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Abstract—In this paper, we propose a family of newly constructed codes to suppress the phase-induced intensity noise
(PIIN) in spectral amplitude-coding (SAC) optical code division
multiple access (OCDMA) systems. These new codes are derived
from modified prime codes and their cross-correlation is not larger
than one. We also present a novel SAC-OCDMA system employing
the new codes together with Mach–Zehnder interferometers to
eliminate the multi-user interference (MUI). Compared with the
systems employing modified quadratic congruence codes (MQC
codes), numerical results verify that our proposed system can
more effectively suppress the PIIN and eliminate MUI. Hence,
the number of simultaneously users and total transmission rate
increases significantly.
Index Terms—Optical code-division multiple access (OCDMA),
spectral amplitude coding (SAC), modified prime codes, multi-user
interference (MUI), Mach–Zehnder interferometer.

I. INTRODUCTION

T

HE optical code-division multiple-access (OCDMA)
system has been investigated for about two decades and
received a lot of attention. The OCDMA system has the advantage of providing multiple users to access the same bandwidth
simultaneously without employing high-speed electronic data
processing circuits that are necessary in the time-division
multiple-access (TDMA) networks. Further, it also has the
advantage of providing high-level security during transmission.
Conventional OCDMA systems, depending on the requirement of time synchronization, can be classified into synchronous
and asynchronous systems. In general, the spreading sequences
used in synchronous systems are modified prime codes and perfect difference codes [1]–[3] while the spreading sequences used
in asynchronous systems are optical orthogonal codes (OOCs)
[4]–[7]. The code sizes of modified prime codes and perfect difference codes are much larger than that of OOCs having the same
code length. On the contrary, the OOCs have better auto- and
cross-correlation properties than the modified prime sequence
codes so that they are suitable for asynchronous systems.
In recent years, spectral amplitude-coding (SAC) OCDMA
system attracts more attention since the multi-user interference (MUI) can be completely eliminated by spectral coding.
Code sequences with fixed in-phase cross-correlation such

Manuscript received November 24, 2003; revised July 12, 2004. Part of this
work was supported by Nation Science Council and the Ministry of Education, Taiwan, R.O.C. under Grant NSC 91-2213-E-002-106 and Grant 89EFA06-2-4-7.
C.-H. Lin, J. Wu, and H.-W. Tsao are with the Department of Electrical Engineering and Graduate Institute of Communication Engineering, National Taiwan
University, Taipei, Taiwan 10617, R.O.C.
C.-L. Yang is with the Department of Electrical Engineering, Tamkang University, Taipei, Taiwan 10617, R.O.C.
Digital Object Identifier 10.1109/JLT.2005.844205

as Hadamard codes have been used to remove the MUI [7],
[8]. However, since the value of the in-phase cross-correlation
between code sequences is large, the phase-induced intensity
noise (PIIN) severely degrades the system performance. In
view of this disadvantage, Zhou et al. [9] and Wei et al. [10]
used codes with a fixed in-phase cross-correlation exactly
equal to one for suppressing the effect of PIIN. However,
since the in-phase cross-correlation of these codes is always
one, the PIIN induced in the system employing these codes
is still significant, thus limiting the system performance for
further improvement. In this paper, we relax this constraint and
construct new codes with in-phase cross-correlation not larger
than one and furthermore propose a system architecture using
such codes together with Mach–Zehnder interferometers to
eliminate MUI to further suppress PIIN.
The rest of this paper is organized as following. The family
of newly constructed codes, named partial modified prime
codes (PMP), is described in Section II. Section III presents the
proposed system architecture in details. The analytic results of
system performance are presented in Section IV. The numerical
and simulation results are shown in Section V. Finally, we give
the conclusion in Section VI.
II. PARTIAL MODIFIED PRIME CODES
The prime codes are a set of code sequences with code length
derived from prime sequences, where is a prime number
[1]. Elements of a prime sequence can be obtained by multiplying
by
each element in the Galois field
. Hence, there are prime
a preset number chosen from
sequences. We then map these prime sequences to binary code
sequences to form the prime codes. For example, the prime seis mapped to
quence
acthe code sequence
cording to
.

(1)

On the other hand, the modified prime codes, which are used
in synchronous systems, are time-shift versions of the prime
codes [2]. To construct the modified prime codes, we take a prime
and rotate it by
times to create new prime
sequence
,
sequences
where refers to the number of left-rotations. Likewise, a mapped
code sequence
can be obtained according to
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.

