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! Orange Labs, 4 rue du Clos Courtel — BP 91226] 3%%sson Sévigné Cedex, France
Email:{marcantoine.bouzigues, isabelle.siaud, ararearulmermoll}@orange.com
2 INSA IETR, 20 avenue des buttes de Coésmes, C39738708 Rennes Cedex 7, France
Email: maryline.helard@insa-rennes.fr

Abstract—n this article, Time Reversal (TR) signal
processing techniques are studied and evaluated over novel
realistic green use cases. The principles of Time Reversal and
practical uses cases for green communications are designed
considering Long Term Evolution-Advanced Coordinated
Multi-Point transmission/reception (LTE-A CoMP), Fast
Session Transfer (FST) extensions and multi-Radio Access
Technology (RAT) architectures foreseen as promising green
networks. Dedicated TR use cases are defined in order to
identify limit and advantages of TR in a green radio context.

Index Terms—Time Reversal, Green Communications, Fast
Session Transfer, Cooper ative M ulti-Point.

. INTRODUCTION

[10] which allows stations to transfer a sessioonfra
channel to another channel in the same or different
frequency bands (2.4/5 GHz and 60 GHz) by consideri
different WLAN/WPAN air interfaces benefiting froVi-
Fi network backward compatibility. The third scepais a
multi-RAT heterogeneous network aiming to provide a
seamless connectivity under power and Quality a¥iSe
(QoS) constraints considering a switching between
independent networks using a Multiple Interface
Management (MIM) utilizing inter-Medium Access Cuoit
(MAC) layer and dedicated multi-RAT Channel Quality
Indicator (CQI) metrics. Such studies and resudtgehbeen
performed in the ICT-OMEGA (hOME Gigabit Access)
project for the Home Networkin@1][22].

The aim of this paper is to describe and evalUdke
benefits in the green communications context. Téugep is

OVER the past few years, the carbon footprint ofrganized as follows. Section Il introduces TR pipfe and
Information and Communication Technologies (ICTsg} h properties. Section Il exposes novel uses casegrien

grown. From 2% of global carbon emissions in 2G0nay

communications  turned  towards convergent and

reach 15% in 2025 as traffic demand grows expoaliynti heterogeneous networks. TR generic use cases faredian

while energy efficiency of network infrastructutiedinearly

section IV. Section V gives a propagation analysigied

increasing due to hardware natural improvement [1putto predict advantages and limits of RT sigmacpssing.

Therefore, interest for energy-aware (green) tepkes is
growing and Time Reversal (TR) has been identifisda
good candidate for green communications [2].

An evidence of the burgeoning interest for
communications is the growth of energy-aware cdnsor
and international projects such as GreenTouch &3

green I.

A conclusion is drawn in section VI.

TIME REVERSAL PRINCIPLE

TR is a signal processing technique adapted frben t
acoustic field [11] toward electromagnetic fiel®]1It has

EARTH (Energy Aware Radio and neTwork tecHnologiesheen applied to Ultra-Wideband (UWB) systems [16#,a
[4]. GreenTouch is a consortium of internationalT$C more recently, to narrow band communications system
actors. Its mission is to deliver the architectureyased on non-impulsive waveforms [14]. A proof bé't
specifications and roadmap needed to increase ”etW‘growing interest for TR applied to green commuriaat is

energy efficiency by a factor 1000 from current disv

the project TRIMARAN: Time Reversal MIMO (Multiple-

Similarly, international project EARTH goal is to|npyt Multiple-Output) OFDM (Orthogonal Frequency

significantly reduce the power consumption of dalu

networks delivering different approaches applicaloie
component, node, and link levels.

In order to determine if TR is an efficient gresimeless
communication technique, theoretical gains areddodink
level simulations performed in relevant green sdesa

Dedicated use cases have been then defined andechapp

the novel realistic green scenarios of multi-Radiccess
Technology (RAT) [5] that are promoted by Frenclerapor
Orange in the GreenTouch consortium. The first ageris

Division Multiplexing) Green communications based o
Micro Structured Antenna Arrays [15].

