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Abstract— Infrared optical wireless (OW) is a promising
technology associating free-space propagation and infrared
radiation for home networks. OW offers several advantages
over radio technologies, making it an attractive solution for
short range communications. However, OW technology is
not as mature as for radio; further advanced studies
regarding optical components and physical layer issues are
still open. Coded orthogonal modulations such as Coded
OFDM (COFDM) are currently used in many radio and
fixed transmission systems. Among these modulations,
COFDM/OQAM is an interesting alternative to classical
COFDM modulation, as it does not require the use of a
guard interval and it has an optimal spectral efficiency. In
this paper, we present a comparative study of modified
COFDM and modified COFDM/OQAM schemes adapted to
intensity modulation and direct detection over a diffuse
channel based on experimental measurements. Ki-ary
QAM modulation is used, the two schemes offer the
possibility to increase the bit rate of OW communications.
They also mitigate the effects of inter symbol interference
(ISl). On the other hand, modified COFDM/OQAM could
outperform modified COFDM schemes with a cyclic-prefix.

Index Terms— OW, optical wireless, infrared, FSO,
intensity modulation, IM/DD, COFDM, OQAM

I. INTRODUCTION

addition, the OFDM efficiency is only optimal when a
channel coding is associated to it [3]; we are talking
about coded OFDM (COFDM). This makes cyclic-prefix
COFDM a suitable scheme to be associated with wireless
applications like OW [4]. Nevertheless, there exist other
COFDM based modulations such as coded OFDM/offset
QAM (COFDM/OQAM) [5-8] for which no cyclic-prefix

is required. These modulations are robust to both
frequency and time selectivity. In this paper, we compare
these two schemes in the OW context. In Section I, we
briefly describe the OW technology. In Section I, we
present generalities about OFDM/OQAM modulation. In
Section IV, we provide the common architecture for
studied schemes before recalling the required adaptation
of COFDM and COFDM/OQAM to OW characteristics.
In Section V, we provide system performance over
corresponding infrared channels. Finally, in Section VI,
we give conclusions and perspectives.

Il. OPTICAL WIRELESSTECHNOLOGY

First, we describe OW propagation models; we focus
on the equivalent baseband model, which is different
from classical baseband models in radio-frequency
systems. We also give noise and diffuse channel

Infrared optical wireless (OW) benefits from a numbercharacteristics.

of advantages qualifying it as an alternative, or a seriou
complementary solution to radio frequency transmissio

. Propagation Models

[1, 2]. First, OW takes advantage of the unregulated and There are several OW topologies of propagation in
unlicensed optical spectrum. Also, we do not have anijmited indoor space [9]. Line of sight (LOS) propagation
kind of interference with existing radio systems. Sincds the simplest typology in optical wireless systems and
optical waves are stopped by walls, transmission securitfie most commonly used in point-to-point systems. In
is ensured and frequency reuse is much easier. Undéis configuration, the transmitter and the receiver must
good conditions, OW should support high bit ratese oriented towards each other to establish a permanent
needed for multi-media services. However, besides the temporary link by removing any obstacles between
advantages, and in a diffuse propagation, the chann#lem. The majority of the transmitted beam is then
suffers from frequency selectivity causing inter symboMdirected towards the receiver.

interference (ISI) problems and decreasing the achievable Wide

data rate.

line of sight (WLOS) typologies are
characterized by transmitters with wider divergence

Orthogonal frequency division multiplexing (OFDM) angles and receivers having larger field of view (FOV)
converts a frequency-selective channel into a set dhan those of LOS typology. This wide coverage area
parallel frequency-flat fading channels. This is, of course9ffers a greater freedom with respect to the alignment
only valid if the cyclic-prefix (CP) is longer than the between transmitters and receivers; however it can
maximum delay spread introduced by the channel. Igignificantly decrease the received optical power.

In a diffuse (DIF) typology, independently of the
obstructing objects, the link is always maintained



between the transmitter and the receiver. This is thanks to ThusP; is proportional to a time integral aft) rather
multiple reflections of the optical beam on surroundin
surfaces such as ceilings, walls and furniture. In this ca - )
the transmitter and the receiver are not necessarigommunications whex(t) represents amplitude.
directed towards one another; the transmitter benefits Another important parameter is the channel d4(@)
from an important beam divergence and the receiver has? the null frequency, which is given by

very large FOV. This corresponds to the general case of
OW multipath channel [10].

