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ABSTRACT:

The fast growth of the wireless data transmission requires reliable and high data-
rate modulation techniques that can cope with impairments of the time-varying
multipath channels. Multicarrier system based on the Fourier transform (FT),
known as orthogonal frequency division multiplexing (OFDM), has been imple-
mented in many practical multipath channels. The advantages of OFDM include
robustness against multipath fading and high spectral efficiency. Nevertheless, it
is highly sensitive to the time variation caused by the mobility. Typical environ-
ments that are inherently connected with the mobility are aeronautical, satellite
and underwater acoustic channels. In these channels implementation of OFDM is
limited and complicated channel estimation and interference cancellation is need-
ed. However, leaving the FT concept and implementing different transformational
basis opens new perspective in interference cancellation. In this paper, we investi-
gated effects of time-varying multipath channels and present state-of-art in inter-
ference analysis of multicarrier systems based on the transforms that differ from
FT. Namely, multicarrier system based on the affine Fourier transform (AFT-MC)
significantly improves the interference suppression in channels with LOS compo-
nent and narrow beamwidth of scattered components, which is a typical scenario
in aeronautical and satellite channels. Similarly, multicarrier modulation based on
the Mellin transform (MT-MC) efficiently cancels interference caused by Doppler
scaling in wideband wireless channels such as underwater acoustic channels.

1 Introduction

The wireless channel is characterized by multipath propagation and time-
varying fading. Multipath propagation occurs when signal propagates along
different paths and multipath components arrive at the receiver at differ-
ent times. Time-varying fading occurs due to the motion of the scatter-
ers, transmitter or receiver. Transmission over the time-varying multipath
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channels can lead to the intersymbol interference (ISI) caused by the time
dispersion due to the multipath propagation, as well as the interchannel
interference (ICI) caused by the time-variation [1]. Effects of mobility on
transmitted signals are modeled differently for narrowband and wideband
systems. In narrowband multipath environment, mobility causes frequency
domain spreading (Doppler spreading), instead of time domain scale spread-
ing (Doppler scaling) typical for the wideband channels.

Various multicarrier modulations with equally spaced subcarriers and over-
lapping spectra has been recently proposed for transmission in time-varying
multipath channels. The orthogonal frequency division multiplexing (OFDM),
based on the Fourier transform (FT), is one of the most important classes
of multicarrier modulations [2]. It has been implemented in physical layer
of many standardized wireless systems, such as digital audio broadcasting
(DAB) [3], digital terrestrial TV broadcasting (DVB) [4], asymmetric digital
subscriber line (ADSL) for high-bit-rate digital subscriber services [5], and
wireless networks (IEEE 802.11a [6], IEEE 802.11g [7], IEEE 802.16-2004
[8] and HiperLAN/2 [9]).

The time variation due to mobility, coupled with dispersive scattering due
to multipath propagation, induces interference that can severely derogate
performance of the multicarrier systems. The OFDM symbol is typically
preceded by a guard interval (in form of cyclic prefix or using zero padding)
whose duration is longer than the delay spread of the propagation channel,
that completely cancels ISI. However, OFDM is highly sensitive to ICI,
due to time-variation caused by the mobility that destroys orthogonality
between subcarriers [10]. Introduction of multicarrier techniques that differ
from Fourier basis offers new ways for suppression of interference caused by
the mobility.

Multicarrier techniques that are not based on the classical FT have been
recently proposed by authors for transmission in channels where severe
Doppler effects occur [11], [12]. In aeronautical and satellite channels, high
velocity is an inherent part of the channel that system has to cope with.
Multicarrier techniques based on the affine Fourier transform (AFT) are
especially suitable for transmission in time-varying multipath channels with
line-of-sight component and narrow beamwidth of scattered components
that often occurs in aeronautical and satellite communications.

In a narrowband system, all subcarriers suffer from approximately same
Doppler shift, and it is usual in interference analysis to use this narrowband
assumption. This is not the case in wideband channels, where subcarriers
suffer from different Doppler shifts. The OFDM systems has been also
proposed for transmission in the wideband channels such as underwater
acoustic channel [13]. However, a Doppler scaling of the channel induce



Igor Purovi¢, Puro Stojanovi¢: Multicarrier Techniques in Different... 79

severe interference in the system. Considering the scaling nature of the
wideband channel, a new multicarrier system based on the Mellin transform
(MT-MC) has been recently proposed by the authors.

