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Abstract—We investigate the use of a single multiport en-
coder/decoder in an optical code-division multiple access network
scenario. We present a comparison between the performance of
two sets of phase-shifted keying codes, and evaluate the bit error
rate and the spreading effect due to the asynchronous access. We
also investigate the performance degradation due to the presence
of both multiple access interference and beat noises.

Index Terms—Monitoring, Codecs, coding, communication sys-
tem routing, decoding, optical correlators.

1. INTRODUCTION

HE GROWING demand for communication services from
T residential costumers is one of the main spurs for the in-
troduction of optical code-division multiple access (OCDMA)
technique into access networks. Since the last decade, many
different architectures have been proposed to implement effi-
cient large-band last-mile networks, but the most cost-effective
solutions, in terms of upgrade ability and flexibility, are pas-
sive optical networks (PONs) [1]. Time-division multiplexing
(TDM) [2] and wavelength-division multiplexing (WDM) [3]
approaches have been largely experimented: TDM-based PONs
based on asynchronous transfer module (ATM) protocol or Eth-
ernet protocol allow the sharing of transmission from 155 Mb/s
up to 1 Gb/s among 8—32 users [4]. However, TDM-based PONs
cannot adapt the bit rate in the uplink transmission according
to different requests from different users. WDM-based PONs
enhance the uplink capacity, assigning a single wavelength be-
tween the optical line terminal (OLT) and the optical network
unit (ONU) [3].

OCDMA technique introduces a new dimension in multi-
ple access schemes over standard time and frequency domains,
and allows asynchronous transmission, provides more flexible
bandwidth usage, in terms of granularity, that can also be pro-
visioned, and improves the network confidentiality. Code-based
access schemes are classified depending on the coherence of the
sources, and the coding and detection methods.

A coherent OCDMA network requires highly coherent
sources, such as mode-locked laser diodes (MLLDs), whereas
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a low-cost LED can be used in incoherent systems. Many dif-
ferent techniques have been proposed in literature to generate
optical codes, both in the time and frequency domains. In the
first case, the input laser pulse is split into a set of chips that are
intensity modulated in the case of incoherent optical orthogonal
codes (OOCs) [5], or phase modulated using superstructured
fiber Bragg gratings (SSFBGs) to generate phase-shifted key-
ing (PSK) codes [6], [7]. Using the frequency-domain coding
techniques, the spectral content of a broadband input laser pulse
is modulated using either bulk-optics elements, such as gratings,
lenses, and phase masks, or planar arrayed waveguide gratings
(AWGs) and phase/amplitude modulators. The encoding pro-
cess is based on the Fourier transform, and it does not require
high-frequency optical modulators that are used in time-domain
encoding systems [8], [9]. Other coding schemes, based on inco-
herent sources, have been proposed using optical fast frequency
hopping (OFFH) techniques, where each chip has a different
wavelength; the orthogonality condition depends on the code
weights and the frequency slots [10].

Fig. 1. describes several conventional encoding/decoding
schemes. Fig. 1(a) shows the architecture of a passive OOC
generator, which consists of a splitter, a bank of delay lines, an
electronic circuit for the code selection, and a combiner. The
decoding process is performed in the electric domain and a suit-
able clock recovery circuit is required [11]. Fig. 1(b) shows a
spectral encoding technique, where a phase mask is used to en-
code a broadband pulse; in this case, the decoding process is
reciprocal to the encoding scheme. A planar lightwave circuit
(PLC) device that is able to generate PSK codes is described
in Fig. 1(c) and consists of tunable taps and phase shifters;
this architecture is characterized by a flexible tunability, but it
presents some drawbacks, compared to SSFBG, such as polar-
ization dependence and the impossibility to realize long code
sequences due to fabrication constraints [12]. Finally, Fig. 1(d)
shows a scheme for the frequency hopping technique, where the
broadband pulse is encoded using a number of chips at different
subbands.

A proper choice of the detection method can enhance the sys-
tem performances: for instance, in coherent OCDMA schemes,
it is possible to use time gating if all the users are synchronous;
in that case, the gain equates the spreading factor. Optical thresh-
olding, which can be based on supercontinuum generation in a
nonlinear fiber [13], reduces the out-of-band noise because the
interfering signals are too weak to produce a nonlinear effect.

Ten truly asynchronous users have been OCDMA multiplexed
in [14], using PSK Gold codes, optical thresholding, and time
gating to suppress the multiple access interference (MAI) noise.
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Four different optical encoding schemes. (a) Planar architecture to generate OOCs. (b) Bulk optics scheme that generates frequency spread-spectrum

codes. (c) Planar tunable device to generate PSK codes. (d) FBG-based scheme to build OFFH codes.

