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|PAPER

Effect of Noise-Only-Paths on the Performance
Improvement of Post-Demodulation Selection
Diversity in DS/SS Mobile Radio

Akihiro HIGASHIT, Tadashi MATSUMOTO' and Mohsen KAVEHRADTt, Members

SUMMARY The path diversity improvement inherent in
direct sequence spread spectrum (DS/SS) signalling under
multi-path propagation environments is investigated for mobile/
personal radio communications systems that employ DPSK
modulation. The bit error rate (BER) performance of post-
demodulation selection diversity reception is theoretically anal-
yzed in the presence of noise-only-paths in the time window for
diversity combining. Results of laboratory experiments con-
ducted to evaluate the BER performance are also presented. It is
shown that the experimental results agree well with the theoreti-
cal BER.

key words: spread spectrum, direct sequence, RAKE reception,
selection diversity, noise-only-path

1. Introduction

The path diversity improvement inherent in direct
sequence spread spectrum (DS/SS) signaling under
multipath propagation environments is very attractive
for mobile/personal communications systems. The
desired signal components extracted from the received
composite signal suffer from independent fading, and
these can be used as diversity branches. This is the
great advantage of DS/SS signaling and, therefore,
receiver systems featuring this path diversity technique
have been widely researched previously under
“RAKE” combining system.(V-®

Fading environments lead to fast variations in the
received signal phase and envelope, and this makes
coherent detection very difficult to use. Differential
detection requires no carrier recovery function, and is,
thus from the practical point of view, promising for
mobile radio applications. Even for differential PSK
(DPSK), it is still difficult to precisely track the time
at which the desired signal components corresponding
to a propagation path are received in order to
demodulate the desired signals. This is because the
propagation profile may vary rapidly, and furthermore,
the received signal may suffer from Doppler shifting
due to vehicle motion.
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The post-demodulation integration RAKE (PDI-
RAKE) system can solve this problem by setting a
time window so that some of the desired demodulated
signals are included. The time window position is
determined from:the detected correlation peak in the
despreading process. The PDI receiver requires no
accurate path tracking function such as a delay lock
loop or tau-dither loop; a simple digital phase locked
loop (DPLL) is applicable to this time window
positioning technique.

The PDI receiver combines demodulated signals
in the time window. If at any of the chips in the time
window the demodulator output has no desired signal
component, and if these “noise-only-paths (NOP’s)”
are combined with equal weight, the combined
received signal quality degrades. This NOP effect on
the bit error rate (BER) performance of the PDI-
RAKE system was analyzed in Refs. (4)-(6). Refer-
ence (4) evaluated the BER performance of the PDI-
RAKE system with orthogonal signaling in the pres-
ence of NOP’s; square-law combining was assumed.
Reference (5) also investigated the NOP effect on the
BER performance of orthogonal signaling with square-
law combining, and proposed an adaptive threshold
control scheme that mitigates the NOP effect. Refer-
ence (6) analyzed the path diversity improvement of
the PDI-RAKE system with DPSK modulation, in
which an exponential delay profile and a fixed time
window size was assumed.

Another simple type of post-demodulation (PD)
diversity reception is to select the demodulated signal
with the largest signal envelope from among the
demodulated signals in each time window. This paper
analyzes the effects of NOP’s in the time window on
the diversity improvement of PD selection diversity
reception, assuming binary DPSK modulation with
differential detection. Section 2 describes the system
model used in the analysis. Section 3 theoretically
evaluates the bit error rate (BER) of the PD diversity
reception in the presence of NOP’s in the time window.
Section 4 describes the construction of an equivalent
baseband laboratory experimental system, and presents
experimental results of BER performance evaluations.



HIGASHI et al: EFFECT OF NOISE-ONLY-PATHS ON THE PERFORMANCE IMPROVEMENT

I-ch MATCHED DPSK TAPPED
INPUT FILTER DEMODULATOR DELAY LiNE
Q-ch o—{» MATCHED ENVELOPE SELECTOR >0
INPUT FILTER DETEGTOR I OUTPUT -
l LARGEST Chip No. with the
DETECT Largest Envelope

© PN SEQUENCE

Fig. 1 Model of PD selection diversity reception.
2. System Model

Figure 1 shows a model of the PD selection diver-
sity scheme being analyzed. Binary DPSK (BDPSK)
is assumed. The PD selection diversity receiver has a
transversal type correlator matched to the reference
user’s spreading sequence. The in-phase and
quadrature-phase channel (I-ch and Q-ch) components
of the correlator output are brought to the BDPSK
demodulator where the phase difference between the
two (I, Q) pairs of the correlator output samples
separated in time by the information bit duration is
detected each chip time.

