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SUMMARY The downlink (base-to-mobile) bit error rate (BER) performance for a mobile user with
relatively weak received signal in a multicarrier-CDMA (MC-CDMA) cellular system can be improved by
utilizing the site diversity reception. With joint use of MMSE-based frequency domain equalization (FDE) and
antenna diversity combining, the site diversity operation will increase the downlink capacity. In this paper, an
expression for the theoretical conditional BER for the given set of channel gains is derived based on Gaussian
approximation of the interference components. The local average BER is then obtained by averaging the
conditional BER over the given set of channel gains using Monte-Carlo numerical method. The outage
probability is measured from the numerically obtained cumulative distribution of the local average BER to
determine the downlink capacity. Results from theoretical computation are compared to the results from
computer simulation and discussed.

Keywords: MC-CDMA, site diversity, downlink capacity, outage probability, MMSE-based FDE, antenna
diversity.

1. Introduction Recently, it has been shown by computer simulation in
Multicarrier-CDMA (MC-CDMA) has been [5] that the site diversity operation can improve the
considered as a wireless access candidate for a downlink capacity with joint use of MMSE-FDE and
wideband downlink transmission due to its robustness receive antenna diversity. However, there has been no
against the frequency-selectivity of the multipath theoretical work to compare with the computer
channel [1-2]. Moreover, the use of frequency-domain simulation results from [5]. The objective of this paper
equalization (FDE) based on MMSE (minimum mean is to build the theoretical foundation to evaluate the
squared error), referred as MMSE-FDE, in wireless downlink performance with site diversity operation and
transmission has been shown to provide good bit error compare the theoretical performance results to the
rate (BER) performance for an MC-CDMA system in a computer simulation results.
severe fading environment [2-3]. In a cellular system, This paper is organized as follows. Sect. 2 presents
MC-CDMA employs the single frequency reuse feature the downlink site diversity reception and transmission
that efficiently utilizes the limited bandwidth, similar system model for cellular MC-CDMA with MMSE-FDE
to a direct sequence CDMA (DS-CDMA) [4]. This and receive antenna diversity. The theoretical BER
feature initiates the use of site diversity reception, analysis is presented in Sect. 3, where expression for
allowing a mobile user to receive signals from multiple conditional BER is derived. This is followed by Sect. 4,
base stations (BS’s) and thus improving the downlink where the local average BER is computed by averaging
transmission performance for a mobile user with the conditional BER over the given set of channel gains
relatively weak received signal power, due to the using Monte-Carlo numerical method, and the

shadowing loss and distance-dependent path loss. numerically obtained cumulative distribution of the



local average BER is tabulated for finding the outage
probability. Theoretical computation results are then
compared to computer simulation results with
discussion. Sect. 5 gives the conclusions for this paper
and some future works.

2. System Model
2.1. Site diversity in downlink transmission
Assuming all BS’s transmit pilot signals with equal
power, a mobile user measures the average local
received power from surrounding BS’s and sorts them
out in descending order. The “local average received
power” means the instantaneous received power
variations due to multipath fading is removed by taking
the average so that only the effect of shadowing and
distance-dependent path loss remains. In site diversity
operation, the selection of active BS’s is performed
based on a threshold P;. A BS having a local average
received power within the threshold from the maximum
will be selected as an active BS for the operation. Fig.
1 shows the site diversity operation model for the case
of three (3) active BS’s, with the radio network
controller (RNC) monitoring the whole operation. The
threshold P, can control the number of active BS’s and
makes it an important design parameter in site diversity
operation. When Py, is too small, the number of
selected BS’s is small and this decreases the downlink
capacity. However, setting a too large P, will result in
selecting more BS’s and increasing the interference
power and for compensating this; the downlink capacity
has to be reduced. Evidently, there shall be an optimum
Py, that gives the maximum downlink capacity.

Fig. 1: Site diversity model.

