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Performance Analysis of Unipolar Code in
Different Phase Modulations of Coherent
Optical CDMA
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Abstract— This paper examines the bit-error rate (BER) for an
optical direct-detection code-division multiple-access (OCDMA)
system employing a novel prime code family, hereby referred to as
‘Double-Padded Modified Prime Code (DPMPC)’ for the
spreading and de-spreading operations in addition to coherent
homodyne dual-balanced detection. As a coherent modulation,
binary phase-shift keying (BPSK) format is deployed where the
phase is modulated by either an external phase-modulator or
injection-locking methods. The phase limitation and the
performance for both phase-modulations including multiple access
interferences (MAI) in a shot-noise limited regime are studied and
moderate penalty associated with the limited phase excursion is
revealed.

Index Terms—Coherent balanced-detection, injection-locking,
limited phase excursion, multiple access interference (MAI),
optical code-division multiple-access (OCDMA).

1. INTRODUCTION

Coherent time spreading optical code division multiple
access (OCDMA) as a multiple access protocol that takes
advantage of the excess bandwidth in single-mode optical fiber
has attracted a lot of attention because of the superior
performance over incoherent schemes [1-3]. It maps low-rate
electrical or optical signals into high-rate optical sequences to
achieve random multiple access. In OCDMA, many nodes
transmit simultaneously on a common frequency (wavelength)
band.

Accordingly, signals must be designed to reduce mutual
interferences. In order to achieve this result, each data bit is
subdivided into a number of binary “chips”. The effect of this
further modulation is to spread the signal's frequency spectrum.
The chip sequence constitutes a code that permits a bit stream
broadcast on a network to be selected by means of a correlation
process at the receiver destination. A large number of chip
codes can be assigned to different users, in the process of which
the set of optical sequences essentially becomes a set of address
codes or signature sequences for the network. Several
architectures have been considered for the use of CDMA within
an optical fiber, the most common systems use direct-detection
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with bipolar codes such as Gold sequences; whereas, unipolar
codes like prime code families, particularly the proposed one
(section II), have more flexible code-length and are almost
orthogonal. To retain the advantage of 0/1 codes as a power
saving option, we consider in this study unipolar signaling along
with the employing of binary phase shift keying (BPSK) as a
coherent modulation. The capacity of the system using prime
codes is limited by the maximum achievable bit-rate of the
electronic circuitry generating the pseudo-noise (PN)
sequences. We settle on a maximum attainable chip-rate of
10Gchip/s and a desired bit-rate of hundreds of Mbps, leading
to a limit in the length of the spreading sequences on the order of
hundreds of chips per bit.

In this study, the analysis as the signal-to-noise ratios (SNR)
of OCDMA systems and corresponding BERs using a new
prime code family and two phase modulation methods with
coherent detection are investigated. In this paper the analysis
starts with introducing new prime code family named
double-padded modified prime code (DPMPC) in the following
section. Coherent OCDMA architecture is discussed in section
III where followed by system analysis of external phase
modulator with dual-balanced detector. Section V compares the
results and examinations of external phase modulator with
injection-locking methods and finally reveals the performance
penalty imposed on the OCDMA system as a result of the
limited phase excursion of £0.42x [4]. The remarks come in the
concluding section.

