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Abstract 5-This paper presentsthe theoretical analysis for Non-
coherent multi-tone code division multiple access (M T-CDMA)
system in terms of average bit error rate (BER). The system
uses differential binary phase shift keying (DBPSK) modulation
and post-detection diversity combining, considering dowly
Rician fading and frequency selective channd in the indoor
environment. Post-detection diversity is considered because it
non-coherently combines the received signals from different
diversty branches after differential detection. Here, the
influence of the order of diversity and number of tones is
studied for given bandwidth (BW), bit rate and transmitter
power.

Index terms B~ Multi-tone, CDMA, Post-Detection and
Diversity

|. INTRODUCTION

T-CDMA technique that combines Orthogonal

Frequency Division Multiplexing (OFDM) and direct-
sequence spread-spectrum (DS-SS) modulation has been
proposed in [1]. This combination provides both high data
rate trangmission and multiple access capabilities. Over a
frequency sdective channd, an MT-CDMA signd
experiences inter-symbol interference (1S1), inter-carrier
interference (1Cl) and multiple-access interference (MAL).

A lot of research has been performed on MT-CDMA
system considering al the aforementioned interferences.
Among those investigations we first considered [2] non-
coherent demodulation, since, synchronous carrier recovery
is adifficult task in a fading multipath environment. In [2]
we studied the performance of MT-CDMA system using
DBPSK modulation for multipath Rician fading channel. To
improve the average BER encountered in [2], here, we are
introducing post-detection diversity combining for the same
system.

Asin [2], we consider the situation in which the receiver
can acquire time synchronization with the desired signal but
not phase synchronization, and hence the modulation
scheme of interest is Differential Phase Shift Keying
(DPSK). Post-detection diversity weights and combines all
branches after signal detection and do not reguire the
difficult-to-implement  co-phasing function. All the
techniques used with pre-detection diversity such as
maximal-ratio combining (MRC), equal-gain combining
(EGC) and sdlection combining (SC) can be applied [3] to
post-detection diversity.
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Fig.l. Block diagram of Non-coherent MT-CDMA

trangmitter for user k [DE - Data encoder, S/P > Serial to
Parallel converter, DDE - Differential data encoder]

The investigation by Dennis Lee et al. [4] shows that
post-detection MRC is less complex than the post-detection
EGC while the former performs better in terms of BER over
both post-detection SC and EGC. Adachi and Ohno [5] drew
the same conclusions. All these conclusions have led us to
present the andysis for the non-coherent MT-CDMA system
with post-detection MRC, using DBPSK.

The structure of the system is first presented in Section
I1. In Section 11, the Bit Error Probability of this system is
andyzed for a multipath Rician fading channd in the
presence of MAI in an indoor environment. Section 1V
provides some numerical results Finally conclusions are
drawn.

Il. System MobEL
A. Transmitter

Fig.1 shows the block diagram of the MT-CDMA
transmitter for the link of kth user (1 < k < K). Here, the
BPSK-symbol stream at the rate NJ/T is first split into N;
paralle streams with symbol duration T. These symbols are
differentially encoded in each branch. The pth encoded
symbol stream modulates a tone f,. The cariers are
orthogonal on the symbol duration and hence are given by f,
= fo+p/T wherefy isthe RF signal.

The multitone signal is obtained by adding different
carriers. Spectrum spreading is achieved by multiplying the
multitone signal with the pseudo-noise (PN) sequence
associated with the user under consideration. This PN
sequence is denoted by a,(t) and has a chip duration of T, =
T/N. where N, is the sequence length. The sequence a(t) is
periodic with period N.. The signal transmitted by user k can
be written as
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where, a (t) isgiven by

N, -1
alt)= 3 &k (i-nmo), v

bu(t) is the differentially encoded binary data symbd
asociated with pth tone of user k and f; is the pth carier
frequency. P isthe power associated with &l users.

We asaume apefed power control mechanism, so that
the system is not affected by the nea-far problem. 6, is a
constant phase agle introduced by the modulator of kth user
using pth tone. In equation (2), a'% 7 {1, -1}, is the nth bit in
the PN-sequence and Py is a redangular pulse of duration
Te.