(2)
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TABLE I
EXAMPLE OF THE MODIFIED PRIME CODES FOR GF(5)

Each prime code sequence can generate
new code sequences to form a code group. Hence, the modified prime codes
can be divided into groups and the total number of codes is .
is
An example of the modified prime codes derived from
shown in Table I. Under synchronized condition, the cross-correlation between the th and th modified prime codes is
(3)
According to (3), the cross-correlation between the th and th
codes is zero when they belong to the same group, or one otherwise. Since the cross-correlation of the modified prime codes
is never larger than one, the modified prime codes are superior
to the modified quadratic congruence (MQC) codes [10], whose
cross-correlation is equal to one, for suppressing PIIN. However,
the cross-correlation of the modified prime codes is also equal to
one in most situations, i.e., the situation that the codes are in different groups. Hence, the improvement is insignificant.
In order to further suppress the PIIN, we relax the constraint
of the cross-correlation of the modified prime codes and propose the PMP codes in this paper to reduce the beating rate
between the code sequences. The PMP codes are divided versions of the modified prime codes. Each of the modified prime
sequences can be used to generate several new sequences.
constructed
This means that the modified prime sequence
from
can be divided to form
new prime sequences
,
is a factor of
and
.
where
, the modified prime sequence
can
For instance, if
be separated as

.

Fig. 1. An exemplary procedure for generating (0, 1) sequence C
on the partial modified prime sequence S
.

based

,
and
,
. The mapped code sequences
can be obtained according to (4) shown at the bottom of the page.
By using this scheme, the size of each group of the modified
prime codes is expanded
times. The code size of the PMP
and the code weight is reduced to
.
codes is
Therefore, the beating rate of any two PMP code sequences can
is increased.
be reduced as the value of the dividing factor
The PIIN can be further suppressed by optimizing the value of
. An example of the PMP codes for
and
is
shown in Table II. Fig. 1 illustrates an exemplary procedure for
based on the partial modified
generating (0, 1) sequence
prime sequence
.
wherein

(4)
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TABLE II
EXAMPLE OF THE PARTIAL MODIFIED PRIME CODES FOR GF(5) AND

Under synchronized condition, the cross-correlation between
the th and th PMP codes is

(5)

Hence, if
denotes the th element of the th PMP code
sequence, the relation between the code sequences can be
written as:
(6)

where

is the code length, i.e.,

.
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M =2

III. THE PROPOSED SYSTEM USING PMP CODES
Fig. 2 shows the schematic of the proposed system. The
transmitter consists of a broadband source, a Mach–Zehnder
interferometer and a spectral encoder. A high-power broadband
superluminescent diode (SLD) or light-emitting diode (LED)
can be employed as the broadband source. One arm of the
Mach–Zehnder interferometer has a digital phase modulator
inserted thereon. Thus, data can be modulated by phase-shift
keying. Moreover, the spectral encoder will encode the modulated signal in spectrum according to a chosen PMP code
sequence and then send the encoded signal to receivers through
a star coupler.
The receiver consists of a spectral decoder, a Mach–Zehnder
interferometer and a balanced detector. Therein, the balanced
detector may consist of two avalanche photodiodes (APDs) or
p-i-n photodiodes. Via the spectral decoder, the received signal
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Fig. 2. OCDMA system using PMP codes.

can be decoded by using a matched code sequence and the unmatched spectral components will be filtered out. Then, through
the Mach–Zehnder interferometer and balanced detector, the decoded signal is detected and the MUI from unmatched transmitters can be completely canceled.
Therein, by employing the PMP codes, the spectral decoder
of the receiver can filter out most of the spectral components
from unmatched transmitters. However, since the cross-correlation of the PMP codes is not zero, a few spectral components
from unmatched transmitters can still pass through the spectral
decoder. Hence, in order to eliminate these interferences, a pair
of Mach–Zehnder interferometers and a balanced detector are
employed in our proposed system in the light of [11].
Therein, the two arms of each Mach–Zehnder interferometer
have different delay paths and hence will make optical signals
passing through these two arms have different time delays. The
difference of the time delays caused by the two arms is named
differential path delay hereinafter.
It should be emphasized that the Mach–Zehnder interferometers in a matched pair of transmitter and receiver should have
the same differential path delay that significantly exceeds
[12], where is the code length of PMP codes and
is the
source coherence time that can be defined as [10]