II. 'DOUBLE-PADDED MODIFIED PRIME CODE (DPMPC)'
STRUCTURE

According to the various prime code families introduced in
[5-8], the proposed optical signature sequence (DPMPC) is
generated through repeating (padding) firstly, the final
sequence-stream of the modified prime code (MPC) [5]
sequence and secondly the final sequence-stream of the
previous modified prime sequence (rotating) in the same group.
In fact, the padding order can also be applied vice versa,
whereas if the padding order changes during the code
generation, the cross-correlation value also changes into
undesirable values (increases); therefore, the padding order has
to be followed for the whole code sequences. It is now clear
where the expression ’double-padded’ comes from. Finally,
these two sequences are padded into each MPC sequence and
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consequently the code enlarges by 2P as compared to MPC and
by P as compared to both padded modified prime code (PMPC)
[6] and new-modified prime code (nMPC) [7]. This implies an
increase in the chip-rate (processing factor in spreading) which
makes the new code more secure (i.e. less or no interception)
and also permits the OCDMA system to operate at higher
bit-rate. It is necessary to note that the padded sequences cannot
only be the final sequence-stream of MPC but also they can be
any stream of MPC sequences. This is due to the uniqueness of
each MPC sequence-stream that makes each code matchless
against each other. The new code-family has P groups, each of
which has P sequence codes. The length of each code is
(P’+2P) and the weight is (P+2). The total number of available
sequences is P°. Table I shows an example of the DPMPC for
P=3. Referring to Table I each code consists of two parts, MPC
and group sequence-stream (GSS) parts. For example, in
sequence C;ythe MPC part is ‘100 010 001’ and its GSS part is
‘001 010” which comprises the last sequence-stream of C;y and
Ciz,ie.C)y — 100 010 001 (MPC) + 001 010 (GSS) .

Similarly, by adding the ‘001’ (the last part of C;y, MPC
sequence-stream) to the last sequence-stream of C;; we can
generate C;; of DPMPC. Since synchronous OCDMA is
considered, the auto- and cross-correlation function C,, for any
pair of codes m and n at synchronous time (7) is given by,

P+2,
Co =10,

mn

ifm=n
(D

if m # n,m and n share the same group

1, if m # n,mand n are from different groups

where m,ne{],Z,...P2 } Figures 1 to 3 illustrate the

correlation function C,,, for codes of P=3.

In Fig. 1 the auto-correlation values of C;, are displayed at
each chip synchronization positions. As clearly shown in Figs. 2
and 3, the cross-correlation values of different codes at exactly
synchronized time (7) is ‘0’ for the codes in a same group and
‘1’ for those are in different groups. As an example, data stream
‘11010’ is followed by the code sequences to show how they
work. In Fig. 1 at each synchronous time 7, the system follows
the data at its maximum value (auto-correlation), while in Figs.
2 and 3 at minimum values (cross-correlation). If either
correlation value or data is ‘0’ the output is also ‘0’ at each
synchronized time of T; since the code and data are multiplied.
This code was also applied to incoherent OCDMA system [9]
and heterodyne coherent OCDMA scheme [10].

III. COHERENT OCDMA SYSTEM ARCHITECTURE

In the optical direct-detection CDMA system, the outgoing
data is first encoded using new prime code sequences. The
encoded data is then modulated using an external phase
modulator; this corresponds to multiplication of the optical
carrier and enables the system to employ codes based on
in-phase correlations. The use of an external Mach-Zehnder
modulator for this application was verified experimentally in
[11]. At the intended receiver, another phase modulator is used
to demodulate the received signal using the same prime code

TABLE I
DOUBLE-PADDED MODIFIED PRIME CODES FOR P=3
Codes MPC GSS Part
Coo 100 100 100 100 010
Coi 001 001 001 001 100
Cpp 010 010 010 010 001
Cio 100 010 001 001 010
C; 010 001 100 100 001
Ci, 001 100 010 010 100
Cy 100 001 010 010 001
C,y 001 010 100 100 010
C,, 010 100 001 001 100

sequence used for encoding at the transmitter. Based on the
correlation properties of the selected family of prime codes, the
signal that has been modulated twice by the same code will
de-spread, while signals modulated by different codes will be
further spread in the frequency domain and hence removed. The
optical phase modulator could be followed by a Fabry-Perot
optical filter that rejects unwanted crosstalk originating form the
MALI outside the filter bandwidth. The optical output of the filter
consists of the desired signal and residual co-channel
interference.