B. Baseband Model

The phase control of an optical signal is rather difficult
and expensive to achieve. Moreover, in the case of one orReceived optical power is a crucial parameter in any
several reflections, we obtain a potential modification obptical system evaluation. When its value is lower than
the phase. Because of difficulties in detecting the phase the receiver sensitivity, the system does not work any
wireless optics, the majority of the current systems usmore. The average received optical power can be written
intensity modulations (IM) techniques, such as on/offn the form of
keying (OOK), and pulse position modulation (PPM)
[11]. The information is coded by the instantaneous 1T
optical power of the emitting diode. On the other hand, P =limi— I(x(t)@ h(t)dtt=H@O)R  (5)
the reception is a direct detection (DD), in which the Toe=| 2T
photodetector produces a photocurrent proportional to the
received optical power. More precisely, it is proportional )
to the integral on the photodetector surface of thé&- Noise Nature
instantaneous optical power received in each point of the Depending on the environment, the noise spkctra
detector. This type of transmission is commonly calledlistribution is an important factor in determining the
IM/DD [12]. suitable wavelength and analyzing system performance.

Multiple reflections lead to spatial variations of In OW links, the noisen(t) can be split into three main
magnitude and phases of the optical received signal. komponents:
mobile radio channels, multipath fading is generally
experienced as the detector is smaller than a waveleng#h. thermal noise due to thermal effects in the receiver,
However, in OW communications, multipath fading ise periodic electric noise resulting from the variation of
not present due to the very high ratio between fluorescent lamps or tubes due to the method used for
photodetector area and optical wavelength. The output of driving the lamp using the ballast,
the photodetector is thus, a spatial mean of th@ and shot noise, which is the dominant one in a well-
instantaneous received signal over the photodiode area designed indoor receiver
vanishing fading values. But, in the time domain, as the
transmitted optical power propagates along various paths o2=02 = NS B (6)
of different length, OW communications suffer from t = Pshot ™ 70
multipath distortion. ISI problems become seriously
harmful in diffuse mobile configurations. The basebandvhere NG® is the single-sided power spectral density, and

gtehan the usual||x||2, which is appropriate in radio

H(0) = f h(t)dt 4)

-T

channel can be modeled as [9] B the modulation bandwidth. From a theoretical point of
view, shot noise depends on the entire incident light,
¥ )= R (1) ® h(t) +n(t) (1) useful and background, striking the detector. However,

received background power is very high with respect to
signal useful power, even if the receiver uses an
appropriate optical filtering. Hence, we can neglect the

' shot noise caused by the signal and model the ambient-
induced shot noise as Gaussian

where ® denotes the convolution operatof(t) the
transmitted optical powegy(t) the received photocurrent
R the photodiode responsivitiy(t) the channel impulse
response (CIR) analt) the different noise contributions.
This baseband model differs from radio models. The _ <5
channel input in this equivalent baseband model is an NGZ=21( jpe +! d)=21(l utlogt Id)Equbg ™
optical powerx(t) is hon-negative
whereq is the electron chargg,, is the photocurrent due
X(t)=0 (2) toall incident powerly is the obscurity dark currerit, is
the useful photocurrent and,, is the background

Thus, the time average transmitted signal is positiv@hotocurrent  proportional to the ambient light
and should be seen as the average transmitted optidzckground powert,; = R B, ;.
powerP When we have only a single direct path without

T reflection, this LOS/WLOS channel is similar to the well-

.1
R=lm— J.Tx(t)dt () known additive white Gaussian noise (AWGN) channel.



Geller & Bapst channel and 15]. Some of them are only simulation programs,
while others are experimental methods developed to
measure the influence of real indoor environments on the

o1 S W

o3 -\ CIR. The major limitation of such methods is due to the
optical link margin. In DIF typologies, a reliable impulse
i (i Nl B response would require a huge transmitted optical power.

Without using walls with high reflectivity, authors from
the Techim@ges project propose characterizing the CIR
of a real room by measuring the impulse response on a
reduced size model [14].

In this paper, we present results obtained by the same
method detailed in [14]. The goal of the measurements
taken by colleagues at ENSSAT (Lannion) is to
investigate optical wireless multipath effects in DIF
environments with no direct path. We choose the spectral
analysis method directly giving the channel frequency
responseH (f); the CIRh(t) is easily found using the
inverse discrete Fourier transform (IDFT). We employ a
network analyzer, a 1550-nm laser diode transmitting
continuously, a light shaping diffuser yielding to 60° of
divergence, and a photodiode associated to an optical
concentrator having &OV of 40°. The channel is
composed of an empty 50cm x 50cm x 30cm reduced
room model, covered with white papers. The distance
between transmitter and receiver is 30 cm. For a 5m x 5m
x 3m real room, a time scaling factor of 10 and an
amplitude correction factor of/\/10 could be used [14].

