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In this paper we propose a simple divided spectrum balanced detection (DSBD) for spectral amplitude
coding (SAC) optical code division multiple access (OCDMA) systems. SAC OCDMA systems are limited by
phase induced intensity noise (PIIN), which is a signal dependent source of noise. Our proposed technique

reduces the PIIN by dividing the spectrum of the signal into two or more, and detecting each spectrum

Keywords:

Optical code division multiple access
(OCDMA)

Spectral amplitude coding (SAC)
Phase induced intensity noise (PIIN)
Balanced detection

Divided spectrum balanced detection
(DSBD)

by a different photodiode. The DSBD scheme reduces the detected optical power at photodetection, thus
resulting in a higher mitigation of the PIIN. Theoretical results show that DSBD demonstrate noticeable
improvement over traditional balanced detection technique, for example an up to 33% increase in the
number of active users can be achieved, and at least 1 x 10~3 b/s Hz increase in the spectral efficiency is
obtained. However, the SDBD is more complex and append more constrains on system components.

© 2013 Elsevier GmbH. All rights reserved.

1. Introduction

As the demand for high speed broadband services to the end
users increases, the need for high speed access networks becomes
more and more crucial. Different solutions have been proposed to
provide high bandwidth to the customers [1,2]. But most of these
solutions are too expensive to implement and require a change in
the infrastructure. An attractive high bandwidth, low cost solution
is to adopt optical code division multiple access (OCDMA) in access
networks [3].

Of all OCDMA systems, spectral amplitude coding (SAC) OCDMA
seems to be the most practical solution [4]. The main attractive fea-
ture of SAC OCDMA systems is their ability to cancel multi access
interference (MAI) via a balanced detector at the receiver. Further-
more, these systems can use cheap light emitting diodes (LED) as
sources due to their wide bandwidth, which is required in SAC
encoding. However, in spite of their major advantages these sources
are thermal in nature, and thus suffer from intensity noise (IN) [5].

Phase induced intensity noise (PIIN) or simply, intensity noise,
is due to the square law of photodetection of thermal sources, and
is considered the main limiting factor in SAC OCDMA systems [5].
Different methods have been proposed to counter PIIN in these sys-
tems. Since PIIN increases with the number of overlapping spectra,
codes with ideal cross correlation value of one (A =1) have been
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proposed in [6-8] to reduce the effect of PIIN. In [9], a hybrid wave-
length division multiplexing (WDM) SAC OCDMA structure was
considered by Yang to further reduce the number of spectral over-
laps. Another method to reduce the number of spectral overlaps
was proposed by Yang et al. by including the spatial domain into
the code space [10,11].In[12], Pennon et al. developed a numerical
optimized method for fiber Bragg grating (FBG) frequency response
to maximize the available capacity in the presence of both PIIN and
MAL A noise cleaning approach which used saturated semiconduc-
tor optical amplifiers (SOA) to reduce the PIIN was first investigated
by McCoy et al. for SAC OCDMA systems [13]. They concluded that
these systems suffer from post filtering effect that limits the PIIN
reduction. Pennon et al. [14] introduced notch filters in one of
the arms of receiver balanced detector to abate the post filtering
effect. In [15], a multi-photodiode balanced detection (MPBD) was
proposed to reduce PIIN via reduction of power at the photodetec-
tors. Since the PIIN is proportional to the square of the power of
the received signal, by reducing the received power at the photo-
diode this reduces the PIIN. The optical signal was split and fed into
multiple photodiodes to achieve both reduction in the PIIN and to
maintain the same average photocurrent.

However, in [15] the two split signal was assumed to be inde-
pendent, which is not entirely true. Abtahi et al. [16], showed that
a high degree of correlation will always exist between two signals
generated from the same source and have the same optical spec-
trum. Thus the results given in [15] are highly optimistic and at
best can be considered as the absolute upper limit in performance
enhancement using power reduction.
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Fig. 1. Structure of the multi-photodiode balanced detection. DEC: decoder; CDEC:
complementary decoder; PD: photodiode.

In this paper, we consider the same idea asin [15], but instead of
splitting the signal based on power, we split (or filter) the spectrum
of the received optical signal. When we split the spectrum we can
achieve two major goals; firstly, we reduce the power received at
each photodiode which directly reduces the PIIN. Secondly, the two
split signals can be considered independent as they come from two
different spectra [16], and thus higher performance improvements
can be obtained.

