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Combined Binary PPM /Biorthogonal Modulation
for Direct-Sequence CDMA
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ABSTRACT

A novel modulation format is proposed for cellular direct-sequence CDMA systems where a user-specific signature
sequence is binary pulse position and biorthogonal modulated to form a set of biorthogonal data sequences. The
modulation scheme trades the signal space used for signature sequences with that for modulation while a global
space is fixed. The interference is mainly determined by the cross-correlation properties among sequences, but also
affected by modulation. The effect is taken into account to evaluate the multi-user performance of the combined
modulation. Compared to M-ary orthogonal modulation, the performance is shown to be almost the same while

minimizing receiver complexity.
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I . Introduction

We are concerned with an enhanced multi-user per-
formance of cellular direct-sequence CDMA systems
[1] by employing M-ary signaling while system com-
plexity is minimized. This approach does not require
an aprion1 knowledge on the cross-correlation of signa-
ture sequences compared to the multi-user receivers
{2]. Unlike conventional M-ary orthogonal signaling
{31, [4], it adopts binary pulse position modulation
(PPM) that is embedded in the chip waveform, and
also antipodal signaling for the Walsh/Hadamard or-
thogonal codes which results in biorthogonal modu-
lation. It is referred to as the combined binary PPM/
biorthogonal modulation that needs only M/4-ary or-
thogonal codes instead of M-ary ones. By exploiting
this, it is allowed to greatly reduce receiver complexity
when implementing the maximum-likelihood sequence
detector.

For sufficiently large M, there is little difference in
the multi-user performance between orthogonal and
biorthogonal signaling [5], and binary PPM compen-
sates for the loss in the processing gain of signature

sequences by reducing the interference to a half. Here

we nole that the signal space used for sequences is
traded with that for modulation, provided a global
space is fixed. To investigate the performance, we need
to characterize statistics on the interference generated
by other users in view of the sequence properties and
modulation. Comparison with M-ary orthogonal sign-
aling is performed, and simulation results are provided
to validate theoretical results. Finally, some applicat-

ions to cellular CDMA communications are mentioned.
II. Signal Characteristics

A combined binary PPM/biorthogonal modulation
can be structured as follows. First, the binary PPM is

embedded in the chip waveform which takes the form
i) =t — 2 Tp) telo, T.). (1)

Here ¢(¢) is any pulse of duration T, occupied in [0,
Tp), for a chip time T.=2T} so that the chip rate 7',
is reduced by half while system bandwidth is fixed.
The pulse position A takes the values of 0 and 1 that
is capable of conveying one-bit data of the kth user.

The second-stage biorthogonal modulation is based
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Fig. 1 Combined binary PPM/biorthogonal modulation for

the kth user.
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on the Walsh/Hadamard orthogonal codes with an-
tipodal signaling that generates biorthogonal codes. It

can be expressed in the form

Mja—1 L-1
wl= Y ah® Y ult—-(+ml)T) t€l0,T) (2)
m=0 I=0

where a; represents antipodal signaling associated
with the kth user binary data +1, and the kth user’s
M/4-ary orthogonal codes h® = (1P, AP, -, 2%, ),
h®Pe{l1, —1}, are generated by the Hadamard matrix.
Note that {ax h®} become biorthogonal data sequ-
ences associated with the kth user’s M/2-ary data.

To make each user’s signal waveform discernible,
the user-specific signature sequences {¢c®} (k=1, 2, -,
K) are employed to have

Mj4—1

L-1

St)= ¥ V2ah® T ¥, Kt~ AmL)Te—0Ty)
m=0 =0

telo, 1) (3

with =/ +mlL. Here the complex envelope $i(¢) is

the baseband spread-spectrum signal for the kth user
in Fig. 1. A symbol time T is related to T =(M/4) LT,

Chip Correlator (1,=0)

for which L represents the amount of partial spreading
by signature sequences. The signature sequences are
statistically modeled 2~ random binary sequences by

adopting long PN spreading sequences.
II. Multi-user Performance

In the presence of background noise and inter-
ference, the multi-user performance is evaluated for
the combined binary PPM/biorthogonal modulation.