TR can be considered as a special case of beamfgrmi
pre-filtering technique and enables to focus wawveshe
temporal and spatial domain. TR spatial focusingpprty
can be used to reduce interferences [16] and itee ti
compression property simplifies the receiver comxipfe
[17]-[20], thus, using TR allows reducing both power
emission and power consumption of systems.

The TR principle lies in two steps: tlseunding (fig. 1)

Point transmission/reception

(LTE-Advanced = CoMPhstimation of the impulse response of the multithnnel

scheme [6], [7] which aims to reduce border-celfrom the receiver to the transmitter. Then, thagraitter

interference. The second scenario is an exten8pnid] of

_ _time reverses the Channel Impulse Response (CiiRus@s
the IEEE 802.1X Fast Session Transfer (FST) meshani
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the result to pre-filter the signal. Electromagoetiaves re-

The complex coefficient(t,;(t)) is the gain theit"

experience the paths and add coherently at theettargcho of the baseband CIR of the propagation chaatrile

location.

Base station

Fig. 1. Sounding step: the user sends a probe sigedl by the base stat
to estimates the CIR.

Base station

Fig. 2. Focusing step: the base station prediltle signal with a time
reversed version of the CIR. From the user side,etuivalent channel
then the autocorrelation of the CIR.

Let us denotex(t) the transmitted signaly(t) the
received signal,h(t,7) the CIR wheret is the delay
variablen(t) the Additive White Gaussian Noise (AWGN),
7; the delay of path and * the convolution operation.
Without TR, the received signal is expressed dewvid:

y(@) = x(t) = h(t,T) + n(t)
= Z x(t —7;(8)) x h(t, 7:(0))

L

(1)

The multipath propagation channel is expressed asma
of echoes:

ht,7) = Z h(t, 7)) x 8(z — 7,(D))

4

)

timet. When TR is used, the signal is pre-filter by
h*(t, Tmax — t), Where * denominates the conjugate. Then,
the received signal becomes:
y(©) = x(t) * Ry(t,7) + n(t) 3)

where R, (t, ) is the instantaneous correlation function of

the channel associated with the equivalent TR odlann
heq(t,T) expressed as follow:

heq (t,7) = h*(t, Tax — T) * h(t,T) = Ry(t,T) (4)

The equivalent channel has then a peak which
corresponds to the center of the autocorrelatiorctfan.
Width of this central peak can be used to estimdbes
quality of the TR focalization properties.

. MULTI-RAT AND CONVERGENT BASED USE CASES FOR

GREEN COMMUNICATIONS

The aim of green communications is to increase the
energy-efficiency of ICTs. One way to achieve thaal is
to reduce the complexity and transmission powesysfems
under QoS constraint, a convergent system shoulbleeto
switch toward the greenest technology availableo@iing
to quality metrics. Switching mechanisms betwedfedint
WLAN/WPAN interfaces and associated quality mettics
perform Multiple Interface Management are desigaed
evaluated in the project OMEGA (hOME Gigabit Acdess
[22] .Green communications uses cases extendedlbilan
radio communications and convergent indoor/mobile
networks have been designed by Orange Labs [$hen
Green Touch consortium. These use cases are dabcrib
below.

A. LTE-Advanced CoMP

Inter-cell interference is a recurring problem feireless
communications. LTE-Advanced CoMP is a radio-access
technology intended to reduce border-cell interfees The
station (eNode B) and Remote Radio Equipments (RREs
cooperate together on the downlink transmissioorder to
mitigate interference. It can be divided in two eggtries:
Coordinated Scheduling / Coordinated Beamforming
(CS/CB) and joint processing [23], [24] (fig. 3)oidt
processing means that several eNode-B/RREs adthiess
user (either with joint transmission or instantarecaell
selection) while with CS/CB a given station focus the
user while other stations try to null their integfeces.

