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STATISTICAL DISTRIBUTIONS IN TELECOMMUNICATIONS

Questions

. Prove that, for any statistical distribution, one has:

—2
0'2 x2—x

. Calculate the parameters of the Uniform Distribution.

. Consider a random variable with Normal Distribution, zero mean, and mean square value

of 9. Calculate a, such that |x| < a, with a probability of: 1) 90 %; ii) 99 %; iii) 99.99 %.

. Find the PDF of the Log-Normal Distribution, taking the Normal Distribution as a starting

point, taking the transformation of random variables:

pA2) = p[x(2)] |dx/dz|

. Verify that, when x ~ x,,, the PDF of the Rice Distribution can be approximated by:
a) Rayleigh Distribution, for x> << x;

b) Normal Distribution, for x; >> E.

Suggestion: consider the following approximations for the modified Bessel function:

2

e, u<<l
by (u) e u>>1
2’

. Consider an electric field magnitude described by the Rayleigh Distribution. Find the PDF

of the new distribution when the electric field magnitude is expressed in dBuV/m.

. Find the PDF of the power density, when the electric field magnitude is described by the
Rayleigh Distribution.

. Calculate the probability of signal magnitude, described by the Rayleigh Distribution, to be

within an interval of 3 dB relative to its root mean square value.



9. Estimate the probability of a signal magnitude, described by the Rice Distribution, to be
within an interval of +3 dB relative to the magnitude of the direct component, when:

1) Kr =0 dB; 11) Kr = 7.5 dB; 1i1) Kz = 13 dB.

10. The CDF of the 50-90 % deviation of the path loss measured in a certain area is shown in
the figure below, using a Normal scale. The straight line represents the best fit for the
measures in the interval [5, 95] %. Calculate, in dB, from the figure, the path loss average,

standard deviation, and mean square values.
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Solutions

Prob [%]

90

99

99.99

o

4.937

7.731

11.673

1 2E 2E/L
e ef 2 S
E

8. 47.12%

j , E= Eygvim » L=20/In(10)

Kr [dB]

7.5

13

Prob [%]

50.

78.

95.5

10. A, =424dB, o, =1.36dB, A =19.83dB







PROPAGATION MODELS

Questions

. Establish the expressions given below, from the corresponding ones in linear units.
a) P, [dBW] -32.44 + P, aBw] T G, [dsi] T G, [dBi] ~ 20 log(d[km]) -20 log(f[MHz])
b) E, [dBpV/m] — 7477 + P, [aBw] T G, [dBi] ~ 20 log(d[km])

©) Ppiapm = -7721 + Er gpyvim T G, asiy = 20 10g(f vy

. Establish the expression for the path loss, in dB, as a function of the electric field

magnitude, when the BS has a half wavelength dipole fed by 1 kW.

. Show that, in the Flat Earth approximation, although the electric field magnitude is

proportional to frequency, the open-circuit voltage at a receiving half wavelength dipole is

independent of frequency.

. Calculate the minimum distance for which the approximate expression for the electric field

magnitude on Flat Earth is valid, under f= 450,900, 1800 MHz, A,=1.8,3.0 m, and
h,= 50, 100, 200 m. Comment on the application of this expression for the calculation of

coverage by a BS on a 10 km radius.

. Calculate the Cw, L and U environment classification parameters for the types of urban

structure given below:

wa (E-W)
"k
ol bl B e (NS)
SET=1
-l '
Ws( 'W)

I) street width: 8 m
buildings area: 120 x 40 m’ (N-S x E-W)
inner courtyards area: 90 x 10 m’ (N-S x E-W)



buildings height: 6 m (2 floors)
IT) street width: 3 m

buildings area: 25 x 60 m” (N-S x E-W)
inner courtyards area: 5 x 40 m’ (N-S x E-W)
buildings height: 10 m (3 floors)

III) street width: 8 m (N-S), 6 m (E-W)
buildings area: 75 x 30 m’ (N-S x E-W)
buildings height: 15 m (5 floors)

IV)street width: 15 m

buildings area: 120 x 70 m’ (N-S x E-W)
inner courtyards area: 80 x 30 m~ (N-S x E-W)
buildings height: 25 m (8 floors)

V) street width: 10 m (N-S), 18 m (E-W)
buildings area: 180 x 12 m’ (N-S x E-W)
buildings height: 36 m (12 floors)

. Taking the median path loss from the Okumura-Hata Model, for large cities, above
400 MHz, find expressions for:

a) electric field magnitude;

b) additional attenuation to free space path loss;

¢) additional attenuation to Flat Earth path loss.

. Consider a PMR network deployed in Lisbon, working on an isofrequency regime in the
450 MHz band, with BSs located at Paldcio da Justica (BS1) and Pra¢a do Areeiro (BS2)
(see figure below). Calculate, using the Okumura-Hata Model, the medians of the electric
field magnitude and of the power available at the Rx antenna, for an MT with a 5 dBi
antenna at 1.5 m height, in the positions MT1 to MTS5 along Avenida da Republica and
Campo Grande. Both BSs radiate 13 dBW EIRP, and the following values are assumed:
Ah,=15m, hy,, =50 m, Ah, =10 m, h;,, =30 m.



8.

A mobile cellular communications network deployed in Lisbon has a BS at Pragca Duque
de Saldanha, working at 885 MHz, radiating 10 dBW ERPd. With the aim of establishing
coverage at Baixa Pombalina (Ah =18 m, h,, = 150 m) by MTs with a 0 dBd antenna at

1.8 m height, calculate, using the Okumura-Hata Model, the median of the power available
at the Rx antenna, at both the beginning and the end of the streets shown in the figure below:
RA — Rua Augusta, RJ — Rua de Santa Justa, RV — Rua da Vitoria, RC — Rua do Comércio.

=

Consider a PMR network, with a BS on the top of Parque de Monsanto (designated by BS
in the figure below), radiating 14 dBW EIRP at 421 MHz. Use the Okumura-Hata Model,

in order to calculate the median of the power available at the Rx antenna, for MTs with a
7 dBi antenna at 2.5 m height, in the areas of Almada, Barreiro, Montijo and Alcochete,

where one can take 4, = 250 m, and neglect Ah.



10.

11.

12.

13.

