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Outage performance of flexible OFDM schemes

In packet-switched transmissions
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Abstract

In this paper,a-OFDM, a generalization of the OFDM modulation, is propaos€dis new modu-
lation enhances the outage capacity performance of bustymunications. The--OFDM scheme is
easily implementable as it only requires an additional tsymbol rotation after the IDFT stage and a
subsequent phase rotation of the cyclic prefix. The physiffatt of the induced rotation is to slide the
DFT window over the frequency spectrum. When successivedyg usth different angles at the symbol
rate, «-OFDM provides frequency diversity in block fading charmdhterestingly, simulation results
show a substantial gain in terms of outage capacity and euBigR in comparison with classical
OFDM modulation schemes. The framework is extended to raunlitnna and multi-cellular OFDM
based standards. Practical simulations, in the contexG#FBLTE, called hereafter-LTE, sustain our

theoretical claims.

. INTRODUCTION

With the recent growth of wireless communications and theeasing demand for high
transmission rates, orthogonal frequency division midkimg (OFDM) is being considered the
desirable modulation scheme of most future wireless conratian technologies. Many wireless
standards [1]-[3] have already rallied in favour of OFDM.e€Thttractive features of OFDM
are numerous; a key advantage over other classical manlulathemes is that OFDM can be
designed to reach a higipectral efficiencyThe main advantage in practice lies in fteg fading
aspect of the channel that facilitates equalization at doeiver side. This property originates

from thecyclic prefix(CP) addition, prior to signal transmission, that allows tod@l the channel
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as a circulant matrix in the time-domain [7]. Those circtilaratrices are diagonalizable in the
Fourier basis, hence the seemingly flat fading aspect of lia@rel in the frequency domain.
The analysis of circulant matrices, and their generabiratis the starting point of the present
work.

In addition to the demand for high transmission rates, reeareless standards have also
steadily moved from the connectaircuit-switchedtransmission mode to the burspacket-
switchedtransmission mode. The main drawback of treeket-switchedanode arises when the
transmission time is less than the chanc@erence tim¢l2], as the channel is then static over
the communication duration. Indeed, for any target trassion rateR, there exists a non-null
probability that the channel is so ill-conditioned that tesulting achievable rate is less th&n
This outage probability is especially non negligible in Q#vhen the channel delay spread is
small, or equivalently when the chanreherence bandwidtfl2] is large. These observations
have led to consider methods which provide chaminatrsityto protect the transmitted symbols
from deep channel fading. Among those methods, [5] propasg¢ghamic beamforming scheme
using multiple antennas, known as dumb antennas, whichcesltast channel variations over
time. The relevant effect of this method is to increase tlanakl diversity during the transmission
period. Recently, [6] introduced@mpact MIMOsystem which mimic the behaviour of multiple
antennas from one single rotating antenna, thus produdidifi@anal degrees of freedom. A
desirable method to cope with the outage problem in OFDM iprvide diversity in the
frequency domain; this is accomplished by thyelic delay diversitymethod [13] by introducing
different symbol delays on an array of transmit antennasvever, all those methods require
additional antennas to provide channel diversity, or atedsfficult to implement in practice.

In the following work, we first introduce a new single antermadulation scheme called-
OFDM, which produces frequency diversity with neither artemdous increase in complexity,
nor additional antenna requirement. The main idea is toessieely transmit data on different
sets of frequency carriers, with no need for an higher-ldyeguency allocation scheduler. In
particular, we show thai-OFDM allows to flexibly reuse adjacent frequency bands mpprly
adjusting a single (rotation) parametet.:

This work is then extended to the multi-user OFDMA (multiplecess OFDM) case, where
3GPP-Long Term Evolution (LTE) is used as benchmark for canispn against classical OFDM.

Although botha-LTE and LTE with frequency hopping techniques seem to belainthe a-
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OFDM algorithm is more flexible and can be adapted on a perd@®FKymbol rate without
advanced scheduling methods.OFDM can also be seen as yet another technique applicable
for software defined radios [11], [14] for it enables flexifilequency management by means of
digital processing.

