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Abstract:

Analysis and performance predictions of optical frequency division
muitiplexing {OFDM) receivers incorporating semiconductor
optical amplifier (SOQA) demultiplexer are presented. The analysis
takes intc account the influence of finite laser linewidth and various
noise sources associated with the optically preamplified detection
svalem. The results indicate clearly thas the normalized crosstalk
level must be kept below - 10.8 dB to prevent the occurrence of a
bit-errer-rate (RER) floor at a tevel greater than 107
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1. Introduction

Optical frequency
multiplexing (OFDM) technigque offers a
mean of utlizing the vast bandwidth of the
single-mode optical fiber to buntd high —

division -

speed  communication networks [1-3]. In
OFDM. multiple optical channels spaced a
part in frequency aré used aleng with
mnable optical compenenets 1o provide
switchable interconmections hetween any
two potts.  Using novel devices such us
single-frequency semiconductor lasers and
narrowband optical filters, il is now
possible to multiplex and demultiplex multi
Gbit's channels with a wavelength spacing
of about 1 nm or less [4-6]

There are two  channel-selection
methods for OFDM signals. One is a direet
detection Teveiver employing a tunable
optical filter, such as Fabry-Perot erzlons
[7, %]. Optical fillers consisting of passive
components are relatively inexpensive. The
ather frequency-selection technigue is to
use a heterodyne detection  veceiver
employing a tunable laser diode as a local
oscillator |9, 10]. Heterodyne deteciion has
higher receiver sensitivity compared with
direct detection bul i requires 4
sophisticated  laser  diode that 15
characterized by wide tuning range and
narrow linewidth,

To enhance the sensitivity of dwrect
detection OFDM  receiver, the wmnable
optical filters can be constructed using
narowband tunable semiconducior eptical
amplifiers (SOAs). Fabry-Perot, distributed
feedback (DFB), and disuributed Bragg
reflector  (DBR)  SOAs  have  been
considered  for tunable flter applications
with encouraging results [11, and reference
therein].

The atn of this paper is to examine
the perdormance of direct-derection OFDM
receiver incorporating a Fabry-Perot optical
amplificr as demultiplexer  The eftect of
crosstalk  level and laser linewidth on
demultiplexer and receiver characteristics
are addressed in details. Exprossions have
been derived to assess the sensitivity of
tunable  preamplified  reccivers in the
presence of crusstalk.

2. Demultiplexer characteristics

2.1 Theory

The aim of this section s 10
investigate the mpact of finite laser
linewidth on the mulliplexing
characteristics of a Fabry-Perot (FP) SOA.
The performance of a passive single-cavity
FP demultiplexers has been addressed by
Flurnblet and Hamdy [12} and Capmany et
al. [13] when the employed laser spurees
linewidih,

respectively. Their resulis will be extended

have negligible and finite
here for the case under observation by
rreating the S0OA as an active FP fijter.

Lei the SOA under consideration has
a single-cavity FP structure camprisig two
paraliel facets with power reflections R
and Ry, The power transfer function of the
amplifier is given by [13]

o el
fie, ()

where g0 and e,t) are the nput and outpus

A1)

felds  and, { } denotes the ensemble
AVETARE.

Due ro fOmite laser lingwidth, the
phase noise ussociated with the input
electric field eft) has double-sided spectral
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density equal to B/(zﬂffé} rad/Hx, Here
B is the fult-width at halt maximum

{FWHM) linewidth of laser output. The
amplified time domain optical feld et} is
obtained from the convolution between cit)
and the filter {S0A) impulse response. The
calculations reveal that the powsr ransfer
function of the SOA can be expressed as:

G{f.B)=k,(f,BYG{ V) .(2)

where

k {f B = I_T{RGL"*.F J (1- Rf"{,] I4R‘Cr‘sm‘9
= Li-way b

RGAF +4RGASINE |
(3 a)
Gir )=, - — LRkl R e

(]—RGh} 4R(, Sin’e
(30

In cqus. 3 a and 35, A=¢ 7 'C,
R = ,Jm and B =wtf . Further

Gy = single-pass gan of the optical
amplifier

T=2nl./¢c, = Cavity round — trip
delay

T, =Laser coherence time which is
proportienal ta 170

L = {avity length

Co = Speed of light in vacuum,

n = Refractive index of the SOA
aclive region.

