7sr5T2mGUcbmRtcgP2Lhis79zoBzTDWWWBLu8NsfLuuzcmfTWWeVI9Lvlfyb08K5eI0sVVyQA5JkfjklJTJJbkhFcLJI3kiL+TVeXbenHfnY1Kac6Y9e+QPnK8fNiClAg==</latexit><latexit sha1_base64="27oODHzMGGLqzzpteRAvw2aZx6A=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZcFXbgRFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/fORX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyWFMpngppX/DtoxTxVEyCUzpuF7CTYzplFwCUM3SA0kjPdZFxqWRkyBaWbj/Yf0yCpt2om1PRHSsfq7I2PKmIEKbaVi2DOz3kj8z2uk2DlrZiJKUoSITx7qpJJiTEdh0LbQwFEOLGFcC7sr5T2mGUcbmRtcgP2Lhis79zoBzTDWWWBLu8NsfLuuzcmfTWWeVI9Lvlfyb08K5eI0sVVyQA5JkfjklJTJJbkhFcLJI3kiL+TVeXbenHfnY1Kac6Y9e+QPnK8fNiClAg==</latexit><latexit sha1_base64="ZZ5GPtSiPOjS1dT7ZCL/jV1leGg=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZeCLtyIFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/YuRX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyUFMkW5lf8O2jFPFUTIJTOm4XsJNjOmUXAJQzdIDSSM91kXGpZGTIFpZuP9h/TIKm3aibU9EdKx+rsjY8qYgQptpWLYM7PeSPzPa6TYOWtmIkpShIhPHuqkkmJMR2HQttDAUQ4sYVwLuyvlPaYZRxuZG1yC/YuGazv3JgHNMNZZYEu7w2x8u67NyZ9NZZ5Uj0u+V/JvTwrnxWliq+SAHJIi8ckpOSdXpEwqhJNH8kReyKvz7Lw5787HpDTnTHv2yB84Xz/WUaTC</latexit>

physical medium
<latexit sha1_base64="27oODHzMGGLqzzpteRAvw2aZx6A=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZcFXbgRFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/fORX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyWFMpngppX/DtoxTxVEyCUzpuF7CTYzplFwCUM3SA0kjPdZFxqWRkyBaWbj/Yf0yCpt2om1PRHSsfq7I2PKmIEKbaVi2DOz3kj8z2uk2DlrZiJKUoSITx7qpJJiTEdh0LbQwFEOLGFcC7sr5T2mGUcbmRtcgP2Lhis79zoBzTDWWWBLu8NsfLuuzcmfTWWeVI9Lvlfyb08K5eI0sVVyQA5JkfjklJTJJbkhFcLJI3kiL+TVeXbenHfnY1Kac6Y9e+QPnK8fNiClAg==</latexit><latexit sha1_base64="27oODHzMGGLqzzpteRAvw2aZx6A=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZcFXbgRFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/fORX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyWFMpngppX/DtoxTxVEyCUzpuF7CTYzplFwCUM3SA0kjPdZFxqWRkyBaWbj/Yf0yCpt2om1PRHSsfq7I2PKmIEKbaVi2DOz3kj8z2uk2DlrZiJKUoSITx7qpJJiTEdh0LbQwFEOLGFcC7sr5T2mGUcbmRtcgP2Lhis79zoBzTDWWWBLu8NsfLuuzcmfTWWeVI9Lvlfyb08K5eI0sVVyQA5JkfjklJTJJbkhFcLJI3kiL+TVeXbenHfnY1Kac6Y9e+QPnK8fNiClAg==</latexit><latexit sha1_base64="27oODHzMGGLqzzpteRAvw2aZx6A=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZcFXbgRFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/fORX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyWFMpngppX/DtoxTxVEyCUzpuF7CTYzplFwCUM3SA0kjPdZFxqWRkyBaWbj/Yf0yCpt2om1PRHSsfq7I2PKmIEKbaVi2DOz3kj8z2uk2DlrZiJKUoSITx7qpJJiTEdh0LbQwFEOLGFcC7sr5T2mGUcbmRtcgP2Lhis79zoBzTDWWWBLu8NsfLuuzcmfTWWeVI9Lvlfyb08K5eI0sVVyQA5JkfjklJTJJbkhFcLJI3kiL+TVeXbenHfnY1Kac6Y9e+QPnK8fNiClAg==</latexit><latexit sha1_base64="ZZ5GPtSiPOjS1dT7ZCL/jV1leGg=">AAACInicbVDLSgMxFM3U9/iqCm7cBIvQVZkRQZeCLtyIFewDOqVk0ts2NJkZkjtiGfsz4k6/xJ24EvwN96aPhbYeSDicc+/NzQkTKQx63qeTW1hcWl5ZXXPXNza3tvM7u1UTp5pDhccy1vWQGZAiggoKlFBPNDAVSqiF/YuRX7sHbUQc3eEggaZi3Uh0BGdopVZ+P0B4wCzpDYzVJFXQFqkatvIFr+SNQeeJPyUFMkW5lf8O2jFPFUTIJTOm4XsJNjOmUXAJQzdIDSSM91kXGpZGTIFpZuP9h/TIKm3aibU9EdKx+rsjY8qYgQptpWLYM7PeSPzPa6TYOWtmIkpShIhPHuqkkmJMR2HQttDAUQ4sYVwLuyvlPaYZRxuZG1yC/YuGazv3JgHNMNZZYEu7w2x8u67NyZ9NZZ5Uj0u+V/JvTwrnxWliq+SAHJIi8ckpOSdXpEwqhJNH8kReyKvz7Lw5787HpDTnTHv2yB84Xz/WUaTC</latexit>

