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Abstract: This paper introduces a new two-code keying scheme for increasing the spectral efficiency (SE) of spectral-
amplitude-coding optical code-division multiple-access (SAC-OCDMA) system. The analytical expression is derived for the
SE of SAC-OCDMA system based on the proposed scheme utilizing multi-diagonal (MD) code. The theoretical results
demonstrate that the suggested scheme has an improved SE performance over the conventional unipolar encoding with direct
detection technique. This SE enhancement is verified in simulation experiments.
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1. Introduction

Optical code-division multiple-access (OCDMA) has been
considered as a viable option for implementing the next-
generation optical access networks because of its attractive
properties, such as high-level security during transmission,
flexibility in code design, and possibility of plug and play
functionality [1, 2]. Unfortunately, OCDMA systems pose the
crucial disadvantage of multiple-access interference (MAI),
which restricts the number of concurrent subscribers and
creates an asymptotic floor to the bit-error rate (BER) [3, 4].
Recently, there has been increasing at dramatic rates of
concern in spectral-amplitude-coding optical code-division
multiple-access (SAC-OCDMA) systems due to mitigating
abilities of MAI and cost savings [5, 6]. Research has shown
that MAI can be obviated in SAC-OCDMA systems by two
ways: with fixed in-phase cross-correlation codes and
subtraction detection techniques, or with zero cross-
correlation (ZCC) codes and direct detection technique [5, 7].
Still, they are suffered from phase-induced intensity noise
(PIIN), which arises from the non-coherency of the
broadband sources of various transmitters [8]. PIIN is a
limiting factor of the data rate, communication quality, and

capacity of non-coherent SAC-OCDMA systems [9]. There
are various codes and detection techniques that have been
proposed in the literature to solve the PIIN limitation in
SAC-OCDMA systems. Of these, using a multi-diagonal
(MD) code, which has ZCC and free cardinality attributes
constitute a favourable method to diminish PIIN’s influence
in SAC-OCDMA systems [10]. In this paper, a new two-code
keying approach is proposed for spectral efficiency (SE)
enhancement in SAC-OCDMA systems based on MD code.
Succeeding the introduction in Section 1, Section 2
designates the suggested scheme. Subsequently, the SE
analysis of SAC-OCDMA system based on the proposed
scheme with MD code, supported with theoretical and
simulation results are presented in Section 3. Lastly, the
conclusion is given in Section 4.

2. Description of the Suggested Scheme

Figure 1 illustrates the structure of the SAC-OCDMA
transmitter and receiver based on the proposed two-code
keying scheme. The SAC-OCDMA network considered here
consists of several transmitters and receivers positioned in
the periphery of a star network configuration. The modulated
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optical signal from the light-emitting diode (LED) is filtered
by the encoders with different MD codes according to the
data bit of every user. The encoders split the optical
bandwidth into bins and allocate MD codes to every user
based on which set of bins is occupied. When bit ‘1’ is sent,
light is transmitted to encoder 1, while bit ‘0’ is denoted by
light transmitted to encoder 2. Encoded signals are delivered
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over the OCDMA network and assumed to arrive with equal
power at the receivers. The received optical signal is spread
to the decoders that have the similar spectral response as the
encoders. Following the user signal is detected by the
photodetector (PD), the transmitted information are restored
and filtered by a low-pass filter (LPF).
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(a) SAC-OCDMA transmitter; (b) SAC-OCDMA receiver.

Fig. 1. The structure of the suggested two-code keying scheme [11-14].

3. SE Analysis and Results

The power spectral densities (PSDs) when the wanted user
is active are:

G,(v) = p[Hy (0 H () + Hy (W H , (0)] (1)

@)

where G, (v) and Gy (v) represent the PSD at the PD when
the wanted user is sending ‘1’ and ‘0’ bits, respectively. p is
the received PSD level at the PD. Hg, (v), Hg, (v), Hpy (v),
and Hp, (v) are encoder 1, encoder 2, decoder 1, and decoder
2 transfer functions, respectively.

The mean optical power reaching PD is computed by [15]:

Gy(v)=p [ng (MHp, (V) + Hyy (V)H ), (V)]
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Substituting (1) and (2) in (3), the mean optical power
formulas are:

B
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Similarly,

BO
(B) = P (%)
where ¢z (i) and c¢p (i) represent the ith element of the
encoders and decoders code words, respectively, B, is the
optical bandwidth which is equal to 3.75 THz, and A is the
in-phase cross-correlation for MD code.

