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single pulse case is examined in [3]. Multi-scale multi-lag wavelet
Abstract—In this paper, new parametric models for wideband, time-  signaling is possible as well [5], although inter-scale and inter-delay
varying channels are developed. These models seek to deberimulti- =0 farence results. In [5], multiple receiver designs to combat such

scale, multi-lag channels. The new model is adapted from reatly defined . . .. .
scale-lag canonical models, which suffer from model mismah issues interference are provided exploiting the banded nature of the resulting

when employed with wavelet signaling. The main challenge dhe scale- interference.

lag canonical models is the fact that they are predicated upobaseband . . . .
signaling; whereas wavelet signaling is bandpass in naturéThe new We observe that prior art on wideband, time-varying channels often

model accommodates the bandpass nature of the signaling sahe and adopted different channel models. A single-scale model is commonly
enables the design of high-rate block transmission methodsver multi-  considered [6], [7], which greatly simplifies processing at the expens
scale multi-lag wireless channels. Simulation results deomstrate the of not always modeling the wideband channel well. Approximation
accuracy of the new channel model, and illustrate the perfanance of b bank of ltiol band ti . h Is I8
the related spectrally efficient communication scheme. y a a_n of multiple narrow_ and time-varying ¢ ?nnes [8] can
be considered as well, wherein each sub-channel is modeled by a
|. INTRODUCTION multi-Doppler shift, multi-lag model. Finally, in [9], [10], [11], the
Wideband time-varying channels are of interest in a varietghannel itself is mode_led by V\_/avele_t (packet) transforms. Although
of wireless communication scenarios including underwater acousgeProached from a different viewpoint, these models can somehow
systems and wideband terrestrial radio frequency systems suchP@delated to the existing scale-lag canonical models.

spread-spectrum or ultrawideband. Due to the nature of widebandygwever, recent research points to the accuracy of the scale-lag
propagation, such channels exhibit some fundamental differeng@honical model for wideband time-varying channels. A challenge
relative to so-callednarrowband channels. More specifically, in with direct application of the models of [2], [3], [4] is that most
narrowband time-varying channels, the transmitted signal experiengggsidered wavelets are badly matched to the scale-lag canonical
multiple propagation paths each with a possibly distinct Dopplghodel as this model is based on baseband signaling, whereas wavelet
frequencyshift, and thus these channels are also knowmmali- sjgnaling is bandpass in nature. In this paper, we thus modify the
Doppler shift, multi-lag channels. For wideband channels, on thgcale-lag canonical model by exploiting the baseband feature of
other hand, each propagation path experiences a distinct DOPRIRS signaling scheme. First, the discretization and smoothing in the
scale, hence the termlti-scale, multi-lag channel. For both types of scale domain is done as in [3]. This step actually reveals that we
time-varying channels, so-callednonical channel models have beengre gealing with a virtual time-invariant multiple-input single-output
proposed [1], [2], [3], [4], limiting the number of channel coeffitie  (\|SO) system with as inputs different scaled versions of the original
required to represent the channel. input. Hence, we can treat every branch as a time-invariant bandpass
In particular, there has been significant success in the applicat@mmunication link, which we can bring back to baseband before
of canonical models to narrowband time-varying channels [1]. F@fe perform discretization and smoothing in the time domain. This
wideband time-varying channels a canonical model has been pfaa|ly leads to a new parametrization of the channel that better fits
posed in [2], [3], [4], which we dub as treeale-lag canonical model. pandpass signals. Based on this model, we then also develop a high-

This model has been adopted for direct sequence spread Spectid signaling scheme and related receiver processing steps.
(DSSS) communication systems [4] to develop a scale-lag RAKE

receiver to collect the diversity inherent in the multi-scale multi- The outline of this paper is as follows. In Section II, we review

lag channel. In addition, this model has spurred the use of wavele original scale-lag canonical channel model and demonstrate the

signaling due to the fact that when the wavelets are “matcheiy@velet signaling problem using this model. We solve this issue

to the scale-lag model, the receiver structure is greatly simplifiddy Section Ill, where we adapt the original scale-lag canonical

— the signals corresponding to different scale-lag branches of {hedel. We use this model to develop a spectrally efficient signaling

model are orthogonal when a single wavelet pulse is transmitted. T#&eme in Sections IV and V. Simulation results and conclusions are
presented in Sections VI and VII, respectively.
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Il. ScALE-LAG CANONICAL CHANNEL MODEL

. . . . | Haz her wavel
A general multi-scale multi-lag wireless channel can be describ | ‘ 3 3 ! Shannon mother el
as [12] B O .