B. Channd

The dhannd between user k’s transmitter and recever is
characterized by the low-pass equivalent impulse response
function of the form:

he(t)= élﬁkl exdja ot -14) (©)]

In (3), kl refersto path | of user k with total number of
paths L+1, while @ and 1y are the phases and the
propagation delays respedivedy. A commonly used
asumption is y and 1y are independent and uniformly
distributed where y O [0, 277 and 1, O [0, T/N. Finally, for
the dow fading channel we @n assume that the phase angles
W and 8, with other random parameters associated with the
channel do not vary significantly over the duration of two
adjacent data symbols. The path gains (¢S are Rician
variables, and are assumed to be identically distributed and
independent for different values of k and |. The Rice
probability density function (pdf) is given by

dg(r)=expt T3 oS F )

where, r > 0, S > 0. The Rician parameter, R = $/20,%,
represents the ratio of the power assciated with the dired
component and the scattered component.

C. Receiver

1) The Received Sgnal: The block diagram of the
recever with diversity combiner for user 1 is shown in Fig.
2 for a redangular chip waveform. Here, we use matched
filter-based receaver, which is sub-optimum for the channel
under consideration. The signal receved at any given
recever is.
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Here, @y = (G- 21Ty + W) is uniformly distributed (O to
2m) random phase and n(t) is the Additive White Gausdan
Noise (AWGN) of (two sided) spedra density No/2.

2) Matched Filter Output: Let g«(t) and g,(t) be the in-
phase ad the quadrature wmponents of the matched filter
output in the recever. Now choosing arbitrarily, user 1 as
the reference user using gth tone, we have d t=T, the
nominal sampling point,

ay(t)exp(-jcwt)
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Fig.2. Block diagrams of the recaver for user 1 i) Tone-O
detedor and combiner ii) The complete recéver [D >
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Parallel to Serial data converter]
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Now let us asume that the 1st path between the
trangmitter of user 1 and the corresponding recever is the
reference path and al other paths and tones congtitute
interference So without loss of generality, we an write 1y;
=0and W1 = 0.
Using these values and the periodicity of the mde
waveforms, upon omitting the terms with 2f,, equations, (6a)
and (6b) become:
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where b, and b’ denote the previous and current bits
respedively, of user k, transmitted by tone p and, n and ¢
terms are the noise samples of independent zero-mean
random variables with identicd variance Ny T/4.

In equation (7),
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where, the partial correlation terms (R-terms) are given by,
qu \k I a]. t Tkl f{zn(p q)t/T}dt (8d)

qu \k Ial t Tkl f{zn(p q)t/T}dt (8e)

In equations (8c-8¢), f(.) corresponds, either to a sne-
function (x = ) or to a cosine-function (x = ¢). Equation (7a)
can be analyzed as follows. The first term represents the
desired component. Theterm with k= 1land p = qisthe ISl
due to multipath effect. Theteemswithk = 1 and p #q are
the interference due to the loss of orthogonality between the
different cariers at different frequencies. The term with k #
lisasociated with MAL. The final term isthe AWGN.

Now, let Z,, and qu,l denote the cmplex envelopes of
the matched filter output a the airrent and the previous
sampling instants respedively i.e.

Zg1= 6(T) + ig/T) (%)

a1= g1 +dy(T) (9b)

Since we have nsidered dow fading channd
environment compared to the bit-rate in use, we can assume
that qu,l differs from Z,,, only in the data bits and in the
AWGN samples involved. Based on this assumption we get
another pair of equations for (9b), same as (7a) and (7b)
where, b’y and b’y are replaced by by and by
respedively, while y,; and (i, are replaced by Yy and ¢
respedively. In this case, the data bit b?y is transmitted two-
bit interval prior to b°y.

3) Differential Detection and Post-detection Diversity
combining: The output of the differential detedor at the
sampling ingtant is given by:

Dy = Relz4:28, %) (10
where, * denotes complex conjugation. When there is no
diversity, Dq, is the dedsion variable. In case of post-
detedion diversity, assuming that the fading sgnals at the
different diversity branches are independent and have
identicd datisticd characteristics, the desired dedsion
variable for theith order of diversity is given [5] by:

M
Fo1 = z D
=1

where, M isthe total number of diversity branches.

