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Adaptation of the Mode Group
Diversity Multiplexing Technique for

Radio Signal Transmission Over
Multimode Fiber

M. Awad, I. Dayoub, W. Hamouda, and J.-M. Rouvaen
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Abstract—The large bandwidth of multimode fiber (MMF)
makes it a very attractive medium for multiservice trans-
mission in building networks at low cost. The mode group
diversity multiplexing (MGDM) technique in graded-index
multimode fiber (GI-MMF) has been shown to be less expen-
sive with simpler transmitters and receivers, keeping the
same information capacity. However, the classic transmis-
sion in MGDM complicates the integration of radio-over-
fiber (RoF) services. In this paper, we propose a wired and a
RoF model dedicated to broadband indoor applications.
This model is based on a modified MGDM where we employ a
variation of the transmission power technique and a selec-
tion algorithm for the optimal transmitter. To evaluate our
system, the bit error rate and symbol error rate have been
computed.

Index Terms—MMF; Optical MGDM; Multiservice interfer-
ence (MSI); Mixed services.

I. INTRODUCTION

I n-house, there is presently a wide variety of networks,
each optimized for transporting a particular set of ser-

vices [voice telephony, radio over fiber (RoF), etc.]. The lack
of a common network infrastructure hampers the introduc-
tion of new services, and the creation of mutual relations
among them. In short-reach optical networks, especially in
local area networks (LANs), multimode fiber (MMF) links
have been selected as the basic infrastructure [1]. Due to its
large bandwidth, MMF seems to be the only medium able to
offer broadband multiservices in the office and in in-door
networks. A MMF network can constitute the backbone of
the network, which feeds the fixed-wired services (such as
data services gigabit Ethernet), as well as wireless services
(IEEE 802.x, for example) in a single building using a mul-
tiplexing technique. To simultaneously transport various
types of services [having various bandwidths, specific signal
formats, diverse requirements in quality of services (QoS)],
such a technique must meet a high efficiency/cost ratio.
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There exist several conventional techniques, such as opti-
al time-division multiplexing (OTDM), for the implementa-
ion of multiservice networks over MMF. However, OTDM is
imited by the difficulty of generating short impulses. There-
ore, the use of the OTDM technique in in-door networks is
imited by the modal dispersion of the fiber, which widens
he optical impulses. In addition, recovery of the synchroni-
ation signal at the receiver is difficult due to both modal
ispersion and phase shift.

On the other hand, wavelength-division multiplexing
WDM) is known to improve the network capacity, and it en-
bles the integration of different services in a single-MMF
etwork, allowing the optimal use of the optical bandwidth

2]. This technique is limited by the capacity to generate an
dequate optical carrier and correct data transmission at ac-
eptable distances. Indeed, WDM requires wavelength-
pecific sources in addition to wavelength-selective network
unctions, which are still quite costly [3].

Optical code-division multiple access (O-CDMA) is an-
ther candidate for multiservice systems with high capacity.
he application of direct sequence CDMA (DS-CDMA) with

he MMF has been demonstrated in [4]. However, spread
pectrum with high flow rates �10 Gb/s� requires the use of
asers at high frequencies, which renders the system more
xpensive. Indeed, time-spreading CDMA for RoF systems
ight need code or carrier synchronization. In [5], a band-

ass sampling technique with an aliasing canceler has been
ntroduced to improve the carrier-to-interference ratio
CIR).

Subcarrier multiplexing (SCM) allows the transmission of
arious services with simple detection and efficiently ex-
loits the bandwidth of the fiber. This technique is based on
he generation of various electric subcarriers associated
ith various signals. These carriers are then combined and
sed to modulate an optical carrier [6]. However, the use of
similar communication technique, as in the case of the

CM, is more sensitive to the effects of noise and distortion
ue to the nonlinearities of the MMF. Moreover, these con-
entional techniques do not take into consideration the in-
ermodal dispersion, where system performance is still lim-
ted to low bit rates and short distances.

