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Abstract: In this paper, the multiclass downlink capacity and the interference statistics
of the sectors of a cigar-shaped microcells using wideband code-division multiple-
access (WCDMA) with soft handover (SHO) mode are analyzed. The two-slope
propagation model with log-normal shadowing is used in the analysis where a model of
8 cigar-shaped microcells is utilized. The performance of the downlink is studied for
different [sector range R, standard deviation of the shadowing (o1 and o) and
propagation exponents (s; and sp)]. It is found that increasing the sector range from
500m to 1000m will increase the sector downlink capacity. Also, it is found that
increasing the value of the propagation parameters (o1 and o) will reduce the downlink
sector capacity. It is noticed that, the effect of changing the propagation exponent s; is

null while increasing the propagation exponent s, will increase the downlink capacity.

Keywords: WCDMA, Multiclass downlink capacity, Shadowing, Soft handover (SHO)

margin.

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-HandOver (SHO). CDMA techniques
make possible to maintain an old connection while adding a new one (make before
break); however, additional resources (codes) from several Base Stations are required
[1]. 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).
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It is well known that, 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
interference 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
[1]-[2]. Therefore, more capacity can be achieved by the system if SIR-based power
control techniques are used since system interferences are reduced [2].

Two issues must be taken into account in SHO performance evaluation, namely

»  The active set where usual number of the involved base stations is 2 to 3.
=  The SHO margin (Msy) with a usual value of (3-6) dB.
The active set is the group of base stations to which a user terminal is connected. Mgy is
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 [3].

In [4], 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 modeled 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 Msy. In [5], the
downlink SHO performance in terms of Ep/N, has been analyzed, assuming two
candidate base stations 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 effects of SHO on power-controlled downlink systems have been studied in
[6]-[8]. In [6], Yang et al. studied the effect of cross-correlated shadowing on the SIR
using hard handover and SHO algorithms. It has been demonstrated that the constant
cross-correlation model overestimates the SIR in WCDMA systems. In [7], Zhang et al.
obtained the downlink capacity gain for SHO CDMA systems by dividing a hexagonal
layout in defined connection zones. In [8], 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
in [9]. In [10], the uplink capacity of WCDMA system used to service trains has been
investigated. In [11], the uplink multiclass capacity is calculated for highways cigar-
shaped microcells. An analytical computation of the uplink interference statistics in
mobile communications has been given by [12] assuming macrocells with hexagonal
grid pattern.

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 [13]. In [14], a class-based downlink capacity estimation of a
WCDMA network has been given. Also, the downlink throughput has been given. In
[15], the downlink capacity of mixed traffic in WCDMA mobile internet has been
presented assuming hexagonal macrocells. In [16], the downlink capacity estimation of
multi-service WCDMA cellular network has been given for voice and video services
assuming a hexagonal macrocells taking into account only the expected value of the
interference. No one of [14]-[16] has taken into account the effect of the interference
variance on the downlink capacity.

In [17], the WCDMA worst case downlink capacity of cigar-shaped microcells
using soft hand-over with SIR based power control for over-ground train service has
been presented. In [17], neither the variance of the interference nor the new services
incorporated by the UMTS 3.5 G standard have been considered.

In [18], the HSDPA performance in macrocells has been presented.

In [19], the performance of dual cell HSDPA has been presented assuming that
users exist in macrocell environment. The results have shown that, with DC-HSDPA,
realistic applications such as web browsing and video streaming see significant gains in
lab as well as OTA environments compared to single cell HSDPA with or without
loading due to other users. In [20], the lub backhaul limitations with different traffic
types have been analysed through simulations. User traffic data was imported from the
live network in Maidenhead and used in these simulations. In [21], authors have
reported the results of physical layer multiple-input-multiple-output High-Speed
Downlink Packet Access (HSDPA) throughput measurements. These measurements
have been carried out in two different environments, namely an alpine valley and a city.
For a four transmit antenna scenario, results have been far from the optimal. In [22], a
network performance comparison between HSDPA and LTE has been given. Results
have shown that LTE outperforms HSDPA in terms of spectral efficiency and user



throughput. In [23], the main objective of the work was to provide an insight into the
potential of HSPA+ technology as a means to enhance user experience against prior
HSPA mobile broadband capabilities such as “HSDPA 7.2 and HSDPA 10.8 (SIMO
16QAM). The performance benchmark was the outcome of field tests pioneered by
Vodafone, in its Vodafone Spain network, and carried out over commercial product
platforms. Studied scenarios were a dense urban and a suburban ones. authors
concluded that, MIMO is proving to be the most promising feature from the HSPA+ set
of features with field performance in excess of expectations — in particular at cell edge.
From the practical results, it has been shown that the practical peak bit rate is 75% of
the theoretical peak bit rate.