Fig.1 b) showsh(t) experimental results based on this

assumption. In the absence of a LOS path and the
presence of multiple reflections, we notice a relatively
huge power loss and a remarkable channel up to
maximum of 90 ns. This channel wil be named

Techim@ges channel.
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Figure 1. Diffuse Channel impulse response WiV=40° andd=3m.

I1l. OFDM/OQAM MODULATION

D. Diffuse Channel Impulse Response In the following we describe generalities on
First, we recall the first theoretical multipath DIF OFDM/OQAM which is an alternative to classical

channel detailed in the pioneering article of Gfeller andOFDM.

Bapst [13]. It assumes only one optical reflection. )

However, this reflection can yield multiple discrete” OFPM/OQAM Transmitter

channel coefficients in the baseband model depending onContrary to classical OFDM with a cyclic-prefix,

the bit rate. An optical source illuminates a ceiling or &FDM/OQAM modulation does not require the use of a

plane surface. At time= 0, the beam is reflected towards guard interval, which leads to a gain in spectral

the photodiode. At the propagation delaythe CIR is  €fficiency. A similar performance can be achieved by

modelled as modulating each sub-carrier by an optimized prototype
function. To obtain a sufficient robustness to the channel
2t, Ccte t varia_tions., this prototype function must .be very well
h(t)={ sir?(FOV) & 0=t= CosEOV) (8) localized in both time and frequency domains.

The orthogonality between the sub-carriers must also
be maintained after the modulation. Near optimally
localized functions having these properties exist, but they

The termt, is the minimum delay equal tic whered  only guarantee orthogonality aeal values. An OFDM
is the distance between a reflecting plane surface and theodulation using these features is denoted
receiver anct is the speed of light. Fig.1 a) shol(¢) for ~ OFDM/OQAM. We note that in OFDM/OQAM, each
d=3m and aFOV of 40°. It seems that the channel sub-carrier carries a real-valued symbay,, which
width is less than 4 nanoseconds. This model is importanbrresponds to either the real part or the imaginary part of
as a reference model; however, as we will see later, im complex OFDM symbdat,, , wherem is the frequency
some concrete cases, the exact CIR may be different. index, andn is the time index. OFDM/OQAM has the

Other different tools have been proposed in order tsame spectral efficiency as the classical OFDM with no
estimate the impulse response in real conditions [10, 14uard intervals. This means that the density of the sub-

Optherwise



carriers in the time-frequency plane is twice greater in With a good approximation, after equalization, a
OFDM/OQAM than in classical OFDM, with a zero- simple threshold applied on the real part of the

length cyclic prefix. demodulated symbol in (14) should be sufficient.
The elementary signal corresponding to th& In practice, to generate an OFDM/OQAM signal, we
OFDM/OQAM symbol is given by use discrete domain transform. Equation (10) becomes:
Q1 _ e
()= a,, ™™ f(t-ng,) $=>"s[K]
m=0 fma () ©) " ( L—l] (15)
with (n-1)z, <t<nz, _SY L e Q
2% B >

where Q is the number of sub-carriera, , is the real-
valued symbol transmitted on thé" sub-carrier at the™  where k is the discrete time coefficient arg, is the
symbol; f(t) denotes the real-valued prototype function,prototype filter length. Previous description is still valid

and fy, (1) its shifted versions in time and frequency. and equations (11) to (14) are easily converted to discrete

The overall OFDM/OQAM transmitted signal can berepresentation.

expressed as follows A particular prototype function called IOTA (Isotropic
Orthogonal Transform Algorithm) satisfying (11) is

< a8 - considered in this paper. To simplify the notations, in the
_ n _ mn 2 izmAFt _ 1 i
W= 250= 2 2 an 7™ ULaLio 19 following we call OFDM/IOTA an OFDM/OQAM
" system using the IOTA function. With IOTA prototype