Another technique known as mode group diversity multi-
lexing (MGDM) has been introduced recently to replace the
2011 Optical Society of America
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more expensive WDM in LAN networks. The idea behind
this technique arises from a recently developed wireless
transmission scheme known as the basic local alignment
search tool (BLAST) [7]. The MGDM is a multiplexing tech-
nique, based on the spatial launching and detection of sub-
groups of modes to create a number of independent commu-
nication channels in a single MMF. This technique exploits
the unused capacity of MMF for improving the bandwidth
� fiber length product. In MGDM, the excitation of sub-
groups of modes decreases the intermodal dispersion, result-
ing in up to a fourfold bandwidth increase by exciting less
than 50% of the fiber modes [8]. In that, every transmitter
launches a defined mode group (MG), which is detected by a
spatial receiver placed at the end facet of the fiber. However,
the MG propagation in each channel is not ideal. This is due
to subgroup mode mixing and nonorthogonality of transmit-
ters and receivers, which causes crosstalk between propaga-
tion channels producing multiservice interference (MSI). To
separate the services, electrical signal processing is required
after the optoelectronic conversion.

MGDM with multiple input and multiple output is simi-
lar to multiple-input–multiple-output (MIMO) systems in
radio communications. The digital signal processing (DSP)
used in radio networks to mitigate the effects of multiple
channels can be used to mitigate the MSI in optical net-
works employing MGDM. Yet, efficient algorithms and hard-
ware implementations are needed to facilitate the separa-
tion of services after the optoelectronic conversion. For
MGDM, the simplest receiver architecture is based on ma-
trix inversion, a zero-forcing (Z-F) equalizer in line with the
requirement of service transparency [9].

Koonen et al. in [10] have pointed out the challenges of
the MGDM application for radio services. The electrical part
of the receiver and processing electrical signal (i.e., Z-F)
complicate the integration of radio services. In this paper,
we demonstrate the possibility of adapting this technique
for radio services. For this purpose, we present a modified
MGDM model for radio signal transmission in the presence
of baseband signals. This model incorporates the idea of the
optimal antenna selection in MIMO radio systems [11].

The paper is organized as follows. In Section I, the classi-
cal MGDM technique description is given. In Section II, we
review the algorithm of orthogonal channels in the modified
MGDM system. In Section III, we present a modified
MGDM system with simulation results. Finally, the discus-
sion in Section IV provides perspective on the key points.

II. CLASSICAL MGDM TECHNIQUE DESCRIPTION

Several scenarios are studied to realize an optical MIMO
system at low cost. Coherent optical MIMO (CO-MIMO),
presented in [12], is based on the coherent optical system
and its potential to exploit the inherent information capac-
ity of the MMF. The use of directional couplers allows differ-
ent mode groups to be launched and received in order to re-
duce the correlation among subchannels. But even with
these simple coupling techniques at the input facet of the fi-
ber, their use launches a large number of propagation
modes. In this case, the intermodal dispersion remains sig-
ificant, and CO-MIMO does not improve the transmission
uality in an obvious manner.

The MGDM technique with a spatial coupler and receiver
an allow for the launch of limited subgroup modes (SGMs)
ssociated with each transmitter. This technique reduces
he intermodel dispersion by keeping the high capacity of
he system and maintaining orthogonality between several
hannels. Each transmitter is characterized by two param-
ters, offset and spot size: the offset �F� is the transmitter
osition according to the central axis of the propagation in
he fiber, and the spot size �w� is the size of the incident light
eam on the input facet of the fiber. Once these two param-
ters are determined, it is possible to launch the light source
ith a given angle (�: angular offset) in order to obtain �
100% efficiency [13]. In our work, we took into account the
ngular offset as mentioned to minimize the power loss. Also
he realization of transmitters is possible through single-
ode fibers (SMFs) associated with each user, with its ra-

ius determining the spot size [14]. For example, for a
GDM �3�3� system, almost three separate channels are

reated in a GI-MMF �62.5/125� by the injection of the light
n three different offsets: F=0,13, 26 �m. Figure 1 shows
he excitation profile of SGMs and the power distribution ac-
ording to these three offsets.

The central transmitter �F=0� launches only lower-order
odes (LMs) (in the ideal case, the lowest mode will carry
ore energy). For the launching of the light at F=13 and

6 �m (extremity channels), higher-order modes (HMs) are
xcited, which are mainly traveling in the outer region of
he MMF core. However, the propagation of SGMs associ-
ted with each channel along the fiber is not totally inde-
endent. A “modes mixing” between the various SGMs
auses channel overlapping and degrades the orthogonality
f the system. At the reception, every SGM has a specific
rea of optical energy distribution at the output facet of the
ber. Figure 2 shows the intensity distribution of the light
ux of the three channels in the plane perpendicular to the
xis of the fiber propagation with L=100 m.

