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ABSTRACT

Binary CDMA(B-CDMA) is a new modulation scheme that employs a constant envelope modulation scheme.
By quantizing the envelope of multi-codes CDMA signal into a small number of levels, the B-CDMA can
reduce the peak-to-average power ratio, while preserving the advantages of CDMA signaling such as the soft
capacity and robustness to interference. In this paper, we analyze the performance of B-CDMA systems in
multi-path channel assuming that the spreading factor is not too small. Finally, the analytic results are verified

by computer simulation.

I . Introduction method that quantizes multi-codle CDMA signal

into a small number of levels for constant enve-

In CDMA systems, multiple codes are used for
data transmission of multiple users or multiple
parallel data transmission of a user. However the
sum of multiple codes causes a large peak-to-
average power ratio(PAPR), requiring the use of
linear power amplifiers with a large back-off.
Binary CDMA(B-CDMA) is a new modulation

lope modulation". Thus, the B-CDMA scheme
can reduce the power amplifier burden, while pre-
serving the advantages of CDMA signaling such
as the soft capacity and robustness to interference.
The B-CDMA system is quite suitable for wire-
less transmission systems that require low cost
andfor low power consumption. For example, it
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can effectively be applied to wireless home net-
working and satellite communications.

The B-CDMA signal can be generated by vari-
ous methods, such as the pulse width (PW), mul-
ti-phase (MP) and code selection (CS) methods' .
The PW B-CDMA signal can be obtained by
transforming the magnitude of multi-level signal
into a finite number of pulse widths. The MP
B-CDMA is generated by transforming the magni-
tude of multi-level signal into a finite number of
phases. The CS B-CDMA is generated by first
selecting the spreading code according to the data
bits. Then, the selected code is modulated using
an MP B-CDMA scheme. In the PW B-CDMA
system, the transmission bandwidth increases as
the quantization level increases' . In practice, the
signal can be quantized into two levels to accom-
modate the transmission bandwidth". Note that
the two-level PW B-CDMA is a special case of
the MP B-CDMA. _

Nonlinear quantization in the B-CDMA signal-
ing makes it difficult to analytically evaluate the
performance. Therefore most of previous results

2,34
23 ]. For

were obtained by computer simulation
example, the performance of PW B-CDMA sys-
tem was evaluated under a special condition when
the magnitude of the signal after the despreading
is constant”. The performance of MP B-CDMA
system was analyzed by calculating the error
probability considering all possible combinations
of the signa]m. However since there are too many
combinations of the signal, this method may not
be applicable requiring extremely high computa-
tional complexity when the spreading gain is large.
Moreover most of the previous results was eval-
uvated in additive white Gaussian noise (AWGN)
channel ™.

In this paper, we analyze the performance of
MP B-CDMA system in multi-path fading channel
assuming that thespreading factor and the number
of user are not too small. Since the CS B-CDMA
is the same as the MP B-CDMA except the code
selection blockls], the analytic results can also be
applied to the analysis of CS B-CDMA system.
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II. System model

In the MP B-CDMA system, the sum of multi-
ple codes is quantized into a finite number of
levels and then modulated using a PSK modu-
lation scheme. Fig. 1 depicts the transceiver struc-
ture of a baseband-equivalent MP B-CDMA sys-

tem, where b; denote the j-th data bit and d=[d,
dy--dy] T denotes the sum of multiple codes, giv-

en by

2., "

where N, is the number of used multiple codes
and ¢,/ is the i-th chip of spreading code
¢/ =[¢/ ¢/ - )] for the j-th data bit with unit
power (ie., Ic,j |2=1). Here, N is the spreading

factor of the spreading code.
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Fig. 1. MP B-CDMA transceiver structure
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The sum of multiple codes is quantized as
s; = fold) @)

where s; is the i-th chip of quantized signal

T
s=[s; s, sy}

and fo(x) denotes the quanti-
zation function that maps the signal x in quanti-
zation region @,(i.e., x€®) onto signal point m,.
We define quantization level ‘L’ as the number of
quantization signal points. The quantized signal s;

can be represented as
s, =d;+q, €))

where ¢, denotes the quantization noise. As L in-
creases, the quantization noise decreases. The
quantized signal s; is PSK-modulated at the chip

level as
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xi = fmap (Si) (4)

where x; is the i-th chip of PSK modulated signal
x=[x, x, = x,J and f,,(s) denotes the mapp-
ing function that maps the quantized signal point
s=m, onto a PSK constellation 4, as shown in

Fig. 2. Note that the guard phase is required in
the MP B-CDMA to reduce fatal errors between
the signal points with the largest distance, such as

[61
# oand 4.

