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SUMMARY The use of frequency-domain equalization based on min-
imum mean square error criterion (called MMSE-FDE) can significantly
improve the bit error rate (BER) performance of DS-CDMA signal trans-
mission compared to the well-known coherent rake combining. However,
in a DS-CDMA cellular system, as a mobile user moves away from a base
station and approaches the cell edge, the received signal power gets weaker
and the interference from other cells becomes stronger, thereby degrading
the transmission performance. To improve the transmission performance
of a user close to the cell edge, the well-known site diversity can be used
in conjunction with FDE. In this paper, we consider DS-CDMA downlink
site diversity with FDE. The MMSE site diversity combining weight is the-
oretically derived for joint FDE and antenna diversity reception and the
downlink capacity is evaluated by computer simulation. It is shown that
the larger downlink capacity can be achieved with FDE than with coherent
rake combining. It is also shown that the DS-CDMA downlink capacity is
almost the same as MC-CDMA downlink capacity.
key words: DS-CDMA, frequency-domain equalization, site diversity, link
capacity

1. Introduction

Direct sequence code division multiple access (DS-CDMA)
with coherent rake combining is used in third generation
(3G) mobile communication systems that provide data ser-
vices of up to a few Mbps [1]. In coherent rake receivers,
the copies of the transmitted signal propagated through dif-
ferent paths are coherently combined to obtain the path di-
versity gain and improve the bit error rate (BER) perfor-
mance. Lately, there have been strong demands for ex-
tremely higher speed data transmissions than 3G systems
[2]. The forth generation (4G) mobile communication sys-
tems are expected to emerge around 2010 or later. In
4G systems, 100 Mbps–1 Gbps class data transmission is
said to be necessary. However, since the channel becomes
severely frequency-selective [3], the BER performance of
DS-CDMA with coherent rake combining significantly de-
grades due to strong inter-path interference (IPI). Recently,
it was shown [4] that the use of frequency-domain equaliza-
tion based on minimum mean square error criterion (called
MMSE-FDE) can significantly improve the BER perfor-
mance compared to coherent rake combining and achieve
a BER performance similar to multicarrier CDMA (MC-
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CDMA). Moreover, antenna diversity reception is effective
to improve the transmission performance.

However, in a cellular mobile communication system,
as a mobile user moves, the local average received signal
power slowly varies in time due to distance-dependent path
loss and shadowing loss [3]. The performance degradation
owing to this slow variation gets severer as a mobile sta-
tion (MS) approaches the cell edge where the received sig-
nal power is weak and the interference from other cells is
strong. Since the same carrier frequency is used in a DS-
CDMA cellular system, sufficient signal power can be ob-
tained by transmitting the same signal simultaneously from
different base stations (BS’s) surrounding the MS [5]. This
technique is called site diversity.

So far, MC-CDMA downlink site diversity was studied
in [6]. However, to the best of author’s knowledge, no lit-
erature is found for DS-CDMA downlink site diversity with
FDE. In this paper, we theoretically derive the MMSE site
diversity combining weight for DS-CDMA downlink with
joint FDE and antenna diversity reception. We evaluate the
downlink capacity by computer simulation and show that
DS-CDMA can achieve almost the same downlink capacity
as MC-CDMA. The remainder of this paper is organized as
follows. Section 2 presents the DS-CDMA downlink site
diversity with joint FDE and antenna diversity reception. In
Sect. 3, the MMSE site diversity combining weight is theo-
retically derived. The simulation results are presented and
discussed in Sect. 4. Section 5 gives some conclusion of this
paper and future work.

2. DS-CDMA Downlink Site Diversity with FDE and
Antenna Diversity Reception

2.1 Site Diversity Model

Figure 1 shows the downlink site diversity model. In the
downlink site diversity, as the number of base stations (ac-
tive BS’s) participating in site diversity increases, a larger
interference is produced and degrades the downlink capac-
ity. Therefore, the selection method of active BS’s is impor-
tant.

