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ABSTRACT that initiated this development was performed by Chang [6].

We introduce and compare three filterbank-based communicati@gvelopments in digital subscriber line (DSL) technologies
methods for cognitive radio systems. In the first method, called Fled to two other classes of filterbank multicarrier communi-
tered Multitone (FMT), subcarriers are arranged such that adjacegition systems; namely, filtered multitone (FMT) [10]- [12]
subbands do not overlap. While this makes FMT robust to channglq discrete wavelet multitone (DWMT) modulation [13].

impariments, it leads to considerable losses in bandwidth efficiency.
Next, we discuss orthogonal frequency division multiplexing wit?fUt of these, DWMT has been further developed recently

offset QAM (OFDM-OQAM). OFDM-OQAM operates based onaNnd renamed cosine-modulated multitone (CMT), [14].
quadrature amplitude modulated (QAM) symbols whose in-phaseln the remainder of this paper, we present a tutorial

and quadrature components are time offset by half the symhghjew of FMT, CMT and OFDM-OQAM. Our intention is
period. The third method, which is referred to as cosine modulat

multitone (CMT), is based on cosine modulated filterbanks. In CM%9 |ntr_oduce tht_ase three methods as altemnative candldat_es to
the subcarrier symbols are pulse amplitude and vestigial side-bdR§ Widely studied conventional OFDM that suffers from sig-
(VSB) modulated. We present filter designs for all methods artificant leakage problems among different subcarrier bands

show that OFDM-OQAM offers highest stopband attenuation for [&]. A filter design is presented for all three methods.
fixed filter length and number of subcarriers.

1. INTRODUCTION 2. FILTERED MULTITONE, FMT

Spectrum sensing as well as data transmission is a chaltn FMT, subcarriers are arranged such that adjacent sub-
lenging problem in cognitive radio (CR) systems. Sinckands do not overlap. As such, FMT may be seen as a
the Fast Fourier transform (FFT) may be used for spectraulticarrier communication technique that follows the prin-
analysis as well as for modulation/demodulation, orthogoneiple of the legacy frequency division multiplexing (FDM)
frequency division multiplexing (OFDM) has been suggestadethodology to separate a high-rate data stream into a
as a candidate for multicarrier based CR systems [3]. Howumber of disjoint frequency bands. FMT'’s distinctive feature
ever, OFDM has a number of shortcomings in the CRarnesses the fact that either all or at least a cluster of
environment. For instance, Weiss al. [3] have studied the subcarriers are transmitted from the same source. Hence,
mutual interference between primary and secondary us#tese carriers can be synchronized and bundled together as
in an OFDM-based CR setting, and have shown that tlae signal for transmission. Moreover, polyphase techniques
reduction of such interference is only possible by sacrificirgan be used for efficient implementation. However, we note
a significant portion of the transmission bandwidth. Furthethat in order to keep the subcarrier bands non-overlapping,
more, for reliable detection of spectrum holes, the chanmtcess bandwidth has to be reserved to allow for a transition
sensing mechanism needs to feature a high spectral dynah@ad for each subcarrier.
range. Unfortunately, the FFT as part of an OFDM data In [10] and [12], where FMT was introduced for Digital
transmission system is neither able to fulfill this requireme®ubscriber Line (DSL) technology, the width of the sub-
[2], nor can it meet the FCC's envisioned out-of-band rejecarrier transition band was kept at a minimum at the cost
tion specifications [5]. As a consequence, it is worthwhile tof signal distortion. To compensate, one decision feedback
investigate alternative multicarrier/signal processing methodqualizer per subcarrier was required at the receiver, adding
which can overcome the limitations of the FFT/OFDMsignificant complexity. Moving from DSL to CR applications,
Recently, filterbank multitone has been proposed for CRe believe that the use of equalizers at the receiver may be
systems for data transmission as well as channel sensing angdractical because of two technical reas¢i):the added
it has been shown that filterbank multitone can serve ascamplexity may not be justifiable, particularly, when one can
near-optimal non-parametric spectrum analysis tool [1], [2ise CMT and/or OFDM-OQAM that offer higher bandwidth

Over the past three decades, three classes of filterbaaKiciency and lower complexityii) It may be hard, if not
based multicarrier communication systems have been intioypossible, to implement an adaptive equalizer (of the size
duced. Saltzberg [7] was the first to propose a filterbamkentioned in [12]) that can cope with the time variation of
multicarrier communication system using a special quadnaireless channels. Consequently, we believe that in a CR
ture amplitude modulation (QAM) technique. Prior researcetting, FMT will suffer from significant bandwidth loss due



to the large roll-off factors which have to be allowed in eac ak
subcarrier band.

bk

0

3. OFDM-OQAM

In OFDM-OQAM, subcarrier bands are spaced by th
symbol rate,1/T. In contrast to FMT, this results in sig-
nificant overlap among adjacent bands. Successful sigi &,
separation is nevertheless possible thanks to a specific <bk
naling arrangement. An introduced orthogonality conditio
between subcarriers guarantees that the transmitted symt
arrive at the receiver free of intersymbol (ISI) and intercarrie
interference (ICI). Carrier orthogonality is achieved throug
time staggering the in-phase and quadrature components
the subcarrier symbols and designing proper transmit a
receive filters. In this section, we elaborate on these aspe ak
of OFDM-OQAM.