Transport
Network
Data Link
Physical

Network
Data link
Physical Physical

Data link

T
N

P
D

The protocol stack in each node consists of four layers. In alphabetical order, the layers
are the data link (D), network (N), physical (P), and transport (T) layers. For simplicity,
we assume that protocol overhead of layer x is in the form of a header field denoted xH,
where the layer x ∈ {D,N,P,T}. The service data unit of layer x is denoted xSDU. A
generic data unit consisting of the fields (i.e., headers or SDUs) F1, F2, and F3 is denoted
|F1|F2|F3|.
The transport layer protocol implements a Stop-and-Wait ARQ mechanism to provide a
reliable service. The ACK frame of the protocol is simply the transport layer header (TH)
with an empty payload. That is, the transport layer information packet is |TH|TSDU|
and the transport layer ACK packet is |TH|.
The physical link is full-duplex with data rate 1 Mbit/s.

For simplicity, we assume that all data transfer is error-free.

(a) Copy the figure above and identify the protocol layers in the nodes. (2p)

(b) Draw a line with arrows to indicate the path a TSDU takes from Node A to Node C.
Add another line to show the path of the corresponding transport layer ACK packet.
Specify all data units (using the notation |F1|F2| · · · |Fn|) that passes over the phys-
ical link between Node A and B. (3p)

(c) Suppose we add a Stop-and-Wait protocol to the link layer as well. The link layer
ACK message is just a link layer header with no payload. Note that both the trans-
port layer and the data link layer are executing ARQ protocols. Repeat Part (b),
i.e., draw a line with arrows to indicate the path a TSDU takes from Node A to
Node C. Add lines with arrows to indicate the paths of all ACK packets that result.
Specify all data units that passes over the physical link between Node A and B. (3p)

(d) Suppose the TSDU is 1500 byte and that all headers are 25 byte long. Assume that
the propagation delay of each link is 10µs and that processing delays are negligible.
Give reasonable time-out values to be used by the transport layer and data link layer
ARQ protocols. Motivate. (4p)

(a) Check the figure above. Note that Node B has only 3 layers. Also, it may have 2
different network interfaces (Data link and Physical layers)

(b) There are two data units types in this scenario:
Transport layer data frame : |DH|NH|TH|TSDU|
Transport layer ACK frame: |DH|NH|TH|
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(c) We have three data units types in this scenario.
Transport layer data frame : |DH|NH|TH|TSDU|
Transport layer ACK frame: |DH|NH|TH|
Data link layer ACK frame: |DH|

(d) A reasonable time-out for the data link layer’s Stop and Wait (S&W) ARQ need to
be deduced based on the round-trip-time: RTT (D) = tf + ta,D + 2tprop where tf is
information frame duration and ta,D data link ACK frame duration. Note that this
round-trip time is the same in both hops (A to B and B to C). Let nSDU be the
length of the transport layer SDU in bits, and nH be the length of any layer’s header
in bits. Then,

tf =
nf

R
=
nSDU + 3nH

R
=

1575× 8

108
= 12.6 ms

ta,D =
nH

R
=

25× 8

108
= 0.2 ms

RTT (D) = 12.82 ms

(4)

In absence of errors, a reasonable time-out for the data link ARQ is t
(D)
out = RTT (D) =

12.82 ms

The round-trip time of the transport layer RTT (T ) can be computed from the figure
below. Note that we assume that the Data link ACK is transmitted first before the
transport layer ACK (from C to B).