Assuming that all BS’s are transmitting their pilot sig-
nals with equal power, each MS measures the local average
received signal powers from its surrounding BS’s and sorts
out them in descending order for the selection of active BS’s.
A BS giving a local average received signal power within the

Copyright c© 2007 The Institute of Electronics, Information and Communication Engineers



3592
IEICE TRANS. COMMUN., VOL.E90–B, NO.12 DECEMBER 2007

Fig. 1 Downlink site diversity model.

(a) Transmitter (BS i).

(b) Receiver (MS u).

Fig. 2 Transmitter/receiver structure.

threshold Pth dB from the maximum power will be selected
as an active BS. All active BS’s transmit the same signal
simultaneously to the MS. If Pth = 0 dB, the MS communi-
cates with only one BS giving the maximum local average
received signal power (i.e., without site diversity). The radio
network controller (RNC) monitors the whole site diversity
operation [7].

2.2 Downlink Transmission Model

Figure 2 shows the BS transmitter/MS receiver structure. An
active BS transmitting to the MS u is denoted by BS b(u).
The maximum number of active BS’s is limited to Dmax.

(1) Transmit signal representation

Assume that BS i is communicating with Ui users. A binary
data sequence to be transmitted to MS u is transformed into
a data symbol sequence {du(n); n = . . . ,−1, 0, 1, . . .}. After
Ui data symbol sequences {du(n); n = 0 ∼ Nc/SF − 1}, u
= 0 ∼ Ui − 1, are spread by orthogonal spreading codes
{cu(t); t = 0 ∼ SF − 1}, u = 0 ∼ Ui − 1, having a spreading
factor SF, they are code multiplexed and then multiplied by
a BS-specific scrambling code {cscr(i)(t); t = 0 ∼ Nc − 1}.

The resulting chip sequence is divided into a sequence
of chip blocks of Nc chips each, where Nc is the block size
(in chips) for fast Fourier transform (FFT) at a mobile re-
ceiver. Nc is chosen so that the value of Nc/SF becomes an
integer. The last Ng chips of the Nc-chip block is copied and

Fig. 3 Block structure.

inserted into the guard interval (GI) placed at the beginning
of the block as a cyclic prefix. Figure 3 illustrates the block
structure.

In this paper, we consider the transmission of one block
without loss of generality and the chip-spaced time repre-
sentation of the signals is used. The equivalent lowpass
representation s̃i(t) of the downlink signal of BS i can be
expressed as

s̃i(t) =

√
2Ec

Tc
si(t), (1)

where Ec is the chip energy per user, Tc is the chip duration
and

si(t) =

⎡⎢⎢⎢⎢⎢⎢⎣
Ui−1∑
u=0

du (�t/SF�) cu (t mod SF)

⎤⎥⎥⎥⎥⎥⎥⎦ cscr(i)(t), (2)

where �x� represents the largest integer smaller than or equal
to x.

(2) Received signal representation

The transmitted signal is received by M antennas at MS u
via a frequency-selective fading channel. We assume an L-
path fading channel, between BS i and receive antenna m (m
= 0 ∼ M − 1) at MS u, with impulse response h(m)

i u (t) given
as [8]

h(m)
i u (t) =

L−1∑
l=0

h(m)
i u,lδ(t − τl), (3)

where {h(m)
i u,l; l = 0 ∼ L − 1} is the lth path gain with∑ L−1

l=0 E[|h(m)
i u,l|2] = 1 (E[.] denotes the ensemble average)

and τl is Tc-spaced time delay of lth path.
The received signal r(m)

u (t) on the antenna m at MS u
can be expressed as

r(m)
u (t)=

∞∑
i=0

√
2Ec,i u

Tc

⎡⎢⎢⎢⎢⎢⎢⎣
L−1∑
l=0

h(m)
i u,l si(t − τl)

⎤⎥⎥⎥⎥⎥⎥⎦+η(m)(t), (4)

where Ec,i u is the local average received chip energy when
the signal transmitted from BS i is received at MS u. Ec,i u

is expressed as

Ec,i u = Ec · R−αi u · 10−δi u/10, (5)

where Ri u is the distance between BS i and MS u, α is
the path loss exponent, δi u is the log-normally distributed
shadowing loss and η(m)(t) is the zero mean additive white
Gauss noise (AWGN) process with variance 2N0/Tc (N0 is
the single-sided power spectrum density).
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(3) Site diversity combining with FDE and antenna diver-
sity reception