The following  remarks are related 1o

egos. 2 and 3
1. Equation 3 b is identical 1o Lhe expression
reported in the iiterature [14] for the
oplcal gain spectrum of P S0QA

Therefore.  G(f,B) denotes the

—_— . TR

effective ({average) optical gan
spectrum of the amplifier.

i Both  G{f,p) and G(f,ﬂ} achieve
maximum  and minimum  values
when 5in 8 = 0 and =1,
respectively. The pain spectrum is
periodic with transmission peaks
spaced by the fiee spootral range

(F5R} equal 1o % .

i the laser coherence time T_ s
imversely proportonal to [3 with a
proportionality constant equal to 1,
T, and 0.464  for rectanpular,

Larentzian,  and  {(rausian  laser
lineshape, respectively [15].

The —3dB pass widlh B.. of the amplifier
car be deduced from eqn.2 as the Itequency
separation between the points whose gain is
equal to hall the peak value. The resualt is:

B 1, (ﬁ) =K 5] B w {O} {'i}
where

kr.; = — Il(:) a)

\ 1 RG,
B, (0)=n,{p=0]- Zgint ——t.
TT :_Ix.lRGx

C{5m

To  caloulate the crosstalk associated
with S04 demultiplexing, the following
assumplions are assumed:

1. The transmussion  bandwidih  of the
OFDM  system s equal o one

'SR = %

. The transmitted channels are equally
spacud within the FSR. Therefore,
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spacing D is given by FSR/M,
where M is the number of the
multiplied channels.

iii. The channel under observation {Oth
channel) has a center frequency fo

which is shifted by A, Hz from the

peak-gain  wavetength  of  the
amplifier.

iv. Worstcase crosstalk is calowlated which
corresponds to the case where all

the other M-1 users are sending

“ONT levels.
v. The normalized worstcase crosstalk is
computed from
M
Z G(fi vﬁ)_ G{fc vﬁ}
i=1
8, = G(fn,ﬁ) .(6)

After  mathematical manipulation,  the
following result is obtained:

! Vol
S, == manh 1—]coth[-n | -1

W \2F) |\ 21DF) 42
A7)
where
ARG AV _
Qo = _{...._...".’._ )ﬁ--_ 5]]_’1{7[,&& .'IITD} ..[8 a)

- | — {RGSé}L-'tD
and F 15 the cavity finesse
Ap)= DR L1 _FO) g
B w {B} 7B W {!3} k it}
where the frequency of the Oth channel, £,
matches the resonance frequency of the
amplifier (i.e, A, = 0), then Q, = 0.

2.2 Simulation Results:

Figures 1 and 2 show, respectively,
the constant-bandwidth characteristics of
the SOA  plotted in the G-R and Ge-L
planes, respectively. The results are
calculated for ideal laser source having

weo

negligible linewidth {ie, [ =0) and
assuming R;=R;=R. Here G, denoles the
peak gain of (he amphifier in the ideal case
of B=0 and it is defined inegn. 3bwith

sin ) =0. The constant-bandwidth curves are
governed by the relations:
1+ sin? ina |+ sin? )’3
RG, =1+3in"q, 2Zsng,ll+sun”g,
. (@a)
_7 By
2 FSR
which are deduced from eqn. 5b. The plots
in Figs | and 2 can be used as a puideline te
estimate the 30A parameters (Go, L and R)
to achieve the required bandwidth. Table 1
gives the design parameters for amplifier

bandwidths of 1 GMHz, 5GHz and 10 GHz.
Figure 3 shows the variation af &,

dy

with laser linewidih and assuming R =04
and 1.=300 pm . Without loss of generality,

the laser linewadth i3 assumed of &
rectangular shape. The dashed and broken
lines in Fig 3 denogte, respectively, the
value of kg associated with maxithum and
minimum  values  of  amplifier  gatn,
Investigating Fig. 3 reveals thar the
transmission peaks reduce with [} while the

transmission  minima increase  with

increasing 3

Table 2 lists the values of k, and ky
for differemt values of L, R and (. The
results  indicate cleariy that employing a
wide linewidth  Jaser  lgads  to lower
transmission peaks and wider transmission
bandwidth. The effect is morc pronounced
when K and L are large.

Figure 4 depicts the variation of
normalized  crosstalk level 8, with
normalized channel spacing D, = D/B.(0)
and for different values of normalized laser
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linewidth 3, = B/By, (0). To suppress
the crosstalk level S, below —10 dB, the
normalized channel spacing must be greater

than 2.7, 3.5 and 8.5 when B, =0, 1, and

10, respectively. To reduce 5y 1o less thar -
20 dB, the channel spacing L%, must be
increased to 7.2, 84 and 112 where

B, =01 and 10, respectively.