The rest of this paper is divided as follows: in Section 2, we
discuss the limitations of the MPBD. In Section 3, we propose a
divided spectrum balanced detection technique that reduces the
PIIN, and we generate the performance equations for our proposed
technique. We show and discuss the results obtained in Section 4.
Finally, a conclusion that highlights the major benefits and limita-
tions of the proposed scheme is given in Section 5.

2. Multi-photodiode balanced detection

The structure of the MPBD technique with four photodiodes is
shown in Fig. 1. The received optical signal is split into two sig-
nals by the 1:a optical coupler, where the value of o depends on
the code family and the code weight. The upper signal is decoded
by a decoder (which has the same spectral distribution as the
desired user’s encoder), and the lower arm signal is decoded by
a complementary decoder (which has a spectral distribution that
is complementary to desired user’s encoder). The decoded signals
on both branches are split again into two equal signals using 3-dB
splitters. After photodetection, the electrical signals from photodi-
odes PD, and PDg (the decoder branch) are summed up, and the
electrical signal from photodiodes PD¢ and PDp (the complemen-
tary decoder branch) are summed up. To extract the desired user’s
information and cancel the first order (mean) MAI, the complemen-
tary decoder branch signal is subtracted from the decoder branch
signal.

In order for the MPBD to reduce the PIIN, the two signals in
upper branch (and the lower branch) must be independent. How-
ever, since these two signals have the same optical spectrum, then
we cannot consider them as independent [ 16]. The two split signals
will be highly correlated and the degree of PIIN reduction will be
much less than the results given in [15].

3. Divided spectrum balanced detection (DSBD)
3.1. The structure of the DSBD scheme
To reduce the power at photodetection and at the same time

achieve independence between the two signals, we propose to
split or divide the signal into two or more different spectra. Fig. 2
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v

Fig. 2. Structure of DSBD receiver. FBG: fiber Bragg grating.

shows the divided spectrum balanced detection (DSBD) systems
that uses four photodiodes. At the upper arm (the decoder), the
optical signal is passed to a fiber Bragg grating (FBG) in reflection
(other filter technologies [6,14,17] can be used, but receiver struc-
ture will have some minor changes) FBGg. The FBGg will reflect half
of the desired user spectrum and any overlapping interferers chip
within that spectrum to photodiode PDg. The remaining spectra
are passed to FBG4 which reflect the other half of the desired user
spectrum and any other overlapping chip within that spectrum to
photodiode PD4. The same general principle is applied at the lower
arm (the complementary decoder), where approximately half of
the remaining spectra (not including the spectrum in filtered out
by FBG,4 and FBGg) are passed to PD¢ by FBG¢ and the rest of the
spectra is directed to photodiode PDp via FBGp.

By dividing the spectrum of decoded and the complementary
decoded signals into two or more, we can achieve both the reduc-
tion in power and most importantly the independence between the
split signals, which results in a higher mitigation of the PIIN.

3.2. Performance analysis of the DSBD

We follow the same procedure in our analysis as in [18]. To sim-
plify our performance analysis, firstly we assume that the power
reaching the receiver is high enough (>—20 dBm) so only the inten-
sity noise is taken into consideration.

Secondly, for the decoder branch, we will assume that half of
the desired users weight (p+1 for modified quadratic congruence
(MQC) codes [6], where p is the prime number) is filtered out by
FBGg and the other half is filtered out by FBG,.

For the interferers, we assume that half of the interferers will
have a single wavelength chip (a “1” chip) that coincide with one
wavelength in FBGg and the other half of the interferers will have
single wavelength that will fall in FBG, spectrum. Thus, for Nj inter-
ferer we can say:

NA = ’V%—‘ s NB = L%J where NA +NB = N[ (])
where N4 and Np are the number of interferers that have shared
spectrum pins with decoder FBG, and FBGg, respectively, and [x] is
the ceiling function of x, and |x] is the floor function of x.

Thirdly, at the complementary decoder branch, each interferer
has p spectral pins each with amplitude of o. We assume that these
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p spectral pins are equally distributed between FBG¢ and FBGp. This
can be expressed as:

NiWepe + NiWrgc,, = PN

p p (2)
where WEBG: = ’75—‘ s and WEBG, = \‘EJ

Thus, all the interferers (N;) will be present at PD¢ and PDp, but
with half the weight compared to BD scheme.

To compute the performance of our system, firstly, we need to
derive the expressions for the power spectral density (PSD) at all
four photodiodes for both cases when the desired user is active
(sending data “1”) or inactive (sending data “0”).