At MS u, after the removal of the GI, the received signal
is decomposed into Nc subcarrier components by Nc-point
FFT. The kth subcarrier component R(m)

u (k) is given by

R(m)
u (k) =

Nc−1∑
t=0

r(m)
u (t) exp

(
− j2πk

t
Nc

)

=

∞∑
i=0

⎡⎢⎢⎢⎢⎢⎢⎢⎣
√

2Ec,i u

Tc
H(m)

i u (k)S i(k)

⎤⎥⎥⎥⎥⎥⎥⎥⎦ + Π(m)(k), (6)

where S i(k) is the kth subcarrier component of si(t), H(m)
i u (k)

is the kth subcarrier channel gain of the multipath channel
between BS i and MS u and Π(m)(k) is the kth subcarrier
component of η(m)(t). They are written as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

S i(k) =
Nc−1∑
t=0

si(t) exp

(
− j2πk

t
Nc

)

H(m)
i u (k) =

L−1∑
l=0

h(m)
i u,l exp

(
− j2πk

τl

Nc

)

Π(m)(k) =
Nc−1∑
t=0

η(m)(t) exp

(
− j2πk

t
Nc

)
. (7)

Joint FDE and receive antenna diversity combining is
performed on {R(m)

u (k); k = 0 ∼ Nc − 1} as

R̂b(u) u(k) =
M−1∑
m=0

w(m)
b(u) u(k)R(m)

u (k), (8)

where w(m)
b(u) u(k) is the MMSE weight associated with the

active BS b(u) (which will be derived in Sect. 3). By ap-
plying Nc-point inverse FFT (IFFT), the time-domain chip
sequence r̂b(u) u(t) after joint FDE and receive antenna di-
versity combining is obtained as

r̂b(u) u(t) =
1

Nc

Nc−1∑
k=0

R̂b(u) u(k) exp

(
j2πk

t
Nc

)
. (9)

Then, despreading is carried out on r̂b(u) u(t) to get the de-
cision variable d̂b(u) u(n) associated with the active BS b(u)
for the transmitted symbol du(n) as

d̂b(u) u(n) =
1

SF

(n+1)SF−1∑
t=nSF

r̂b(u) u(t)

× {
cscr(b(u))(t)cu(t mod SF)

}∗ . (10)

Finally, the decision variables associated with all active
BS’s are combined to obtain the site diversity-combined de-
cision variable as

d̃u(n) =
D−1∑

b(u)=0

d̂b(u) u(n), (11)

where D (1 ≤ D ≤ Dmax) is the number of active BS’s.
Data demodulation is done on {d̃u(n); n = 0 ∼ Nc/SF −
1} to recover the transmitted binary data sequence of Nc/SF
symbols.

3. MMSE Weight Derivation

In order to derive the MMSE site diversity combining
weight for DS-CDMA downlink with joint FDE and antenna
diversity reception, we assume Pth → ∞ and that all BS’s
are participating in site diversity (Dmax → ∞) [6]. Substi-
tuting Eq. (10) into Eq. (11) gives

d̃u(n) =
1

SF

(n+1)SF−1∑
t=nSF

⎡⎢⎢⎢⎢⎢⎢⎣
∞∑

b(u)=0

r̂b(u) u(t)

⎤⎥⎥⎥⎥⎥⎥⎦
× {

cscr(b(u))(t)cu(t mod SF)
}∗ . (12)

The kth subcarrier component R̃u(k) of
∑∞

b(u)=0r̂b(u) u(t) is
given, from Eqs. (8) and (9), as

R̃u(k) =
∞∑

b(u)=0

M−1∑
m=0

w(m)
b(u) u(k)