3. Receiver Performance

3.1 Theory

A simplified biock diagram of an
FDM  receiver incorporating a S0A
demultplexer is shown in Fig, 5. In the
absence of crosstalk, the receiver can be
treated as an optically preamplified receiver
for & single-channe! transmission system
and this subject has been addressed
catefully in the literature. For example,
Olsson [16] has investigated the influence
of optical amplifiers on the performance of
direct  detection  receivers under the
assumption of a Gaussian statistics for all
the noise sources involved in the detection
process. Here the analysis of [16] will be
extended for a multichannel transmission
systerm.

The signal independent noise is
splitted inte three compenents. receiver
circuit  thermal noise, spontaneous shot
noise, and spontaneous-spontaticols beat

noise whose variances are denoted by
2

2 2
O Tpannd O,

respectively.
The total signal-independent noise
variance is given by:

2_ .3 2 2
G° = Oy + 05 T 0oy - (58]

with

KT
2

= —F.B,
Ty R; e

0% =29R(G - 1N, bf BB, ...(%)

U:P_SP = [nqN o G- 1)}2 Be(2B, —B,)
.. (8d)

where

K = Boltemann’s constant.

T = Absolute Temperature.

F. = Excess noise factor of the electronic

armplifier.

B. = Bandwidth of the electrical

receiver.

Ry, = Electronic amplifier toad.

g = Charge of electron.

‘R = Photodiode responsitivity

N, = Spontaneous emission factor

h = Planck’s constant

N = Photodiode quantum efficiency

B, =Bandwidth of the SOA,

In the absence of crosstalk, the signal-

dependent ngise s splitted into two

. . 2
compenents: signal shot noise G _g, and

; . 2
signal-spontaneous  beat noise ... In

this paper we have treated the crosstalk as
exira (Gaussian nolse source whose variance

03 is also signal dependent. Further, the

crosstalk-spontanecus beat noise [17] is
also ncluded in the analysis. The signat-
dependent noise has a variance given by

2 2

Uf = c?—;h +Gf—sp LU Gu"sp : {]'ﬂ ﬂ.:l
where
ooy = 2QRGB P L.(108)

2 -
ol = m2hsp{G_..1]thEXP 10 g

o; = RI82G2p- L (10d}
02, = 4R N (G -1 B, XS, P

(97)
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In eqn. 10, & g, isthe variance of

crosstalk beat noise, X is an excess noise
factor due to FP effects [18], and P is the
received optical power when the channel is
on the ON-state.

The worstcase crosstali is considered
here by assuming all the other M-1 users
are sending ON levels of power p {per
user}. Equations %a, 9d, 10b and 10c are
quoted from Ref. [16] and included here for
the sake of completness.

The bit-error-rate (BER) is calculated
using the standard Gaussian approximation
[18].

I
— ,1'2
BER = [TaPC X 21 gy 1T a)
2
where
Q- TG (b
O, —T

In eqn 1lb, o, and o&; denole,
respectively, the standard deviation of the
noise associated with space and mark
transmissicn.  Note  that o~c and

oy =y +ol . A BER of 10* requires Q
=6

Liging eqns. 9 and 10ineqn 11 b, the
P, =P/2 (defined
as the average received power required to

achieve a specific BER) can be expressed
as

P - AN+ ZiAqnz +QINFC—aA UZCFI—

receiver Sensitivity

" 2447 -aQ’
. £12)
where
A =RG (13 a)
¢ =%3G2s] {13 b)

N=2qRGB, + 4R XG(G - 1N, (1 +85,)

(i3 c}
In the absence of crosstalk, eqn. 12 reduces
1o,

Q) N+ 2AG
PSHIIO Z"ELT (14]
The crosstalk power penalty AP can
be computed in decibels  as
P
10 log [iw
SCT0 _»f

It is worth to notice here that the
denominator of eqn. 12 tends 1o zero when

A% =4Q°C.  This  indicates the
occurrence of a BER-floor and the powet
penglty AP tends to o0 In this regime the
BER 15 saturated and the receiver
performance can not be improved further
by increasing the level of the received input
signal. In the presence of crosstalk of a
level 5, the BER-floor will oceurs at a

level comrespond to  (Q=1(}q,, ., where

Qoo 18 defined by

1

=— A8
Qﬂom 9% (1 }

One can also find that the maximum
allowable vrosstalk level
introducing a BER-floor at a specific level

without

and it 1s given by

(80w =

3.2 Results

Figure & shows the vanation of the
level of BER-floor with normalised
worstcase crosstalk 8, To suppress the
BER-floor level below 107 and 107! S,
must be kept below --10.8 dB -11.27 dB,
respectively.