For PDy:
Gao(v) =Po Y _Xi(v)Hpc a(v) 3)
Ny
Ga1(v) = Po | He(v)Hpec a(v) + in(u)HDm(v)] )
i=1
and for PDg
Np
Go.o(v) =Po Y _Xi(v)Hpec 5(v) (5)
i=1
Np
Gp1(v) = po [HE(U)HDMM + in(v)HDm(v)] (6)
i=1
for PD¢
Geo(v apoZX Hep_c(v (7)
Ny
Gea(v) = apo lHE(v)HCDc(v) + in(v)chcw)] ®)
i=1
and for PDp
Ny
Gp.o(v) = apo Y _Xi(v)Heo p(v) 9
i=1
N;
Gp_1(v) = @po lHE(v)HCDD(v) + in(U)HCDJJ(U)] (10)
i=1

where Gx o(v) and Gx_1(v) are the PSDs for the photodiodes when
the desired user is active or inactive, respectively, where PDx rep-
resents a specific photodiode with X € {A, B, C, D}. The power level
of the PSD of the received signal is pg. Xj(v) denotes the encoder
transfer function of the ith arbitrary interferer. Hpgc_y(v) repre-
sents the decoder transfer function for the specific branch Ye {A,
B}, Hep_z(v) denotes the complementary decoder transfer function
for branch Ze {C, D}, and Hg(v) represents the encoders transfer
function. Where the transfer function have the following relation:

Hpec_a + Hpec_p = Hpec (11)
and
Hep.c +Hepp =Hep (12)

where Hpgc and Hep are the decoder’s and complementary
decoder’s transfer functions. The parameter « is the attenuator
transmission factor on the complementary decoder side, and its

value is chosen to equalize the power between the decoder and the
complementary decoder signals in the case of inactive user.
Next, we find the mean optical power

Bo
ﬁ:/ G(v)dv (13)
0

where B, is the optical bandwidth on the source. The mean optical
power reaching PD, is given by:

PAo_pOZ/

(v)Hpec_a(v)dv (14)

Pa1=po

Bo
/ He(v)Hpec A( v)dv+2 / Xi(v)Hpgc (v)d ]
0

(15)

A similar set of equations can be derived for Pz 3 and Pz 1 by
making the proper substitutions of corresponding parameters.

For the complementary decoder branch, the mean power reach-
ing PD¢ is:

Pco —WPOZ/

V)Hep_c(v)dv (16)

Pc 1 = apo [/ Hg(v HCDCU)le-Z/ HCDCV)dV‘|
0

(17)

Similarly, equations for Pp ¢ and Pp 1 can be derived.

From the general properties of SAC OCDMA codes we know that
the cross correlation for all codes with the desired user is constant
at both the decoder and complementary decoder [6], thus we can
replace X;(v) with X;(v) which represents any arbitrary interferer.

At the decoder, we assume that N, interferers are present at PD,
and Np interferer are present at PDg.

Thus, for the PD,:

Bo
m=P0NA/ Xi(v)Hpgc_a(v) dv (18)
0

Bo Bo
Ps1=po {/ HE(v)Hpgc_a(v) dU+NA/ Xi(v)Hpgc_a(v)dv
0 0
(19)

Similar equations can be derived for PDg

At the complementary decoder branch, all the interferers are
present at both PD¢ and PDp.

Thus, for the PDc:

Bo
E=WP0N1/ Xi()Hcp_c(v)dv (20)
0

Bo Bo
Pc_1 = apo {/ HE(v)Hep_c(v) dV+Nc/ Xi(v)Hep_c(v) dv} (21)
0 0

The corresponding equations for PDp can be similarly derived.



AM. Alhassan et al. / Optik 124 (2013) 5994-5999 5997

The mean optical power after detection is given by:

P (Pc_1 +Pp_1)

Paq+Pp, —
Bo

= Po/ HE(v)(Hpec_a(v) + Hpec_(v)) dv
0

Bo
—apo / HE(W)(Hep_c(v) + Hep_p(v))) dv (22)
0

Bo
Po/ HE(v)(Hpgc(v) — aHep(v)) dv
0

Ppec_1 — Pep_1

which is the same average power detected by the conventional
balanced detector [18].

Next, we turn our attention to intensity noise computation.
Assuming that the optical bandwidth is much larger than the elec-
trical bandwidth (B ), the PIIN for unpolarized thermal light is given
by [5]:

Bo
aZZBe/ (G dv (23)
0

By observing (23), since G(v) is dependent of the active number
of interferers, the PIIN is going to conditional on the active number
of interferers at each photodiode. Using (23) we calculate the PIIN
for each photodiode.