Calculate the coverage ranges for the below specified system, for 50, 90 and 99 % of the

locations, using the Okumura-Hata Model in urban, suburban, and rural environments:
e =900 MHz

e P,=25W,G,=5dBi, h,,=50m

e P

m min

=-100 dBm, G, =2 dBi, h, = 1.8m

A GSM BS is located at Boca do Inferno (Cascais), radiating 16 dBW ERPd at 900 MHz,
the antenna being 50 m above sea level. Calculate the maximum distance within which an
MT in a yacht can communicate, with a 0 dBd antenna 2 m above sea level, assuming an
Rx sensitivity of -85 dBm. Use both the Flat Earth and the Okumura-Hata Models, and

comment on the results.

The BS of a PMR network, working at 450 MHz, has the following characteristics:
P,=10dBW; G,=2dBi; h,=30m. Calculate, using the Okumura-Hata Model, the
electric field magnitude and the power available at the Rx antenna, for an MT with a 2 dBi
antenna at 1.5 m height, at a distance of 20 km in an urban environment, for 1, 10, 50, 90,

and 99 % of the locations.

A mobile cellular communications network, working at 850 MHz, has the antenna of a BS,
with a 5 dBd gain fed with 17 dBW, at a height of 40 m above the average terrain level.
Using the Okumura-Hata Model, calculate the percentage of locations covered at 35 km

away from the BS, in a rural environment, by MTs with a 0 dBd antenna at 1.8 m height,

10



14.

15.

16.

17.

18.

19.

20.

and an Rx sensitivity of -90 dBm. Recalculate the value for MTs with 5 dBd antennas, and

compare the results.

Find, for the Ikegami Model, considering the MT at the street centre, taking |/]=-6 dB,
expressions for:
a) path loss;

b) additional attenuation to free space path loss.

Calculate, for the Ikegami Model, taking |/]=-6 dB, the difference in electric field
magnitude (in dB) between the axes of the two lanes of a street (take wy/4 and 3wy/4,

ws being the street width). Comment on the results.

Using the Ikegami Model, calculate the path loss at the centre of the streets associated to
the various types of urban structure shown in Question 5, when the network operates at
900 MHz. Consider that: waves propagate perpendicular to streets’ axes; MTs’ are 5 km
away from the BS, with antennas 1.8 m above ground; the BS antenna is slightly higher

than roof tops; building walls reflect -6 dB.

Find an expression for the additional attenuation to free space path loss, for the Walfisch-
Bertoni Model, with the explicit dependence on frequency (in MHz) and distance (in km),
under the following conditions: building heights are much larger that MTs’; MTs are at the

street centre; street widths are equal to building heights.

Calculate, for the Walfisch-Bertoni Model, taking street widths equal to building heights,
and considering that building heights are much larger that MTs’, the difference in electric
field magnitude (in dB) between the axes of the two lanes of a street (take wy/4 and 3w,/4,

ws being the street width). Comment on the results.

Using the Walfisch-Bertoni Model, calculate the path loss at the centre of the streets
associated to the various types of urban structure shown in Question 5, when the network
operates at 900 MHz. Consider that: waves propagate perpendicular to streets’ axes; MTs’
are 5 km away from the BS, with antennas 1.8 m above ground; the BS antenna is 50 m

above ground. Compare the results with those obtained from the Ikegami Model (Question

16).

Using the COST231-Walfisch-Ikegami Model, calculate the path loss at the centre of the

streets associated to the various types of urban structure shown in Question 5, when the

11



21.

network operates at 900 MHz. Consider that: waves propagate perpendicular to streets’
axes; MTs are 5 km away from the BS, with antennas 1.8 m above ground; the BS antenna
is 50 m above ground; type I is an urban area, while all others are dense urban ones.
Compare the results with those obtained from the Ikegami and Walfisch-Bertoni Models
(Questions 16 and 19).

Consider the following system:

e (=900 MHz

e P,G,=20dBW, h,,=150 m
o P

min — -100 dBm, G,, =2 dBi, 4, = 1.8 m

Using the Okumura-Hata Model in urban environments (small cities over flat terrain),
calculate the percentage of:

a) locations served 20 km away from the BS;

b) locations served 20 km away from the BS, but when P =-80 dBm;

m min

¢) locations served within a radius of 20 km away from the BS.

12



Solutions

By ih
3. ¥, =219 P G,
]
f[‘MHZ]
i o 450 900 1800
r[m] hr [m] hr [m]
1.8 3. 1.8 3. 1.8 3.
50 14 | 22 27 | 45 | 54 | 90
B 100] 27 | 45 54 | 90 | 108 | 180
200 54 | 90 | 108 | 18.0 | 21.6 | 36.0
Type I 11 il v v
Ceo 127 221 3.65 4.18 4.55
L [%] 63.5 73.1 73.1 52.3 37.9
U[%] 0 0 100 100 100

a) E[dBuV/m] =2.69+P, [dBm] T G, [dBi] 6.16 log(f[MHz]) +13.82 log(hy, [m])

- [44.90 - 6.55 log(hy, ()] log(dyyy) +3.20 log?(11.75 Dy ()

b) L4 =42.08 + 6.16 log(fimyy) - 13-82 log(hy, )
+[24.90 - 6.55 log(hy,, (m))] log(djymy) - 3-20 log*(11.75 h,, (m])

©) L [dB] —

13

-49.14 + 26.16 log(fjp,) + 6.18 log(hy, (1)




Location ml m2 m3 m4 m5
Eipyvim) bl 57.79 53.94 48.38 44.35 41.68
b2 48.52 50.71 47.53 42.66 39.53
P, 1dBm] bl -67.48 | -71.33| -76.89| -80.92| -83.59
b2 -76.75| -74.56| -77.74| -82.61| -85.74
8.
Location beginning end
RA -75.7 -78.4
RJ -89.3
P, (aBm] RV -89.7
RC -90.7
9.
Location Almada Barreiro Montijo Alcochete
P 1aBm] -48.4 -55.4 -66.2 -60.6
10.
Ay Environment
urban suburban rural
50 6.9 13.5 48.0*
Prob. [%] 90 2.9 5.5 19.4
99 1.4 2.6 9.3
*_out of range.
11.
24.1, FEM
dmax [km] =
38.1, OHM
12.
Prob. [%] 1 10 50 90 99
P, 1aBm] -98.5 -108.3 -120.4 -132.4 -142.2
E, iapuvim) 29.8 19.9 7.9 -4.1 -13.9

13.42.3 % @ 0 dBd, 61.5 % @ 5 dBd

14.
+ 10 log[sin(p)]
b) L gp=-8.19 + 10 log(finmy) - 10 log(Wspyy) + 20 10g(Hp (1 - Ay () + 10 log[sin(p)]