The conditions that describe the rural and urban 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 kilometer.

The main aim of this work is to investigate the WCDMA downlink capacity
and interference statistics of cigar-shaped highways microcells utilizing soft
handover with SIR-based power control.

The main contribution of this work is the study for the first time the effect of
the interference variance and the imperfect power control on the multiclass
downlink capacity of cigar-shaped microcells considering three different types of
services, namely, voice, traditional data (120 Kbps) and High Speed Downlink
Packet Access (HSDPA).

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

are drawn.

2- Propagation Model
In [24] , it has been shown that the two-slope propagation model is the most
adequate to describe the electromagnetic waves propagation in highways. Thus the two-

slope propagation model with lognormal shadowing is used in the analysis of the



downlink. The exponent of the propagation is assumed to be s; until the break point (Ry)

and then it changes to higher value of s,. In this way the path loss is given by:

Lp(dB)zlw-+1o%Jogm(E;J4-Lg+§1 If r<Ro 1)

b

r
L,(dB)~ L, +10s, |0910(R—]+ L, +&, If r>R, @)

b

where L, is the car window penetration loss, r is the distance between the microcell

base station and the mobile , Ly, (propagation loss at the break point) is given as:

L, (dB) = 20 Iogm(%”] +10's, log,(R, ) 3)
The break-point distance Ry, is given by [25]:
4h.h
R, =—2"1 4
o= )
where

e hy is the base station antenna height in m,

e hy, is the mobile antenna height in m,

e ) is the wavelength in m and

e §;and &, are Gaussian random variables of zero-mean and a standard deviation of
o1 and o, respectively representing the shadowing effect (path loss deviation from
the average value).

Typical values of the above mentioned parameters are [9]:

e 5;=2.00t02.25,

e s,=40105.0,

e 5;=3.0t04.0dB,

e 0,=6.0t08.0dB,

e Rp=300m,

e Ly=4dB.

3- Downlink Interference Analysis

Fig. 1 depicts the configuration of the 8 cigar-shaped microcells model and the
coverage of each one of it. The microcells are assumed to be are regularly spaced every
2R. Thus, the sector range is R. The downlink sector multiclass capacity will be studied

considering the right sector of the microcell CO. Here we will assume that users of the



right sector of microcell 0 and the users of the right sector of microcell 1 within the soft-
handover zone are connected to both of the microcells (with Macrodiversity). With
Macrodiversity, the SIR of the mobiles within the soft-handover zone can be improved
by combining the received signals from different BS’s. Therefore, the capacity can be
increased in proportion to the increase in SIR [5].

If the user i is at a distance rj, from the microcell base station under study (CO)
and at a distance rig from the interfering microcell base station d as shown in Fig. 2, then
the ratio of the interference signal ratio given by path loss like term L(rig,rio) due to the
distance only is given as:

e For the impractical case when (rig and rio < Rp), L (rig ,Fio) iS:

L(rid | rio) = [H_OJ l (5)

r|d

e If rig>Rpand ri, < Rp then L (rig,rio) iS given as:

L(rid 1 rio) = (2_0] (%) (6)

o If (rigand ri, > Ry) then L (rig,rio) IS:
(T i) :[r—j ™)
id
The ratio of the interference signal Lshg(rig,lio) due to the distance and shadowing is
given by:
Lyng (g 1) =100 L (1, 1,) (8)
Eigand & are given as
e Incase of (rigand rip < Ry), &ig = &1 and &jp = &;.
e Ifrig>Rpandri, <Rpthen &g =& and &, = &;.
e Incase of (rig and ric > Ry), &ig = &2 and &jp = &.

