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Abstract—We have constructed a series of new code families
for the spectral-amplitude-coding optical code-division mul-
tiple-access (CDMA) system, and proposed new transmitter and
receiver structures based on tunable chirped fiber Bragg gratings
(FBGs). The proposed system has been analyzed by taking into
account the effects of phase-induced intensity noise, shot noise,
and thermal noise. We have also compared the performance of
this system with that of a former system where a Hadamard
code is used. It has been shown that the new code families can
suppress the intensity noise effectively and improve the system
performance significantly. When the effective power is large (i.e.,

10 dBm), the intensity noise is the main factor that limits the
system performance. When the effective power is not sufficiently
large, thermal and shot noise sources become the main limiting
factors and the effect of thermal noise is much larger than that of
shot noise.

Index Terms—Fiber Bragg gratings (FBGs), modified quadratic
congruence (MQC) code, multiuser interference (MUI), optical
code division multiple access (CDMA), spectral amplitude coding.

I. INTRODUCTION

OPTICAL code-division multiple-access (CDMA) sys-
tems are getting more and more attractive in the field of

all-optical communications as multiple users can access the
network asynchronously and simultaneously with high level
of transmission security [1], [2]. Spectral-amplitude-coding
(SAC) optical CDMA systems are now receiving more atten-
tion because the multiuser interference (MUI) can be canceled
when code sequences with fixed in-phase cross correlation
(such as -sequence or Hadamard codes) are used [3]. Let

be defined as the in-phase cross correlation
of two different sequences and

. We can denote a code by where
is the length, is the weight, and is its in-phase cross

correlation.
However, as broad-band thermal sources (BTS) are used in

such systems, the phase-induced intensity noise (PIIN) that
is due to the intensity fluctuation of BTS severely affects the
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system performance [4]. It has been shown that the effect of
PIIN is proportional to the square of photocurrent and the
system performance cannot be improved by simply increasing
the received optical power [5]. To suppress PIIN’s effect, a new
code defined as has been intro-
duced in [6] based on the theorem of block designs. It has been
found that the intensity noise can be effectively suppressed by
using this code and, hence, a higher signal-to-noise ratio (SNR)
results. The higher SNR is, in fact, due to the higher ratio of the
autocorrelation peak to the fixed in-phase cross correlation as
compared with -sequence or Hadamard code. However, no
clear code construction approach was presented in [6]. In this
paper, we have proposed a series of new codes
for each prime number based on the quadratic congruence
(QC) codes in [7]. It has been shown that these new codes have
similar properties with the former code in [6].

In recent years, fiber Bragg gratings (FBGs) have been used
to implement the encoder–decoder for optical CDMA. A novel
coherent spectral phase-encoder composed of FBGs has been
proposed in [8]. Similarly, we have designed both the trans-
mitter and receiver structures for an SAC system based on our
proposed new codes. We have also analyzed the performance
by Gaussian approximation taking into account the effects of
PIIN, shot noise, and thermal noise. The result has been com-
pared with that of a former system where a Hadamard code is
used [5].

It has been pointed out that when both the PIIN and shot noise
are considered, the count of the arrived photons obeys negative
binomial distribution [4]. If there is only one active user, the neg-
ative-binomial-distributed photoelectron counting will result in
a lower bit error rate (BER) than Gaussian approximation be-
cause of its lower probability tails [9]. This result has also been
verified experimentally by Dennis and Young [10]. However, in
an optical CDMA system, the pulse hit (overlap) often occurs
especially when the active user number is large. Therefore, it is
reasonable to use Gaussian approximation in such a system.

The rest of this paper is organized as follows. Section II is
devoted to the code construction and properties. Section III is
devoted to the transmitter and receiver structures, as well as
the discussions on the important aspects for the implementation
of the designed system. In Section IV, we analyze the system
performance taking account of intensity noise, shot noise, and
thermal noise. Moreover, some numerical results are also pre-
sented. Finally, conclusions are drawn in Section V.
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TABLE I
SEQUENCESy (k) AND s (k) WHEN p = 5; d = 1; AND b = 2

II. CODE CONSTRUCTION ANDCODE PROPERTIES

A. Codes Construction

The new proposed code families , which
are referred to as modified quadratic congruence (MQC) codes,
can be constructed using the following steps.