The rest of the paper unfolds as follows: in Section I, wedgtthe mathematical extension
of circulant matrices, which is at the heart of the classi@BDM modulation and we introduce
the novela-OFDM scheme. Practical communication systems, based-@QFDM, are then
introduced in Section Il and are shown to benefit from thegdiency diversity offered by
«-OFDM in terms of outage capacity. The theoretical claime waalidated by simulations
in Section IV. We then introduce in Section V some practigapleations and quantify the
outage performance gain. In particular we propose an egterfer the 3GPP LTE standard,
called hereafter-LTE, which is further extended into a gene@OFDMA scheme. Finally,
conclusions are provided in Section VI.

Notations In the following, boldface lower and capital case symbapresent vectors and
matrices, respectively. The transposition is dendgtgtand the Hermitian transpose(igH. The
operatordiag(x) turns the vectoxk into a diagonal matrix. The symbadtt(X) is the determinant
of matrix X. The symbolE[-] denotes expectation. The binary relation symiol” means that
Y is divisible by X.

Il. SYSTEM MODEL

The basic idea of this work relies on a mathematical gereaiddin of the diagonalization
property of circulant matrices. More specifically we intuee in the following the so-called
(p, a)-circulant matrices which can be diagonalized in a modifiedrfer basis, hereafter referred
to as the(p, «)-Fourier basis. This will entail the introduction of theOFDM scheme, which
in turn generalizes the OFDM concept and whose key physicglegpty is to provide dynamic

subcarrier frequency shift controlled by the parameter

A. Mathematical Preliminaries

Let us first recall the diagonalization property of circulamatrices.

Definition 1: A circulant matrix H, of size N with base-vectoh = {hg,...,h; 1} € C*
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(L < N)istheN x N Toeplitz matrix

by 0 0 hu h |
hy  hy
hr—1
Hy = |h;_, 0 1)
0
hg 0
0 ... 0 hiy ... hi h

Circulant matrices can be diagonalized By;, the discrete Fourier transform (DFT) matrix
of size N. The eigenvalues in their spectral decomposition are fdrimethe DFT of their first
column hg, ..., hy1,0,...,0]7 [8].

Those circulant matrices actually enter a broader classatfices, which we will call p, «)-
circulant matrices. Those are defined as follows,

Definition 2: For z = pe'® € C, (p,«) € RT x R, we call anN x N matrix Hi, ., (p, a)-
circulant if it is of the form

hg 0 ... 0 pe®h,_y ... pe®hy ]

hy  ho :

: Peﬁthfl

IIO%a):: hr—1 . . 0 . (2)

0 :
ho 0

0 ... 0 hr e hy ho

This is a matrix with first columiv, ..., hz_1,0,...,0]T, and subsequent columns successive

cyclic shifts of this column. The upper triangular part o€ thmatrix is multiplied bype®.
Proposition 1: Al N x N (p, a)-circulant matrices are diagonalizable by the«)-Fourier

matrix Fy (, ), defined as

FN,(p,a) = FN . dlag (17 pﬁeza%7 o ’pN]\_fl eiaN];1> (3)
Hence we denote

diag (Ha(0), ..., Ho(N — 1)) = Fy (po)H(p.o)F 1| (4)

N, (p,a)
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where the diagonal elements are given by thex)-DFT of the first column oftd, .
[Ho(0), ..., Ho(N = 1)]" = Fn (plho, -y hr-1,0,...,0]" (5)

Proof: The proof is an adaption of a proof from Gray [8], Sec. 3.1, iehthe author
characterizes the eigenvectors and eigenvalues of a amcahatrix. Given a(p, «)-circulant

matrix H, the eigenvaluedi,(m) and the eigenvectorg,, of H are the solutions of
Hv = ¢v (6)

This can be written in scalar form as the system of equatifans,, =0,..., N — 1,

min(m,L—1) L—1
Z PV + pe'® Z PRUN — (k—m) = Pvm (7)
k=0 k=m+1

In (7), we use the convention that the second summation ®ikdr — 1 < m + 1.

