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Due to itsattractive features, the utilization of fiber optics as a transmit
medium with various applications is increased rapidly. In despite, when sign

Keywords transmitted with high data rates through ultrag haul distances of singteode

fiber (SMF), whichis usually used at wide area networks (WANSs), the nonli
dispersion of signals is raised. This phenomenon leads digital pulses to ir
with the adjacent pulses. In this paper, an optical orthogonal frequency d
multiplexing based ¥ransform(T-OOFDM) system is proposed to mitigate
effect of fiber dispersion significantly and reduce the peakverage power rati
(PAPR) of the transmitted signal when compared with conventional optical C
(OOFDM) system. Simulations results confirmed the analytical analysi
demonstrated that the detrimental effects arising from fiber channel dispers
the subcarrier orthogonality of the transmitted signals can be efficiently minii
by using FOOFDM system. Moreover, the peak of the transmitigdad will be
considerably reduced whilst preserving the average power of signals.
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SMF is typically used with the lorgaul systems, which
1. INTRODUCTION are the wide area networkd/ANs). The dominant linear
impairments in such a type are grexglocity dispersion
High bandwidth, helpful size, low noise power, low(GVD), which means different frequencies travel at
power consumption and low attenuation, are the maitifferent speeds, and polarizatiorode dispersion (PMD),
features of optical fiber. Consequently, it has been utilizeghich means different polarizations arrive at the receiver
widely during the last few decades as an efficierwith different delay$2].
transmission medium to connect networddsthe whole Although there are many advantages of fiber optics,
world [1]. Depending on the characteristics andut dispersion and nonlinearity, which occur as
applications, fiber optics can be classified into two typesonsequences of transmitting high bit rate data by using
Single mode fiber (SMF) and muitiode fiber (MMF). narrow optical pulses, represent main challenges of fiber
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optics utilizaton with networks. Through long haul increase the diversity of the transmitted signals, T
distances, the dispersion of light pulses leads-syethol OOFDM system achieves an outstanding BER
interference (ISI) between adjacent pulses to be occurrimpprovement when compate with the conventional
As aresult, a lot of transmitted data bits will be lost, whic®OFDM system over long haul distances of SMF, which
leads to reduce the efficiency ofstems that using fiber is usually used at WANs. Furthermore, due to the low
optics as transmission media. Therefore, these issues swperposition of the subcarriers passing through the T
received a great attention in the recent studies. transform, TFOOFDM achieves a noticeable PAPR
Singlecarrier modulation with digital equalization is reduction as a consequenaereducing the high peak of
efficiently used with different optical applicatiorf8]. the transmitted signal through the fiber optics whilst
However, wih the advances in digital receivers for opticapreserving the average transmitted power and data rate.
systems, and due to its attractive features, orthogonal The rest of this paper is organized as follows. Section
frequency division multiplexing (OFDM) can be employed| briefly presents the optical networks. The inverse T
efficiently to mitigate the negative ramifications of fibertransform is introduced in Section Ill. Section IV describes
optic dispersionj4]. Thus, owing tats robustness against the mathematical model of the proposeéODFDM
ISI, since the symbol period of each subcarrier can be masitheme. Mathematical analysis of the BER performance
long compared to the delay spread caused by GVD afat the TOOFDM system is presented in Section V.
PMD, OFDM has been received a great interest in thgection VI presents the simulation results, glaith their
fiber-optic researth community [5,6]. The spectral discussion. Lastly, &tion VIl concludes the paper.
efficiency of OFIM increases the robustness of such a
system, which is measured against the dispersion of fiber 2. OPTICAL NETWORKS
optic channel7]. Despite this, it is noteworthy that the
overall OFDM signal spectrum fades selectively; Based on the coverage area, the main classes of
consequently, certain subcarriers will be attenuatgd lpptical networks are: Personal area networks (PANSs), locall
deep fades. In such cases, OFDM does not offer aayea networks (LANs), metropolitan area networks
improvement in performance since no diversity i§MANs) and WANs,where the basic attributes of these
exploited to recover the attenuated subcarriersletworkscan be summarized asTable 1
Furthermore, the coherent superposition of a large number WANSs, which are considered as Iehgul systems,
of subcarriers through the IFFT may produce gl@aswith  typically use SMF. The main impairments of such a mode
very high peak values with respect to its average symbale GVD and PMD. To overcome the negaiivtuence
power[8]. Therefore, various schemes have been deviseflsuch two phenomena, coherent detection scheme, which
to eliminate such deleterious effects, although with higmeans detection of phase and amplitude of the optical
complexity, data rate losses and BER performanagectric field, is utilized with WANSs[2]. In addition,
degradation. amplified spontaneous emission (ASE), which s
In this work,an optical OFDM based-ffansform (F  consideredas the dominant noisever thermal and shot
OOFDM) system is used instead of the conventionaloises, is modeled as a complex additive white Gaussian
optical OFDM (OOFDM) system. Due to its ability to

