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Abstract— This article presents the way to combine TR and
OFDM, either in the time domain or in the frequencydomain
by adding a filter at the transmitter side. The equvalent
channel being the autocorrelation of the impulse ponse of
the channel, the channel coefficient affecting eackubcarrier is
thus purely real, allowing a simple receiver as wkhs a simple
transmitter. Moreover, the shape of the channel andts double
length must be taken into account when designing ¢hguard
interval, in order to keep the circularity of the channel matrix
at the receiver side. Finally, some simulation rests show that
the guard interval may not be twice as long as thénitial
channel, allowing to take advantage from all the heefits of
time reversal while keeping the same spectral effency as a
classical OFDM system.

Index Terms— Guard Interval, OFDM, MISO systems,
Time Reversal

I. INTRODUCTION

On the other hand, OFDM was chosen as the modnlatio
most communication standards (WiFi, LTE, WIMAX...)
owing to its good performance in multipath enviramn In
fact, OFDM allows making rid of the frequency seildty

of the channel by sending constellation symbolssah-
bandwidths smaller than the coherence bandwidthhef
channel, experiencing thus flat fading channels.isTh
technique allows designing a simple receiver thaly o
consists of a one-tap equalizer per subcarriers Tbhimes
however with a loss of spectral efficiency, as ardu
interval needs to be introduced between the OFDivib&}s
to avoid Inter Symbol Interference.

Hence, the combination of OFDM and TR seems
encouraging since TR is realized over the bandwadtthe
entire signal, while the data are sent over rathmall
bandwidths. In case TR is implemented in a systdm,
equivalent channel of the system has a particubam f
which has to be accounted for in the design ofgstem.

In this paper we show how TR and OFDM can be coetbin

Nowadays, most of communication standards operatgSorder to efficiently take advantage of both TRperties
multi-antenna systems (WiFi, LTE...). These systemsst (time and spatial focusing gains) and OFDM benéfitslti-

necessitate a multi-antenna pre-coding techniquevetder,

the techniques used in these systems come with higBnsmitter and

complexity when the number of antenna increases.

A technique arises then as a simple technique
discriminate users and to design multi-antennaesyst
Time Reversal.

Firstly experimented in acoustics and ultrasoundhaios
[1][2][3], Time Reversal (TR) has also receivedeation
recently for wireless communications [4][5][6]. Qwji to its
inherent time and spatial focusing properties, BRnow
studied as a solution for future green
communications [7]. Its time focusing property alf
having low inter symbol interferences at the reeeiside.
The spatial focusing allows discriminating user tly
focusing the wave on the aimed user.

In fact, Time Reversal was highlighted to be suéiator
MISO systems as it is a simple pre-filtering tecfus for

path mitigation, receiver simplicity). We detailettOFDM
receiver including the guard ingérv
dimensioning and the synchronisation function.

0 The rest of the article is organized as followsséution
2, the way to combine OFDM and TR either in theetim
domain or in the frequency domain is presented MIGO
context and the two implementations are compared. |
section 3, two ways of designing the guard intearad the
matching synchronizing technique are presentedettion
4, an advantageous way of synchronizing the FFTdewin

wirelesat the receiver side is presented. In section Beswesults

on the guard interval design and dimensioning amvs.
The conclusions and perspectives are drawn initlaé gart.

Il. OFDM AND TIME REVERSAL
Time Reversal principle is presented in details&ooustic

any number of transmit antennas and leads to lowaves in and for electromagnetic waves in. For les®

complexity receivers [8]. Moreover, it reduces ttelay

communications, and as illustrated in Fig.TR consists in

spread of the channel [9]. However, to achieve goggte-coding the signal to be transmitted with thmeti

performance in terms of delay spread reduction spatial
focusing, Time Reversal must be realized either aMarge
frequency bandwidth or with multiple antennas, sing
rate back off [10][11].