In coherent detection OCDMA system, a high quality
reference laser is centrally located and individual users use this
reference for injection-locking of inexpensive distributed
feed-back (DFB) lasers to act as a source for transmission and
also serve as the local oscillator for coherent homodyne
detection. The phase is modulated by controlling the injection
current to the DFB laser. In this case, data is phase modulated by
a prime sequence and transmitted over the network. At the
receiver a DFB laser is slaved to the reference laser, phase
modulated by the original sequence and then combined
coherently with the received CDMA signal. Since the same
source is used for transmission and reception we have
homodyne detection. The coherently mixed optical signals are
incident on a dual-balanced detector whose electrical output
conserves phase information. The possible bipolar electrical
signal is integrated over a bit interval and the result compared to
a threshold to form the final bit estimate. When phase
modulation is achieved by an external modulator, chip-rate can
range to the 10Gchip/s; in contrast, the injection current
adjusted to achieve phase modulation has the order of 1Gchip/s
chip-rate due to the limited phase excursion assumed in [4]
however, these ranges have nowadays changed into much
higher values due to components improvements. This reduction
in chip-rate may be justified to avoid the expense of an external
modulator.

On the other hand, as mentioned, if we pose the same limit of
10Gchip/s to the chip-rate and want to keep the bit-rate
sufficiently high (hundreds of Mbps), we are limited to
spreading sequences having lengths in the order of hundreds. As
Gold sequences are N = 2" - I chips long, with n being an odd
integer, we have limited the results ton = 9, i.e. a length of 511,
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Fig. 1. Auto-correlation values of the C;; DPMPC for data stream of
‘11010’. (T is synchronization time)
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Fig. 2. Cross-correlation values of C; and C;2 (Same Group) DPMPC for
data stream of ‘11010°.(7 is synchronization time)
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Fig. 3. Cross-correlation values of Cjp and Cy (Different Groups)
DPMPC for data stream ‘11010’. (7 is synchronization time)
whereas there are two steps further with DPMPC where P
equals 23 and 29 with achievable code-lengths (N=P*+2P) of
575 and 899 respectively.

IV. EXTERNAL PHASE MODULATION WITH DUAL-BALANCED
DETECTION

To conserve information contained in the phase of the optical
carrier, coherent detection is used whereby a local optical
source is coherently combined with the received
information-bearing signal. In homodyne detection the local
oscillator is at the carrier wavelength and the output electrical
signal is at baseband. To eliminate the direct current (DC)
component in this baseband signal a dual-balanced detector is
used. Obviously, a local oscillator with much greater power than
the total received signal results in a shot-noise limited regime
where dark current and receiver thermal noise are negligible.

The first step is to examine the equations that govern the
electrical output of a dual-balanced detector in a CDMA system.

Let K be the number of active users and S;(f—7;) be the

signature sequence of user i. Let7;be the relative time-delay

between users i and the desired user (e.g. user #1). The use of a
unipolar spreading sequence is assumed; so that the sequence
takes values from the set {01 } and also all users have roughly the

same average power given by S 2 (they travel nearly the same
distance in the fiber and suffer the same losses due to
dispersions) plus all users are received with the same

polarization. At any instant of time f, C;(t) denotes the

piecewise-constant function which is the product of the bit value
and the sequence value of user i at time ¢, thus also taking values

from the set{0,1}. The initial phase offset of user i isg;, a
random variable uniformly distributed over the interval (0,27 ).

The received signal is given by:
~ K
s() =283 Ci(H)cos(w,t +6,) )
i=1

or in a phasor format as:
S = 5? § ej(a)ct+C,~(t).7r/2+7r/2+9,~) 3)
i=1
The local oscillator will be modulated by the spreading
sequence of the desired user, S;(¢). The phasor form of the

local oscillator signal is then given by:

K .
L= iZe J(@t+81(t) 7 247/ 2461 )

C))
i=1
The output of the dual-balance detector is hence:
K
27 Relrs1=2T 153 cos|(S, (6) — C (1)) 7/2+ 6, — 6]
hv hv i=1 (5)

~~ K
- % L83 8,(6).C; (t).cos(8, — 6;)
V=l

where 77 is the (common) quantum efficiency of the two

detectors, & is Planck’s constant, e is the fundamental charge of
an electron, and v is the employed optical frequency
(wavelength). Note that we assume the local oscillator tracks the
phase of the desired user, so without loss of generality we
have g w =6, =0. As mentioned earlier, when a strong local

(Advance online publication: 19 February 2008)