The received signal can be expressed by

-~ -~ K ~ ~

) =510 + 2 splt —14) exp(76r) +22(2) @
k=2

where the first user is desired, K denotes the number
of users, the channel delay 7, of the kth user is uni-
formly distributed in [0, 7) and the unknown phase 0
uniformly distributed in [0, 27), and %(#) is a com-
plex-valued white Gaussian noise with two-sided
power spectral density N,. A decision-directed sync
estimation is assumed for the on-off chip pulses to ac-
quire 1;=0,=0.

A biorthogonal receiver in Fig. 2 consists of two

Maximum-likelihood Sequence Detector

R R
O T e TN
Switch Y,
received nT,+T, .
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with Time Offset T, (1,=0) {h}
M/4-ary
Orthogonal Codes
Fig. 2 Biorthogonal receiver structure implemented for the
first user.
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chip correlators, operated every T. with time offset T},
and the maximum-likelihood sequence detector to find
the pulse position A, and the M /4-ary orthogonal
code h" where the comparator is used to decide a
sign information a,. Compared to M-ary orthogonal
codes, a great reduction in receiver complexity is al-
lowed by adopting M/4-ary orthogonal codes here.

The output of chip correlator assuming A;=0 is

st)= = [T RetF ) ey ot ~nT Il

nT,

=a1hf,',)Ep + Z Ik(n) +t1(n) (5)
k=2

with #=/ +mL. Here the chip energy E; is defined by
i #*(t)dt = E,, the noise term n(xn) is a zero-mean
[

Gaussian random variable with variance N, E;/2, and

the interference term due to the kth user becomes

(€] *) (1) =

[@rn-s1-0) Piim—ss - 1y11 Cin=s =1y Cm RAT0) 8(Aptn-s-n—1)
k) ® M p(=

+@n-s) h[(n—s‘)uc(n—s.) €y RATE) 6Qpin-s0) | cOS Os,
(3] (k) a =

ak(n—s.—l)hg(u—s.—l)u Co-si-nCn [RiTx = T5) 6httn-su-1)

+ RAT = T5) 6Akin-ss-1— 1) cos O

I;,(n) =

(6)

where 53T, <1,<(sx +1)T. for an integer S, Te =16 —SkT¢
is uniformly distributed in [0, T¢), [x] is an integer part
of x, the delta function 3(x) is defined by 8(z)=0 if ##0
and 6(0) =1, and the partial autocorrelation functions
for #(¢) are defined by Ry(z) = [; )t +T,—1)dt and
R7) = “T' @) gt —1)dt for 0<1<T};. Note that arom

and Az represent the previous data symbols if m<0,
and otherwise current symbols. In the above the first
equation holds for 0<7,<Tj and then for Tp<7,<T.

Next, the output of chip correlator with time offset
Tpis

(n+0T,

1
2= 7? [ AT +T,

’

Rel7 (1)} el gt —nT.—Tp) dt

300

K -~
= kZ I(n) +n(n) N
=2

where the noise term #(z) is identical to n(»), mutually
independent, and the interference term 1% is shown
to be

Ghin—s i -1 €l €0 [RATH) 6hn-50)

+ RATH) 6t = 1)) cOS Bs,

[@an=s0-0 Py 21 El 1y €' RATH =T 0httn -0 1)
Fin-s By 1 € oy €% RATE—T)) A —s0)] cO8 O

(6]

ik(n):

The maximum-likelihood sequence detector generates
decision variables which are the weighted sums of cor-
related outputs by the M/4-ary orthogonal codes {h;},
hi= o, Bivy ) Bipa-1) G=0, 1, -+, M/4-1) from

the Hadamard matrix. Such decision variables are

M/4—1 L-1

Yi= ; hi m [Z Wyl +mlL) 9
Mia—| L-1

Zi= Y him L 2il+mL) 10)
m=0 =0

fori=0,1, ---, M/4—1. Joint statistics of {¥;} and {Z;}
being modeled as Gaussian random variables are

given by

var(¥;) = var(Z; =—‘2~ (K—1) N E{RXZ)} +—'2 ENo
an
cou(Ys, z,-)=% (K—1)N E{R{7e) Ri(Z0)}. (12)

