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ABSTRACT

A data fusion approach is proposed to improve the per-
formance of Code Division Multiple Access (CDMA)
multiuser detection. More reliable detection is obtained
at the switching center by fusing the detected results
from base stations. This method exploits the spatial
diversity that already exists in the current system with-
out increasing the amount of data transmission between
base stations and the switching center. Theoretical
analysis and numerical calculation demonstrate that

significant improvement of performance can be achieved.

1. INTRODUCTION

For terrestrial wireless transmission in cellular com-
munication services, the performance and capacity of
a system is determined by the following factors: co-
channel interference, multi-path fading, shadowing and
distance attenuation [1]. The near-far problem of inter-
ference can be efficiently solved by sophisticated mul-
tiuser detectors [2]. Micro-diversity combination tech-
niques [3], [4] have proved to be effective in alleviat-
ing the effect of multiple path on system performance.
Macro-diversity, or base station diversity [4], [5], is a
good approach to combat shadowing effect and distance
attenuation. The multiuser detector achieves signifi-
cant performance improvement over the conventional
detector (single user detector) by performing joint de-
tection on all users. Recently, Kandala et al. [6], realiz-
ing the base station diversity already existed in the cur-
rent structure, proposed a multi-user and multi-sensor
detector, in which each base station only calculates and
transmits the sufficient statistics to a switching center.
The detection is performed at the switching center, re-
sulting in better performance. The performance gain
of the diversity scheme and the multi-sensor detector
is achieved by collecting and combining the informa-
tion distributed among different base stations, at the
expense of increased complexity and amount of infor-
mation transmitted. In the existing CDMA network

structure, data are usually detected at the base station,
and then only the detected bits/decisions are sent to
the switch on a high-speed and highly reliable channel.
It is simpler to transmit decisions to the switch, com-
bining these decisions, rather than the sufficient statis-
tics at the switching center, thus resulting in decreased
complexity. Such an approach is known as distributed
detection or data fusion, which has been applied to
CDMA. communication [7]. In this paper, an adaptive
fusion scheme [8] is used to combine the primary de-
cisions from individual base stations at the switching
center. Each base station employs a multiuser detector
to obtain the primary decisions. Section 2 describes the
adaptive fusion algorithm. Two important properties of
data fusion are proved in Section 3. The performance
analysis for CDMA is presented in Section 4. Section 5
presents the conclusion of the paper.

2. DATA FUSION ALGORITHM

The geometrical arrangement of antennae for the
new approach is the same as the typical cell geometry.
A simple sectored antenna is employed at each site.
Each antenna sector covers 120° azimuth. The detec-
tion is performed at each antenna sector by a multiuser
detector. The detected results are sent to a switching
center which, as shown in Figure 1, is shared by three
simple-sectored antennae. The final detection is made
at the switching center by adaptive fusion [8] based on
the detected results from three separate antenna sec-
tors covering the same area. Let U = [uy, us,us] be
the vector of detected bits for a desired user. Here,
u; € {1,~1}, (binary signaling) ¢ = 1,2, 3, is the pri-
mary decision made by the ¢th antenna sector. Assume
synchronization has been achieved among antennae, so
that »; for ¢ = 1,2, 3, corresponds to the same informa-
tion bit transmitted. The final detection at the switch-
ing center for the same information bit is denoted by
uy, which is a function of primary decisions. The de-
termination of u; can be viewed as a two-hypothesis
detection problem with individual local decisions being
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the observations. When the minimum probability of
error criterion is adopted, we have
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where Hy and H; represent the following two hypothe-
ses:

H;:  the symbol +1 is transmitted,
Hy:  the symbol —1 is transmitted,

and ¢; and qg are the a priori probabilities of these two
events. Using the Bayes rule to express the conditional
probabilities with further simplification, the above like-
lihood ratio can be expressed as

P(H,|U)

> 1.
P(Ho|U)
The corresponding log-likelihood ratio is
_ 1, PUHLT)
A =log P(EID) > 0.

