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Abstract—In this paper, we propose a new structure for the
compact matched filter bank of a mutually orthogonal set of zero-
correlation zone (ZCZ) codes obtained by Hadamard and ZCZ
codes which reduces the number of operation elements such as
two-input adders and delay elements. The matched filter banks
are implemented on a field programmable gate array (FPGA)
with 57,120 logic elements (LEs). A proposed matched filter
bank of the sequence of length 128 can be constructed by the
circuit scale of about 14 % compared with conventional matched
filter bank.

Keywords—Hadamard code, zero-correlation zone (ZCZ) code,
mutually orthogonal set, matched filter bank, field programmable
gate array (FPGA)

I. INTRODUCTION

The mutually orthogonal set of zero-correlation zone (ZCZ)
codes [1], [2], [3] which is obtained by Hadamard and ZCZ
codes has zero-correlation zone between codes that belong
to the same subset and is orthogonal between codes that
belong to the different subset. From this correlation property,
the mutually orthogonal set of ZCZ codes can be applied
in a user- multi-input multi-output (MIMO) multistage relay
transmission system consisting of multiple nodes having an
antenna and functions of transmission, reception and relay
transmission [4] and digital cellular systems. In this case, it
is necessary to lengthen the sequence length to increase the
number of users and nodes. Thereby, the matched filter bank
which calculates the correlation function between a received
signal and all sequences becomes large scale.

In this paper, we propose a new structure for compact
matched filter banks of a mutually orthogonal set of ZCZ
codes obtained by Hadamard and ZCZ codes which reduces
the number of operation elements such as two-input adders and
delay elements. These matched filter banks are implemented
on a field programmable gate array (FPGA) with 57,120 logic
elements (LEs).
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II. MUTUALLY ORTHOGONAL SET OF ZCZ CODES USING
HADAMARD AND ZCZ CODES

A. Definition of mutually orthogonal set of ZCZ codes

Let aj be a binary sequence of length N whose elements
take 1 or —1, written as

aa;,iv"' 7a§,N—1)7 (1)

aj = (a50,05,,
aj; €{1,-1},

where s is the set number, j is the sequence number, ¢ is the
order variable and denotes ¢ mod N. Let A® be a set of binary

sequences a?, written as

A = {a’(s)va’iv"'vajv"'aa?\/[—l}v 2

where M is the number of sequences in a subset and is called
family size, s is the set number and 0 < s < § — 1.

A periodic correlation function between sequences at shift
' is defined by

N—-1
’
_ s s
Pasas it = D a5 3)
=0

The sequence is called the mutually orthogonal set of zero-
correlation zone (ZCZ) code if the periodic correlation func-
tions satisfy

N ;i/zoaj:jlvs:s/v
0 ;i'=0,7#7,

0 ;1<|i|< Zez,s=4,
0 ;i=0,s#¢5.
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B. Construction of mutually orthogonal set of ZCZ codes
using Hadamard and ZCZ codes

Let Hy, be the Sylvester-type Hadamard matrix of size
Ny x Ny = 2™ x 2™ with nqy > 1, written as

Hy, = [ho,hy, by, hy—a]”, &)
h] = (hj,()?hj,la"' 7hj,i7"' ahj,N1—1)7 (6)
h]‘ﬂ' c {1, —1},
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where the symbol 7' denotes the matrix transposition, which
is defined by

Hy

1

Hﬂ ®H2a (7)
2

1 1 g
L | (8)

where the operation ® denotes the Kronecker product. h; is
called a Hadamard sequence. The periodic correlation function
at ¢/ = 0 between h; and h,: is given by

Ny ;j:j/a
Phyh;i0 = { 9

Hy, =

0 5#3"

Let fzj be a zero-value-inserted sequence of length NjNo,
which is obtained by inserting Ny — 1 zero value between the
adjacent two values of a Sylvester-type Hadamard sequence
h; of length Ny, written as

hy = (hjo hj, - by hjnN,—1)
= (hj,07070a"'707hj,150707"',O7hj,2a"'7
—_—— N—_———
No—1 No—1
hj»N1—27 Oa Oa T 7Oa hj,N1—la Oa 0,--- ,O) (10)
——— ——
Ny—1 Nay—1

The periodic correlation function at shift i’ between ij and
hj: is given by

Ny il =0,5=7",

0 ;i/ =0,7 # jl7

0 ;1< <Ny— 1.