Fig. 2. PSK modulation

Since the B-CDMA is mainly intended for low
cost and low power applications in mild channel
environment, we consider the transmission of B-
CDMA signal over a wireless channel with a
line-of-sight(LOS). By assuming that the signal en-
ergy is concentrated on LOS path, the B-CDMA
signal can be detected without using a rake re-
ceiver, reducing the implementation complexity. In
this case the LOS path term is used for data de-
tection and non-LOS path terms behave as the
interference. Since the performance depends only
on total amount of interference power, we can re-
place multiple non-LOS paths as a single one
with the same interference power. Thus, we as-
sume a two multi-path channel with LOS path
gain k; and effective non-LOS path gain #hy

represented as

hL=A+d,+de=gLej9 o)

hy =u, + juy = gye’® (6)

where d, and d, are statistically independent
zero mean Gaussian random variables with the
same variance o, , A is the LOS component, %
and Y are statistically independent zero mean
Gaussian random variables with the same variance
oy, 8. and &~ denote the amplitude gain of the
LOS and non-LOS path, respectively, and & and
@ denote the phase gain of the LOS and
non-LOS path, respectively. It can be shown that
the probability density function (pdf) of &, &~

8
and @ can be represented as"

2 2
+ A4 A
pi(g,) =S5 exp| B 1, (B
o, 20, o, @)

2
— BV oyn| — BN
Prlgy) = 0'12v CXP( = 2) ®)

1
= 0%<
P, () o 0<ep<2rm ©)

where 7,(x) is the modified Bessel function of
the first kind of the zero order

I[(x)= i f” exp(xcosy )dy ) (10)
The received signal can be represented as

r=[r n, Y a1

where 7 denotes the i-th chip of the received
signal

n=hx, +hyx_, +n (12)

Here, n, denotes the AWGN term in the i-th

chip and A denote the amount of delay of the
non-LOS path.
The PSK demodulator transforms the phase in-

formation of 7, into the magnitude,

Vi = fom () a3)

where y; is the PSK demodulated i-th chip signal

represented as
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Yi=8+e. (14)

Here & denotes the PSK demodulation error due
to the multi-path interference and AWGN.

The detection variable 2, for the j-th code can
be obtained by despreading the PSK demodulated

signal

N
=¥yl
Zj Zylcl . (15)

Since PSK demodulated signal i can be written
in terms of quantization noise 4 and PSK de-
modulation error € as

Ne
=Y bci+qg +e
yx ; ki ql x’ (16)

Z; can be rewritten as

N,

N o N . N X N .
z; =ijc,.’c,.’ b, (ZC,-*C;’]+ZCI,-C,-J+Z‘%C{
*j i=l i=l i=t . (AN

i=1 k=1,k:

Yclc!=N and the spreading codes are

i=1 1T

Since Y.
orthogonal to each other, it can be shown that

N N
=Nb. + c + cf
z ; gqfc, ’Zl:e,c, (18)

where the first term is the desired signal, and the
second and third terms denote the quantization
noise and the PSK demodulation error, respec-
tively. Finally, the binary data is detected by

i L, if 2,20
T =L i <0 (19)

It. Performance analysis

3.1 Quantization noise
Since the quantization introduces no correlation

between the chips, we can assume that gcl,i=12,
--,N are statistically independent and identically

distributed random variables. Thus, assuming that
N is not too small, the quantization noise

N i .
> .,4.¢/ can be approximated as a zero mean
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. . . . 2
Gaussian random variable with variance No,” by

the central limit theorem, where o, is the var-
iance of 9:.

. 2
The variance ¢, can be calculated as

o, = ;I (x—m,)? p,(x)dx o)

where p,(x) is pdf of the sum of multiple codes
d, and the integration is performed over the
quantization region @, separately for each signal
xe®, (v=1,---,L). The variance of quantization
noise o, highly depends on ., and ®,. The
optimum 7. and ®, minimizing o, can be ob-
tained using the Lloyd-max algorithmm. Assuming
that the number of multi-codes is not too small,
the sum of multiple codes can be approximated
as a Gaussian random variable. Since each chip
of spreading code has unit power, the variance of
d; is equal to the number of multi-codes. Thus,

the pdf of 4, can be approximated as

-1 x’
PaO= o, exp[ ZNJ. 1)