In this paper we investigate different multicarrier schemes in practical wire-
less channels and present implementation of new multicarrier techniques
in aeronautical, satellite and underwater acoustic communications that au-
thors have recently proposed in [10], [11] and [12]. Upper bounds on interfer-
ence, as well as interference powers and interference power approximations
have been presented in different wireless environments.

The paper is organized as follows. Section 2 provides narrowband chan-
nel characterization, followed by the wideband channel characterization in
Section 3. Section 4 presents interference analysis of different multicarrier
systems with practical examples. In Section 5 similar interference analysis
in wideband system is provided. Finally, conclusions are given in Section 6.

2 Narrowband channel characterization

The multipath effects are quantified by delay spread 1., and coherence band-
width B.. Multipath propagation causes variations of the channel over
frequency that are characterized in terms of coherence bandwidth. The
coherence bandwidth is frequency range over which channel characteristics
remain correlated, and it is reciprocal of the delay spread. Delay spread
causes effects of time dispersion and frequency-selective fading.

Time-varying fading occurs due to the motion of the scatterers, transmitter
or receiver. The time-varying nature of the channel caused by movement
is quantified by Doppler spread vy, and coherence time T.. Doppler spread
vm describes effects of time-varying nature of the channel, whereas the co-
herence time, defined as an inverse of the Doppler spread, represents the
time difference over which the channel response remains strongly correlated.
Doppler spread causes effects of frequency dispersion and time-selective fad-
mg.

The coherence bandwidth and coherence time describe how the channel be-
haves for the transmitted signal. If B, is smaller then the signal bandwidth
By, the signal will exhibit frequency-selective fading. The correlation among
different signal frequency components of the transmitted signal decreases to-
ward zero. Received symbol duration becomes larger than the transmitted
symbol duration and IST occurs. For the channels where By < B,, a sig-
nal is not subject to frequency-selective fading, and the channel is called
frequency-flat. A time-selective fading channel occurs when T, is shorter
then the symbol duration 7. Within a symbol duration channel appreciable
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change its features. If Ty < T, a signal is not subject to time-selective
fading, and the channel is called time-flat.

Wide-sense stationary uncorrelated scattering (WSSUS) model has been ac-
cepted as a standard stochastic model for the numerous wireless channels
[14]. This model assumes that different delays and Doppler shifts are un-
correlated and that the correlation properties of the channel are stationary.
This correlation properties can be expressed as

Eh(t,v)h*(11,v1)] = S(T,v)0(T — 71)0(v — 1), (1)

where h(T,v) represents delay-Doppler spread function and S(7,v) denotes
scattering function that completely characterizes the WSSUS model [14].
Scattering function provides description of the channel properties with re-
spect to the delay variable 7 and the frequency-domain variable v (Doppler
frequency). Projections of the scattering function along 7 and v are called
the power delay profile Q(7) (PDP) and Doppler power profile P(v) (DDP)
15

Q) = _/OC S(r,v)dv, @)

P) — ‘/ZS(T,u)dT, (3)

respectively. Without loss of generality, scattering function can be assumed
to be zero mean with total unit power [%_ [% S(r,v)drdy = 1.

2.1 Multipath channels

Multipath channels can be divided into two categories: line-of-sigh (LOS)
multipath channels and non-line-of-sigh (NLOS) multipath channels. Mul-
tipath scenario with LOS is generally referred as Rician fading, whereas
NLOS multipath scenario is generally referred as Raleigh fading. Two main
categories of LOS multipath channels can be defined: multipath channels
with inseparable scattering function and multipath channels with separable
scattering function. Furthermore, two special case of multipath scenario
with separable scattering function are often used: two-ray multipath chan-
nel and single scatterer channel.

2.1.1 LOS multipath channels

The power of LOS O’%OS and the power of diffused components Ufliff, for
unchanged mean throughput power, can be defined as a function of the
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Rician factor K = U%OS/Ufﬁff as

K

0los = TN (4)
1

9 _
Tarf T Kol (5)

The scattering function can be defined as

K
S(r,v) = K—H5(7)5(V—VL05)+
1

K—_Hsdiff (T7 V)a (6)

where Sgirr (7,v) denotes scattering function of multipath without LOS
component.