IV. PERFORMANCE ANALYSIS
To analyze system performance, we consider the intensity
noise, shot noise and thermal noise. Gaussian approximation is
employed to calculate the bit error rate (BER). In this paper, in
order to suppress the effect of the thermal noise, we use APDs
as the photodetectors. Hence, the variance of photocurrent noise
resulted from detecting a thermal light (emitted by a broadband
light source) can be expressed as [10]
(8)
and
are average gain and excess noise factor of
where
an APD, is the electron’s charge,
is the noise-equivalent
electrical bandwidth of the receiver, is coherence time of the
is Boltzmann’s constant,
is the absolute
light source,
is receiver load resistance,
receiver noise temperature,
refers to the optical power incident on the APD, and is the
responsivity of the APD.
, where is the quantum
Therein, is given by
efficiency of the APD, is the Planck’s constant and is center
operating frequency, and
.
The items at right-hand side of (8) are results of the PIIN,
can be
shot noise and thermal noise, respectively. Therein,
written as
(9)

(7)
where
is the single sideband power spectral density of the
is the output power of the source.
source and
Moreover, different pairs of transmitters and receivers must
have different differential path delays. The difference of these
differential path delays must be at least 2–3 times of
. In
this way, the optical intensity noise due to the spectral components transmitted from unmatched transmitters can be completely eliminated.
Since the cross-correlation value between PMP code sequences in the same group is zero, the spectral components
from other transmitters using the code sequences in the same
group can be completely filtered out by the spectral decoder.
Therefore, the transmitter and receiver pairs using same group
code sequences won’t interfere with each other even though the
differential path delays of their Mach–Zehnder interferometer
pairs are the same. Hence, the restriction on the differential path
delays mentioned above can be relaxed, i.e., the transmitter
and receiver pairs with same group code sequences can use
Mach–Zehnder interferometer pairs with identical differential
path delay.

where is effective ionization ratio of the APD.
For analyzing the performance, the proposed system is modeled as illustrated in Fig. 2 by employing the method disclosed
, and
in [13], in which
are the impulse responses of the arms of the Mach–Zehnder
interferometers in the th transmitter and receiver;
and
are the impulse responses of the th spectral
encoder and decoder, respectively;
is the th input data
which can be “1” or “ ”.
Furthermore, in order to simplify analysis, we make the following assumptions. First, the broadband light source is ideally
,
unpolarized and has flat spectrum over
is the bandwidth of the
where is the center frequency and
). Secondly, the output powers of all
source (thus,
broadband light sources are equal. Thirdly, the broadband light
sources are mutually independent.
Based on these assumptions, the output of the th transmitter
can be expressed as

(10)
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Hence, if there are
users transmitting in the system simultaneously, the received optical signal of the th receiver can be
expressed as
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and
are the transfer functions of the
where
arms of the Mach–Zehnder interferometer in the th receiver;
is the transfer function of the th spectral decoder.
Consequently, the net photocurrent in the th balanced detector
can be written as

(11)
(17)
Although the input data of the transmitters can be “1” or “ ”
arbitrarily, the induced noise effects are the same. For simplicity,
we take all of the input data to be “1”. Since the broadband light
sources are mutually independent, the power spectral density
(PSD) of the received signal can be written as

where and are the photocurrents outputted from the APDs,
respectively.
Now, in order to further compute the photocurrent , we associate the transfer functions of the decoders and encoders with
the PMP codes and define a new function as following:

(12)
is the power spectral density of the output beam
where
and
due to the th broadband light source;
are the transfer functions of the arms of the Mach–Zehnder interferometers in the th transmitter;
is the transfer
function of the th spectral encoder.
After passing the spectral decoder and the Mach–Zehnder interferometer of the th receiver, the optical signals incident on the
APDsofthe thbalanceddetectorcanberespectively expressedas

(18)
is the output power of the broadwhere
is the th spectral element of the
band light source and
encoder or decoder and can be expressed as

(19)

(13)
and

where
(14)

where
and
represent the optical signals respectively incident on the APDs of the th balanced detector.
Their power spectral densities can be expressed as

(15)

is the unit step function defined as

.