The relation among the code length L, the number of
active users K, and the code weight w for MD code is
expressed by [10]:

L=Kxw (6)

The mean optical power of the wanted user is expressed
by:

(R,

'ser

B
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The PIIN expressions can be expressed as follows [15]:

Bo
Uﬁ,l =B, J. [G1 (v)]2 dv
0
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where B, is the noise-equivalent electrical bandwidth.
The total PIIN of the wanted user is expressed by:

Opuy =0 +0p, = (10)
The variance of shot noise is given by:
B

=2eB,(R,,,) = 4eBeIZIpT"w (11)

where O is the PD’s responsivity which is equal to 0.75, and
e is the electron’s charge 1.602 x 107 C.
The variance of thermal noise can be evaluated as:

4k, T, B
o} =BT (12)
RL

where kg is the Boltzmann’s constant 1.38066 x 107 J/K, T,
is the receiver noise temperature equals to 300 K, and R; is
the receiver load resistance which is equal to 1030 Q.

The signal-to-noise ratio (SNR) is thus

2
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Therefore, from (13), B, is thus:
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Based on the approximation of Gaussian distribution, the
BER is [15]:

BER =0.5Xerfc[ S;\IRJ (15)
where erfc is the complementary error function.
The SE () for a given BER is expressed as:
KR,
= 16
=5 (16)

o

Assuming B, = 0.75 x Rp [15], where Rp is the data rate,
and substituting Be from (14) into (16), the derived SE
formula is:
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Fig. 2 presents the SE with regard to the number of active
users K for MD code at different BERs and received optical
power (ROP) of —25 dBm. The proposed two-code keying
scheme leads to a better SE performance than the existing
unipolar encoding with direct detection technique. For
BER=10"’, the suggested two-code keying scheme curve
crosses K= 40 with 0.01658 b/s/Hz, whereas the conventional
unipolar encoding with direct detection technique curve
crosses K= 40 with 0.005385 b/s/Hz. This occurrence shows
the proposed scheme provides 4.88 dB SE enhancement
compared to the existing unipolar encoding with direct
detection technique. Further, Fig. 2 shows that when the BER
requirement of the system is decreased to 107", the SE is
decreased. For BERIIO’“, the recommended two-code
keying scheme curve crosses K=40 with 0.01327 b/s/Hz,
which shows a 0.96 dB SE advantage in case of BER = 10’
against BER = 107"". Moreover, it can be recognized that SE
decreases with increasing number of active users. For
BER=10", the unipolar encoding with direct detection
technique curve crosses K=10 with 0.009085 b/s/Hz and K=
100 with 0.0021 b/s/Hz. This occurrence shows a 6.36 dB SE
penalty for an increase of 90 users.

The SE is investigated through simulation experiments for
10 channels of MD code (w=4) utilizing OptiSystem
software (version 13) from optiwave™. Separate LEDs with
3.75 THz optical bandwidth and 0 dBm launch power are
used. The information signals are generated by using the
pseudo random bit sequence generator with the non-return-
to-zero line coding. A 30 km single-mode fiber is used with
attenuation, resultant dispersion, and polarization-mode
dispersion coefficients of 0.25 dB/km, 18 ps/nm-km, and 0.2
ps/Vkm, respectively, at a wavelength of 1550 nm. The four-
wave mixing and self-phase modulation are specified
according to typical industry values. The noises generated at
the receivers are random and totally uncorrelated. The dark
current value is set at 5 nA, and the thermal noise coefficient
is 1.8 x 10> W/Hz for each positive-intrinsic-negative PD.
The cut-off frequency of the electrical LPFs is set at 0.75 of
the data rate. The Gaussian algorithm is used for BER
estimation. Fig. 3 compares the eye diagrams of MD code to
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elucidate the resultant SE. The eye diagrams show that the

SE is enhanced using the proposed scheme owing to the

SE (bit/second/Hz)

Fig. 3. Eye diagrams for MD code using: (a) the suggested scheme at 5 Gbps; (b) the unipolar encoding with direct detection technique at 3 Gbps.
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increase in data rate without compromising the BER.
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4. Conclusion

It is shown that the newly proposed two-code keying
scheme enables bipolar encoding and increases the SE
compared to the prior reported unipolar encoding with direct
detection technique. Further, this design is appropriate with
any codes that have ZCC attribute. The SAC-OCDMA
system based on the recommended scheme is seen as a
competitive solution for implementing future optical fiber
networks.
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