14



15.1.88 dB
16.
Type I I I v \Y%
N-S E-W N-S E-W
L, 1p; 130.29 | 140.36 | 140.24 | 141.49 | 14241 | 147.54 | 144.98
17. L 14y = 60.0 + log(fimp,) + 18 log(dymy) - 9 log(wa ) - 18 log(hy, 1) - Hig (1)
+10 log(H 1)
18.3.32dB
19.
Type I I I v \Y%
N-S E-W N-S E-W
L, 1p; 147.57 | 159.93 | 15824 | 159.97 | 160.71 | 169.95 | 166.68
20.
Type I I I v \Y
N-S | EEW | N-S | EEW | N-S | EEW | N-S | EEW | N-S | E-W
L, 4py [130.21]134.05 | 147.02 | 143.85 | 141.35 | 146.18 | 146.47 | 148.28 | 152.07 | 160.10
21.
a) 347 %
b) 0.8 %
¢) 57.9%

15
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ANTENNAS FOR BASES AND MOBILES

Questions

. Find, for an ¢/A= 5/8 dipole, the following parameters:

a) null beam width, ao;
b) half power beam width, azas;

¢) side lobe level, Ls;.

. Consider a co-linear array, composed of 2, 4 and 8 half wavelength dipoles, equally spaced
by A. Calculate the relative error of the approximated expressions of:

a) null beam width, ao;

b) half power beam width, azas;

¢) direction of major side lobe, 6;

d) side lobe level, Ls;.

. Estimate the average noise power in urban and rural environments, for systems working at

450 and 900 MHz, with a radio channel bandwidth of 25 kHz.

. Calculate the difference in average noise power between BS and MT (both located in an
urban environment), in a cellular system with a radio channel bandwidth of 25 kHz, and
links being performed at 940 MHz (DL) and 890 MHz (UL). Consider that noise sources
are of the same type for both BS and MT, the former being 10 times more and 5 times

farther away than the latter.

. The cellular planning of a GSM 1800 network encompasses the coverage by sector
antennas of a flat urban region, with buildings of uniform height. A BS is located on the
top of a building, with its antennas 1.5 m above roof level, radiating 50 dBm EIRP. The
main characteristics of the antennas are: 10 dBi gain; -40 dB front-to-back ratio; 65 °
horizontal half power beam width; vertical radiation 30 dB below maximum one; 55 °
vertical half power beam width; dimensions of 0.2x0.2x0.05 m?>.

a) Calculate the minimum distance from which one can be considered to be in the far field

of the antenna.

17



b) Estimate the power density of the electromagnetic radiation to which people are
exposed, under the most unfavourable conditions, in the floor just below the antennas.

¢) Estimate the power density of the electromagnetic radiation to which people are
exposed, under the most unfavourable conditions, 10 m away on a balcony of the
building located on the other side of the street.

d) Estimate the distance where the exposure reference level is verified, on the two ways of

the direction of maximum radiation of the antenna.

18



Solutions

. oo=73.7° o3s8 =32.6° Lsz=10.3dB

. -3.3dB

a) 091 m @ 1710 MHz; 1.00 m @ 1880 MHz

b) 109. pW/m>

¢) 79.6 mW/m?

d) 0.96m

19

Nele 2 4 8
0o 4.5 1.4 0.7
e [%] 03dB 7.1 1.8 0.5
05 9.0 1.2 0.6
Lst 77.6 10.7 3.8
N [dBm] f[MHz]
450 900
urban -126.5 -134.8
rural -137.5 -145.8
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RADIO CHANNEL CHARACTERISATION

Questions

1. Calculate the maximum Doppler frequency shift, in a system working at 900 MHz, when

the MT moves at 60, 90, 120 e¢ 300 km/h.

2. In a cellular communications network, working at 900 MHz, an electric field magnitude
measurement campaign was performed in a given urban environment. When representing
the data, it was verified that the Rayleigh Distribution was a good approximation, with a
median of 15 dBuV/m. Calculate the probability of occurring:

a) fading depths, relative to the median, of -3, -10, -20 and -30 dB;
b) signal magnitudes, relative to the median, higher than 3, 10, 20 and 30 dB.

3. The measurement campaign of the previous question, in another urban environment,
produced data that show that the electric field magnitude can be approximated by the Rice
Distribution, with the same value for the median of the random component, and with a
direct component of 20 dBuV/m. Calculate the probability of occurring:

a) fading depths, relative to the direct component, of -3, -10, -20 and -30 dB;

b) signal magnitudes, relative to the direct component, higher than 3 and 10 dB.
4. Find expressions for LCR and AFD as a function of the signal median.

5. Calculate LCR and AFD for the network described in Question 2, under the same
conditions, for MTs moving at 60 km/h, when the reference level, relative to the median, is

-3, -10, -20 and -30 dB.

6. Calculate AFD for the network described in Question 21 (Propagation Models), under the
same conditions, for MTs moving at 60 km/h

7. Assuming that the PDP of a system can be modelled by
P wips] (Tps) =5 €72, 7>0
calculate the parameters that characterise the PDP, taking 90 % for the delay window, and
-10 dB for the delay interval.

21



10.

11.

12.

13.

14.

15.

Find an expression for the coherence bandwidth, when the correlation coefficient is 0.9,

and compare it with the one obtained for 0.5.

Consider a GSM 900 BS installed in an urban environment, where MTs move at 4 km/h,
receiving multipath waves on a horizontal plane, angularly described by a Uniform
Distribution in 27, and experiencing a delay spread of 3 pus. Analyse the possibility of using

order 2 diversity at the BS, in space, time, and frequency, in the entire bandwidth.

N.B.: Jo(zon) =0, zon =2.405, 5.520, 8.654, 11.792, ...

A GSM 900 BS, installed in an urban environment, has two receiving antennas horizontally
spaced by 2 m, with their axis perpendicular to the axis of a street, which has a width of
10 m. Analyse the variation of the correlation coefficient, and of the corresponding

diversity gain, when MTs are between 50 and 500 m away from the BS.

Compare the outage probability and the SNR average value at the output of the combiner,
between PSC, TSC ( p, = ;0 ) and EGC compared to MRC, for an order 2 diversity scheme,

when the SNR decision level is much lower than the mean value obtained without diversity.

