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SUMMARY  Single cell reuse of the same frequency, which is possible
in DS-CDMA cellular systems, yields the option of site diversity to increase
link capacity. In this letter, a generalized case of site diversity transmission
is considered where multiple base stations (BS’s) are involved in weighted
transmissions with constant total transmit power to a target mobile station
(MS). A general equation of conditional bit error rate (BER) is derived
based on the model of weighted transmissions combined with antenna di-
versity reception and rake combining. It turns out theoretically that the
optimum set of weights to maximize forward link capacity makes site se-
lection diversity transmission (SSDT) the best performer. This theoretical
analysis is confirmed by performance evaluation based on the Monte-Carlo
simulation.
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1. Introduction

Wideband DS-CDMA is used for multiple access scheme
in 3rd generation cellular systems due to its high spectrum
efficiency. In cellular systems, the service area is divided
into many cells, where each of the cells has a base station
(BS) in the cell center to serve users in the respective cell [1].
However, the distance dependent path loss, shadowing and
fast fading cause a large fluctuation of received signal level
at a mobile station (MS). The probability of the received
signal power failing to achieve the required signal quality or
bit error rate (BER) is called outage probability. Near the
cell’s boundaries, the outage probability is high. However,
remembering that the signals transmitted from two or more
BS’s are received at nearly equal levels near a cell boundary,
the same data is sent simultaneously towards a target MS
from two or more BS’s and is combined by the MS receiver
to improve the forward link transmission performance. This
technique is called site diversity and is incorporated into soft
handoff (SHO) which is helpful in a handoff transition from
one cell to another [2].

Weighted transmissions from multiple BS’s involved in
site diversity operation are expected to render further im-
provement in transmission performance. This is because,
there may exist a set of optimum weights that will opti-
mize site diversity operation. In this letter, therefore, we
first present the theoretical analysis, in which we assume
weighted transmissions from multiple BS’s to a target MS.
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After deriving the set of optimum weights that maximizes
the received signal-to-noise plus interference power ratio
(SINR), we show that the optimal solution to maximize the
forward link capacity with constant total transmit power is
to transmit only from the best BS that has the maximum
channel gain, in other words it is SSDT as proposed in [3].
Furthermore, performance evaluation based on the Monte
Carlo simulation confirms that SSDT gives better perfor-
mance than SHO in terms of link capacity which is defined
as the maximum number of users that can communicate si-
multaneously under the allowable outage probability. Some
other studies of SSDT have been found in the open litera-
ture [4], [5]. In [4], SSDT, SHO and hard handover (HHO)
are compared using BER as a performance measure, while
in [5], the complexities that arise from the implementation
of SSDT in a practical system are addressed. Unlike the
above mentioned works, this letter studies macro-diversity
transmissions in general by theoretical analysis and in the
end finds SSDT rendering the best performance and thus it
contributes a theoretical basis to SSDT.

The remainder of this letter is organized as follows.
Sect. 2 describes the system model under consideration. The
theoretical analysis is presented in Sect.3. In Sect.4, the
performance evaluation is done by the Monte-Carlo simu-
lation for various system parameters. Finally, this letter is
concluded with Sect. 5.

2. System Model
2.1 Cellular Structure and Propagation Model

It is assumed that the service area consists of 19 identical
hexagonal cells as illustrated in Fig. 1. The BS is located at
the center of each cell. We do not consider cell sectoriza-
tion and an omni transmit antenna is assumed at each BS. In
Fig. 1, i and j denote cell and MS respectively where, j=0th
MS is the target MS.

In mobile wireless communication, the propagation
channel can be modeled as the product of distance depen-
dent path loss, log-normally distributed shadowing loss and
multipath fading channel gain. It is assumed that the fad-
ing channel consists of L discrete propagation paths having
time delays (7; for the /th path) of integer multiple of DS-
CDMA chip duration, each being subjected to independent
Rayleigh fading and that rake combining can resolve all L
paths to coherently combine them based on maximal ratio
combining (MRC) method [6]. The instantaneous received
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Fig.1  Cellular structure under consideration.

signal power at the jth MS from the gth cell BS can be rep-
resented by [7]