For the fundamental channel �F=0 �m�, the light energy
s concentrated in a zone at the middle of the fiber core. But
he light energy at the extremity channels is distributed in

ig. 1. (Color online) Excitation profile at the input facet of GI-
MF �62.5/125� for three offsets with w=4 �m.
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the outside region of the core. The reception part can be
achieved by using a lens placed on the output facet of the
fiber, for the projection of the optical light onto an optoelec-
tronic integrated circuit (OIC), which employs photodetec-
tors and preamplifiers (PDIC) [13].

For a MIMO radio system, the relationship between an-
tennas at reception and emission is presented in matrix
form. Similarly for an O-MIMO system, the relationship be-
tween receivers and transmitters is presented analytically
by a matrix. Elements of this matrix present the subchan-
nels in the fiber. The relationship between the N received
electrical signals �yi� and the N emitted electrical signals �si�
is written in the form

�
y1

y2

]

yN

� = �
h11 h12 ¯ h1N

h21 � ¯ h2N

] ¯ � ]

hN1 hN2 ¯ hNN

� · �
s1

s2

]

sN

� + �
n1

n2

]

nN

� �1�

or in matrix notation as

y = H · s + n, �2�

where y, s, n are, respectively, the received signal vector,
the emitted signal vector, and the additive noise from the re-
ceivers. The matrix elements hij describe the signal transfer
from the transmitter i to the detector j. Each element has an
amplitude [representing the path mitigation �i , j�] and a
phase [corresponding to the delay of the specific path �i , j�].
In the case of MGDM with negligible modal dispersion, the
coefficients hij take real values, expressing the proportion of
power transmitted by the ith source and received by the jth
detector [13].

In [15], we have presented an analytical model of the
MGDM �N�N� system. This model is based on the reso-
lution of propagation equations in the multimode fiber. A
transmitter modelization by a Gaussian field is followed by
a determination of the SGM launched by every transmitter
according to the pair �w ,F� (determination of the modal am-
plitude coefficients by the overlap integral between the elec-
tric field of the SMF and that of the MMF). At reception, the
output facet of the fiber is divided into N sections, followed
by the determination of the light flux intensity in each area.

Fig. 2. (Color online) Light intensity distribution for three excita-
tion positions �F=0,13,26 �m�.
he distribution of N light fluxes over N sections allowed us
o determine the coefficients of the matrix H. This model is
ollowed by a complete study of spatial emission and recep-
ion conditions in order to increase the orthogonality be-
ween channels and to maximize the system capacity. More-
ver, by using this model, we evaluated the MMF MGDM
ystem performance for various numbers of users. The re-
ults indicate a BER �10−10 for a 5�5 MGDM system for a
Gb/s bit rate over several hundred meters of MMF. The

oupling effects on MMF are divided into intermode and in-
ramode mixing. Intramode mixing depends on the light
ource and occurs between modes of the same SGM. Intra-
ode mixing is the major effect in MMF transmission apart

rom external factors acting on the fiber. The modeling of the
ntramode mixing method is presented in [14], where the
ower is distributed evenly among the SGMs. The inter-
ode mixing occurs between different SGMs (produced by

xternal effects on the fiber: curvature, microcurvature,
tc.). Note that intermode mixing increases MSI. In our pre-
ious work [15], we developed a theoretical model including
he modeling of curvature effects of installed fiber, due to a
echanical deformation, producing intermode mixing. In

ddition, we have also considered the radius of curvature
Rc� equal to the minimum radius �Rmin� provided by the in-
tallers. We found that the MGDM system maintains good
erformance if Rc�Rmin, and otherwise the system perfor-
ance degrades [e.g., the MGDM �3�3� is 300 m for D
10 Gb/s, and the BER varies from 10−12 to 10−7 for a
trong curvature].

The work that we present in this paper is based on the
se of this demonstrated model with optimal emission and
eception conditions as illustrated below. Also in this work
e take into account the intramode mixing effects.

III. MODIFIED MGDM ALGORITHMS

The classical MGDM system is based on equal optical
owers for all channels in the system. In addition, the model
rchitecture of the classical MGDM system is adapted for
aseband service transmission. The modification of this ar-
hitecture at the transmitter or the receiver allows us to add
adio services to the system. The aim of such an architecture
odification is to maintain an orthogonality between radio

ervices (launched on a single transmitter) and other base-
and services. The orthogonality here means an aggregate
f baseband signals without influence from the radio signal.
hus, the received radio signal is transmitted at the end
ser without modification. In addition, the orthogonality is
aintained among all services.