Let us assume;, = o* and replace it in (7). Cancellation of* yields

min(m,L—1) L-1
> ot + pe o™ Y hgo* = ¢ (8)
k=0 k=m-+1

Thus, choosing such thatpe’®p” = 1, we obtain the eigenvalue
L-1
b= ho" (9)
k=0
and the associated (normalized) eigenvector

v=08[100,. . .,d""]" (10)

1=/~ .
with 6 = 1/V/N if p=1andg = \/‘a—'l/ otherwise. Then we choosg, as the complex

N root of pe'®, o,, = Sxe " @/Ne2mm/N obtaining the eigenvalue

o1/
L—-1 ) )
H,(m) = Z h;p¥ eioF e 2N (11)
=0
and eigenvector
e—za% e—ia N];l T
Vm = 5 17 1 62m%7 SRR N—1 62mmN§1 (12)
pﬁ pT
such that
Hv,, = H.(m)v,,, m=0,...,N —1 (13)
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u
From (11), we can deduce immediately an inverse transfomaldg to the inverse Fourier

transform) to obtain the elements of the first columnibfrom the eigenvalues

I
pN
Therefore, (p, «)-circulant matrices only differ from circulant matrices iy an additional

1 1= .
he = —pe N mz_:oHa(m)e?“mz'v, (=0,....L—1 (14)

rotation matrix turning the discrete Fourier transform mxaf¥ y into a (p, «)-Fourier matrix
Fypa) and (ii) an additional rotation of the upper-triangular tpaf the circulant matrix.
When applied to the OFDM communication chain (both at thestrah and receive sides),

these alterations entail interesting physical propesibgh we introduce in the following.

B. OFDM

Let us first recall the classical OFDM modulation scheme aibduce our notations, before
we present the more generatOFDM framework. Consider a regular OFDM transmission
scheme. Denote € CV the transmitted OFDM symboh € CV some additive white Gaussian
noise (AWGN) sensed by the receiver with entries of varidfi¢e;|*] = 02 andH, the circulant

time-domain channel matrix, as in (1). The time-domain irezksignalr € CV reads
r=HF's+n (15)

where Fy is rewritten F' for the sake of readability. Therefor, is diagonalizable by the
Fourier matrixF, with diagonal elements the discrete Fourier transformhef first column
[ho,...,hp_1,0,...,0]T. This is simply obtained by multiplying in (15) by F. The distribution
of the noise does not change, since a unitary transformaticn Gaussian i.i.d. (independent

and identically distributed) vector is still a Gaussiantee®f same mean and variance. Thus,
F -r =diag (Hy(0),...,Hy(N —1))s+n (16)

with Hy(-) the DFT of the first column oH,,

L—-1
Ho(m) = Y hye 2% a7)
=0
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Fig. 1. o-OFDM transmission scheme

C. a-OFDM

Due to the mathematical generalization of circulant megripreviously proposed, the classical
OFDM scheme can in turn be generalized in form of th® FDM scheme which we define
as follows. At the transmitter side, the-OFDM scheme is similar to the classical OFDM

modulation, except that it requires

« the frequency-domain OFDM signal vectoto be first multiplied by the matrix
diag (1, e_io‘/N, el e_ia(N_l)/N) (18)

after the inverse DFT (IDFT) stage in the OFDM transmissibaii,
« the time-domain symbols of the CP to be multiplied by the camist = pe'® where we
set herep = 1.

Note that, ifp were chosen different from, Fy, ) would not be unitary, which would generate

noise amplification at the receiver side.
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Hence, the time-domain received sigmaleads
r=H,F's+n (19)

whereF,, is a simplified notation fof'y 1 ,) and H, is the transmission channel matrix. The
«-OFDM transmission chain is depicted in Figure 1. Considgtire mathematical development
previously presented, the channel mathl, associated to this model id, a)-circulant (for
short, this will now be referred to as-circulant) and therefore diagonalizable in the~ourier
domain.

At the receiver side, the CP is discarded like in the classidfdDM scheme and the receive

useful data are multiplied by the matr,. Mathematically, this is
F, r=diag(H,(0),...,H, (N —1))s+n (20)

with H,(-) the a-DFT of the first column oftH,,:

L—-1

Ho (m) =Y hje ik (mi) (21)
j=0

~ Ho({[m — %W}N) (22)

where{-} v denotes the moduld’ operation and | denotes the closest integer larger than
The approximation (22) deserves some more comments: cd$3FDM systems are designed
such that the typical channel coherence bandwidth is greatequal to one subcarrier spacing.
Therefore, the channel frequency gain decimal at decinegjuiency{m — 5=}y is usually well
approximated by that at frequen¢ym — 3} 1.