7



Let ta,T be the duration of a transport layer ACK. We can readily write

RTT (T ) = 2tf + 2ta,T + ta,D + 4tprop

ta,T =
3× nH

R
= 0.6 ms

RTT (T ) = 26.64 ms

(5)

In absence of errors, a reasonable choice of the transport layer ARQ’s time-out is
t
(T )
out = RTT (T ) = 26.64 ms

8



4. Consider a network with N > 1 users that share access to a wireless channel with total
bandwidth W Hz using TDMA or FDMA. Suppose the users want to transmit nf -bit
long packets. The physical layer is able to support a data rate of B bit/s, where B is the
channel bandwidth for TDMA or FDMA, respectively.

For the FDMA scheme, the total bandwidth is divided into N frequency channels of
bandwidth W/N , and the nth user is allocated to the nth frequency channel.

For the TDMA scheme, the time axis is divided into N time slots of duration Tslot, and
the nth user is allocated time slots n, n+N , n+2N , etc. In particular, User 1 is allocated
the slots [0, Tslot), [NTslot, (N + 1)Tslot), [2NTslot, (2N + 1)Tslot), . . ., see figure below. The
slot time is chosen such it takes exactly K time slots to transmit nf bits.

t
<latexit sha1_base64="f7WgGd10ubfoccmKq0oBarOLL3A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69BIvQU0lE0GPBi8cWbCu0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/j9uOgrQ8GHu/NMDMvTKUw5HnfTmFjc2t7p7hb2ts/ODwqH5+0TZJpji2eyEQ/hMygFApbJEjiQ6qRxaHETji+nfmdJ9RGJOqeJikGMRsqEQnOyEpN6pcrXs2bw10n/pJU6rBAo1/+6g0SnsWoiEtmTNf3UgpypklwidNSLzOYMj5mQ+xaqliMJsjnh07dC6sM3CjRthS5c/X3RM5iYyZxaDtjRiOz6s3E/7xuRtFNkAuVZoSKLxZFmXQpcWdfuwOhkZOcWMK4FvZWl4+YZpxsNiUbgr/68jppX9Z8r+Y3ryr16jKOIpzBOVTBh2uowx00oAUcEJ7hFd6cR+fFeXc+Fq0FZzlzCn/gfP4AL2aNHg==</latexit><latexit sha1_base64="f7WgGd10ubfoccmKq0oBarOLL3A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69BIvQU0lE0GPBi8cWbCu0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/j9uOgrQ8GHu/NMDMvTKUw5HnfTmFjc2t7p7hb2ts/ODwqH5+0TZJpji2eyEQ/hMygFApbJEjiQ6qRxaHETji+nfmdJ9RGJOqeJikGMRsqEQnOyEpN6pcrXs2bw10n/pJU6rBAo1/+6g0SnsWoiEtmTNf3UgpypklwidNSLzOYMj5mQ+xaqliMJsjnh07dC6sM3CjRthS5c/X3RM5iYyZxaDtjRiOz6s3E/7xuRtFNkAuVZoSKLxZFmXQpcWdfuwOhkZOcWMK4FvZWl4+YZpxsNiUbgr/68jppX9Z8r+Y3ryr16jKOIpzBOVTBh2uowx00oAUcEJ7hFd6cR+fFeXc+Fq0FZzlzCn/gfP4AL2aNHg==</latexit><latexit sha1_base64="f7WgGd10ubfoccmKq0oBarOLL3A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69BIvQU0lE0GPBi8cWbCu0oWy2k3btZhN2J0IJ/QVePCji1Z/kzX/j9uOgrQ8GHu/NMDMvTKUw5HnfTmFjc2t7p7hb2ts/ODwqH5+0TZJpji2eyEQ/hMygFApbJEjiQ6qRxaHETji+nfmdJ9RGJOqeJikGMRsqEQnOyEpN6pcrXs2bw10n/pJU6rBAo1/+6g0SnsWoiEtmTNf3UgpypklwidNSLzOYMj5mQ+xaqliMJsjnh07dC6sM3CjRthS5c/X3RM5iYyZxaDtjRiOz6s3E/7xuRtFNkAuVZoSKLxZFmXQpcWdfuwOhkZOcWMK4FvZWl4+YZpxsNiUbgr/68jppX9Z8r+Y3ryr16jKOIpzBOVTBh2uowx00oAUcEJ7hFd6cR+fFeXc+Fq0FZzlzCn/gfP4AL2aNHg==</latexit><latexit sha1_base64="TidOdul7qlMsANXA+rwJ5IE1evQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoOQU9gVQY8BLx4TMImQLGF20puMmX0w0yuEkC/w4kERr36SN//GSbIHTSxoKKq66e4KUiUNue63U9jY3NreKe6W9vYPDo/Kxydtk2RaYEskKtEPATeoZIwtkqTwIdXIo0BhJxjfzv3OE2ojk/ieJin6ER/GMpSCk5Wa1C9X3Jq7AFsnXk4qkKPRL3/1BonIIoxJKG5M13NT8qdckxQKZ6VeZjDlYsyH2LU05hEaf7o4dMYurDJgYaJtxcQW6u+JKY+MmUSB7Yw4jcyqNxf/87oZhTf+VMZpRhiL5aIwU4wSNv+aDaRGQWpiCRda2luZGHHNBdlsSjYEb/XlddK+rHluzWteVerVPI4inME5VMGDa6jDHTSgBQIQnuEV3pxH58V5dz6WrQUnnzmFP3A+fwDYV4ze</latexit>

