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Abstract—Pseudorandom orthogonal codes based on ; - = i
Hadamard matrices for synchronous DS/CDMA systems in () = Z dina'(t = nNT), @
multipath environment are proposed. The important result 2:100
is that the proposed method can improve correlation prop- i . —~ (i)
erties of Walsh codes while keeping their orthogonality and a(t) = kzo @, Pr.(t = kT.), 2)
balanced property. 71 (te0,T.)

0 = {5 (g 01 ®
1. Introduction
whered;,, € {—1,1} is a data bita’(¢) is a spreading
A code division multiple access (CDMA) system base%gnal a( R € {—1,1} is an element of the spreading code,

on spread spectrum (SS) techniques, which has alreayla is chlp pulse duratlon andV’ is the spreading factor.
been used for Interim Standard 95 (1S-95) and Internauonqt e interference components at tHia correlation receiver
Mobile Telecommunications 2000 (IMT-2000), has variougyhent — 7, = NT.. is g|ven by

merits such as increase of its potential capacity, robustness M i
to multi-path fading, anti-jamming, and so on. The perfor- 7i _ Z {di,—mm / " Wt — 7 )al (t)dt
mance of CDMA greatly depends on spreading sequences Jo

used for spreading the bandwidth of information signals o pTa o

il +diop, / i T:n>a1<t>dt}

In synchronous DS/CDMA systems, orthogonal se- m

m=1

guences have been adopted for channel separation. The )
well-known orthogonal sequences are Walsh codes and or- ~ + Z Z dj, 100, / I(t —7),)a (t)dt

thogonal variable spreading factor codes (OVSF) [2]. How- j=Lj#im=0
ever, the autocorrelations of their codes may be consider- T N
ably large even when the delay time is nonzero due to their +djopn, / (t = Tin)a (t)dt}’ “)

regular structure. This might greatly degrade the system 4 _
performance in the presence of multipaths even though théerep;, andr;, are the amplitude and the delay time of
system would acheive perfect synchronization. As in Wthem-th path of thei-th signals, respectively. In the right-
CDMA [2], the use of scramble codes (long codes) cahand side of eq.(4), the first and second integrals depend on
improve autocorrelation properties of orthogonal codes. Autocorrelation functions (ACF) af (¢), and the third and
similar method to such improvement for Walsh codes i§ourth ones depend on crosscorrelation functions (CCF) be-
also proposed in [3]. However, these methods cannot gudweena’(t) anda’ (t).
antee the balanced property of the orthogonal codes. Now we define the even and odd CCF respectively by [4]
In this paper, a simple method to randomize the regular B
structure of Walsh codes is proposed while preserving their Rf’j(l> = Aig (D) +Aig (1= N), )
orthogonality and balanced property. We evaluate the cor- R; (1) = A (1) = Ai (I = N), (6)
relation properties of the proposed sequences by numencahereA

experiments, and compare them with those of Walsh codes. (1) Is the aperiodic CCF defined by

N—-1-1
(@) (3) _
2. DS/CDMA System Z ot (0SISN-1)
. . A () = No 1+’ @)
In this paper, we consider a baseband model Withc- ’ Z a a(]) ~N<I1<0)
tive users and/ propagation paths. Theth user generates et -
a baseband signadl (t) given by o (] = N).
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Note that they are ACFs when= ;. 1 2 8 4 56 7 8
The maximum value of bit error probabilitPy,.y is ! .
glven by 1(-1 1([-1 1(/-1 1(/-1
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whereF, is the data bit energyy is the two-sided spectral
density of additive white Gaussian noise, @nd) is cumu-
lative Gaussian distribution function. Ma depends on

1 1
{112 f-1]-1] 1)1
1 1

maximum values of the even/odd ACFs and CCFs. WY DYVD VYL
interchange at random
3. Pseudorandom Orthogonal Sequences
5 1 2
We propose orthogonal sequences based on Hadamard ninnnnnnin
matrices for synchronous DS/CDMA communications in el bl alla
multipath environment. An Hadamard matiik, of order Ml a2l 1
kis a2* x 2% matrix recursively defined by N
_ 1022211/ 1|1
.=
Hi_ Hi_ AL 1|11 11
Hy, = H,_1 —Hp_1 |’ Ho = [1], ©) alfaflallallalal1]a
. o 11| 1|-a]l2|| 2|1l
which satisfies
\‘1,/ \}/ Cl/ \—1,/ Cl/ \1,/ \,E,/ \}/

H HT = 2* Iy, (10) \U/

where the superscripf’ denotes the transpose aig is

the 28 x 2% unit matrix. Eq.(10) implies that the rows (or ottt
columns) are orthogonal to each other. Note that each row (L1424 11 14 4
(or column) except the 1st one is completely balanced, that (1111 111 1
is, the number ofl or —1 is exactly equal t@*~'. Thus, |/_|\3 (1111 a1
each row or column can be used as orthogonal codes of (1 12 1 11 1 )
length N = 2*, which are referred to a#/alsh codesfor (111 11 a2 1 1
synchronous DS/CDMA systems. (1 1 11 1 1 1 1)

However, the ACFs of Walsh codes have some high peak (1 111 1 1 1 3

values even when the delay time is nonzero. The reason
is that the construction of Walsh codes is regularly done.
Hence, we interchange the columns of an Hadamard matrix Figure 1: An example of the proposed sequences.
at random in order to randomize their inherent regularity.

