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We propose a spectral-amplitude-encoding optical-code-division-multiplexing
(SAE/OCDM) system with a heterodyne detection receiver for broadband
optical multiple-access networks (OMANSs). The performance of the proposed
system is theoretically analyzed, taking into account various types of noise
and interference, including multiple-access interference (MAI), cross talk,
optical beating interference (OBI), and receiver noise. Analytical results show
that the proposed system offers significant improvement in terms of receiver
sensitivity and system capacity (number of users) compared with conventional
direct-detection systems. We also discuss conditions necessary for a heterodyne
detection receiver to work properly in a SAE/OCDM system. In addition, the
system performance is analyzed with several signature code sets including
m-sequence, Hadamard, and modified quadratic congruence (MQC) code sets.
It is found that signature code sets with higher weight, such as m-sequence and
Hadamard code sets, are preferred in a SAE/OCDM system with a heterodyne
detection receiver. © 2005 Optical Society of America

OCIS codes: 060.0060, 060.4230, 060.2360.

1. Introduction

The rapid growth of the Internet, broadband services, and Web content in recent years has
promoted the presence of optical fiber in last-mile access networks. In optical access net-
works, multiplexing more than one user on a single optical fiber is desired to reduce cost
and to make use of the optical fiber’s vast bandwidth. This kind of network is called an
optical multiple-access network (OMAN). Current OMANSs are deployed on passive op-
tical networks (PONs) and use time division multiplexing (TDM) for the physical layer.
However, due to the nature of time multiplexing, the total throughput of a TDM-based sys-
tem is limited by the electronic processing, which is about 10 Gbits/s. Because demand
for ultra-high-speed connections (Gbits/s per user) is expected to appear in the near future,
the study of novel multiplexing techniques for the physical layer is attracting much atten-
tion from many researchers. Wavelength division multiplexing (WDM) appears to be an
attractive technique that can accommodate hundreds of ultra-high-speed users by assigning
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them different wavelengths. However, the deployment of WDM in the access environment
is still limited because it requires expensive components. Therefore, optical code division
multiplexing (OCDM) has emerged as a promising candidate. OCDM is a multiplexing
technique that uses an approach different from TDM and WDM. In OCDM systems, the
optical fiber’s resources (i.e., wavelength and time) are not shared among users; instead all
resources are assigned to all users. Multiplexing is achieved by use of signature-encoded
signals. OCDM’s advantages include ultra-high-speed connections, asynchronous access,
scalability, security, and a potentially lower cost than WDM.

OCDM signals can be encoded in either the time or the frequency domain. Time do-
main encoding is not suitable for a broadband OMAN because of its spectral inefficiency.
In frequency domain encoding, a signal can be encoded by using either its spectral ampli-
tude or phase. In both systems, frequency components from a broadband optical source are
first resolved. In a spectral-phase-encoding (SPE) system, a SPE grid is employed to apply
different phase shifts at various spatially resolved spectral components [1, 2]. In a spectral-
amplitude-encoding (SAE) system, a signal is encoded by selectively blocking or transmit-
ting certain frequency components [3-6]. Compared to SPE/OCDM, a SAE/OCDM sys-
tem is less expensive because it does not require a coherent optical source. For the access
environment, where cost is one of the most decisive factors, the SAE/OCDM is therefore
regarded to be a more promising candidate.

In frequency-domain-encoding OCDM systems, optical beating interference (OBI),
which occurs when a photodetector simultaneously receives two or more optical waves
with nearly the same wavelength, occurs due to the use of a broadband optical source. It
has been shown that the effect of OBI on system performance is critical [7, 8]. As a matter
of fact, when the direct-detection scheme is used with either a noncoherent [7, 9, 10] or a
coherent source [8], the number of users in the SAE/OCDM system is severely decreased
by OBI,; e.g., fewer than 10 x 1 Gbits/s users can be supported even at a relatively high
received optical power of —20dBm [9]. This makes SAE/OCDM less competitive than
WDM, especially in a PON-based access network environment where link loss up to 30 dB
is expected [11].