The BDPSK demodulator output samples are then
fed to a tapped-delay line whose unit delay time is
chosen to be equal to the spreading chip duration. The
correlation peak position is determined from the cor-
relator output signal power (I?4+Q?%. The time
window for PD selection diversity is positioned on the
tapped-delay line so that the desired signal compo-
nents of the demodulated output signals are included,
and shifted gradually to track the desired signals.

The chip duration is assumed to be small enough
to resolve each propagation path. If the time window
size is sufficiently large compared to the channel delay
spread, the desired signal components corresponding
to each propagation path can be combined. However,
too wide a time window allows NOP’s.

3. Performance Analysis
3.1 BER Expression

If the k-th chip in the time window has a desired
signal component corresponding to a propagation
path, the complex representation z,(¢) of the despread
received signal, with a unity transmission power, is
expressed as

2, (1) =225 (1) €O+ 2, (1), (1)

where z(?) is the fading complex envelope of the
desired signal component, z,(¢) is the additive white
Gaussian noise (AWGN), ¢(¢) is the transmitted
signal phase, and j=y—1. The BDPSK demodulator
outputs Im{z, () z¥ (ts— T)} where Im{ } denotes
the imaginary part of the complex variable and £ is the
sampling instant. The phase difference ¢(#) — (£
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— T) =0 or x if the received desired signal suffers from
neither noise nor fading. It is apparent that with z, (£)
given, z¥(t;— T) becomes a complex Gaussian vari-
able with a mean p*z, () and a variance ¢%(1—|uf?),
where 0°=<|z (:)|*>/2 and p= pre+ jprin="{<z: (ts) zi¥
(ts—T)>/262™

Assuming that there are m propagation paths
having equal path gains, each of the m equivalent
envelopes |z (£)| distributes over the Rayleigh proba-
bility density function (pdf)p(|z.(%)]) of

Pl () =l (6) | -exp 2L} (o)

where
o*=ot+ o5, (3)

and ¢% and o2 are the variances of the complex fading
envelope for the desired signal and the AWGN, respec-
tively. If the k-th chip is the NOP,

z (1) =z (1), (4)

and also each of the M — m equivalent envelopes |z () |
has the Rayleigh pdf of Eq. (2), where ¢? is replaced
by o2

The PD selection diversity receiver selects the
demodulator output signal having the largest signal
envelope R from among the M chips in the time
window as

R=Max[|z, (1) ]. (5)
Hence, the pdf p(R,) of the largest equivalent enve-

lope of the m|z, (%) 's having the desired signal compo-
nents, R, is expressed as

R: RZ\|m!
P62 Y )
(6)

On the other hand, the pdf p(R,) of the largest
equivalent envelope of the M —m|z, () |'s having the
NOP components, R,, becomes

M—m RZ
p ) =5 R %)

-{l—exp <~ %)}M—m_l. (7)

Therefore, if R=R;=Max(Rs, R,), the selected
demodulator output has the desired signal component.
In this case, for the transmitted binary data of 1, the bit
error probability p.(Rs) conditioned on the signal
envelope R; is given by

pe(Re) =erte( 2. £e ) (®)

NP

If R=R,=Max(R;, R,), the selected path is the NOP,
and a bit error results with a probability of 0.5,
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Therefore, the average BER P, can be calculated using
Egs. (6), (7) and (8) as

Po= [ [ p (R (R p(Ry) dRudR,

+£ GI R%P (Rn)p(Rs) dR.dR, 9)

for M >m.
After some manipulations, we have

. m(M—m) M—-m—1m—1
- 2 ZE) £=0

M—m—I\/m—1

IGD G

O im

i+ k112 \/u%m+(k+1>(1—|ulz)
4+ a+n) }

i+k+2+il'+T

1
4 k¥2+irFT

P, (=1

/l?m )
TNt S [WP Gk 25+ )
‘{1 \/ | }]
M>m (10)

where I'=0%/0% is the average received signal energy
per bit-to-noise power spectral density ratio (E,/Np)

on each path, and <g> is the binomial coefficient (see

Appendix).