• Step 1:We first construct a sequence of integer numbers
as that are elements of a finite field GF over
an odd prime ( ) by using the following expression:

mod

mod
(1)

where and
. Each resulting sequence

has elements, and we can generatedifferent
sequences for each pair of fixed parametersand
by changing parameters and . These different
sequences form a code family. Therefore, there are, in
total, code families when and change.

• Step 2:We next construct a sequence of binary numbers
(0, 1) as based on the generated sequence
by using the following mapping method:

if

otherwise
(2)

where and . Here,
denotes the largest integer less than or equal to the value
of .

In Fig. 1, we have shown the procedure for generating (0, 1)
sequence based on the number sequence . We
have also shown some code sequences in Table I for parameters

, and .

B. Properties of MQC Codes

For a given fixed value of, we can construct distinc-
tive code families by using different values of parameter. In
each of these families, there arecode sequences having fol-
lowing properties.

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

• In-phase cross correlationbetween any two sequences
is always equal to 1.

Fig. 1. Generation ofy (k) ands (k) for p = 5; d = 1; b = 2.

Because of these two properties, MQC codes are much better
than Hadamard codes for the SAC optical CDMA systems. The
first property can be easily obtained from the mapping method
as explained in step 2, and the second one comes from the fol-
lowing definition and theorem.

Definition: Let be a fixed positive integer. Two integers
and are said to becongruent modulo , symbolized by

mod , if divides the difference ; that is, provided that
for some integer . For example, mod .

Theorem: Let and be constant numbers andbe a prime
number ( ). Then the following congruent equation has one
incongruent solution except when and where
there are incongruent solutions:

(3a)

Proof: It should be noted that when ( and
) the two sequences are the same. Therefore, incon-

gruent solutions result in that case. To solve (3a) under other
conditions, let us substitute (1) into it and consider the following
two cases.

Case 1) When , then (3a) becomes

mod (3b)

where and ,
. Noting that , this

equation can be analyzed as follows. When
, by Lagrange’s theorem and its corollary, there

exists only one solution given by

mod (3c)



1276 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 19, NO. 9, SEPTEMBER 2001

Fig. 2. Block diagram of the SAC optical CDMA system.

Fig. 3. Block diagram of SAC optical CDMA systems using MQC code.

When and , there are solutions
for in (3b) whereas when and ,
no solution can be obtained.

Case 2) When , (3a) becomes

mod (3d)

This equation is valid only when and its
solution is .

Consequently, when and , there are, in total,
solutions of in (3a). Whereas when either (

and ) or , (3a) has one solution of. Therefore,
there is exactly one solution forexcept if and

when there are incongruent solutions.
For a code, the upper bound of the code sizeis

given by [11]

(4)

For MQC code, , , and , the
upper bound of code size is . Therefore, an MQC code that
has code sequences in each family is an optimal code that we
can obtain.

III. SYSTEM DESIGN AND DISCUSSION

A. Former SAC System Using a Hadamard Code

The block function of an SAC system using a Hadamard
code is shown in Fig. 2 [5]. It should be noted that the used
Hadamard code is unipolar because we can only detect the en-
ergy of an optical pulse. The detail procedures to generate a
unipolar Hadamard code refer to [5]. For each bit of data, one
broad-band optical pulse from the LED is encoded. The trans-
mitter sends a pulse with spectral distribution when the

data bit is “1” and a pulse with complementary spectral dis-
tribution when the data bit is “0.” The shape of is
a sequence of spectral pulses arranged according to Hadamard
code. All pulses from all users are mixed up at the star coupler,
and then this superimposed signal is sent back to each user. At
the receiver, the received optical signal is split and decoded by
two complimentary decoders at first. Then, after balanced detec-
tion, low-pass filter (LPF), and threshold decision, the original
data can be recovered. In [5], it has been shown that the MUI
can be eliminated in such an optical CDMA system.