Remark 1:Note thatH,(m) is a frequency shifted version @f,(m). Thusa-OFDM intro-
duces a fractionafrequency shifta/27 to the channef H,(0), ..., Hy(N — 1)} as shown in
Figure 2. Particularly, ifv/27 is an integer, them-OFDM merely remaps the OFDM symbol
onto a circular-shifted version of the subcarriers.

Thereforea-OFDM introduces only a minor change compared to OFDM andfbasnain
incidence to circularly shift the OFDM subcarriers by a deali value /27, o € R. Note
that the classical OFDM modulation is the particuleOFDM scheme for whichh = 0. By
controlling the rotation anglex and allowing the use of adjacent frequency band€$)FDM
enables a computationally inexpensive frequency diwergihich in turn is known to increase

outage capacity performance. The main results are intemtlut the following.
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oa—OFDM

Y=

Fig. 2. a-OFDM

1. OUTAGE CAPACITY ANALYSIS

The transmission rates achievable in bursty communicatocamnot be evaluated with Shan-
non’s ergodic capacity which involves infinite delay tramssion. Instead, the transmission
capabilities of a bursty system are usually measured thrthegrate achievablg@00—q)% of the
time. This rateC, is known as the/%-outage capacity and verifi@s(C > C,) = (100—¢)/100,

with C' the Shannon’s capacity [4] for fixed channels.
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A. a-OFDM capacity

The normalized, i.e. per subcarrier, capadityof a regular OFDM systeifor the fixed
frequency-domain channgl,(0), ..., Hy(N — 1)} reads

N-1 2
1 | Ho (m)]
C= mz_:olog (1 +— (23)
while the capacity foin-OFDM is
N—-1 2
1 | Ha (m)]
C, = N mZ:Olog (1 + 2 (24)

In the rest of this document, we refer tapacity as the normalized system capacity. The
system-wide capacity will be referred to aal capacity

Remind that the channel coherence bandwidth of an OFDM systenleast as large as the
subcarrier spacirfg Therefore, as already mentione,, (m) ~ Ho({|m — |} ). From the
expressions (23) and (24), we then conclude that C, in some sense. As a consequence,
a-OFDM does not bring any gain, either in terms of ergodic olage capacity in this simple
setting.

Nonetheless, for various reasons, such as the introduofiémequency guard bands or over-
sampling at the receiver, many OFDM systems with a $/zBFT use a limited numbeWV, < N
of contiguous subcarriers to transmgefuldata. Those are referred to aseful subcarriersin
such schemes, the OFDM capacity for the fixed chathelrivially extends to

Ny—1 2
_ 1 | Ho (m)
C = o mzo log (1 +— (25)
while the equivalent fon-OFDM is
Ny—1 2
_ 1 [ Ho (m)]
C, = A T;) log (1 + =3 (26)

The sizes of the useful bandwidths of both OFDM am®FDM are the same but their
locations differ and therefor€® # C,. However, using different frequency bands is only
acceptable in practice if these bands are not protected;hwiki rarely the case in classical

OFDM systems. In the subsequent sections, we will proposaetipal schemes to overcome

lalso calledspectral efficiency

2otherwise the channel delay spread would be longer than the OFDM $yfatation.
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this limitation at the expense of a small bandwidth sacrifibes is, we will propose to discard
subcarriers on the sides of the available bandwidth to atleevuseful transmission band to
‘slide’ over the total valid bandwidth using different vakifor«. In the remainder of this paper,
we therefore consider OFDM systems with subcarriers transmitting data ovat, contiguous

useful subcarriers whose locations are subject to diffectenstraints.

B. a-OFDM-based systems

1) a-OFDM#1: First consider a single-user OFDM system with thNe— N, non-useful
subcarriers gathered into a contiguous subband, up to @annotation over the total bandwidth.
This constraint allows to use-OFDM for any« € R as long as theV, useful subcarriers are
gathered in a contiguous band. We then naturally introdoee:tOFDM#1 scheme as follows.