M-1 L-1 5
SR, = CoPrrl 1070 N N e am, D)
m=0 [=0
=8 Ly [l (1)

where C is a constant, Py is the transmit power in watt of
each BS for each MS, r;,j is the distance in km between the
gth cell BS and the jth MS, « is the path loss exponent,
1g4,; 1s the shadowing loss expressed in dB and assumed to
be a Gaussian process with zero-mean and standard devi-
ation o of about 4 to 10 and &, j(m, ) is the /th path gain
experienced by the mth antenna which is characterized as a
zero-mean complex Gaussian process. In Eq. (1), &, ; is the
equivalent fading channel gain after rake combining with
M-antenna diversity combining for the communication link
between the gth cell BS and the jth MS. S and L, ; are the
nominal received signal power at the cell edge and the local
average gain respectively, and are defined as

S=C-Pr-R*

— . 10 ) 2
{ Lyj=r,%-10 Ma.i/ 10

where R is the cell radius inkm and 7, ;(= r’, ./R) is the nor-
malized distance by cell radius between the gth cell BS and
the jth MS.

2.2 Model of Weighted Transmission

Prior to the communication, an MS first sorts out the BS’s
in descending order out of 19 cells based on local average
gain, as Ly—o; > Li=1; = ... = Ly—k-1,, and then the
first K cell BS’s are selected. The set of first K cell BS’s
from the sorted BS’s is defined as the active set. While
a communication is in progress, the MS selects BS from
the active set based on instantaneous received signal power.
In order to do this, the BS’s of the active set are again
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Fig.2  Weighted transmissions from multiple BS’s.

sorted out in descending order and the first Q cell BS’s
are selected as follows: L, ; |§q:0,_f|2 2 Lyt |§q:1,‘,-|2 =

weighted and then transmitted from the Q cell BS’s (see
Fig.2 for Q=4) and these transmitted signals are received
and combined at the MS receiver. Figure 3 shows the
block diagram of a rake receiver where forward link mul-
tipath signals from multiple BS’s are processed. Quadrature
phase shift keying (QPSK) data modulation and binary PSK
(BPSK) spreading modulation are assumed.

In this letter, the chip-spaced discrete-time representa-
tion of the signal is used. The transmit signal from the gth
cell BS at time ¢ is expressed using equivalent lowpass rep-
resentation as

2 . .
.2 Ly=g-1; lngQ_l’j| . The same transmit signal is first

U1

so(t) = \2Pr Z dy; (Lt/SF]) cpy, (1) cj(t mod S F)
j=0

Xa,; (L1/SF]), 3)

where U, is the number of MS’s connected to the gth cell
BS, d, j(g) is the gth transmit QPSK symbol to jth MS from
gth cell BS with |d, j(g)] = 1, cpy,(?) is the scramble code
with |Cqu(t)| = 1, ¢j(t) is the orthogonal channelization
spreading code with |c;(¥)|=1, S F denotes the spreading fac-
tor, | x] denotes the largest integer smaller than or equal to
x and a, j(g) is the transmit weight multiplied to the trans-
mit signal of the gth cell BS destined for jth MS with the
following constraint:

0-1 5
Dlagi@f =1 @)

q=0
so that the total transmit power of the Q BS’s for a target
MS is always kept to be Py. In the following, the subscript
g is dropped for the sake of simplicity.
3. Theoretical Analysis
3.1 Derivation of Conditional BER

Q transmitted signals are received by M antennas and coher-
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ently combined by the rake receiver of the j=0th MS. The
rake combined output y is expressed as

y= Zsignal + ZIPI + ZICI + Znoise,

S

where Zj;;,. is the desired signal part, Z;p; is the inter-path
interference (IPI), Z;¢ is the inter-cell interference (ICI) and
Znoise 18 the noise part due to additive white Gaussian noise
(AWGN) and they are given by
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where S, L, ; and &, ; are shown in Eq. (1). Due to the em-
ployment of orthogonal codes for user separation, the same
path interference can be removed. In Eq. (6), w,(m) is the
noise with zero mean and variance of 2Ny/T, where N is the
AWGN single sided power spectral density and 7 = S F - T,
is the symbol length. As long scramble code is used, the
interference part with spreading code can be approximated
as a zero mean complex Gaussian variable using the central
limit theorem [6].