B. An SAC System Using Code

A detailed functional block diagram (see Fig. 3) has been pro-
posed in [6] for the use of the above code in an SAC optical
CDMA system. In this system, a pulse with specified spectral
distribution is sent when the data bit is “1” and nothing is sent
when the data bit is “0.” At the receiver side, a: splitter
is used, at first, to divide the received signal into two parts.
Then, they are input, respectively, into two decoders with com-
plementary decoding functions. If code is used, the
MUI coming from undesired users at the first photode-
tector (PD1) is equal to , and that at PD2 is equal to

. When , these two MUI com-
ponents are equal. Therefore, after balanced photodetection, the
effects of MUI can be canceled [6]. This functional block dia-
gram can also be used for MQC codes because they have fixed
in-phase cross correlation, just like the code in [6].

C. Structure of Transmitter and Receiver Based on FBG

Figs. 4 and 5 show our proposed transmitter and receiver
structures (based on FBGs and MQC codes), respectively, for
SAC optical CDMA. When a broad-band pulse is input into a
group of FBGs, the spectral components corresponding to
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Fig. 4. Encoder(p = 5).

Fig. 5. Decoder(p = 5).

Fig. 6. Graphic representation of the FBG’s function.

will be reflected back, and the output at the other end of the
grating group will contain all the complementary components
corresponding to (see Fig. 6). In the receiver shown in
Fig. 5, the output from the top of the first FBG group is used
directly as the decoded output , where is the
received signal and is the complement of the receiver
address sequence. In this way, we can utilize all the received
optical power efficiently without any need to consider the loss
incurred by the : coupler shown in Fig. 3.

When bit “1” is sent, an optical pulse from a broad-band
thermal source (BTS) launches into the encoder, whereas no op-
tical pulse is sent if the data bit is “0.” The optical pulse passes
through the first fiber-grating groups and correspondent spectral
components are reflected. For the reconfiguration of the des-
tined address code, the gratings in the encoder are all tunable,
which means the central wavelength of the reflected spectral
component of each grating can be changed. The second group
of FBGs in the transmitter is used to compensate the round-trip
delay of different spectral components so that all the reflected
components have the same time delay and can be incorporated
into a pulse again. At the receiver, each grating is fixed ac-
cording to the receiver’s address. MUI can be canceled by bal-
anced detection because the in-phase cross correlation between
any two code-sequences is always equal to 1.

It should be noted that it is unnecessary to divide the source
spectrum precisely because, in such a system, each transmitted

pulse is generated by the reflection of a fiber grating and, hence,
at the receiver, the power of original data pulse will be com-
pletely reflected when the grating is sufficiently long.

Due to the lower weight of MQC codes, we can construct a
transmitter–receiver with only a few FBGs. Therefore, it is very
easy to implement. However, if Hadamard codes are used for
the same purpose, we may need too many FBGs.

D. Consideration of Tunable Range and Bit-Rate Limitation

Grating tuning can be implemented by fiber stretching using
piezoelectric devices or by temperature adjustment. When MQC
codes are used, due to its first property, the required spectral tun-
able range (changing range by tuning) for each grating is equal
to of the total utilized bandwidth. Therefore, we can
greatly reduce the required tunable range for each grating by
using MQC codes. A grating’s tunable linewidth range can
be expressed as , where is the grating
length and is its change by stretching [12]. Let

and operating wavelength nm, the tunable
linewidth range is given by nm. Because there are

gratings in each encoder, we can utilize 37-nm linewidth
if . On the other hand, when the total linewidth is 30 nm,
the required value of can be reduced to 0.004. Therefore,
the use of MQC codes makes it more convenient to realize the
encoder reconfiguration.

In the FBG-based encoding–decoding structure, the length of
the FBG group no longer limits the bit rate, as was the case in
[12]. This is because the delay of each spectral component is the
same after delay compensation. Therefore, the bit rate is mainly
limited by two factors: i) the maximal modulation rate of the
BTS and ii) the bandwidths of the photodetectors (PDs) used in
the balanced detection.