3.2 PSK demodulation error

The mean of PSK demodulation error E {qu ]
bj,gug,v} for given #;, & and 8~ can be rep-

resented as (refer to Appendix)
E{eicij|bj9gL9gN}=bjE{eiciibj|gL5gN} 22)

where E{x} denotes the expectation of X. Deri-
vation of E{ec/b;|g,.8v} can be found in Appen-
dix. Denoting [, . =E {e,-c.-jb,-lgugzv}, the variance

2 j .
Cg,0v Of €c/ for given 8. and 8~ can be rep-

resented as

Cigran = E{le,-c.-’ 12 lgugn} ~(Tea )2 (23)
where

2 L L
E{leicijl IgugN} =ZZ|mw_m"

1 w=l

" pim,,m, | g,,8x) 24)
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where p(m,.m,|g..gy) is the probability that sig-
nal . is transmitted and signal ™. is detected
for given channel gain & and 8~ (Derivation of
p(m,,m,[g,,25) can be found in Appendix). Since
we can assume that ec¢/,i=12,-,N are statisti-
cally independent and identically distributed, PSK

demodulation error Y...ec/ after the despreading

can be approximated as a Gaussian random varia-

ble with mean NbT, ., and variance Ny, .

Considering the bias term MNbT, . . the de-
tection variable Z; for the j-th user can be rewrit-

ten as
zj=N(1+l“gL,gN)bj+Q+D (25)

where @ and D are independent zero mean
Gaussian random variables with variance No,® and

No?, ., denoting quantization noise and demodu-

lation error, respectively. Note that Ty, has a
negative value, degrading the detection performance.

The bit error probability (BER) for given &£

I8}
and g, can be represented as

1 N (14T, )
Pelg,.‘gN =erfc 2 Lfﬂ

2 NO'q +N0-e]g,_,g,, (26)
where erfe(x)=272""" {"¢™"dt. Since the average
BER can be obtained by integrating (26) over the
channel fading gains 8. and &~, the it can be
obtained by

1 N(1+T, ..
F= I .[_e'fc (2 gz : ) (80P (8y ) NdE,
8L 8N 2 g, +o'2lgus~

V. Performance evaluation

To verify the analysis, the performance of two
B-CDMA systems with N=128 and N,=64 is
evaluated by computer simulation in two-multipath
fading channel: One is 8-PSK system with L=7
with one guard phase and the other is QPSK sys-
tem with L=4 without guard phase. We use

Walsh-Hadamard codes as the spreading code and
Lloyd-max algorithm for the signal quantization.
The channel condition can be characterized in

terms of K and 7 defined as

A2
K=10l0g(—)

72

28)

1
r= 1010g10(%_2)

N

29

We assume that the Rician path has unit power,
ie, A 420, =1.

Fig. 3 and Fig. 4 depict the BER performance
of B-CDMA systems associated with different
quantization levels and interference power. It can
be seen that the analytic results agree well with
the simulation results but they are slightly better
than the actual ones. This is mainly due to
Gaussian approximation of error terms. In Fig. 3
(a), the B-CDMA with L=4 has floored BER per-
formance at high SNR larger than 30dB unlike
the DS-CDMA system, mainly due to the quanti-
zation noise. The effect of quantization noise can
also be seen in Fig. 3 (b). Fig. 4 depicts the
BER performance of B-CDMA with L=7. It can
be seen that the performance of B-CDMA sys-
tems is improved as L increases. As a result, the
BER flooring effect appears at a higher SNR with
the use of L=7 compared to the use of L=4. It
may be desirable to properly choose the quantiza-
tion level according to the operation condition. It
can also be shown that the performance of
B-CDMA is highly depends on K and 5 With
small K andfor ,, the BER performance of
B-CDMA system may not be acceptable due to
the large signal fading and/or large multi-path in-
terference power. Thus, the B-CDMA system may
mostly be applied to a mild environment such as
satellite communication where strong LOS path
exists with small multi-path power.