In a previous work (i.e., European Project ROSETTE), we
emonstrated that all radio standards of the second and
hird generations (i.e., GSM, UMTS, Wi-Fi, etc.) can be
ransmitted over one fiber with high QoS where the fiber be-
aves as a simple transport medium (without any radio sig-
al processing) [1]. Indeed, all radio signals are emitted over
he fiber using just one MIMO channel �offset=0�.

In [16] we presented a model of modified MGDM by an or-
hogonality at the receiver. The reception of the radio signal
carrier frequency: fp=2.5 GHz) launched at the central
ransmitter is followed by an electrical bandpass filter after
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the optoelectronic conversion. On the other hand, the recep-
tion of baseband signals is followed by low-pass filtering
techniques controlled by their bit rates �D=1 Gb/s� to sepa-
rate them from the radio signal. However, the use of this
system for a radio signal and for a baseband signal, both
having the same frequency band, is complicated. For ex-
ample, the transmission of a GSM signal with fp=1 GHz
and a baseband signal with D=1 Gb/s on the same fiber by
the use of the MGDM technique complicates their separa-
tion by filtering systems at the reception.

Here we propose a technique, based on orthogonality, that
can be adapted at the emission part. This approach is based
on techniques similar to those used in MIMO radio systems
for optimal antenna selection [17]. A selection criterion of
the suboptimal antenna is used in the case of the linear and
coherent receivers: a signal-to-noise ratio (SNR) postpro-
cessing of the multiplexed stream, which involves choosing
the antenna that results in the minimum SNR as being the
optimal antenna. Therefore, using the optimal antenna
(lowest power) for data emission leads to good performance
in terms of probability of error. The aim of optimal antenna
selection in radio MIMO systems is mainly to improve
transmission quality. In our study, we will take part in this
study (selection of optimal transmitter) in the optical case,
to associate the optimal transmitter of radio signals. We will
adapt a selection algorithm to create orthogonality at the re-
ceiver side of the MGDM system. Note that the selection al-
gorithm in radio systems is only suitable for a sufficiently
slow time-varying channel. In the optical MIMO system, es-
pecially when using MGDM, the coefficient of the H matrix
varies slowly in time compared with the symbol period. The
effects of temperature on MGDM have been studied in [18].
It is noted that the temperature acts slowly on both SMGs
and the redistribution of the modal power. The strategies for
adapting the H-matrix coefficients can be dynamically de-
signed. These variations can be monitored by adding some
redundancy to the transmitted signals using online coding.
These codes allow the detection of transmission errors at the
receiver. If too many errors occur, the receiver may request
through a feedback channel to the transmitter to send an-
other training sequence for a new system initialization.

The analytical model describing the relation between
transmitted and received signals presented in Eq. (1) for the
MGDM system can be modified and written as follows:

�
y1

y2

]

yN

� = �
h11 h12 ¯ h1N

h21 � ¯ h2N

] ¯ � ]

hN1 hN2 ¯ hNN

� · �
s1

s2

]

sN

� + �
h1r

h2r

]

hNr

� · sr + �
n1

n2

]

nN

�
�3�

or in compact form as

y = H1 · s� + H2 · sr + n. �4�

The transfer matrix H is decomposed into two parts: H1,
which represents the channel matrix associated with base-
band services s�= �s2 ,s3 ,sr−1,sr+1, . . . ,sN�, and H2, the chan-
nel matrix associated with radio services �sr�. The idea is to
create a maximum orthogonality between H1 and H2 at the
transmitter side. To achieve this goal, we have introduced
wo criteria: the power criteria to protect baseband services
nd the choice of the optimal transmitter criteria to enable
adio services transmission.

. Power Criteria

Before the launching of various services in the fiber, it is
ossible to protect baseband services by the variation of op-
ical powers. This power variation allows the overlapping of
ubchannel H2 over H1 to be decreased. Indeed, each re-
eiver captures a mix of signals. For example, receiver x will
apture the fundamental signal in demand �sx�, consisting of
mixture of baseband signals and that of the radio signal,

yx = hx2s2 + ¯ + hxxsx

BB Signals �I1�

+ hxrsr + nx

Radio Signal �I2�+noise

.