Tslot
<latexit sha1_base64="jYMWYSEYGBW/XkujKY5AaCEtUWc=">AAACHXicbVDLSgMxFM34rOOr1aWbwSq4KjMq6LKgCzdihb6gU0omvW1DM5MhuaOUYT5F3OmXuBO34oe4N30stPVAwuHcc29uThALrtF1v6yl5ZXVtfXchr25tb2zmy/s1bVMFIMak0KqZkA1CB5BDTkKaMYKaBgIaATDq3G98QBKcxlVcRRDO6T9iPc4o2ikTr5Q7aR+SHGgwlQLiVnWyRfdkjuBs0i8GSmWyRSVTv7b70qWhBAhE1TrlufG2E6pQs4EZLafaIgpG9I+tAyNaAi6nU5Wz5xjo3SdnlTmROhM1N8dKQ21HoWBcY631PO1sfhfrZVg77Kd8ihOECI2faiXCAelM87B6XIFDMXIEMoUN7s6bEAVZWjSsv1rMH9RcGvm3sWgKEqV+sbaz9LJbdsmJ28+lUVSPy15ZyXv/rxYPpolliMH5JCcEI9ckDK5IRVSI4w8kifyQl6tZ+vNerc+ptYla9azT/7A+vwBWNCjAg==</latexit>

2Tslot
<latexit sha1_base64="XJP43oQjboD8+1j7exGFQ4cRUkE=">AAACHnicbVDLSsNAFJ34rPFVdekmWAVXJVFBlwVduBEV+hCaECbT2zo4yYSZG7GE/Iq40y9xJ271Q9w7TbtQ64EZDueee+fOiVLBNbrupzUzOze/sFhZspdXVtfWqxubbS0zxaDFpJDqJqIaBE+ghRwF3KQKaBwJ6ER3p6N65x6U5jJp4jCFIKaDhPc5o2iksLp50AxzP6Z4q+JcC4lFEVZrbt0t4UwTb0JqDTLGVVj98nuSZTEkyATVuuu5KQY5VciZgML2Mw0pZXd0AF1DExqDDvJy98LZM0rP6UtlToJOqf7syGms9TCOjHO0pf5bG4n/1boZ9k+CnCdphpCw8UP9TDgonVEQTo8rYCiGhlCmuNnVYbdUUYYmLts/A/MXBRdm7mUKiqJUuW+sgyIvb9s2OXl/U5km7YO6d1j3ro9qjd1JYhWyTXbIPvHIMWmQc3JFWoSRB/JInsmL9WS9Wm/W+9g6Y016tsgvWB/f1AajPg==</latexit>