reversed and conjugated version of the Channel Isepu
Response (CIR) between the transmit and the receive
antenna. In this figurey, is a complex constellation symbol,
g. is the transmit shape filtel(t) is the complex baseband
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equivalent of the CIR anH' is the TR filter corresponding
to the discrete version of the time reversed angjugated
CIR h(t). TR requires thus the knowledge of the CIR at the &
transmitter side, which makes it suitable for aselb loop RSP
system.

h(t)
=i
o Fig. 2. OFDM transmitter including a Time Reverfiatr
£ ge() h*(—t)
IFFT P/S Gl

Time Reversal filter Civall & TR filter
= S/P hli

Fig. 1. Communication system using Time Reversal : ‘ ‘
| iFFT Pis — qr TIil;ﬁlrr'r
The global transmission can be seen as a transmiggth . =

an equivalent channel being the autocorrelatiothefCIR:
gt) = h(t) ® h*(—t) , where® denotes the convolution
product. In the time domaimg,(t) consists of a central peak Fig. 3. MISO OFDM system including Time Reversal
of high amplitude and some side lobes. When thebsym

duration is larger than the equivalent channel tim@Ssuming a perfect synchronization and 2L -1
dispersion, the receiver can merely consist of rastiold dimensioned Gl, the circularity property of the Fie&ds to

detector. Obviously, as in any transmission invgvia 2 point-wise multiplication in the frequency domairhus,
multi-path channel, OFDM allows getting rid of thethe complex symbol received on theth subcarrier of the

remaining Inter Symbol Interference (ISI) by insie the 7-th OFDM symbol will have the expression:

TFET P/S TR ﬁlh’(‘l‘

hi

symbol duration. Roun = HinnHnComin + N 0
In this section, the way to operate TR with an OFDM = |Hmn|2Cmn+Nmn
system either in the time domain or in the freqyeshemain ' ' '

is presented as well as the advantages of suchWwhere Ny, is the additive white Gaussian noise term
combination. The implementation of TR in the timenthin ~ associated ten-th subcarrier of tha-th OFDM symbol.
is developed in part Il.LA, which will later be cadl Time 2
Domain TR-OFDM, and in the frequency domain in parf he channel factob'Hm,n| is due to the equivalent channel
I1.B, which will be later called Frequency DomairRT being the autocorrelation of the CIR. It can behhghted
OFDM. that, assuming a perfect synchronization, the edent
. . channel coefficient affecting each subcarrier isepureal.

A. Time Domain TR-OFDM This allows realizing a very simple MISO transmissiby
As illustrated in Fig2, applying TR in the time domain for filtering on each antenna by the time reversed f#Rveen
an OFDM system consists in filtering the signakafthe the transmit and the receive antennas, as degictEidy. 3.
Guard Interval (Gl) insertion. In this diagram, thiements In this diagramhl is the time reversed CIR between fhe

of the digital filter hTare the discrete samples bf(—t) : .
. . . th transmit antenna and the receive antenna.
according to the sampling frequency of the systém,

ht ={n;_,,---,h}, hy}, with L the length of the discrete The expression of the received signal after the FFT
CIR. Due to the linear convolution operation, OFDMoperation is thus:
symbols will experience an equivalent changet h' ® h

Nt
twice as long athe initial channel length. Ry, = Z |Hmnk|2 Cos Ny @
Hence, the GI duration shall be larger thain—1. C,,, k=1

represents the complex constellation symbol to Dfne equivalent channel is still real and the coution of

transmitted on then-th subcarrier during the-th OFDM  each transmit antenna adds constructively at ticeiver
symbol. S/P and P/S stand respectively for Seviftarallel gjge.

and Parallel to Serial conversions. IFFT represehts ]

Inverse Fast Fourier Transform. B. Frequency domain TR-OFDM

. It is also possible to apply the TR operation ia tlequenc

Let H = {Hy,n} (H' = {H;, .} respectively) be the vector of o - gs depicted irr)lpF%g. 4. Thispoperation '&di(z]ed b)y

size Nggr representing the frequency domain version of thﬁrecoding the symbols on each subcarrier by thgugated

channel obtained by performing M:rr-point Fast Fourier channel coefficients obtained from the frequencrsios of

