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Abstract: In this paper, we investigate effects of Erbium-doped fiber amplifier (EDFA) amplified
spontaneous emission (ASE) noise on the performance of multi-wavelength OCDMA-based Long-
Reach Passive Optical Networks. In addition, other noise and interference such as shot noise,
thermal noise, beat noise, and multiple-access interference (MAI) are included in our theoretical
analysis and simulation. We found that the location of EDFA on the link between OLT and ONUs
plays an important role in network design since it affects network performance. Analytical results
show that, to achieve low bit error rate, the EDFA should be located around 10 to 20 km from

OLT when total link distance of 90 km.

Keywords: Erbium-doped fiber amplifier (EDFA), optical code-division multiplexing (OCDM),
amplified spontaneous emission (ASE), multiple-access interference (MAI).

1. Introduction

The explosive demand for bandwidth is
leading to the deployment of passive optical
networks (PONs), which are able to bring the
high-capacity optical fiber the
residential homes and small businesses. Long-
reach (LR) PON is a recently proposed cost-
effective architecture for combining the metro
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and access networks. This architecture allows
the extention of access networks from today's
standard of 20 km to 100 km with protection
mechanism [1-3].

A number of LR optical access technologies
have been proposed. Initially, the networks
were single channel, where a single wavelength
is shared between all users, using time division
multiplexing (TDM). These networks were
followed by wavelength division multiplexing

(WDM) ones that shared a number of
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wavelengths between groups of users. Recently,
optical code-division multiplexing (OCDM) has
been regarded as a promising candidate thanks
to its advantages over conventional techniques,
including asynchronous access efficient use of
resource, scalability and inherent security [4, 5].

In OCDM, the signal can be encoded using
the time domain, the frequency domain, or a
combination of the two [6]. In a time-domain
encoding system, the signal is encoded by time
spreading of an optical pulse. The system is
spectrally inefficient as a long code word is
usually required to maintain a low cross-
correlation. In the frequency domain, by using
multiple wavelengths for signal encoding,
spectral amplitude coding (SAC) OCDM [7, 8]
can offer a better spectral efficiency. Another
important advantage of SAC/OCDM is that
multiple-access interference (MAI), in theory,
can be eliminated by using a balance detection
receiver. In addition, unlike other frequency-
domain systems that use phase for signal
encoding, SAC/OCDM can use incoherent
sources, which allows for simpler and cheaper
systems. This feature is very important,
especially in the access network environment
where construction cost is one of the most
critical issues.

In this paper, we therefore propose a novel
architecture of a LR-PON using SAC/OCDM.
To reach a long transmission distance, an
Erbium-doped fiber amplifier (EDFA) is
located on the link between optical line terminal
(OLT) and optical network units (ONUs).
However such an EDFA also generates
amplified spontaneous emission (ASE) noise,
which will limit system performance to an
electrical signal to noise ratio at the photodiode
determined by the spontaneous-spontaneous
and carrier-spontaneous beat noise. Thus, based
on proposed architecture, we analyze the effects

of EDFA noise, i.e. ASE noise, on the
performance of OCDM-based LR-PON. Other
noise and interference such as shot noise,
thermal noise, beat noise, and multiple-access
interference (MAI) are also included in our
theoretical analysis and simulation. In order to
achieve a good performance, we will try to find
the best location to put the EDFA in the
network.

The rest of this paper is organized as
follows. In Section II, we present the
architecture of an OCDM-based LR-PON. The
theoretical analysis of the performance of LR-
PON is presented in Section III. In Section IV,
we show the simulation setup of an OCDM-
based LR-PON, the simulation results, and
discussion. Finally, Section V concludes the

paper.

2. OCDM-based LR-PON Architecture

A SAC/OCDM-based LR-PON architecture
is illustrated in Fig. 1. It consists of a shared
fiber that originates from an OLT. At a point
close to the customer premises, a passive
optical splitter is used to connect each ONU to
the main fiber.