�5�

o recover the data stream ŝx at reception, it is necessary to
educe the overlap with the radio signal �I2� before separat-
ng baseband signals �I1� by electrical signal processing. For
his purpose, we suppose that the radio signal forms an ad-
itive noise acting on the receiver x (i.e., the product hxrsr
resents a noise that affects the received signal yx). For the
adio signal to be considered as additive noise, it is neces-
ary that I2�I1. For that, we have considered two factors:
he optical power of the radio signal and the coefficient hxr.

The radio signal is launched at the transmitter side with
n average optical power P1, while each baseband signal is
aunched with an average power P2 such that P2�P1. For
hat purpose, let us define the power ratio � as follows:

� =
P2

P1
, �6�

ith ��1.

The choice of average powers �P1 ,P2� at emission is re-
ated to the product �I2 ,I1� at reception and the additive
oise �n2� with the following relationship: n2�I2�I1. Note
hat the noise element n2 is the additive noise affecting the
eceiver R2 resulting from the optoelectronic component.

In an optical reception system, the element with the high-
st noise is the photodiode. n is a thermal noise due to ran-
om movements of electrons in any conductor. Mathemati-
ally, this intrinsic thermal noise in a conductor of
esistance R is modeled as a Gaussian random process with
ne-sided spectral density given by

Nth =�4K · T · B

R
. �7�

ote that the choice of the optimum transmitter associated
ith the radio signal can decrease the correlation factors hxr
s well as I2, where the coefficient hxr represents the influ-
nce of the radio signal on the receiver x.

. Choice of the Optimal Transmitter Criteria

To protect the radio signal [launched with low power �P1�]
nd to increase the orthogonality at reception with other
ignals, it is necessary to launch it on an optimal channel.
e define the factor of the total optical crosstalk �	i� at the

eception area R as
i
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	i = 10 · log10��	
i�j

hi,j
� �hi,i�
 , �8�

where the coefficient 	i measures the orthogonality between
receivers and depends on the values of the matrix coeffi-
cients H. The values of coefficients hij are given by [15]

hij =
Ij�Ri,L�

Ij�R,L�
, �9�

where Ij is the light flux intensity emitted by the jth trans-
mitter, Ri is the area of the jth receiver, R is the total area of
the core fiber, and L is the fiber length. The light flux inten-
sity is given by

I�R,L� =
1

2	
�,


�a�,
�L��2
R

��,

2 ds + 	

����
�
�
�a�,
�L� · a��,
��L�

�
R

��,
���,��ds�cos���,
 − ��,
��L�, �10�

where a�,
 and ��,
 are respectively the modal amplitude
and the modal function of the �� ,
� mode. �,
 is the propa-
gation constant. Note that the optical crosstalk �	i� depends
on the area Ri �	i= f�Ri��.

We take the example of an MGDM �4�4� system for both
types of GI-MMF (50/125 and 62.5/125). By determining 	i
of each receiver Ri� �R1 , . . . ,R4�, we can determine the opti-
mal channel (Fig. 3), the one with the minimum value of 	i.

Figure 3 shows that receivers R1 and R4 are less affected
by other signals [	1�−3 dB, 	4�−5 dB for the MMF
�62.5/125�]. These two receivers are associated with the cen-
tral �F=0 �m� and eccentric transmitters �F=26 �m�, re-
spectively. These two transmitters can represent the opti-
mal choice for the radio signal transmission. However, the
choice between these two transmitters depends on their or-
thogonality, such that the product I2=hxrsr will be the low-
est possible. By comparing the partial optical crosstalk of
the fundamental channel �	1x=10 log10�hx,1 /hx,x�� of each re-
ceiver with that of the extremity channel �	3x
=10 log10�hx,3 /hx,x��, we can determine the optimal transmit-
ter of the system (Fig. 4).

Figure 4 shows that the influence of the fundamental
transmitter on R2 is lower than that of the eccentric trans-
mitter [F=26 �m, for MMF �62,5/125�] (	12=−7 dB and

Fig. 3. (Color online) Crosstalk 	i associated with each receiver
�R � for a 4�4 system.
i
32=−3 dB). Moreover, the effect of the fundamental trans-
itter on the extremity receiver �R3� is lower than the in-

erse effects of the eccentric transmitter on the receiver R1
	13=−28 dB and 	31=−9 dB). The low influence of the sig-
al associated with the fundamental transmitter on all re-
eivers renders this as the optimal transmitter. Given this,
he product I2 decreases, which allows us to consider this
roduct as an additive noise. Such noise is then added with
he noise of optoelectronic components on the receivers as-
ociated with the baseband signals. In addition, we have
hown in [15] that the fundamental channel delivers good
erformance even in the presence of external disturbances
cting on the fiber. This is important to protect the radio sig-
al launched with a low optical power.