Transform on discrete CIR (h' respectively). Element the CIR obtained after a Fourier transform. Thenefdhe

Hpn is thus the channel fading coefficient on theth  ansmitted symbols becom@,, ,, = HyynCmn. OWING to

subcarrier of the:-th OFDM symbol. the IFFT operation, the precoding carried out ire th
frequency domain translates into a circular convoituin
the time domain. OFDM symbols will thus experierare
equivalent channel as long as the initial chanaabth L.
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Hence, the Gl shall be longer tharonly, instead oL — 1
in Time Domain TR-OFDM.

S/P H o IFFT P/S

Fig. 4. OFDM transmitter using TR in the frequedoynain

(3

o IFFT pP/S GI

*
m.n,1

]
udl

Fig. 6. MISO-OFDM system using TR in the frequedoynain

v
C m,n

s/P

HE o, IFFT P/S aI

—

A. Classical Cyclic Prefix OFDM

In a classical Cyclic Prefix (CP) OFDM system, theeiver
synchronizes on the first tap of the channel asctig in
Fig. 7. With such an operation, it assures that the allann
matrix is circulant. Indeed, the Cyclic Prefix Girwsists in
copying the last samples of the OFDM symbol in &le
Considering the Gl is of sizie the exact size of the channel,
the emitted OFDM symbot’ of size Nz + L has thus the
expression:

]

 XNppr-1
Useful part of the
OFDM symbol

LA
X =\ XNppr—L+2 """ 1 XNppp—-11 X0, X1, "

| |

(4)

Cyclic Prefix

Fig. 5. Modulus of a BranA channel realization §ayl its autocorrelation

(b)

where the samples,, k € {0,1, - Nepr — 1} are the output
of the IFFT operation. At the receiver side, theereed
symboly becomes:

Assuming a perfect synchronization and. alimensioned

y = hx' (5)

Gl, the received symbol after the Gl removal angrathe
IFFT operation is thus:

with h being the Ngpr + L X Nppr + L channel matrix
equals to:

: i, ' he O 0
= Hm,nHm,nCm,n + Nm,n (3) [ 0 ]
= |Hm,n| Cnn + Nin h= | : : | (6)
It can be noted that the expression of the recesyedbol K 0 hyq h |
after OFDM demodulation is the same as in ILA. lO 0 hy4 hq hOJ

Consequently, and as illustrated in Fig. 5, theivadent
CIR keeps the same time focusing property. Moreoger
MISO system using TR in the frequency domain can

This equation can be rewritten using only the uspéut of
gbe transmitted OFDM symbai = [0, %1, -+, Xy pppa |-

realized as shown in Fig. 6.

I1l. DESIGN OF THEGI

In case TR is implemented and as described incsettithe
equivalent channel of the transmission is the autetation
of the channel. Hence, the channel is twice as Bmghe
initial channel and its modulus is formed by a calnpeak
and side lobes. For example, a realization of tmanB
channel [12] is given in Fig.

y= ﬂeqx (7)
whereh,, is theNgpr X Nppr matrix equal to:
heq
[ho 0 0 hL—l b hz hl—l
|h1 hy 0 0 hp—y - hll (8)
| O O hL—l A hll
Lo 0 R, hy  hl

The modulus of the channel being different when lziomg
TR to an OFDM system, the design of the GI must
modified. Indeed, the first observation is that dmannel is
theoretically twice as long as the original chanrighe
second observation is that the main tap of the rdlato be
considered is no longer one of the first taps,thatcentral
tap.

pdence, the equivalent channel matrix is circulamt &he
FFT operation will lead to a point-wise multiplieat in the
frequency domain, allowing a one-tap equalization.