IV. SYSTEM PERFORMANCEANALYSIS

In the analysis of the proposed system (see Figs. 4 and 5),
we have considered incoherent intensity noise, as well as shot
and thermal noises in both PDs. The effect of the receiver’s dark
current is neglected. Gaussian approximation is used for the cal-
culation of BER.

The variance of photocurrent due to the detection of an ideally
unpolarized thermal light, which is generated by spontaneous
emission, can be expressed as

(5)

where
electron’s charge;
average photocurrent;
noise-equivalent electrical bandwidth of the receiver;
coherence time of source;
Boltzmann’s constant;
absolute receiver noise temperature;
receiver load resistor.

In this equation, the first item results from the shot noise, the
second item denotes the effect of PIIN [5], and the third item
represents the effect of thermal noise. Let be the single
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sideband power spectral density (PSD) of the source. Its coher-
ence time can be expressed as [5]

(6)

In (5), the total effect of PIIN and shot noise obeys negative
binomial distribution [4], and thermal noise has a Gaussian dis-
tribution. To simplify our analysis, Gaussian approximation is
used for all of them. In the following analysis, we have consid-
ered the effects of both shot and thermal noises, as well as the
effect of PIIN. Let denote theth element of the th MQC
code sequence. The code properties can be written as

(7a)

and

(7b).

To analyze the system with transmitter and receiver shown in
Figs. 4 and 5, we assume the following.

i) Each light source is ideally unpolarized and its spectrum
is flat over the bandwidth [ , ], where

is the central optical frequency and is the optical
source bandwidth in hertz.

ii) Each power spectral component has identical spectral
width.

iii) Each user has equal power at the receiver.
iv) Each bit stream from each user is synchronized.

Based on the above assumptions, we can easily analyze the
system performance using Gaussian approximation. The PSD
of the received optical signals can be written as

(8)

where is the effective power of a broad-band source at the
receiver (if the loss due to transmission and star coupler isand
power of source pulse is , then the received effective power
is ), is the number of active users less than or equal to,

is the MQC code length given by , is the data
bit of the th user that is “1” or “0,” and is the unit step
function expressed as

(9)

Therefore, the PSD at PD1 and PD2 (see Fig. 5) of theth
receiver during one bit period can be written as

(10)

Fig. 7. The PSD of the received signalr(v).

(11)

and then

(12)

(13)

To calculate the integral of and , let us first con-
sider an example of the PSD [denoted by ] of the received
superimposed signal, which is shown in Fig. 7, where is
the amplitude of theth spectral slot with width . The
integral of can be expressed as

(14)

Therefore, using (10) and (11), we have

(15a)

(15b)

In the above equations, is the data bit of the th user that
is either “1” or “0.” Consequently, the photocurrentcan be
expressed as

(16)

where is the responsivity of the PDs given by
. Here, is the quantum efficiency, is

the electron’s charge, h is the Plank’s constant, andis the
central frequency of the original broad-band optical pulse.
Because the noises in PD1 and PD2 are independent, the power
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of noise sources that exist in the photocurrent can be written as

(17)

Therefore

When all the users are transmitting bit “1,” using the average
value as and the correlation properties, the
noise power can be written as

Noting that the probability of sending bit “1” at any time for
each user is 1/2, the above equation becomes

(18)

From (16) and (18), we can get the average SNR, as in (19) at
the bottom of the page. Using Gaussian approximation, the BER
can be expressed as

erfc SNR (20)

Fig. 8 shows the relation between the number of simultaneous
users and the SNR when the prime number used for MQC code
construction is , , and , respectively.
The parameters used in our analysis are listed in Table II. The
SNR curve of the former system using Hadamard codes (with
the same effective pulse power and optical bandwidth) is also
shown as a reference. In this figure, the effective power from
each user is 10 dBm and the intensity noise is the main noise.
It should be noted that the SNR values plotted in this figure are
all average values, and each curve ends at the point where the
number of simultaneous users is equal to the code size. It has
been shown that MQC codes give a much higher SNR when
the effective power is large. With a bigger prime number, not
only the number of accommodatable simultaneous users is sig-
nificantly increased, but also a higher SNR results. Therefore,
MQC codes can effectively suppress the effect of intensity noise
and, hence, result in a much better performance. This suppres-
sion, in fact, comes from the lower in-phase cross correlation
of MQC codes than that of Hadamard codes. Although MQC
codes have a lower autocorrelation due to its lower weight, its

Fig. 8. SNRs versus number of simultaneous users whenP = �10 dBm.