Now, assume that Sy;¢r (7, v) is separable, i.e., Sgirr (7,v) = Quisf(7) Pais s (v)
and L”Zd Pyigs (v)dv =1, and [*! Quiss(T)dr = 1, where Tg;rp, Pais ()
and Qgifr(7) denote maximum time delay, DPP and PDP of the scattered
components, respectively. Here, the scattering function can be defined as

S(r,v) = KL—H(S ()6 (v —vros) +
K;_HQdiff(T)Pdiff (v). (7)

In the two-ray multipath channel, the scattering function takes form

S(r,v) = KLH(S (1)0 (v —vros)
oy bairs ()8 (T = Taigg). (8)

For the single scatterer case, channel model can be even further simplified.
The scattering function has nonzero values only in two points (0, v1,0g) and

(Taitfs Vairt)
K

S(r,v) = K+15(T)5(V—VL05')

1
S 00T = Taigs)(v = vaigy)- (9)
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2.1.2 NLOS multipath channel

NLOS channel follows from LOS for K = 0. In this case, O'%OS = 0,
O'?h-ff = 1, and all derived models can be directly implemented for the

NLOS. However, it is commonly accepted that S (7,v) is separable in the
typical NLOS mobile channels [15].

2.2 Practical wireless channels
2.2.1 Land mobile wireless channel

Numerous radio propagation models for different wireless channels have
been developed. COST 207 model is rather simple and widely used in
research community [16]. Tt represents a comprehensive set of propagation
scenarios that include NLOS and LOS cases with different delay and Doppler
power profiles. Although these channel profiles were initially developed for
GSM digital land mobile radio communications, they have also been used in
other practical implementations (e.g. the COST 207 channel models is used
as a non-directional realization of the COST 259 model [17]). The COST
207 defines four different environments: Rural Area (RA), Typical Urban
(TU), Bad Urban (BU), and Hilly Terrain (HT'). Power delay profile for the
RA and TU can be described by exponential model as [18§]

879.27/ps’ if 0 <71 <0.7 s,

Cr
@ralr) = { 0, elsewhere, (10)
e/ 0 < T < T ps,
Qru(r) = { 0, elsewhere, (1)

respectively, where ¢; represents normalization factor. Power delay profile
for the BU and HT can be represented by bimodal exponential model as
18]

cre /1S if0 <7 <5 ps,
Qpu(T) =1 0.5ce> /85 if 5 us< 7 < 10 ps, (12)
0, elsewhere,
cre 35T/, if0<71<2 ps,
Qur(T) =% 0.1c e /B if 15 us< 7 < 20 pus, (13)
0, elsewhere,

respectively.
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For each of these propagation scenarios different types of Doppler power
profile are also specified. The classical Jakes Doppler power profile occurs
for very short propagation delays (0 < 7 < 0.5 us) [18]

L1 if |y <y,
Po)=3 (&) (14

0, elsewhere.

Distribution of scattered components with medium delays (0.5 pus< 7 < 2
us) can be characterized by bimodal Gaussian Doppler power profile as [18]

7(u+0.8ud)2 7(u—0.4ud)2
Pgavssi(v) = cpe 200" 4 0.1c,e 20wa)” (15)

Similar Gaussian Doppler power profile characterizes scattered components
with long delays (7 > 2 pus) [18]

7(U70.7Vd)2 7(u+0.4ud)2

Poaussa(v) = cpe 2(0.1vg)* 4 0.032¢ e 2(0.1504)” (16)

It has been considered that the TU, BU and HT are NLOS models with
Rayleigh fading. However, in the RA model LOS component occurs at
7 = 0, leading to the Rician fading. The scattering function consists of
NLOS and LOS components and can be expressed as [1§]

0.205
Srice(T,V) = ¢ > (1)
gy 1 — (V—”d)
+0.91¢,0 (v — 0.7vg) 6 (1), (17)

where ¢, = 0.8969. Now, signal power in LOS and NLOS part can be
calculated as O'%OS = (.8161, and (T?VLOS = (.1839. For the TU, BU and

2 _ 2 _
HT, 075 =0, and 0%, = 1.

2.2.2 Aeronautical Channels

In aeronautical channel four different channel scenarios can be defined: en-
route scenario, arrival and takeoff scenario, taxi scenario, and parking sce-
nario [19]. In the en-route scenario, arrival and takeoff scenario and taxi
scenario, a strong LOS component exists, whereas in the parking scenario
there are only multipath components.

