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ABSTRACT

here is valid only for small CFO and small IQ-imbalance paam

In this paper we propose a frequency-domain 1Q-imbalanck anters, and so these algorithms are unable to achieve thedesgicu-

carrier frequency offset (CFO) compensation and equaizdor

OFDM transmission over doubly selective channels. |Q-ilafize

and CFO arise due to imperfections in the receiver and/astnit-

ter analog front-end, whereas user mobility and CFO give tis
channel time-variation. In addition to 1Q-imbalance ane than-
nel time-variation, the cyclic prefix (CP) length may be sapthan
the channel impulse response length, which in turn gives tds
inter-block interference (IBI). While 1Q-imbalance retsuin a mir-

roring effect, the channel time-variation results in intarrier in-

terference (ICl). The frequency-domain equalizer is pssgbto
compensate for the 1Q-imbalance taking into account ICI [&id

The frequency-domain equalizer is obtained by transfgrmitime-
domain equalizer to the frequency-domain resulting in theadled

per-tone equalizer (PTEQ).

1. INTRODUCTION

racy for moderate to large IQ-imbalance parameters and GO
values. In [10], nulled sub-carriers are used to estimaeGRO
by maximizing the energy on the designated sub-carrier @richi
age. In an earlier work [11] the authors proposed frequetmryain
IQ-imbalance and CFO compensation for OFDM transmissi@n ov
time-invariant channels. There the CP-length was alsonassuo
be shorter than the channel impulse response lertdthvever, in
the above mentioned works, the channel is assumed to be Tl, and
the CP length is consistently assumed to be longer than or equal to
the channel impulse response length.

In this paper we propose a frequency-domain per-tone equal-
izer (PTEQ) to equalize the channel and compensate for the 1Q
imbalance. The channel is assumed to be time-varying duseio u
mobility and/or CFO, and the CP-length may be shorter than th
channel impulse response length. The PTEQ is obtained hg-tra
ferring a time-domain equalizer to the frequency-domaihe Te-
sulting PTEQ combines adjacent sub-carriers and theironsirto

Orthogonal frequency division multiplexing (OFDM) has hee ¢ompat the effect of ICI/IBI and to compensate for 1Q-imipak.

adopted for digital audio and video broadcasting [1] andsehdoy

This paper is organized as follows. In Section 2, we intreduc

the IEEE 802.11 standard [2] as well as by the HIPERLAN-2-stan o system model. In Section 3, the per-tone equalizer jsqsed.

dard [3] for wireless local area networks (WLAN). This is dwe
its robustness against multi-path fading channels andhitgle im-
plementation. But OFDM is sensitive to analog front-endenfigc-
tions; mainly the amplitude- and phase- imbalances (IQaiiantce)

Our simulations are introduced in Section 4. Finally, oundo-
sions are drawn in Section 5.

Notation: We use upper (lower) bold face letters to denote ma-
trices (column vectors). Superscripts', and™ represent con-

and the carrier frequency offset (CFO). In OFDM a cyclic prefi jugate, transpose, and Hermitian, respectively. We deifetex-

(CP) with a length equal to or longer than the channel deleyegh
is required to maintain orthogonality between sub-casrifihis is

pectation ag’{-} and the Kronecker product as We denote the
N x N identity matrix asIy, theM x N all-zero matrix afDy «n-

depending on the fact that ideal conditions are satisfietl 5 The kth element of vectok is denoted byix]x. Finally, diagx}
no IQ-imbalance is present, zero CFO, and the channel is tim&janotes the diagonal matrix with vectoon the diagonal.

invariant (T1) over the OFDM block period. In practice it igfatult
to satisfy all of these conditions. On the one hand, IQ-imabed

and CFO are present due to the analog front end imperfections

particular when low complexity low cost receivers/traneriare
sought. On the other hand, the channel time-variationadse to
user mobility and CFO.

