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Abstract

In this paper, the downlink sector capacity of a cigar-shaped microcells using wideband code-division multiple-access (WCDMA) with
soft hand-over (SHO) mode is analyzed. The two-slope propagation loss with log-normal shadowing is used in the analysis where a
model of eight cigar-shaped microcells is utilized to calculate the downlink sector capacity. The performance of the downlink is studied
for different sector radii, standard deviations of the shadowing and propagation exponents. It is found that, for a sector range higher
than 940 m, increasing the sector range will reduce the downlink sector capacity. Also it is found that increasing the value of the prop-
agation parameters will reduce the downlink sector capacity. In many cases, the downlink sector capacity will be code limited since the
theoretical downlink sector capacity is higher than the number of codes assigned to each sector. The high theoretical downlink sector
capacity is due to the low value (0.06-0.1) of the WCDMA orthogonality factor of rural zone microcells.
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1. Introduction

CDMA cellular systems including WCDMA for UMTS
employs an elaborated hand-over method in which a mobile
station is simultaneously connected to several base stations.
This method of hand-over is called soft hand-over (SHO).
CDMA techniques make possible to maintain an old con-
nection while adding a new one (make before break); how-
ever, additional resources (codes) from several base stations
are required In downlink, this is achieved by multiple
site transmission, which implies that several base stations
transmit the same signal to a certain mobile station (MS).

The capacity in WCDMA systems is commonly limited
by interference. In order to reduce the interference level in
downlink, power control techniques are proposed. Using a
power control algorithm that is based on signal to interfer-
ence ratio (SIR) in downlink, the power that is transmitted

to the MS is adjusted to achieve the energy-per-bit to noise
power spectral density ratio (Ep/N,) requirements
Therefore, more capacity can be achieved by the system
if SIR-based power control techniques are used since sys-
tem interferences are reduced

Two issues must be taken into account in SHO perfor-
mance evaluation, namely

e The active set where usual number of the involved base
stations is 2-3.
e The SHO margin (Msy) with a typical value of 3-6 dB.

The active set is the group of base stations to which a
user terminal is connected. Mgy i1s the maximum allowed
difference (measured in decibels) between the power that
is received from the best server base stations and the power
received from a candidate base station that is included in
the active set of the user terminal

In it has been shown that SHO used in the uplink of
the Mobile Telecommunications System (UMTS), reduces



interference; therefore, SIR is increased. This effect is mod-
elled as a SHO gain and can be used to offer higher quality
services to users or to allocate a higher number of users in a
cell (higher capacity). These analyses have demonstrated
that capacity in uplink is always increased with Mgy In

Mehailescu et al. analyzed the downlink SHO perfor-
mance in terms of Ey/N,, assuming two candidate base sta-
tions in the active set. Connection probabilities were
calculated to determine the connection situation of each
mobile station location. SIR as a function of the distance
to the interference base station has been given for different
scenarios.

The effect of SHO on power-controlled downlink sys-
tems has been studied Yang et al. studied
the effect of cross-correlated shadowing on the SIR using
hard hand-over and SHO algorithms. It has been demon-
strated that the constant cross-correlation model overesti-
mates the SIR in WCDMA systems. In Zhang et al.
obtained the downlink capacity gain for SHO CDMA sys-
tems by dividing a hexagonal layout in defined connection
zones. In  the performance of hard and SHO algorithms
in a downlink WCDMA system using a probabilistic
method has been studied. The mean active set number
(the average number of base stations in the active set) is
calculated in a mobility scenario where the environment
model is limited to the path between two base stations.

The uplink capacity of the cigar-shaped microcells in
highways has been studied the uplink capac-
ity of WCDMA system used to service trains has been
investigated. Downlink capacity has been studied for the
case of street microcells assuming that omnidirectional
antennas are used in the base stations without the use of
the power control technique

We have to mention that, power control is efficient in
increasing the downlink capacity if users are uniformly dis-
tributed within the cell. This means that power control is
used to mitigate the near-far problem. Thus, for a cell with
all users near to the cell border, power control is not effi-
cient since all users are affected by quasi the same interfer-
ence power.