/ h(a, 7)vax(a(t — 7))drda, 1)

where z(t) is the transmitted signal;(¢) is the received signal,
and h(a, 7) is the wideband spreading function [12]. This mode
reflects the fact that the received signdl) can be represented
by a superposition of differently delayed (by and scaled (byx)
versions of the transmitted signal/¢ is a normalization factor).
Due to physical restrictions; and « can, without loss of generality,
be limited to7 € [0, Tmaz] and a € [1, amas] by appropriately
delaying and scaling the received signal. The parametgrs > 0 0 g - . y
andamaz — 1 > 0 respectively represent the delay and scale spree frequency, Hz

Under certain circumstances, which we will highlight in the sequel,
I has. bee.n. Sho.wn th.at thls.mOdel Can. be apprOXImated by trIy?g. 1. Power spectral density of the Haar and Shannon motheelets.
following finite-dimensional discrete multi-scale multi-lag model,
which we refer to as thecale-lag canonical model [2], [3], [4],

power spectral density, dB

Ry Lu(r) A critical element of such a wavelet signaling scheme is that the
P ) =30 hegdla(al(t — 1T, /al)), (2) base timeT" and base scale of ¢(t) can be properly matched to
=0 1=0 the time resolutiorl}, = 1/W, and scale resolution, = e/™+ of
where T, is the arithmetic time resolution and, is the geometric the channel, in which case the model (2) becomes
scale resolution of the model. Further, the scale oRleis given by R L(r)
R, = [In amax/Ina,], and the delay order related to thth scale PP () =3 hpsaPa(a (t— 1T /a")), 4)
L,(r) is given by L, (r) = [a}Tmaz/T%]- r=0 1=0
In [4], the time and scale resolutions of the canonical model ajghere R = [Inamax/Inal, L(r) = [a"Tmaz/T], and h,; is

linked to the ambiguity function (e, 7) = [2(t)v/ax(a(t—7))dt, defined as before but witll, and a, replaced by7T and a,
which is assumed to decay in scale and time. More specificlly, respectively. However, such a matching can only be achievexdtif

is defined as the first zero-crossingdfl, 7) whereasu, as the first has a bandwidth ot /T and a Mellin support ofl/ In a. However,
zero-crossing ofy(a, 0). However, we follow the approach of [3], most wavelets do not satisfy this property. For instance, the Haar
where it is assumed that(t) has a limited bandwidth and Mellin and Shannon mother wavelets (with base tifhe- 1 and base scale
support. This leads toT. = 1/W., where W, is the bandwidth 4 = 2, or dyadic), although having a Mellin support close ¢ 1n 2,

of z(t), anda, = .e?/M*, whert;M* is the Mellin support ofz(¢).  their bandwidth is much larger thatyT = 1 (=3 for Haar and2
Under these conditiond,.; = h°"(a}, (T /a}), whereh®"(a,7) is  for Shannon), as illustrated in Figure 1.

the scale-lag-smoothed version iofe, 7): The main reason for this problem is that wavelets are bandpass
Cmax [ Tmax in nature in order to provide orthogonality in the scale domain. In
B (o, 7) :/ / h(a/, ") contrast, the scale-lag canonical model has been derived assuming
1 0

, , baseband signaling. This issue will be tackled in the next section,
% sine (M) sinc (QT _7 ) dr'de/. (3) Where we explicitly take the bandpass nature of the transmitted signal
Ina, into account.

The approach of [2] is related to the approach of [3]. However, in [2]
the limited bandwidth and Mellin support are explicitly obtained by ) . i
operators. More specifically, whereas [3] implicitly assumes band-!N contrast to [3], we here assume the transmitted sigiil is
width and Mellin support limitations at the transmitter, [2] assume Pandpass signal with carrier frequentyand effective bandwidth
the frequency support is limited at the transmitter while the MellifV (S0W+ = 2fc+W.), and it has a Mellin support off... Our first
support is limited at the receiver, which leads to a scale-lag-smoothigP iS similar to [3], and consists of discretizing the scale domain

*

I1l. PROPOSEDCHANNEL MODEL

version ofh(a, 7) that is slightly different from (3). and approximating (1) by

As proposed in [3], [5], assume we use the model (2) to develop a Ry rrmax
wavelet signaling scheme based on a unit-energy orthogonal wavelet rS(t) = Z/ he(7)a *x(al(t — 7))dr, (5)
1 (t) showing orthogonality over a time shift @f (called base time) r=0"0

and scale shift of: (called base scale). A set of symbals is then herea, — /M« R, = [In amax/Inax], andh.(v) = hS(a?, 7),

modulated ony(t) at a symbol rate of” as with 1% (e, 7) the scale-smoothed version bfa, 7):