The received power of the desired signal is given by:

Pr = pl,i 10 ~(Ly; (dB)-Gry (dB)-Ggy (dB))/10 (9)

where py is the transmitted power for the user at point i of the sector under study, L, is
the path loss between the base station C1 and the location i measured in dB, Gy is the
base station antenna gain measured in dB and Ggy is the mobile antenna gain assumed
to be 0 dB. In Ly the effects of the distance and shadowing are included.

Equation (9) can be rewritten as:



P =& py (10)
where « is the desired signal propagation gain.

Adapting equation (19) of reference [5] to our study case, the expected value of
the intercellular interference power due to the microcells (1-7) is given by:

7
E[Iinter]: K ptm e(ﬂzocz/Z) Ze(ﬂzago/Z) L(rid ' r.io) Q |:ﬂ O-do + 10 IOglO { ( Id , IO )}+ M . i|

d=2 Oy

[0}

—K P

olootiz) gt 1) Q{ﬂ 010+10|Ogl°{ (. T )+ Mg, }

Gdo

+K Py p(Boty12) e(ﬁ%f/z) Q [ﬂ o, + 10log,, {I_(ril, r, )}_ M., }

O-do
(11)

Where
e pwmisthe base station total transmitted power in each direction (per sector),
e [ =(In10)/10,
e o isthe standard deviation of the power control error,
e Mgy is the Soft Handover margin (dB) and
e o, Isstandard deviation of (&ig- &io).
e Qisthe Gaussian Q function given by:

e /% dy (12)

1/27r '[

Now the general value of o7, is given as:
e  When (rig and ri, < Ryp), 6ig = 61, also oj, = o1 then
o-go =2 (1_ Cdo) 0-12 (13)
where Cqo IS the inter-sites correlation coefficient.
e Ifrig>Rpand rig< Ry, then the value of 6* is given by
O-jo :(0-2 _01)2+2(1_Cd0)o-1 oF! (14)
e When (rig and ri, > Ryp), 6ig = 62, also i, = o, then
o-do =2 (1_ Cdo) 0'2 (15)

The expected value of the intracellular interference power due to base station 1 is given
by:
E[Iintra]:K o (ptm - pl,i) (16)



where 3 is the de-orthogonality factor of the order of 0.1.

Downlink power control is used to get the same SINR in all of the points of the sector
under consideration. Power assigned to the user at the sector border will be the higher
since it suffers from the maximum possible interference meanwhile the power assigned
to the nearest user is the lower since it suffers from lower interference. The power
assigned to a user at a given point is proportional to the normalized interference power
(noise and interference at the point/mean value of the noise and interference at all of the
sector points).

When the power control is used, the power transmitted from the base station to the

desired user at location i is given by:

Pim Pen (It+PN)i
Nu a (It+PN)av

P = (17)

where

® e is the ratio of the power assigned to the users ~ 0.8 (0.2 is assigned to the pilot
and common channel),

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

e« isthe source activity factor (0.66 for voice and it is 1 for data).

o (I+Py)iis the sum of the total effective interference and the thermal noise at point i

o  (Ii+Pn)ayv is the average value of the sum of total effective interference and the
thermal noise of all the users within the sector of the microcell.

From [11] and adapting the variance expression to our case, the variance of the

intercellular interference power is given by:

7
Var[l‘”ter K ptm Zezﬂ i) Fig » |o) { P g(_dj_q fz(ri_d]}
2= f r-io

—(k py ) o) { p a(:—lJ—q bz(:—lJ} (18)

Where
p=e? (19)
q=e” (20)
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For a given outage probability Py, the ratio C/I of the user under consideration is given
by:

Pui
E (Lol Elliner 1+ 7 Vel |+ Py
Where

= Py is the mobile receiver thermal noise and

C/l= @7)

» v isaparameter given by

7=Q" (P (28)
with a given value of 2.06 for an outage probability of 2%. It is 2.33 for an outage
probability of 1%.

The denominator of (27) represents the sum of the total effective interference
(represented by the first three terms) and the mobile thermal noise.

The ratio Ep/N, is given by:

E,/N,=G, (C/I) (29)



where G, is the WCDMA processing gain.