In this paper, we therefore propose to use a heterodyne detection receiver for a
SAE/OCDM system to combat OBI and to improve receiver sensitivity. It is well known
that the use of a locally generated optical signal (LO) in the heterodyne receiver could im-
prove the receiver’s sensitivity up to 20dB compared with direct-detection systems [12].
In the following sections, we will explore other advantages of using a LO to suppress OBI
and consequently to increase the number of users in the SAE/OCDM system. We will
discuss the conditions necessary for the heterodyne detection receiver to work efficiently.
In addition, we will theoretically analyze the proposed system’s performance with various
signature code sets and determine which is suitable.

The rest of this paper is organized as follows. Section 2 briefly describes the basic prin-
ciple of the SAE/OCDM system and its signature code sets. In Section 3, an analytical
model of the proposed SAE/OCDM system with a heterodyne detection receiver is pro-
posed and described. Also in Section 3, the bit error rate (BER) of the proposed system is
theoretically derived considering various types of noise and interference. Numerical results
are presented in Section 4, and Section 5 concludes the paper.

2. Basic Principle of a SAE/OCDM System

The SAE/OCDM technique was first described by Zaccarin and Kavehrad [3]. Figure |
shows the principle structure of a SAE/OCDM system. At the spectral amplitude encoder,
frequency components from a broadband optical source are resolved and encoded by se-
lectively blocking or transmitting certain frequency components in accordance with a sig-
nature code. The receiver filters the incoming signal with the same filter [direct decoder,
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A ()] used at the transmitter as well as its complementary filter [complementary decoder,
A ()]. The outputs from these decoders are detected by two photodetectors connected in
a balanced fashion. For an interfering signal, depending on the signature code used, a part
of its spectral components will match the direct decoder, and the other part will match the
complementary decoder. Since the output of the balanced receiver represents the difference
between the two photodetector outputs, the interfering channels will be canceled, whereas
the matched channel is demodulated; i.e., multiple-access interference (MAI) is canceled
in the SAE/OCDM system.
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Fig. 1. Principle diagram of a SAE/OCDM system.

Several signature code sets have been proposed for a SAE/OCDM system, including m-
sequence, Hadamard, and modified quadratic congruence (MQC) code sets [3, 9, 10]. Each
of these signature code sets can be represented by its length, weight, and in-phase cross
correlation (N, B,v). In the m-sequence code set, f = N+ 1/2 and y = N + 1/4; the weight
and in-phase cross correlation of the Hadamard code set are N/2 and N /4, respectively. In
MQC code, y = 1, and for an odd prime p, we have code length N = p* 4 p and weight
B = p+ 1. Constructions of these codes can be found in Refs. [3, 9, 10].

Let ¢q = [Cd (0),cq(1),...,cqa(N— 1)] and ¢x = [Ck (0),cr(1),...,cp (N— 1)] be two
(0,1) signature codes, then the correlation properties are given by

N—1 .
_ N o | B ifd=k
®Cd-,ck - l;() Cd (l) Ck (l) = { Y ifd 7& k- (D
The correlation between ¢; (a complementary of ¢q) and ¢k is
—1 .
_ . . 0 ifd=k
(%dack_iZ()cd(l)ck(l)_B_®cd,ck—{ By ifdAk - )

To completely cancel MAI, it is necessary to set a ratio between the optical powers that
arrive at the two photodetectors [3, 10] o = 7/B — ¥. The cancellation of the interfering
signal (when k # d) by the balanced receiver thus can be seen as

Y

Ocqcx — WO, =V — B—y

(B-v)=0. 3)
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Results from previous research show that a low-weight code, e.g., MQC, is preferable to
a high-weight code when OBI is considered, especially when the received optical power
is high. In fact, a lower code weight results in a lower signal-to-noise ratio (SNR) if OBI
is negligible. This happens in the MQC coded system when the received optical power is
low because this optical power is further reduced by a ratio of & in one of the branches.
However, when the received optical power is increased, OBI is increased and becomes
ineligible. In this case, compared to an m-sequence or Hadamard coded system, a MQC
coded system has a higher SNR (i.e., better performance) thanks to its low in-phase cross
correlation, i.e., resulting in lower OBI (see Fig. 2) [10].
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Fig. 2. BER versus effective received power (dBm). Hadamard code (56, 28, 14) versus
MQC (56, 8, 1). Direct detection, P; = —20 dBm; number of users, N = 32 x 100 Mbit/s
users.