×

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
∞∑

i=0

⎛⎜⎜⎜⎜⎜⎜⎜⎝
√

2Ec,i u

Tc
H(m)

i u (k)S i(k)

⎞⎟⎟⎟⎟⎟⎟⎟⎠
+Π(m)(k)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ . (13)

Let’s define the equalization error at the kth subcarrier
as

eu(k) = R̃u(k) − S̃ u(k), (14)

where S̃ u(k) is the kth subcarrier component in the sum of
transmitted signals from all active BS’s and it is written as

S̃ u(k) =
∞∑

b(u)=0

⎡⎢⎢⎢⎢⎢⎢⎢⎣
√

2Ec,b(u) u

Tc
S b(u) u(k)

⎤⎥⎥⎥⎥⎥⎥⎥⎦ (15)

with

S b(u) u(k)=
Nc−1∑
t=0

[
du (�t/SF�) cu (t mod SF) cscr(b(u))(t)

]

× exp

(
− j2πk

t
Nc

)
. (16)

Using Eqs. (13) and (15), the mean square error E[|eu(k)|2]
is given as

E
[
|eu(k)|2

]
= E

[∣∣∣R̃u(k) − S̃ u(k)
∣∣∣2]

=

∞∑
b(u)=0

E
[ ∣∣∣eb(u)(k)

∣∣∣2], (17)

where

eb(u)(k) =
M−1∑
m=0

w(m)
b(u) u(k)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
∞∑

i=0

⎛⎜⎜⎜⎜⎜⎜⎜⎝
√

2Ec,i u

Tc
H(m)

i u (k)S i(k)

⎞⎟⎟⎟⎟⎟⎟⎟⎠
+Π(m)(k)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
−

√
2Ec,b(u) u

Tc
S b(u) u(k). (18)
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The MMSE weight can be found from

∂

∂w(m)
b(u) u(k)

E
[ ∣∣∣eb(u)(k)

∣∣∣2] = 0. (19)

Substituting Eq. (18) into Eq. (19) gives

∞∑
i=0

UiΓi u

{
H(m)

i u (k)
}∗ ⎡⎢⎢⎢⎢⎢⎢⎣

M−1∑
m′=0

w(m′)
b(u) u(k)H(m′)

i u (k)

⎤⎥⎥⎥⎥⎥⎥⎦
+SF · w(m)

b(u) u(k) − Γb(u) u

{
H(m)

b(u) u(k)
}∗
= 0, (20)

where Γb(u) u is the local average received signal energy per
symbol-to-the AWGN power spectrum density ratio for the
signal transmitted from BS b(u) and is given by

Γb(u) u=
SF · Ec(1+Ng/Nc)−1

N0
R−αb(u) u10−δb(u) u/10. (21)

We have assumed that the data symbol sequences {du(n)}, u
= 0 ∼ Ui − 1, are independent and random. From Eq. (20)
and after some manipulations similar to [6], we can show
that the MMSE weight is given as

w(m)
b(u) u(k) =

Γb(u) u

{
H(m)

b(u) u(k)
}∗

∞∑
i=0

UiΓi u

⎡⎢⎢⎢⎢⎢⎢⎣
M−1∑
m′=0

∣∣∣∣H(m′)
i u (k)

∣∣∣∣2
⎤⎥⎥⎥⎥⎥⎥⎦ + SF

. (22)

4. Computer Simulation

4.1 Simulation Conditions and Procedure

Figure 4 shows a cellular structure considered in the com-
puter simulation. Each cell is illuminated by a BS with om-
nidirectional antenna. An MS of interest is located in the
center cell (i = 0th cell). Each MS is assumed to receive
the signals transmitted from only 7 surrounding BS’s and
interference-limited environment is assumed. Table 1 shows
the simulation condition. We assume QPSK data modula-
tion, an FFT window size of Nc = 256 chips and a GI length
of Ng = 32 chips. Both channel estimation and local aver-
age received signal power estimation are ideally performed.
The path loss exponent α is set to α = 3–4 and the standard
deviation of shadowing loss σ is set to σ = 6 dB. Fading
is assumed to be a block Rayleigh fading having an L =
16-path uniform power delay profile with τl = l chips (l=
0 ∼ L − 1) so that the path gains remain constant over one
block interval of Nc chips. The threshold Pth is set to Pth =

0–10 dB, the required BER is set to 10−2 and the allowable
outage probability Po is set to Po = 10%. We use Dmax = 7.

