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Abstract: In this paper, a performance evaluation of radio over multimode fibre system (ROMMEF) using
Coded orthogonal frequency division multiplexing (COFDM) 1s presented. The performance analyses based

on bit-error ratio (BER) are extensively mvestigated. In addition, the effect of fibre length on BER performance
is presented. Moreover, the effect of the exponent refractive index profile of the multimode fibre (MMTF) on the
BER of COFDM i1s studied considering Maximum Likelihood Ratio (MLR) and sub-optimal simplified Log
Likelihood Ratio (LLR) as a soft bit metrics for soft decision Viterbi decoding.

Key words: Bit error rate - Coded-orthogonal frequency division multiplexing - Multimode fibre -

Multimode fibre - Transfer function

Radio over

INTRODUCTION

The radio over fibre technology (ROF) has been
revolutiomzed to meet the huge demands of lugh capacity
and high purity of broadband services. The ROF
technology has been known to have a number of
advantages such as transparency to any modulation
technmique, relatively low attenuation loss, a good
potential for cost and large affordable bandwidth. These
features have made ROF an attractive solution for fourth
generation communication networles (4G) [1]. Particularly,
radio over multimode fibre system (ROMMEF) has gained
much attention recently for its suitability to deliver
high purity signals in analogue and digital format for
short- reach coverage such as wireless local area
networks (WLANs) and ultra-wideband (UWB) radio
signals [2].

A considerable attention has been paid to orthogonal
frequency division multiplexing (OFDM) which has
already been employed in digital audio broadcasting
(DAB), lugh definition TV (HDTV) and ROF technology
and many other examples. Since OFDM is widely used
today in many applications, it is one of the preferable
modulation schemes for next generation systems. In ROF,
OFDM impact has been demonstrated with multimode
fibre (MMF) as a promising modulation scheme for
mitigating the modal dispersion penalty [3]. Having a high

spectral efficiency, OFDM can efficiently utilize the
system bandwidth (for 64 subcarriers, the spectral
efficiency can reach 1.98 Bd/Hz) [4]. OFDM is inherently
able to transfer a frequency selective fading channel into
a number of flat fading sub-chamels. However, mnserting
cyclic prefix between subcarriers relaxes the intersymbol
interference (ISI) which can destroy the orthogonality
among subcarriers. This is achieved by setting the carrier
spacing and reciprocal of the symbol period to be equal
[5]. By implementing coding and interleaving across
sub-carriers, the effect of multipath-fading is minimized
since interleaving reorganizes the number of bits in such
away to avoid the effects of fading. Convolutional coding
1s being used commonly n OFDM systems and it can give
coding gain at different coding rates [4, 6]. Thus, coded-
OFDM (COFDM) makes the transmitted signal robust to
multipath fading and distortion.

MMF has a merit of being used for short distance
applications; it 1s typically a popular choice for in-building
networks. MMF possesses a large core diameter (= 50um)
leading to better coupling efficiency with an optical
source and enabling low cost electro-optic devices that
can be adopted in the ROMMF system such as VCSEL
[7, 8]. In addition, it 1s cheaper than single mode fibre
(SMF) since it has lower installation and maintenance
costs. Thus, a wide selection of services with different
signal characteristics such as Fast Ethernet, Gbit Ethernet,
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video, audio and control signals are likely to be supported
by MMF within a range of a few kilometers. As a low
cost route, MMF 1s an attractive and cost-effective
solution for transporting multiple services. However,
the signal propagation through MMF is subject to
to both
attenuation and time spread of the transmitted signal.

significant  signal  impairment leading
The latter i1s caused basically by material dispersion
and modal dispersion. Dispersion causes pulse
broadening as the pulse propagates along the fibre which
limits the information carrying capacity of an optical
fibre and 1s determined by bandwidth-distance product
which typically is measured in (MHz.Km). In contrast to
SMF, modal dispersion exists in MMF due to the large
number of fibre modes being propagated mside the
core of MMF.

The research effort towards modelling of ROF using
OFDM and electro-optic modulator has been recently
reported [9] using single mode fibre. On the other hand,
mteresting and useful study of the transmitting OFDM
over MMF will be mandatory since dispersion and
losses are the main limiting factors. In tlus letter, a
comprehensive  modelling study of OFDM
transmission MMF iz presented. TIn the
context of this work, the dispersion and losses of
MMF have been accurately taken inte account by
adopting  the of MMF
proposed in [10]. Tt is an analytical model which
can be easily incorporated into the system model and

over

transfer function model

accurately consider the mode coupling effect of MMF
(MC) and the differential mode attenuation (DMA).
Moreover, the effect of fibre length and the exponent
refractive index profile () have been investigated The
theoretical findings of the modelling study have also been
supported by measurements taken from our experimental
setup of this system. This study, to the best of the
authors’ knowledge, 1s the first study which takes into
account the MC and the DMA for the performance
analysis of ROMMF system employing COFDM. The
performance analyses in terms of BER analyses are
discussed in detail. Furthermore, the measured MMF
response for various lengths 15 included m the analysis
for BER simulation.