3. Heterodyne Detection SAE/OCDM System

In this section, we present an analytical model of the SAE/OCDM with a heterodyne de-
tection receiver. We then theoretically analyze the system performance by deriving the
system’s BER using this model.

Figure 3 shows the analytical model of a transmitter-receiver pair in the SAE/OCDM
system with a heterodyne detection receiver. At the transmitter, data-carried noncoherent
optical pulses from a flattened multicarrier laser source with N components are encoded at
the spectral encoder before they are transmitted into an optical fiber. This kind of multi-
carrier source can be achieved based on the pulse compression through fiber nonlinearity
that was reported in Refs. [13, 14]. In our analysis, for the case of interest (i.e., a system
that supports up to 10 Gbit/s connections), we assume that the multicarrier source with 56
channels and an optical bandwidth of 1.28 THz has an unpolarized and ideally flat spec-
trum over the bandwidth (i.e., the space between channels A®w > 20 GHz; the reason for
this assumption will be explained later in this section).

At the heterodyne detection receiver, the received signal (including MAI) is first mixed
coherently with a LO, which is also a multicarrier source that has the same characteristic
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Fig. 3. Analytical model of a transmitter—receiver pair of a proposed heterodyne detection
SAE/OCDM system.

as the transmitter. To model the function of direct and complementary decoders, frequency
components are split, then signed in accordance with the receiver’s signature code, i.e., pos-
itive or negative sign for the frequency component that corresponds to chip 1 or chip O, re-
spectively. Positive- and negative-signed frequency components are combined into two sep-
arate branches. The combined signals are then incident on two photodetectors connected in
a balanced fashion. Afterward, an electrical signal is passed to a bandpass filter (BPF). The
electrical signal is then detected synchronously or asynchronously; we have synchronous
and asynchronous heterodyne detection receivers. The asynchronous heterodyne detection
receiver is known to be simpler and preferable to the synchronous one, which requires re-
covery of the microwave carrier at the IF frequency [12]. We will consider both types of
detection in this paper.

Let oz0,¢ro be the frequency and phase of the LO, respectively, then the optical field
associated with the LO can be written as

N—-1

Ero(t) o< \/Po )., cos[(0ro+iAo)t+@ro], “)
i=0

where P is the effective power of the LO; Am is the space between frequency components,
which is assumed to be the same for both the LO and the users; and N is the length of the
signature code, i.e., the number of frequency components. Denote ®;, 0, ®;,and @; as
frequencies and phases of the desired and kth active users, then the received optical field
with K interfering users can be expressed as

N-1
E(t) o< \/Py Y. cali)cos|(wg +iAm)t + d4]
i=0

1

Data
K N—1 )
+ Y VR Y cili)cos[(ox +idw)t + o],
k=1 i=0

MAI
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where P; and P, (P; = P, = P,;/N) are the optical powers per spectral slice from the desired
and kth users (for k € {1,...,K}), respectively. In our analysis, we assume an identical
spectral width for all power spectral components and the same effective power level, P;, for
each user.

Figure 4(a) shows the optical spectra of the LO, as well as the signal from desired
user d and interfering user k. In this figure, the dc term in the detector current is filtered
out and ignored because Prp > Py, P,. Assuming that bit streams from all users are to
be synchronized (the worst case), polarization between the optical signals and the LO are
matched, and the photocurrents on the additive branch I (1) can be derived as

/ER 2/ ProPy; Z Cd Ld COS(mIF,t+A¢IFd)

gt
Data:ly,, (1)

K N—1
+2 Z v/ ProP: Z cd(i)ck(i) COS((D]Fkl +A¢1Fk)
k=1 i=0

MAL IMAI( )
N—IN—-1
+2v/ProPy Z Z ca(i)eq(i—j COS[(C\)]Fd (i—j)AO))l‘-i—Aq)]Fd}
j=0 i=
Self-crosstalk: IDam Cross(t)
N—1IN—-1
+2Z VProPy Z Z ca(i)er(i— j)cos[(@r, + (i — j)A@)t +Adr]  (6)
j=0 i=

MAI-crosstalk: IMAI Cross?)