Fig. 5 depicts the performance of B-CDMA

system for different values of N and N,. Here,

we assume that L=7 and N=N_/2. The discrep-

ancy between the analysis and simulation results
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Fig. 3. BER performance with L=4 and N =64
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Fig. 4. BER performance with L=7 and NV =64

is not negligible when N and N. are small. This

is mainly due to the fact that the Gaussian ap-
proximation for the quantization noise and PSK
demodulation error is not accurate for small val-

ues of N and N.. But it can be seen that the
difference is still in affordable range for small

values of N and N,.
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Fig. 5. BER performance with different N
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V. Conclusion

In this paper, the performance of B-CDMA sys-
tems has been analyzed in terms of the BER in mul-
ti-path fading channel. Quantization noise and PSK
demodulation error have been analyzed using Gau-
ssian approximation assuming that the spreading fac-
tor is not too small. The analytic results have been
verified by computer simulation. The B-CDMA can
provide BER performance a few dB inferior to the
DS-CDMA, while significantly reducing the im-
plementation complexity. However, numerical results
indicate that the B- CDMA system may mostly be
applied to a mild environment where strong LOS
path exists with small multi-path interference power.
The analytic results can also be applied to other
B-CDMA systems.

APPENDIX

Derivation of E {e,-cfb, IgL’gN}
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Considering all the signal points, it can be seen
that

(m,~m,)d

plm,,m,|g,.8y)

-pcib,=d\m,,m,)
(A1)

Mh

E{eiC,-jbj|gL’gN}=i

v=l 1 d=%1

=
I

where P(m,.m,12..8v) is the probability that sig-
nal #, is transmitted and signal ™. is detected
for given channel gain 8: and &~.

A. Derivation of P(m,.m,18..8x)
Using the conditional probability, p(m,.m,|g;,

.gx) can be rewritten as

Pmm,| 2., 8v)=pm, [ m.2,,2)Pm) . (A2)

Here, p(m,) is the probability of PSK signal

point 77, represented as

2
= dx
p(m.)= '.‘1/2 N, exp( j (A3)

and p(m,|m,g .8y} is the error probability that
the PSK signal point is misdetected to ™, for
given ™, 8. and 8~. It can be shown that'”

[roos@—p,g ’
~E(g, +gyouse)) |&
1 = | drd
pm,\m.g ”E/ P (rsin( 4-5.) T 7 $
_‘/Egzvoos¢’
A4

where E is the chip energy, equal to the energy
of the PSK signal point, £ is the ratio of the
chip energy to AWGN spectral density, equal to
E/N,, P, is the phase of the I-th PSK signal
point, and @' is the sum of phase of %-a and ¢
of the non-LOS path. It can be assumed that ¢’
is uniformly distributed over [0, 27].

B. Derivation of p(c/b,=d|m,,m,)
Since ¢/b; does not depend on 7., we have

ple/b,=dim,m)=p(c/b,=d\m)  (AS5)

There are statistically p(c/b,=1/m)N, number of
ones and p(¢/b;=-1|m)N, number of minus ones
out of N, multiple users’ data (cf,k=12+N)
for given ,. Thus, it can be shown that

m, = p(c/b, =1|m,)— p(clb; =-1]| m) N, . (A6)

Since p(c/b, =1{m)+ p(c/b,=~1{m,)=1, we have

; N, +m,
plefb, =1|m)= o,
; N, -m
Jh =~ ~ e »
P(ci b,' - 1] mv) = ZNC (A7)

C. Derivation of Eled b.8.&v}=bElecb| 2,2}

It can be shown that Ele ,-C,-’bjigugn} has a
negative value. When a transmitted signal point
™, has positive amplitude, it is more likely that
the PSK demodulation error €(=m,—m,) has a
negative value. Since ™. and 4; has zero mean
and is uncorrelated with ¢/b;, it is more likely
that ¢/, will be 1 rather than 1, causing E{ec'b,}
to have a negative value. Similarly, for negative
values of ™, it can be shown that the detection
error ¢ has a positive value rather than negative
value and c¢/b, would be -1 rather than 1. It can
be seen that

Eleclb|g,.8v}= Y. Y ¢dplec =¢|b,=d,g,.8,)p(b,=d)

d=i ¢

=d;¢(bj =d)E{eicii |b;=d, gL’gN} (A.8)

where p(b,=1)=p(b,=~1)=05_ Since the PSK de-

modulation error has zero mean,

E{eicii 'gL’gN} = ZE{e’c/ 8 =d’gL’gN}p(bf =d)=0. (A9)

d=tl

From (A.8) and (A.9), we can obtain that

E{e.cj |b; =1,gL,gN}=E{eiCijbj lgL7gN}’
Efec/ |b,=-Lg,.gv}=—E{ec/b,|g,,8+}  (A.10)

Denoting E{eic?ibj |gL’gN} =Fg

en> 1t can be shown

Elec/ |b,g.8x} =T, .. (A.11)
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