Y

piLj,iLj/ ,’L"

On the other hand, let z; be the ZCZ code of length Ny,
written as

zj = (25,0,%5,1," " ) Zj,Na—1), (12)

Zji € {1, —1}.

y Ry

The periodic correlation function at shift ¢’ between z; and
zj is given by

Ny i =0,j=j',

pz..,',zj/,i’ - 0 ;il = O,j 75 j/7
0 ;1< < Zea.

The ZCZ codes are bounded by M < Ny/(Zcz + 1), where
M is the number of sequences in a sequence family.

For example, a binary ZCZ code z; of length N, with
Zcz =1 and M = N5/2 is generated by a binary sequence
« of length N, and a Hadamard sequence h; of length Ny /2
as

13)

A binary sequence aj = (ajg,aj, +,aj,;, " ,aiy_;)
of length N = N; Ns is produced by
aj; = hsi*zj, (16)
where * denotes the convolution as
NiNa—1
heixzii = > herziiok (17)
k=0

where z;; = 0 with 4 < 0 and ¢ > N,. From Egs. (11), (13)
and (16), the periodic correlation function at shift i’ between
a; and a, is given by

N—-1
’
S S
E ajyiaj/’i,l—/
=0

’
S
Sy
J T

’ . =
s o8 g1
paj,aj,,z

= aj;*xa
= (iLs,i’ * 250 % (}ALS/’,Z'/ * 21 1)
= Phghyit * Prjzpif
NNy ;¢ =0,7=75",5s=4¢
)0 =047, )
0 1<) < Zez,s =6,
0 i1/ =0,8 £ 5,

with NV = Ny Ny. Therefore, the binary sequence a; of length
N = N; N, is a mutually orthogonal set of ZCZ codes with
S = N1 and M = N2/2

III. MATCHED FILTER BANK FOR A MUTUALLY
ORTHOGONAL SET OF ZCZ CODES

A. Conventional matched filter bank for a mutually orthogonal
set of ZCZ codes

The matched filter bank is a set of matched filters to
calculate the correlation function between a received signal
and all sequences.

The transfer function of matched filter bank for a mutually

orthogonal set of ZCZ codes aj is written as

a§7OZ_(N_1) + a;lZ_(N_Q) N

s -1 s
+aj n_oZ 7 +aj N
N-1
_ s r7—(N—1—1)
= E as,z .
i=0

Therefore, a filter bank is constructed by arranging (S - M)
direct-type matched filters in parallel as shown in Fig. 1. The
direct-type matched filter of a sequence of length IV is shown
in Fig. 2, and is constructed from N —1 adders and N —1 delay
elements. Therefore, the numbers N,4q of two-input adders
and Nyg; of delay elements in the conventional filter bank are

AZ) =

19)

Zig = Qihy g N (14)
j,i mod — . Nadd:Ndel — (Nfl).M.S
0,7 mod % = N(N — 1)
N. < 2 2
w ;0<i < 52— 1, (15) - Zez+1 (20
v — i+1 . .
Limod 52 (1) It is not easy to realize the filter bank because the adders and
; % <i< Ny—1 delay elements increase as O(N?).
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Fig. 1: A conventional matched filter bank of a mutually
orthogonal set of ZCZ codes aj with family size M and set
number S.
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Fig. 2: A direct-type matched filter of a sequence a; of length
N.

B. Proposed matched filter bank of a mutually orthogonal set
of ZCZ codes

From Eq. (16), the periodic correlation function p_. . .
3G

shown in Eq. (18) is written as

(hs,ir * zj,i1) * as, 1)

p N = .
as,a®, i’ —1
.]’ .7/1 j b
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Fig. 3: A proposed matched filter bank of a mutually orthog-
onal set of ZCZ codes aj with family size M and set number
S.