TABLE II
TYPICAL PARAMETERS USED IN THE CALCULATION

autocorrelation-to-inphase-cross-correlation ratio () is still
larger. However, this lower autocorrelation will cause the per-
formance degradation when other noises sources are considered,
especially at low signal power, as we will show in Fig. 11.

Fig. 9 shows variations of the BER with the number of simul-
taneous users when dBm. For comparison, we have
also included the BER variations of the former system that uses
Hadamard codes. In the former system, because we also send a
pulse when the data bit is “0,” the formula used to calculate the
BER becomes erfc SNR . It has been clearly
shown that the system using MQC codes has a much lower BER
than the one that uses Hadamard codes.

Fig. 10 shows the BER variations with the effective power
when and the number of simultaneous users is 49.

The solid lines represent the BERs, taking into account effects
of intensity, shot, and thermal noises. The dashed lines indi-
cate the BER performances when effects of only intensity and
shot noises are considered. The dotted lines indicate the system
BERs when only intensity and thermal noise sources are con-
sidered. It is shown that, when is large, both the shot and

SNR

(19)
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Fig. 9. BER versus number of simultaneous users whenP = �10 dBm.

Fig. 10. BER versus effective powerP when number of simultaneous users
is 49.

thermal noises are negligibly small compared with the intensity
noise, which becomes the main limitation factor of the system
performance. However, when is low, the effect of intensity
noise becomes minimal, and, hence, the thermal noise source
becomes the main factor that limits the system performance. It
is also shown that thermal noise is much more influential than
shot noise on system performance.

Fig. 11 shows the BER variations with when the number
of simultaneous users is 49 and , , and .
The performance of the former system using Hadamard code is
also shown for comparison. Fig. 12 shows variations of the BER
versus number of simultaneous users for different values of.
In these two figures, we have considered effects of the intensity,
shot, and thermal noise sources. It is shown that whenis
less than 25 dBm, the former system using Hadamard codes
will have better performance than the system using MQC codes.
This is because the large value of prime numbercauses a large
power loss in the transmitter, and, hence, the shot and
thermal noise sources will severely affect the system perfor-
mance, especially when is not sufficiently large. However,

Fig. 11. BER versus effective powerP when number of simultaneous users
is 49, taking into account the intensity noise, shot noise, and thermal noise.

Fig. 12. BER versus number of simultaneous users whenP is different.

the power loss incurred by Hadamard-code encoding is always
1/2, regardless of the code length.

If we use an array of tunable lasers, we can pro-
vide large optical power even after the MQC encoder. In
this case, the required tunable range of each laser is only

of the total optical bandwidth. This method does
not have any limitation on the shape of PSD, as in the case of
thermal source, and we can also enlarge the optical encoded
bandwidth freely to get a higher SNR. Therefore, although the
coherent interference between the overlapped optical pulses
with the same wavelength may cause degradation, a better
performance is promising in such a laser-array system.

V. CONCLUSION

In this paper, we have proposed a construction method for
a series of new code families with a fixed in-phase cross cor-
relation value of 1. The properties of these codes have been
proved and discussed. New structures of both the transmitter
and receiver for the SAC optical CDMA system have been de-
signed using FBG groups. The performance of the system with
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the new transmitter and receiver structures has been analyzed
using MQC codes and taking into account effects of the inten-
sity, shot, and thermal noise sources. The BER performances of
both this system and a former one using Hadamard code have
been compared. It has been shown that the new code families
can suppress intensity noise effectively and improve the system
performance significantly. When is large, the intensity noise
is the main factor that limits the system performance. However,
when is not sufficiently large, thermal and shot noise sources
become the main limiting factors, and the effect of thermal noise
is much lager than that of shot noise.
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