When implementing TR in an OFDM system, two strieg
are possible: a double CP or a CP and a CycliaxS(@fS)

as proposed in [6]. The equivalent channel of the
transmission will be noteg = [g_;+1,***, 9o, " r—1] With

go representing the central peak. Moreovgrbeing the
autocorrelation oh, the channel is anti symmetric and the
following relation links the taps of the channgl:, = g;.
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The channel can thus be rewritten as -
=[g* . ... " £G(f)
g=19i-1,"" 90 gr-1]-
(a) m OFDM symbol
FET window

FFT winidow

{e) DOFDM symbol

o =

deécuyed FFT window

Fig. 7. Guard interval design and associated symitation for classical
CP-OFDM (a), TR-OFDM with a double CP (b) and TRBED with CP
and CS (c)

B. Double Cyclic Prefix for TR-OFDM

When doubling the CP, if the receiver synchroniaesthe
main tap of the channel, the channel matrix is ogér

-

!

Fig. 8. lllustration of the phase rotation indudsda synchronization error

C. Cyclic Prefix and Cyclic Suffix for TR-OFDM

The second strategy, firstly proposed in [6], tgige the
Gl is to have a CP of the same length as for asicials
OFDM system, and to introduce a Cyclic Suffix (C8hich
is the copy of the first samples of the OFDM symbol
Hence, the transmitted symbdlbecomes:

circulant, and ISI appears. In that case, the edgit

!

X
= [xN L+2, """ xN 1 xO xl xN 1 xO (12)
FFT— ’ ’ FFT—1" ’ ’ ’ FFT—1" ’ i ’
Cyclic Prefix Useful part of the  Cyclic Sy
OFDM symbol

channel matrix is equal to:

YGeq =

[go 9i-1 0 0 gL 92 91]

|91 90 g1 O 0 gi-1 " 92|

0 0 g1 91 9o gi‘

0 0 gL-1 g1 Yo
9)

Hence, the receiver must decay the FFT window lifytha
size of the CP, to place the main tap of the chaanéhe
center of the CP as depicted in Fig.The channel matrix
becomes then circulant, and 1Sl is avoided:

Geq =

gi-1 0 0 9r-1 gi-3 YGi-2
gi-2 9i-1 O 0 9L vt gi-3
[ ¢ P
[ 0 Ii-1 " i1 0 |
l 0 0 9r-1 9i-1

However, with such an operation, the receiver thiges a
time delay on the channel, since the main tapasequ in the
middle of the CP and not at the beginning. Hencghase

rotation appears in the frequency domain that néedse

compensated by the receiver. This phase rotatiparts on

the value of the time delag, which is half the size of the
CP, and on the index of the subcarrier:

@ = 2ntf

=20t (11)

FFT

wheref is the frequency andn is the index of the
subcarrier.

The receiver must then apply a phase correctiotoifao
compensate for the time decay.

The receiver in that case must synchronize as @& th
classical CP-OFDM case, i.e. on the strongestHapever,
the FFT operation is now realized after supprestiegCP
and theL first taps of the useful part of the OFDM symbol.
The equivalent channel matrix is the same as irptheious
case and the circularity is thus kept.

Moreover, the FFT window is delayed with a time
which is the opposite of the decay on the channel.
Consequently, the phase rotation compensates héttone
coming from the delayed channel. Hence, in thaecas
phase rotation has to be applied on the receiver.

IV. SYMBOL SYNCHRONIZATION

One of the main advantages of the combination ofahi
OFDM is that the equivalent channel is real atréeeiver
side. This allows having a simple receiver and glésg a
simple MISO OFDM system. Another advantage of & r
channel is the symbol synchronization. Indeed, hé t
receiver is not well synchronized, a phase termeappin
the frequency domain, which is proportional to time
decay and to the frequency as illustrated in &ig.

In this diagram,G(f) is the Fourier transform of the
equivalent channel of the system,s the synchronization
error at the receiver arfilis the frequency. Hence, from the
reception of known pilot symbols distributed ovéret
subcarriers of the OFDM symbols, the phase of treoel
can be deduced on each of the subcarriers congaanjilot
symbol. Then, by interpolating the slope of the gghas a
function of the frequency, it is possible to retgethe
synchronization error. The receiver can then cortee
synchronization from this information.