Table 1
Some charderistics of different opticaletworks.
Applications PAN (10m) LAN (0.35km) MAN (50-500km) WAN (>1000km)
Bit rate 300 10-100 10-100 100-1000
Mbit/s Ghit/s Ghit/s Ghit/s
Medium Free pace MMF SMF SMF
Dominant Multipath Multimode Chromatic Chromatic/Polar.
Dispersion (Linear) (Linear) (Nonlinear) (Nonlinear)
Dominant Ambient ight Thermal Amplifier Amplifier
Noise (Shot noise) (AWGN) (Chi-square) (AWGN)
Other dfects Clipping mise Clipping moise  Clipping roise Fiber ronlinearity

noise (AWGN).Due to the optical amplifier, the optical detection schemes without considering the ASE. Whereas,
system nonlinearity is increased and its performance tise dominant noises that should be taken into account are
degraded as a consequence of AGE thermal noise or shot noise fnathe receivefl1]. Finally,
Moreover, SMF is also used with MANSs, but theair or free space is utilized as a transmission medium with
direct detection scheme is utilized at the receiver sidthe PANs. Therefore, multipath propagation is the main
However, at the transmitter of MANS, either electric fieldmpairment of optical wireless systems that are used in
or power intensity can be modulated. Therefore, due to tebort distance applications. Consequently, the negativ
nonlinear photo detection press, the ASE noise is noramification of arriving different reflections of signal with
longer Gaussian and becomes -Ghuare distributed. different delays at the receiver side is compensated for by
Thus, the detection process becomes more complicateduang intensity modulation with direct detection. Similar to
a consequence of the interaction between the ASE and th&Ns, the dominant noises are the thermal and ambient
received signal at the receiver side of MANIS]. On the light (shot) noiss.
other fand, LANSs typically use MMF. In a sequel, different
propagation modes utilize intensity modulation with direct
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3. INVERSE T-TRANSFORM STRUCTURE

WITH SIZE N = 32 -
Forward TFtransform with 16points was reported in

[12-14]. In contrast, this work introduces the inverse T Sz ez ez ez ez ez ez 2D
transform with 32points. For simplicity purpose, same = = = o=
steps in[12] are followed. Thus, sizeN inverse F 38333
transform,”Y , can be expressed as, o5 5o
"Y gd)"o p Qa Qa aaa

0

where® and™O are the normalizedx N WHT matrix and
the IFFT matrix rearranged by column reversed order, a
respectively. In order to avoid redundareyand O are hd
simplified in [12]. Consequently, by following the same

approach irf12], and after factorizingo and™O, for the 3.3 -3-3
case ofN = 32,Eq. (1)can be written as,
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0 and6 can be simplified more as Exq. (3) where and Epppe -2 PR

—are the submatrices ofo, and, are the subnatrige§ Eppp @@ Qa

of 6 that can be factorized more as Ey. (4) | h h v v Yy
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Ultimately, after calculating the elements of sub 5 > s o

matrices irEq. (4) the flowchart of firansform folN = 32
can be represented as showfiig. 1, where® stands for
Walshdomain samples @ stands for timedomain
samples,d p U FTg,andd Q T .
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- Forward T transform after removing the CP samples in thlemain, can be
Inverse T transform > expressed as,
— —
> - D ey e~
| Xo Xo i O 0w w W
X1 — Xie .. N . .
N4 | Sp ! a8 wherel is the received timdomain samplesyis the FFT

I Xo

of the Gaussian noise vector, dbds the channel matrix.
Because the channel matrix is circulant, it can be
diagonalizedin frequencydomain with k-th diagonal

element as,’Q@ B Q&aQ , h and 0 represent
channel taps in timdomain, and the channel path number,
respectively.