Let M € N andM be a set of cardinality)/ defined as

B N N(M - 1)
M— {O,QWM,...,27TT} (27)

wherea € R is a priori known both to the transmitter and to the receiver. The cansec
time-domain symbols are transmitted successively usif@yraN /M )-OFDM modulation, fork
ranging from0 to M —1, i.e. denotings*) the k*" transmitted symbok" is sent using)-OFDM,
thens® is sent using(2rN/M)-OFDM and so on. At the receiver side, the corresponding
(2rkN/M), k € N, rotation values are used to align to the transmission badd@decode the
received symbols.

The per-subcarrier capacityy, of the a-OFDM#1 scheme is

Cy = MlNu Z > log (1 + W"‘Uﬂ) (28)

m=0 acM

Note that the total capacity'*+) for a system of bandwidthV and useful bandwidthV, =
W - N, /N scales withN,,, or equivalently with\W,,,

CW) =W, - Cyy (29)

2) «-OFDM#2: Assuming perfect channel state information at the trariem{CSIT), an
improved schemey-OFDM#2, can be derived from-OFDM#1, which selects among the

values ofM the one that maximizes the instantaneous capacity. Itscitgpey., reads
Ny—1 2
1 3 [ Ha (m)]
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This scheme can prove useful when the channel coherencediswgficiently long for the
receiver to feed back channel information to the transmiftbe latter will then be allowed to
transmit over one particular subchannel among aliesubchannels provided by the different
bandwidth shifts. However, the transmitter must also imfahe receiver of its choice of the
parameter; this can be performed by introducing an extreheaal to the first transmitted packet.

3) «-OFDM#3: Consider now that the protected unused subcarriers can erlalsed on the
lowest frequency and highest frequency sides of the bartbwad is the case of most practical
systems. Following the same structure as th®OFDM#1 scheme, we introduce-OFDM#3,
based on a setl of M values fora which are constrained by, — N < = < N — N,.

The introduction of this particular scheme is relevant ashhsis for some practical applica-
tions studied in Section V. The capacify.; is identical to Equation (28) with the additional
constraint on the set of rotatiod¥. Therefore,Cx3 < Cy;. This upper-band on the capacity

Cys is needed for further analysis in the following.

C. Capacity Gain

The effect of then-OFDM#k schemes is to successively slide the OFDM DFT window by
different frequency shifts. This generates channel dityetbat is highly demanded in outage
scenarios. The following lemma shows that the (per sulerrfixed-channel capacity limit of
a-OFDM#1, for anyN, < N, equals the (per subcarrier) fixed-channel capacity of aDMF
system, forN, = N. The ratio between the total-OFDM#1 capacity and the total OFDM
capacity is thenV, /N for a proper choice oM. In contrast, this ratio is on average less than
N, /N when a single value fot is used (or similarly when a pure OFDM scheme with < N
subcarriers is used). This claim is the most important tesfuthis paper and is summarized in
the following lemma.

Lemma 1:Consider a single user OFDM system wiftj, useful subcarriers and total
subcarriers without CSIT. Applyw-OFDM#1 with a patterr?M of cardinal M defined in (27)
with the constraintV|{M - gcd(N, N,)}, gcd(z,y) being the greater common divider ofand
y. Assuming the channel coherence time is more thatimes the OFDM symbol duration, the
a-OFDM#1 capacityCy; satisfies

Cy=C (31)
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with Nt ,
1 «— Hy(m
=N Z log <1 + l()g(—2)|> (32)
m=0
the capacity of the equivalent OFDM system under the fixedhicblaH,.
Proof: Recall that thex-OFDM#1 capacity reads

3 <1+ <)|2) (33)
O = MN

m=0 acM

Since alla € M are multiple of2r, the frequency shifts correspond to subcarrier jumps.
Therefore, afterd/ symbols, every subcarrier indexed bye {1,..., N} has been used an

integer number of times; < M. This allows to rewriteC',;:

N-1 2
1 [ Ho (m)]
Cyy = NN, n;))\m log (1 + I (34)
with S-N"! )\, = M N,. The variable changg,, = Jhe leads to
N-1 2
H,
Cor =y 2l (1 ¢ o) ) (35)
1 H
(Zﬁm |Ho (m >|> (36)
1 |Ho (m)|”
= log (N + mzzoﬁm o2 (37)
(38)

where the inequality (37) stems from the concavity of e function.
Without CSIT, one has to assume equal gains at all subcarfibesbests,, allocation strategy
requires then to maximize aff,, with sum constrainty 3, = N. This leads toVm ¢
[0, N —1], 5,, = 1. This is the equality case of Equation (37) which is achiévathen N |{ M -
GCD(N,N,)}. u
Note that this proof cannot be adapted to th® FDM#3 scheme for thg,,,’s are restricted by
the constraint odV{. This means that the achievable outage capacity'f@FDM#3 being less
than the outage capacity farOFDM#1, Lemma 1 provides an upper bound on the achievable
capacity fora-OFDM#3. As a consequence, if an OFDM system is constraioedse N,

consecutive subcarriers with sidebands, usir@FDM allows to reach at most the same outage
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spectral efficiency as the classical OFDM scheme usingvaflubcarriers, which, on average,
is not achievable with classical OFDM over a fixed set/of subcarriers. In the following
section, simulations are carried out for different scevsato analyze the potential outage gains
of a-OFDM-based schemes, before practical applications a®udsed. It will in particular be
observed that the upper-bound 6f; is actually very tight in non-degenerated scenarios.
The consequence of Lemma 1, in terms of performance in blading channels, is that the
outage capacity ai-OFDM#1 equals the outage capacity of the classical OFDM &) might
all subcarriers in the bandwidth be useful (i/é, = N). The close behaviour ai-OFDM#3
compared ton-OFDM#1 implies that this scheme also achieves outage dgpaerformances
close to that of the OFDM modulation with all subcarriers ggeuOn the contrary, when classical
OFDM is used on a restricted sat, < N, the outage channels may lead to tremendous losses
in outage capacity performance; in particular, if the cleirmoherence bandwidth is close g,
subcarrier spacings, then the outage scenarios correspatekp fades in the exact position of

the N, subcarriers, which entails considerable performance loss

V. SIMULATION AND RESULTS

The 3GPP-LTE OFDM standard is considered in most simulatigve present results for the
1.4 MHz bandwidth (v, = 76, N = 128) and the 10MHz bandwidth\\[, = 602, N = 1024). In
LTE, the null subcarriers on the bandwidth sides do not spwad to guard bands but arise from
oversampling at the receiver; as a result, e NV, empty subcarriers belong to adjacent users.
We study the outage capacity and bit error rate (BER) gain asguthat we were allowed to
slide the spectrum over those bands while still sending dat&,, consecutive subcarriers. This
seemingly awkward assumption will prove necessary for thecete applications in Section
V, in which all users will be allowed to jointly slide their eful bandwidths; this will turn the
adjacent illegal spectrum into dynamically usable fregquesi Channels are modeled either as
exponential decaying with mean zero and unit variance off&sdtandardized channels [9] with
the following characteristics,

. Extended Pedestrian A model (ETA), with RMS delay spread 43ns

. Extended Vehicular A model (EVA), with RMS delay spread 357ns

« Extended Typical Urban model (ETU), with RMS delay spreadrng91
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Outage Capacity of a—OFDM#1 vs OFDM
3GPP-LTE EPA Channel (N=1024, Nu=602)
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Fig. 3. a-OFDM#1 Outage Capacity in 3GPP-LTE EPA

Figure 3 compares the outage capacity gainneDFDM#1 against OFDM in LTE EPA
channels for a seM of length M = 2 and M = 8. The bandwidth isl.4 MHz. A strong
SNR gain is provided byv-OFDM#1 already fordM = 2 (+1.1 dB), while growing M does
not bring significant improvement. This is explained by thetfthat)/ = 2 suffices to transmit
over all available subcarriers, providing already a higrediity gai. Note also that this gain
is extremely dependent on the channel length. The shorgechannel delay spread, the more

significant the capacity gain.