NTslot
<latexit sha1_base64="OO3uOQiwlCN0MDk8kO0ASLrQdn0=">AAACHnicbVDLSgMxFM3U9/iqunQzWAVXZUYFXRZ04Uat0Bd0Ssmkt21oZjIkd8QyzK+IO/0Sd+JWP8S96WOhrQcSDueee3Nzglhwja77ZeUWFpeWV1bX7PWNza3t/M5uTctEMagyKaRqBFSD4BFUkaOARqyAhoGAejC4HNXrD6A0l1EFhzG0QtqLeJczikZq53dvK+3UDyn2VZhqITHL2vmCW3THcOaJNyWFEpmg3M5/+x3JkhAiZIJq3fTcGFspVciZgMz2Ew0xZQPag6ahEQ1Bt9Lx7plzZJSO05XKnAidsfq7I6Wh1sMwMM7Rlnq2NhL/qzUT7F60Uh7FCULEJg91E+GgdEZBOB2ugKEYGkKZ4mZXh/WpogxNXLZ/BeYvCm7M3LsYFEWpUt9Ye1k6vm3b5OTNpjJPaidF77To3Z8VSofTxFbJPjkgx8Qj56RErkmZVAkjj+SJvJBX69l6s96tj4k1Z0179sgfWJ8/BDWjWg==</latexit>

2NTslot
<latexit sha1_base64="bwYqW/MdLOm6ItyidH36pbcipUs=">AAACH3icbVDLSsNAFJ34rPFV7dJNsAquSqKCLgu6cOMLrC00oUymt+3QSSbM3Agh5FvEnX6JO3Hrh7h3+lho64EZDueee+fOCRPBNbrul7WwuLS8slpas9c3Nre2yzu7j1qmikGDSSFVK6QaBI+hgRwFtBIFNAoFNMPhxajefAKluYwfMEsgiGg/5j3OKBqpU64c3zx0cj+iOFBRroXEouiUq27NHcOZJ96UVOtkgrtO+dvvSpZGECMTVOu25yYY5FQhZwIK2081JJQNaR/ahsY0Ah3k4+UL59AoXacnlTkxOmP1d0dOI62zKDTO0ZZ6tjYS/6u1U+ydBzmPkxQhZpOHeqlwUDqjJJwuV8BQZIZQprjZ1WEDqihDk5ftX4L5i4JrM/c2AUVRqtw31n6Rj2/bNjl5s6nMk8fjmndS8+5Pq/WDaWIlskf2yRHxyBmpkytyRxqEkYw8k1fyZr1Y79aH9TmxLljTngr5A+vrB3+fo5Y=</latexit>

1
<latexit sha1_base64="d9XEmUrreKWK3f2RKanu0heDxzc=">AAACC3icbVDLSgMxFM34rOOr6tJNsAquyowKuizowo3Ygn1AZyiZ9LYNzSRDkhHK0C8Qd/ol7sStH+GHuDeddqGtBxIO59yb3HuihDNtPO/LWVpeWV1bL2y4m1vbO7vFvf2GlqmiUKeSS9WKiAbOBNQNMxxaiQISRxya0fB64jcfQWkmxYMZJRDGpC9Yj1FirFTzO8WSV/Zy4EXiz0ipgqaodorfQVfSNAZhKCdat30vMWFGlGGUw9gNUg0JoUPSh7algsSgwywfdIxPrNLFPansEQbn6u+OjMRaj+LIVsbEDPS8NxH/89qp6V2FGRNJakDQ6Ue9lGMj8WRr3GUKqOEjSwhVzM6K6YAoQo3Nxg1uwO6i4M6+e5+AIkaqLLCl/XGW365rc/LnU1kkjbOyf172axelyvEssQI6REfoFPnoElXQLaqiOqII0BN6Qa/Os/PmvDsf09IlZ9ZzgP7A+fwBmFSbGA==</latexit>

2
<latexit sha1_base64="yGJdpJiMi7lB/beH+HyCDvUzE6w=">AAACC3icbVDLSgMxFM3UVx1fVZduglVwVWaqoMuCLtyILdgHdIaSSe+0oZnMkGSEMvQLxJ1+iTtx60f4Ie5Np11o64GEwzn3JveeIOFMacf5sgorq2vrG8VNe2t7Z3evtH/QUnEqKTRpzGPZCYgCzgQ0NdMcOokEEgUc2sHoeuq3H0EqFosHPU7Aj8hAsJBRoo3UqPZKZafi5MDLxJ2Tcg3NUO+Vvr1+TNMIhKacKNV1nUT7GZGaUQ4T20sVJISOyAC6hgoSgfKzfNAJPjVKH4exNEdonKu/OzISKTWOAlMZET1Ui95U/M/rpjq88jMmklSDoLOPwpRjHePp1rjPJFDNx4YQKpmZFdMhkYRqk43t3YDZRcKdefc+AUl0LDPPlA4mWX7btsnJXUxlmbSqFfe84jYuyrWTeWJFdISO0Rly0SWqoVtUR01EEaAn9IJerWfrzXq3PmalBWvec4j+wPr8AZn7mxk=</latexit>