When beamforming is used the main lobe focus on the
user, but secondary lobes can create interferetoveard
other users of the same cell. CS/CB intends to wéhlthis
interference but it may be hard to perform perfe&/CB
with a high number of users. With TR, the focalaatis not
made toward the user location but at the user ilmtand
without secondary lobes. Therefore, the main bensfi
Time Reversal applied to CoMP is to efficiently msie
spatial focalization without interferences towatbes users.

Joint processing may benefit from the ability of T&®
address a user even in a highly scattering medindhi@a
Non-Line of Sight (NLOS) situation.
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Coordinated beamforming
/ Coordinated scheduling

- Main-lobe controltoward desired user
"""" P Null control toward other users

Joint processing

Joint transmission
or
Dynamic cell selection

Fig. 3. Davnlink CoMP transmission categories adapted froijn Ygith
CS/CB, stations null their interference toward othsers while addressi
desired user. With joint processing user can eitler joint coherent/nen
coherent transmission or make instantaneous detitgm.

B. Fast Session Transfer

Fast Session Transfer (FST) is a mechanism thawsla
station to transfer a session from a channel tothamo
channel in the same or different frequency band [0
considering several Wi-Fi certified air interfacéiscan be
applied to IEEE 802.1X systems in OBand (e.g.,&d 5
GHz) and DBand (e.g., 60 GHz) if stations are rringtnd
capable. Stations can become noticeable, or nototfter
stations by changing carrier frequency, FST can theuse

Transition from one band/channel toward another
band/channel is done according to the protocolnédfiin
fig. 4. From the initial state, the stations exam@®kST setup
request and response. Once the Link Loss TimealT)(L
reaches the value 0, stations operate a switchrtbaanew
bandwidth/channel. If the switching if confirmed by
acknowledgments (Ack), the transfer is completeid. 5
shows an example of its utilization to target andkl a
station at 60 GHz thanks to the 5 GHz range.

5GHz Omni Range

60GHz Omni Range

AP

STA 60GHz BF Range

Fig. 5. An example of the use of FST: the stafi®mA) is located by tt
access point (AP) in the 5 GHz range, its locat®othen used to perfol
beamforming (BF) and reach it with 60 GHz technglog

As TR performance depends on the propagation @hann
transmission bandwidth size and Radio-Frequency) (RF
carrier, selection related to FST mechanisms may be
efficiently combined with TR processing.

C. Smple and multi-RAT heterogeneous network

The last use case includes the previous onesn#ists in

a simple and multi-RAT heterogeneous network. Given
Channel Quality Indicators (CQIs), the network mbst
able to select thegreenest access combination (access
points, technology and modulation and coding scheme
under QoS constraints. Therefore, it must includ@IsC
evaluation mechanisms and switching protocols émgbl
seamless connectivity as investigated in the ICTEGW
project.

to perform multi-hop relay and backhauling. This | TE-Advanced CoMP can be viewed as a simple-RAT

mechanism was first described within the IEEE 80adl
standard [10] but compatibility with other IEEE8DX.
systems (e.g., 802.15 or 802.16) is intended.

New band/channel becomes

Old band/channel

Transition
confirmed state

New band

Initial state

Old band
channel

Timeout or
FST Tear down

FST Setup FST Ack | or

Request successful
and transmission
FST Setup FST Ack | (exceptFST
Response Response | Teardown)

Transition
done state

New band
channel

completion state

Old band
channel

>
LLT=0 in the FST Setup Request
or LLT transitions from one to zero

LLT>0
Fig. 4. States of the FST setup protocol.

heterogeneous network where the best scheme dbrstat
combination is selected to increase the Signatt@rierence
plus Noise Ratio (SINR) at the user location. FSTai
switching protocol combining RF multi-band procegsto
MIM between Wi-Fi certified air interfaces.