In order to eliminate the effects of channel, the
received signal should be equaliz either in Walsh
domain or in frequenecgomain. As it can be noted from
Eqg. (8) this can be achieved if the matrd ; or an
estimated version 0® 'O is available. However, in
frequencydomain, multiplying the FFT output I8y also
affects tke noise; consequently we use the minimum mean

N=16

N=32

X16 square error (MMSE) equalizer to minimize the noise
X17 enhancement. Therefore, tkeh equalized sample can be
X1g computed as,
o ® Oi 0O0Rd 0 ®
X21 “‘ '\ ; whereO is the MMSE coefficient at thieth subcarrier,
X a2 “‘4 }“ <” a'® xy5
S A O
Xag . "“ U\ X29 P h
o300 R o
o PKIRK . o &
‘0“ where ®is the signato-noise ratio (SNR) of 4h

subcarrier.
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Fig. 1. T-transform flowchart witiN = 32.
5. PERFORMANCE ANALYSIS

4. MATHEMATICAL DESCRIPTION OF T-

OOFDM SYSTEM In order to verify the simulation results, this section
illustrates the performance analysis of theODFDM
@ystem acrossthe fiberoptic channels. Performance
analysis is achieved with the assumption that the input
symbols are uncorrelated with the same variddda real
. and imaginary parts. Also, the noise is assumed to be
w YO U independent white Gaussian noise with variahce

Basically, the performance of OFDM system with M
éDSK and MQAM modulations over a white complex
Gaussian noise channel can be expressed as,

The timedomain samples are generated by applyin
the modulated dateectord® @Gho B hd to N-
points inverse fransform,

wherew @hoM heo , { is the NxN inverse T

transform unitary matrix, which was illustrated on th
previous section, and3 denotes the Hermitian operator.
Thus,Eq. (5)can be rewritten as, >

0 é_(—f) Ncow O ETI0  h pC
® OO [0)
N > T C T e
w 0w X 0 p 0 ¢cofb p hpo
where @& ‘*’00 is th‘f frequencylomain samples of \wherg stands for the average number of nearest neighbors
Walshdomain samplee. signal points@ 1 T @ is the number of bits in each

A time-domain guard band is created by appendingonstellation samplepis the signato-noise ratio (SNR)
thg IavstLi samples ofw as a preamble for the samplesoj 0 , Ois the power per symbol) stands for the
whoB hw . Inorder to prevent ISI, the length of cyclicGaussian  noise aage power, and 0 &
prefix (CP) should be greater than the maximum delay . o 7 gy

spread of the channel. we .
At the receiver side, for more simplicity of analysis, In a sequel, the performance analysis of any system

the T-transform will be subdivided into its original OVEr any transmission media essentially depends on the
transforms. Thus, the received frequedigmain samples, calculation of the new values of SNR that appear in
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Eq. (12) andEq. (13) which take the effect of transmissionthe T-transform, peak reduction is achieved with the
media into accouniL2]. Consequently, the general form ofpreservation of average power for the transmitted samples.
the average SNR for the-OOF DM sy st e m6RAPRradacton of ®EDM system was presented 12].

signal, which shown ikq. (11), can be expressed as, So, it will be omitted in this verk.
N O . R

Parts ofEq. (14) can be recalculated with MMSE
criterion. Due to orthogonality &/ andF,

Amplitude
[—3
S

: 0.1 :
: ~ P Or :
s 0 —— pu oosf
U ’O o _‘p_ . .
h W 0 ; ;
: . : 0 0.5 1 15 2
Also, the noise variance can be computed asgn Time (femto second)
(16).Upon substitutingeg. (15)andEg. (16)into Eq. (14)
we get Fig. 2.Channelype I
6 p < o p <
. . : Odio p Odio
ws s ©O ——F P - PQ
, < P 0 , < P
Qn Odgia aQ Qn Odgia JQ
. (a) Equalised OFDM Constellation
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V] 0 " _E)_ . (b) Equalised T-OFDM Constellation
) ! ! ! ! ! ! !
N 3 2 ....................... ........................
Mathematically, it can be proven that, § ol P SRS P
8_2_,- .......................
P O P 4 _—
v p U ) o o py -4 3 -2 T endme ! 2 3 4
O h -(\5 O h a)— . .
Fig. 3. Constellations of FTOFDM and OFDM systems
In the sequel, over fiber optic channel I, SNR25 and QPSK.
Op BER is a typical performance measure for
B ~ P quantifying the benefits of using the propose®DFDM
. h ) system over the conventional OOFDM system. In order to
W pw investigate the BER performance of such systems over
p SMF, we have evaluated the performance of suchregste
B ; ) based on the following parameters: the subcarriers
Os @ number is 1024, the
Eventually, the BER performance ofQOFDM over a 4 - (a)OOFDMcmellaﬁonwmiNR:ZS. -
fiber-optic channel, which fixed within the entire period of ~ _ 2’.“‘ " ""‘ "«N -
T-OOFDM symbol transmission with QPSK and-Q&M, g ol e e e e
can be evaluated by substitutieg. (19)into Eq. (12)and =4 <. o - e
Eq. (13) respectively. N B e R .
_4-4 -3 2 -1 0 1 2 3 4
6. SIMULATION RESULTS AND DISCUSSION (b) T-OOFDM Comliston with SNR=S