Since three base stations are far away from each other,
signals received at the three base stations pass through
different channels, and it can be assumed that the local
decisions are statistically independent, conditioned on
the transmitted information. Thus, we have

P(H,,U)
P(U)

1 H(l—PM;’)HPMu (1)
5+ 5-
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where St is the set of all i such that u; = +1 and S~
is the set of all ¢ such that u; = —1. Py, = P(u; =
—1]H,) is the bit error probability of the user at receiver
i when symbol +1 is transmitted. In a similar manner,

P(Ho|U) = Fg(%) [T - Pe) I 2r.,
S- S+

P(H{|U)

where Pr, = P(u; = +1|Hp) is the bit error probability
of the user at receiver ¢ when symbol —1 is transmitted.
Thus,

P(HL1|U) @ 1 — Py, Py,
A=log ——== =log =+ t .
EPET) ~ P ;: Pr, ' 4<<1-Pp,
Therefore,

3
+1, if ,\=ao+Za,—ui>0,

i=1

up = f(U) =
-1, otherwise,

(2)

where
ay = log 23, .(3)
90
Iog%‘;, if u; = +1,
a; = 1P (4)
log ;Mf" , ifw=-1.

For the binary symmetric channel (BSC) and equiprob-
able source, Prp,= P, and ap = 0.

Since the probabilities at each antenna is unknown
and time-varying, the following adaptive algorithm is
introduced to perform the fusion operation [8]:

ap ~log 2

log %::L —ap, if w= +1, (5)
a; &

log 2% 4 go, if w;=-1,

where m is the number of the events that uy = 1, n the
number of the events that uy = -1,

my;  the number of u; = +1 and uy = +1,
mg;  the number of u; = —1 and uy = —1,
ny;  the number of u; = +1 and uy = —1,
ng;  the number of u; = —1 and vy = +1.
3. PERFORMANCE ANALYSIS

From Section 2, it can be seen that the detected
result at the switching center is based on the optimal
combination of information from three totally differ-
ent channels. - Thus, better performance is expected
from the data fusion method. The following analysis
considers shadowing only. The reason for not includ-
ing the fading effect is that each base station is usu-
ally equipped with a diversity receiver (e.g. RAKE re-
ceiver), in which case, the fading due to multipath is
greatly reduced. The signal out of a diversity combiner
is a good representation of the average signal level (lo-
cal mean), which is dominated by shadowing. It is well
known that the signal power, and thus the signal-to-
noise ratio (SNR) are random variables [1] solely be-
cause of shadowing. The deviation of the signal power
caused by shadowing usually ranges from seconds to
hours. It is quite slow compared to the bit rate (e.g.,
9600 bit/sec). Within a short period, SNR can thus be
treated as a constant. Thus, the bit error probability
(or BER) at the base station and switching center ex-
hibits the following important property.
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Proposition 1 Denote the bit error rate (BER) for
a user at each antenna site in a BSC for equiprobable
sources as R;, i=1,2,3. Then the bit error rate achieved
at the fusion center, R;, for the same user is

Ry = min{Ru, R1, Rs, Rs}, (6)

where R,, = RiRs+ RiR3 + RoR3s — 2R RoR3.
Proof

The user index is omitted for notational simplicity.
For equiprobable sources and BSC, ag = 0 and Py, =
Pp, = R;. Thus, from Eq. (2),

A:Zsz(a,-)u,-=ilog (1;?4&)11 (7

i=1 i=1

According to the optimal fusion rule, the bit error prob-
ability at the fusion center is

Ry = %[P(A > 0|Ho) + P( < O|Hy)), (8)

where Hp, H; represent the events that symbols —1
and +1 are transmitted, respectively. Without loss of
generality, let R1 < Ra < Rg. Thus, a; > a2 > ags,
implying that