The PIIN at PD,4 in the case of data “0” and data “1” is given by:

Na
UPA olNa ™ ZGPA T Z Z Op, | u (24)

i=1j=1,j+#i
and for data “1”, the PIIN is:

Na
PA 1INa — UPAi + ZZGPA iE + ZUPA i + Z Z GPA i (25)

i=1j=1,j+#i
where op is the beat noise from the interferer alone, and it is given
by:
Bo
op, , = Po’Be / (Xi(v)HpEc A(v))* dv (26)
- 0

The beat noise from any two interferers beating together, ogA
—ij
is given as:

Bo
O—lg,ij = pOZBE/ Xi(v)xj(l/)(HDECJ\(U))Z dv (27)
0
and O‘gAj is the intended users beating alone:
Bo
Oh ;= PoBe (He(v)Hpec a(v))’ dv (28)
0

The beat generated by the desired users and an interferer beat-
ing together, agA " is given as:
-

Bo
O%AJE =pozBe/ Xi(U)HE(V)(HDECA(U))Z dv (29)
0

Similar computations are required for the PDg and for comple-
mentary decoder photodiodes PD¢ and PDp.

The optical noise equations can be simplified by applying the
general principles of any SAC OCDMA code [6] to get:

2 2 5
gy = Naoh, ; +Na(Na — 1)03/”]. (30)
and

2 2 2 2 3
Oy 1Ny = Oy + 2Npop, . +Naop,  + Na(Na — 1)aI§Mj (31)

where the subscript I represents any arbitrary interferer, and agA B
—ij

designates the average PIIN over all code pairs for the spectrum

covered by FBG,4. Similar equations are also derived for GI%B oINg’

GI%B,HNB’ ch,o\NI‘ GI%C,] IN;? GI%D,OWI and o I%D 1IN

Using the calculated mean optical power and the optical noise
from the previously derived equations, we compute the probability
density function (pdf) for each photodiode.

The pdf can be approximated by a Gamma distribution [19]:

SNR >N pSNR-1 P
) e o (-WR) 52)

where P is the mean optical power, I” is the Gamma function and
the SNR is the signal to noise ratio and its given by:

o) = (

—2
SNR= 2 (33)
o

The pdfs for all photodiodes for both cases for data “0” and “1”
must be calculated using the expressions for the mean power and
optical noises derived previously.

For the decoder branch, the electrical signals from photodiodes
PD,4 and PDg are added. Since the PSDs on photodiode PD4 and PDg
originate from different spectrums, then it is safe to assume that
the signals are independent [16].

Thus, the resultant pdfis the convolution of pdf PD4 and pdf PDg.
The same applies to the complementary decoder branches PDc and
PDp.

Ipoec_oiN; (PpeEC_0INI) = fp, oiN4(Pa_0INA) * fpg N5 (PB_0INB) (34)

Ipep oy (Pep_oIND) = fpe gy (Pc_oINp) * fpp_oin;(Pp_oINp) (35)

where fp,. oiN;(Ppec_olNi) and fp, v, (Pcp_oINp) are the pdfs for the
decoder and the complementary decoder for data “0”, respectively.
The pde for data “1” fPDEC,]\NI(PDECJ \N[) and fPCD,l\NI(PCD—l |N1) dare
computed in a similar way.

To extract the desired user signal and cancel MAI, the two sig-
nals coming from the decoder and the complementary decoder are
subtracted from each other. This is equivalent to the correlation of
the respective pdfs.

Sy (PoIND) = fpp, 1N, (Pp_0INI) ® fpeyy o1, (Pcp_oINT) (36)
and
Spyn (P1IND) = fpp 1N, (Pp_1IN1) ® fpep 118 (Pep_1INT) (37)

Using the two conditional density functions in (36) and (37)
and assuming that the active number of users, N; obeys a binomial
distribution, the bit error rate (BER) for DSBD is given by:

N-1
_ N-1_ (N=T)!
BER = 2205 NN =N, — 1)1

{/ fpoin, (PoINT) + / fey i, (P IN,)] (38)

where N is the total number of users and y is the optical power
threshold value to distinguish between data level “0” and data level
“1".

Another performance metric that we use to compare the DSBD
with the BD is the spectral efficiency. The spectral efficiency is
defined as the total system throughput per unit optical bandwidth
for a specific BER, and can be expressed as:

NiR
B,

where R is the data rate.

