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A New Complementary Quadriphase Jacket Sequence
with Good Cross Correlation
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Abstract

In this paper, a set of new complementary quadriphase sequences based on Jacket matrix is proposed. It is with
a good zero cross correlation zone and efficiently eliminates the inter-user interferences for CDMA systems. Unlike
the conventional complementary sequence designs, the proposed sequences can be easily extended to large odd and
even sizes by using a fast linear transform for multi-user communication systems. The computer simulation shows that
the proposed sequences have better performance than conventional multi-user spreading CDMA systems using ZCZ

sequence.
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[ . Introduction

In the quadrature phase shift keying(QPSK) digital
modulation systems, quadriphase sequences with good
or perfect periodic cross correlation function are useful
to making fast start-up equalization, channel estimation,
or synchronization. Therefore, zero cross correlation
zone(ZCZ) sequence is proposed by Suehiro and Fan!'
for uplink and downlink signaling design to approach
the potential capacity.

Otherwise, a good orthogonal quadriphase transform
named Jacket was proposed in [2], [3]. It is extended
from Walsh Hadamard transform and center weighted
Hadamard. The main idea of Jacket is that the inverse
transform could be simply obtained from the element-
inverse of the entries.

In this paper, we propose a method to construct new
complementary quadriphase sequences for good cross
correlation based on Jacket matrices. Promptly, this
scheme may be easily applied for other poly-phase se-
quences by using the generalized Jacket transform®.

To present our proposed construction, in this section
we will first present the basic concept of Jacket matrices
and their useful properties. Some results are not in-
cluded in previous literatures.

A typical 2"x2" symmetric Jacket matrix [J],. is

defined from a center weighted form as?!

[j]z"z[]]z""®[H]2, n=3, (1)

CDMA, Complementary Quadriphase Jacket Sequence, Hadamard.

1 1 1 1
1 —-5 7 -1
where [7],= , j=V-1 and [H],=
1 7 —;i -1
1 -1 -1 1
1 17 :
[1 _ 1] is Hadamard.

In general, these Jacket matrices have the following
characters.

1) The entries of Jacket matrices are complex num-
bers on the unit circle such as {*+1, %j}.

2) Jacket matrix has
(U1 07] p4=2"[11, n22, 2)

[Ji(m]y in [J1, has J(m)x=
(Ji(m))7Y, 1<i, m<2”, * denotes the complex conju-
gate. Assuming [J]1,.[J15/=[I],., »=2 and [I],. is a
identity matrix, we obtain

thus the elements

1,013 = 21,, (150070 e %,

and the inverse of the Jacket matrix is

[J13i= 21,1[1]2"*, n=2.

Moreover, the equation (2) implies that

3

" N(=2"), when i=j
$ 1om) ]+ (m)=
m=t 0, when i+j, 1<i,j<2" (4)
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where the Jacket matrix is denoted by using a sequence
form as

i ]1(1) f1(2) fl(m)

1 ]2(1) fz(z) = Jom)
[]] on= )

]2"(1) fz"(z) Bee jzﬂ(m) .

3) Hybrid relation of square values: For a 2"x2"
Jacket matrix, we have

1 other
. 2= ’
(s () -1, 2"*2+13ms% x2",
2""2+1sis% x 2"
(J(m)2=1, 1=m<2", i=others.

. Complementary Jacket Sequence

By generalizing the crosscorrelation and autocorre-
lation values from these Jacket sequences except all +1s
rows we can write the complementary correlations of
the quadriphase sequences from the central part of
Jacket matrices as

S 33 T Ty #(MDE qagy) + I, # (D ) =0,

when i#;j,

n—2 - n—1 n—1 : l %
2 +1<4K2"°, 2 +IS]S4><2, %)

where a condition should be satisfied as
jmit2n ©)

These polyphase sequences exist in the central part of
the Jacket matrix, and they can be extended similarly as
Jacket matrix by using the Kronecker product as

center([J] 47) = center([J] ;-) Q[ H]1, n>3 @)

where the base matrix of the recursive function is

=[Lm)_]1 —j j —1 i
center[J14 [fa(M) [1 i _1].ObV10usly, we

would find that
]Z(m)=f3*(m)=[]3(m)]_l, ®)
where these two sequences, which satisfy the equation

(5) and (6), are complementary.

Theorem 1: In the case of [J],. matrix, there are at

least 2"° complementary sequences(pairs) in the central
of [J],, and they are satisfied equations (5) and (6).