At the OLT, downstream traffics sending to
K wusers are encoded by spectral encoders,
which can be implemented using the well-
studied fiber Bragg grating (FBG) structure [9].
The spectral encoders are controlled by
different codes denoted as C,, with m=1, 2,...,
K. At each spectral encoder, a broadband
(multi-wavelength) source, whose number of
wavelengths are Ny, is first on-off keying
(OOK) modulated by binary data. Next,
depending on the signature code (Cn),
wavelengths corresponding to chips ™
signature code are blocked while others can

1" in a
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pass through. As a result, each binary bit “1" is
represented by a multi-wavelength pulse while
no signal is transmitted in case of binary bit
“0". Multi-wavelength pulse from each encoder
is then combined at a K: 1 combiner and then
optical fiber. To
compensate fiber loss and the various coupler
losses, an EDFA optical amplifier is placed on
the link at the distance of L; (km) from OLT
while the distance from the EDFA amplifier to
the splitter is L, (km). All wavelengths are

transmitted into the

amplified simultaneously while passing through
the amplifier thanks to its large bandwidth. The
average gain of optical amplifier is denoted as
G.

Each ONU receives the signals not only
from desired encoder (i.e., data signal) but also
from remaining encoders (i.e., MAI signal).
There are two decoders at each ONU. The first
decoder has the same characteristic with the
desired encoder while the second one has
reverse characteristic. It means that all
wavelengths corresponding to chips ~"0" of C,,
are blocked by the second decoder.

The signature codes used in SAC/OCDM
systems are designed to have a fixed in-phase
cross-correlation value so that the number of
wavelengths passing through each decoder, in
the case of an interfering signal (from undesired
decoders), are the same. Because the decoded
signal from the two decoders is detected by two
photodetectors (PD1 and PD2) connected in a
balanced fashion on the additive and subtractive
branches, all interfering signals (i.e., MAI) can
be eliminated [7].

3. Theoretical Analysis

In this system, we use the Hadamard code,
whose weight and in-phase cross correlation

can be represented by its length (N). Let C, and
C, be two code vectors, the correlation between
these two vectors can be expressed as.

N N/2 (m=n)
R = C C )=
C,.C, ;( m,i 11,1) {N / 4 (m " ]’l)

)]

Let R refers to the responsivity of the
photodiode and Py to transmitted optical power,
Nyw to number of wavelengths, K is number of
active users, the data current generated by the
optical data signal at the output of PD, and PD,
can be respectively expressed as

I;am =§RG ]f])”‘ (NW —%) 107 L+L)/0
1 pw (2)
Iz;um :—RGA(NW -N) 107 G+L)/0
2K Ny,

where « is the fiber attenuation coefficient in
dB/km. The total data current, therefore, can be
expressed as

1B N g
Idatu :Idtxta _Id;m = 2K NW 2 (3)
0 (bit 0)

The photocurrents caused by the MAI
signals from interfering encoders when they
pass the PD1 and PD2 are given by

1 P 3N
I =1 = RG& (N. —22vy 1y @)1
MAI MAI 2 Nw( W 4 )

4

Due to ASE that is caused by the amplifier,
there is also ASE noise current at the output of
two photodetectors, which can be expressed as

. _ 1 _
L=l =E<R]/¢hsp(6_]‘)lgﬂpt]‘0 ool 5)
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Fig. 1. Block diagram of a SAC/OCDM-based LR-PON.

Where his Planck's constant; f is the
B the

optical frequency; ot is optical

bandwidth; and ng, is the spontaneous-

emission factor (or the population-inversion
factor).

Other noise that should be taken into
account at the ONU includes the thermal noise,
shot noise, and beat noise [10]. First, the
variance of the thermal noise can be written as
0';, _ 4K, TB (6)

R

L
Where, K,is Boltzman's constant, T is
the receiver temperature, Bis the bit rate, and

R, is the load resistance.