>0 ifUt=[1,1,1% [1,1, -1}t or [1,~1, 1},
<0 ifU*=[-1,1,-1]%, [-1,—1,1]

or [—-1,—-1,—1],
either i U*=[1,-1,—1] or [-1,1,1}%

A

(9)
The above “either” case can further be deduced to the
following two cases:

UZ
,—L, -1 | =L, L, 1Y
A | Case (1) >0 <0
Case (2) <0 >0

Case (1) implies that

1

- R 1—R, 1-R
log(—; 2 + log( T 2y < log(——=

5 )

and thus
R; < RiRs+ RiR3 + RaRg — 2R 1RyR3 = Rp,. (11)
Hence,

P(A > OI.HQ) = RjRyR3+ Rle(l — Rg) +

R1(1 — R2)R3 + R1(1 — Rz)(l — Rs)
= Ri1Ry+ Rl(l — Rz) =R;. (12)

Likewise, by the symmetry of error probability for each
channel,

P(\ <O|H;) = Ry.
Therefore,
Ry = 2 (P(A> 0|Ho) + PO\ < 0[HY)) = By < .
Similarly, case (2) implies that
as+az>a; — Ri>R,. (13)

In this case,

P() > 0|Hyp) ' ='

R1RyR3+ R1R3(1 — R3) +
Ri(1— Ry)Rs+ (1 — R1)RoR3
= RiRo+ RiR3+ RoR3—2R1R2R3
= Rn.
P(A<0|H)) = P(A>0|Hy)=R, (14)
Therefore, Ry= LR, < R;.
Combining these two cases, we have
Ry = min{ Ry, Rm}. (15)

In conclusion, Ry = min{ Ry, Ry, R, Rs}.

Proposition 1 shows that the instantaneous BER at
the switching center is less than or equal to the mini-
mum instantaneous BER of each receiver at the three
base stations. The BERs at both the base station and
switching center, which are random variables because
of the shadowing effect, can not be approximated as
constants over a large scale. The outage probability
is introduced to measure the performance of a detec-
tion scheme, and is defined as the probability of BER
exceeding a certain threshold. The next proposition
shows the relationship of the outage probability in the
base station and the switching center.

Proposition 2 If P, P», and Ps are denoted as the
outage probabilities of a user at antenna site 1, 2, and 3,
respectively, the outage probability at the fusion center,
Py, is

Py < PP Ps. (16)

Proof

According to fundamental statistics [9] (pp- 182-
184}, let r > 0 denote the protection margin. According
to the definition of outage probability and Proposition
1, we have

P, = P(Ry>r)= P(min(R;, Ry, R, Rs) > 7)
= PRy>r,Ry>r,R3>r,Rp>r)
P(R; >r,R2>7r,R3>r,Ry, >0)

A
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Since

PRy >r,Ry>r,R3>r,Rpn>0)=
P(R] >7‘,R2>7‘,R3>1”),

Py < P(R1 >r,Ry>r, Rz > 7‘) =
P(Rl > T)P(Rz > ?)P(R:; > '7') = PP, Ps.

Proposition 2 shows that the outage probability at the
fusion center is less than the product of the outage prob-
ability at the three antenna sectors.

4 THE PERFORMANCE IMPROVEMENT
OF A CDMA NETWORK

In this paper, a multiuser detector is referred to
as the one which completely eliminates the multiuser
interference, such as the decorrelating detector [2]. The
outage probability at each base station is

E
P =P(BER>a) = P(NZ— <8,

where Ej is the bit energy, Ny is the variance of the
additive noise at the input of the detector, and £ is
the protection margin when BER. is «. For voice, it is
adequate to set & = 10~3. When only shadowing is
considered, the bit energy can be determined by

_ P t10%

Ey R, ’

where P; is the transmitted power by the mobile user, r
is the distance between a base station and the mobile,
R, is the bit rate, and g is the distance attenuation
factor. p is usually set to 4 for urban mobile commu-
nication. ¢ is modelled as a Gaussian random variable
with a mean of zero and a variance of o;. Usually, o,
ranges from 6 to 12 dB. Hence, the outage probability
can be determined by