2. SYSTEM MODEL

We consider an OFDM transmission over a time-varying freqye
selective channel. We assume a single-input single-o(§I&O)
system, but the results can be easily extended to singlé-inp

Different approaches have been proposed to overcome the anaultiple-output (SIMO) or multiple-input multiple-outpgMIMO)

log front-end problems for OFDM transmission. In [4] a tiam
based-technique for CFO estimation is proposed assumirigcpe
IQ-balance. A maximum likelihood (ML) CFO estimation is pro
posed in [5], also assuming perfect 1Q-balance. The |Q-lartzz
only problem is treated in [6, 7, 8] assuming zero CFO. Jobm-C
pensation of IQ-imbalance and CFO is treated in [9, 10]. Int[9

systems. At the transmitter the information-bearing syis\laoe
parsed into blocks oN frequency-domain QAM symbols. Each
block is then transformed to the time-domain by the inveiise d
crete Fourier transform (IDFT). A cyclic prefix (CP) of lehgt is
added to the head of each block. The time-domain blocks are th
serially transmitted over the time-varying channel. Whenl@-

is assumed that the CFO is corrected based on perfect kmgpevled imbalance is present, the discrete time-domain basebarigbéent

of the IQ-imbalance parameters, and the IQ-imbalance peteas

can be estimated correctly in the presence of CFO. The asgump

This research work was carried out at the ESAT laboratoryhef t
Katholieke Universiteit Leuven, in the frame of Belgian m@mme on In-
teruniversity Attraction Poles, initiated by the Belgiaederal Science Pol-
icy Office IUAP P5/11 (‘Mobile multimedia communication sgms and
networks’). The scientific responsibility is assumed byaitihors.

description of the received signal at time indeis given by:

L
yln] = I;Jg[n: X[n—1]+v(n],

whereg|n; 0] is the discrete time equivalent baseband representation
of the time-varying frequency-selective channel takirtg account



the multi-path physical channel and the transmitter aneivec
pulse shaping filters as well as the effect of CFO (viewed asgba
the channel time-variation). is the channel orddr= | Tax/T |+ 1
with Tmax the channel maximum delay spreadn] is the discrete
time additive white noise (AWN), and[n| is the discrete time-
domain sequence transmitted at a rate gf lsymbols per sec-
ond. Assuming(i] is the QAM symbol transmitted on theh
sub-carrier of théth OFDM block,x[n] can be written as:

N-1

1 ES(QMmVWN

X

wherei = |[n/(N+v)] andm=n—i(N+v). Note that this de-
scription includes the transmission of a CP of length

where z[i] = [Zi(N+ v) + v],....Z>{i + 1)(N + v) — 1]]7, r[i]

is the received block in théth OFDM block after removing
the CP and taking into account the time-domain filter span
and the decision delay defined aB] = [r[i(N+vVv)+v+d—
L'),....r[(i+1)(N+v)+d—1]]T, Dyli] is a diagonal matrix with
the 'th time-varying basis components on its diagoby}[i] =
diag{[ej27'[q’(i(Nva)+v+d)/K7 » 7ej2nq’((i+l)(N+v)+dfl)/K}T}’ and
Wagli] is an (N +L’) x N Toeplitz matrix with the first column
equal to[wy g 1/ [iL...7Wa_’q,0[i}701X(N,1)]T and the first row equal
10 [Wa q 1 [i], 01, (n—1)]- Since we are only interested in tik block
(without loss oé generality), and for the sake of a simpleation
the block index will be dropped form now on. By means of a 1-tap
frequency-domain equalizer, an estimate of the transthéyenbol
on thekth sub-carrier in thé&h OFDM block can be written as:

In the presence of IQ-imbalance, namely an amplitude-

imbalance ofAa and phase-imbalance afp, the baseband equiva-
lent received sequence at time indeis given by:

rin] = ay[n]+ By"[n].

where the parametecsandf3 are given by [12]:

@)

a = coyAp) + jAasin(Ag)
B = AacoqAp) — jsin(A).

3. PER-TONE EQUALIZER

In general a per-tone equalizer (PTEQ) is obtained by tearisfy

a time-domain equalizer (TEQ) to the frequency-domain. tRer
case of IQ-imbalance, the conventional TEQ is not enouglono-c
pensate for 1Q-imbalance and reduce or eliminate I1BI/I@F. this
purpose, two TEQs are applied, where one is used to filterahe r
ceived sequence and the other one is used to filter a confligate
sion of the received sequence. The purpose of the TEQs is1e co
pensate for IQ-imbalance, equalize the time-varying cehand
possibly eliminate IBI. In other words, the purpose of theQEE
is to shorten the time-varying channel impulse responsgtheto

fit within the CP-length, eliminate the channel time-vadatand
finally compensate for the mirroring effect induced by the IQ
imbalance. Assuming the time-varying TE@sg[n; 6] andws[n; 6]
are applied to the received sequence in the fashion dedaltim/e,
the output of the TEQ subject to some decision delagan be writ-
ten as:

Zn—d] = (2

Z\Aﬁnl

wherel’ is the order of the time-varying TEQs. It was shown in

I
_|/ Wi 11]r* _|/7
]+IZO H[m 1] n—1"]

[13, 14] that modeling the TEQ using the basis expansion mode

(BEM) is an efficient way to tackle the problem of IBI/ICI for
OFDM systems. Using the BEM to modeh [n;1’] andw;[n;1’],
the BEM equivalent ofvi[n;1’] andws[n;!’] can be written as:

Q .
walmil'] = Y Waqrlile 2TVK fora=1,2,
qJ=qQ

®)

where ZY + 1 is the number of basis functiori,is the BEM res-
olution of the time-varying TEQs taken as integer multipfehe
block sizeK = PN, whereP is an integer> 1. waq - is the q'th
basis of thd'th tap of theath TEQ, which is kept fixed over a win-
dow length ofN + L/, and may change from window to window
independently. Substituting (3) in (2), and by using a bltslel
formulation, we arrive at

q

zfi] = EDQ (Wi ] [i]+q/;$q’[i}wgq/[i]r*[i]7 4

q=—Q

S= L0y,

m ©®)

wherey is the 1-tap frequency-domain equalizer on ke sub-
carrier in theith OFDM block, andZ ) is the (k+ 1)st row of the
unitary discrete Fourier transform (DFT) matrik.

Transferring the TEQ to the frequency-domain, the estiroate
the transmitted QAM symbol on theh sub-carrier in theéeh OFDM
symbol can be written as:

_ K/
k—K')*
§ = DpRDw!'
z%w 7K’ P P
1K K—K)x
+ z D ,R'Dpwyo ", (6)
=0k'=

where X’ + 1 is the span of adjacent sub-carriers involved
the equalization proces®), = diag{[1,...,el2™'/K|T} w{)

bowap =
[Wg_“)],m . ,w;':))_L,}T, andR is anN x (L' + 1) Toeplitz matrix with
first column[r[i(N+v) +v+d],....r[(i + )(N+v)+d—1]]T,
and first row[r[i(N+v)+v+d],...,r[i(N+v)+v+d—L']]. For
more details about the last step the reader is referred fo &
estimate in (6) corresponds to the so-called PTEQ in theisénecy-
domain. Note that, we defined the second filter differenthntthe
first filter and at the same time we unified the span of the differ
PTEQs to serve our purpose and simplify the forthcomingyaisl
The estimate in (6) can now be equivalently written as:

n

& P-1 K )

2 2 W k k) rp

p=0k'=

P-1 K

(k=K)H Fa (k=K' %

+ Wy F ry, ©)

p:Ok’:ZK’ P P
where the(L’ + 1) x (N + L) matrix X is given by:
and rp = ]5pr where ]5p is the pth phase-
shift matrix in the time-domain given by D, =

diag{[ejZTIp(i(N+V)+V+de’)/K7 o 7ej27‘[p((i+l)(N+V)+d71)/K]T}' In
(7), the estimate of the transmitted symbol on kte sub-carrier
of the ith OFDM block is obtained by performing a sliding DFT



on the received sequence, i.e. by performingNapoint DFT
within a sliding-window of size’. The outputs of the sliding DFT
(L’ + 1 outputs) are fed to the PTEQ equalizer. The implementation
complexity of the sliding DFT can be significantly reduced by
performing only one DFT and compensate for the other sliding
DFTs by means df’ difference terms, as explained in the following

properties [15]:

pors ] 111 e
and

Fps = T R(,)'A\‘r: ] %&'ﬁ 7 (8b)
WhereR(pk> is thekth sub-carrier frequency response of the received

sequence on thpth branch defined &y’ = Z® [rp[i(N+ v) +

v4d],...,rpli+1)(N+v)+d—1]]", andT® is the circulant
shift matrix corresponding to thth sub-carrier, which is afL’ +
1) x (L' +1) lower triangular Toeplitz matrix given by:

1 0O --- 0

Tk — aK 7 (9)
: . .0
5‘|(-’ g 1

with & = e~ 12™/N_ The difference terms vectdw is given by:

[rpl — [rplN+L
Arp = .