2.2. Transmit/Receive Signal Representation

The downlink MC-CDMA transmitter/receiver
systems for site diversity reception with joint use of
MMSE-FDE and receive antenna diversity is illustrated
in Fig. 2. A system with N, subcarriers and spreading
factor SF is assumed. At BS i, the data modulated
symbol sequence {du(j)(n);n:O~Nc/SF—1} for user u

of cell i is serial-to-parallel (S/P) converted into N /SF
parallel data. Each of the S/P converter output is copied
SF times and multiplied with the orthogonal spreading
code {cu(j)(k);k =0~ SF—I} . All users’ spread signal

components at each subcarrier are combined and
multiplied with the common scrambling
code {)CPN(,») (k);k=0~N, —1} of BS i. Besides making

the resultant signal to look like white-noise, different
scrambling codes are used in different cell sites for
separating cell sites. The composite transmit signal at
subcarrier k is given as
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Fig. 2: Downlink MC-CDMA system with site diversity
reception
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with P; and U+Ju; defined as the transmit power and
the number of active channels (users) per BS i,
respectively; where du; denotes the number of additional
channels necessary for BS i in site diversity operation;
d iy (| = Jeuny )| = [epniiy ()] =1. The orthogonal
spreading and the scrambling codes have the following
characteristics

and

1 SF-1 .
- ;cu(,-)(mcu-(i)(k) = Su—u') o

Elepni 0oy (k)] = 8k -k

However, perfect orthogonality between users cannot
be achieved in a multipath fading channel, and this
produces the multiple access interference (MAI).
Furthermore, the inter-cell interference (ICI) from
other neighboring cells has to be considered since the
scrambling codes between cells are not orthogonal.
After N.-point IFFT and cyclic N,-sample guard
interval (GI) insertion, the MC-CDMA transmit signal
is then expressed as

N,-1
_ ot
s(t) = ZS,»(k)exp[ jark— ] (3)

k=0 ¢



for t=-Ngy,~N.,-1 . The signal is assumed to

propagate through a frequency-selective block Rayleigh
fading channel with L independent propagation paths.
The MC-CDMA receive signal at antenna m of u(j)
equivalent baseband representation is given by
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fort1=-N, ~N.-1, where nt™ (t) is the zero-mean

complex additive white Gaussian noise (AWGN) having
a variance of 2Ny/T. with N, being the single-sided

power spectrum density. Both E

; u(/)l and r, denote

the complex channel gain and time delay of the path /
transmitted from BS i and received by antenna m of
user u(j) in cell j, respectively. Uncorrelated fadings
are assumed on each antenna. After the GI is removed,
the received signal at each antenna is decomposed into
N, subcarrier components by N.-point FFT processing.
The kth subcarrier component is given as
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where S; ,;) denotes the local average signal power

i_u(j
received by user u(j) from BS i, which is given by

S; x10~P®)/10 (6)
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with the distance between the BS i and user u(j) given

as the path loss exponent factor as a and the

riiu(j)’
lognormal  distributed shadowing loss standard
deviation as p. The channel gain and the noise
component due to AGWN for subcarrier k received

at antenna m is given, respectively, as
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2.3. Joint MMSE-FDE and Receive Antenna
Diversity

The N, subcarrier components are multiplied by the
complex conjugate of the scrambling code to extract
the desired signal component from the selected active
BS in the site diversity operation. To restore
orthogonality between subcarriers, MMSE-FDE is
performed. The weight for the joint MMSE-FDE and
receive antenna diversity given by [5] is

(m)*
T u(j),tfinmu(j)(k)

Wi u(j)MMSE(k) 5
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()
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E;/Ny = 1‘)1'7u(j)NcTc/N0 represents the ratio of effective

symbol energy to the AWGN power spectrum density.
Then, the signal components of each subcarrier &
received by M antennas are all combined.

2.4. Decision Variable
To obtain the decision variable y,(;(n) for the nth

data modulated symbol of user u(j), despreading is
performed by  multiplying SF  soft samples
{k =nSF ~(n+1)SF ~1;n=0~ N, /SF -1 of the combined
subcarriers’ components with the complex conjugate of
the spreading code. The decision variable is given as

(n+1)SF-1( M-1D-1
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X Cy( ;) (k mod SF)

,(9)

where D is the allowable maximum number of active
BS’s and ¢&,=1 (0) for the BS with A, <P, (otherwise)

with A, representing the difference of the local

average received power from the maximum value. The
active BS index is given in descending order and only
D strongest BS’s that satisfy A, <Py, are selected for

site diversity operation. After the parallel-to-serial
(P/S) conversion, the set of N./SF decision variables is
demodulated to recover the transmitted data symbol
sequence. Substituting (5) into (9) gives

Yuy (1) = Xy iy (W) + Lyoise (M) + tpgag () + e (n) - ,(10)

where the first term represents the desired signal
component, the second term the noise component due to
AWGN, the third term the MAI and the fourth term the
ICI.