(20)

In order to completely eliminate the MUI, the transfer functions of the arms of the interferometers in the transmitters and
receivers should be orthogonal to each other, except for the
transfer functions belonging to matched transmitters and receivers, which should be either equal or complex conjugates.
These conditions can be expressed mathematically as [13]
(21)
(22)
(23)
(24)
(25)

and
(26)
Substituting (15), (16), and (18) into (17), we have the photocurrent as:

(16)

(27)
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Using (24) and (25), we can show that the interferences from
unmatched transmitters are all filtered out and the photocurrent
reduces to

(28)

(40)
(29)

In order to simplify notations, we will express (40) as
(41)

Using (21) and (26), we have
where
(30)

For

, and

represent the noises for
, and
, respectively.
, the PIIN noise can be expressed as

(31)
Then, substituting (18) into (31), we can rewrite the photocurrent as
(42)
(32)

(33)
(34)
Finally, with

, we obtain the photocurrent as
(35)

According to (7) and (8), the PIIN can be rewritten as
(36)

(43)

(37)
Using (21) and (26), we have
Accordingly, the PIIN at the receiving end can be expressed
as

(38)
(44)
(45)
(39)

For
is the same as that with

, since the situation with
, we need only to evaluate one
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of them and then double the result. Thus, the PIIN noise can be
expressed as

Likewise, for
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, the PIIN noise can be expressed as

(52)
(46)

(47)
(53)
For

, we have

For

, we have

(54)
(48)

(55)

Furthermore, since the code weight of the PMP code is
, each code sequence will be beaten by other
code sequences. Because the code size is
, the probability that a code sequence being beaten by another code sequence is

(56)
Finally, for

, the PIIN noise can be expressed as

(49)
Therefore,

can be further expressed as
(50)
(51)

(57)

1550

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 23, NO. 4, APRIL 2005

(64)
Furthermore, applying (8), we can express the shot noise in
the receiver as

(65)

(58)
Using (21)–(23) and (26), we have

(66)

Since the probability for code sequences
beat the same spectral element of is

and

(59)

(67)

to

The total noise power including PIIN, shot noise, and thermal
noise can be expressed as

(60)
can be further expressed as
(61)

(68)
Consequently, the signal-to-noise ratio (SNR) at a receiver in
the proposed system with PMP codes can be obtained as shown
in (69) shown at the bottom of the page. The bit error rate (BER)
can then be estimated from SNR as [11]

Therefore, the total PIIN is given as

(62)
(70)
where
(71)

V. NUMERICAL AND SIMULATION RESULTS

(63)

The system parameters used to obtain the numerical results
are listed in Table III. We assume the quantum efficiency, average gain, excess noise factor and effective ionization ratio of

(69)
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Fig. 3. The number of simultaneous users versus the BER for p = 11 at the effective source power equal to
TABLE III
PARAMETERS USED IN THE NUMERICAL CALCULATION

the APDs are
, and
, respectively. The receiver noise temperature and load resistance
K and
. The spectrum of the broadare
band light source is centered at 1.55 m with spectral width
nm and coherence time is about
ps. The
data transmission rate is 155 Mb/s and the electrical bandwidth
of receivers is 80 MHz.
Figs. 3 and 4 show the maximum number of simultaneous
users of our proposed system using PMP codes versus the BER
and , with the effective source power fixed at
for
dBm (the effective source power is
, in which is the
when
loss due to transmission and star coupler and equal to
transmission loss is ignored). For comparison, the maximum
number of simultaneous users for a system using MQC codes
is also shown [10].
and
or , the code length
In Fig. 3, we have
is 121. Thus, the code size can be 242 or 605. Since each code
sequence can be assigned to a different subscriber, the maximum
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05 dBm.

number of the subscribers in our proposed system can reach
242 or 605. For comparison, we also consider the MQC code
, whose code length and code size are 132 and
with
121, respectively. This figure shows that the proposed system
has better performance than the system using MQC codes for
and
.
both
and
can be 2, 3, or 4. The code length is
In Fig. 4,
169. Hence, the code size can be 338, 507 or 676, respectively.
and its code length and code size
The MQC code has
are 182 and 169, respectively. Similarly, Fig. 4 shows that our
proposed system has better performance than the system using
MQC codes.
Moreover, the proposed system architecture can also be applied to an Ethernet passive optical network (EPON). Assuming
the maximum subscriber number of EPON to be 32, the PMP
and
is used to obtain the numerical
code with
results shown in Figs. 5, where the code length is 25 and the
code size is 50. The electrical bandwidth and data transmission
rate shown in Table III are changed to 320 MHz and 622 Mb/s,
respectively.
Fig. 5 shows the number of simultaneous users of the proposed system versus the BER with the effective source power
dBm. For comparison, the numbers of simultaneous
fixed at
, whose code
users for a system using the MQC code with
length is 30 and code size is 25, are also shown.
dBm, the proAs the received optical power is fixed at
posed system can accommodate about 35 simultaneous users
and the system using MQC code can accommodate 25 simulta. It means
neous users (limited by its code size) at
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Fig. 4. The number of simultaneous users versus the BER for p = 13 at the effective source power equal to

Fig. 5.