In a baseband equivalent of an OFDM-OQAM system ¢ b}f
shown in Figure 1,N parallel complex data streams are
passed toN subcarrier transmission filters. The in-phase
and quadrature components are then staggered in time by Fig. 1. Baseband OFDM-OQAM Transmitter
half a symbol period7’/2. The outputs of these filters are
then modulated usingy subcarrier modulators whose carrier
frequencies aré/T-spaced apart.

Suppose that we have complex input symbols accordiigjthe demodulated signal before matched filtering. Substitut-
to ing (2) and (6) in (5), we obtain

xp = ay + jby (1)

Channel |—

wherea} andb} are the real and imaginary parts of thth oo N-1
symbol, respectlvely The complex-valued baseband OFDMz} = [/ h(t — kT) Z sm(t)ej(m*")( g)dtl

OQAM modulated signal is defined as —oo m=0 @
N-1 . . .
oft) = Z Sm(t)ejm(%Jr%) @ Furthermore, substituting (3) in (7), we get
m=0
where oo N-1
- i o= 3 Z/ Re[ t—kT)(almh(t—lT)
sm(t) =Y (a"h(t —IT) + jb*h(t —IT — T/2)). (3) 1= o0 m=0

l=—0c0

GOt — 1T — T/2)> ed(m—m) (3t 5)} dt.(8)
Analogously, the output of the receiyéf,}, consists of the
real and imaginary componeni§ and by,

This can be further rearranged as

= ap + jby. (4)
In (4), a} is found as the real part of the signal at the output
of the correspondlng matched filter with resporigé) and R oo N-1
expressed as ap o= Y. > / { 1"h(t — kT)h(t —IT)
l=—00 m=0
ap = R[(=t)*p(t) |,—pr] ( (m ™ ))
o0 xcos|(m—n)|—+=
- % [/ p(Oh(—(kT — t))dt] T 2
—oo —b"h(t — kT)h(t — 1T — T/2)

= R [/Z h(t — k:T)p(t)dt} (5) X sin ((m —n) (sz + g)) ]dt.(9)

wherex* denotes convolution, and

p(t) = e‘j"(%Jr%)o(t) (6) Changing the variable—£T to ¢ and then taking into account



that! varies from—oo to oo, (9) can be simplified to It follows directly from (10) and (12), that (13) can be met,

0o N-1 . if h(t) is chosen such that the equalities in (14)-(17) are
ay = Z Z a}ﬁrk/ [h(t —IT)h(t) sat|sf|eq. For convenience of the Qe5|gn, it is common to
I=—00 m=0 —oo constrainh(t) to a real and even (i.e., symmetric around
ot t = 0) function of time, ¢t. Under these constraints, one
X Ccos ((m - ”)(7 + 2)) can show that the integrand in (15) is anti-symmetric around

t =1T/2+ T/4 and the integrand in (16) is anti-symmetric
ot @ aroundt = [T/2 — T'/4. These, in turn, imply that (15) and
% sin <(m —n) < 4 )> }dt. (10) (16) are automatically satisfied. Hence, in designiiig), it
T 2 is sufficient to limit ourselves to the constraints imposed by
The block diagram of an OFDM-OQAM receiver performing14) and (17). Also, to further simplify the design hft), it

b h(t — IT —T/2)h(1)

these operations is depicted in Figure 2. is reasonable to assume that only adjacent subcarrier bands
. may overlap. When this is the case, only instancesnof
Re{} h(t) I a, andn wherem —n = 0,+1,—1 in (14) and (17) need to be

considered. Values of. andn where|m—n| > 1 are related

k . . . L
Im{ } ‘ b, to non-adjacent subcarrier bands and thus, their multiplication

27« in (14) results in values (close to) zero. Also, far—n = 0,

AT . and iff h(t) is a root-Nyquist filter, (14) equates to
: /
— O o .