Engineering Letters, 16:1, EL._16 1 08

oscillator is employed, the noise at the output is shot-noise
limited and has one-sided power spectral density of:

27]6 ~
N,=——L 6
7 v ©

The output of the detector (5), is integrated over a bit interval,
leading to the following statistic [4]:

KT T
S, = iﬁLSZ [5,(0).C;(t)dr + [Ny [ n(t)dt

v i=10 0
2
A T o L ™
hv hv
~ A K . . A
+ ZhﬁLS 3 [bil.Ri (7)) +bi R, (z'i)]cos 9,
14 i=2 ’ ’

where b(lJ represents the information bit being detected and bil

is the overlapping previous bit of user i, and by is the

overlapping following bit of user i. The continuous-time partial
cross-correlation functions are defined as:

Ri’j(z') = ?si(t - z').sj(t)dt
0 3)

T
R, j(t)=[s;(t = 7)s;(t)ar

where 7=7; — 7T i is the argument, with 7;taken to be zero.

The noise n(t) in (7) is assumed a Gaussian random variable

with zero mean and unit variance; all data bits are independent,
equiprobable and the delays are also independent and uniformly
distributed over a bit interval. The first term in (7) is due to the
desired user, while the second term is additive white Gaussian
noise and the third is the multiple access interference.

For further analysis, MAI has been assumed a Gaussian
distributed; a valid approximation for a reasonable number of
active users. The variance of each term in the multiple access
interference sums has been shown in [4] to be approximately

equal to T? /3N , where N is the length of the signature

sequence (27 > /3 N corresponds to the correlation and 1/2 is
due to the phase offset). The SNR is then given by:

2
(2’7) 235272

SNR = - hv -
[2’76 gy K=1 ne’T ;oo
hv 3N hv
~ 1
T K-1 hv
+T
3N ans T

Note that 477§ZT/h v is the single-user SNR (E, /N, ),
that shows SNR equals E, /N if the MAI was zero (K=1).
Since we have BPSK signaling in Gaussian noise, the BER can
be calculated directly from the accomplished SNR.

Figure 4 shows the comparison of BER versus the single-user
SNR for DPMPC sequences when P=29 and Gold-sequence of

External Phase Modulation

BER
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Fig. 4. Performance of BPSK-OCDMA system using an external
modulator versus single-user SNR ( E bN)
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Fig. 5. Performance of BPSK-OCDMA system using an external
modulator versus number of simultaneous active users (K)

511 code-length as used in [1-4]. As aforementioned, if we pose
the limit of 10Gchip/s to the chip-rate and want to keep the
bit-rate sufficiently high (hundreds of Mbps), we are limited to
spreading sequences having lengths in the order of hundreds. As
Gold sequences are N=2" - ] chip long, with n being an odd
integer, we are limited to n=9, i.e. a length of 511; while, with
DPMPC there are two further steps, where P equals 23 and 29
with code-lengths (N=P*+2P) of 575 and 899, respectively.
Also for better understanding, the desired BER threshold of 10°
is indicated in Fig. 4.

The parameter r shown in the inset of Fig. 4 which ranges
from 5% to 25% denotes the percentage of the total number of
simultaneous active users. As the results show for a given value
of r when the signal power increases the system BER decreases;
however, for higher values of r the system BER degrades. Also
it can be seen that the performance using the DPMPC surpasses
the performance of Gold-sequences in different conditions.

Figure 5 explains the system behavior versus the number of
simultaneous active users K, for different single-user SNRs
(E,y ) and compares DPMPC with P=29 and Gold-sequences

with code-length of 511. The figure clearly shows that (i) as the
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single-user SNR increases the BER decreases, (ii) the system
performance is limited by MAI and (iii) the number of
simultaneous active users that DPMPC can accommodate is
twice that of Gold-sequence. For example, when g oy =16 dB

the DPMPC system (with P=29) can tolerate maximum of 82
simultaneous users having BER=10" while that for the system
employing Gold-sequences is 42 users. It also shows a
remarkable capacity enhancement in this system by using
DPMPC due to flexible code-length.