The multi-user performance is evaluated in terms of
the average probability of symbol error which can be

expressed by

Pe)=E{PE|Y,=¥Y>0)}

Mia~1
=1-EyPr[ N {Y;[<¥}
1=
M4~

N {HZA<YHY=7>0]}. 13)

j=0

www.dbpia.co.kr



RL/ARAN A2 R Y U4 S Y ol 29/ iz

In the above we assume that the symbol {a,=1, A, =
0 WV =h,} was sent for the first user, and the expec-
tation E is taken with respect to ¥>>0. Note that {|Y;|
<7, |Z:|<7} becomes a set of independent joint
events for Gaussian modeled interference. Therefore,
P(g) can be simplified to

M/a-1

P(e):l—j:’ [T Prllvil <7, 1Z:1<7]

- PrllZo1 <7, Yo=71dY. (14)
Joint statistics in (11) and (12) along with Gaussian
assumption yield

r 1
Pr{lY;1<7, |z.~|<7]=j o
-r no

dzi (15

i 1-20 Y +pz;
exp 292 - r—“—l~pz
Prl1Z,|<7, Yo=7]=

—-—ZL——— exp[ — (Y —E)?*[25*](Q(a) —Q(B)]

no?
if Y<pE/(1+p),
(16)
\/7‘7;2— expl —(¥ — E)*/2621[1 —Q(—a) ~ Q(8)]

if Y2pE/(1 +p)

where 62=var(Y;)=var(Z;) and pa*=cov(Y;, Z), a=

pEs=Y(1 +p) _PE+Y(1-p)

d —
P N
1

bol energy Es=NEJAN=LM/4), and Q(x)=j°° -
x V2n

for the sym-

e "/ dy. Now combining the results of (14)-(16), and
performing a numerical integration, it allows to an-
alyze the multi-user performance of the combined

modulation.

IV. Results

For the range of interest, the average symbol error

probability is computed via a numerical method as
well as simulation. Specially, for M =64,128,256, N=
128,160,192 (L. =8, S, 3), and K= 30-55, P(¢) is shown
in Fig. 3 where E;/N, =10 dB (E} bit energy) and a re-
ctangular chip pulse is used. The numerical results are
well in accord with ones from simulation to enable us
to compare the combined modulation with M-ary or-
thogonal modulation. Note that for the latter, the
number of chips/symbol N is adjusted to have the
same bandwidth, namely, N*=2N. Fig. 4 plots P(g)
for both schemes with the same parameters above ex-
cept M=64, N*=256 and M=128, N*=320 where the
receiver complexity is on the order of (M/4)(2N)/lcg. M
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Fig. 3 Average symbol error probability P(€) as a function
of K for the combined modulation when Es/No=10
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Fig. 4 Comparisons of P(e) as a function of K for the
combined and M-ary orthogonal modulations when
Es/No=10 dB.
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for the former and MN*/log; M for the latter. It is
observed that the combined modulation performs well
for large M =256 with N=192 by employing M/4 =
64-ary orthogonal codes, which is comparable to M =
64-ary orthogonal modulation with N*=256 in view
of complexity. We also notice that the two schemes
present almost the same performance even with fixed
M =64, 128 and N*=2N.

V. Conclusion

A biorthogonal modulation combined with binary
PPM has been proposed for direct-sequence CDMA
systems which require an enhanced multi-user perfor-
mance with applications to the cellular environment.
The scheme minimizes receiver complexity by adopting
the reduced M/4-ary orthogonal codes while main-
taining almost the same performance relative to M-ary
orthogonal modulation. With some constraints on the
complexity, it is allowed to achieve higher CDMA ca-
pacity by increasing M, N to a certain limit in the
combined modulation. Tradeoff between complexity
and capacity offered by the combined modulation
provides flexibility when designing a cellular CDMA

system.
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