Showever, since a part of the subcarriers are used twice in both trasisnsisvhile the others are only used once, the optimal
bandwidth usage of the proof in lemma 1 is not achieved; this requiresrtentinas much data on all subcarriers and then

demands largeM sets.
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A. Single User with multiple antennas

Figure 4 depicts the outage capacity gainn@OFDM schemes versus OFDM in Rayleigh
channels using multiple antennas at the transmitter. f;otransmit and receive antennas, the
ergodic capacity for the classical OFDM schemes (in plaiediin the Figure) reads

1 1
C = < logdet <1Nu + ;Hg%)) (39)

whereH(()N“) is the NV, x N,, matrix extracted from theV, useful rows/columns oH,. While

the respective capacity expressions of th®OFDM1 anda-OFDM2 schemes are

1 1
Cu1 = Yo Z log det <1Nu + ;H&Nu)> (40)
Y aeMm
1 1o

WhereH,&N“) is similarly the N, x N, matrix taken from theV, useful rows/columns oH,,.

In the simulations, we us&; = 1,2, 4 transmit and receive antennas.

It is observed that the usage of additional diversity arisrocan be partially or fully replaced
by a-OFDM schemes. Channel diversity from the space domain cam lie traded off with
diversity in the time-domain thanks te-OFDM, reducing then the cost of extra antennas.
However, particular care is demanded to appreciate thasdtselndeed, the performance gains
in terms of outage capacity and BER are highly dependent oexaet definition of the outage
conditions and the channel delay spread. In mobile shadeavireless communications, bursty

transmissions using-OFDM can therefore be performed at higher rates.

B. Multi-cell systems

In multi-cell systems, inter-cell interference engendaugage situations whenever the termi-
nal's channel to the base station is in outage and the chariodhe interferers in adjacent
cells are strong. Using.-OFDM in its own cell, not only will the terminal diversify stown
channel but it will also face different interference patgerTherefore, it is even less likely to
simultaneously be confronted to bad channel conditiongsirown cell and strong interference
over M consecutivex-OFDM symbols. Figure 5 provides this analysis, in which eeree user
faces interference from a single adjacent cell at varyiggai to interference ratios (SIR). The
SNR is fixed toSNR = 15 dB. The channel lengths at both user’s cell and the interfecelbis
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Outage Capacity Gain of OFDM, a—OFDM#1 (M=8), a—OFDM#2 (M=8)
SU-MISO (N=128,Nu=76,.=10)
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Fig. 4. Outage Capacity gain fer-OFDM MISO

set toL = 3 while N, = 76 and the DFT size igV = 128. At high SIR, one finds again the-
OFDM capacity gain observed in Figure 3. Arousiik = 20 dB, a level for which interference
becomes a relevant factor, the outage gain due-@FDM#1 is more thar3 dB, which is twice
the capacity gain obtained in single-cell OFDM. As discdsge the previous section, those
gains are even larger if the considered outage is less thabut%re less important for more

frequency selective channels.

V. APPLICATIONS

In this study, on the specific example of the MHz LTE frequency band, we assumed that
one were allowed to transmit data on side-bands to captaliechannel diversity. This requires
that those bands are not in use. In the following we propokerses for service providers to

overcome this problem by sacrificing a small part of the to&hdwidth.
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A. a-LTE

In the LTE context, service providers are allowed to use ightMHz bandwidth that they can
freely subdivide in several chunks. Consider that one dscidesplit the available bandwidth
in 16 chunks of1.25 MHz each. Those chunks are composed76fsubcarriers which are
oversampled td 28 for ease of computation at the transmitter and at the receiVe propose
to sacrifice4 subcarriers per chunk that then resultsdirx 16 = 64 free subcarriers in total.
Those64 subcarriers are gathered in two subbands®fsubcarriers, placed on both sides of
the 20 MHz band. By synchronously using-OFDM on every chunk for a maximum adf6
users, we can design a system/of = 76 — 4 = 72 effective subcarriers per user over a total
N = 72 + 64 = 136 available subcarriers. Indeed, thé¢ spared subcarriers are reusable to all
16 users by sliding their individual DFT windows.