. . . function, it is possible to assume as in [7] that the
The orthogonality condition between the sub-carriers is™ . " . P [7]
real: it is given by intrinsic interference 1~ depends on the 8 nearest

neighbors ofy,

Re('l' fonl®) (t)dt) Fnmun a1 IV. SYSTEM ARCHITECURE
, We consider the general architecture of the two tested
B. OFDM/OQAM Receiver techniques: modified COFDM and COFDM/OQAM
In a distortion and noise free channel, the demodulatesthemes designed under OW constraints.
symbol over then™ sub-carrier at tha™ instant is . .
A. Common Transmitter Architecture

3 . . We consider in the following, theit-interleaved coded
'r“”_.[ #1 1, (Yde= a“"+(mr§ﬁ?'”'ffm”fm"dt (12) modulation (BICM) scheme shown in Fig.2. Frames of

- intinsianterferes (N-2) information bitse, are encoded by a rafR. =1/2
convolutional encoder with memory 2 and octal generator
According to (11), the right part of (12) is a purepolynomials (1,5/7); 2 tail bits are appended at the end of
imaginary form. Thus, by simply considering the real pareach frame to ensure zero-state trellis termination. The
of rmnWe can perfectly recover the transmitted symbol. 2N coded bits g; with k = 0,1,..N-1 andi = 1,2 are
After passing through the channel, adding noisenterleaved according to a pseudo-random permutation

contributionn(t) and before demodulation, the receivedfunction, grouped and mapped on/log, M discrete-
signal can be expressed as ?

time M-ary QAM complex symbols, =a,+ jb,, at the

o Q-1 symbol rateR; = 1/T symbol per second with:
2(t)= 2 D Myndnn frn () + () (13) o meanm =E{,},
N=—co m=0

e varianceo? = E{|q - E{CnHZ} ’
As the OFDM/OQAM prototype functioift) is chosen e and electrical power:

to be well localized both in time and frequency domains, E{ ¢ }_ E{|c |2} R
the intrinsic interference term only depends on a &G, J= ol J =0+
restricted set of time-frequency positions’ @) around We assume that the symbols are independent and
the considered symbol. Assuming that, is constant identically distributed (i.i.d). Note that in radio-frequency
over the summation zone, we can demodulate by systems the zero-mean is often true and the electrical
power and variance of the symbols are thus, the
o = | 2D (0 sameo? = E{[c[.

Complex symbolg,, are then processed by either the

. modified OFDM or OFDM/OQAM schemes. The

Fon= ol @ + Zam',n"[ fon fndt [+, (14) resulting signalx(t) represents an optical intensity as
(. rt}(mn) specified previously and it should be non-negative.

e :intrinsic interfererce




| Interleaver wherec,, , are the complex digital symbots, at then™
oy |, convolutonal B ﬁr‘n; Vary | time mdex,Q is the_sub—carner numpalF is the inter-
bits 1 encoder » I mapping T carrier spacmg,_To = 1/4F the duration of the OFDM

| Coded | symbol andp(t) is the rectangular prototype function of

I CBICM e durationT.

| C, I For an arbitrary timd, the total transmitted OFDM

I Complex QAM symbols I signal is

I

| L Modified OFDM X(t) Lo oo ~ Q-1 _

I or OFDM/OQAM schemes IM/DD signal i' 1) = ZS” (t)z Z z Gin gmmart p(t—nT,) (18)

I N=—c0 n=—co Mm=0

_@OFDM and COFDM@. ]

When sampling at=1/R;=Ty/Q, (18) is equivalent to the
inverse discrete Fourier transform (IDFT)

This requires adaptation schemes described in

Figure 2. General transmitter architecture.

Sections IV.C and IV.D. The BICM and the modified oo ~ Q-1 zmgk
OFDM or OFDM/OQAM blocks are denoted modified $k= D gkl=> > g.e ¢ dk-nQ] (19)
COFDM and COFDM/OQAM transmitters, respectively. === n=-e=m=0

B. Common Receiver Architecture g'[k] is the discrete signal corresponding ¢tit). Let
We use the same sampling frequerRy for both  p=q/2 (19) becomes

systems, whereas the bit rate is slightly higher for the

modified COFDM/OQAM scheme. The cascade of the

transmit filter, the transmission channel, the receive filter k= i A k- nQ| |:Co . +cpn(—1)k
and the symbol-rate sampling may be represented by an ) ’ ' 20
equivalent discrete-time baseband channel, modeled as a P e QM (20)
finite impulse response (FIR) filter withL, real + [ Gn€ * +Come F H
coefficientsh[k]. After passing through the channel, the m=t
light wave is converted into a photocurrent. The signal at
the photodiode output is corrupted by additive, zeroGiven thatp[K] is real, sovk , gK] is real if
mean, symmetric white Gaussien norgk] with a total
variances?. The electric receiver observes the noisy {O, if m=0,P 21)
. Con =19 .