The PSK codes are generated using an SSFBG, which makes
511 copies of the input pulse, each of them with a different phase
information. We described in [15]-[17] a new planar multiport
encoder/decoder (E/D), in an AWG configuration, that is able
to generate and process simultaneously a set of different coher-
ent codes. A broadband input pulse is filtered by the transfer
function of the device, and N different PSK codes are gener-
ated, where NV is the number of the output ports. The decoding
process is performed using the same device: forwarding the
encoded pulse into one of the decoder input ports, the autocor-
relation signal is measured at one output, whereas at the other
outputs, we measure the cross-correlation signals.

The encoding process is a time-based technique: the input slab
coupler makes N copies of the input laser pulse, which travel
the grating arms with different delays. The chips are combined
by the output slab coupler to generate /N codes at the device
output ports [17]. On the other hand, the orthogonal property
of the codes can be explained by using a frequency-domain
analysis: the cross-correlation function between two different
codes vanishes because its Fourier transform is the product of
two nonoverlapping frequency spectra. From this analysis, it is
also evident that the codes generated at adjacent ports are “less
orthogonal,” i.e., the corresponding power contrast ratio (PCR),
i.e., the ratio between the autocorrelation peak (ACP) and the
maximum cross-correlation peak (CCP) is the lowest.

Some previous experiments of pulse train generation have
been reported by Leaird et al. in [18] and [19], which are similar

to the proposed encoding scheme: the main difference is that the
AWG-based E/D simultaneously generates a set of codes that are
composed of chips with different phases. The Rowland circle
configurations at the input/output slabs have been selected to
generate the chip phases.

The E/D generates a set of OOCs that allow N users to
access the network simultaneously in an asynchronous way.
For this reason, we can classify the proposed scheme as an
OCDMA transmission; in contrast to standard spread spectrum
techniques, different codes correspond to different frequency
subbands, and therefore, the users do not share the same band-
width, even though they transmit at the same wavelength. How-
ever, this OCDMA scheme can be used in conjunction with
standard WDM transmission, and an hybrid experiment has been
reported in [20] for ten OCDMA users and three wavelengths.

In the present paper, we evaluate the performance of PSK
codes, generated by a single multiport E/D, considering syn-
chronous and asynchronous transmission, and both MAI and
beat noises. The rest of the paper is organized as follows. In
Section II, we compare two different sets of PSK codes, and in-
vestigate the performance of Gold codes of different lengths gen-
erated by an SSFBG and the codes generated by an AWG-based
encoder in a synchronous transmission, considering only the
MAInoise. These two PSK code families are generated by using
atime-spreading encoding technique, by making copies of a sin-
gle broadband pulse. Gold codes present good correlation prop-
erties that are comparable to those of the PSK codes generated by
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the multiport E/D, but the code sequences are much longer. The
ACP from a Gold code sequence is very sharp, and it is possible
to reduce the influence of the beat noise by using time gating
and optical thresholding [14]. On the other hand, PSK codes
generated by the multiport E/D present a very large autocorre-
lation signal, and therefore, optical thresholding is not possible
for this class of codes. We consider a synchronous transmission
to investigate the worst case condition, and to evidence the code
performance, we analyze only MAI noise.The influence of the
beat noise on the performance of Gold codes has been investi-
gated in [25], and similar results are obtained for the proposed
PSK codes in Section IV. The asynchronous OCDMA systems
that use AWG-based devices are described in Section III; in
Section IV, we present an accurate model for the beat noise
that is dominant in an OCDMA transmission. Comparing these
results with those of [25], we can evidence that the AWG-based
E/D allows us to multiplex up to eight users without reaching
the floor performance, whereas the maximum number of users
using Gold code is 3. Therefore, the proposed multiport E/D
can be a cost-effective solution for a broadband access network,
since no external devices are required to suppress beat noise.

Finally, we analyze the performance degradation due to po-
larization scrambling and the asynchronous transmission of in-
terfering channels in terms of noise variance, and conclusions
are given in the last section.

II. COMPARISON OF TWO PSK CODE FAMILIES

PSK codes generated by an SSFBG have been proven to be
very effective in OCDMA transmissions [14], and a comparison
of the PCR parameters corresponding to the codes generated
by the AWG-based device and the SSFBG has been presented
in [21]. We observed that the ratio between the ACPs and CCPs
for Gold codes is lower than 1.5 dB, whereas it is larger than
5 dB for codes generated by the AWG-based E/D.