Without loss of generality, presented results in this
section are obtained based on assumptions of perfect g
knowledge of channel response, and perfect frequency and & .
time synchronizatiorOn the other hand, as a consequence ., ; ; ; ; ;
of reducirg the superposition of the subcarriers passed YT 2 4 0 1 2 3 4
through the inverse -fransform at the transmitter side,
which leads to reduce the peak of the transmitted signals,
the PAPR of the TOOFDM scheme will be lower than that Fig. 4. Constellations of JOFDM and FDM systems over
of OOFDM system. Due to the unitary cheteristics of fiber optic channel I, SNR 25 and 16QAM.
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CP length is 256, light velocityA o p T, dispersion conventional OOFDM system is the severe fading, channel
= 17 ps/(nmkm), channellength = 80 kn. It should be Il. Interestingly, the diversity of TOOFDM system, when
noted that the quasiatic (fixed within entire FOOFDM  using with MMSE equalizer, mitigates the deleterious
symbol transmission period) two types SMF channekffect of channel Il on the transmitted samples and leads to
(channel | and channel Il shown iRigs. 2 and 6, achieve an outstanding performance over such a type of
respectively) are adopted to evaluate the BER performandaannel, as clearly shown iig. 9. In addition, in order to

of the promsed system. As a consequence, for its ability etermine the effective value of SNR for each system, the
increase the diversity of transmitted signalsDOFDM  constellations of thiransmitted samples with various SNR
system achieves a noticeable BER performancslues are illustrated iRigs. 3, 4, 7and8.

improvement compared with the conventional OOFDM

system when measured over slow fading of channel I, as

clearly shown inFig. 5 On the other hand, as clearly

known in the literature, the main challenge of the

' ' —#—— Theoretical OOFDM
2 ——e—— OOFDM
"‘:;L-k TR Theoretical T-OOFDM
w0 -“,‘ 8% | —2— T-00FDM
‘.
‘.
R B
B 10’} Y
2
107 s | Fig. 8. Constellations of JOFDM and OFDM systems
by over fiber optic channel I, SNR=35 and-Q&AM.
A
L ®
10-4 LT
0 5 10 15 20 25
SNR

Fig. 5.BER performance of DOFDM, conventional
OOFDM systems with channel I, QPSK (Dash lines) and

16-QAM.
015 T T T T
0O1fF -
3 oos ff YK | AT
)
gl
; ; ; ; Fig. 9.BER performance of -DFDM, conventional
005 E ] OFDM systems with channel 1, QPSK and-Q&M.
0.1 : : : % 7. CONCLUSIONS
0 1 2 3 4 S
Time (femto second) . . . . .
Fig. 6. Channetype II. In this work, an efficient transmission technique; T
OOFDM, is proposed to reduce the nonlinear dispersion
(¢) OFDM Constellation with SNR=25 that is raised when signals are transmitted Wwigh data
4 ‘ r r r r r ‘ rates through ultrilong haul distances of singtaode fiber
<2 (SMF), which is usually used at wide area networks
fol e T e ] (WANS). As it demonstrated in the simulation results,
82 - ‘ e which is analytically supported, the spreading of each
‘ ‘ ‘ j j j j subcarrier over otherstimduces frequency diversity for
e 3 2 0 1 2 3 2 the transmitted samples which leads to reduce the effect of
{ Channel deep fading channels. Consequently, theéOJFDM
4O Sl SRS system achieves a significant improvement in the BER
ok s S performance across the lohgul fiberoptics channel.
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