channel outpuy{K] given as m.n Co.ma Ptherwise

YH= RLilr{iMk— i+ nlk] (16) Therefore, if the discrete input sequence of the OFDM

P modulator has its first and center coefficients null and if it

presents Hermitian symmetry with respect to its center,
The receiver consists of a cascade of the followinghen the OFDM time modulated signal is real.
functions: OFDM or OFDM/OQAM demodulationM- e Positivity constraint
ary QAM demapping, deinterleaving and hard input To ensure that the transmitted signal is positive, an
convolutional decoder. Note that system performance capffset is required. ThBC value must be chosen carefully
be improved using soft input convolutional decoder [16]. in parallel to a clipping technique. In our equivalent
C. Modified OFDM Scheme baseband model, the discrete channel input, which is real

and positive, becomes
As we have shown, OW transmitted baseband signal

must be real and positive. But in conventional OFDM and kR = §k]+DC (22)
in OFDM/OQAM, the transmitter output is complex.

Two main adaptations are required: the applications of |4 order to save power while ensuring positividC

Hermitian symmetric conditions and an offset bias. must be as small as possible. As the symbogls are

 Hermitian symmetric conditions . centered around zero, the averages[&f is null; DC is
The continuous-time signal corresponding to tife equal to the transmitted optical powRr

OFDM symbol is given by Here, we use an adjustablzC depending on each

OFDM symbol. Fork = 0...Q1, each real positive

Q-1 , :
&)= z G €™ p(t—nT,) an OFDM symbol will be of the form
m=0

(1T, <t<nT, ®[K=¢'[k]+DC" (23)



DC" =— min (s”[k]) (24)  energy. From (7) and (28), we can define the signal to

0<ksQ-1 noise ratio at the DFT output as
In this case, the transmitted optical powemill be SNR, = RZ||h|| —= (30)
n Rs
equal to the average of &lIC
- Ejpc] (25)  D. Modified OFDM/OQAM Scheme
As for the modified OFDM scheme, two adaptations
whereE[.] is the mathematical expectation. are required to guarantee that the modulator has a real-

If, for system design requirements, normalizido a  valued positive output.
fixed value is imposed, we can simply adapt optical levet Hermitian symmetric conditions
by a multiplication factor. From Section IV.C, to guarantee the constraint of real-
Light wave is converted into photocurrent. Accordingvalued OFDM modulated signal, the discrete input
to (16) and (24), the photodiode discrete outpusequence of the modulator should present Hermitian
corresponding to the" symbol is symmetry with respect to its center and should have its
center and first coefficients null. Being an OFDM based
T k= RY k® K+ R H(O) DC" + rik] (26) Modulation, OFDM/OQAM inherits from many
properties related to classical OFDM systems. For
instance, Hermitian symmetry conditions could be

Then, the offset contribution can be removed by
subtractingRH(0)DC". The input of OFDM demodulator rewritten. The design of OFDM/OQAM modulation with
Hermitian symmetry was introduced by Lin and Siohan

will be in (8]
The expression of the OFDM/OQAM transmitted
il R22dk . [ZR{% 2 ZPthﬂn}rf{k] (27)  signal can be written from (15) by

N=—co

=33 5. e 2ranl2) flkenp]  (31)

n=—co M=0

and after that, the OFDM demodulation is performed.
Although it may be done systematically in optical

applications, we should note that it is not required tQunhere D= L1 and P=Q/2 is the half number sub-
subtract the offset component. It only affects the firstgriers.

point of the DFT block at the zero frequency. Let us factor out the first arl” frequency coefficients
As stated in the introduction, to combat delay spreads
over multipath channels, a CP should be added at

. D
transmission and removed at reception before §K= z k-nP| | &, "+ a, iP+ne'”(k7]
demodulation. The CP duratich must be greater than N ! (32)
the maximum delay spread. oy i D