Computer simulation is performed by the following
procedure. Starting from U = 1, U MS’s locations in each
cell are randomly generated, followed by the generation of
shadowing loss δi u and path gains {h(m)

i u,l; l = 0 ∼ L− 1, m =
0 ∼ M − 1}. Each MS measures the local average received
signal power from each BS to select active BS’s, each giving

Fig. 4 Cellular structure.

Table 1 Simulation conditions.

the local average received signal power within the thresh-
old Pth dB from the maximum. After selecting the active
BS’s, the number Ui of data channels of BS i is determined.
Performing the signal transmission described in Sect. 2, the
BER measurement of the MS is carried out. After having
measured the local average BER, locations of all MS’s are
changed to measure the local average BER again. This mea-
surement process is repeated a sufficient number of times to
find the distribution of the local average BER. If the prob-
ability (outage probability) of the local average BER being
larger than the required BER is smaller than Po, the num-
ber U of MS is incremented by one (i.e. U + 1 → U). The
downlink capacity Umax is defined as the maximum number
of MS that keeps the outage probability smaller than Po.

In this paper, we compare the DS-CDMA downlink
capacity with the MC-CDMA downlink capacity. For a
fair comparison, the same simulation conditions as in DS-
CDMA are assumed, i.e., QPSK data modulation, MC-
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Fig. 5 Effect of site diversity threshold Pth.

CDMA with Nc = 256 subcarriers, a GI length of Ng = 32
samples, and a spreading factor SF = 256. The difference
between MC-CDMA and DS-CDMA is the placement of an
Nc-point IFFT operation; it is used at the receiver in DS-
CDMA as in Fig. 2, but it is used before the GI insertion at
the transmitter in MC-CDMA [4]. The selection method of
active BS’s is the same as in DS-CDMA.

4.2 Results and Discussion

The normalized downlink capacity Umax/SF is plotted in
Fig. 5 as a function of the threshold Pth. As Pth increases,
the normalized downlink capacity increases since the num-
ber of active BS’s increases and larger site diversity gain
is obtained. However, when Pth exceeds a certain value,
the normalized downlink capacity decreases due to the ex-
cessive interference because too many active BS’s are in-
volved. It is seen from Fig. 5 that the maximum downlink
capacity is about 1.3 times larger than without site diversity
(Pth = 0 dB). As the path loss exponent α increases, the op-
timum Pth that maximizes the downlink capacity increases.
This is because Pth needs to be increased to get more ac-
tive BS’s for site diversity operation. The optimum Pth is
found to be around 4–5 dB when α = 3–4. The downlink
capacity increases as α gets larger, since, as α gets larger,
the interference signals are attenuated more and the signal-
to-interference power ratio (SIR) gets larger. It is also seen
from Fig. 5 that the downlink capacity with MMSE-FDE is
larger than that with coherent rake combining since MMSE-
FDE can significantly reduce the IPI; the maximum down-
link capacity with MMSE-FDE is about 1.6 times larger
than with coherent rake combining.

The probability of the number D of active BS’s is plot-
ted in Fig. 6 when α = 3.5. As Pth increases, the probability
of D = 4–6 becomes larger. This suggests that the inter-code
interference gets severer if too large Pth is used. When the
optimum Pth (≈ 4.5 dB) is used, a sufficient signal power
can be collected by site diversity and excessive interference

Fig. 6 Probability of the number D of active BS’s.

Fig. 7 Effect of the number M of receive antennas.

is avoided due to the small probability of D = 4–7.
Figure 7 shows the effect of the number M of receive

antennas on the downlink capacity, where the optimum Pth

(the optimum Pth was found to be almost the same with and
without antenna diversity reception) and Pth = 0 dB (with-
out site diversity) are used. The joint use of MMSE-FDE
and antenna diversity reception is very effective to improve
the downlink capacity. The downlink capacity linearly in-
creases with M.