+2 Z v/ PiPy Z cq(i Z cq(i)e(i )COS(A(Dd kit + A0, k)
i=0

Primary OBI:I(J)“B,1 (1)

K K-1
+2 Z Z\/PkTZCd ch (1) em (i) cos(AO ut + Ay m)
m=k+1 k= i=0
Secondary OBI: 0812()
+  on)
~~

Receiver’s noise

where ‘R is the photodetector responsivity, @Wir, = O — W0, AWy, = O — Oy, AQy), =
@x — @y, and [(x,y) = (d,k,m)]. The photocurrent on the subtractive branch /= (¢) can also
be derived similarly as Eq. (7) below, where ¢, (i) is replaced by ¢ (i) and notations of
Ilsrata( )’ IAJZAI ( ) ISata Cross ( )’ I]\j;AI—Cross (t)’ I;Bll (t)’ and 13812 ( ) arc replaced by IData( )
Lyar )y Inaia-cross s Igar-cross (8)s Topp (t), and I, (1), respectively. In addition, it is
noted that the signal power in the negative branch is reduced by a ratio of a. The data
signal photocurrents then can be derived as

_ Py
Ipata (t) = Il;na( ) IData( ) =20 PLONB cos (w[th+A(P[Fd) : (7
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It is easy to realize that MAI is canceled by the balanced receiver because

Ivaar () = Lyap (1) = Iy (1)

K N
=2 Z mz Cq (l) Ck (l) CcOS (ﬁ)[}?il +A(p1E)
k=1 i=1
K N 3
—2a Z \/%Za, (i) cx (i) cos (wyrt + AQrF;)
k=1 i=1

=0.

OBI, self-cross-talk, and MAI cross talk, however, are not canceled in the balanced
receiver because the signals in the two branches of the photodetectors in the SAE/OCDM
system are different complementary spectral components. These signals are uncorrelated
and added in the detector output. However, as is seen in Fig. 4(b), self-cross-talk and MAI
cross talk can be filtered out by the BPF placed after photodetectors provided that Aw > 2B,
where B is the electrical bandwidth of the photodetector (this condition is satisfied in our
previous assumptions; for B = 10 GHz, an optical bandwidth of 1.28 THz is used with
signature codes of 56 chip length).

Total noise variance is thus given by

Il%oise = IgBI +I% +I§7 (9)

where the first term is the photocurrent caused by OBI and the second and the third terms
are the photocurrents caused by the receiver’s thermal noise and shot noise, respectively.
When all users are sending bit 1, the average power signal and average OBI power, after
simplification, are expressed as

P,
Iua =2%PLo B, (10)

2 . + 2 ) + 2 - 2
Iop; = Bt (10311 +logn +opn +10312)

,Yz } (11
B—v]’

where 1. is the coherence time of the source and T, ~ l/B,,P, (Bop: 1s the optical band-
width of the system). The receiver noises are I% =4K,T,B/R;, and Ig = 2¢BRP;, where
K}, is Boltzman’s constant, 7}, is the receiver temperature noise, Ry is the receiver load re-
sistor, and B is the receiver’s electrical bandwidth. When an asymmetric binary channel is
assumed, the total noise power can then be derived as

= 2Brcm2;—iﬁl< [B+(K— Dy+(K—1)

P? 2
Roise = 4K, T,B/ Ry + 2eBRPLo +3109%2N—52[3K {B +(K-1)y+(K-1) BY—Y} . (12)
The SNR hence can be determined as
12
SNR = P (13)
INoise

Because a bipolar signal can be used in the system using Hadamard or m-sequence
code [2, 3], the BER for a synchronous heterodyne detection system can be derived as