Proof: As mentioned in (1) and (7), Kronecker pro-
duct is used to extend the Jacket matrix. Based on the
base matrix [J]s, where one complementary sequence
{S(m), J3(m)} is shown in (8). It implies

Zo Zlfz(m)fs *(MDT moas) + F(m) o *(mEDr oag)
={0, — 2/, 47, —2/}+(0, 2/, —44, 2/)=0. 9

Furthermore, we can write the general form for []],.

as {Jo(m), Jx(m)}RH]: ®-&[H],
where [H],® [H,Q Q [Hl,=[H] y. (10)

The Kronecker product can linearly extend the com-
plementary sequence {Jx(m), J3(m)}, therefore, in the
case of [J],. matrix, at least we can obtain 2""% com-

plementary sequences based on {J(m), Ji(m)}. Thus the
Theorem 1 is proved.

The correlations values of these complementary se-
quences as shown in Theorem 1 can be easily calculated
by using a simple shift generations. For example, in the
case of [J]s, we have

4
Jyu(r=0)= ZJz(m)J3 *(m)=0;
m=1

4
T (E=D= D Jy(mJ; * (@ Tpp) = -2);

m=1

4
T ==Y Ty (M, * (M@ T eqy) = 45;

m=1

4
T =3)= D Sy (M3 * (B Tpqy) = ~2).

m=]

and
4
Ta(e=0)= Y Jy(m)J,*(m)=0;
m=1

4
T =)= Sy (M), * (M@t p00) =2}

m=]

4
Tp(e=2)= ) T (M), (M@ Tsy) = —4);

m=1

4
J(E=3= D J,(mJ, * (M@ T4 = 2.
m=1
According to (7), the corresponding sequences center
[J1g= center[J1,&Q[H],, thus we write the comple-
mentary sequences {Ji(m), Js(m)}, and {Ju(m), Js(m)}
in [J]s, where the sequences in [J]s have

[[Js(m)]]s

Jim | _[120m),

Uam), ‘[wmﬂ@[”]z

[V (m)]; (1)
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where [];(m)],. denotes the ith sequence in a [J],.

matrix. And the correlations of {Js(m), Js(m)} in [J]s
can be estimated by using the correlations in [J]s as

) 8
Was(r=0)ly = Y 3 (mMs *(m)ly =L/ =O)ly 4[5 r =0)], =0;

m=l

8
Uss(r =Dly = Y 1, (5 *(n O peagVly =[5l =0)] +1/ (¢ =D, =0-27=-2:
m=|

8 N
[as(r=2)) = Z[Jg('")fs H(mOTooe)ly = [/ a3 =Dy +[/3(r =1))y =—4);

]
Uss(r =3y = 15 0nMs * (@ i)y =L (7 =Dy +1/ 3y (r =)y = -2 +4j =2,
m=1

8
[/35(r=4))s =Z[J3(’")Js Hm)ly =1 p5(r =2))y +[/53(r = 2)), =4 +4) =8,

m=|

3
[V35(z =9 =Z[J3(’")Js D rg)ly =[V 03 (r =2} + [V 55z =3)] =4/ -2/ =2,

3
[/35(z=6)]y = Z[‘Il (M) s (MO T oug)ls =[/23(z = )]s + [/ 5z = 3], =4,

m=l

Autocorrelations of sequence: AA*
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(a) Autocorrelations of the Jacket sequences

Crosscorrelations: AB*
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(c) Crosscorrelations of the Jacket sequences

8
is(r=Dl = Z[Ja(m)-ls Fm® 7o)l =[Jo3(r =3L +[ 53 (r =0)] =2/
m=|
This scheme can be applied to all 2" size sequences
generated from 2"~ ' size sequences. The simulations of
autocorrelations and crosscorrelations of the proposed
complementary Jacket sequences demonstrate that they
have good autocorrelations and perfect zero crosscorre-
lations, as shown in Fig. 1.

Il. Complementary Jacket Sequence for
QPSK CDMA

By using the proposed complementary Jacket sequen-
ces, we desigh a QPSK CDMA system. For a trans-
mitted signal of k-th user, the mathematical model of
the system is written by

Autocorrelations of Complementary segquences AA*+BB*
20

—_
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—
o
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(4]
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t(Time Shift)
(b) Autocorrelations of the complementary Jacket sequences

Crosscorrelations: AB*+BA* (Complementary)
1
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(d) Crosscorrelations of the complementary Jacket sequences

Fig. 1. (a) and (c) use the Jacket sequences [J3(m)ls, [Ja(m)ls, [Js(m)]s, [Js(m)]s, in [J]s (b) and (d) use the complemen-
tary Jacket sequences {[J3(m)]s, [Js(m)]s} and {[Ja(m)]s, [Js(m)]s in [Jls.
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Transmitter:

Sy =di 4 +d, By (12)

Receiver:
S,A, *+S,B, *
=d, Ay A, *+d B, A, *+d, A, B, *+d, B, B, *
=dy (Ae|* +[Be|" )+ di (B4, *+4, B, %)
=d, (4" +B - (13)

where di 15 the QPSK modulated signal for kth user, 4
and B; are selected complementary Jacket sequence for

k-th user, which has

The number of the users is decided by the size of the
complementary Jacket sequences from the design crite-

rions as follows.

