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Unipolar Codes With Ideal In-Phase Cross-Correlation for Spectral
Amplitude-Coding Optical CDMA Systems

Zou Wei and H. Ghafouri-Shiraz

Abstract—Unipolar codes with ideal in-phasecross-correlation
are important in spectral amplitude-coding optical code-division
multiple-access (CDMA) systems since these codes eliminate mul-
tiuser interference and also suppress the effect of phase-induced in-
tensity noise. However, very little research work has been done on
such codes although codes with ideal cross-correlation have been
studied for many years. In the paper by Zhouet al., such a code
has been introduced without a clear construction method. In this
paper, we firstly review this old code, and then construct two new
codes with ideal in-phase cross-correlation in algebraic ways. Both
of the proposed new codes are obtained by modifying former codes
with ideal cross-correlation. It has been shown that the system per-
formance can be improved significantly by using codes with ideal
in-phase cross-correlation instead of Hadamard code. These codes
can also be used in synchronous optical CDMA systems for mul-
tiuser interference cancellation.

Index Terms—Balanced incomplete block design, frequency
hopping code, ideal in-phase cross-correlation, optical CDMA,
quadratic congruence code.

I. INTRODUCTION

T HEORETICAL analyses of optical code-division mul-
tiple-access (CDMA) systems have shown that multiuser

interference (MUI) is the main reason for performance degra-
dation, especially when large numbers of users are involved
[1], [2]. In spectral amplitude-coding optical CDMA systems,
given a user number and a code length, MUI is only determined
by the values of in-phase cross-correlation (IPCC) between
the address sequences because frequency components are
inherently in order [3]. One major advantage of such systems
is that we can eliminate MUI when codes with fixedIPCC
are used as address sequences. This elimination is realized by
balanced detection of signals from a normal decoder and a
reference decoder [3]. Both Hadamard code and-sequence
are examples of these codes that have been introduced in earlier
papers [3], [4].

Let us define as theIPCC of two different
code sequences and .
A code with length , weight andIPCC can be denoted by

. When , we say the code has idealIPCC, as this
is the minimum value that can be achieved.

Nevertheless, in spectral amplitude-coding systems, the in-
herent phase-induced intensity noise (PIIN) also severely affects
the overall system performance [4]. This noise is due to spon-
taneous emission of the broadband source. To suppress it, the
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value of should be kept as small as possible [5]. Therefore,
the codes with idealIPCC become attractive.

Although codes with ideal cross-correlation have been
studied intensively, however, little work has been done on
codes having idealIPCC. A

code with low constantIPCC
has been introduced in [5]. This code is based on points and
hyper-planes of the projective geometry , where is
a prime power given by with being a positive integer,

being a prime number, and denotes the finite
vector’s space dimension. It has been shown that performance
can be improved significantly by using this code instead of
Hadamard code.

In this paper, we have done, firstly, a short review on the old

code [6]. Secondly, we give the algebraic construction method
of a series of new code families for each
prime number (when ). This new code series is ob-
tained by modifying the quadratic congruence codes that have
been proposed in [7]. Therefore, we call these codes as modi-
fied quadratic congruence (MQC) codes. In a similar method,
based on the frequency-hopping code in [8], we have proposed
another new code family in the form of for each
prime power . This new code family not only possesses ideal
IPCC, but also exists for a much wider number of integers than
MQC code. It should be pointed out that both the two new codes
are generated in a padding method, i.e., adding some zeros and
ones to each of the original code sequences. For better under-
standing we have given some examples for each code. All these
codes have been evaluated theoretically, and advantages of the
two new codes have also been discussed. Finally, we have an-
alyzed the performance of a spectral amplitude-coding optical
CDMA system when a new code with idealIPCC is used. It has
been shown that the system performance can be improved sig-
nificantly by using codes with idealIPCC instead of Hadamard
code.

The rest of this paper is organized as follows. Section II is de-
voted to the review of the old code introduced in [5]. In Sections
III and IV, we have given the algebraic constructions for the two
proposed new codes. Their properties are also discussed in these
two sections. Codes evaluation and comparison are presented in
Section V, and performance analysis is provided in Section VI.
Finally, conclusions are drawn in Section VII.

