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Abstract

Trinary sequence is proposed, which
provides an alternative approach to build
orthogonal spreading code sets for
synchronous spread spectrum systems. In
synchronous channels, perfect orthogonality
is kept in the proposed code sets with more
flexibility in code construction and spectrum
planning compared with binary coding. A
modified Walsh code based on trinary codes
is proposed, which has a superior
performance than that of the popular binary
Walsh code.
Keywords: Spread Spectrum, CDMA,
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In conventional direct sequence spread

spectrum (DS-SS) systems the orthogonal

ARBREEREIRESL
spreading codes, e.g. Walsh codes, are binary
with amplitudes belong to { & ,-« }. Here we
propose trinary orthogonal spreading codes
with chip numbers taking arbitrary integer
values K (K >2) and amplitudes belong to
{a,0,-a}. This allows flexible choices on
spreading code sets and processing gains in
designing DS-SS systems. For example,
when the total bandwidth available for spread
spectrum communications are distributed to
the

allocation and utilization could sometimes be

several system operators, spectrum
restricted due to the specific processing gains
of binary coding, i.e. 2/ (/=1,23...). The
trinary coding can alleviate this restriction
and provides more flexibility for spectrum
planning and code construction with the help
of zero-amplitude chips. To the authors’ best
knowledge, there was no report on trinary
coding for synchronous DS-SS systems so
far.
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3.1 Performance Analysis

Consider a synchronous DS-SS system
with k active users. The input data vector is
Xx=( X,, X,,...» X, ) where x, € {l,-1}, and each
user is assigned with a spreading waveform
¢, (1) (1=1,2,3,... k), which is restricted within

one symbol duration 7 and composed of a



¢, (1) (iF1,2,3,....k), which is restricted within
one symbol duration 7 and composed of a

spreading sequences of L chips, i.e.

L-1
C/(f)=zc7,,,(')p(t—m7}) ¢y
m=0
where{ 5,4 ....,a,,"} is a spreading

sequence with gz €{1,0,-1 } and p(r) is

the unit rectangular pulse of 7. duration and
T.=T/L.

The i’th sampled output signal during one

symbol interval 7 can be formulated as [2]

y(O=x, JE, f c(tyd +

k
S E, [ (e, (0 + [ n(e ()

)

where £ is the non-zero energy per chip of

the g'th user and n(f)is additive white
Gaussian noise. In the synchronous system,
the second term (mutual interference) is zero

and the variance of the last term is

N f ¢.(t)*dt, wheref s the two-sided
2 2

power spectral density of white Gaussian

noise.

We define the “zero-chip ratio” of a
sequence as F=Z/G, where Z is the total
number of zero-amplitude chips and G is the
length ( e.g. for a sequence ={1,0,-1,1,1,-1},
Z=1, G=6 and [=1/6 ). Let §, be the zero-

chip ratio of the i’th spreading sequence

{a,'”}, then

c, () d =
[c

f (iﬁmmp(t‘-mﬂ. )J a = (1-p8)T (3)

m=0

* and the bit error rate (BER) of the i ’th user is

pesz( E(yl.y] :Q( 25“7(1—ﬂ)J
Var(y,) Ny
1 r -
where Q(x)=—=- | ¢ 2dy. 4)
Jar
Assume the non-zero energy per

chip Ecand' the symbol duration 7 be

known exactly,

1. For a fixed £, , the SNR is proportional
to (1- # ) and the BER reaches the lower
bound when p=0, i.e. the spreading
sequence is binary.

2. For equal transmit powers, the BER

performance using trinary spreadin?g
codes is the same as that by using

binary spreading codes since
El(1-p)=E7 (15)

the

energies of the trinary (for non-zero

where £7 and £7 represent chip
chips) and binary spreading codes,

respectively.

3.2 Modified Walsh codes

Here we propose a class of modified
Walsh codes based on trinary coding, which
improves the BER performance of the
Each N™ order

includes 2V

popular binary Walsh codes.
modified Walsh code

sequences and is composed of two subsets :

code

the first subset is constructed from the



Kronecker product of the N-1" Hadamard
matrix with the vector [0,1,1,0], i.e, Kron(H,.
L [0,1,1,0]), the N-1"

Hadamard matrix [3]. The second subset is

where Hy, 1s

built from the Kronecker product of Hy_, with
the vector [1,1,-1,-1], 1.e, Kron(H,,[1,1,-1,-
1]). The orthogonality of the modified Walsh
codes is guaranteed by the orthogonal
property of Hadamard matrix and the
orthogonality between the
[0,1,1,0] and {[1,1,-1,-1].

trinary code sequence the same energy as the

two vectors
We set each

binary ones by multiplying the amplitude of
codes in the trinary subset by V2.

To compare the BER performance under
multipath environment, we use the result
derived in [4] with the binary spreading
waveforms replaced by trinary waveforms,
given by

Pel =

A N, . %
2 3 ( k)2rk,i+ O}
e ﬂ) ZH, 6Nk, 4" Mg

(6)

where f, is the ‘zero-chip-ratio’ for the i’th

spreading code, 4, is the amplitude of the

g’th spreading waveform, r,,is the average

interference parameter (AIP) between k’th

and i’th codes, N, ,1s the chip number

of a code pair after they are partitioned to
specific ‘tiny chips’ which is capable of
finding the consistent AIP, and E, is the
total energy of the i’th spreading code during
one symbol duration.

For simplicity we assume that the
multipath interference signals have the same
power as the desired signal, the average BER
of the modified Walsh codes and the binary
Walsh codes can be carried out using Eq.(16).
As illustrated in Fig. 3, the former is superior
to that of the latter and the improvement ratio
increases with the energy-to-noise ratio,
revealing that the modified Walsh codes
better
performance than the binary Walsh codes.

could provide a interference
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We propose trinary sequence with chip
numbers taking arbitrary integer values K
(K 2>2). Obviously this provides

flexibility for code design and spectrum

more

planning compared with binary coding. In
with
the same BER
performance can be achieved for both trinary

synchronous transmission channels

equal transmit powers,
and binary spreading code based DS-SS
systems. We further propose a class of
modified  Walsh BER

performance is superior to that of the popular

codes whose

binary Walsh codes.

A~ BF K

(1] D.V. Sarwate & M.B. Pursley, “Cross-correlation
Properties of Pseudo-random and Related
Sequences”, Proc. IEEE. Vol.68, pp.593-619, May.
1980.

[2] Savo Glisic & Branka Vucetic, “Spread Spectrum
SS Systems for Wireless Communications”,
Artech House, Inc. 1997.

[3] Michael Schnell, “Hadamard Codewords as
Orthogonal Spreading Sequences in Synchronous
DS CDMA Systems for Mobile Radio Channels”,
IEEE Third ISSSTA,Vol.2, pp.505-509 ,1994,

[4] M.B. Pursley, “Performance Evaluation for Phase-



Coded  Spread-Spectrum  Multiple  Access
Communication- Part I: System Analysis”, IEEE
Trans. On Commun, Vol. COM-25, No.8, pp.795-
799, Aug 1977.