If M =m, the average BER is equivalent to that of
the m-branch selection diversity, and is, for BDPSK,
given by®

Po= [p(R)p(R) R,

:%{l—él(“1)k<;€n>\/#§m+k/f?—|ﬂ|z) }
(11)

3.2 Numerical Calculations

The average BER was numerically calculated
using Eq. (10). Assuming that fading is very slow
compared to the bit rate, i.e., fpT—0 where fp is the
maximum Doppler frequency, u=jI/(I"+1). Figure
2 shows the calculated BER versus the average received
E,/N,(=mI") with the number of the propagation
paths m and the window size M as parameters, where
for any value of m, the ml’ value has been kept
constant since the transmitted signal power is divided
into m paths. It is found from Fig. 2 that for m=2, the
BER performance with M =6 is about 2 dB worse than
that with M =2. For m=1, the BER with M =6 is
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Fig. 2 Average BER vs. average received E,/N.
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Fig. 3 Average BER vs. the number of the NOP’s.

about 4 dB worse than that with M =1. Figure 3
shows the average BER for m['=17 dB versus the
number M — m of the NOP’s with m as a parameter. It
is found that for small values of M —m, the BER
increases rapidly as M —m increases. However, for
large values of M — m, the BER becomes relatively less
sensitive to increases in the number M —m of the
NOP’s.

4. Experiments

A major factor that dominates signal transmission
performance in DS/SS multi-user communications
systems is interference because the same frequency
band is shared by many transmitter-receiver pairs. This
makes it very difficult to estimate the signal transmis-
sion performance of a DS/SS system in a multi-user
environment because unless a lot of real transmitter-
receiver pairs are field or laboratory tested, the actual
performance can not be evaluated.

In order to reduce this difficulty, and to improve
the accuracy of performance evaluations through labo-
ratory experiments, an equivalent baseband experiment
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system was built. The system simulates, in real time,
broadband fading signal transmission environments.
Also, a prototype of the PD selection receiver was
constructed. This section introduces the experimental
system, and presents measured BER performance of the
PD selection diversity reception system.

4.1 Channel Simulator

Figure 4 shows the block diagram of the equiva-
lent baseband fading simulator. The double-spike
model was employed as the channel delay profile,
where the two propagation paths were assumed to have
equal gain. The input I-ch and Q-ch components were
sampled at a sampling interval of 1/4.096 MHz asyn-
chronous to the input chip timing. The input sample
sequence was replicated to simulate the double-spike
propagation environment.

Two I-ch and Q-ch pairs of the complex fading
envelope were generated based on the model described
in Ref. (8). The input sample sequence was multiplied
by one of these two pairs in the complex domain. The
delayed version of the input sample sequence was
multiplied by the other pair in the complex domain.
These were then summed, and the resulting I-ch and
Q-ch samples are the output of the fading simulator.
The maximum Doppler frequency could be set in-

Delay Time
I-ch I 1Y l-oh
Input Output
g «——1,.| Programmable | | H O P
Q-ch Delay Complex o ;Ch "
Ingut _—1_[ Programmable Multiplier | | utpu
| A _Adder O
Delay

A

R g [ v
cos ‘> Adder N T
A

Maximum )l F
Table JV> r

Doppler— i th Wi gl Foa
PP: ’@" . ! ave ﬂ‘

Frequency [ VCO ,—|:— AN
SIN : Adder 4 :
Table i th Wave

Complex Envelope Generator a

Fig. 4 Block diagram of equivalent baseband frequency selec-
tive fading simulator.
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dependently of the input chip rate within the range 1
Hz to 400 Hz. The adjustable range of the delay spread
was from O to 31 us.

Figure 5 shows the block diagram of the labora-
tory experimental system. One desired and two inter-
ference complex signals, each of which suffers from
independent frequency selective Rayleigh fading gener-
ated by the baseband fading simulator, and two dimen-
sional (I-ch and Q-ch) AWGN are combined in the
complex domain by two 4-input full adders. The
resulting signals are then brought to the prototype PD
selection diversity receiver.

4.2 Receiver Prototype

In the prototype system, the chip rate was 1.024
Mb/s, and the symbol rate before spreading was 8.063
(=1024/127)kb/s. Gold codes of length 127 chips
were used for the spreading sequence (process gain is
21 dB). Two matched filter IC’s, Plessy PDSP 16256,
were used as I-ch and Q-ch despreaders. Another
Plessy IC, PDSP16116, was used to calculate 12+ Q2.
The peak position detector was constructed with ran-
dom logic circuitry. The I-ch and Q-ch outputs and
detected peak position were then input to a Motorola
DSP96000, which performed PD selection diversity
reception with a window size of 6. Moreover, time
window positioning was performed on the DSP using
a conventional DPLL algorithm.