For mixed services of voice and data, the ratio between the maximum transmitted
power by data users and the maximum transmitted power of the voice users given in dB
should be [11]:

[&j =(+¢e) {G,, -G, +(E,/N,),~(E,/IN,),} (30)
P - pv pd b o/d b o/v
v /dB

Where

e Py is the transmitted power of the data users located at the sector border,

Py, is the transmitted power of the voice users located at the sector border,
e ¢ is a constant with a value of 0.0 if only the mean value of the interference is
considered. When the interference variance is also considered, it has a value of -0.15

to 0.15 depending on the parameters of the services under study.

Gpv is the voice service processing gain in dB,

Gpq IS the data service processing gain in dB,

(En/No)v is the required (Ey/N,) for voice service given in dB and

(En/No)q is the required (En/N,) for data service given in dB.

4- Numerical Results

In this section, the WCDMA downlink capacity of the cigar-shaped
microcells deployed in highways will be given. Results will include the voice service
capacity, data service capacity, a combination of both and finally the HSDPA
capacity.

For our calculations some reasonable figures are applied. The inter-sites
correlation coefficients C4o=0.5,6=0.1,51=2,5,=4,06:=3dB, 6,=6 dB, 6. = 1 dB,
Rp = 300m and R = 1000m [9] unless other values are mentioned. Also we assume the a
base station total transmitted power of 1 W/sector, mobile receiver noise power of -100
dBm, an antenna gain of 12 dB and that the frequency of operation is 2.14 GHz.

In our work, downlink capacity is defined as the maximum number of
simultaneous users that can be supported with an outage of 1%. Also results are given
for other outage percentage.

Assuming that the highway consists of 6 lanes, users are generated at a space
difference of 5m. At any point, depending on the distance between the user and the

base station, one of the Gaussian random variables 1 and &2 is generated with a
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standard deviation of o1 and o2 respectively. The received signal at the studied
point and the interference due to the other cell is then calculated. Capacity is then
calculated making a scanning of all studied point.

Firstly let us study the case of voice service assuming that o = 0.66, G, = 256 and
(En/No)req= 7 dB [11] . Fig. 3 depicts the sector downlink capacity as a function of Msy
for two values of the sector range R. For a sector range of 1000m, the sector downlink
capacity is 142.35 voice users for Mgy of 0 dB meanwhile it is 182.35 voice users for
Msy of 3 dB. From the figure it can be noticed that, the sector downlink capacity for a
sector range of 500m is lower than the sector downlink capacity for a sector range of
1000m. The same effect has been noticed for the uplink [11]. If the outage probability
Is increased to 2%, capacity will be increased by 6.6%. When the outage
probability is increased to 5%, capacity will be increased by 18.0%.

Fig. 4 represents the sector downlink capacity as a function of Mgy for two value
of s;. It can be noticed that the downlink capacity is equal for s; of 2 and 2.25. Thus the
inner zone of the sector related to s; has no effect on the downlink capacity.

Fig. 5 shows the sector downlink capacity as a function of Mgy for three value of
s. It can be noticed that for s; of 4.5 and 5 the downlink capacity is higher that the
capacity when s; is 4.0. This is due to the fact that, higher s, means higher isolation
between the microcells.

Fig. 6 depicts the sector downlink capacity as a function of Mgy for different
values of o; and o,. It can be noticed that for higher o; and o, the sector downlink
capacity will be lower. This is due to the increased effect of shadowing which increases
the interference statistics and reduces the capacity.

The de-orthogonality factor in urban highways (with a value of 0.1) is higher than
the de-orthogonality factor of rural highways (with a value of 0.05). Fig. 7 represents
the sector downlink capacity as a function of Mgy for two different values of the de-
orthogonality factor 8. It can be noticed that for higher &, the sector downlink capacity
will be lower. This is due to fact that, higher value of & provokes higher intracellular
interference and thus lower capacity.

Finally, the case of data users will be studied assuming o = 1, G, = 32 and
(En/No)req = 3.0 dB [11]. Fig. 8 portrays the sector downlink capacity as a function of
Msy. It can be noticed that for a sector range R of 1000 m, the downlink capacity is
29.55 data users for Mgy of 0 and that it increases to 37.85 data users when Mgy is 3 dB.

11



The assigned power for each of the data users should be ~ 3.18 times the power
assigned to each of the voice users. If the outage probability is increased to 2%,
capacity will be increased by 6.8%. When the outage probability is increased to

5%, capacity will be increased by 18.1%.