Next, the variance of the shot noise, which
is generated by data, ASE, and MAI signal, is
given by

2
O-.rlml

=2gB( gy + 1) + 2gB Ly, + L)
+2gB(Ig + 1)

= 1 gBRG Fy
K N,

w

(7

3N -a(Ly+.
(2N, =210 (U)o

P
& (NW -
Ny

2 3N
+—=(K -1)¢BRG 210 a0
K( )q 2 )

+ % gBRhfn,(G—1)B,, 10"

opt

The last one is beat noise current. It consists
of the signal-ASE beat noise, the ASE-ASE
beat noise (beating between the spectral
components of the added amplifier ASE), the
MAI-ASE beat noise and the signal-signal beat
noise. The variance of the beat noise is given by
Eq. (8).
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The total variance of the noise current is the
sum of all variances of thermal noise, shot

noise, beat noise and can be written as
2 _

O-mml O- + O-?hot + o-beat (7)

Finally, the bit error rate (BER) can be

calculated as

BER = %erfc[g ®)

&

Where erf C () is the complementary error
function, and Q is written as [11]
L ja (1) ~Liaa (0)
RN I e
l,,and [, (0) are the data
currents that can be derived from Eq. (3) for bit
“1” and bit “0”, respectively. Both O D)

€))

where data

and O

total

(0) are calculated using Eq. (9).
However, when O oml(O) is computed, the

and [

related equations.

value of I should be zero in all

data data

opt

Figure 2 shows noise power as a function of
the transmitted power for bit rate of 1 Gbps, 3
users, optical bandwidth of 100 nm and optical
amplifier gain of 20 dB. The noise terms

contributing significantly to o’ o are drawn

separately. The beating of the signal-signal and
the signal-ASE clearly dominate all other noise
terms. It can be said that ASE noise has
significantly impact on performance of the
system.

-20

T T T
Shot noise ! !
Beat noise signal-ASE L L

Beat noise signat-signal | |

— Total noise

"""" Beat noise ASE-ASE

Thermal noise
T T T

-40H

-60H

-80H

| | |
B N R Y N>

| TOtXIé:SE
|

140 FEEEETE

T T T
'1607)\/*7**7**T**T*$T**’
| \ | .
g0l 2R _ _| _ _| __ | _Beatnoise ASE-ASE |
| Beat noise stgpakssgnql | |

200 I I I I I I
-40 -30 -20 -10 0 10 20

Transmitted power (dBm)

-120

Noise (dBm)

30

Fig. 2. Noise power as a function of the transmitted
power with K=3 users, Rb=1 Gbps, G=20 dB.
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4. Simulation setup and results

4.1. Simulation Setup

The simulation of SAC/OCDM-based LR-
PON is carried out on OptiSystem, a
comprehensive software design suite that
enables users to plan, test, and simulate optical
links in the transmission layer of modern
optical networks [12]. The block diagram of the
simulation model is shown in Fig. 3. The signal
spectrums at the outputs of the modulator,
encoder and decoders are also illustrated in the
figure.

Three downstream traffics are generated by
three PRBS generators, which generate pseudo
random bit sequences. These bit sequences are
then used to control NRZ generators to generate
non-return-to-zero signals. OOK modulation
between a NRZ signal and a multi-wavelength
signal that is generated by a white light source
is carried out by using a Mach-Zender
modulator. Finally, multi-wavelength OOK
signals are encoded at encoders, which are
constructed from FBGs.

A power combiner will combine the signals
from different encoders then transmit them into
the first optical fiber. The signals then will be
amplified by an EDFA amplifier and input into
the second optical fiber.

A
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In the receiver side, two power spliters are
used. The first one is responsible to deliver the
signals to all ONUs. The second one is located
at each ONU to split the received signals into
two parts for two decoders, which are also
constructed from FBGs. Decoded signals are
converted into photocurrents by using two PIN
photodetector that are connected to a electrical
substractor to create a balance detector. Finally,
BER of the received signal is analyzed by using
a BER analyzer in combination with a low pass
Bessel filter.