II. REVIEW OF

CODE

A code with fixedIPCC can be constructed based on a sym-
metric balanced incomplete block design (BIBD) because every
pair of blocks intersects in an equal number of elements [6]. We
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TABLE I
EXAMPLE OF BIBD CODE

refer to the code acquired in this way as BIBD code. In fact, the

code introduced in [5] comes from a symmetric BIBD with ele-
ment number , block size
where every pair of blocks intersect in el-
ements. It has been proved that such a symmetric BIBD can be
constructed for each prime powerby solving a group of com-
plex algebra equations [6]. When , a
code results and it has idealIPCC. The basic knowledge about
algebra of finite fields can be found in [8] and [9].

As an example we have listed some code sequences generated
by the construction method introduce in [6] in Table I, where

, and the irreducible polynomial of is
.

Although the construction method can be simplified by
Singer’s theorem [6], root searching for algebra equation is
still a complex procedure. In the following two sections, we
will introduce two codes constructed based on simple algebraic
techniques. Both the two codes are obtained by modifying
former codes with ideal cross-correlation, i.e., cross-correlation
less than or equal to 1.

III. M ODIFIED QUADRATIC CONGRUENCECODE

Quadratic congruence (QC) code with ideal cross-correlation
has been proposed for each prime numberin [7]. It has been
shown that each sequence of QC code consists ofgroups and
each group contain one “1” and “0”s. By padding an-
other similar group, we can obtain a series of new

code families for each (when ) [11]. These codes
are referred to as modified quadratic congruence (MQC) codes.
In each constructed MQC family there are code sequences
having following properties.

• Each code sequence has elements that can be di-
vided into groups, and each group contain one “1”
and “0”s.

• The IPCC between any two sequences is exactly equal
to 1.

We have also shown some example sequences in Table II with
parameters given by , and . It is clear that the
listed sequences completely satisfy the two properties.

IV. M ODIFIED FREQUENCYHOPPINGCODE

A family of frequency hopping (FH) code with ideal cross-
correlation has been presented in [8]. This FH code is con-
structed based on for each prime power. Because the
similarity of FH code and QC code, we can also modified it in
the same way. Thus a family of modified fre-
quency hopping (MFH) code results.

TABLE II
EXAMPLE OF MQC CODE

Code Construction:This new MFH code family can be con-
structed by using the following two steps:

• Step 1:Let denote a finite field of elements and
is a primitive element of . We can construct a

number sequence with elements of using
the following expression:

(1)

where and are elements of expressed by
and . The

parameters and are fixed for each specified number
sequence and their changes result in different
sequences. It should be noted that the addition and power
operations in (1) are determined by .

Because the values of are not equal to zero no matter
what the value of is, the first elements of each sequence
are all different and they can exactly constitute a whole set
of . Noting that in (1), we can add another

sequences into the new code family without affecting the
ideal IPCC of the final binary code. Thesenumber se-
quences are constructed using the following expression:

.
(2)

Therefore, a full set of number sequences are obtained
which is denoted by in the rest of this section.

• Step 2:Based on each generated number sequence
we construct a sequence of binary numbers by using
the same mapping method as in MQC code, which can be
given by

if
else

(3)

where and .
Properties: Since is a prime power, MFH code not only

possesses idealIPCC, but also exists for a much wider number
of integers than MQC code. As similar as MQC code, there are

(0, 1) sequences in this new code family with the following
properties.

• Each code sequence has elements that can be divided
into groups, and each group contains one “1” and

“0”s.
• IPCC between any two sequences is always equal to 1.

In Table III, we have listed some code examples for different
values of parametersand when is equal to (i.e., ).
Here the selected primitive irreducible polynomial is written as
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TABLE III
EXAMPLE OF MFH CODE

TABLE IV
CODES’ COMPARISON

and the primitive element is (10) in binary form,
which can be represented as “2” in decimal system. It is clearly
shown that the former two properties are valid for all the listed
code sequences .

V. CODE EVALUATION AND COMPARISON

By combining these three codes, we get a code set with ideal
IPCC as shown in Table IV. The proposed MFH code has the
same existence range as the old BIBD code. Although MQC
code only exists for a prime numbergreater than 2 (which is
a smaller integer range), we can obtain many code families for
each .

For a code, the upper bound of the code size, de-
noted as , can be written as [10]:

when (4)

For MQC code, and
, the upper bound of the code size expressed in (4) is equal

to . Since MQC code has code sequences in each family, it
is optimal theoretically. Similarly, it can be seen that both MFH
and BIBD are also optimal codes.