N
<latexit sha1_base64="23le09tVhoZ3L0hofupqx3PiLQs=">AAACC3icbVDLSgMxFM3UVx1fVZduglVwVWZU0GVBF27UFuwDOkPJpHfa0MxkSDJCGfoF4k6/xJ249SP8EPem0y609UDC4Zx7k3tPkHCmtON8WYWl5ZXVteK6vbG5tb1T2t1rKpFKCg0quJDtgCjgLIaGZppDO5FAooBDKxheTfzWI0jFRPygRwn4EenHLGSUaCPV77qlslNxcuBF4s5IuYqmqHVL315P0DSCWFNOlOq4TqL9jEjNKIex7aUKEkKHpA8dQ2MSgfKzfNAxPjZKD4dCmhNrnKu/OzISKTWKAlMZET1Q895E/M/rpDq89DMWJ6mGmE4/ClOOtcCTrXGPSaCajwwhVDIzK6YDIgnVJhvbuwazi4Rb8+59ApJoITPPlPbHWX7btsnJnU9lkTRPK+5Zxa2fl6tHs8SK6AAdohPkogtURTeohhqIIkBP6AW9Ws/Wm/VufUxLC9asZx/9gfX5A8g/mzU=</latexit>

1
<latexit sha1_base64="d9XEmUrreKWK3f2RKanu0heDxzc=">AAACC3icbVDLSgMxFM34rOOr6tJNsAquyowKuizowo3Ygn1AZyiZ9LYNzSRDkhHK0C8Qd/ol7sStH+GHuDeddqGtBxIO59yb3HuihDNtPO/LWVpeWV1bL2y4m1vbO7vFvf2GlqmiUKeSS9WKiAbOBNQNMxxaiQISRxya0fB64jcfQWkmxYMZJRDGpC9Yj1FirFTzO8WSV/Zy4EXiz0ipgqaodorfQVfSNAZhKCdat30vMWFGlGGUw9gNUg0JoUPSh7algsSgwywfdIxPrNLFPansEQbn6u+OjMRaj+LIVsbEDPS8NxH/89qp6V2FGRNJakDQ6Ue9lGMj8WRr3GUKqOEjSwhVzM6K6YAoQo3Nxg1uwO6i4M6+e5+AIkaqLLCl/XGW365rc/LnU1kkjbOyf172axelyvEssQI6REfoFPnoElXQLaqiOqII0BN6Qa/Os/PmvDsf09IlZ9ZzgP7A+fwBmFSbGA==</latexit>

1
<latexit sha1_base64="d9XEmUrreKWK3f2RKanu0heDxzc=">AAACC3icbVDLSgMxFM34rOOr6tJNsAquyowKuizowo3Ygn1AZyiZ9LYNzSRDkhHK0C8Qd/ol7sStH+GHuDeddqGtBxIO59yb3HuihDNtPO/LWVpeWV1bL2y4m1vbO7vFvf2GlqmiUKeSS9WKiAbOBNQNMxxaiQISRxya0fB64jcfQWkmxYMZJRDGpC9Yj1FirFTzO8WSV/Zy4EXiz0ipgqaodorfQVfSNAZhKCdat30vMWFGlGGUw9gNUg0JoUPSh7algsSgwywfdIxPrNLFPansEQbn6u+OjMRaj+LIVsbEDPS8NxH/89qp6V2FGRNJakDQ6Ue9lGMj8WRr3GUKqOEjSwhVzM6K6YAoQo3Nxg1uwO6i4M6+e5+AIkaqLLCl/XGW365rc/LnU1kkjbOyf172axelyvEssQI6REfoFPnoElXQLaqiOqII0BN6Qa/Os/PmvDsf09IlZ9ZzgP7A+fwBmFSbGA==</latexit>