Fig. 9 represents the sector downlink capacity for a mixed services (voice and
data) when Mgy is 0 and 3 dB.

Comparing the above mentioned results with the results given by [11], it can be
noticed that the uplink (with a capacity of 54.7 voice users/sector or 12.9 data
users/sector) is the link that limits the sector capacity. Fig. 10 shows the downlink
capacity for data users when only 33% of the base station total power is assigned to the
normal users of the UMTS system. In this case, 20% of the base station total transmitted
power is assigned to the common channels and 47% for the High Speed Downlink
Packet Access (HSDPA) service. At Mgy of 1.5 dB, the downlink capacity is 66 voice
users/sector or 13.65 data users/sector. Thus the downlink can support the normal users
of the UMTS and the HSDPA users without being the link that limits the capacity.

In the UMTS 3.5 Generation, HSDPA service is introduced [26]. The processing
gain of such service is fixed to 16. The required Eu,/N, necessary to support the
minimum HSDPA modulation is 3.6 dB. In this service, power control is not used.

Let us study the downlink extra capacity of the sector assuming that many
HSDPA users are incorporated to the traditional users (voice and traditional data users)
of the sector. Fig. 11 shows the HSDPA extra capacity as a function of assigned power
to the HSDPA service. It can be noticed that when a 47% of the sector total power is
assigned to the HSDPA service, 2 HSDPA can be supported. This means that the sector
downlink capacity can be 66 voice users and 2 HSDPA users or 13.65 traditional data
users (with a bit rate of 120 Kbps) and 2 HSDPA users or any possible combination of
the voice and data users, and 2 HSDPA users. Fig. 12 depicts the possible combinations
of the sector downlink multiclass capacity.

We have to mention that, for a soft handover margin of 3 dB and s, of 4, only
8.6% of the users of each sector are connected to the nearest two microcells. Thus the
downlink capacity increment due to the macrodiversity is marginal.

It worth mentioning that there is not any current work that deals with the
same subject, thus it is not possible to compare the results of this work with other

works.
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5- Conclusions

In this paper, the downlink sector capacity and the interference statistics of a
cigar-shaped microcells using wideband code-division multiple-access (WCDMA) with
soft handover (SHO) mode have been analyzed. The two-slope propagation model with
log-normal shadowing has been utilized in the analysis where a model of 8 cigar-shaped
microcells has been used. The performance of the downlink has been studied for
different [sector range R, standard deviation of the shadowing (o1 and o) and
propagation exponents (s; and sy)]. It has been found that increasing the sector range R
from 500m to 1000m will increase the sector downlink capacity. Also, it has been found
that increasing the value of the propagation parameters (c; and o) will reduce the
downlink sector capacity. It has been noticed that, the effect of changing the
propagation exponent s; is null while increasing the value of s, from 4 to 5 will increase
the downlink capacity. It has been concluded that reducing the orthogonality factor &

will increase the sector downlink capacity.
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Fig. 1: The eight microcells model and the microcell coverage.
A- The eight cigar-shaped microcells model.
B- The microcell coverage.
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Downlink sector capacity (voice service)
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Fig. 3: Sector downlink capacity as a function of Mgy for two different sector range R.
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Downlink sector capacity (voice service)
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Fig. 4: Sector downlink capacity as a function of Mgy for two different values of s;.
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Downlink sector capacity (voice service)
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Fig. 5: Sector downlink capacity as a function of Mgy for three different values of s,.
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Downlink sector capacity (voice service)
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Fig. 6: Sector downlink capacity as a function of Mgy for different values of ; and o5.
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Downlink sector capacity (data service)
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Fig. 8: Sector downlink capacity for data service as a function of Mgy for two values of

the sector range R.
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Downlink sector capacity (Mixed voice and data services)
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Fig. 9: Sector downlink multiclass capacity (mixed voice and data services).
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Downlink sector capacity (data service)
15 T T T T T

— R=500m
TE A F| cevevnnens R = 1000 m _r.*"

14

14.5

14

134

13

Data users/sector

125

12F

1151 .

11 | | |
a 0.5 1 1.5 2 2458 3

Mg, (dB)

Fig. 10: Sector downlink capacity for data service as a function of Mgy for two values
of the sector range R when only 33% of the base station total power is assigned to the

normal UMTS users.
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