3. BER Analysis
3.1. Derivation of SINR

It is understood from (10) that output of the
despreader, y,;(n) is a random variable with

mean x,(;(n) conditioned on Hl(ml)l(])(k) . The users’

binary data, spreading codes and scrambling codes are
assumed to be independently and identically distributed
(i.i.d.) random variables taking values {+1,-1} with
equal probability. Using the law of large numbers [6]
for large U and SF, the MAI and ICI components can be
approximated to be zero-mean complex-valued
Gaussian noise. Consequently, the sum of ,,;5.(n),
tuar(n) and pyc(n) can be treated as a new zero-mean
complex-valued Gaussian noise u(n) [7]. The sum of
the variances from the noise, MAI and ICI gives the



variance for u(n), which is given by

Toise () + 203147 (n) + 2071 (n)

(11)
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The conditional SINR (signal-to-interference plus
noise power ratio) is then derived from the received
signal components and given as
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3.2. Expression for Conditional BER and Local
Average BER
QPSK data modulation with all “1” transmission is
considered. With the given set of channel gains

{H™ ke =0~ N, ~tm=0~M-Li=0~D-1} |,

the conditional BER can be expressed as
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where erfc(x) is the complementary error function

given by erfc(x)——fexp( t=)dt . The theoretical

local average BER for the transmitted nth modulated
symbol can be numerically computed by averaging (13)
over the given set of channel gains and written as

Pe[%} = f fPe(V(ES /No | i u(/)(k)}))p({H:(mL(/)(k)})l_l dH:(ml)A(/)

m,k,i

(14)
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where p({Hfm)( A)(k)})is the joint probability density

function of {H(m) )(k)}. The averaging process is then

i_u(j
performed by the Monte Carlo numerical method.

4. Numerical Results and Discussion
4.1. Monte-Carlo Process

The cellular structure and the computation condition
are respectively shown in Table 1 and Fig. 3. In an
interference-limited environment with negligible
AWGN effect, each user will receive the dominant
interference from the six adjacent cells’ BS’s. The user
of interest is located in cell 0 and there are 18
surrounding cells considered as co-channel cells. The
maximum number of active BS, D varies from 1 to 7
where D=1 corresponds to no site diversity operation
and D=7 corresponds to site diversity operation with
six adjacent co-channel cells.

In each Monte Carlo computation loop, the users’
locations are randomly generated and followed by the
generation of path and shadowing losses per user. For
site diversity operation, active BS’s for each user are
selected based on P,. The number of active channels
for each BS is then determined. Next the set of fading
channel gains and FDE weight for downlink
transmission to user 0(0) are generated. Then the
conditional SINR and BER are computed. The local
average BER is tabulated with the locations for users
randomly changed in every repeated computation loop.
The outage probability (the probability of the local
average BER larger than the required BER) is obtained
using the cumulative distribution of the local average
BER. Then, the maximum number U of users per cell
that satisfies the allowable outage probability is
determined as the downlink capacity.

Table 1: Computation Condition.

Data Modulation QPSK
Subcarrier number N.=256
MC-CDMA Spregding factor SF=256
Receive Antenna -
M=1~4
number
FDE MMSE
Required BER 107
Allowable outage 0.1
Site probability )
diversity I];/Isaxlmum active D=1~7
Threshold power P;,=0~10 (dB)
Path loss exponent 0= 34
factor
Shadowing loss _
Channel standard deviation p=4~10 (dB)
model L=16
Number of paths Exponential
Rayleigh fading
Decay factor y=0~10 (dB)




Fig. 3: Cellular Structure.