Finally, for m — n = +1, (14) reduces to

/OO h(t — IT)h(t) sin (2;’5) =0 (19)

— 00

h(t — IT)h(t)dt = §(0,1) = 5(1). (18)

for any real and even choice éft). In a similar way, and

. 27
e’”“?*?’ L under the same conditions, one can show that (17) reduces to
Re{} an (18). In summary, any realization @f(t) which is even and
X real and satisfies the root-Nyquist condition in (18), leads
Im{} b}f to an OFDM-OQAM transc_eive_r sy_stem_ which _satisfies (13).
An example of such a design is given in Section 5-A.
Fig. 2. Baseband OFDM-OQAM Receiver 4. COSINEMODULATED MULTITONE, CMT

o ] ) ) . Figure 3 presents the structure of a CMT multicarrier
Similarly, the imaginary part of the signat;, bj; can be gystem. A synthesis filterbank is used to bandlimit a set of
found as PAM symbols to vestigial sideband signals and modulate
ISZ = S[h(—t —T/2) * p(t) |,—p1)- (11) them to various frequency bands. This process is outlined
. , . : . _.._graphically in Figure 4.
Starting with (11) qnd following the same line of derivationd Fundamentally, vestigial sideband filtering is performed
as above, we obtain : . i
N through a frequency shifted version of a lowpass flhefz,
cn ° n centered atf = 7/27 with impulse responsé(t)e’7".
b = Z Z /Oo [a”’“ +(t — ID)h(t+1/2) The transmit signal, corresponding to the positive part of the
frequency axis, has the form

X sin ((m —n) (m + W))
T 2 sh(t) = Z (Z aph(t — nT)ejZWT(t"T)> el (Wrt+0k)

+0! ph(t = 1T +T/2)h(t +T/2) my

l=—com=0""

k n

] 2t w d 12 (20)
x cos | (m —n) T T3 tl- (120 \wherew,s represents the carrier frequency of tita sub-

We now proceed to discuss the design of the matched filt6er band andJj, is a phase shift whose role will be

h(£). In an ideal transmission system, the received Sign%ffplained below. We recall that while the transmit signal is
equals the transmitted one and an(f) = Rl (D], for the purpose of our discussion, we
» limit our attention to the use of! (¢).

a = ar To extract thekth subcarrier data sequenc&, s,,(t)
bpo= by (13) s first multiplied bye=7(“s+%) The result is then passed



/Oo h(t — IT)h(t) cos ((m —n) <2T” + g)) dt = 6(m —n,1) (14)

— 00

/_O; h(t —IT — T/2)h(t) sin ((m _n) <2” 2)) _ (15)
( )a

e 2
/ h(t — IT)h(t + T/2) sin  (m —n ( L ) - (16)
° 2rt  w
/ h(t —IT +T/2)h(t +T/2) cos ((m—n) (T+2>) dt = o(m —n,l) a7
Wt +6),
e/ —(jwpt+6,)
e
k 7 [ |
a, J—t R = ~k
htye *" Q @‘ h(-tye’27 '
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Fig. 3. Baseband CMT Trans-multiplexer
PAM 1 PAM 2 PAM 3

and k& — 1th subcarriers. Denoting the corresponding signal
components by;(¢), i = 0,+1, —1, we have

yi(t) = z;(t) * h(—t)ej%T75 (21)

where

wo(t) = (Z aZh(tnT)eﬂ‘z”T“”“) . (22

ri(t) = (ZCLZHh(t_”T)ej;T(t_nT))
n

Negative frequency portions Positive frequency portions % Bj [(wit1—wi ) t+0k4+1—0k] , (23)

Fig. 4. CMT Modulation
and

r_1(t) = <Z ag_1h(t — ”T)ej;T(tnT)>
through a lowpass filter, whose response is matched to the ”
transmit filterh(t)e’ 27, viz. h(—t)e’2r!. Assuming that the x edlwr—1—wi)t+H0e-1-0] (24)
matched filter has a high stopband attenuation, the matched
filter output will only have three significant signal compoin CMT, the phase angle¢ can be expressed 8s = (—1)’“%
nents. These components originate from fhh, k¥ + 1th and the subcarrier bands are spaegd- w1 = 7/T apart.



Substituting these in the above set of equations, we get guardbands depends on the specific system implementation.
Therefore, for an identical number of carriers and identical
21 (t) = +j <Z ap h(t — nT)ej;'T(t—nT)> eITt (25) Symbol timing, FMT requires more bandwidth than OFDM-
OQAM and CMT. This relationship is shown in Figure 5.

n

and ox
R=7,
. x (a) FMT D
z_1(t) = Fj <Z ap_ h(t— nT)erT(t”T)> /Tt (26) / v \/ \
n | coe
. . . I |
Here, the+ or — signs depend ork: being either even or f
odd. NR(I+a) a>0
(b) OFDM-OQAM R=2%.