COFDM Model: The time domain representation of
OFDM signal can be defined as [9]

i=(n/2)+1
s(z‘)—Re{ Z dz(r)e(zf”(fﬂ_ff)t)} O

i=—n/2

Where 7 denotes the inverse fast Fourier transform (TFFT)
window size, f; 1s the central frequency, £, 1s the frequency
of ith subcarrier, d represents the complex digital symbols
and 7 denotes the index of the complex digital symbol.

The implementation process of COFDM 1s as follows:

¢+ The data bits are convolutionally encoded with a
code rate Y.

¢ The encoded bits are bit-interleaved and then
mapped inte m-phase and quadrature components of
the complex symbol using Gray-coded mappings.

»  The complex symbols are modulated by OFDM as in
Eq. (1).

¢ The MMF channel is assumed to be stationary
chammel for, at least, transmission of one COFDM
symbol. Although such an assumption holds for
fibre, it 1s not normally valid for the RF chammel. Also,
the noise 1s assumed to be a complex additive white
Gaussian noise (AWGN).

+ At the receiver,

symbol

for coherent detection, each

could be recovered by
conventional equalization referred to as one-tap
frequency domain equalizer [11]. Table 1 summarizes
COFDM parameters.

» The decoding process employs the soft-decision
Viterbi decoding algorithm which involves either
Maximum Likelthood Ratio (MLR) or sumplified Log

Likelihood Ratio (LLR) as soft-bit metrics.

modulation

In the following analysis, both quadrature phase shuft
keying (QPSK) and quadrature amplitude modulation
(QAM) are used to modulate the COFDM subcarriers for
the BER simulation.

The superiority of Convolutional codmng with
Soft/Hard-Viterbi decoding effect is shown in Fig. 1,
uncoded QPSK-OFDM is added for comparison. The
number of subcarriers is 64 and the data rate 1s 12 Mbps.
Tt can be seen that using soft decoding enhances the
required E/N; for particular BER. Example of this can be
readily seen at BER equal to 107°. Around 2 dB
improvements are achieved by soft decision Viterbi
decoding over hard decision Viterbi decoding.

MMTF Response Model: The block diagram of the ROMMF
system used for analysis and simulation i1s shown in
Fig. 2. In this system the COFDM signal generated out of
the OFDM transmitter at the carrier frequency using Eq.
(1) was directly imjected mto the laser diode (LD) at
desired signal level with dec-biasing that is well above the
laser threshold.
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Table 1: COFDM parameters

Parameter Value
Code rate 12
Generator polynomials 1334
1715
Constraint length 7
Number of OFDM data subcarriers (N,) 200
Subcarrier spacing 0.84 MHz
10° ——
1rc.:s.‘-,': ..... - -#-Hard Decision Viterbi
4 RS N 4 Soft Decislon Viterbi
10 } ‘ ~,
», —+—Uncoded
10%F
e 3
W
o 10
107}
10%}
0 1

E,N, (dB)

Fig. 1: BER of QPSK-OFDM  with uncoded,
Convolutional coding, hard and soft decision
Viterbi detection. N.=64, data rate =12 Mbps.

COF[?M Laser 0 Photo- COFDM
Transmitter [~ diode detector Receiver
MMF
DC DC

Fig. 2: Demonstration of ROMMEF system under intensity
modulation and direct detection

The optical intensity signal out of the laser diode is fed
into a MMF followed by a photodetector(PD). The
received COFDM signal will be equalized, demodulated
and decoded to get back the data. This system can be
used for analyzing the performance of the optical link
alone for the OFDM input.

The RF transfer function of the MMF system has
been given in [10, 12] based on the electric field
propagation through MMF.

5 2
__]([3-0(602)] y
2

H(w)= 1+ac2 e e Cos[[3 0(20 z +arctan(ac)]

M
Z 2v(Cyy +Gyy) 2L g joT, )

v=1
Where, Z is the fibre length and 8, is the second-order
chromatic dispersion parameter which is equivalent to

the second derivative of the propagation constant 3, and
is assumed to be equal for all the fibre modes. «, is
the fibre attenuation and ¢, is the chirp parameter, w, is
RF angular modulation frequency, o, ~1/(v2 W) is
the optical source RMS coherence time and W is the
source RMS linewidth, it is assumed that an optical
source has a finite linewidth spectrum with a Gaussian
time domain autocorrelation function, v is the mode group
number, C,, and G, are coupling and uncoupling
fibre mode coefficients, respectively, their equations can
be found in [10] and 7, is the group delay corresponds
to v-group.