(11

Il . PErRFORMANCE EvALUATION: BiT ERROR PrOBABILITY

To evaluate the peformance of post-detedion
combining, we assume that all interferences are Gaussan
distributed. With this assumption, the sum of interference
and noise, in Z;; and Z%; denoted by Ny; and N%;
respedively, are dso Gausdan. The dedsion veriable Fg; is
then gven by:

—Reg(\lpl ﬁ11\b0T+N VP/2 11, q1T+N§1‘)*§ (12)
where, (i,; denotes the gain and Ny,; and N¢ g1 are the

Gaussan random variables asociated with the ith path. It
can easily be shown that the variances of Ng1; and N, ; and

covariance between them are all independent of i. Now we
will assme that for each i the noise variable Ngi; is
independent of N° ql| This assumption is reasonable because
the cov[Ng, N qll *] is negligibly small compared to
var[Ng1,] and var[N il

We will also asaime that the pair (Ngu;, N%1) is
independent of the pair (Ng1;, N%a1,) for i #j. Sincein this
case, each set of delays is taken with referenceto a different
time origin (corresponding to the arival time of the signal in
the corresponding combined path) and also any two resolved
paths (i, j) are separated by at least a chip time period, the
assumption is physically reasonable. Letting equal average
path power for all the paths and users in the channel under
consideration and, with al the assumptions mentioned
above, the bit eror probability of DBPK based non-
coherent MT-CDMA system can be derived [6,7] as:
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where [(X) is the nth order modified Bessel function of first
kind, a=0, b=sgrt(2y,) and

2 o
s @%glm(ab),
m=0

The quantity y, is the total receved average signal to
noiseratio (SNR), which is given by y, = A/d where,

A= % B (82 + 202)_l

2
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In equation (16) the subscript k has been omitted from
the arreation terms becuse the expeded values of the
squared corrdation terms are independent of user k [1]. In
the same euation, E; = E(S+20°) is the mean receaved
symbol energy and Es = PT istherecaved symbd energy.

The probability of error given by (13) can be mnsidered
as a onditional error probability for given y, and denoted by
P(elw, ). So, the probability of bit error P,(e) for DBPXK
based non-coherent MT-CDMA system for a particular user
using a particular tone can be obtained as:

R.(e) = 7 Ple] ) p(A)A (17)

where, the p(A), the pdf of A can easily be shown as:
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IV. NumERIcAL ResuLTs AND Discusson

Here, we present some numericd results in terms of
BER. In al calculations, the Rician parameter R is set to 2
and a channel with 4 peths has been used. The maximum
number of tones, used here is 32 The overall BW is
considered to be constant. Since the constant BW represents
identicd chip duration, so theratio between number of chips
and number of tones is kept constant. We have kept a
constant delay range irrespedive of the number of tones,
which is equal to the symbol duration corresponding to ane-
tone transmisson. From the interference noise cmputation,
it is verified that the central frequency is mostly affected by
the aoss carier frequency with position g = N/2. This
corresponds each time the worst case. In al the results we
have mnsidered this case.

Fig 3 shows the bit error probability versus the averaged
receved symbol energy over white noise ratio oltained for
the diversity of order of M=1, 2, 4. There is no interfering
user. The curves clealy show the positive dfect of
increasing the diversity order, as wel as the number of
tones.

Fig 4 shows the BER in the presence of multiple users.
Here, we @nsider 10 users. The performance shows that
even in the presence of MAI, a gain in the bit eror
probability can be achieved compared to ane-tone situation.
Here the performance is worse than the single-user system
performance due to the presence of MAI. The arrves sow
irreducible aror probability at higher SNR. The irreducible
error probability, in the interferencelimited system, is the
key performanceindicator in indoor communications.

Both of the performance arves in figures 3 and 4 show
higher diversty gain for higher number of tones.
Comparison with the results of [2] shows that diversity
recetion provides sgnificant reduction of error rate
compared to non-diversity reception.

V. CoNCLUSIONS

This paper presents analytical results for determining the
performance of MT-CDMA communications gstem with
DBPX moduation and post-detedion diversity for
multipath Rician-fading channel. The study considers indoor
environment. The investigation shows that, under a
constrained hit-rate, the system provides two-fold gain: one
is from the higher number of tones and the other is from
diversity. Our future investigation will concentrate on the
study of finding out an optima diversity combining
technique for non-coherent MT-CDMA system.
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