(1 P;
Pgui - Q (0'_310 ].Og W) . (17)

According to the analysis in the previous section,
" the outage probability of the multiuser detector is,

1 P (
=qg{—=10
Pour =Q (m 10log BR,Nomin(ry, ry, 7‘3)”)  (9)

where r1, rs and r3 refer to the distances between the
particular mobile user and three respective base sta-
tions surrounding it. When the data fusion scheme is
used, the upper bound of outage probability becomes

P =TI (L1006 -n2—) . (9)
out — L os Og ﬂRaN()riu M

Figure 2 plots the ratio of the required transmitted
power over noise for the multiuser detector versus the
spatial position of the mobile user within one cell when
the outage probability P,y is kept as 0.1. In this figure,
the bit rate is set to 9600 bit/s, 8=5 (7dB), o, = 8dB.
The cell radius is normalized to 1. Figure 3 is the cor-
responding plot for the data fusion scheme. In this
case, P;/Ny is determined by solving Eq. (19) numer-
ically. Figure 4 shows the power gain (in dB) of the
fusion method over the multiuser detector, obtained by
dividing the required transmitting power for the mul-
tiuser detector over that for the fusion method under
the same environment. Note that significant perfor-
mance improvement is achieved by data fusion espe-
cially at the boundary region in which the multiuser
detector has the worst performance. From Figure 3,
it can be seen that the dynamic range of the required
transmitting power is mush smaller by the data fusion
approach than that by the multiuser detector.

CONCLUSION

We have proposed a fusion approach making use of
the diversity already existed in the current structure
to improve the performance of CDMA detection. Un-
like other approaches, this method can be incorporated
into the current network structure without increasing
the amount of information transmitted. It is demon-
strated, by analysis and numerical results, that this ap-
proach minimizes the effect of distance attenuation and
shadowing significantly.

REFERENCE

[1] A. 3. Viterbi, CDMA, Principles of Spread
Spectrum Commaunications, Reading, MA:
Addison-Wesley Publishing Co., 1995.

121 S. Verdd, “Multiuser Detection,” Advances
in Delection and Estimation, Greenwich, CT:
JAT Press, 1993.

[3] D. G. Brennan, “Linear diversity combining
techniques,” Proc. of IRE, vol. 47, June
1959, pp. 1075-1102.

[4] W. C. Jakes (ed.), Microwave Mobile Com-
munication, New York: J. Wiley & Sons,
1974, reprinted by IEEE Press 1994.



0-7803-3336-5/96 $5.00 © 1996 IEEE

[5] R.Bernhardt, “Macroscopic diversity in fre-
quency reuse radio system,” IEEE JSAC,
vol. 5, no. 5, June 1987, pp. 862-870.

[6] S. Kandala, E. Sousa, and S. Pasupathy,
“Multi-user multi-sensor detectors for CDMA
networks,” IEEE Trans. Communications,
vol. 43, no. 2/3/4, Feb./Mar./Apr. 1995,
pp. 946-957.

[7] J. Chen, N. Ansari, and Z. Siveski, “Dis-
tributed detection for cellular CDMA,” Flec-
tronics Letters, vol. 32, no. 3, Feb. 1996,
pp. 169-171.

[8] N. Ansari, E. Hou, B. Zhu and J. Chen, “An
adaptive fusion model for distributed detec-
tion systems,” IEEE Trans. Aerospace and
Electronic Systems, vol. 32, no. 2, April,
1996, pp. 524-531.

[9] A. M. Mood, et al., Introduction to the The-

ory of Statistics, 3rd edition, New York: McGraw-

Hill , 1974.

@ Fusion (or Switching) Center ~{ Antenna (Base Station)

Figure 1: A data fusion CDMA detection scheme.
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Figure 2: Required transmitting power using the

multivser detector.

Figure 3: Required transmitting power using the data

fusion approach.
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Figure 4: Power gain of the data fusion over multiuser

detector.