Without the loss of generality, all 1’s transmission is
assumed, i.e., d,o(g) = (1 + j)/ V2 for all g. The real part
of y, Re(y), is approximated as a complex Gaussian random

Received data

Mobile receiver block diagram.

variable with the mean u and the variance o2 as

M-1L-1
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Once we know the mean and the variance, the BER P, can
be expressed as [6]

1
Eerfc VYr/2, ®)

where yr = p?/o? is the received SINR at Oth MS and
erfc(x) is the complementary error function given by

2 (7
\/Ej; exp(—1°)dt.

The received SINR v needs to be maximized to ren-
der the P, minimum, which eventually maximizes the link
capacity. For the theoretical analysis, we assume a large
spreading factor and neglect the first and second parts of the
variance 0. yg can be approximated as

P, =

erfc(x) =

0-1
ST 2
= —— 2, 1aq0| hq; ©))
NO ; ‘ q | q
where A, is the equivalent channel gain given by
M-1L-1 )
= Lyo |&q0m, D" (10)
m=0 1=0
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3.2 Finding the Optimum Weight

The whole process of finding the optimum weight is carried
out for Oth MS. For simplicity, therefore, the subscript O is
dropped from a, and the optimum transmit weight a, that
maximizes yg is obtained below. Letting ¢ = yg/(ST/Ny),
maximization problem of yg is equivalent to maximizing

0-1
Y= xghy, (11)
q=0
where
2
X, = |ag| (12)
with the constraint
0-1
Dix =1, (13)
q=0

where the constraint for {x,} can be written as

Xo+x1+---+x9-1 =1
{xqzo’ forq:O?l,”"Q_l (14)
The objective function ¢ is given by
Y = Xoho + xihy + -+ + Xg-1ho-1 (15)
where ho > hy >+ >hg_1 >0

Simplex algorithm for linear programming [8] is applied to
find the maximum value of . Firstly x( is determined that

satisfies hy = {Or{laxQ 1}{hq}. Replacing the right hand side
4=(0,1,0—
of Eq. (14) by by(= 1 = 0), Eq. (14) becomes

XQZb(/)—()C1+)C2+"'+XQ_1). (16)

The following relation is obtained from Eq.(15) and
Eq. (16):

lﬁ=<b6—X1—X2—"'—XQ_1)hO (17)
+x1hy +-- -+ XQ_th_l ’

from which, we have
ll/-l//é):xlh/l +)C2h’2+"~+XQ_1h’Q_I, (18)

where Yy = b{ho and h;, = h, — hg forn = 1 ~ Q - 1.
Supposing that iy = {Or{laxQ 1}{hq}, we have i), < 0. ¢ is
4={0,1, 0~
maximized only with the following condition:
Xo = b6 =1
X, =0 for n=1,2,---,0-1 . (19)
Ymax = W(,) = b(,)hO =ho

Therefore, the maximum ¢ and optimum x, are given by
Xy = O

l!/max = hv , (2())
= h,
Y argq:mfﬂ-?(g—n{ "}
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where 6, is Kronecker’s delta function [9] which is defined
by

|1 for g=v
6"”_{0 for g#v -~ @D

Eventually, we get the optimum value of a, and the maxi-
mum yg as follows

ag = Og
YR = %hu ) (22)
y = ar max h

gq:[0,1,~~-,Q—11{ q}

Equation (22) states that signal transmission only from one
BS, that has the maximum channel gain among all the BS’s
in the active set, optimizes site selection technique. Thus, it
is shown analytically that the very basic idea of SSDT has a
theoretical basis.

4. Numerical Computation

The forward link capacity is evaluated by Monte-Carlo sim-
ulation. The simulation condition is given at Table 1. In the
simulation, interference limited channel is assumed where
the effect of AWGN can be neglected, i.e., ST/Ny — oo.
Using Eq. (8), the instantaneous BER is calculated for each
generation of the independent complex Gaussian variable
(€40, €i0). By taking the average of this repeatedly com-
puted instantaneous BER, the average BER is obtained. In
the simulation, we focus on the centered cell where outage
probability is measured for each MS by comparing the aver-
age BER with the required one. In SSDT, the transmit chan-
nel gain must be estimated to determine the transmitting BS.
However, in the computer simulation, perfect knowledge of
transmit channel gain is assumed.