2
<latexit sha1_base64="yGJdpJiMi7lB/beH+HyCDvUzE6w=">AAACC3icbVDLSgMxFM3UVx1fVZduglVwVWaqoMuCLtyILdgHdIaSSe+0oZnMkGSEMvQLxJ1+iTtx60f4Ie5Np11o64GEwzn3JveeIOFMacf5sgorq2vrG8VNe2t7Z3evtH/QUnEqKTRpzGPZCYgCzgQ0NdMcOokEEgUc2sHoeuq3H0EqFosHPU7Aj8hAsJBRoo3UqPZKZafi5MDLxJ2Tcg3NUO+Vvr1+TNMIhKacKNV1nUT7GZGaUQ4T20sVJISOyAC6hgoSgfKzfNAJPjVKH4exNEdonKu/OzISKTWOAlMZET1Ui95U/M/rpjq88jMmklSDoLOPwpRjHePp1rjPJFDNx4YQKpmZFdMhkYRqk43t3YDZRcKdefc+AUl0LDPPlA4mWX7btsnJXUxlmbSqFfe84jYuyrWTeWJFdISO0Rly0SWqoVtUR01EEaAn9IJerWfrzXq3PmalBWvec4j+wPr8AZn7mxk=</latexit>

N
<latexit sha1_base64="23le09tVhoZ3L0hofupqx3PiLQs=">AAACC3icbVDLSgMxFM3UVx1fVZduglVwVWZU0GVBF27UFuwDOkPJpHfa0MxkSDJCGfoF4k6/xJ249SP8EPem0y609UDC4Zx7k3tPkHCmtON8WYWl5ZXVteK6vbG5tb1T2t1rKpFKCg0quJDtgCjgLIaGZppDO5FAooBDKxheTfzWI0jFRPygRwn4EenHLGSUaCPV77qlslNxcuBF4s5IuYqmqHVL315P0DSCWFNOlOq4TqL9jEjNKIex7aUKEkKHpA8dQ2MSgfKzfNAxPjZKD4dCmhNrnKu/OzISKTWKAlMZET1Q895E/M/rpDq89DMWJ6mGmE4/ClOOtcCTrXGPSaCajwwhVDIzK6YDIgnVJhvbuwazi4Rb8+59ApJoITPPlPbHWX7btsnJnU9lkTRPK+5Zxa2fl6tHs8SK6AAdohPkogtURTeohhqIIkBP6AW9Ws/Wm/VufUxLC9asZx/9gfX5A8g/mzU=</latexit>

2
<latexit sha1_base64="yGJdpJiMi7lB/beH+HyCDvUzE6w=">AAACC3icbVDLSgMxFM3UVx1fVZduglVwVWaqoMuCLtyILdgHdIaSSe+0oZnMkGSEMvQLxJ1+iTtx60f4Ie5Np11o64GEwzn3JveeIOFMacf5sgorq2vrG8VNe2t7Z3evtH/QUnEqKTRpzGPZCYgCzgQ0NdMcOokEEgUc2sHoeuq3H0EqFosHPU7Aj8hAsJBRoo3UqPZKZafi5MDLxJ2Tcg3NUO+Vvr1+TNMIhKacKNV1nUT7GZGaUQ4T20sVJISOyAC6hgoSgfKzfNAJPjVKH4exNEdonKu/OzISKTWOAlMZET1Ui95U/M/rpjq88jMmklSDoLOPwpRjHePp1rjPJFDNx4YQKpmZFdMhkYRqk43t3YDZRcKdefc+AUl0LDPPlA4mWX7btsnJXUxlmbSqFfe84jYuyrWTeWJFdISO0Rly0SWqoVtUR01EEaAn9IJerWfrzXq3PmalBWvec4j+wPr8AZn7mxk=</latexit>

The packet delivery time τ is defined as τ = td− ta, where ta is the time when the packet
arrives at the transmitted MAC layer and td is the time when it is delivered from the
receiver MAC layer. We assume that the processing delays at the MAC and PHY layers
are negligible and that the transmission is error-free.

For the purpose of this problem, we will consider the packet delivery time for the first
packet from user number 1. That is, User 1 has no packets currently in transmission.
The arrival time for the first user’s first packet is assumed to be uniformly distributed in
the interval (−NTslot, 0], that is ta ∼ U(−NTslot, 0]. For the considered TDMA scheme,
we cannot transmit during a part of a slot. That is, we cannot start transmission in the
middle of a slot.