V. INJECTION-LOCKING PHASE MODULATION WITH PHASE
LIMITATION

Now examining the effect of a phase limitation on the
modulation process is studied. In this case, the injection current
of DFB laser diode is modulated to accomplish PSK signaling at
the transmitter, with phase excursion limited to +0.42m and
modulation speed no greater than 1Gchip/s. At the receiver we
demodulate via injection-locking of the local oscillator, as it is
no longer possible to track the desired user’s initial phase offset
by injection-locking, another tracking method is assumed in that
8, = 8,, still equals zero. By writing +0.42n = +n/2 F0.08m,

the information and local oscillator signals are therefore given
as the following form:

S = § §: e j(@pt+C;(1).(7/2-0.087)+7/2+6;)
i=1
& . (10)
=Sy o/ @+ 2. (07 246;) , jO.087C; (1)
i=l

I = £§ ej(wCHSl(t)'”/er”/z).e j0.08 7.5 (1)
i=1
The output of the dual-balanced detector under these
circumstances is:

(1)

2€ Re[L.S] =
hv

% I:ﬁg:cos[(Sl (t)—C;(1)(x/2-0.087)+6,, - 6,]
i=1
= 27€ 1§ gin> (0.08z)§ cos 6, (12)
hv i=1
+ % LS.cos? (0.087L')§ S,(@).C;(t)cos 6;
hv i=1
2n7e ~a . K .
+ﬁ LS. sm(0.16ﬂ')izl(Sl (t)—C;(t))sin 6,

Due to the phase limitation, two new terms in the output of the
dual-balanced detector are appeared. The first term in (12) is
constant in time and accounted as DC component which can be
estimated and removed through the dual-balanced detector. The
last term in (12) involves the weighted-sum of the difference of
two codes (essentially a new pseudo-code). The weighted-sum
is bounded by the sum over the pseudo-codes, which in turn is
negligible compared to that of the second term. This is because;
the code-length becomes arbitrarily larger than the number of
active users (i.e. N >> K ). Hence, the output can be

External vs. Injection-Locking Modulation
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Fig. 6. Performance comparisons of externally and injection-locking
modulated BPSK-OCDMA system versus single-user SNR
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Fig. 7. Performance comparisons of externally and injection-locking
modulated BPSK-OCDMA system versus number of simultaneous active

users (K)

approximated by the second term alone plus noise. By
integrating over a bit interval 7, the output signal can be
obtained as:

27]6 S 2 KT
Sout = h—LS cos “(0.087)3 j'S1 (1).C;(t).cos ;dt
14 i=10

T
+ /Ny [n(t)dt (13)
0
2
= 21 7S b Tcos?0.087 + | <L f
hv v

A A Ko . N
+ iﬁLs cos20.087.3 [\ R, (z,) + bl R, 1 (7)) Jcos 6,
v i=2 ’ ’

Using the same Gaussian approximation for the multi-user
interference, the SNR is achieved as follows:
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2
[%00520.087[] 28212
hv

SNR = 5 .
(zﬂcos2 0.08%] £2.§2.T2.K7_1+M.£2 (14)
hv 3N hv
1
K1 hv
3N 4pS*T cos* 0.087

By comparing equations (9) and (14), it is noticed that the
only difference is the cosine term which causes 0.6dB
degradation, while this is analogous to the single-user where it is
expected a power-loss of twice since the limitation applies to
both modulator and demodulator, then the degradation is dually
equal to 1.2dB (20log @, @ is the phase limitation).

As shown in Fig. 6, the BER performances of both
modulation methods have been evaluated versus single-user
SNR (i.e. E,y =E,/N,) when r = 15% and P=29. The

external modulation case shows lower BER; however it may
compromise the system implementation costs. Additionally it
can be observed from Fig. 6, the difference between two graphs
is 1.2dB at any point of the same BER value, e.g. by reaching to

the value of BER=10", E, of external modulation is needed
to be 18.8dB but 20dB for E, of injection-locking method.