N.B.: (M-1/2)! = 2M-1)1/2M

Calculate the outage probability of an order 2 PSC combiner, when the SNR decision level
equals a fourth of the mean value obtained without diversity, and compare it with the one

obtained without diversity.

Calculate the minimum order of an MRC combiner, leading to an outage probability, at
least, two orders of magnitude lower than the one obtained without diversity, for an SNR

decision level 10 dB below the mean value obtained without diversity.

Consider a noiseless channel, with an impulsive response given by
ho(t) = ao o(t-to) + a1 o(t-t1)
where a1 <<ao and #; > 9. Calculate the coefficients of a corresponding order 3 equaliser,

and analyse the resulting error.

Find the equations that rule equalisers coefficients, as a function of the characteristics a

noiseless channel, in the ZF case.

22



Solutions

1.
v [km/h] 60 90 120 300
fD max [HZ] 50 75 100 250
2. a)
AE [dB] 3 10 20 30
Prob. [%] 29.33 6.69 0.69 0.07
b)
AE [dB] 3 10 20 30
Prob. [%] 25.11 0.10 =~ ~
3. a)
AE [dB] 3 -10 20 230
Prob. [%] 20 4 0.3 0.03
b)
AE [dB] 3 10
Prob. [%] 25 <0.001
4. 42
CR = 272'111(2) fDmax AR norm' 2 Ao
? B 1 2A[2€n()/m' _1
: N 27[111(2) fDmax AR norm'
5.
AR norm [dB] -3 -10 -20 -30
Cr[s] 52 31 10 3
z. [ms] 5.6 22 0.7 0.2
6. 26.9 ms

7. Piw:=100W, r=06:=2us, wroow = LiodB = 4.61 us

8. B -——
670,

9. d~0.624m

10.7~0.8 @ 500 m, y<<0.1 @ 50 m

23




11.

Comb. PSC TSC EGC
P 2 1.264/(n, /1,) 1.182
M ! o 0.75 0.684 0.893

12.4.89 %, 22.12 %
13.3
14. co = l/ao, c1 = -a1/(a0)2, 2= (611)2/(610)3

15. X
zcm ho—m:1 ’ k=0

m=-M

> ey hy=0, k#0
m=—M

24



CELLULAR NETWORKS

Questions

. Take an area, approximated by a square 50 km wide, to be covered by cells with a 5 km

radius. Perform the cellular planning, taking clusters of 3, 4, or 7 cells, and defining the
radio channels sets. For each case, calculate the co-channel reuse ratio, and the number of

channels per cell, assuming that the system has a total of 40 radio channels.

. Consider a network with quadrangular cells. Calculate the values possible for the size of
the cell cluster, and the corresponding values of the co-channel reuse ratio, and compare

them with those of hexagonal cells for the same size of the cell cluster.

. The linear cellular planning (for example for railways) has characteristics different from
the planar one. Find a relationship between the co-channel reuse ratio and the cell cluster

size, and calculate the former for values of the latter lower than 4.

. Compare the interference power in hexagonal cell networks, between the first and second

interfering tiers. Consider that the MT is at the virtual position of the carrier-to-interference

ratio approximate expression, and take a power average decay with distance of 4.

. An MT experiences a carrier-to-interference ratio of 18 dB and a carrier-to-noise ratio of

20 dB. Calculate the carrier-to-noise-plus-interference ratio.

. Find the relative error of the approximated expression for the carrier-to-interference ratio.

Take a cell cluster size of 4, and a power average decay with distance of 2 and 4.

. Estimate the cell cluster sizes that guarantee carrier-to-interference ratios of 18 and 10 dB,

considering both approximated and pessimistic approaches. Take a power average decay

with distance of 4. Compare the results from the system capacity viewpoint.

. Taking a 4 cells cluster, estimate the outage probability due to co-channel interference,
when signals experience Rayleigh or Suzuki (6 dB standard deviation) fading. Consider
that channel occupation can be either 75 or 100 %. Take a power average decay with

distance of 4, and assume that (C//cc)min = 0 dB.

25



9.

10.

11.

Calculate the gain in carrier-to-interference ratio from a tri-sector network to a non-sector

one, when using a 4 cells cluster, and taking a power average decay with distance of 4.

Consider a case of adjacent channel interference, where the interfering MT is closer to the
BS than the reference MT. Calculate the ratio between the distances of the two MTs to the
BS that leads to a difference in path loss equal to the filter isolation, when it has a
characteristic of 6, 12, and 24 dB/oct. Assume a power average decay with distance of 4,

and that radio channels separation is 6 times larger than the bandwidth.

Calculate the difference in path loss from two MTs 1 and 35 km away from the BS.
Consider power average decays with distance of 3 and 4. Comment on the results, from

the near-far interference viewpoint.

26



Solutions

1.
N, 3 4 7
Yoo 3. 3.46 4.58
N, 13/14 10 5/6
2.
e 1 2 4 5 8 9
7o 1.41 2 2.83 3.16 4 4.24
3. r.,.=2N,
4. -9.03dB
5. 15.88dB
6.
apd 2 4
E [%] 19.3 75.6
7.
N, pessimistic | approximated
C/I[dB] 10 7 3
18 12 7
8.
P(C/D) [%] Rayleigh Suzuki
Peq [%] 75 17 55
100 25 75
9. 6.1dB
10.
Kr [dB] 6 12 24
di/dy 3.464 12 144
11.
Apd 3
AL, [dB] 46.32 61.76

27
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RADIO INTERFACE

Questions

. Consider a UMTS user Ul to whom the code (1, 1, 1, 1) is allocated, receiving a signal

from another user U2 coded with (-1, 1, -1, 1). Is user U2 going to interfere with U1? Is

user U2 going to interfere with the other users in the cell?

. Compare the GSM bit duration with the channel delay spread, in the two cases of the urban

environment, and comment on the result.

. Analyse the capacity of the GSM 900 equaliser to compensate for the channel for MTs

moving at 4, 120 and 360 km/h, by comparing the time-slot duration with the coherence

time.

. Calculate the distance corresponding to signal propagation during the guard time of a GSM

access burst, and compare with the nominal cell radius.

. Take a MIMO system in which the number of transmitting and receiving antennas are equal,

and compare its maximum capacity with the equivalent SISO one.

29



i

. No. Yes.

2.160

Cyvimo = Ntk Csiso

Solutions

Environment TU BU
Thido- 3.767 1.459
v [km/h] 4 120 360
T./Trs 90.590 3.020 1.007

30




MOBILITY AND TRAFFIC

Questions

. Calculate the cell crossing rate and the handover ratio for cell radius of 1, 5, and 20 km,
assuming that MTs move at 4, 60, and 120 km/h, performing calls with an average duration

of 120 s.