It is well known that urban microcell shapes may
approximately follow the street pattern and that it is possi-
ble to have cigar-shaped microcells. Cigar-shaped micro-
cells are used to have coverage in tunnels, groove-ways,
highways and streets.

The conditions that describe the rural highway cigar-
shaped microcells under this study are:

e The number of directional sectors of the cigar-shaped
microcell is two and a directional antenna is used in each
sector.

e The microcell sector has typically a range of 1 km.

e User speed can reach 120 km/h.

The main contribution of this work is the calculation of
the WCDMA downlink capacity of cigar-shaped microcells
using soft hand-over with SIR-based power control when

all users exist within a limited space of the microcell (only
within train) a special case not studied before for which
power control is not efficient.

The rest of the paper has been organized as follows. In
Section 2, the propagation model is given. In Section 3,
the downlink interference is analyzed. Numerical results
are presented in Section 4. Finally, in Section 5 conclusions
are drawn.

2. Propagation model

it has been found that the two-slope propagation
model is the most appropriate model of propagation to be
used in the analysis of the WCDMA capacity of microcells
in rural zones. In the first slope region of the model, waves
propagate in the quasi free space mode (s; ~ 2) while in the
second slope region the propagation exponent s, is higher
with value that can reach 5. Change of slope from s; to
s> happens at the break point.
For the above mentioned reason, the two-slope propaga-
tion model with log-normal shadowing will be used in the
analysis of the downlink. In this way the path loss is given by:
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where L, is the car’s window penetration loss, r is the dis-
ance between the microcell base station and the mobile, Ly,
(propagation loss at the break point) is given as:
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The break-point distance Ry is given by Tsai and Chang

[12]:
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where

® /i, is the base station antenna height,

® /i, is the mobile antenna height,

e 1 is the wavelength and

e £iand & are Gaussian random variables of zero-mean
and a standard deviation of ¢; and a,, respectively, rep-
resenting the shadowing effect (path loss deviation from
the average value).

Typical values of the above mentioned parameters are:

o 51 =2.00-2.25,
o 5, =4.0-4.5,

e g =2.0-3.0dB,
* g, =4.0-6.0dB,
e R, =300m,

e L,=3dB.
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Fig. 1. The eight microcells model and the microcell coverage. (A) The
eight microcells model. (B) The microcell coverage.
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3. Downlink interference analysis

Fig. 1 shows the configuration of the eight microcells
model and the coverage of each microcell. The microcells
are assumed to be are regularly spaced every 2R. Thus,
the sector range is R. The downlink sector capacity will
be studied considering the right sector of the microcell
Cl1. If the user i is at a distance r;, from the microcell base
station under study (Cl) and at a distance riq from the
interfering microcell base station d as shown in Fig. 2, then
the ratio of the interference signal ratio L(rg, o) due to the
distance only is given as:

o If (rid and Tio < Rb) then L(rid, rio) is:
L(ria, 7o) = (rio/7ia)™ (%)

o If ri\g > Ry, and i, < Ry, then L(rig,7i,) 18 given as:

L(ria, rio) = Fia /ARY (ria/Rv ) } (6)
o If (rid and Tio > Rb) then L(rid, rio) is:
L(ria, 7i0) = (Fio, 7ia)™ 7

Now the ratio of the interference signal Lg,q(rig, 7;0) due to
the distance and shadowing is given by

Lana(ria, 710) = 1079 0L (14 73, ) (8)
&q and &, are given as
e In case of (rid and Tio < Rb) then éid = 51 and éio = él,

o If g > Ry and To S Ry then éid = 52 and éio = 51.
e In case of (r;q and rj, > Ry) then &g = &, and &, = &5,

ct Cd(d=2..10)

User i

Fig. 2. Schematic diagram of microcells base stations and mobiles for
rural zones microcells.