En-route scenario
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The en-route scenario is model for ground-to-air or air-to-air communica-
tions when the aircraft is airborne. For this multipath channel, a two-ray
model with a LOS path and cluster of scattered paths is used. Typical max-
imal velocities are vyax = 440 m/s for ground-air links and vy = 620 m/s
for air-air links. In this scenario the scattered components are not uniformly
distributed in the interval [0,27) leading to the asymmetrical DPP. Actu-
ally, the beamwidth of the scattered components is reported to be around
3.5°. In this case, S (7, v) takes form (8) where Pyt (v) can be modeled by
restricted Jakes model [20]

1
Puisp(v) = p———==,11 <v <1y (18)

2
Vd 1-— (V_U,1>

where ¢ = 1/ (arcsin (va/v4) — arcsin (v1/v4)), denotes factor introduced to
normalize DPP.

In the worst case the LOS component comes directly to the front of the
aircraft and scattered components come from behind. Here, 11 = — vy
and vo = —vg(1 — Apg/m), where App represents the beamwidth of the
scattered components symmetrically distributed around the ¢ = 7.

Arrival and Takeoff Scenario

The arrival and takeoff scenario models communications between ground
and aircraft when the aircraft takeoffs or is about to land. It is assumed
that the LOS and scattered components arrive directly in front of the aircraft
and the beamwidth of the scattered components from the obstacles in the
airport is 180°. The maximal speed of the aircraft is 150 m/s, and the
Rician factor K = 15 dB. In this channel, S (7,v) is separable and takes
form (8) where Py;r¢ (v) can be modeled by Jakes model (18), with v =0
and vy = vg. The PDP can be modeled as an exponential function similarly
to the rural nonhilly COST 207 model.

Taxi Scenario

The taxi scenario is model for communications when the aircraft is on the
ground and approaching or moving away from the terminal. The LOS path
comes from the front, but not directly, resulting in smaller Doppler shifts,
for example v10s = 0.7v4. The maximal speed is 15 m/s, and the reflected
paths come uniformly, resulting in classical Jakes DPP (18), with vy = —vy
and v9 = vg. The PDP can be modeled similarly to the rural (nonhilly)
COST 207 model.

Parking Scenario

The parking scenario models the arrival of the aircraft to the terminal or
parking. The LOS path is blocked, resulting in Rayleigh fading. The maxi-
mal speed of the aircraft is 5.5 m/s, and DPP can be modeled as a classical
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Jakes profile (18) with v1 = —v4 and va = v4. The parking scenario is
similar to the typical urban COST 207 model.

2.2.3 Land-Mobile Satellite Channels

Land-mobile satellite (LMS) communications represents another example of
channels with strong L.LOS component and scattered multipath components.
In Land-Mobile Low Earth Orbit (LEO) satellite channel, mobile terminal
uses a narrow-beam antenna (e.g. digital beamforming antenna - DBF) to
track and communicate with LEO satellite [21]. If we assume that mobile
terminal is out of urban areas, the PDP can be modeled as an exponential
function similarly to the rural nonhilly COST 207 model and DPP can be
modeled by restricted Jakes model (18). The arrival angles of the multipath
components are uniformly distributed, but antenna is narrow-beam lead-
ing to the equivalent scenario in that occurs in aeronautical channel when
antenna is omnidirectional but multipath components comes from narrow
angle. Now, previous analysis for en-route scenario in aeronautical channel
can be directly implemented in LMS channel analysis.

3 Wideband channel characterization

When a signal has a small time-bandwidth product or when the relative
motion is slow, Doppler scalings can be approximated by fixed frequency
shifts [22]. Physical interpretation of the system output can be made in
terms of time and frequency shifts on the input signal. This interpretation is
applied to describe the time-varying multipath environment of narrowband
communication channels. The physical effects of the wideband system on
the signal are characterized by time shifts 7 and Doppler scalings a. Just as
the time-frequency model characterizes narrowband processing, a time-scale
model describes wideband time-varying systems [23].