. Estimate the traffic offered to an urban micro-cell, with a 2 km radius, coming from
vehicles under the following conditions:

e the cell is radially crossed by 2 motorways with 6 lanes, and 4 others with 4;

e the average distance between cars, in a total jam situation, is 7 m;

e the penetration ratio is 10 %;

e the usage ratio is 50 %;

e on average, each user makes 1 phone call per hour, with a 3 minutes duration.

. A network with call blocking is under analysis, for an expected offered traffic of 50 Erl.

a) Calculate the number of traffic channels that allow the processing of the offered traffic
with a blocking of 2, 5 and 7 %.

b) Assuming that the network is designed for a blocking of 2 %, which would be the values
of the offered and transported traffic for a blocking of 5 and 7 %.

. A PMR network with a 1.5 km radius cell, has 15 traffic channels with a waiting queue for
voice communications. On average, users make 1 phone call per hour, with a traffic of
0.029 Erl. Assuming that the delay probability is 5 %, calculate the user density (in
[user/km?]) that the network can process, and the probability that a call will wait more than

10 s.

. In a PMR network with 20 traffic channels in a waiting queue for voice communications,
users make, on average, 2 calls per hour, with a 50 s duration. Assuming that the delay
probability is 3 %, calculate the number of users that can be processed, the average number

of calls in the waiting queue, and their average waiting time. Comment on the results.
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6.

10.

11.

Take a network for packet transmission, with 1 server of infinite capacity, in which packet
generation is described by the Poisson Distribution and duration by the Exponential one.
Find expressions for the average time that packets are in the system, and their average

number.

Take a network for packet transmission of the type M/M/1, in which packets arrive each

4 ms, having a 3 ms duration.

a) Calculate the average time that packets wait to be transmitted.

b) Calculate the average time that packets are in the system, and their average number.

¢) Assuming that the average time that packets are in the system could be twice the one
previously calculated, what would be the corresponding percentage increase of the

packet arrival rate? Comment on the results.

An urban 1 km radius micro-cell covers a pedestrian area, where users (with speeds up to
4 km/h) make calls with a 90 s duration. After the installation in that area of a high speed
train railway (speeds up to 220 km/h), where passengers make calls with a 240 s duration,
the need for the deployment of a specific solution to cover the railway has to be analysed.

Calculate the handover probability for the two types of users, and comment on the results.

In an urban cell with a 2 km radius, users move with an average speed of 20 km/h, making

calls with a 100 s duration. Calculate the percentage of traffic due to handover.

A GSM network has a total of 60 radio channels. Compare the transported traffic, for a
2 % blocking, when cells have either an omnidirectional or a sector configuration, using in

both cases around 6 % of the physical channels for signalling and control.

A GSM 900 operator has a network with a total of 40 radio channels, and 20 km radius cells

in a rural area.

a) Compare the traffic transported by a BS, for a 1 % blocking, when either 1 or 2 physical
channels are taken for signalling and control. Do you consider this decision to be a
critical one in terms of QoS?

b) Compare, for the most unfavourable case of the previous question from the network
capacity viewpoint, the number of users processed by a BS, assuming that they make
1 call per hour with a 120 s duration.

c¢) Calculate the handover ratio under the conditions of maximum speed on a motorway.
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12. Prove that:
a) the handover failure probability equals the blocking one, when no channels are reserved
for handover;
b) the handover failure probability is lower than the blocking one, when channels are

reserved for handover.
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Solutions

7 [s7] R [km]
1 5 20
4 8.17-10* 1.63-10* 4.08-107
v [km/h] 60 1.23-1072 2.45-107 6.13-10*
120 2.45-1072 4.90-107 1.23-107
S R [km]
1 5 20
4 0.098 0.020 0.005
v [km/h] 60 1.470 0.294 0.074
120 2.940 0.588 0.147
. 40 Erl
a)
Pg [%] 2 5 7
Nrcu 61 56 54
b)
P [%] 5 7
T [Exl] 55.6 58.1
Tovans [Erl] 52.82 54.03
. 42.87 user/km?, 2.76 %
. N,=457, a =2055ms, N_; ., =0.052
r, 2,7,
— S S N — a L
T -4z, 77 1-4,r,
. a)9ms
b) 12 ms, 3
¢) 16.67 %
v [km/h] 4 220
Ps [%] 6.85 9151
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9. 16.96 %

10.7,, . =98.59Er, T, . =28.62Eil
11. a)
Ns«c 1 2
T, [Ef] | 63.76 62.86
b) 1905
¢) 0.147
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CELLULAR DESIGN

Questions

. Compare the receivers’ sensitivity between GSM and UMTS, for the voice service, under

the most favourable case, in UL and DL. Take, in UMTS, for UL, a maximum load factor

of 50 % and a receiver’s noise figure of 5 dB, and for DL, 70 % and 8 dB, respectively.

. Find expressions for the UL and DL load factors in UMTS, when all users use the voice

service, and compare them.

. Compare the pole capacities of UMTS (corresponding to load factors equal to 1) between

UL and DL, under the most favourable case and mono-service usage, by calculating the
number of users with either the voice or the 384 kb/s data services. Compare the obtained
values with the ones resulting from the maximum acceptable values for the load factors,
1.e., 50 and 70 %, respectively for UL and DL. Take 50 % for both the normalised inter-

cell interference and the code orthogonality factor.

. An operator has an LTE/Class4/2600 Base Station at a suburban flat area, in the
[2.54, 2.56] GHz band, with tri-sectorised antennas (at a height of 18 m above ground level)
with 17 dBi gain and a 5 dB noise figure receiver. Mobile Terminals are considered to be
smartphones, with a 0 dBi antenna and an 8 dB noise figure receiver, in NLoS with the
Base Station. Assuming that the Base Station antenna is fed with 43 dBm per Resource
Block, calculate the maximum data rate per Resource Block available to users at 1 km and

5 km from the Base Sation.