On the other hand, the radio signal �s1� is received by the
undamental receiver �R1� with a mixture of other service
nterference and an additive noise:

y1 = h11s1

�1

+ h12s2 + ¯ + h1NsN

�2

+ n1.

�11�

e should note that signal processing after the receiver R1
o recover the radio signal complicates the system. Also it is
ecessary to recover the radio signal and send it to the end
ser without alteration. In order to protect the radio signal
rom overlapping with other users’ signals, we propose to
end a radio signal on an optical carrier ��1�, and other sig-
als on a different wavelength ��2�. To maintain better qual-

ty of transmission of the radio signal, we use an optical fil-
er at �1 to recover the radio signal at the receiver R1.

Note that the classic emission of the MGDM system with
n equal power and an optical frequency (P, �) is modified
y a dual power (P1, P2) and a dual optical carrier (�1, �2).
igure 5 shows the change in the distribution of the average

ig. 4. (Color online) Partial optical crosstalk for the MGDM �3
3� system.

ig. 5. (Color online) Emission with various average optical pow-
rs and wavelengths.
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optical power by the users at the input facet of the fiber for
a MGDM �3�3� system. The matrix coefficients H describe
the spatial distribution of optical power or the ratio of the
emitted power on a given surface. Their values do not
change by the variation of power and the wavelength on
various channels.

Note that, by comparing the WDM with the modified
MGDM for an �N�N� system, WDM requires N optical fil-
ters at the reception part, whereas our model needs only one
filter dedicated to radio services.

IV. MODIFIED MGDM SYSTEM APPLICATION AND

SIMULATION

Here, we analyze the system performance of the modified
MGDM communication link model in Section 3, including
the radio signal and several baseband signals. For N�N
MGDM systems, we simulated the average BER and SER
for several system configurations with different numbers of
users, power factor �, and SNR. The simulated model is
shown in Fig. 6.

Our simulation chain is carried out using the VPI soft-
ware. We assume N independent inputs: one radio signal
and N−1 baseband signals. To demonstrate that we can ob-
tain good-quality radio frequency transmission over MMF,
with the MGDM technique, we used 16-QAM for the radio
signal. In our simulations we consider a carrier frequency of
2.5 GHz, with a bit rate set to 32 Mb/s (IEEE 802.11 g stan-
dard). Optoelectronic transpositions have been realized by a
�1=1300 nm laser providing an optical power P1. The radio
signal is emitted into the central transmitter (F=0 �m,
channel #1). On the other side, each baseband signal is on–
off keying (OOK) modulated by an independent pseudoran-
dom binary data stream �2.5 Gb/s�. Each laser, associated
with a user, modulates the binary data at the same wave-
length ��2=1315 nm� with the same power �P2�. By cosimu-
lation using Matlab and VPI, we introduce the MGDM chan-
nel model presented in [15].

At the receiver, each photodiode captures a mixture of sig-
nals. The central receiver R1 is followed by an optical filter
to recover the radio signal that will be sent after the electro-
optical conversion to the end user. Photodiodes for the re-
ceiver R2 to RN are followed by electrical signal processing
to recover the baseband signals. For MGDM, the simplest
receiver architecture is matrix inversion, a Z-F method in
line with the requirement of service transparency. From Eq.
(4) the relation between the signals is given by

Fig. 6. (Color online) M-MGDM model.
s�̂ = s� + H2H1
−1 · sr + nH1

−1. �12�

igure 7 shows a baseband signal emitted in a modified
GDM �2�2� system (MMF 50/125) and an equivalent sig-

al at reception (receiver R2). The received signal shows the
verlap of the radio signal for �=2.

For our simulation, we study the performance of the sys-
em by measuring the BER after equalization (Z-F) and by
easuring the SER for the radio signal after filtering. For

n M-MGDM �3�3� system [MMF �50/125�, fiber length L
800 m], we estimated the BER of the baseband signal at
eception according to the factor � and by varying the aver-
ge emitted power (Fig. 8). With low power �P2=−19 dBm�,
he BER is very high, even for high values of �. However,
ith P2=−14 dBm, and for �=5, BER�10−9.