After interchanging, we use the rows except the 1st one as

orthogonal codes. It should be noted that such codes keep

not only orthogonality but also balanced property. Figure

1 shows an example of a set of orthogonal sequences qb- i . :
tained by the proposed method, wheve- 8. tRese figures, it is shown that both average and maximum

aperiodic autocorrelation values of the proposed sequences
are considerably smaller than those of Walsh codes.

randomized balanced orthogonal codes

4. Correlation Properties

Next, we investigated aperiodic CCFs of the proposed
orthogonal sequences and Walsh codes for all possible

First, we investigated aperiodic ACFs of the proposegairs in each set. Figures 4 and 5 show the average and
orthogonal codes falV = 32 except thel st row. Figures 2 maximum values of the aperiodic corsscorrelation in each
and 3 show the average and maximum values of the apedelay time. We use the same sequence sets as described
odic autocorrelation magnitudel; ;(I)|. We generate 100 above, that is, the average and the maximum is obtained
sets of the proposed orthogonal sequences by changingfeam 100 x (321) sequence pairs for the proposed sequences.
initial value for random number generation. Therefore, thErom Figure 4, it is shown that the average aperiodic corss-
average and maximum values are obtained fBanx 100  correlation properties of the proposed sequences become
sequences. For comparison, the results of Walsh codes alightly worse than those of Walsh codes. However, from
also shown in these figures, where the average and the m&kgure 5, we can find that the maximum values are smaller
imum are obtained from the original 31 Walsh codes. Frorthan those of Walsh codes.

4.1. Aperiodic ACF/CCF

730



35 T T T T T T 35 [T T T T T T T

Walsh codes ——— 0k Proposed sequences i

Walsh codes ———

Proposed sequences

15 N

10 | 1

aperiodic auto-correlation
aperiodic cross-correlation

o

m/\/\“\/\”\/\« J\/\/\V/
1 1 1

0 5 10 15 20 25 30 -30 -20 -10 0 10 20 30
time delay time delay

Figure 2: Average values of aperiodic autocorrelation.  Figure 4: Average values of aperiodic crosscorrelation.
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Figure 3: Maximum values of aperiodic autocorrelation. Figure 5: Maximum values of aperiodic crosscorrelation.

4.2. Even and Odd ACF/CCF of ACFs are superior to those of Walsh codes. We also
. . find that the maximum values of CCFs of the proposed se-
We also investigated even and odd ACFs/CCFs of thguences are better than those of Walsh codes, though the

proposed sequences for the same conditions as the previgigrage values of CCFs are slightly inferior to Walsh codes.
subsection. Figures 6-9 show the average and maximum

values of even and odd ACFs, respectively. From these

figures, we can find that the ACFs are improved, though

the maximum values of odd ACFs are larger than those M. B. Pursley, “Performance Evaluation for

Walsh codes for some time delays. Especially, the even’ ppsse-Coded Spread-Spectrum  Multiple-Access

ACFs are considerably improved. Communication-Partl: System Analysi$E2EE Trans.
Furthermore, we investigated even and odd CCFs for the o commun.Vol.COM-25, No.8, pp.795-799, 1977.

same conditions as shown in Figures 10-13. From Figures

10 and 11, we can find that the average even and odd crof2} F. Adachi, M. Sawahashi and H. Suda, “Wideband DS-

correlation properties of the proposed sequences become CDMA for Next-Generation Mobile Communications

slightly worse than those of Walsh codes. However, we Systems,”|[EEE Communication Magazinevol.36,

find that the maximum values of even CCFs are improved, no.9, pp.56—69, September 1998.

though the maximum values of odd CCFs are similar t?S

those of Walsh codes. ]

References

B. J. Wysocki and T. A. Wysocki, “Modified Walsh-
sequences for DS CDMA wireless systemsferna-
tional Journal of Adaptive Control and Signal Process-
5. Conclusion ing, vol.16, pp.589-602, 2002.

We proposed pseudorandom orthogonal Sequencﬁé& D. V. Sarwate and M. B. Pursley, “Crosscorrelation
based on Hadamard matrices. We investigated correlation Properties of Pseudorandom and Related Sequences,”
properties of the proposed sequences by numerical experi- Proc. IEEE vol.68, no.5, pp.593-619, May 1980.
ments. It is shown that both average and maximum values

731



35 T T
Proposed sequences

Walsh codes ———

30

even auto-correlation

0 5 10 15 20 25 30
time delay

Figure 6: Average values of even autocorrelation.

35 T T T T T T

30} Walsh codes ——— ]

Proposed sequences

25

20

15

odd auto-correlation

10

time delay
Figure 7: Average values of odd autocorrelation.
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Figure 8: Maximum values of even autocorrelation.
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Figure 10: Average values of even corsscorrelation.

35 T T T T T T
Proposed sequences
30 Walsh codes ———
25 1
20 1
15 1
10 1
5r = < \\ /,,\/ &Y /‘\/—\\ RN S «\\ /,\ = //,\_—_
0 1 ) 1 1 1 v 1 1
0 5 10 15 20 25 30
time delay

Figure 11: Average values of odd corsscorrelation.
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Figure 12: Maxmum values of even corsscorrelation.
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Figure 13: Maximum values of odd corsscorrelation.