In a classical OFDM system, without TR, since thage
of the channel is not correlated from a subcatdeanother,
this operation is not possible.
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Fig. 9.

T
=40 titne []
£ QI=40 freq ||

0 5 10 15 20 25
ENRan dB

Fig. 10. BER as a function of the SNR for TR-OFDthe time domain
and in the frequency domain

V. DIMENSIONING OF THEGI

As described in section lll, the equivalent charofethe
transmission is theoretically twice as long as thannel
h(t). That is why the Gl is considered to be twiceaasglin
the same section. However, as reminded in sectiorRI
allows reducing the delay spread of the channelH@&hce,
we demonstrate by simulations that it is possibleeduce
the length of the Gl in the system to the lengthhaf Gl in

the classical system, allowing having the same teglec

efficiency.

—&— GI=80 time [J
i GI=d(r time

| —e— gt ey

1ot : i I i
1] ) 10 15 20 )
EMRandB

Fig. 11. BER as a function of the SNR for TR-OFDiMthe time domain
and in the frequency domain for 2 transmit antennas

For a SISO system, the performance of the TR-OFDM
system in the time domain is shown on EigThe reference
performance is the result with the length of thee@ual to
80, which is equal t@L in that case. One can observe that
the performance remains equal to the optimal when t
length of the Gl decreases until 40. Thus, the & be
reduced to the length of the initial channel.

For a SISO system, the performance of the frequency
domain TR-OFDM system is shown on Fig. 10. It can b
noticed that for a Gl length d@f, the performance is equal to
the performance in the ideal case for the time doma
system. This result confirms that the two impleraéonhs
are equivalent in terms of performance. Moreovdr, i
confrms that the GI, when implementing TR in the
frequency domain, can also be of length equal ¢olehgth
of the initial channel.

Furthermore, the results obtained for 2 transmié@mas
(see Fig. 11) confirm that the Time Domain TR-OFDMy
requires a Gl length equal to 40: the performartatained
with a length of 80 remains identical when decmgshe
length to 40. The results also confirm the equivede
between the system with the implementation in fineet
domain and in the frequency domain as the BER
performance match.

VI. CONCLUSION
In this paper, the way to combine TR with OFDM i8I&0O

Some Monte Carlo simulations of a SISO TR-OFDMsystem is presented and is shown to be very siepléhe

system are realized over a BranA channel [12] wéheral

channel becomes purely real in the frequency donidie

Gl lengths, without taking into account the spdctra€eceiver only requires a threshold detector in ¢hee of
efficiency of the system in order to compare th&PSK symbols. This only comes with a pre-filteraigthe
performance of each system . The implemented systeen {ransmitter side.

the TR-OFDM system in the time domain, and the TRwioreover, the designing of a TR MISO system is
OFDM system in the frequency domain. For the timetraightforward and does necessitate any codingnsehas

domain TR-OFDM, the performance is identical if tkis
a double length CP or a CP+CS. The simulationsieaen
for QPSK symbols, with a simple threshold deteciidre
performance of each solution is obtained by evalgathe
Bit Error Rate (BER) as a function of the ratio thie

the contributions of every antenna will coheresattid at the
receiver side

Two different ways of designing the Guard Intervath
their associated synchronization are presented adlioav
keeping the circularity of the channel while avaglilSI: a

transmitted power on the additive white Gaussiamseo y, ple length Cyclic Prefix and a Cyclic Prefix it

power. The results thus do not take into accoumtstiectral
efficiency of the system in order
performance of each system.

Cyclic Suffix.

to compare the
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On the other hand, an advantageous and simple Way o
synchronizing the FFT window at the receiver sie iTR-
OFDM system is shown by nullifying the phase of the
channel at the receiver side.

Finally, this article shows that the Guard Interirala TR-
OFDM system that should be theoretically twice siee as
the Guard Interval in a classical OFDM system, bawe
the same length as in the latter case, keepingttirmisame
spectral efficiency.
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