Intermodal dispersion is a result of time delay
difference among guided modes. Each mode
propagates with a different group velocity. Therefore,
the higher the group delay difference, the higher the
pulse spreading. Pulse spreading increases the
effective channel delay, which leads to so-called modal
dispersion. However, this kind of distortion is not present
in SMF while it is significant in the MMF.

The group delay, the delay time of the guided modes,
is calculated from the propagation constant S, [1, 13].

0
T(m):aiwv

and therefore
N[ AR)(a+e(2) o 2 1%
T(nA)= Ay } 1—2A(A)(i%)“*2

c L oa+2

3

Where A is the wavelength, ¢ is the velocity of light
in vacuum and ¢ is the profile dispersion parameter given
by [13]

“N=-F 1 @

A is the refractive index contrast between the core center
(n,) and the cladding (7,) and it is given by

_hm—m

a— )

N, is the material group index defined as [14]

on
N(A)=m -2 =L
1( ) m o4 (6)

M is the number of mode groups propagating along the
fibre and is given by
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Fig. 3: Refractive index profile for 62.5/125 umMMF,

n= 146143, n, = 145274, A = 0.00595 and
A= 850 nm.

(7
A o+2
Where a is the core radius and « is the exponent
refractive index profile (« > 0).
The minimum modal dispersion of MMF occurs at the
optimum ¢ which can be obtained by [13]

o A(/l)}%

M(a2)=2n aM{—

B (4+¢) (3+¢)
Gop =2 e T e ®)

The above relation shows that «,, depends on A and
€ and eventually on the wavelength. Because the modal
dispersion is at minimum at «,,, the largest achievable
3-dB bandwidth can be obtained at «,,. Fig. 3 illustrates
the effect of & profile of graded index MMF (GI-MMF). It
can be noted that ioc controls the profile shape of the
refractive index. When « =2, the core profile exhibits a
parabolic shape. Nevertheless, by increasing «, the core
profile becomes gradually uniform and converges to the
step-index profile for large values of & (a > 25).

However, in the presence of different sources of loss
in MMF, additional loss comes from mode-interactions
between at least two adjacent modes within the core
area, thus, the attenuation coefficient differs from
mode to mode according to an empirical formula
suggested in [10, 15].

20

v—1

a(v. ) =ay(M)+ay(A) 1, (0 (7}%2 9

Where ¢, is the intrinsic fibre attenuation, /, is the
pth-order modified Bessel function of the first kind and n
is a weighting constant.

Frequency Response (dB)
N
o

20k —Without Mode Coupling |
“““““ With Mode Coupling
-25¢ R
3 . . . . .
[‘]I 0 1" 12 13 14 15 16

Frequency (GHz)

Fig. 4: Effect of Mode Coupling (MC) on the transfer
function of GI-MMF link for A= 850 nm, Z=2014 m,
=2

The function of differential mode attenuation (DMA)
is to highly attenuate higher order modes (the modes that
propagate away from core center) and their effects on the
overall fibre response are eliminated, leaving stronger
modes to represent the multimode fibre response. Only
low-order modes will arrive at the other end of fibre with
different group delay.

It should be mentioned that the evaluation of the
refractive index of optical fibre material is well-
approximated by the Sellmeier equation [16]. By
evaluating the refractive indices », and n, for A= 850 nm,
the propagation constant (f,) and wavelength-dependent
parameters as well as mode-dependent parameters can be
calculated. Table 2 presents these parameters which have
been used in the simulation of MMF transfer function.

The investigation of the MC effect on the transfer
function of the MMF link is shown in Fig. 4. It is worth
noting that the 3-dB bandwidth in the presence of MC
is ~780 MHz, while in the absence of MC is ~590 MHz.

Table 2: MMF parameters

Parameter Value
Laser source RMS linewidth 10 MHz
Fibre Dispersion Parameter -94 ps/(ns.km)
Fibre attenuation (o) 1.25 dB/km
Wavelength (1) 850 nm
Core refractive index (n;) 1.46143
Clad refractive index (n,) 1.45274
Material group index (V) 1.47517
refractive index contrast (A) 0.00595
Profile dispersion parameter (g) 0.10375
Core diameter (a) 62.5 um
Laser chirp («.) 0

n 7.35

P 9
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Thus, MC smoothes the link response and increases the
3-dB bandwidth. Moreover, the deep null point located at
12.09 GHz is minimized and shifted to the right when
taking into account the MC.