Using the above results, we obtain

P
yo(t) = (Z agh(t — nT)ej"‘WT(t_”T)> * h(—t)el 7t / ;I< ;I< \/—\
n AW f
NR

= Z aPp(t —nT)el 71 t=nT) (27)
n R/2=T1
wherep(t) = h(t) * h(—t). We note that the complex signal ,—)it\—,
at the output of the matched filter is centeredt 27'. Hence, () cmr /—\
taking the real part of the filter output results in the original i\ /I f
signal, and sampling it at the time instant¥’ constitutes w2z

near-perfect reconstruction without any ISI.

Also, passingr; (t) through the matched filtg(—t)e’ 27! Fig. 5. Comparison between CMT, FMT and OFDM-OQAM
results in
n(t) = +j <Z ap h(t — nT)ej;T(t_nT)> L A. Numerical Results
n In this section, we design filters for FMT, OFDM-OQAM,

% h(—t)el 7Tt and CMT with a stopband attenuation ef60 dB for a
. n multicarrier system withN = 16 subcarriers. We recall
=] Xn:akq(t —nT) (28) that while OFDM-OQAM filters are NyquisW filters, CMT
. - o . filters are Nyquis2N filters. We assume identical roll-off
where g(t) = h(t)e’z7 Vel Tt « h(—t)e’zrt which can be factors of 3 = 1 for both, CMT and OQAM. In the case of

calculated as FMT, we use a NyquistV filter and assume a roll off factor
e, [t - of B = 0.25 to avoid loosing more than 25% of bandwidth
q(t) = €T / h(T)h(T —t)e’T7dr.  (29) to guardbands. As the design method, we use an iterative

least square algorithm [17]. The resulting filter responses are
It is easy to show thag(nT') is real. This in turn means presented in Figure 6. WitV = 16 subcarriers and a desired
thaty (¢) is strictly imaginary, and thus has no effect on thetopband attenuation ef60 dB, the required OFDM-OQAM
output of the the CMT demodulator where the real part Gifiter length is4N = 64, the CMT filter length iSN = 128,
the filter output is used only. In much the same way, one cafd FMT requires a filter length af6N = 256. The reason
show thaty_1(¢), too, is an imaginary number. As a resultwhy the filter length for CMT is twice that of OFDM-OQAM
with the choserd,, andwy, ICI can be avoided completely. ies in the different bandwidth of the subcarriers, requiring
5. A COMPARISON OFFMT, OFDM-OQAM AND CMT half the transition band and thus twice the filter length in the
case of CMT. However, as far as FMT is concerned, a roll-
In OFDM-OQAM, each subcarrier band is double sideyff factor of 3 = 0.25 results in a transition band which is

band modulated and carries a sequence of QAM (i.e.times smaller than that of OFDM-OQAM, hence requiring
complex-valued) symbols. Opposed to this, in CMT, subcad-times its filter length.

rier modulation is vestigial sideband and the subcarriers carry

a sequence of PAM (i.e., real-valued) symbols. Therefore, as- 6: THE EFFECT OF THECHANNEL ON FILTERBANK

suming identical symbol duration and number of sub-carriers, MULTICARRIER SYSTEMS

the CMT signal occupies half the bandwidth of OFDM- In conventional OFDM, a frequency selective channel can
OQAM - of course, only providing half of its data rate. FMTpe converted into a number of subcarrier channels with the
on the other hand, introduces guard bands between adjaagdtof the cyclic prefix. Each of these subcarrier channels can
subcarriers which are complex modulated. The width of thhen be modeled as a flat channel, i.e., a channel that can be
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Fig. 6. Comparison between CMT and OFDM-OQAM prototype filters

characterized by a constant (complex) gain. Accordingly, g6] Federal Communications Commission, “Spectrum Policy Task Force,”

the receiver, distortion can be compensated in each subcarrier
band by applying a single-tap equalizer whose gain is th

inverse of the channel gain. The same is true in filterbank-
based multicarrier communication systems. Here, by reduéd]
ing the width of each subcarrier band (through increasing
the number of subcarriers, N), subcarrier channels can hg

modeled as narrow-band, non-frequency selective channels.
As a consequence, here also, equalization becomes trivial ajagl

can be performed through a single-tap equalizer.

[10]
7. CONCLUSION AND OUTLOOK INTO FUTURE
RESEARCH

We discussed and compared OFDM-OQAM, CMT ank!
FMT as multicarrier communication techniques for CR sys-
tems. We derived the orthogonality condition for OFDM-
OQAM and showed that of all multicarrier methodologied1?
for a fixed filter length, OFDM-OQAM achieves the highesf; 3
stopband attenuation. However, while inferior in terms of
spectral leakage, CMT offers better frequency selectivity. For
both methods, more research is necessary to quantify {hg
effects of imperfect timing phase and carrier recovery on

system performance.
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