[rpl1 _.[rp}N+1

Defining vy 2) = wg%HT(k), (7) can be written as:
A , (k—K) , (N—K)
_ (k—K)H [ Ry (k—K)H | Ry
S 2 /(Vl,p { Arp } +Vap |: Ar ]) . (10)

Notice that the difference terms are common to all sub-eesri

which allows for a further reduction in complexity. To do so,

we first collect the first element of the vectové'f,;k/ for K €
{=K',...,K'} in the vectoni§p, i.e. i = [v<kp§)7 ;'f*K T

Second we sum over the remaining elements that correspdhd t

K’ /
difference terms aag_% = k,_ZK,[vgg§>7. v, p L ]T Collecting
these two vectors in one vector ag% [ k>T7ﬁ(k ]7, (10) can
now be written as:
k—K'’ N—k—K’)x
Ry Ry KK
A (K)H : (KH (11)
S= )|, : +uy .1
- ' k+K’ P (N—k+K’)
p=0 Ry Rb
Arp Arjy

The implementation of (11) is shown in Figure 1. Defimg) =
[ug_%T7 ... mgj)il]T, (11) can be written in a compact form as:

S =uf AW M AN (12)

Lol WOA-N

Ldd Wod-N

o)
U Pk

Nk
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1 i Y

Figure 1: PTEQ for OFDM over doubly selective channel with 1Q
imbalance

)
Wpo

whereA® = [FJT . FETIT, with
Ox1r F KK
(k) : : S
Fl | Dy,
P O1x1r F (kK P
I OL’X(N*L’) I

with I/ is an anti-diagonal identity matrix of sizé x L'.

Due to the IQ-imbalance, thgh sub-carrier and its mirror the
N — kth sub-carrier are combined to obtain an estimate of thetran
mitted symbol on th&th sub-carrier fok € {1,...,N/2—1}. The
same holds for estimating the transmitted symbol on(bhe k)th
sub-carrier. This suggests, that a proper equalizer earthe
transmitted symbol on thkth sub-carrier and the one transmitted
on the(N — k)th sub-carrier in a joint fashion. For this purpose we
can obtain the following:

S< u<1k)H u(zk)H AK 0 r

silfk = u(szk)T ug-ka)T 0 AN-Kx| |p* (13)
———— R —

8k UMH A®

At this point we may introduce a model for the received se-
guencer. Note that due to the time-domain filter span and the de-
cision delay, the received sequence is written to coveretmn-
secutive OFDM blocksi — 1, i andi + 1 blocks. In the absence of



IQ-imbalance, the received sequence can therefore bews:

sli—1]
{ sli]

sfi+1]

y = [01,G,00] (I3 P) (13®9H) v, @Qa)
R —

G

wherey is similarly defined as, O1 = OnLr)x (N42v+d—L-L)
02 = O(N+L)x (N+v—d)» andG is an(N+L') x (N+L'+L) matrix
representing the time-varying channel

gln; L] g[n; 0] 0
G = )
0 g[r';L] glr'; 0]

wheren=i(N+Vv)+v+d—L',andn’ = (i +1)(N+v)+d—1.
P is the CP insertion matrix given by:

andsli] = [Sli],...,Sv_1[i]]" is the vector of QAM symbols trans-
mitted on theith OFDM block. v is the noise vector similarly de-

_ va(N—v)
P |y

fined asr. Note that, we can also approximate the channel using the

BEM with window sizeN’ > N independent of the BEM resolution
of the TEQs. In this paper we restrict ourselves to the chatefe
nition given earlier. Hence, we can write the received seqeieand
its conjugate as in (15) shown at the top of next page. THeris
anN x N matrix defined as:

1|0 - 0
0

7=
: In-a
0

To obtain the PTEQ coefficients for théh and(N — k)th sub-

carriers (i.e. solve fokJ(K)), we define the following mean-squared
error (MSE) cost function:
)

The minimum MSE (MMSE) solution can then be obtained as:

swe ]

r

s

(k) — i
U arglrﬂlmn/. (16)

The solution of (16) is obtained by solviy # /dUK = 0 and is
equal to:
. . 1.
Uk = (A<k> (HRSHH +R\7) A<k>H) AWHR

X [€3N+k+1€4N+k+1)5 (7)

16-QAM, A(p:Sq, Aa=0.1, K'=5, L=6, v=6, N=128
10 T T

T T
—— with 1Q no comp

—O6— with 1Q comp

— A - 16-QAM over Tl channels

10°

!
15
SNR (dB)

10

Figure 2: BER vs SNR for OFDM over doubly selective channels
v=L.

e With no IQ-imbalance, no CFO, and the channel is TI, the
proposed PTEQ boils down to the PTEQ proposed in [17] for
xDSL.