RESULTS

It has been assumed that the maximum delay spread
incurred by the channel is shorter than the cyclic prefix of
an OFDM symbol. Also, the simulation is carried out on
a symbol by symbol basis. Therefore, the cyclic prefix can
be dropped out as it has no effect on the BER analysis. It
should be noted that no pilot signal is considered for the
BER evaluations since perfect channel knowledge is
assumed and so, no channel estimation is needed.

Performance results are presented in terms of BER for
the QPSK-COFDM and 16-QAM-COFDM systems. The
information data bit is encoded with a rate-1/2
convolutional coder. The block interleaver with interleaver
depth equal to one OFDM symbol has been selected to
exploit the available frequency diversity.

The measured frequency response of MMF is shown
in Fig. 5, [17], using lightwave component analyzer
(8703A) for 3 m and 800 m fibre length, respectively. The
type of MMF is a graded index (GI) with 62.5/125 um
core/clad diameter. The laser source is a vertical cavity
surface emitting laser (VCSEL) and directly coupled to the
MMF. It can be observed from Fig. 5 that the flat
response is shown to appear clearly in the passband
region (i.e. beyond 3 dB bandwidth) for 3 m and 800 m
fibre, it is therefore possible to transmit multi-channel data
at carrier frequencies much greater than the of 3-dB
bandwidth of MMF.

The measured MMF response is included in the
simulation of BER of QPSK-COFDM system. The number
of equally-spaced subcarriers (N,) is chosen as 200
around the channel center frequency 3 GHz with
subcarrier frequency equal to 0.84 MHz and equivalent
data rate 168 Mbps. It can be shown from Fig. 6 that for
the measured response with 800 m length, E,/N, degrades
by more than 1.5 dB than the measured response with 3 m
length at BER of 107°.,

The BER performance of MMF at and close to «,,
has been evaluated for 5 km of fibre and presented in
Fig. 7. Taking the BER=1077, the required E,/N, is 8.12 dB.
However, small deviation from &, («,, + 5%) increases
the E,/N, to 10.21 dB which results in 2.09 dB penalty in
order to achieve the same BER.

Magnitude Response (dB)

100 1 2 3 4 5
Frequency (GHz)
Fig. 5: Measured frequency response for 62.5/125 um GI-
MMF
0 T T T T r
——Measured 800 m

AF T -*-Measured 3 m
2t
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w
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-
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2 10
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Fig. 6: BER versus E,/N, for QPSK-COFDM transmission
over measured MMF response, N, =200
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Fig. 7. BER  versus EJ/N, for QPSK-COFDM

transmission over MMF showing the effect of
deviation from optimum, N, = 200, z=5 km.

Moreover, further deviation from «,, (&, + 10%)
necessitates the E/N, to be around 11.63 dB. Thus,
additional penalty by 1.42 dB will be induced to maintain
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Fig. 8: BER versus E/N, for QPSK-COFDM with
different values of @, z=2014 m, N, = 200.

the same BER. As a result, the effect of modal dispersion
is considerably reduced by tailoring of the refractive index
profile of the fibre. However, the only disadvantage is that
it is more expensive than SI-MMF.

According to Eq. (8), the optimum value of « («,,)
for the frequency response at 850 nm wavelength
is found to be 2.089, whilst for 1300 nm is 1.9377. It is
worth mentioning that at the optimum profile of the
refractive index, the delay spread is at minimum
leading to the dispersion being at minimum. Fig. 8
depicts the BER evaluations for different values of a. It
shows that the BER increases as alpha moves away from
its optimum value. Compared with « close to the
optimum value (i.e. @=2.15 and «,, = 2.089), around 2 dB
is required to achieve the same BER at & =1. As a result,
increasing « leads to more degradation of the system
performance. By further increase of « (o > 25) the
refractive index profile becomes approximately constant
and therefore, the fibre tends to be as step-index (SI)
mode profile. Consequently, the expense of achieving
the required BER becomes higher due to an increase
in modal dispersion. It is clear that the best performance
is achieved using MMF with & optimum. However,
practical MMF is designed and fabricated with nearly
parabolic shape (i.e. @ = 2).