The behavior of these two systems is indicated against each
other and illustrated in Fig. 7 versus the number of simultaneous
active users (K) when E,,, =13dB and P=29. The external

modulation indicates remarkably enhanced performance,
particularly at the lower number of simultaneous active users.

VI. CONCLUSION

The equations were introduced for the BER of optical CDMA
system employing a new prime code family (DPMPC) and
coherent detection with both external phase modulation and
injection-locking under the assumption of a Gaussian
distribution for the multiple access interferences. Consequently,
DPMPC outperforms the conventional bipolar sequences in
terms of flexible code-lengths and accordingly enhancing
system capacity. The limited phase excursion causes several
complications e.g. firstly separate phase tracking is required as
it can no longer be accomplished simultaneously with phase
modulation; secondly from a practical point of view, there is a
DC-bias level in the dual-balanced detector output requiring
estimation and removal; finally there is the degradation in BER
equivalent to a signal loss of 1.2dB; however this loss is small in
comparison to the MAI penalty for multiple simultaneous users.

[1]

[2]

[4]
[5]

[6]

[7]

[8]

[9]

[10]

[11]

REFERENCES

X. Wang, N. Wada, T. Hamanaka, A. Nishiki, and K. Kitayama, “10-user,
truly-asynchronous OCDMA experiment with 511-chip SSFBG
en/decoder and SC-based optical thresholder,” OFC 2005, Anaheim, CA,
Postdeadline paper PDP33, 2005

X. Wang, N. Wada, G. Cincotti, T. Miyazaki, and K. Kitayama,
“Demonstration of 12-user, 10.71 Gbps truly asynchronous OCDMA
using FEC and a pair of multi-port optical-encoder/encoders,” in ECOC
2005, Glasgow, U.K., Postdeadline paper Thu 4.5.3, 2005

Z.Jiang, D. S. Seo, S. D.Yang, D. E. Leaird, R.V. Roussev, C. Langrock,
A. M. Fejer, and A. M. Weiner, “Four-User, 2.5-Gb/s, spectrally coded
OCDMA system demonstration using low-power nonlinear processing,”
J. Lightw. Tech., vol. 23, no. 1, pp. 143-158, Jan. 2005

F. Ayadi and L.A. Rusch, “Coherent optical CDMA with limited phase
excursion”, IEEE Comm. Letters, vol. 1, no. 1, Jan. 1997

W.C. Kwong, P.A. Perrier and P.R. Prucnal, "Performance comparison of
asynchronous and synchronous code-division multiple-access techniques
for fiber-optical local area networks", IEEE Trans Commun., vol. 39, no.
11, pp. 1625-1634, 1991

M.Y Liu and H.W Tsao, "Cochannel interference cancellation via
employing a reference correlator for synchronous optical CDMA
systems", Microwave Opt. Tech. Lett., vol. 25, no. 6, pp.390-392, 2000
F. Liu, M. M. Karbassian and H. Ghafouri-Shiraz, “Novel Family of
Prime Codes for Synchronous Optical CDMA”, J. Opt. Quant. Electron.,
vol. 39, no. 1, pp. 79-90, Jan. 2007

M. M. Karbassian and H. Ghafouri-Shiraz, “Phase-Modulations Analyses
in Coherent Homodyne Optical CDMA Network Using a Novel Prime
Code Family”, Proc. WCE 2007 (ICEEE), pp. 358-362, London, UK

M. M. Karbassian and H. Ghafouri-Shiraz, "Fresh Prime Codes
Evaluation for Synchronous PPM and OPPM Signaling for Optical
CDMA Networks", J. Lightw. Tech., vol. 25, no. 6, pp. 1422-1430, June
2007

M. M. Karbassian and H. Ghafouri-Shiraz, "Performance Analysis of
Heterodyne Detected Coherent Optical CDMA Using a Novel Prime
Code Family", J. Lightw. Technol., vol. 25, no. 10, pp. 3028-3034, Oct.
2007

A. H. Gnauck, “40-Gb/s RZ-differential phase shift keyed transmission,”
in Proc. Optical Fiber Communications (OFC 2003), 2003, Paper ThE1

(Advance online publication: 19 February 2008)