Note that the radio signal interference on channel #2 be-
omes low for ��5. In addition, we have drawn the worst-
ase scenario when both the baseband and radio frequency
ignals are in the same bandwidth (e.g., 2.5 GHz), where ra-
io frequency signal impacts are maximum on the base-
and. When the frequency offset between the radio fre-

ig. 7. (Color online) Waveform signal: (a) emitted signal (mW), (b)
lectrical received signal.
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ig. 8. (Color online) BER according to the factor � for several
mitted powers P .
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quency signal and the baseband is large (i.e., 1 GHz), then
we can use smaller values of �.

In Fig. 9 we compare the BER calculated for the signal as-
sociated with the second �F=10 �m� and third transmitters
�F=19 �m�, respectively. Figure 9 shows a comparison of
BER according to the average power at emission by taking
an average power factor of �=5.

The difference of the BER for both channels shows that
the transmitter associated with channel #2 �F=10 �m� re-
sults in slightly better performance than the one for channel
#3 �F=19 �m�.

Until now, we have shown only the performance for base-
band signals, which vary according to the average optical
power associated with the radio signal transmitter. In what
follows, we present the performance of the radio frequency
signal in our model. After an optoelectronic conversion and
demodulation of radio signals at reception, we calculate the
SER. By calculating the SER according to the variation of
the factor � with low powers at emission P2, we obtain the
results presented in Fig. 10 for MGDM �3�3�.
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Fig. 9. (Color online) Comparison of BER for two extremity
channels.
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Fig. 10. (Color online) SER according to the factor � for several in-
put powers P .
2
From Fig. 10, for a low power factor �, the best perfor-
ance is obtained for the radio signal, even for low powers.
lso, for low input power �P2=−21 dBm�, the performance
egrades for high values of � (SER�10−2 for �=5). But, for
power of P2=−16 dBm, the best performance is obtained

ven for low values of � (SER�10−10 and SER=5�10−5 for
=5 and �=10, respectively).

Note that the transmission of radio signals and baseband
ignals �3�3� is guaranteed by the use of our model: for �
5, SER�10−9 and SER�10−10 for the baseband signal �D
2.5 Gb/s� and radio signal �fp=2.5 GHz�, respectively. It is
lear that increasing the radio signal frequency degrades
he radio signal quality (SER). Therefore, at higher radio
ignal frequency, we can use smaller values of �.

Moreover, the choice of the factor � varies with the num-
er of users. We compared the performance of the baseband
ignal (channel #2) in a 3�3 system with that of 4�4 and
�5 systems. Figure 11 depicts this comparison for average

nput powers of P2=−14 and −11 dBm.

From Fig. 11, we can see that the product I2=hx,1s1 varies
ccording to the number of users and hx,1 becomes higher
ince receivers are spatial detectors. In addition, the dis-
ance between receivers decreases with the number of users,
nd interference among signals increases, especially that of
he radio signal. For a BER�10−10, the power factor varies
ith the number of users: �=5 and 9 for 3�3 and 4�4, re-

pectively, with P2=−14 dBm. But, with this power �P2=
14 dBm�, the BER does not reach 10−7 for the 5�5 system.
lso for an emission with an average power P2=−11 dBm,
e obtained a BER�10−10 for the 5�5 system with �=14.

V. SUMMARY AND DISCUSSION

The transmission of different services by a multimode fi-
er using the MGDM technique is effective in in-door net-
orks. We studied the possibility of using this technique for

ransmission of radio services with baseband services (Eth-
rnet, for example). One problem in this case is the detec-
ion of the radio signal by the equalizer. To solve this prob-
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ig. 11. (Color online) BER according to � for 3�3, 4�4, and 5
5 systems.
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lem, we have presented a model based on the launching of
services with a difference in optical power. In our system,
the radio signal is emitted on the optimal channel to protect
baseband services. We demonstrated by simulation, with
the adaptation of the radio signal with baseband signals,
that better performance for baseband signals are achieved:
BER�10−10 for D=2,5 Gb/s in M-MGDM �3�3� system
over several hundred meters of MMF. We have also demon-
strated the best performance for the radio signal, even with
low optical powers.
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