The influence of the fibre length on the system
performance is displayed in Fig. 9 with N, equal to
200-COFDM subcarrier spaced equally by 0.84 MHz with
and equivalent data rate 168 Mbps and modulated by
QPSK. The received signal was equalized by a
conventional one-tap frequency domain equalizer. It can
be seen that there is no significant degradation of
BER until the fibre length becomes close to 15 km due to

Log (BER)

E_/N, (dB)

Fig. 9: BER versus E/N, for QPSK-COFDM with
different fibre lengths, a=2.15, N, = 200
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Fig. 10: BER versus E,/N, for QPSK-COFDM using Sub-
optimal simplified LLR —Viterbi decoding with
different values of &, z=2014 m, N, = 200.

the considerable COFDM tolerance of modal dispersion.
The degradation is much more pronounced for fibre
length longer than 16 km. It thus appears that for fibre
length = 16 km the system performance is inferior to that
at 1 km fibre length by about 7 dB. After that, the signal
distortion cannot be tackled due to the significant
increase in modal dispersion and the signal amplification
becomes necessary to compensate for losses.

Further simplifications of soft decoding process can
be achieved by considering Log Likelihood Ratio (LLR) as
a sub-optimal simplified bit metric [11, 18, 19] inside the
Viterbi decoder. The advantage of LLR is that, it is more
practical for hardware realization than MLR because it
relaxes the high computational complexity [11]. To this
end, COFDM equalization combined with soft-bit
weighting (weighted by square magnitude of channel
transfer function) has been considered. Fig. 10 explains
that the BER is improved when using soft-bit weighting
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Fig. 11: BER versus E/N, for 16-QAM-COFDM using
Sub-optimal simplified LLR —Viterbi decoding
with different values of &, 7Z = 2014 m, N, = 200.

Table 3:  Ey/N, comparison of QPSK for different values of ¢ using

sub-optimal simplified LLR —Viterbi decoding and conventional
Viterbi decoding, log;, (BER)= -6
Ey/Ny (dB)

Soft decision Viterbi decoding  Soft decision Viterbi decoding

o of QPSK using MLR of QPSK using LLR
1 9.60 7.70
2.15 7.00 6.87
3 10.95 8.40
10 12.45 9.00
25 20.60 19.70

jointly with LLR n the Viterbi decoder. For ¢ =1, around
1.6 dB gain is achieved at BER of 10™° compared with the
conventional metric (MLR) used in soft-Viterbi decoder,
whereas for =3 and a~=10, the improvement 1s ~2.5 dB
and ~3 dB, respectively. Moreover, E,/N, comparison of
QPSK-COFDM for different values of & using optimal
simplified LLR—Viterbi decoding and conventional (MLR)
Viterbi decoding is included in Table 3 at fixed BER=10"°
It can be observed that no significance difference is found
at =2.15, this
the MMF channel effect introduces minimum_distortion

can be understood by knowing that
at this value of «.

For higher multi-level modulation schemes such
as QAM, explicitly 16-QAM, sub-optimal simplified
LLR is considered for path metric computation inside
Viterbi decoder and the BER results are depicted in
Fig. 11. It should be noted that COFDM parameters are
considered the same as in the case of QPSK. Therefore,
the data rate is doubled for 16-QAM (i.e. 336 Mbps)
compared with QPSK.

It is clearly seen from Fig. 11 that the effect of & on
the BER is significant, changing & from 2.15 to 3, a penalty

of ~ 1.7 dB is induced while for & = 10, results in around
4 dB cost. The BER floor appeared for & =25 and E,/N,
equal to 12 dB as there are no more errors could be
corrected with increasing E/N,.

By comparing BER results of QPSK and
16-QAM in Fig. 10 and Fig. 11, QPSK requires less
E/N, than 16-QAM for the same BER. Furthermore,
because of its constant amplitude properties, PSK is
less susceptible to channel nonlinearities and adds
less stringent implementation requirements
demodulation and recovery of data bits. However,
M-QAM achieves
it turns out that as M increases the advantage of QAM
over PSK grows.

on the

high levels of spectral efficiency;

CONCLUSIONS

BER evaluation of ROMMEF  system using
COFDM has been presented considering the MC and
DMA of GI-MMF. Both the effect of MMF length
and the exponent refractive index profile have been
taken into account as well as the measured MMF
response. The show  that
increasing the length of MMF degrades the system
performance though with
COFDM due to dispersion and losses. However, for
applications, COFDM can be wused

high data rate signal delivery and to
effect of modal dispersion. Also,
the exponent refractive index profile effect has
been studied and shown that the
can be

simulation results

even efficient use of
short-distance
efficiently for
tolerate the

best performance

achieved near the optimum wvalue of
Further work 1s
consider an accurate
ROMMF  system

the overall system

exponent refractive
processing  to
nonlinear laser model into the

index profile.
now under
model and to  investigate

performance.
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