. Compare the minimum received powers in DL required to achieve the maximum data per

Resource Block in NR in the extreme cases of (n =0, 4-QAM) and (p =4, 256-QAM),
when =5 dB and M;=1 dB.
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Solutions

GSM 900 GSM 1800 UMTS
UL DL UL DL UL DL
PRy min [dBm] -104 -104 -104 -102 | -120.33 | -115.11
77UL = &M(l-'_limern)
2 RJ/R,
oo _ N, E,/N,
=22 Zl-aq)+1,
n 2 Rc/Rb [( CO) znlern]
Nu ole Nu max
Service [kb/s] UL DL UL DL
12.2 (voice) 139 208 69 145
384 (data) 6 9 3 6

_ (155, 1km
- B v = 0,46, 5 km

» 3 { -123.24 , (u =0, 4-QAM)
© D Remin [dBml T 69 20 | (u =4, 256-QAM)
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AFD
BS
CDF
DL
EGC
EIRP
ERPd
GSM
LCR
MRC
MT
PDF
PDP
PMR
PSC

QoS

SNR
TSC
UL
UMTS

LIST OF ACRONYMS

Average Fade Duration

Base Station

Cumulative Distribution Function
Downlink

Equal Gain Combining

Effective Isotropic Radiated Power
Effective Radiated Power by half wavelength dipole
Global System for Mobile Communications
Level Crossing Rate

Maximal Ratio Combining

Mobile Terminal

Probability Density Function

Power Delay Profile

Private Mobile Radio

Pure Selection Combining

Quality of Service

Receiver

Signal-to-Noise Ratio

Threshold Selection Combining

Uplink

Universal Mobile Telecommunications System
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Interference Outage Probability
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[Source: Yacoub, 1993]
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Erlang B

TABLE 12C.1.

Blocked Calls Cleared — Erlang B

A (erlangs)
Blocking Probability

N 1.0% 1.2% 15% 2% 3% 5% 7% 10% 15% 20% 30% 40% 50%
| 00101 02T 00152 00204 00309 00526 D075 011 0176 0250 0429 0667 LLO
200053 0168 0090 0223 0282 1L381 0470 0,585 079 100 145 200 273
310455 (48U 0535 0602 0715 L&YY 106 127 La0 193 263 348 459
4 0AGY U222 0992 109 126 1.52 1,75 2us 250 295 3K sAR 6.50
5 136 143 152 166 188 222 250 288 345 441 519 660 844
6 1.9 200 201 228 25 296 330 376 444 511 651 RA9 104
7250 260 274 294 325 374 444 467 S46 6230 T8 us0 124
& 303 425 340 363 399 454 S0 S60 650 737 U2 114 143
9 378 392 AN9 434 475 537 S8R 655 755 BSZ 106 1300 163
W 446 461 481 508  A453 622 67985 751 862 968 120 147 183
11 516 532 554 S8 6331 708 7269 849 9eh 109 132 163 203
17 584 605 629 661 704 795 861 947 108 120 147 180 222
13 661 680 7.05 740 797 K83 954 105 119 132 161 196 242
14 135 7560 742 ®200 KHO0 wId 105 1LS 130 w44 175 212 262
15 811  83% 861 901 965 06 14 125 140 A6 18V 224 282
16 588 41l g41 983 105 115 124 135 152 68 2053 245 302
179465 Y89 W2 107 114 25 134 145 163 180 217 262 322
I8 104 N 11,0  1LS 122 134 14.3 155 174 192 231 278 A2
19 12 115 118 1230 131 143 153 166 185 204 M5 295 362
20 1200 123 127 132 140 152 163 176 196 206 259 312 382
21 128 130 135 140 149 162 173 187 2y 228 213 32K 0.2
22 157 140 143 149 138 171 182 107 219 240 287 345 4921
I3 145 M8 152 158 167 181 192 2007 230 253 300 361 44
A4 153 156 160 66 176 190 202 218 242 26,5 3L6 378 460
25 L6l 16.5 164 175 185 2.0 212 228 253 237 330 9.4 48.1
24 R0 173 178 1S4 194 209 222 239 264 29 344 ALY Sk
27 178 182 186 193 203 219 232 244 276 302 358 A28 521
28 186 190 1vs 202 212 229 242 264 287 34 372 a44 541
20 195 19y 204 20 220 238 252 211 299 326 36 4bd 564
0 203 W7 212 219 231 228 262 281 310 338 a0 427 S8l
31 21,7 216 221 228 2440 288 272 292 321 351 AlL5 4ua 6Dl
3 220 25 20 237 249 267 282 302 333 363 A29 510 621
3302200 233 239 246 258 277 293 313 M4 375 443 527 64l
34 258 247 MK 255 268 287 303 324 356 388 457 344 66l
35 246 250 256 2wa4 217 297 303 334 367 400 471 560 681
36 255 260 WS 273 26 307 323 M5 379 412 486 5797 Ol
17 24 268 274 M3 206 3ke 333 356 390 4240 500 594 720
I 273 277 283 292 30,5 326 34 366 402 437 Shd 0 6LU0 T4
w281 2.6 202 W0 3LS 336 354 377 413 449 528 627 76
40 200 295 301 310 324 346 364 IRE 425 461 542 odd TN
41 209 304 310 39 334 356 A4 399 436 474 557 660 B
42 308 313 39 2R 343 366 WA M09 448 486 STL 677 B2l
43 317 322 328 338 353 316 395 420 459 499 585 693 B4l
44 325 331 337 347 362 36 405 431 470 511 S99 TLO 861
45 334 340 34.6 35.0 312 39.6 al.5 442 482 523 nl.3 727 88.1
46 343 349 35.46 36.5 8.1 40.5 426 452 494 536 62.8 143 an. |
47 352 358 365 375 W 4L 436 63 5000 S48 642 760 B2
48 361 367 3AT4 3%4 400 425 a6 474 517 S600 656 7T 94l
49 370 376 383 303 410 435 457 485 529 ST3 670 193 96
S00379 385 392 403 419 445 467 496 540 585 685 BLO DR
41 WK 394 401 412 429 455 477 A6 552 59 699 827 10
52 397 403 410 421 439 45 488 S1L7T S63 610 713 843 102
53 406 417 420 431 $48 475 4u8  S2® 575 622 727 e 104
54 41,5 421 429 440 458 485  sS08 539 S8 edS 42 BIh W6
S5 424 430 438 449 467 495 519 S50 S98 647 7540 893 1081
36 433 439 447 459 477 505 529 S6. 6100 659 170 910 10l
57 442 A48 457 468 A48T 515 539  STE 620 672 T84 9246|121

[Source: Yacoub, 1993]



Erlang B

TABLE 12C.1. (Continued)