The number of simultaneous users versus the BER for p = 5 with the effective source power equal to

that the proposed system can employ the PMP codes with code
length much shorter than that of to MQC codes to satisfy the

05 dBm.

05 dBm at a transmission rate of 622 Mb/s.

requirement of EPON when transmission rate is 622 Mb/s and
dBm.
the effective source power is
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Fig. 6. The curves of effective source power versus the BER for the system using the PMP codes with p = 11 and
users is 85.

Fig. 6 shows the effective source power versus the BER for
the system using the PMP codes with
and
or
when number of simultaneous users is 85. For comparison, the
performance for the system using the MQC codes with
is also shown. As the figure shown, when the effective source
power is sufficient, the system using PMP codes can reach better
performance than the system using the MQC codes.
Besides, based on this numerical results, wefind that the system
provided that there
performance increases with the value of
is adequate effective source power at the receivers, because the
beatingprobabilityofanytwodifferentcodesequencesofthePMP
codes reduces when the value of increases and the PIIN can be
further suppressed when the beating probability is lowered.
Therefore, in general, if the power of received signals is sufis
, i.e., the largest
ficient, the optimum value of
factor of
except for
itself. However, if the power
will
of received signals is insufficient, using large value of
make the proposed system susceptible to the shot noise and degrade the system performance. Hence, there is a tradeoff when
choosing the value of .
Fig. 7 shows theoretical estimations and the simulation results, which are acquired by using a software tool named “VPItransmissionMaker”, of the effective source power versus the
and
.
BER for the system using PMP codes with
In the simulation, we use LEDs as the broadband sources and
fiber Bragg gratings (FBGs) to implement the spectral encoders
and decoders.
Since
and
, the code weight of the used PMP
. Hence, each of the encoders and
codes is
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M = 2 or 5 when number of simultaneous

decoders is made to reflect two spectral components back and
filter out others. In addition, each of the spectral components
is set to have a bandwidth with 100 GHz. Thus, the effective
GHz, i.e., 2.5 THz.
bandwidth of the source is
Besides, the differential path delay for the Mach–Zehnder interferometers is about several nanoseconds, the data rate is 155
Mb/s and the electrical bandwidth of the receivers is 80 MHz.
The balanced detector consists of two APDs with quantum ef, average gain
, excess noise factor
ficiency
and effective ionization ratio
.
In Fig. 7, the solid lines represent the theoretical estimations
and
, where
represents the number of
for
simultaneous users. The dashed lines represent the simulation
and
, respectively. As shown in the
results for
figure, the theoretical estimations are quite close to the simulation results. The differences between the theoretical estimations
and simulation results are smaller than 2 dB at
for
and about 3 dB for
.
The differences between the theoretical estimations and the
simulation results are caused by various nonideal properties and
power loss of the real-world optical components. For example,
the FBGs are not able to filter out unmatched spectral components completely and will also cause power loss; the spectrum of
the LEDs is not flat; the common-mode rejection ratio (CMRR)
of the balanced detector is not infinite, etc.
VI. CONCLUSION
In this paper, we present a family of new codes named PMP
codes to lower the beating rate of any two different code se-
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Fig. 7. The theoretical estimations and the simulation results of the effective source power versus the BER for the system using PMP codes with p = 5 and
M = 2.

quences so as to suppress PIIN. The PMP codes are divided
versions of the modified prime codes and hence have the value
of in-phase cross-correlation not larger than one. We also propose a novel OCDMA system, which employs Mach–Zehnder
interferometer pairs to eliminate the MUI and uses spectral encoders/decoders with PMP codes to suppress the PIIN. Since
the beating rate can be reduced by increasing the value of the
of the PMP codes, the proposed system can
dividing factor
effectively suppress PIIN. The codes size of the PMP codes can
times as comparing with the modalso be increased up to
ified prime codes. Hence, when the effective source power is
adequate, the number of subscribers of the proposed system can
be increased with the dividing factor . Furthermore, the proposed system can also be applied to EPON. The results show
that the proposed system can meet the EPON requirement at a
transmission rate of 622 Mb/s by employing the PMP codes with
code length much shorter than that of to MQC codes. In addition, the theoretical estimations of the proposed system are verified by the simulation results obtained via “VPItransmissionMaker” software tool.
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