1

— . (16
20 (16)
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Figure 7 shows the dependence of
crosstalk induced penalty with normalised
channel spacing D, at a BER = 107 and
taking the normalised laser linewidth B, as
an independent parameter. To suppress the
penalty below 1 dB, the channel spacing D
must be choose greater than 4.54, 5.77, and
10,50 for §#§,=0, 1 and 10, respectively.
The power penalty increases to 5 4B when
the channe! spacing reduces to 3.2, 4.13 and
917 at 3, =0, 1 and 10 respectively.

Figure B shows the sensitivity of a 10
Gbitls OFDM  receiver as a function of
normalised channel spacing. The parameter
values used in the simulation are: BER =
10°, A= 155 pm, p=1GHz, B, =10
GHz, B~ 5GHz, N,=1 R=02 G=165
dB, n=!, F= 3 dB,and R, = 1k%} The
S04 bapdwidth and receiver sensitivity in
the absence of crossialk Py, are estimated
to be 1 GHz and 392 dRB, respectively,
when ideal laser source with negligible
Iinewidth iz employed. However, these
results do not change significantly when 1
GHz-linewidith laser is employed since

B,= 0.1 here Advanced semicenductor

laser usually have linewidths below 100
MHz, Thus we expect that tinite laser
linewideh has negligible effect on OFDM
receivers operating at hit rate grearer than |
Ghit/s. Tt is worth to mention here that the
sensitivity of OFDM receiver incorporating
passive FP filter (i. e, G=1)1s equal to 27
dB  under the same condition mettioned
above. Thus employing the 16.5 dB-opticai
amplifier enhances the receiver sensitivity
by 122 dB in the absence of crosstalk
Figure 8 shows thai the sensitivity of the
OFDM  recciver increases rapidly when the

channel
GHz,
4. Conclusions

A theoretical
presented 10 assess the effect of crosstalk on
the performance of multichannel optical
frequency division
transmission  systems employed with a
semiconductor  optical  amplifier-based
demmlitiplexer.  Analytical expressions have
been derived to assess receiver sensitivily

spacing reduces to less than 32

analysls has been

roultiplexed

under the assumption of {faussian statistics
for noise source and crosstalk. The results
indicate clearly that e suppress the
crosstalk-induced penalty to less than 1 dB,
the normal channel spacing Dy must be
chosen greater than 4.54, 577 and 10.5 for
normahsed laser linewidth of 0. 1and 10,
respectively. A bit-grror- rate floot accurs
at 10™° when the channel spacing Dy, reduces

1w 30, 3%and 3.9 when fi, =90. 1 and 10,

respectively.

Refarences

[1}1S. H Song and E. H. Lee, “parailel
detection of WDM packet addresses by
using three-dimensional  planner
inteprated  optics”, IFEE  photon.
Technol. Lett., Vol % No. l, pp V12-
114, 1997

{21C. L Lu, R. T. Hofineister, P
Poggichm and K. kazousky, ‘Power
btudget optimization of 3 WDM network
with MSCM contril usthy
semiconductor optical amplifier”, JEEE
photon. Techno. Lett, Vol € No. 1, pp.
113-117. 1997

[31H H Luand C. T Lec, “Directly
modulared CATY transmission systems
using half-split-band and wavelength-
division-multiplexing  technique™, *
TEEE photon. Technol. Lert, Vol 10
No 11, pp. 1653-1655, 1998,

[4]L. I». Garrett, 5. Chandrasekhar, 1. L.
Zyskind, I W. Sulhoff, A, G Demai, C.

L]

(99)



Irag J. Electrical and Electronic Enginecring
Vol 1, No.1, 200

A*M1J@A,jmdﬂwﬁusr1m

B TN [P L= W

A. Burmus, L. M. Lunardi, and R M.
Derosier”, performance of 8-channel
QFEIC reeiver array in 8 x2.5 Gbit's
WDM  transtmssion experiment”, 7,
IEEE photon. Technol. Lett., Vol. 9
No. 2, pp. 235-237, 1997

[5]A H. Gnauck, R. W. Tkach, R. M
Derosier, C. R. Giles, B. M. Nyman, G.
A. Ferguson, J. W. Sulhoff, and ). L.