A (erlangs)
Blocking Prababllity
N 1.0% 12% 15% 2% 3% 5% 7% 10% 15% 20% 30% 40% 50%

S8 5.1 A58 466 418 46 526 550 SR2Z 633 684 198 D83 14
59 46.0 40.7 475 ART O SDG 5360 S60 0 593 6eSs o7 KL3 950 116l
oo 46,9 476 484 46 516 546 ST 604 656 Y09 ¥27 976 1181
6l 479 A8.5 494 S06 525 556 S8 6LS a6k 720 84,1 93 12001
2 a8.H 49.4 503 0 318 S35 566 591 626 OO T34 B85S 1010 1221
63 aat 54 512 525 545 576 602 637 6. 746 BTO 1026 1240
6Hd 50,6 513 S22 534 554 SH6 612 6% 703 759 S84 LML 12640
65 51.5 52:2 53 544 564 396 623 658 Tid 770 RBOX L0640 1280
6h 24 REN | S40 3553 574 606 633 6b9  F26  TH3 912 107G 1300
67 534 54.] 350 363 584 616 604 68D M8 U6 927 W93 132
OH 54.3 5540 5549 572 593 626 654 091 e B0 %Rl 11O 1340
Gy 552 55.9 Sn9 382 603 617 664 F2 TH) 821 955 1126 1361
7 S6.1 6.8 578 591 6L3 o647 675 T3 3 833 969 1143 1380
7] 370 578 S87F 601 623 657 GRS 724 TR4 846 984 1159 100
12 S8.0 38.7 597 bl0 632 667 6Y6  TIS TON 838 998 1176 1421
(&) 58.9 59.0 Gt 6200 642 677 06 M6 BO8  RTA I0EZ O 1193 1440
Td 598 605 616 A2Y 652 687 7 7560 819 BES 027 1208 1460
i G607 61.5 625 639 662 0T 2T 767 83 895 1041 1226 1480
L] 617 n24 634 649 AT2 K 738 TTE 0 B2 Y08 1055 1243 1500
17 626 634 ndd 658 681 718 48 789 B854 920 1069 1259 1520
78 635 6.3 653 668 A%1 728 759 KOO 866 933 1084 1276 1540
19 64.4 05.2 63 677 700 738 769 811 KT 945 1098 1293 1560
a0 (5.4 662 7.2 68T 710 748 780 822 889 957 1112 1309 1580
Hl 63 a7l 682  6%6 721 758 9.0 833 90 970 1126 1326 L600
82 7.2 G0 14,1 6 730 768 B0 844 912 982 114 1343 1e20
53 68,2 6v.0 WL 76 70 779 811 855 924 995 1155 1359 1640
54 69.1 6949 .0 725 7500 TRO 822 B6.6 936 1007 1168 1376 1660
53 70,4 709 7189 75 Te0 WO 832 8.7 9LT 1020 1183 1393 1680
By 0.9 TLR 729 F45 70 B9 843 BN 9SO 1032 11985 1409 1700
L¥) 719 122 IR T34 TR0 B2.0 853 ROM 91 MM 1202 1426 1720
NN 72.8 73.7 R T6a T80 B0 864 9L UE2 08T 1226 1446 17140
BY 3.7 4.6 [WT TN M9 840 874 u2a Yo HIGY- 1240 1459 1760
ol 4.7 5.4 07 TR3 809 850 885 931 100Ae W82 1255 1476 17KD
9] 5.6 0.5 7.6 13 BL9 8640 895 942 1017 1094 1269 1493 1800
92 6.6 174 e ROZOB2ZY O KT 906 953 1029 1107 1283 1509 1820
93 LS TR 06 812 B39 RS OL6 Yed 104 1LL9 1297 1526 1840
@4 8.4 79.3 RS 822 849 891 927 9TS 1053 1132 1312 1543 1860
95 794 803 8E5 RLT 858 900 937 936 1064 1144 1326 1559 18840
9h Rir3 81.2 824 841 BOE VI Y48 997 1076 1157 1340 15746 100
w7 1.2 §2.2 A4 8BS BTE 022 958 1008 1088 1169 1358 1593 1920
a8 82.2 Hil 23 860 BSS 932 969 1019 1099 1182 1369 1609 1940
w9 il 8401 85.3 K70 8OR 942 979 1030 1100 1194 1383 1626 1960
HBY Ra.l 85.0 86,2 8RO 908 952 9u0 104 1123 12006 1397 1p43 1980
2 R5Y 56.49 a8l B9 92R 973 1010 1063 1146 1231 1426 16760 2020
HE {78 LHRS 01 919 dE 9u3 1032 10K 1169 12560 1454 1709 206.0
136 307 0.7 D20 93RO 9AT 1014 1053 1107 1193 1280 1483 1742 2100
L8 Gi.0 92.6 U39 957 98T 1034 074 1129 12016 1306 15D 1776 2140
1o P 245 USE 927 10007 1055 10905 IS B2 1330 1540 1809 2180
12 4954 b4 OET 996 1027 1025 B N173 0 1263 135460 1569 1842 2220
114 b7.3 U8.3 907 N6 1047 1096 1138 1195 1286 1381 1597 1876 2260
116 992 02 0BG 1035 1067 1117 1159 1217 1310 1406 1626 1909 2300
18 1011 1021 1035 1055 108.7 1137 1180 1239 1333 1431 1654 1942 2340
120 10X0 40 1054 1074 1107 1158 1201 126.1 1357 1456 1683 1976 2380
122 W49 1659 1074 1094 1126 1178 1222 1283 1380 1450 1710 2009 2420
124 1068 1079 1093 1113 1146 1199 1244 1305 1403 1506 1740 2042 2460
126 087 1098  111.2 1133 1166 1219 1265 1327 1427 1530 1768 2076 2500
128 oG HILT 1132 1152 1186 1240 1286 1349 1450 1555 1797 2109 2540
130 1825 1136 LIS 172 12006 126,10 13007 1371 1474 1580 1825 2142 2580
132 1144 1155 117400 1190 1226 128.1 1328 1393 1497 1605 1854 2176 2620
134 H63 1174 1190 1211 1246 1302 1349 1415 1520 1630 I8K3 2209 2660
136 182 1194 1209 1230 1266 1323 1371 1437 1544 1655 (901 2242 2700

[Source: Yacoub, 1993]




Erlang B

TABLE 12C.1. (Continued)