z(t) =Y sntp(t —nT). he(a,7) = /amx h(a, T)sinc (W) do’.  (6)
n 1 *

1The Mellin support of a signak(t) is the support of the Meliin _Obse_-rvmg (5)_, we can now interpret this system as a_wrtual time-
transform of z(t) which is given by M(z(t)) = Xum(s) = invariant multiple-input single-output (MISO) system wifi, + 1
Jo° 1/t1/2z(t)er2ms n(t/taorm) dt, wheretnom is @ normalization time.  branches, where theh branch is characterized by the chanhe(t)



and has as input a scaled version of the original transmitted signdlSO system are not overlapping in the frequency domain, hence

ie., a:/2x(a:t), which has a carrier frequency off. and an are orthogonal:
effective bandwidth ot W,. 2f. + W, 10
We consider these branches of the virtual MISO system separately, a= 2f, — W, (10)

and model theth branch as 5
Tmax Crucial to our model is now that the symbol peri@d matches
rS(t) = / he(T)al *x(al(t — 7))dr. the time resolutiorl, = 1/W, and thata matchesa, = e'/M*, in
0 which case the model (9) can be written as
This looks like a traditional time-invariant bandpass communication n i)
link, and can thus also be represented by its complex baseband bstiy = 25}? pi2nfea’t Zh 0230 (b — 1) V|

equivalent form as
r=0

[T ) Ty
() _/0 hr(r)a"@(ay(t = 7))dr, ) where R = [In amax/Inal, L(r) = [a"Tmaz/T], and b, is de-
~ . _ fined as before but witd, anda. replaced byl" anda, respectively.
S
wherer, (t), h,(r), andz(t) are the complex baseband equivalent We can then separate the different branches of the virtual MISO

7 S
representations of.-(t), hr(), and(t), respectively, or in other system by downconversion and matched filtering. More specifically,

words: therth branch can be obtained by downconverting the received signal
rS(t) = R{FS ()2 feosty, with frequencya” f. and matched filtering witl™/?p(a"t). For the
he(t) = R{R (t)ejQﬂfca:t} complex baseband equivalent representation ofrthebranch, this
" " ’ leads to

z(t) = %{i(t)eﬁﬂf“‘t}.

Next, we discretize the time domain. Due to the fact th@) has

g (1) = / o Pp(ant S (¢ — ) dt’

a limited bandwidth ofiV, (or Z(alt) has a limited bandwidth of L(r) B
a;W,), we can approximate (7) as = Z hrl/ "otz (a" (t—t — 1T /a"))dt’
,SLt h*(’y‘)ﬁ /2 T t lT T L(r)
0 = ) hrual2(al(t ~ T fa2)) =25 th/a p(a"t)p(a” (t — ¥ — (L +n)T/a"))dt
whereT, = 1/Wi, L.(r) = [a}Tmas /T, ], andh,; = hy (1T, /ay),
with AL (7) the lag-smoothed version &f.(7): = Z Sn Z B qri(t —nT/a"),
_ Tmax _ PR "
hE () :/ h-(7")sinc (a: = )dr'. ®)  where
0 *
Finally, the adapted scale-lag canonical channel model is given by qri(t) = /a,Tp(art,)p(ar(t —t - lT/ar))dt’
Ry
Ht) =D R{ePT T (1) SamplingzS*(t) at ratea” /T, we obtain
=0 7
- (r)
R, L, (r) _ _ -SL Ty 7 _ /T
= Z% 6]27rfca:t Z }_lr’la:/Qi'(aI(t _ ZT*/G,:)) ) Yrom = Yr (mT/a ) = ; 2 hrler(( n)T/a )
r=0 1=0 N
9) = Sngr,m—n,
A schematic overview of this model is shown in Figure 2.
where )
L(r)
IV. SIGNALING SCHEME - B
_ Jron = z hraqra(nT/a”). (12)
Suppose now that we modulate a set of symbglson a carrier =0

with frequency f. using a unit-energy pulse shapét) at symbol
rateT. The baseband signai(t) introduced in Section Il can then
be expressed as

Hence, we obtain a standard discrete-time convolution after sampling
every branch with its appropriate sampling rate, i.e., the sampling rate
of the rth branch will be equal ta" times the symbol raté /T’

o(t) = ZS"p(t —nT), The crucial question that now remains is whether we can find a
_ waveformp(t) for which 7' is matched toI, = 1/W, anda to
and the related passband signal becomes a, = e*/M=_It turns out that these matching problems can be solved
_ Z R{snp(t — nT)el2 et} by takingp(t) equal to a unit-energy sinc function:
p(t) = W %sine(W,t) = 1/T} *sinc(t/T%). (13)

= Z R{sn} cos(2m fot)p(t — nT) ) ) _ _
- First of all, a natural choice for the symbol period related to this
— ${sn}sin(27 fot)p(t — nT). p(t) is given byT = T, = 1/W,. Further, it turns out that for this
p(t), the a defined in (10) satisfies ~ a, = /™+, whereM, is
Further, given thap(t) has a bandwidth of¥,, we can define a the Mellin support otos(27 f.t)p(t) or sin(27 f.t)p(t), as indicated
scale parametes for which the different branches of the virtualbefore.
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Fig. 2. Adaptation of the scale-lag canonical model to basslfggnals.