To calculate the mean value of the downlink capacity it
is necessary to calculate the expected value of the intracel-
lular interference to the desired value ratio, the expected
value of the intercellular interference to the desired value
ratio and the expected value of the thermal noise to the
desired value ratio.

For the user under study, the intercellular interference is
due to the rest of the base stations that it is not connected
with. The expected value of the intercellular interference
power to the desired signal power £ [i2=] when the signals
emitted from C2 are interfering signals is given by Mehai-
lescu

Iin er :
E[—t} — 0.5 ) ZL(Vid,Vio)Q
C Py d=2

4 1010210{14(7%, rio)} + MSH
4

« [ﬂo— (9)

where

e The factor 0.5 is due to the fact that half of the transmit-
ted power will be transmitted in the direction of the user
under study due to the utilization of two directive anten-
nas in each base station.

e (' is the desired signal power,

e p is the base station total transmitted power in two
directions using two directive antennas at each base
stations.

e p,; is the power transmitted by the base station under
study to the user at the location i.

e £ =(In10)/10,

® Mgy is the soft hand-over margin (dB) and

e ¢ is standard deviation of (&g — &m).

e O is the Gaussian Q function given by:

() \/% / ey (10)

Now the general value of ¢” is given as:

e When (rig and rj, < Ry) then ;4= 0a;, also ¢, =0y
then
2 2
o° =2(1 — Cyo)o] (11)
where Cy, is the inter-sites correlation coefficient.

2

o If rig > Ry, and rig < Ry, then the value of ¢ is given
by
o> = (01— 03)" +2(1 — Cyo)0102 (12)

e When (rjq and ri, > Ry) then 654 = 02, also i, = ¢, then
o® =2(1 — Cgo)03 (13)

For the user under study, the intracellular interference is
due to the sum of the received power of the rest of the users
of the same microcell under study and the received power
of the pilot signal taking into account the effect of the
orthogonality factor. The expected value of the intracellu-



lar interference power to the desired signal power ratio due
to base station 1 is given by:

Iintra:| P
E|—=2 =055 = — 14
[ C <pl,i ) (14)

where ¢ is the orthogonality factor of the order of 0.1.
To calculate the desired signal power to the noise ratio,

it is necessary to calculate the expected value of the

received signal power using the appropriate model of prop-

agation. The expected value of the desired signal power to

the noise ratio is given by:

E [ND} _ ND

C|  p,10 ©1dB)-Grx(dB)-Grx(@B))I0 (13)

where L, ; is the path loss between the base station 1 and
the location i measured in dB, G is the base station an-
tenna gain measured in dB and Grx is the mobile antenna
gain assumed to be 0 dB. In L, ; the effects of the distance
and shadowing are included assuming &, to be 2.330,.

When the power control is inhibited, the power assigned
to each user is the user’s total transmitted power divided
uniformly between all of them taking into account the
effect of the user activity factor «. Thus, the power trans-
mitted from the base station to the desired user at location
i is given by:

0.5p,pen

~ 16
P N, (16)

where

® pen 18 the ratio of the power assigned to all of the users
~0.8 of the base station total transmitted power (0.2 of
the base station total transmitted power is assigned to
the pilot and common channel),

e N, is the number of the users uniformly distributed
within the microcell sector and

e o is the source activity factor (0.66 for voice and it is |
for data).

Calculating the expected value of the intracellular inter-
ference to the desired value ratio, the expected value of the
intercellular interference to the desired value ratio and the
expected value of the thermal noise to the desired value
ratio it is possible to calculate the signal to interference
ratio. The ratio C/I of the user under consideration is given
by:

1

C/ll=—= :
Elte] + E[we] + E[F]

(17)

In WCDMA the energy-per-bit to the noise power (En/N,)
ratio is given by:

Ey/No = Go(C/1T) (18)
where G, is the WCDMA processing gain.