4.3 BER Performance Evaluations

Laboratory experiments were conducted to evalu-
ate the BER performance of PD selection diversity
reception using the equivalent baseband laboratory
experiment system. The spreading sequences were
randomly selected from among the Gold codes and
assigned to the interference signals so that the effect of
cross correlation between the desired and interference

1 T 7 :

E ' . Rayleigh Fading
! PD Selection Diversity 1
* fD=40Hz

Desired Signal H Fading I E:.l
PNDatal=>|  rransmitter 13| Simulator |2 — o
+ O
o
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) g
- - N : :
Interference Signal | Fading " E}—) PD Selection || Error oA
PNData2=>1  rransmitter 1 | Simulator Fs(CF) Qr Diversity Rx Counter Theery for M=8
N N okl 1 | m | o
ali Data F :
Gold Sequence 2 . o] el o :
-5 1 : L . :
Interference Signal Fading AWGN J 10 10 2.0 310
PN Data3 Transmitter 2 |—»{Simulator |—

A
Gold Sequence 3

Fig. 5 Block diagram of laboratory experimental system.

Average Eb/No ml™ (dB)

Fig. 6 Experimental average BER vs. average
received E,/Nj.



442

spreading sequences could be averaged over the
sequences of the Gold codes.

Figure 6 shows for f,=40 Hz the average BER of
the PD selection diversity reception for infinite and —3
dB signal-to-interference power ratio (SIR) values
versus the average received E,/No(=ml") after des-
preading with the number of the propagation paths m
as a parameter. The path gain for m=2 was set at one
half of that for ms=1. The theoretical BER’s calculated
from Eq. (10) for the infinite SIR are also plotted for
m=1 and m=2 with the time window size M of 6. It
is found that the experiment results agree well with the
theoretical BER for M =6. When the average SIR is
—3 dB, the average BER decreases as the average Ey/
Ny increases; however, the BER values reach a floor
determined by the —3 dB average SIR.

5. Conclusions

The path diversity improvement inherent in direct
sequence spread spectrum (DS/SS) signaling under
multipath propagation environments has been inves-
tigated for mobile/personal radio communications
systems that employ DPSK modulation. The BER
performance of post-demodulation (PD) selection
diversity reception was analyzed in the presence of
noise-only-paths (NOP’s) in the time window for
diversity combining. It has been shown that for a
double-spike delay profile (m=1), the BER perfor-
mance with a window size M =6 is about 2 dB worse
than that with M =2. For a single path propagation
environment (m=1), the BER with M =6 is about 4
dB worse than that with M =1.

A prototype of the PD selection diversity receiver
was constructed together with an equivalent baseband
simulation system. This allows real time simulations
of broadband fading signal transmission environments.
Results of the laboratory experiments conducted to
evaluate the BER performance were also presented. It
has been shown that the experimental results agree well
with the theoretical BER.
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Appendix: Derivation of Eq. (10)
Let I, and L be
© Rg
= [ [P (R p(R) p(Ra) dRudRs, (A+1)

and

[ ,
b= [ [ PRI P(R) dRsdRy,  (AD)

respectively, with P,=L+L. We first calculate I.
Substituting the binomial expansion forms of Egs. (6)
and (7) into Eq. (A1) yields

m(M_m) Mj?z—lm—l (_1)i+k
2 iz i=0 i+1

[QE
k

oo 2

[f dRs erfc{ 'u"” R, } R;

0 o‘ [

~(k+1)Rs}

20?2

—f dR; erfc{ ’U'”" ﬁs }

ool R g+ 5l

Using the formula of

11:

-exp{

(A-3)

| erteax) -x-exp<—bx>dx=%<1——zﬁr_b),
(A-4)

we have
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m(M—m) M—Zm—lm—l (—1)i+®
2 = s i+

M—m—1\/m—1
N
'[kil{l \//lzm’f‘(k-f—i 1¥|u| }

1
it k+2+ir+r

11:

'{1_\/u%m+(1—|ﬂ|2) (ﬁk+2+i}“+F) }]
(A-5)

where I'=0%/0%.

Calculation of I is quite simple. Substituting the
binomial expansion form of Eq. (6) into Eq. (A-2)
yields

m (M_m) m—1M—-m—1 (_ 1) i+k
20% i = k+1

e

7 ) _M}
'g an[Rn exp{ e

Iz:

(s 5B e
After some manipulations, I, becomes
e o I
i k i+1 i+k+2+iC+I)
(A7)

Using Egs. (A-5) and (A-7), we have the expréssion
for P, of Eq. (10).
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