IV. GENERICTR USE CASES

This section is dedicated to the identificatiorlinfits and
advantages of TR by defining TR use cases to bheapip
multi-RAT and convergent use cases (cf. Ill). Impaicthe
frequency selectivity and bandwidth size, Doppl&ea
impact, antenna mismatch alignment, synchronization
problems and number of transmission antennas aadest

A. Frequency selectivity and Bandwidth size influence

The ideal TR equivalent CIR is the Dirac delta fiom.
To strive toward this ideal case, the digital chelmeeds to
have sufficiently uncorrelated taps. Additional sagan be
seen as additional information about the user iocaand
the more information we have about the user lonatibe
more we can focus on it.
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An easy way of getting this extra information is tahe CIR is outdated the main tap is no more atpbak
increase the transmission bandwidth as it incredbes location, the equivalent channel seems in NLOS
resolution of the channel, i.e., the number of tagscan propagation.
detect. Another way is to transmit over a highlattring

medium. Root Mean Square (RMS) delay sprgad is a S =——¢— Without Time-Reversal
common metric that quantifies the multipath rictme$the = @ - Uncorrelated Time-Reversal
medium. For a digital channel it can be expressed a 0 ; ~o
] .
-d *s
(= 1,)? - G? >
TrMs = [Zl( l 2 L () n \\ 3 ~
2i G -10 ————
where G; is the average power of echioand z,, is the -15 .
average delay of the channel given by: : = .
220 el
iTi G 0 50 100 150 200
T == (6)
" NG
Delay (ns)
5 Fig. 7. Average Power Delay profile (in dB) of anal C with 20 MH
== 20 MHz - Channel C bandwidth.
= @ =40 MHz - Channel C
0 cee@-++ 80 MHz - Channel C C. Antenna mismatch alignment
TN ==CHMLL~ Charaal B Systems using directional antennas can suffer from
= = @ =40 MHz - Channel E . . . .
RN NG veeB+ 80 MHz - Channel E mismatching, i.e. an unwanted transition from LGS t
W TR \ : NLOS. With TR, this critical drop of performanceancbe
. \\\ avoided if FST is used to switch to a wider chanmekl
N different carrier (with different propagation propes)
10 e == N ——
el ‘_ = -:—\.\\_ T ——— when SNR drops.
15 m R '~\ D. Synchronisation problems
-15 ; Sl AR . . .
= AT YO Ideally, systems using TR should synchronize on the
‘-.. N e central peak of the equivalent channel, thus, systghould
220 2 : be able to deal with the previous taps of the emjaivt
0 20 40 60 20 100 channel (e.g., to avoid interferences between autise

Delay (ns) OFDM symbols). Moreover, if the synchronization is
Fig. 6. First 100ns of the average delay prof{lasdB) of TGn channel ~ biased, it can cause a drop of performance whegdhgal

and E [25] with receiver synchronization on the trainpeak of th peak of the equivalent channel is very sharp.
equivalent CIR.

E. Number of antennas
' In order to increase TR performances, it is alsssjixbe to
hcrease the number of transmit antennas and to apply TR
before each. The resulting equivalent channel &n tthe
sum of the autocorrelation functions of the diffar€IRs
between each transmit antennas and the receiverante

On fig. 6 curves show that, for a given channel
focalization increases with transmission bandwidﬂ]
Moreover, focalization (i.e. first drop of the dglarofile) is
better with channel E which has a RMS delay sprefad
100ns than with channel C which has a RMS delagapof

30ns
Wide bandedth {:md/orh|gh delay sprgaq (henge, high > T TR T
frequency selectivity) are then prerequisites teaisbgood ( - @ -20MHz-2x1
performances with TR as shown on fig. 6. ) \\\ ceo@eee 20 MHz - 4x1
. N 4= 80 MHz - 1x1
B. Doppler effect impact -5 N - -ggﬁgz-ixi
cosoflleee 2
One of the main drawbacks of TR is the need fowslo 10 | D e
channel variations. In order to get good perforreanthe - :
channel must remain constant between the sounding and 15 4

focusing step. If thestimated channel used for pre-filtering
is outdated, the instantaneous correlation fundiecomes .2
a cross-correlation instead of an autocorrelatiomd a
focalization properties are lost. A high Dopplefeef will -25
then induce strong uncorrelation between the estitha
channel and the effective channel, causing a drop -30