Finally, the maximum number of users (N,;) that can be
supported at the location i can be found using Eq. (18)

increasing the number of the users within the sector and
calculating E,/N,. The process will be stopped when the
value of E,/N, is little bit greater than the required Ep/N,.

When perfect power control is used, then, the downlink
capacity of the sector is average value of the capacity in all
point where users exists. Thus, the downlink capacity is
given by:

Npe = avgNy)li=1i, — i, +L (19)

where L is the train length.

4. Numerical results

For our calculations some reasonable figures are
applied. The inter-sites correlation coefficients Cg, = 0.5,
0=01,5=2, =4, g,=3dB, 6,=6dB, R,=300m,
R=1000m and L =80m unless other values are men-
tioned. Also we assume that the base station total transmit-
ted power is 1 W, mobile receiver thermal noise power of
—100 dBm, directive antenna gain of 10dB and a fre-
quency of operation of 2.14 GHz.

Since users exist only within the train, then, the calcula-
tion of the interference and capacity is done only for the
zone where the train exist, i.e., not in all the points of the
sector under study. For this reason we will get two extreme
cases. The first one which is the worst case will happen
when the trains are at the middle of the distance between
the base stations. In this case the interference is the highest
possible and for that the downlink capacity is the mini-
mum. The second case which is the best case will happen
when the trains are very near to the base stations. In this
case the total interference is the lowest possible. Thus,
the downlink capacity is the maximum possible.

First we study the case of voice service assuming that
a=0.66, G, =256 and (Ep/Ny)eq=7dB. In this case,
the maximum number of codes assigned for the sector is

Downlink sector capacity (voice service)
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Fig. 3. Worst case sector downlink capacity and the required codes/sector
as a function of Mgy for the standard parameters.



Downlink sector capacity (voice service)
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Fig. 4. Worst case sector downlink capacity and the required codes/sector
as a function of Mgy for different sector range R.

128 (Gp/2) codes. Fig. 3 shows the worst case sector down-
link capacity as a function of Mgy. It can be noticed that at
Mgy of 0.047 dB, the sector capacity is 122 voice users and
that the required number of codes is 128 codes. In this case
six extra codes are used for the soft hand-over algorithm.
To calculate the sector downlink capacity we have to define
the Mgy such that the required codes are G,/2. The sector
downlink capacity is the number of users at the previously
defined Mgy.

Fig. 4 depicts the worst case sector downlink capacity as
a function of Mgy for three values of the sector range R.
The sector downlink capacity is (+128, 122 and 111) voice
users for a sector range of (900, 1000 and 1100) m, respec-
tively. To get the maximum possible sector downlink
capacity, the sector range should be up to 940 m. The prac-
tical sector range could be 1 km.

Downlink sector capacity (voice service)
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Fig. 5 portrays the worst case sector downlink capacity
as a function of Mgy for two values of the train length L.
The sector downlink capacity is (122 and 123) voice users
for train length of (80 and 100) m, respectively. Thus, it
can be noticed that the effect of the train length is very
little.

Fig. 6 represents the worst case sector downlink capacity
as a function of Mgy for two values of s,. The sector down-
link capacity is (122 and 75) voice users for s, of 2.00 and
2.25, respectively. Thus, it can be noticed that for higher s,
the sector downlink capacity will be lower.

Fig. 7 shows the worst case sector downlink capacity as
a function of Mgy for two values of s,. The sector down-
link capacity is (122 and 110) voice users for s, of 4.0

Downlink sector capacity (voice service)
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Fig. 6. Worst case sector downlink capacity and the required codes/sector
as a function of Mgy for different values of si.
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Fig. 5. Worst case sector downlink capacity and the required codes/sector
as a function of Mgy for different train length L.
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Fig. 7. Worst case sector downlink capacity and the required codes/sector
as a function of Mgy for different values of s,.