SE = (39)
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Fig. 3. BER versus active number of users for MQC (p=7, 11 and 17) codes, at data
rate 622 Mb/s and optical bandwidth 30 nm.

The electrical bandwidth is chosen to be 75% of the data rate (for
fourth order Bessel Thompson filter), thus SE can be expressed as:
__ 4N;B.

SE= 35, (40)

4. Results and discussions

Using the BER equations generated in the previous section, we
evaluate the performance of our proposed system. We assume that
all the electrical and optical filters have a rectangular shape, and
that the light is unpolarized incoherent light. The system under
evaluation is unipolar system, that is, no light is sent to represent
data “0” while a pulse of light is sent to indicate data “1”.

The BER against the active number of simultaneous users is
given in Fig. 3 for different MQC codes. The data rate is 622 Mb/s,
and the electrical bandwidth is taken to be 75% of the data rate.
For a 30 nm optical bandwidth, Fig. 3 clearly shows a noticeable
improvement for the DSBD over the traditional BD for all given
prime number (7, 11 and 17). For example, considering error free
transmission (BER=10-?), and for prime number (p=17), the per-
centage improvement in the number of simultaneous active users
is approximately 17%.

A comparison between the proposed DSBD and the BD schemes
for different data rates is shown in Figs. 4 and 5 for an optical band-
width of 10 nm and 30 nm, respectively. The prime number value is
13, and the electrical bandwidth is 75% of the data rate. The curves
for the BD scheme for the different data rates coincide smoothly
with results given in [20] which confirm the accuracy of our calcu-
lations. From Figs. 4 and 5, we can see that the MPBD outperforms

10 g P > n,n»n""u‘
/{/ﬁ In‘ru‘u fr.,r".,a
10 Q}(d an"
"

**1.25 Gb/s BD
1.25 Gb/s DSBD
----- - 622 Mb/s BD
622 Mb/s DSBD
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—©— 415Mb/s DSBD ||
----- o=+ 155 Mb/s BD

—=&— 155 Mb/s DSBD
T T T

Bit Error Rate

s Il Il Il
40 60 80 100 120 140 160 180
Number of Simultaneous Users

Fig. 4. BER versus active number of users for MQC code (p=13), at different data
rate with optical bandwidth 10 nm.
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Fig. 5. BER versus active number of users for MQC code (p=13), at different data
rate with optical bandwidth 30 nm.
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Fig. 6. Spectral efficiency versus the number of active users for the MQC code for
different prime numbers at a BER=10"1°,

the BD for all given data rates. For a data rate of 155Mb/s and
considering error free transmission, the percentage improvement
inthe simultaneous usersis 28% and 33% for an optical bandwidth of
10 nm and 30 nm, respectively. As can be seen from Figs. 4 and 5, the
percentage of improvement in the number of simultaneous active
users is not constant, but is a function of both the optical and the
electrical bandwidth.

The spectral efficiency (b/sHz) versus the number of simul-
taneous users is given in Fig. 6. The ratio B,/B. is changed in
the noise equations for all number of interferers (N;) until the
BER=10-10 (this BER is chosen for the sake of comparison with
results in [18]). Using N; and the ratio B,/Be, the spectral efficiency
is calculated using (40). For a MQC code with prime number p=7
the optimal spectral efficiencies for both the BD and DSBD are
3.7 x 103 b/sHz and 4.7 x 103 b/s Hz, respectively, and for a code
with p=11 the optimal spectral efficiencies for the BD and DSBD are
3.9 x 10-3 b/sHz and 5.0 x 103 b/s Hz, respectively, and for a code
with p=17 the optimal spectral efficiencies for the BD and DSBD
are 4.2 x 1073 b/sHz and 5.2 x 10~3 b/s Hz, respectively. As can be
seen there is at least a 0.001 b/s Hz improvement in the spectral
deficiency.

5. Conclusion

In this paper we proposed a simple divided spectrum balanced
detection scheme to mitigate intensity noise in SAC OCDMA sys-
tems. Our proposed technique is based on splitting the spectrum
of the received optical signal into two or more different spec-
tra and detecting each spectrum by a different photodiode. This
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approachachievesareductionin the detected power which reduces
the PIIN. Results show that the introduced method shows superior
performance than the conventional balanced detection scheme. An
improvement of up to 33% in the active number of users is obtained
and an increase of up to 1.2 x 1073 b/s Hz in the spectral efficiency
is reported. On the other hand, the proposed system is more com-
plex, and requires that the system components (e.g. photodiodes)
be well matched.
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