Users Design Criterion 1: Assuming a comple-
mentary Jacket sequence {J{m), J(m)} with length 2" is
selected from [J],. the transmitted complementary co-

des for 2* users with length 2k 2" are given by

C
c Ji(m)

:2 = [HIZ‘ ®|:J (Z)J

H J ,
C,.

2

n-2 . n-1 ~an-l : 3 n
270 +15ig2" 2 +15_]SZX2 ’ (15)
where the #-th user complementary code C,={cx-1, ¢}
in (15), ¢ denotes one row in the matrix of (15), and
1<r<2t,

Users Design Criterion 2: Assuming the comple-
mentary sequences which is extended from (10) has the

Users Design Criterion 1

1
[—e— 2 users

w 05t i
[= k]
2
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=
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(a) Interuser interferences from design criterion 1

Fig. 2. (a) is from

kel 777

(b) is from

hely, 7 Tlleleh-g

J —J —ll where the complementary codes are defined as {

871, and CI={S1’SJ}, C3={SS,S7},C4={Se,Ss},

Users Design Criterion 2

1
| =% 3 users |
w 0.5¢ .
8
5
[sb]
=
2
A= D’Tm
o
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=
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= 05} :
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(b) Interuser interferences from design criterion 2

{A,={1 -j J -1 1= o=l
Bi=Q1 j -j -1 1 j -j -I
A=l -j j -1 -1 j -j 1}
By={l j -j -1 -1 -j j W

a

user] o
user2 |=|C,
user3| |C, |
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form as
cJ,

CJ, _[1 -j J
: . j -

“etl,

CJ yon

where the complementary Jacket sequence with length
2™ is given by

&G 1<i<2"2"+1< j<2™ and
j=i+2", (16)

thus we write the complementary codes as

S, cJ,

S aJ

* |-l e|

' ' a7
SZ'xZ"" CJZM P24

where one complementary sequence Ci={CJ;, CJ;}, 1<i,
j<2™' should be selected to construct the comple-
mentary codes for (2%-1)x2™+1 users with length 2%x
2™ as the form as

c, ¢, - ¢ c

(2'~1)xz"+1.| (18)

(2% -1)x2”"

where the other (/Xr1)th user Cu,={S sy s,
Syipp} 1KI<2, 241<j<2™) and j=i+2", 1<i<
2k-1, 1<¢<2". The simulations results demonstrate that
the interuser interferences can be perfectly rejected by
using these two proposed users design criterions as
shown in Fig. 2. Unlike the traditional complementary
codes', the proposed complementary quadriphase Jacket
sequences can be easily generated by using the fast
Jacket transform™®! and simple index mapping for 2k
and (21)x2"+1 users, as shown in Table 1. The
complementary Jacket sequences have perfect zero
crosscorrelations and perfect interuser correlations to
combat interferences from CDMA systems as the same
as the conventional complementary codes. As shown in
Fig. 3, the numerical results demonstrate that the
proposed CDMA system has about 0.5 dB improved

from ZCZ codes for multiuser CDMA systemm, es-

Table 1. Compaing of the Jacket complementary codes
and conventional designs.

Conventional Jacket
[4]
complementary code' | complementary code

BER 10°*
(Performance) 2.3 dB 2.3 dB
Size of users Even 2 Even and Odd

2¥ or (2%-1)x2™+1

170

Tiao users
AWGN channel

1/2 rate turho codes
PN interleaver

4 iterations, GPSK

-8~ Jacket complementary code

== Comentional complementary code [4]

w8 ZCZ code

10'5 1 1 1 1 1 i
05 1 1.5 2 25 3 35

Et'No(dB)

Fig. 3. Performances of the complementary Jacket se-
quences for QPSK modulations.

pecially for low SNR.

IV. Conclusion

In this paper, a complementary quadriphase sequence
based on Jacket matrix was introduced. It can offer a
perfect zero crosscorrelations and good auto correlations
to combat interferences in multi-user CDMA systems.
Also, based on the users design criterions in this paper,
the interuser interferences can be perfectly canceled. In
the proposed CDMA system, a large size of users can
be applied, which includes 2* and (2*-1)x2™+1. The
performances demonstrate that the complementary Jacket
sequences have potential capacity to be applied for
CDMA mobile communications.
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