Downlink sector capacity (voice service)
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Fig. 8. Worst case sector downlink capacity and the required codes/sector
as a function of Mgy for different values of o1 and o5.

and 4.5, respectively. Thus, it can be noticed that for higher
$o, the sector downlink capacity will be lower.

Fig. 8 depicts the worst case sector downlink capacity as
a function of Mgy for different values of value of ¢, and o>.
The sector downlink capacity is (+128 and 122) voice users
for (6,=2dB, 6,=4dB) and (¢;=3dB, o,=6dB),
respectively, Thus, it can be noticed that for higher o
and a,, the sector downlink capacity will be lower.

Fig. 9 represents the worst case sector downlink capacity
as a function of Mgy for two different values of the orthog-
onality factor 9. The sector downlink capacity is (+128 and
122) voice users for an orthogonality factor ¢ with a value
of (0.06 and 0.10), respectively. Thus, it can be noticed that
for higher 9, the sector downlink capacity will be lower.
This is due to fact that, higher é give a rise to higher intra-
cellular interference.

Downlink sector capacity (voice service)
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Fig. 9. Worst case sector downlink capacity and the required codes/sector
as a function of Mgy for two different values of the orthogonality factor 8.

Downlink sector capacity (Data Service)
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Fig. 10. Worst case sector downlink capacity and the required codes/
sector as a function of Mgy for the standard parameters considering the
data service.

Finally, the case of data users will be studied assuming
a=1, G, =32 and (Ep/Ny)eq = 5.5 dB. Fig. 10 portrays
the sector downlink capacity as a function of Mgg. It can
be noticed that for Mgy of 0.038, the sector downlink
capacity is 15.4 data users and that the required number
of codes is 16 codes.

The assigned power for the data users should be ~5.26
times the power assigned to the voice users. Fig. 11 repre-
sents the worst case sector downlink capacity for mixed ser-
vices (voice and data).

For the worst case, the number of the users that can be
supported within the train is the double of the sector down-
link capacity.

We have to mention that, the best case downlink theo-
retical capacity of the sector is 618 voice users or 72 data

Downlink sector capacity (Mixed voice and data services)
18 T T T T T T

Data users/sector

0 1 1 1 1

ool
Koo

!
0 20 40 60 80 100
Voice users/sector

Fig. 11. Worst case sector downlink capacity (mixed voice and data
services).
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Fig. 12. Base stations and trains locations for the worst case and the best
one. (A) The worst case. (B) The best case.

users. Also we have to mention that, the perfect power con-
trol can increase the sector capacity little bit and that the
capacity increment factor for the worst case has an upper
limit of f, = (1 +£)”. For the practical imperfect power
control the capacity increment will be very small or even
it can be negative (lower capacity using the practical imper-
fect power control in comparison with case when the power
control is not used. For the best case, the capacity incre-
ment factor due to the perfect power control is quasi one
(1 + A) where A4 <<1.

Fig. 12 depicts the base stations and trains locations for
the worst case and the best one.

5. Conclusions

In this paper, the downlink performance of a cigar-
shaped microcells using wideband code-division multiple-
access (WCDMA) with soft hand-over (SHO) mode has
been analyzed where microcells are deployed to give
UMTS service to an over-ground train users. The two-
slope propagation loss with log-normal shadowing has
been used in the analysis where a model of eight cigar-
shaped microcells has been utilized to calculate the down-
link sector capacity. The downlink sector capacity has been
studied for different sector radius R, standard deviation of
the shadowing (¢, and ¢,) and propagation exponents s,
and s,. It has been found that, for a sector range higher
than 940 m, increasing the sector range will reduce the
downlink sector capacity. Also it has been found that
increasing the value of the propagation parameters (sy, o,
o, and a,) will reduce the downlink sector capacity. It
has been found that, in many cases, the downlink sector
capacity will be code limited since the theoretical downlink
sector capacity is higher than the number of codes assigned
to each sector. The high theoretical downlink sector capac-
ity is due to the low value (0.06-0.1) of the orthogonality
factor in the highways microcells environment.
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