Figure 7 illustrates a simplified version of the afore ddsmili scheme, witlh chunks instead
of 16. In this particular example, ah/ = 3 «-OFDM-based scheme is used that synchronously
exploits the left subcarriers of the dotted part of each &htinen the central subcarriers and
finally the right subcarriers in any three consecutive OFDjhisols (sF) sGF+1) g(Bk+2)),
Therefore, data will always be sent on non-overlapping bahdour particular example, we use
a 136-DFT for a signal occupying the centrat-subcarrier band.

The gain ofa-LTE lies in outage BER and also, at a low-to-medium SNR, in geiteapacity.
Indeed, the lack oft subcarriers induces a fact@2/76 on the total outage capacity which
scales likeN, log(SNR) at high SNR. But at low-to-medium SNR, the gain discussed ini@ect
lIl appears and overtakes the loss in outage capacity inted by the factor2/76.

Figure 6 provides the simulation results obtained in 1% @eiteapacity for a transmission
through 3GPP-EVA channels witN, = 72, N = 136 in the low-to-medium SNR regime. For
fair comparison, we plotted the outage capacity cumulatert a bandwidth off6 subcarriers
(therefore, whenV,, = 72, 4 subcarriers are left unused) that we normalize7By At low-to-
medium SNR, a gain in capacity is observed, despite the losssafbcarriers, while at high

SNR the classical OFDM fills the gap with our improved method.

B. Ultra-Wide Band

3GPP LTE is not the only standard to allow its allocated badtwto be divided into many

OFDM systems. For instance, UWB systems, that cannot maregdarge DFT computations,
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o—OFDM outage capacity gain

under inter—cell interference
SNR=15dB, Nu:76, N=128
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Fig. 5. a-OFDM#1 with intercell interference

divide their allocated bandwidth into multiple OFDM chunkSuch a scheme is commonly
referred to as multi-carrier OFDMv-LTE can be generalized to such systems of total bandwidth
‘W with N subcarriers, subdivided intA" subbands. In classical OFDM, this results in chunks
of size N/K and therefore, without oversampling, to a DFT si¥gK.

With «-OFDM, one can introduce a guard band @fsubcarriers, to result inté& chunks
of size(N — G)/K and to an (N — G)/K + G)-DFT. By making(N, K') grow large with a
constant ratio, the DFT size tends A9 K + G, while the number of useful subcarriers is fixed
to N/K.

The loss in outage capacity per chunk at high SNR is thenyfagtluced while the gain in
outage BER per chunk is kept constant independentlyNafi). In this asymptotic scenario,
«-OFDM does not require to sacrifice any frequency band butiges diversity and outage

capacity gain.
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o-LTE outage capacity gain
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Fig. 6. LTE & «-LTE outage capacity

C. Cognitive Radios in Unlicensed Bands

Advanced techniques of channel sensing allow cognitiveosafd 1] to figure out the spectral
occupation of the neighbouring frequencies. For burstytesys, it could be convenient to
reuse these free bandwidthg.. By increasing the rotation pattefv{ accordingly, for instance
M = {0,2r NW./W}, it is possible to dynamically gain in channel diversity.eTterminal can
be informed of the communication mode, i.e. of the 3&tto be used in a few bits through
a dedicated control channel. This especially allows fortvemfe-defined dynamic spectrum
allocation in an OFDM network, whether outage capacity tieoperformance metric is sought

for.

VI. CONCLUSION

In this paper, flexible OFDM schemes based on th®FDM concept are proposed:-
OFDM allows to exploit large bandwidths to obtain outagengdior bursty OFDM systems.
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«-OFDM requires a minor change compared to OFDM which offersapacity improvement

in its raw form. Neverthelesg-OFDM provides a way to exploit reusable frequency bands and
shows outage capacity improvement compared to the clagdkaM modulation. In multicell
scenarios,a-OFDM can be exploited to mitigate intercell interferenédso schemes based
on a-OFDM can be used to efficiently replace extra antennas atrémsmitter. A large set of
applications is derived from-OFDM, such asy-LTE, a proposed evolution of the LTE standard
which shows performance gain in packet-switched mode aodt sihannel delay spread-
OFDM coupled to channel sensing methods also enters thes sifogoftware defined radios as

it allows to smartly exploit the available bandwidth.
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