The implementation complexity of the proposed PTEQ is
P(2K’ + L’ + 1) multiply-add (MA) operations per sub-carrier plus
O (PNlog,N) MA operation for the FFTs. The design complexity
of the PTEQ (see (17)) on the other hand, igX{N3) MA opera-
tions forN > 2P(2K’ + L' +1).

4. SIMULATIONS

In this section we present some of the simulation resulth@pto-
posed equalization technique for OFDM transmission oveibtjo
selective channels. We consider an OFDM system Wits 128
sub-carriers. The doubly selective channel is assumeddbdoeler

L =6. The channel taps are simulated as i.i.d random varialitas w
uniform power delay profile, correlated in time accordinglaies’
model with correlation functiom, (1) = Jo(21fmaxT), WhereJp is
the zeroth-order Bessel function of the first kind, with nmaxim
Doppler spreadmax = 100Hz and sampling timd = 1usec. The
IQ-imbalance parameters are assumed to be known at theeecei
with amplitude-imbalancéa = 0.1 and phase-imbalandap = 5°.
16-QAM signaling is used in the simulations. We measure #re p
formance in terms of BER vs. SNR.

e In the first setup we assume the CP-lengtfits within the
channel impulse response length. The oversampling fastas-
sumed to b = 1. The PTEQ is designed to have ortlér= 0, and
ICI span ofK’ = 5. The simulation results are shown in Figure 2.
The IQ-imbalance (if not properly compensated for) resualtssig-
nificant degradation of the system performance. For thigpsehe
IQ-imbalance results in a BER error floor at BER x 1072. The
PTEQ with 1Q-imbalance compensation enhances the perfarena
significantly, which roughly coincides with that of 16-QAMFOM

whereRs andRy are the transmitted sequence covariance matrixyransmission over Tl channels, especially for low to mote8NR

and the noise covariance matrix respectively, apds a 6N long
unity vector with a 1 at th&'th position.

values.
e In the second setup, we assume the CP-length is shorter than

The proposed PTEQ unifies and extends many previously prane channel impulse response length. The CP-length3 in this
posed PTEQs for OFDM. In this context the proposed PTEQ eXgase. The PTEQ is designed to have oldet 8, and the ICI span

tends and unifies:

is K’ = 2. We consider the critically sampled cae- 1 as well as

e The PTEQ for OFDM transmission over doubly selective chan-the oversampled case with oversampling fagter 2. As shown in

nels with perfect IQ-balance proposed in [16].

e The PTEQ for OFDM transmission over Tl channels with 1Q-

imbalance and CFO proposed in [11]. There only criticallpsa
pling is used since CFO was the only source of time-variation

Figure 3, IQ-imbalance degrades the performance signtficéor

the critically sampled as well as for the oversampled casereva
BER error floor is again observed at BER x 1072. The PTEQ
with IQ-imbalance compensation enhances the system peafure



s[i— 1]
sli]

r] _[aG(3eP)(kes") BG*(I3aP)(lzos" sfi+1] i (15)
| T [BrG(LeoP) (est) oG (LeoP)(kest)| | Zis'i-1] '
Z;s*(i]
H Z1s*[i+1]
" 16-QAM, A5, 8270.1 K=2, L6, v=3, N-128. | [3] ETSI TS 101 475 V1.2.2 (2001-02), “ETSI Broadband Ra-
X P=L (critically sampled) | dio Access Networks (BRAN): HIPERLAN Type 2: Physical
S, fgngsjg‘nf:)ed) ] (PHY) Layer,” Aug. 1999.
4 - - -wi 1 “ i ivi-
_A_léﬁéghjoggm channels | [4] P. H. Moose, “A Technique for Orthogonal Frequency Divi

sion Multiplexing Frequency Offset CorrectiodEEE Trans.
Commun., vol. 42, pp. 2908-2914, Oct. 1994.

[5] J. H. Yu and Y. T. Su, “Pilot-Assisted Maximum-Likelihdo
Frequency-Offset Estimation for OFDM SystemdEEE
Trans. Commun., vol. 52, pp. 1997—-2008, Nov. 2004.

[6] J. Tubbax, B. Come, L. V. der Perre, L. Deneire, S. Donnay,
and M. Engels, “Compensation of IQ Imbalance in OFDM
Systems,” inlEEE Int. Conf. on Communications, (Anchor-
age, Alaska USA), May, 11-15 2003.