Figure 8 plots the normalized downlink capacity with
site diversity using the optimum Pth and that without site di-
versity (Pth = 0 dB) as a function of the number L of paths.
MMSE-FDE always provides better downlink capacity than
coherent rake combining. As L increases, the downlink ca-
pacity of MMSE-FDE improves since larger frequency di-
versity gain can be obtained. However, the downlink capac-
ity approaches the upper limit for L > 16. In the case of
coherent rake combining, as L increases from L = 1 to L
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Fig. 8 Effect of the number L of paths.

= 4, the normalized downlink capacity with coherent rake
combining also increases due to increasing path diversity
gain. However, as L increases beyond L = 4, large IPI is
produced and it reduces the downlink capacity. When L = 4
(16), MMSE-FDE gives about 1.3 (1.6) times larger down-
link capacity than coherent rake combining.

The downlink capacities of both DS-CDMA and MC-
CDMA, with site diversity using MMSE-FDE, are com-
pared in Fig. 9. It is seen that the optimum Pth is the
same for both CDMA schemes. With the optimum Pth, the
DS-CDMA downlink capacity is almost the same as MC-
CDMA. The reason for this is given below. When Nc = SF
= 256, since the data symbol to be transmitted is spread over
all Nc subcarriers in both MC- and DS-CDMA, the same fre-
quency diversity gain can be obtained in them, leading to the
same downlink capacity for them.

When site diversity is used, the receiver complexity in-
creases. Below, we present the complexity comparison in
terms of the number of complex multiplications per block
of Nc chips. In the receiver, Nc-point FFT (the number of
complex multiplications is Nclog2Nc) and FDE (the num-
ber of complex weight multiplications is Nc) are performed
on each antenna. At the receiver, after M-antenna diver-
sity combining, Nc-point IFFT (the number of complex mul-
tiplications is Nclog2Nc) and despreading (the number of
complex multiplications is Nc) are performed for each of D
(1 ≤ D ≤ Dmax) base stations participating in site diversity.
As a result, the total number N of complex multiplications
is

N =
{
(Nc log2 Nc + Nc)M + Nc log2 Nc + Nc

}
D

= (M + 1)(Nc log2 Nc + Nc)D. (23)

Obviously, the number of complex multiplications is pro-
portional to D. Therefore, the downlink capacity improve-
ment by using site diversity can be achieved at the cost of
complexity increase. However, it can be seen from Fig. 6
that when the optimum Pth (≈ 4.5 dB) is used, the probabil-
ity of the number D of active BS’s is about 67.4% for D =

Fig. 9 Downlink capacity comparison between DS-CDMA and MC-
CDMA.

1, 22.3% for D = 2, 7.9% for D = 3 and 2.3% for D = 4–7.
Hence, Dmax can be set to 2–3 to get a sufficient capacity
increase (Dmax was set to 7 in the computer simulation).

5. Conclusion

In this paper, we theoretically derived the MMSE site di-
versity combining weight for DS-CDMA downlink with
joint FDE and antenna diversity reception. It was shown
by computer simulation that site diversity with MMSE-FDE
provides a downlink capacity about 1.6 times larger than
with coherent rake combining. It was also shown that the
joint use of MMSE-FDE and antenna diversity reception in-
creases the capacity and that DS-CDMA can achieve almost
the same downlink capacity as MC-CDMA.

In this paper, we have considered downlink site diver-
sity for uncoded DS- and MC-CDMA cellular systems. The
discussion about the link capacity of coded DS-CDMA site
diversity with FDE is left as a future study. Site diversity
can also be applied to orthogonal frequency division multi-
plexing (OFDM) cellular system. However, it is necessary
to consider some subcarrier allocation method or schedul-
ing method. The implementation of site diversity for OFDM
cellular system is not easy. Therefore, in this paper, we did
not consider OFDM site diversity. OFDM site diversity is
also left as an interesting future study.
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