4.2. Simulation Results

Simulations have been carried out to study
the effects of ASE noise and the position of
EDFA amplifier on the performance of
SAC/OCDM-based LR-PON. Key parameters
used for this simulation are listed in Table 1.

Table 1: Parameters used for system simulations.

Name Symbol Value

Boltzmann’s constant Kg 1.38 x 107" W/K/Hz
aq L6 =107 ¢
Rr 1000 02

sCeiver lemperature T 300 K

PD responsivity R 1 AW

Length of code word N ¥

Number of wavelengths Ny, 17

Number of users K 3

Bit rate per user Ry 1 Ghps

BER Analyzer

EDFA
e @ Bz, L_@_;ﬁ

Optical Fiber_2

i

Desoderta: 1010 10 19_1

Photodetector FIN

Phatedetecter PIN_1
Decoderib: 10 10 10 10_1

Figure 3. Simulation model of a SAC/OCDMA-based LR-PON.
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We can observe spectrum of signals at the
outputs of modulator, encoder and decoders as
shown in Fig. 3. After going through the
encoder, spectrum of signal is removed N /2
(i.e., 4) wavelengths. It will be unchanged while
passing through decoder 1 and is further
removed N /2 wavelengths while passing
through decoder 2. Thus, the remaining
wavelengths in spectrum of the signal at the
output of decoder 2 are (N — N, ).

In figure 4 and 5, we fix G =20 dB and
total link distance of 90 km. We investigate
BER versus transmitted power for different two
values of L; (L;= 30 km and L;= 60 km) from
OLT to ONUs. We evaluate BER for two cases,
with and without ASE noise. It is seen that the
effect of ASE increases with distance L;. In
these figures, dashed lines are the simulation
results and solid lines are the theoretical results.
They are rather close (separated by
approximately 0.5 dB). That means the BER
calculation of the simulation system is correct.
More specially, the power penalty due to ASE
noise at BER 10 is about 2 dB when L, = 30
km. When L;= 60 km, it increase to 4 dB. It is
because, according to Eq. 5, ASE noise current
is inversely proportional to L,. It means that
Iasg strong when L, is short or L, is large. It is
the same for both simulation and theoretical results.

10°

—©— Theoretical-BER, L1=3Okm, without ASE
—&— Theoretical-BER, L1:30km, with ASE
--&-- Simulation-BER, L1=3Okm, without ASE
—— Simulation-BER, L1:30km, with ASE

1074’7%777T7777777—\ 77777777

|
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Fig. 4. BER vs. transmitted power (P) with K=3
users, Ry=1 Gbps, L;=30 km.

—©— Theoretical-BER, L1=60km, without ASE
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107 H -
---0--- Simulation-BER, L1=60km, without ASE

~--#--- Simulation-BER, L1=60km, with ASE

|
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-4 -2 0 2 4
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Fig. 5. BER vs. transmitted power (P,) with K=3
users, R,=1 Gbps, L;=60 km.

Figure 6 and 7 show the dependence of
BER on the position of EDFA amplifier on link
for two different values of transmitted power,
P,=-4 dBm and P,=-2 dBm. We can see that, in
the absence of ASE, BER reduces when L;
increases. However, when ASE noise is
considered, the longer L, is, the worse BER is.
The values of L; at which the lowest BER can
be achieved is the range of 10 km to 20 km.
Here, dashed simulation BER lines and solid
theoretical lines are parallel and rather close,
that means simulation results are correct.

-2

10

—o6— Theoretical-BER, PD(=-4dBm, without ASE
—&— Theoretical-BER, P, =-4dBm, with ASE
4 | | —9— Simulation-BER, P, =-4dBm, without ASE

0 20 40 60 80
Distance L1 (km)

Fig. 6. BER vs. the link distance (L) with K=3
users, R,=1 Gbps, G=20 dB, P,=-4 dBm, and total
link distance L;+L,=90 km.
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Fig. 7. BER vs. the link distance (L) with K=3
users, R,=1 Gbps, G=20 dB, P,=-2 dBm, and total
link distance L;+L,=90 km.