[7] C.-L. Liu, “Impacts of I/Q Imbalance on QPSK-OFDM-

- : : : : : : QAM Detection,” IEEE Trans. Consumer Electron., vol. 44,

0 5 10 X " 20 25 30 pp. 984-989, Aug. 1998.
[8] A. Targhiat and A. H. Sayed, “On the Baseband Compen-

Figure 3: BER vs SNR for OFDM over doubly selective channels ~ Sa&tion of 1Q Imbalance in OFDM Systems,” EEE Int.
Vliu& v v 4 V Conf. on Acoustics, Speech, and Sgnal Processing, (Montreal,

Canada), May 2004.
[9] J. Tubbax, A. Fort, L. V. der Perre, S. Donnay, M. En-

BER

101

significantly for both the critically sampled and the ovenpded gels, M. Moonen, and H. D. Man, “Joint Compensation of
cases and approaches the performance of that of 16-QAM OFDM  1Q Imbalance and Frequency Offset in OFDM Systems,” in
transmission over TI channels. A slight enhancement isrobde IEEE Global Communications Conference, (San Francisco,
for the case of oversampling over the critically sampleccahere CA USA), December, 1-5 2003.
an SNR gain of 1B is observed at BER 102, [10] S. Fouladifard and H. Shafiee, “Frequency Offset Estiina

in OFDM Systems in Presence of IQ Imbalance,”|€@CS

5. CONCLUSIONS (Singapore), Nov. 2002.

In this paper we have proposed a frequency-domain per-turale ~ [11] 1. Barhumi and M. Moonen, *IQ Compensation for OFDM
izer (PTEQ) for OFDM transmission over doubly selectiversiels in the Presence of IBI and Carrier Frequency-OffseEEE

with 1Q-imbalance and CFO (viewed as part of the doubly selec Trans. Signal Processing, Jan. 2006. (accepted).
tive channel). The PTEQ is designed to equalize the chamkl a [12] M. Valkama and V. Koivunen, “Advanced Methods for I/Q1m
compensate for the IQ-imbalance. The channel is assumed to b balance Compensation in Communication ReceivdisEE

time-varying, and the CP-length may be shorter than theradian Trans. Sgnal Processing, vol. 49, pp. 2335-2344, Oct. 2001.
impulse response length. The PTEQ is obtained by transteeri  [13] |. Barhumi, G. Leus, and M. Moonen, “Per-Tone Equaliza-
time-domain equalizer to the frequency-domain. The chiaane tion for OFDM over Doubly Selective Channels,”iBEE Int.

the 1Q-imbalance parameters are assumed to be known at-the re  Conf, on Communications, (Paris, France), June 2004.
ceiver. The resulting PTEQ combines adjacent sub-careacs
their mirrors to combat ICI/IBl and compensate for 1Q-indade.
While 1Q-imbalance degrades the system performance signifiy,
the proposed PTEQ approaches the performance of OFDM trans-
mission over Tl channels with perfect 1Q-balance.

[14] I. Barhumi, G. Leus, and M. Moonen, “Time-Domain and
Frequency-Domain Per-Tone Equalization for OFDM over
Doubly Selective Channels8gnal Processing, vol. 84/11,

pp. 2055-2066, 2004. Special Section Signal Processing in
Communications.

[15] E. Jacobsen and R. Lyons, “The Sliding DFTEEE Sgnal
REFERENCES Processing Mag., vol. 20, pp. 74-80, Mar. 2003.

[1] ETSI Standard EN 300 744 v1.4.1, “ETSI Digital Video [16] I. Barhumi, G. Leus, and M. Moonen, "Equalization for
Broadcasting (DVB); Framing Structure, Channel Codingand ~ ©FDM over Doubly Selective Channel$EEE Trans. Signal
Modulation for Digital Terrestrial Television,” Aug. 2001 Processing, vol. 54, pp. 1445-1458, Apr. 2006.

[2] IEEE 802.11 Task Group a, Part 11, “Wireless LAN Medium [17] K. van Aclll<er, G. Leus, M. Moonen, O. van de Wiel, and”
Access Control (MAC) and Physical Layer (PHY) Specifica- T. Pollet, “Per-tone Equalization for DMT-based Systems,
tions: High-speed Physical Layer in the 5 GHz Band,” 1999. |EEE Trans. Commun., vol. 49, Jan. 2001.