Therefore, the transfer function of matched filter bank of a

mutually orthogonal set of ZCZ codes a7 is written as

A5(Z) H(Z) - 2;(Z)

(hooz N2Ni=D} gy ) z={N2(N=2)}
+hs,N1—1)(Zj,027(N2*1) + ZjJZ*(N272)
oot 2N, -1)

Ny—1
{Z h Z.Z{Nzuvlli)}]

=0
No—1
.{ Z Zj’iZ_(NZ_l_i) }.
1=0

Figure 3 shows a proposed matched filter bank of a mutually
orthogonal set of ZCZ codes aj with family size M and set
number S. In addition, matched filter banks of Hadamard and
ZCZ codes can reduce a circuit size applying the fast algorithm
to an M-sequence-type Hadamard matrix [5]. Figures 4 and 5
show a compact matched filter bank of Hadamard and ZCZ
codes, respectively [6]. Generally, the numbers N, 44 of two-
input adders and Ny.; of delay elements in the filter bank of
a mutually orthogonal set of ZCZ codes with Zcz = 1 are the
following:

(22)

Ny N
Nadd = 71Og2 N2+510g2 E,
N.
Ny = N2—1+72(N—N2).

In short, the numbers N,4q of two-input adders and Ny
of delay elements have been decreased from O(N?) to
O(Nlog, N) and O(N), respectively.
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Fig. 4: A matched filter bank of a Hadamard codes hs with
length 4 and family size 4.
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Fig. 5: A matched filter bank of a ZCZ codes z; with length
8, family size 4 and Zcz = 1.

IV. MATCHED FILTER BANK IMPLEMENTATION ON FPGA

Matched filter banks of the sequence of length N =
32,64, 128, the family size M = 4, set size S = 8,16, 32 and
Zcz = 1 have been implemented on a field programmable gate
array (FPGA) corresponding to 57,120 logic elements (LEs)
which is the basic building blocks of a FPGA, containing a 4-
input look up table (LUT), a register, and additional logic. This
FPGA has 782 pins which the user can freely use. The word-
length of the input and output is 10 bits, respectively. Table
I shows the resultant specification of matched filter banks.
Figure 6 shows the number of logic elements (LEs) of matched
filter banks of the sequences of length 32, 64 and 128, and the
family size 4, and the set size 4, 8 and 16, respectively. As

TABLE I: Specifications of matched filter banks of mutually
orthogonal sets of ZCZ codes.

Spreading sequence mutually orthogonal set of ZCZ codes
Sequence length N 32, 64, 128

Zero correlation zone Zcz 1

Family size M 4

Set size S 4,8, 16

Input output word-length 10bit

Samples per chip 1

FPGA Altera, Stratix, EPIS60F1020C5
Max. logic elements(LEs) 57,120

Max. pins 782

ISBN 978-89-968650-0-1

767

60000

—x+- Conveptional
] - At i i X

T S e

K e R s e e

B R / rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

Logic elements (LEs)

10000 [----=-=-mieeoo S T E S R S S
0
30 40 50 60 70 80 90 100 110 120 130
Length N

Fig. 6: Logic elements (LEs) of matched filter banks of
mutually orthogonal sets of ZCZ codes of Zcz = 1.

a result of implement on FPGA, the proposed matched filter
banks can reduce logic elements (LEs) than the conventional
matched filter banks.

V. CONCLUSIONS

In this paper, we have proposed compact matched filter
banks of a mutually orthogonal set of ZCZ codes obtained
by Hadamard and ZCZ codes with Zcz = 1, which are
constructed by applying a fast algorithm to an M-sequence-
type Hadamard matrix, in which the numbers of two-input
adders and delay elements are decreased from O(N?) to
O(Nlogy N) and O(N), respectively. The conventional and
proposed matched filter banks are implemented on an FPGA,
and the proposed matched filter banks have fewer logic ele-
ments than conventional matched filter banks.
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