Zyskind”, One-third terabiy's
ansmission  throught 150 km  of
dispersion-managed  fiber”, IEEE

photon. Technol, Lett, Vol 7. No 3.
pp. 98-100, 1995,

[6]H. de Waardt, {.. F. Tiemeijer, B.H.
Verbeek, “2 X 10 Gbit's WDM 1310-
nm optical transmissien over 63.3km
standard  single node fiber using optical
amplifiers”, 1EEE photon. Technol.
Lett., Vol 7. No. 5, pp. 104-107, 1995,

[711. P. Kaminow, “FSK with direct
deteciion in  optical multiple-acoess
FDOM networks”, 1EEE ). select. Areas,
Comm., Vol. 8 No. 6, pp. 1005-1014,
L9y

[8]K. Y. Eng, M. A Santoro, T. L. Koch,
I Stone, and W. W. Snell, “Star-
coupler-based  optical  cross-connect
switch  experiments with  turable
receivers”, [EELE 1. Sslect Areas.
Cemm., Vol §, No &, pp. 1026-1031,
1990

[9]B. S. Glance and O Scaramucei, “High
performance dense FDM  ccherent
optical network™, IEEE J. Selsct. Areas.
Comm,, vol. 8, No. 6, pp. 1043-1047,
1990

[\0] M. O. van Deventer and O I Koning, .
“Crosstalk and chanpe! spacing in a
coherent  multichannel system using
erbium doped fiber amplifiers”, IEEE

photon. Technol. Lett, Vol 6 No. 2,
pp. 260-262, 1994,
[11]L. G. Kazovsky, “Optical signal

procesing for lightwave communication

systems”, ©, [EEE ] Select. Areas
Comm., Vol 8, No. 6 pp 973-982,
1990

[12]P. Humblet and w. Hamdy, “Crosstalk
analysis and filter optimization of single
and double —cavity Fabry-Ferot filters”™,
[EEE }. Select. Areas. Comm., Vol §,
pp. 1095-1107, 1990,

[13]1]. Capmany, J Mar, and H
Mangraham, “Impact of [inite laser
linewidth on the performance of OFDM
networks”, TEEE ] Lightwave Tebnol,
Vol 13, No. 2, pp. 290-290, 1995

1141 Y. Yamamoto, “Noise and error rate
performance of semiconductor laser
amplifiers in  PCM-IM  opiical
transmission systems”, LEEE 1. Quant.
Electron., Vol. 16, No. 10, pp. 1073-
10BQ, 1980

[15]). W. Goodman, Statistical optics,
Tohn Wiley and Sons, New York, 1985.

[16]N. A. Olsson, “Lightwave systems
with optical amplifiers”, IEEE 1
lightwave Technol., Vol 7, No. 7, pp.
1071-1082, 1989,

[17]M. M. Freite and H. I da Silva,
“Performance  asscssment of  two-
channel dispersion-supported
transrmssion systems using signal and
double cavity Fabry-Porot filters as
demaltiplexers”, LEEE Photon. Technol.
Lett, Vol 7, No. 11, pp. 1360-1362,
1995,

[t8] A, Karlsson and M, Haoyer, “Analysis
of a WVCLAD: vettical-cavity laser
amplifier  detecier”, IEEE Photen.
Technot. Lett., Vol 7, No. 11, pp. 1336-
1338, 1995

(100)



traq ). Elecrrical and Electronic Engineering A5 g S g gty Sl Al A0 i Al
Yol 1, No.1, 2001 Toed Ly amd oY alna

.

Table (1) Design (structure) parameters for SOA demultiplizer to achieve the required
transmission band width,

Table (2) Values of k, and ks for different values of Go, L, Rand .

20 | 300 | 0.7 G.98 1.02 1023 | 0.808 121 1.237
0 | 300 | 07 0.93 147 1.075 0.57 1.71 1.75
30 | 100 [ 0.7 | 0.875 1.024 1.025 0.8 1.24 1.25
{ 30 1300 04 | 0972 1.026 1.028 0.78 1.23 1.283

Note; kg and ke denote k, evaluated at gain maximusm and minimum, respectively.
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