4.2. Numerical Results
4.2.1. Effect of site diversity threshold

The effect of site diversity threshold P, on the
downlink capacity, normalized by SF, is shown in Fig.
4. It is seen that the optimum P, exists. As Py,
increases from 0 dB to optimum, more active BS’s are
selected, and this gives better SINR and BER. Higher
downlink capacity is thus obtained. However, as Py,
becomes too large, the number of site diversity users is
increased, creating excessive MAI and ICI. As a result,
the downlink capacity is reduced. The optimum Py,
becomes larger as path loss exponent factor a increases
in both plots. This is because the received signal power
decreases as a increases and causes the need for more
active BS’s in the site diversity operation. A fairly
good agreement between the theoretical computation
and computer simulation results are seen in Fig. 4.

4.2.2. Effects of path loss exponent factor a and
shadowing loss standard deviation f

Figs. 5 and 6 show the effect of path loss exponent
factor a and shadowing loss standard deviation f on
the downlink capacity. For the case with site diversity
opera, the optimum Py, is used, while P;=0 (or D=1)
for the case with no site diversity operation. In Fig. 5,
the downlink capacity increases as o increases. Since
path loss is proportional to the inverse a-th power of
the distance, the interference power from relatively far
BS’s is greatly attenuated as a increases. This results
in better SINR and thus, produces higher downlink
capacity.

It is seen from Fig. 6 that the downlink capacity
performance is almost unaffected by the increase of f
in both cases. This is because as [ increases, the
variations in the interference power become larger and
result in large interference, reducing the downlink
capacity. However, since the interference power
variations from different BS’s are independent, the site
diversity effect due to more active BS’s selection
increases and improves the received signal power. In
both figures, theoretical computation result shows a
fairly good agreement with the computer simulation
result.

4.2.3. Effect of maximum number D of active
BS’s.

A maximum allowable active BS of D=7 has been
assumed for active BS’s selection in previous cases.
The downlink capacity performance also depends on D.
Fig. 7 shows that as D increases, the downlink capacity
increases. However, since more additional channels are
necessary for site diversity operation, the interference
power increases and the downlink capacity is reduced.
Thus, there is a maximum achievable downlink
capacity for each D. Apparently, the maximum
achievable value for different P, lies in the region of

D=3~7. Similar performance is seen for both
theoretical computation and computer simulation plots.
It is concluded that maximum achievable downlink
capacity can be determined at D=3.
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Fig. 4: Effect of site diversity threshold Py, on the
downlink capacity.
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4.2.4. Effect of decay factor y in exponential
power delay profile cannel
The effect of decay factor y of the exponential power
delay profile channel is also examined. From Fig. §, as
vy increases, the frequency-selectivity of the channel
becomes weaker, thus reducing the frequency-diversity
effect in MC-CDMA. This degrades both SINR and
BER, resulting in reduced downlink -capacity
performance. Similar results are shown for both
theoretical computation and computer simulation plots.

4.2.5. Effect of number of receive antenna, M

Single antenna reception has been assumed in the
previous cases. Fig. 9 shows downlink capacity
improvement by employing the antenna diversity
reception. The downlink capacity increases almost
linearly with the number of M antennas, as shown both
in theoretical computation and computer simulation
plots.

5. Conclusions

In this paper, the theoretical treatment was developed
for the downlink site diversity reception with joint use
of MMSE-FDE and antenna diversity in an MC-CDMA
cellular system. The theoretical expressions for the
conditional SINR and BER were derived based on
Gaussian approximation of  the interference
components; and the local average BER was
numerically computed using Monte-Carlo method. The
theoretical performance results were compared with
computer simulation results to show a high degree of
agreement. Evidently, from both theoretical and
simulation evaluations, the site diversity operation
improves the MC-CDMA downlink performance.

The theoretical analysis and computer simulation
only considered the downlink case. Further works can
include the studies on the wuplink site diversity
reception for MC-CDMA cellular system and finding
ways to balance the optimum P, and capacities for
both link transmissions. Theoretical analyses on joint
use with turbo-coded space-time transmit diversity
(STTD) and fast TPC (transmit power control) can lead
to a further interesting research.
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