4.1 Comparison of SSDT and SHO

As noted before, here Q stands for the number of best BS’s
selected by a particular MS instantaneously from the active
set, while a communication is in progress. For SSDT, Q is
set as 1. However for the case of Q > 1 (so called SHO), the
transmit weight attached to each of the Q BS’s is set as

Table1  Simulation condition.
Modulation scheme QPSK
Cellular structure Hexagonal cell
User distribution Uniform
Path loss exponent a=3.5
Standar.d deviation of =6 dB
shadowing loss
Multipath fading L-path Rayleigh
channel fading

. L-finger coherent
Rake combining Rake gcombining
Antenna diversity M-antenna MRC
Required BER 10~
Spreading factor SF =32
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so that each of the Q BS’s transmits with equal power and
their total transmit power for a target MS is always kept
to be Pr, the same as in case of SSDT. In Fig.4, outage
probability is plotted against the normalized number of ac-
tive MS’s. This figure shows that with Q=1, the maximum
link capacity can be obtained. For instance, in a multipath
(L=2) environment with antenna diversity reception (M=2),
the normalized link capacity for an allowable outage prob-
ability of 0.1 is 0.175 in case of Q=1, while it is 0.14 and
0.11 for Q=2 and 3 respectively.
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4.2 Effect of Instantaneous Site Selection

Figure 5 shows how the number K of BS’s in the active set
affects the link capacity, where the case of K=1 is the av-
erage power based SSDT and K > 1 is an instantaneous
power based SSDT. With more than one BS in the active set
(K > 1), the MS can switch between the BS’s of active set
instantaneously that prevents the received signal from drop-
ping below the desired level. This leads to the decrease of
outage probability, which in turn, improves the link capac-
ity. This figure demonstrates this fact where the increase of
K especially from K=1 to K=3 gives a capacity improve-
ment of about 40%.

5. Conclusion

In this letter, we have considered the weighted transmission
from multiple BS’s combined with antenna diversity recep-
tion. The optimum set of weights to maximize the forward
link capacity has been found to transmit only from the best
BS that has the maximum channel gain. In other words,
through the theoretical analysis, SSDT proves to be the op-
timal way of forward link transmission. Monte Carlo simu-
lation has confirmed the theoretical analysis and proved that
an instantaneous SSDT (K > 1) improves the link capacity
significantly compared to the average power based SSDT
(K=1).

References

[1] W.C. Jakes, Jr., ed., Microwave mobile communications, Wiley, New
York, 1974.

[2] A.J. Viterbi, CDMA: Principles of spread spectrum communications,
Addison-Wesley, June 1995.

[3] H. Furukawa, K. Hamabe, and A. Ushirokawa, “SSDT-site selection
diversity transmission power control for CDMA forward link,” IEEE
J. Sel. Areas Commun., vol.18, no.8, pp.1546-1554, Aug. 2000.

[4] J. Hamalainne and R. Wichman, “On the site selection diversity
transmission,” IEEE PIMRC, 2003,14th IEEE Proceedings, pp.1031-
1035, Beijing, Sept. 2003.

[5] N. Takano and K. Hamabe, “Enhancement of site selection diversity
transmit power control in CDMA cellular systems,” IEEE VTC’2001
Fall, IEEE VTS 54th, vol.2, pp.635-639, Atlantic city, NJ, Oct. 2001.

[6] J.G. Proakis, Digital communications, 3rd ed., McGraw Hill, New
York, 1995.

[7]1 F. Adachi, “Capacity expression for power-controlled multi-class DS-
CDMA reverse link with antenna diversity and rake combining,”
IEICE Trans. Commun., vol.E85-B, no.9, pp.1854—-1859, Sept. 2002.

[8] F.A. Ficken, The simplex method of linear programming, McGraw
Hill, New York, 1995.

[9] G. Stephenson, An introduction to matrices, sets and groups for sci-
ence students, Dover Publications, New York, 1965.