The other interesting thing about selectipg) as in (13) is that in that case we obtain additional inter-scale interference and the
gr,(t) = sinc(ta” /T — 1) and thusg,., = h. ., which results in the model (15) changes into a linear relationship described by a block
following simple discrete-time convolution input-output model: banded channel matrix. However, due to space limitations, we do not

£(r) provide this extension herein.

Yrn = Z ’ibr’lsn_[. (14)
=0 VI. COMPUTERSIMULATIONS

V. BLOCK TRANSMISSION

To aid block processing at the receiver, let us parse the informaticm-we first investigate the accuracy of the newly proposed model.

carrying symbols,, in blocks of lengthV, separated from each other ore specifically, we assume that a single symipl= 1 is sent as

. . . . _ _ tisl/2 S

by a cyclic prefix (CP) of lengtty. For the first block of data, denoteddescnbed n S?Cf'/‘;” IV, which .mea~ns telt) = W, " sinc(W.1)

asb = [bo,...,by_1]", this means that the transmitted symbels and x(?) = W.'"cos(2n fet)sinc(W.1). We then_ Iook_at the_

caticty s s b7 " or ,Z Zm o N ands, — busn g for 0 < normalized mean square error (NMSE) of the received signal, given
n = On— = n = ON+4n— <

n < Z. To avoid interblock interference (IBI) on every branch of thgy

virtual MISO system, the CP length needs to satisfyz > L(r) for Cfeme () = St (@)Pde
r€{0,1,..., R}, orin other wordsZ > [a"'7,4./T]. Removing &= Jom e () ? ’
the CP at the receiver, we can then obtain from (14) the following

relationship for the first block of data of th¢h branch of the virtual with »S"(#) defined in (11). Differenty = f./W, ratios are

(16)

MISO system: B considered. Fory = f./W., = 1.5, we obtain a special case since
yr = H:b, thenz(¢) is a Shannon wavelet with base tirfie= 1/W, (which
_ . . is not equal tol /W.,") and base scale = 2, which also allows us
wherey, = [g_r,z,...,gjr,NJrZ,l]T and H,. is a circulant matrix q /W)

. N . to compute the MSE of the received signal as in (16) but using the
with [hro, .. .,hri“),o, ...,0]" as its first column. Collecting the ST P 9 (16) 9

outputs of all of the different branches of the virtual MISO system
yields

(t) defined in (4).

' Figure 3 shows the NMSE results for a channel with a uniform
delay profile in the rang, 2/W,) and scales picked as= 1.2" for
r=0,1,2,.... We clearly see that the adapted scale-lag canonical
wherey = [y{) . 75,}.,;]T andH = [PIOT7 o ﬂg]T_ Using discrete model (11) is more accurate than~the former model (4). We especially
Fourier transform (DFT) processing and maximum ratio combinirgpserve a good fit when = f./W, = 5.5, which yieldsa = 1.2
(MRC), b can then be easily recovered froggm even when noise is according to (10), since in that case the actual scales1.2” match
present. the scalesi” of the scale-lag canonical model.

Note that so far we have only discussed transmission on a singldJsing the same channel model as before but fixing dhgx to
scale layer. In other words, we have limited ourselves to modulating,.x = 1.2 (so the actual channel only has two scales), we now
symbolss,, on a single band of effective bandwidfi’, at carrier consider the block transmission scheme presented in Section V using
frequency f.. But similar to [5], we could consider transmitting onN = 16 and Z = 8. Figure 4 shows the BER performance for
multiple scale layers in parallel, and modulate symbolsfomon- different cases. As mentioned before, wher= f./W, = 5.5, our
overlapping bands, where theth band has bandwit*1¥, and channel model is more accurate and a much better performance is
carrier frequencya® f., with k € {0,1,..., K — 1}. Of course, obtained.

y = Hb, (15)
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VII. CONCLUSIONS

In this paper, we have developed a new scale-lag canonical channel
model for general multi-scale multi-lag wireless channels. The model
is based on exploiting the bandpass nature of most communication
signals, and solves some of the issues that were present in existing
scale-lag canonical models. Furthermore, we developed a high-rate
signaling scheme that fits this new channel model and leads to
relatively simple receiver processing. The proposed channel Imode
is validated by means of the MSE of the impulse response as well
as the BER of the related communication scheme.
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