performances. _

As shown by fig. 7, if the system can estimategerly -35 i i ,
the CIR or if the channel variations are too fésits better 0 50 100 150 200
not to use TR. Uncorrelated Time-Reversal meanssth®a Delay (ns)

eStImated. (:ZIR . used for pre-flltenng IS O.Utdated Fig. 8. Average Power Delay profiles (in dB) oiahel C with 20 MHz ar
SynChron'Zat'on is made at the central peak lonattiat as 80 MHz bandwidths for 1,2 and 4 transmit antenmaklareceive antenna.
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On fig. 8, curves shows that increasing the numiifer synchronizes on the central peak the multipathcefié the

transmit antennas increases the focalization. Ttierehce
between the two first taps is increase but the naimg of

channel E is softened. Improvements are better ttith
channel which corresponds to a more scattering umedi

the power delay profile is unchanged. Then, TR fisne This analysis corroborates the conclusions of par: TR

from spatial diversity if channels are enough unelated.

V. PROPAGATION ANALYSIS
In order to evaluate benefits of TR, a comparisbiR

performances is done through a propagation analybis

equivalent channels. We used

improvements are greater in a highly scatteringiomedand
with a large transmission bandwidth.

VI. CONCLUSION
In this article we carry out a first analysis ohbéts and

IEEE 802.11 Higlmits of TR for green communications applied to-Wi
Throughput (HT) and Very High Throughput (VHT) certified technologies.

Practical Green use cakss/ed

transmission modes of IEEE 802.11 standards [12§] [ from Orange Labs contribution to GreenTouch werst fi
over TGn propagation channel models C and E [2Bks€ exposed. Then we defined generic TR uses casef Suc
models are valid for simulations with a communigati cases can be mapped on the practical Green use tase
bandwidth up to 40MHz. As we intend to simulateorder to determine the benefits and limits of TR doeen
bandwidths up to 80MHz, we linearly interpolated TG communication. A propagation analysis was alsoqueréd
channels C and E. RMS delay spreads of channejs stgpon channels used upon WLAN/WPAN systems operating

unchanged: 30ns for channel C and 100ns for chdhnel

=)0 MHz
0 = @ =40 MHz
coo@ess 80 MHz
- =—4—TR 20 MHz
=) TR = @ -TR40 MHz
-10 - :
(a) -5 ~
-20
25 = "\——
23 ot n = =
-30 e
=
-35
0 50 100 150 200
Delay (ns)
3 et )() MHz
0 - & -40MHz
ceo@ees 80 MHZ
5 —— TR 20 MHz
= & -TR40 MHz
-10 ----M--- TR 80 MHz

(b)y -I5
-20
-25
-30
-35
0 200 400 600
Delay (ns)

Fig. 9. Averaged Power Delay Profiles (in d)channels C (a) and E
for 20MHz, 40MHz and 80MHz bandwidths sizes.

As we can see on fig. 9, thanks to its focalizapooperty

which is in enhanced by bandwidth size, TR helps t

increase the difference between the 2 main tapa whe
receiver synchronizes on the central peak. The itagirof
channel E is not the first tap (as it is the caseNLOS
situations), but when TR is used, if the

receiver

in 2.4/5 GHz bands with different channel bandwislites,
typically ranged from 20 MHz to 160 MHz.

The focalization property of TR allows interference
reduction for LTE-Advanced CoMP and can simplifye th
addressing of selected user because the cancellafio
interferences toward other users is inherent to TR.
Moreover, its compatibility with highly scatterimgedia can
be use with FST to ensure a seamless connectivéy &
case of antennas mismatching. TR improves systems
robustness while reducing complexity of receiveantks to
its time compression property. Green communicatices
therefore highly benefit from TR. But we should lewer be
careful with its utilization when transmission bandth is
limited, or when the medium is not enough scatterin
Moreover, if applying TR with a perfect knowledgéthe
channel improves performances of systems, a bad or
outdated estimation of the channel can severelyp dro
performances.
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