BER = %erfc (w/SNR/ 2). When asynchronous heterodyne detection is used, BER =
1 exp(—SNR/2). In a SAE/OCDM system using MQC code, BER = 1 erfc ( SNR/S)

and BER = % exp (—SNR/8) for synchronous and asynchronous heterodyne detection, re-
spectively [15].
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4. Numerical Results

In this section, numerical results are presented to highlight the advantages of the proposed
system as well as the effect of the system parameters on its performance. We are interested
in a broadband OMAN that supports 10 Gbit/s connections. For the analysis, we set up the
system with 16, 32, and 48 x 10 Gbit/s users. Also, we used signature codes with a length
of N =56 and B,),; = 1.28 THz. Since Hadamard and m-sequence codes perform similarly,
we analyzed only the former and apply the result for both. Hadamard and MQC code sets
that have a length of N = 56 are (56, 28, 14) and (56, 8, 1), respectively.

Figure 5 shows the system’s BER versus the effective optical power from user P; when
Pro =—10dBm and 1 dBm. The SAE/OCDM receiver sensitivity can be greatly improved
even when the number of users increases. Moreover, for different numbers of users, 16,
32, and 48 x 10 Gbits/s, there is only a small difference (less than 0.5 dB) in the required
optical power for the system to achieve BER = 10~° when Py is low (i.e., at —10 dBm). In
addition, that difference no longer exists when Prp = 1 dBm. Actually, at this relatively high
Pro, the number of users is limited by the signature code and encoder—decoder structure
used. As shown in Fig. 5 with Pp = 1 dBm, a BER of 10~? can be achieved when P, =
—44.5 dBm regardless of the number of users (16, 32, or 48). This is due to the fact that the
LO’s shot noise becomes dominant when Py is high [see Eq. (13)].

Figure 6 shows the comparison between the performance of a SAE/OCDM system
using Hadamard and MQC signature codes. Similar system parameters are used, and Prp =
1 dBm is set for N = 48 x 10 Gbit/s users. Even if it is claimed that lower-weight codes
(e.g., MQC codes) offer better performance in direct-detection systems (see Section 2), it
is found that a higher-weight code (such as Hadamard or m-sequence code) is preferable in
the heterodyne detection system. As a matter of fact, receiver sensitivity in the Hadamard
coded system has an improvement of about 11 dB in the working range (i.e., BER = 107)
compared with the MQC coded system. This is because in the heterodyne detection system
the effect of OBI, which is proportional to the square of the receiver’s optical power, is
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Fig. 5. BER versus effective optical power from user P; (dBm). Synchronous detec-
tion, Prp = —10dBm. Hadamard code (56, 28, 14); number of users, N = 16,32,48 x
10 Gbits/s; Byp; = 1.28 THz .

minor in comparison with the LO’s shot noise. In this case, a higher-weight code, such as
Hadamard code or m-sequence code, would result in a higher SNR.

Figure 6 also shows the performance of an asynchronous versus a synchronous hetero-
dyne detection system. The asynchronous heterodyne detection system is seen to have only
slightly worse performance than the synchronous one. The required power deference is less
than 1dB. This confirms that an asynchronous system is preferred thanks to its simplicity
and easy implementation [12].

5. Conclusion

We have proposed a SAE/OCDM system with a heterodyne detection receiver. The system
performance has been theoretically analyzed taking into account various types of noise and
interference, such as MAI, OBI, cross talk, and receiver noise. Several signature codes have
been considered, including m-sequence, Hadamard, and MQC signature codes. We noted
that a heterodyne detection receiver can greatly improve the performance of a SAE/OCDM
system. Numerical results show that 48 x 10 Gbit/s users can be supported at a received
effective optical power of P; = —44.5dBm when P p = 1 dBm. Actually, when the LO’s
optical power is relatively high (e.g., 1 dBm in our analysis), the number of users is limited
only by the code and encoder—decoder structure used. Moreover, it is found that signature
codes with higher weight, such as Hadamard code and m-sequence code are preferable in
a heterodyne detection system.

This paper has limitations, however. For the sake of analytical simplicity, we assumed
ideal conditions. The effects of dispersion and polarization mismatch, which are critical
issues in real systems, have not been taken into consideration. In our future research, we
plan to study how to solve these issues.
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