Besides idealIPCC, another major advantage of our new
codes, including both MQC and MFH, lies in the first property,
i.e., elements in each sequence can be divided into groups and
each group contains only one “1”. This property makes it much
easier to realize the address reconfiguration in a grating-based
spectral amplitude-coding optical CDMA transmitter as ex-
plained in [11] and [12]. We can use a group of gratings to reflect
all the desired spectral components; and then use another group
of gratings to compensate the delays of the desired components
and again incorporate them into a temporal pulse [11], [12].
In this case, the grating’s tunable range becomes the main
limitation for the address reconfiguration. By using our new
constructed codes, each grating only needs to be tunable within

of the total encoded bandwidth (TEB), where the TEB
corresponds to the full length of each code sequence, thus the
required tunable range for each grating is significantly reduced.

Fig. 1. Bit error probability against number of simultaneous users.

VI. PERFORMANCEANALYSIS

A block function has been proposed in [5] for the use of BIBD
code in a spectral amplitude-coding optical CDMA system. Be-
cause all the above-mentioned codes ( i.e., BIBD, MQC and
MFH codes) and Hadamard code have fixedIPCC, such a block
function can also be used for all the four codes. In this block
function, when data bit is “1”, we send a spectrally encoded
pulse; while we send nothing for data bit “0”. Noises that exist
in such a system include incoherent intensity noise, shot noise as
well as thermal noise. Because intensity noise is the dominating
noise and increasing the received optical power cannot alleviate
its effect, we have only considered this noise in our analysis. For
mathematical simplification we have assumed that: (i) each light
source is ideally unpolarized and its spectrum is ideally flat over
the bandwidth , where is the central
frequency and is the optical bandwidth in Hertz; (ii) each
spectral component has identical spectral width; (iii) each user
has equal power at the receiver; and (iv) each bit-stream from
each user is synchronized. It should be noted that power equality
and chip-synchronization are not necessary for the system al-
though we have used them to simplify the analysis. We have
also assumed that MFH code is used in the analyzed system.
Applying the same method as in [4] and taking into account that
the probability of sending data bit “1” is half for each user, the
average signal-to-noise ratio (SNR) due to intensity noise can
be expressed as

(5)

where is the noise equivalent electrical bandwidth of the re-
ceiver, is the number of simultaneous users, andis the prime
power in the construction of MFH code. Assuming that the noise
distribution is Gaussian, we can easily obtain the corresponding
bit error rates (BERs) from .

Fig. 1 shows the BER variation with the simultaneous user
number. In this figure we have used the following parameters:

THz (which is equivalent to 30–nm linewidth),
MHz (for the bit rate 622 Mbps), , and the operation
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Fig. 2. System capacity versus number of simultaneous users when the
required BER is 10 .

wavelength is 1550 nm. The BER of the system using Hadamard
code is also plotted as a reference with the same and
similar code length . It is shown that MFH code

results in a much lower BER than Hadamard code. From
(5), we can concluded that the performance becomes better with
the increase of and the two curves will overlap when
(although there is no MFH code in this case).

The system capacity versus simultaneous user number is also
shown in Fig. 2 for different cases when Hadamard code

and MFH code ( and ) are used. Given a
system performance requirement, the network capacity is deter-
mined by the possible number of simultaneous users multiplied
by the bit rate per user. In this figure, the required BER is 10.
It is shown that capacity of the system using MFH code is larger
than that using Hadamard code. Moreover, when MFH code is
applied, the capacity will also increases with the value of. If
error correction technique is employed, a much larger system
capacity will be obtained.

VII. CONCLUSION

Codes with ideal cross-correlation have been studied for
many years. However, little work has been done on codes

with ideal IPCC. In this paper, three kinds of codes possessing
ideal IPCC have been introduced. The old BIBD code has
been reviewed. Two new codes, MQC and MFH, have also
been constructed in simple algebraic ways. Both of the new
codes are obtained by modifying former codes with ideal
cross-correlation. All these three codes are important for
spectral amplitude-coding optical CDMA systems. It has been
shown that performance can be improved significantly when
codes with idealIPCC are used instead of Hadamard code.
These codes can also be used in synchronous optical CDMA
systems for the cancellation of multiuser interference.
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