Once the CP is removed and DFT is performed, for +> a,,i™"e zp[" ’)Jr zam oo ("’E]
each frequency packet, only the fi(Bt-1) samples after _ ot
the zero frequency(g ,}1<k<P-1, are considered
and passed to the following module. The estimate@vhich is equivalent to
frequency sample is given by
4o iz k—E)
$H=> flk-nP | &, i"+a,,i""e -
Conn= 9nCmntWin (28) n; % &, (33)

where gn:R|Hm|2 denotes the gain of the DFT +Pi[am i"””ezm?ng’(k%jjua(} iQ"‘*”eZi”%—F’m(kgjﬂ

transform. H, is the Q-DFT of the channel impulse m=L
response with

-1 . mk 29 In OFDM/OQAM, the most used prototype functions
H, =2 hyex ‘12”6 (29)  Jike I0TA have real coefficients, and théigk] is real.
Thereforeyk K] is real if

m

h, if 0<m<L, -1
0 otherwise il kB

ay,i"+ap,i e ( ZJ} is real and

The sample is corrupted by an additive, zero-mean,
symmetric white Gaussian noisev,,, with mean . m[k_Ej zmQ‘m(k_E] ’
' 2 a Q-m+n 2P 2
- Q—mnI e

2

variances? —||h|| with ||h||2 representing the channel *



As an ,are real-valued symbols, the solution is which tells us how many bits per second and per Hertz
are transmitted considering the bandwiddh Let us
{o, if m=0,p compare the optical IM/DD modified COFDM, modified

Amn =

(34) COFDM/OQAM systems withM-QAM modulation to
classical BICM single carrier transmission with OOK
minimum bandwidth modulation. At the same sampling

Following these conditions, the output of the modifiedfrequency, we obtain

OFDM/OQAM is real

Qomn(= 1> otherwise

N oowis= ReLook bit/s/Hz
- p-1 2iﬂﬂ[k-9) 1 corom = Relog:M [(P-2)/2P]Lcp bit/s/Hz (37)
$K= 22 f[k—nP] Z R{am,nimme 2Pl 2 J (35) Neoromooa= RIOGM [(P-2)/2P]Logaw bit/s/Hz
N=—co m=1

The spectral efficiency of OOK is approximately
e Positivity constraint identical to that of COFDM/OQAM and COFDM without
As for the modified OFDM scheme, modified & guard interval for 4-QAM. However, increasing the
OFDM/OQAM scheme needs positivity constraint too. inorder of the modulation will increase the useful data rate
the same manner as described in Section IV.C, wi favor of modified COFDM/OQAM and COFDM.
propose to add an adjustaf}€ level, so thaP, andDC B Bit Error Rate Analysis
are normalized. In the reception, A€ contribution can

be similarly removed. Equations (26), (27) and (35) give To prove the concept, we first compare the two basic

schemes over a LOS/WLOS channel having one single
[ D) path. Fig. 3 captures performance for 4-QAM
RS = e modulation. As the channel is strictly constant over the
ylK= 2.2 f[k_np(;R{a”‘”' € ]h“~”]+ nlk] whole time-frequency plan, the guard interval is omitted
and the performance of COFDM without CP and
COFDM/OQAM are identical. We see that even the
performance gain, due to channel coding, is the same in
he two cases. Compared to single carrier systems, at the
'same sampling frequency, 4-QAM associated to modified
COFDM or COFDM/OQAM has practically the same bit
Mite as binary OOK modulation.
Let us increase the order of modulation. Using 16-QAM,
the bit rate and the spectral efficiency of COFDM without
V. SIMULATION AND PERFORMANCE CP and COFDM/OQAM are double. Fig. 4 shows that, in
In the following, we give simulation parameters andthe case of a LOS/WLOS channel, modified COFDM
the bit error rates (BER) curves of modified COFDM anawithout CP and COFDM/OQAM are always identical in
COFDM/OQAM over OW channels. terms of BER analysis at the input and the output of the
. . channel decoder. For 4-QAM and 16-QAM, the used
A. Simulation Parameters channel coding enhances COFDM performance as much
In all simulations, we give BER performance versusas COFDM/OQAM. At a BER of 1) this gain is always
SNR,: calculated after COFDM or COFDM/OQAM about 4 dB.
demodulation, as indicated in (30). More precisely, we Then, we study the performance over the Gfeller &

N=—co

And then, OFDM/OQAM demodulation is performed
exactly as described in Section Il.B. We note that, as f
OFDM, theDC bias affects the first un-used frequency
At the output of the OFDM/OQAM demodulator, the
frequencies of interest are characterized by the sal
SNR, as in OFDM, given in (30).