(a) Give an expression for the packet delivery time for FDMA. (2p)

(b) Give expressions for the minimum, average, and maximum packet delivery time for
User 1 in the TDMA scheme when K = 1. (4p)

(c) Give expressions for the minimum, average, and maximum packet delivery time for
User 1 in the TDMA scheme when K > 1. (4p)

(d) Compare the the minimum, average, and maximum packet delivery time for the
TDMA scheme with the FDMA delivery time for K = 1 and when K →∞. What
conclusions can be drawn? (2p)

Hint: if X ∼ U(a, b], then E[X] = (b− a)/2.

Solution

(a) The channel bandwidth for FDMA is W/N , hence the physical layer can support
a data rate of RFDMA = W

N
bits/s. Since the channel is dedicated for the user,

transmission can start right away after packet arrival. Then, the packet delivery
time is equal to the packet transmission time, that is

τFDMA =
nf

RFDMA

=
Nnf

W
.
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(b) In the TDMA scheme each user uses the full bandwidth but only for Tslot sec. We first
start by finding the length of Tslot. We know that each user is served by RTDMA = W
bits/s, and in the general case, K slots are required to send the full packet, hence

KTslot =
nf

W

Tslot =
nf

KW

(6)

Now in the case K = 1, since ta > −NTslot, User 1 will wait until t=0 to start
transmitting (because it has missed its slot in the previous frame). The transmission
will finish at td = Tslot. Then the packet delivery time can be readily computed

τTDMA = td − ta
= Tslot − ta

(7)

Then, the minimum, maximum and average times are

τ
(min)
TDMA = min τTDMA = Tslot −max ta = Tslot

τ
(max)
TDMA = max τTDMA = Tslot −min ta = Tslot +NTslot

τ̄TDMA = E[τTDMA] = Tslot + E[ta] = Tslot +
N

2
Tslot

(c) In case K > 1, User 1 – as previously– will not be able to start transmitting until
t = 0. Then, KTslot are necessary to finish the packet transmission. The first slot
of User 1 is the interval [0, Tslot), the second is [NTslot, NTslot + Tslot) and the Kth

slot is in [(K − 1)NTslot, (K − 1)NTslot +Tslot). User 1 finishes its transmission after
transmitting the Kth slot, hence in this case td = (K − 1)NTslot + Tslot. To compute
the packet delivery time τ ′TDMA we need to accommodate for the time User 1 waited
for before t = 0, that is

τ ′TDMA = (K − 1)NTslot + Tslot − ta (8)

Then, the minimum, average and maximum packet delivery times are

τ
′(min)
TDMA = min τ ′TDMA = (K − 1)NTslot + Tslot −max ta = (K − 1)NTslot + Tslot

τ
′(max)
TDMA = max τ ′TDMA = (K − 1)NTslot + Tslot −min ta = KNTslot + Tslot

τ̄ ′TDMA = E[τ ′TDMA] = (K − 1)NTslot + Tslot − E[ta] = (K − 1/2)NTslot + Tslot

(d) We use (6) to express the packet delivery time in terms of W , nf and N . Hence,
limK→∞KTslot = nf/W and limK→∞ Tslot = 0. We summarize the results in the
following table.

τTDMA (K = 1) τ ′TDMA (K →∞) τFDMA

Minimum
nf

W
→ N

nf

W
N

nf

W

Maximum (N + 1)
nf

W
→ N

nf

W
N

nf

W

Average (N/2 + 1)
nf

W
→ N

nf

W
N

nf

W

We can note that for K = 1, the TDMA average packet delivery time is less than
the FDMA’s packet delivery time (for N > 2). However, as K increases the packet
delivery time of the TDMA scheme converges to the packet delivery time of the
FDMA scheme from below.
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We can conclude that if the time slot is designed such that the packet can be trans-
mitted within one Tslot, i.e., when K = 1, TDMA has on average better packet
delivery time. However, if the packet requires many Tslot for transfer, i.e., when K
becomes very large, then TDMA has no significant advantage compared to FDMA
in terms of the packet delivery time.

This can be seen from another perspective. We can interpret that K → ∞ means
that users in the system have steady traffic, hence users have always some data to
transmit. In such data traffic model, TDMA and FDMA have similar performance
in terms of packet delivery time. (This was seen in Problem set 8, P5)
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