In this section, we compare the performance of these two PSK
code families, evaluating the bit error rate (BER) and consider-
ing synchronous transmission and only the MAI noise. In this
way, we analyze the worst case scenario when all users interfere
coherently.

BER for PSK codes has been evaluated in [22] as

BER(n)
N
1
=1— T H
i=n-+1

CCP?

max

— 2(CCP! )2
(ACP})? )

\/SNT CCP2, — (ACP})? 1
8 (ACP})? (

where n is the number of simultaneously interfering users that
transmit a logic “1”, SNR = ACP* /02, and o2 is the variance
of noise with Gaussian statistic and zero mean. We suppose that
the noise statistic at the receiver is the same for all the codes, and
the crosstalk is described as an in-band noise. The performance
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Fig.2. BER versus the number of users: comparison between codes generated

by the multiport device (thombus) and Gold codes with different lengths.

degradation in a multiuser environment is due to the coherent
sum of the signals detected at the receiver. In the case of syn-
chronous transmission, the auto- and cross-correlation signals
interfere with each other, and ACP} detected at port ¢ when
n users are simultaneously transmitting a “1” is larger than the
value corresponding to a single user transmission ACP; the same
effect can be observed for CCP?.

To reduce the MAI noise, we use not only the adjacent ports
but also the ACP and CCP, which are, respectively, given by

n
ACPj;; = ACP + ) " CCP;,

j=1

i=1,2,...,N/2 (2

CCPjy, = > CCPy, i=1,2,...,N/2. (3)
j=1

In a synchronous access network, the number of active users
should be known a priori, or estimated in real time in order
to dynamically set the threshold level; we evaluate the network
performances in the worst case condition, when the threshold
level is fixed to Iy, = (ACPZ;, + CCPZ,.) /2, and CCPyax
and ACP,,,;,, have been evaluated when all the even ports of the
device have been used.

The performances of Gold codes of length L have been ana-
lyzed in [4] as

1 Th
BER(L, TL) = 5 erfc (\/5

where Th is the normalized threshold, which is set to 1 in the
most favorable case, and

SNR(L, n)> @)

1
(L) — 1)’
BER is plotted in Fig. 2 as a function of the number of active
users for different Gold codes of lengths 31, 127, 255, and 511

chips, and for the PSK codes generated by the AWG-based
device with 32 ports. The threshold value for Gold codes has

SNR(L,n) = (5)
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32 interfering users.

been set to 1, their variances have been calculated as described
in [23], and we assumed that the SNR is equal to the value corre-
sponding to only one interfering user using a Gold code of 511
chips. From an inspection of this figure, it is evident that the PSK
codes from the AWG-based device have superior performance,
especially for a large number of simultaneous users.

III. ASYNCHRONOUS OCDMA

In an asynchronous OCDMA scenario, two main random
parameters have to be taken into account: the number of users
transmitting simultaneously and their reciprocal delays [24]. In
an asynchronous OCDMA, the BER can be evaluated as [17]

BER(n)

1
=1-=
2
1 SNR (| (CCPuax)?  (CCP})?
{2+2 i \/?<1+ (ACP?)2 _Q(ACPW)”
1 (1 SNR [ (CCPpyax)? (ACP})?
_2{2erfc \/?< (ACP! )2 +1_2(ACP?)2>H'

(6)

We assume that the number of simultaneously transmitting users
n is a random variable that can be described by a Bernoulli dis-
tribution, whereas their relative random delays have a uniform
distribution around the synchronous case. The BER of a trans-
mission system with 32 asynchronous users is plotted in Fig. 3.
We observe a spreading of the performance due to the random
sum of the phases of the fields of each code of 3 dB around the
synchronous case.

IV. BEAT NOISE MODEL

In the previous sections, we compared synchronous and asyn-
chronous OCDMA systems, considering only the MAI noise,
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but a more accurate model also takes into account the beat noise
generated at the photodetector (see Fig. 4). A closed form of
the total integrated power of the autocorrelation signal can be
evaluated as [17]

2
—iAT)?
WC_Z/ ]+1exp[(;a) dt
2N -2 ) 2712
(t—jAT)
(2N —j-1 —_— dt
+ Z / J )exp[ oy

@)

and if we suppose o < AT, A, can be simplified as

N(2N?+1

A, =EE D o ®)

where A¢ is the integrated intensity of an input Gaussian pulse.