A (erlangs)
Bl_o-cklng Probability

N 1.0% 1.2% 1.5% 2% 8% 5% 7% 10% 15% 20% 30% 40% 50%

148 1201 1213 1228 1250 1286 1343 1392 1459 1567 1680 1040 22746 2740
140 1220 1232 1248 1270 1Me6 1364 1413 HKE O 1590 17005 1968 2309 2780
142 1239 1250 1267 1284 1326 1384 1434 1503 1614 1730 1997 2342 282.0
144 1258 1270 1286 1309 126 14165 5.6 1525 1638 1755 2025 2376 2860
146 12771290 1306 1329 1366 1426 1477 1547 1661 1780 M54 2409 2900
145 12907 1309 1325 1348 M6 1446 M98 1569 1685 1805 2.2 2442 294.0
154 1206 1228 1345 1368 1406 1467 1519 1591 L1705 1830 21011 2476 2980
152 1335 1348 1364 1388 1426 1488 1540 1613 1730 1855 2140 2509 3020
154 1354 12607 1384 1407 M6 1508 1562 1635 1755 I8B.0 216.8 2542 3060
156 1375 1386 1403 427 M46h 1529 1583 1657 1778 1805 2197 25746 310
158 139.2 1405 1423 1447 14806 1550 1604 1679 1802 1930 2225 2609 314
160 14L2 1425 1442 M6 1506 1537400 1625 170.2 1825 1955 2254 20642 3180
162 1431 1444 1460 1486 1527 1590 1647 1724 1849 1980 2282 2676 1220
164 L4541 1463 1481 15806 1547 1612 1668 1746 1872 2004 2301 2709 3260
166 1469 14835 15000 1526 1567 1633 16RO 1768 1896 2029 2339 2742 3304
¥ 148.9 1502 1520 1545 1587 1653 1T O179.0 1919 2054 2368 2776 1344
170 IS8 1521 15839 i§6.5 1607 1674 1732 1812 1942 20179 2397 2809 33840
172 1527 154.1 1559 1585 162.7 1695 1753 1834 1966 2104 2425 284.2 3424
174 154.6° 1560 1578 1604 1647 17015 17740 1856 198.9 2029 2454 2876 3460
170 IS0 1580 1598 1624 1667 1736 1796 I87.H 2003 2154 2482 2909 3500
178 158.5 1599 1618 1644 1687 1757 1817 1900 2036 2179 2511 2942 3540
180 161k l6ls 1637 Iaod 1707 1728 1838 1922 20640 2204 23539 2975 3580
182 1623 1638 1657 83 1728 1798 IR59 1944 2083 2229 2568 3009 362.0
i84 1643 1657 1676 1703 1748 MELY  JEE 1966 2107 2254 2596 4.2 366.0
186 1662 1617 1696 1723 1768 1840 1902 1989 2130 2279 2625 3TS 30
I8N 1651 1696 1713 1743 1788 186.1 1923 2011 2154 2304 2654 31089 3740
1y P 7L 17350 17630 IROR O I8R 1945 2033 2077 2529 2682 3142 3780
192 1720 1735 1754 1782 1828 1902 1966 2055 22000 2354 2711 3105 38240
194 1739 1754 1774 1802 1848 1923 W8T 2077 2224 2379 2739 3209 3860
196 175.9 1774 1794 1822 1869 1944 2008 2000 2248 2404 2768 32472 3900
198 1778 1793 1813 1342 1889 1964 2034 2121 2271 2429 276 3275 2040
2410 1797  18L3 1833 1862 1909 1985 2051 2143 2294 2454 2825 3309 3980
402 ISL7. BB3.2 1852 I8 1929 20006 2072 2165 208 2479 28540 3342 4020
204 1836 1852 INZ.2 YLD 1949 2027 2094 2187 2341 2504 2882 33173 A06.0
206 1855 I8AD IR9.2 19201 1969 2047 21LS 2200 2365 2529 2910 3409 4100
208 1875 1891 1911 1941 1990 2068 2136 2232 2388 2554 2939 3447 4140
2L 1894 1900 19301 1961 201.0 2089 2158 2254 2412 2579 2968 3475 4180
212 1914 19340 1950 1981 2030 2110 2179 2276 24335 2604 296 3509 4220
214 1933 1949 19740 2000 2050 2130 2200 2298 2459 2029 3025 3542 4260
26 1952 1969 1990 2020 2070 2151 2222 23210 2482 2654 3053 3505 4300
218 1972 1988 2010 2040 2001 2172 2243 2342 2506 2679 3082 3609 4340
220 1991 2008 2029 2060 2111 2193 2264 2364 2529 2704 3110 3642 4380
222 20010 2027 249 2080 2131 2214 22846 2386 2553 2729 30 3675 4420
224 2030 2047 W68 2100 2151 2234 2307 24049 2576 2754 68 ALY 4460
220 2009 20066 2088 20 2171 2255 2328 2431 2600 2778 3946 3742 4500
228 2069 2086 2108 2139 2192 2276 2350 2453 2623 2803 1225 3775 4540
2300 2088 2105 2128 2159 2212 2297 2370 2475 2647 I82R 3253 MWOM 4580
232 2HEE 2125 447 2179 2232 2318 2392 407 2670 28531 3282 3842 4620
234 2127 2144 2167 2199 2252 2338 114 2519 2694 2878 3311 3RS 4660
236 2067 264 NRT 2219 2272 2350 2435 2540 2717 2903 33349 WO 4700
238 2106 2183 22006 2239 2293 2380 2456 256:3 2740 2928 3368 3042 4744
244 2186 22003 2226 2259 2313 2400 408 2586 2764 2953 3396 3975 47840
242 2205 2223 22446 3279 2333 2422 24499 2608 2988 278 2S5 A0 4820
244 2225 2242 22065 2299 2353 2443 2520 263.0 0 2810 3003 3453 4042 4864
296 2244 2262 2285 2318 2374 2463 2542 2652 2834 3028 3482 an7s 4904
248 2263 2281 2305 2338 2394 2484 2303 2674 2858 3053 3510 4109 4940
250 2283 2300 2325 2358 2414 2505 2584 2606 2HEL 3078 3539 4142 4980

0976 0982 0988 (988 1.014 1.042 1070 L1108 1176 1250 1428 1666 2000
W0 2370 2792 2819 2857 2920 3026 3119 3250 3469 3703 4253 4975 698.0

0982 Q984 0990 1000 L6 1044 1070 1308 1174 1248 1428 1668 2,000

[Source: Yacoub, 1993]
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