adopt the parameter usefiNR, defined as Bapst theoretical channel. The discrete-time CIR is
characterized by four coefficients.;€4) and it is given in
8IR, = LSNR,, (36) the following equations at sample ré&kg= 1 GHz:
where L is the possible loss factor due to the h =[ 0359026980207801634

implementation of a guard interval:
The total number of sub-frequencies, i.e. DFT size in

T+A COFDM, is equal to 32 and the cyclic-prefix size is fixed

Lep :OT- in the case of COFDM to 4. Fig. 5 shows performance for 4-QAM modulation.
0 Modified COFDM/OQAM outperforms  modified

Loqan=L ook=1, for COFDM/OQAM and OOK. COFDM by 0.5 dB. This gain is due to the elimination of

) ] ~ the cyclic-prefix while ensuring a quasi-optimal
The periodT, is the useful OFDM symbol duration |gcalization in time-frequency plan. Over this dispersive
and A is the cyclic-prefix duration. We note that SOMEchannel, the channel coding gain is greater than in
single carrier systems may nee_d a guard interval t00. Qrys/WLOS channel. At a BER of 0the gain achieved
the other hand, due to its inherent propertiesis g gB. Over the same channel and passing to 16-QAM,

COFDM/OQAM does not require this guard interval. - Fig 6 proves that the gain in favor of COFDM/OQAM is
We define the spectral efficiency by= R log, M/BT, always present.
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Figure 3. 4-QAM modified schemes over LOS/WLOS channel.
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Figure 5. 4-QAM modified schemes over Gfeller & Bapst channel.
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Now, we simulate these two adapted systems over
the experimental Techim@ges channel, corresponding

NAA
-

SNRu in dB

Input decoder of 4-QAM different modified schemes.

to an empty room, with a sampling frequerity 150

MHz.

The number of coefficients Is= 14

S
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Figure 4. 16-QAM modified schemes over LOS/WLOS channel.
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Figure 6. 16-QAM modified schemes over Gfeller & Bapst channel.
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Figure 8. 4-QAM modified schemes over Techim@ges channel.

Although the first path contains relatively a very good
concentration of the power, the high number of other
interference coefficients may be harmful and needs an
adapted design. We fix the number of sub-carriers to 32
and test three cases with equal to 4, 8 and 16 for
modified COFDM.

Associated to 4-QAM, Fig. 7 shows their respective
performance when compared to COFDM/OQAM. At a
BER of 107 calculated at the channel decoder input,
COFDM/OQAM has at least 2 dB of gain. However,
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Figure 9. 16-QAM modified schemes over Techim@ges channel.

for smaller BER at the decoder input, we can see that
this gain tends to zero; below a BER of 8'1the
modified COFDM gives better performance. This also
corresponds to results without channel coding over the
same dispersive channel. Let us study the effect of the
channel decoding. Fig. 8 captures the BER curves
calculated at the channel decoder output. With channel
coding, the modified COFDM/OQAM manages to
avoid losses for lower BERS; it preserves its advantage
over modified COFDM for all BERs by about 2 dB.

Fig. 9 illustrates the case of 16-QAM modulation
over the Techim@ges channel. Similar conclusions
may be drawn:; the modified COFDM/QOAM always
outperforms the modified COFDM by nearly 2 dB at
the decoder output; this gain only appears at high BERs
at the decoder input. This last inconvenience is
transparent to the user as we believe that practical
systems will use a channel coding.

VI. PERSPECTIVES ANDCONCLUSION

In this paper, we considered two multi-carrier
schemes adapted to intensity modulation and direct
detection: the modified COFDM and COFDM/OQAM
techniques. A performance analysis is done for
complete transmission chains with channel coding over
different kinds of channels. These two schemes can
easily be associated to complex multi-level QAM
modulations. Compared to binary modulations, they
have the potential to increase the bit rate. Whilst
mitigating frequency selectivity and ISl effects,
COFDM/OQAM benefits from optimal spectral
efficiency. We show that over a real room channel
based on measurements, the modified COFDM/OQAM
scheme could perform well, when the modified
COFDM requires a cyclic-prefix and implies a loss in
spectral efficiency. The Modified COFDM/OQAM
leads to significant gains over such kind of channels.
Based on these promising preliminary results, further
studies building an experimental end-to-end
demonstrator, would provide a more complete picture
of the performance of modified COFDM/OQAM and
modified COFDM for infrared OW systems.
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