Figure 8 shows the BER of the system
versus the number of active users when each
user bit rate is 1 Gbps and transmitted power
P,=-4 dBm for two different values of the link
distance L; (30 and 60 km), with and without
ASE noise. It is seen that when L; = 30 km then
two curves are quite close to each other.
However, the number of active users will
decrease when link distance L; increase to 60
km in the present of ASE noise. That means,
the effect of the position of EDFA and ASE
noise on number of active users are
considerable.

BER

107 - — — — - [ —w— P =-4dBm, L =30km, without ASE [

o 1
P, =-4dBm, L =30km, with ASE

—— P, =-4dBm, L ;=60km, without ASE
P,,=+4dBm, L, =60Kkm, with ASE

1 1 1
0 10 20 30 40 50
Number of active users (K)

Fig. 8. BER vs. the number of active users (K) with
Ry,=1 Gbps, G=20 dB, Py=-4 dBm, and total link
distance L;+L,=90 km.

Other useful information for network
design can be obtained from Fig. 9, where the
required EDFA gain that is corresponding to a
specific distance of L; at BER=10" can be
found. Based on this result, we are able to
required EDFA  gain
corresponding to the specific value of L; or the
location of EDFA on the link.

40

determine the

—+— P, =-4 with ASE }
351 Po =2 With ASE [ — — L _ _
—p— P, = 0 with ASE

Fig. 9. G vs. the link distance (L;) with K=3 users,
Ry=1 Gbps, BER=10", and total link distance
L1+L2=90 km.

5. Conclusion

In this paper, we have proposed a model of
LR-PON using multi-wavelength OCDM and
EDFA. Moreover, we analyzed the effects of
ASE noise on the performance of OCDM-based
LR-PON. Other noise and interference such as
shot noise, thermal noise, beat noise, and MAI
are included in our theoretical analysis and
simulation. We found that the location of
EDFA on the link between OLT and ONUs
plays an important role in network design since
it affects on the network performance.
According to the numerical results, to achieve
low bit error rate, the EDFA should be located
around 10 to 20 km from OLT when total link
distance (i.e., L; + L,) of 90 km.
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Anh hudng cta nhiéu phét xa tu phat duoc khuéch dai va vi tri

ctia bo khuéch dai soi pha tap Erbium dén hiéu nang cua

mang quang thu dong khoang cich dai dya trén k¥ thuat
ghép kénh phan chia theo ma quang da budc séng
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Pham Tuin Anh*, Nguyén Quédc Tuan'
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Tém tit: Trong bai bdo nay, ching t6i khao sét cic anh hudng cia nhiu phét xa ty phat do bo

khuéch dai EDFA giy ra dén hiéu ning ciia mang quang thu dong khoang céch dai dua trén da truy
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nhap phan chia theo mi quang da budc séng. Ngoai ra, cic nhiéu khic nhu nhiéu hat, nhiéu nhiét,
nhidu gifra cdc tin hiéu tin s§ khac nhau, va nhidu da truy cap s& dwoc thao luan trong phin tinh toan
1y thuyét va mo phong. Chiing t6i nhan thiy rang vi tri cia bd khuéch dai EDFA trén tuyén giita diu
cudi duong day quang (OLT) va thiét bi mang quang (ONU) d6ng vai trd quan trong trong viéc thiét
ké mang boi vi né anh hudng dén hiéu nang ctia mang. Cac két qua phan tich cho biét, dé dat dugc ti
1¢ 15i bit thip, bo khuéch dai nén dit trong khoang tir 10 dén 20 km tir OLT khi tong khoang céch
tuyén 12 90 km.

Tir khéa: Bo khuéch dai soi pha tap Erbium (EDFA), ghép kénh phén chia theo mad quang
(OCDM), phat xa tu phat dugc khuéch dai (ASE), nhiéu da truy cap (MAD).