A similar expression can be obtained for the integrated power

of the cross-correlation signal
2N -2

sin [ j+1)(l€ k') /N]
Ace(k = K) Z / sin [r(k — k') /N]
(t—jAr?]f*
X exp [ 957 dt
K, k=0,1,....N—1 (9)
and after simple algebra, we obtain
Ace (k—K)
/
— 1
= csc? {ﬂ(ka)] {N—4 sin [(AN—-1) n(k—K')]

xi csc [m (k—k')]}Ag. (10)

Considering the scheme of Fig. 4, the decision metrics Z can be
expressed as

Ty

Z=% E%(t) dt
0
+%Z / 28y (1) E; (1) cos [ (£) — s (8)] dt
N T,
Ry / 2B (t) B (1) cos (1 (t) — ¢ (1)
ij=2(i>j) "0
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been taken into account. (b) Probability density function of the second beat noise term.

where E is the field amplitude of the signal from user 1, with
phase ¢1, E; exp(¢;)’s are the interfering signals from the other
users, and R is the responsivity of the photodetector. In this ex-
pression, the first term is the desired signal from user 1, the sec-
ond and the third terms are the first and the second beat noises,
the fourth one is the MAI noise, and the last one represents a
Gaussian random process with variance 02 = 03 + 02, due to
thermal and shot noises. For our codes, we need to take into
account the beat noise as we generate codes through a source
where 7. > T, with 7. the coherence time of the source and 7T,
the chip duration: as all chips of an encoded bit are generated
from a passive device, the coherence of the phase between two
different interfering channel is kept for all the integration time
T}, and so, we cannot neglect the beat terms in (11).

The probability density function (pdf) of the photocurrent
detected at port 1 is plotted in Fig. 5(a), considering 15 inter-
fering channels and only the contributions of the first beat noise
term and the thermal noise. The pdf of the second beat term is
represented in Fig. 5(b), and we observe that it has a delta-like
shape and does not affect the detection; therefore, in our numer-
ical evaluations, we consider only the first beat noise, assuming
a Gaussian statistic, which becomes more accurate for a large
number of users, with variance

N Ty
Oheas = 2R% /O E2(t)E2(t) dt. (12)
=2

The variance of the whole noise is o2, = o2, + 02, + 03,
and the pdf for logic “1” and “0” are, respectively, given by

I (= A~ T A ()
exp
\/ 27T0't20t

P (z)= (13)

2
2Utot

: 2
| (o= XYs A ()
\2mod, P

PO (z) =

T

14
20?}1 (14

The total error probability can be expressed as

R (Ase = Th Aue = Th £, Ace ()

1
P.=-1|1+erf
4 Th /202,
s (Aac —Th ZLl ACC (Z))
+ erfc (15)

Th y/ 2‘7t2h

where ofh = B, Ny > th, with B, the receiver bandwidth,
and Ny, is the thermal noise spectral density, with a typical
value of 1 pA?/Hz [25].

The BER of a synchronous access of eight users as a function
of the detected power is plotted in Fig. 6; the threshold used
is Th = 2. From an inspection of this figure, we observe the
dominance of the first beat noise term, and that the Gaussian
approximation is an overestimation of the real noise statistic.

In an actual OCDMA network, each user transmits with a
different polarization, and their statistic independence improves
the system’s performances, since the contribution of interfer-
ing channels to the power of the beat noise has the following
expression:

R2 N 21 T
Ot = — Z/ Ei(t)E? (t) cos® 0; dt db;
0

™
i=2 0

(16)

where 6; is a random variable with a uniform distribution be-
tween 0 and 27; therefore, the variance is reduced by 0.5. If we
consider a random delay between channel 1 and the interfering
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channels, we obtain

w2 M T T2
et = 7 2 / / EY (OB (t +m)dtdr (17)
—2 v~

i T, J—T, / 2

which is plotted in Fig. 7.

V. CONCLUSION

In the present paper, we analyzed the performance of a mul-
tiport E/D: we compared the performance of optical Gold codes
and PSK codes generated by a multiport E/D considering only
the MAI noise, and showed that the PSK codes have better
performance as the number of interferer users is large. We also
presented a more accurate model of the transmission system that
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also takes into account the beat noise, and demonstrated that the
first beat term due to the interferer channels on the desired signal
is the most important source of noise: the degradation due to the
beat noise is about 3 dB for a BER = 10~°. The performances
of the asynchronous scenario have been analyzed, considering
both MAI and beat noises.
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