The typical wideband system can be described by wide-sense stationary
uncorrelated scattering (WSSUS) model. If the system is WSSUS, then
different delays and Doppler scalings are uncorrelated and the correlation
properties of the channel are stationary. These correlation properties can
be expressed by wideband scattering function Q(7,a) that quantifies the
distribution of received power as a function of delay and scale [23]

E {X(T, a)x* (1, a')} =Q(r,a)d(a —a")o(r —7'), (19)

where x(7, a) represents wideband spreading function. Wideband scattering
function Q(7, a) provides description of the channel properties with respect



86 Mobilne i bezicne komunikacije: stanje i perspektive

to the delay variable 7 and the scale variable a. Define projections of the
wideband scattering function along 7 and a as power delay profile Q(7) and
scale power profile P(a)

am = / " Q(r, a)da, (20)

Gmin

LO /0 " Or,a)dr, (21)

respectively. Power delay profile is well-known from narrowband channels
and models that characterize narrowband case can be directly used (e.g.
uniform and exponential models [20]). Let us now analyze distribution of
received power as a function of the scale variable a. In wideband channels
scale power profile P (a) corresponds to the Doppler power profile from the
narrowband channels. The scale variable a can be expressed as [24]

azlfgcos(go), (22)

where v represents velocity, ¢ denotes speed of wave propagation and ¢ rep-
resents arriving angle of path in radians. The minimum and the maximum
scale are defined as amin = 1 — Vmax /¢ and amax = 1 + Vmax /¢, respectively.
A scale spread, that corresponds to the Doppler spread in narrowband chan-
nels, defined as V,.x = 3 (@max — @min) can be expressed as [24]

Umax
= . 23
Vmax c ( )

The scale power profile characterizes time-variation of wideband channels,
and it can be modeled as a counterpart of the Doppler power profile, that
defines Doppler spreading in narrowband channels. Similarly to the Doppler
power profile [20], scale power profile P (a) can be modeled as two-path,
uniform, and classical (Jakes).

Two-path Doppler power profile model is often used in narrowband channels
when there are direct and reflected path. A corresponding scale power profile
can be expressed as [12]

P(a) = 5 [6(1 = @+ Ymax) + (1 — @ = Ymax)] - (24)

N —

Uniform Doppler power profile model is another simple representation. It
describes 3-D isotropic scattering environment, where the angles of arrival



Igor Purovic, Duro Stojanovic¢: Multicarrier Techniques in Different... 87

are uniformly distributed in the azimuth and elevation planes. The scale
power profile in this case can be expressed as [12]

Vmax

1 .
f1—v <a<l4vy
P — 2 » 1 max max> 9

(a) { 0, elsewhere. (25)
In case of horizontal propagation of radio waves, uniformly distributed an-
gles of arrival and omnidirectional antenna, the Doppler power profile is
called classical or Jakes. The corresponding scale power profile can be mod-
eled as [12]

1 1 .
T ’ if 1 rymax<a<1 + Ymax>
Pla)={ """ o (=)’ (26)
0 elsewhere.

4 Interference Power Analysis in Narrowband
Channels

Let us now consider the baseband of the multicarrier signal

oo K-1

s(t) = Z ch’kgn’k(t), (27)

n=—o0 k=0

where ¢, denotes the data symbol and g, 1(t) denotes the translation and
modulation of a normalized single pulse shape ¢(t), where n and k corre-
spond to the symbol interval and the subcarrier number at the transmit-
ter. In analogy with the classical ambiguity function definition A(71,v) =
75 g(t)g*(t — T)e ™2™ dt, the linearly transformed ambiguity function
A(1p,vp) can be defined as

00

AlTp,vp) = / g(t)g*(t — Tp)efﬂwptdt. (28)

J —00

Under the assumption of wide sense stationary uncorrelated scattering (WS-
SUS) channel [14], average useful power can be expressed as [25]

Py = /_Z /_Z S(r,v) |A(r, )| drdv. (29)

The interference power can be obtained as [25]

= / / S(r,v) Z |A(Tp, Vp)|2 drdv. (30)
J—00 J—0c0 (n,k)#£(n’ k")
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4.1 OFDM

The translations and modulations by the OFDM pulse shape g(t) can be
represented as

Gn (1) = g(t — nT)e/>mErE=nT), (31)

where F' = 1/T represents carrier spacing. The linearly transformed ambi-
guity function A(7p,v,) for OFDM can be obtained for

™, = (' —=n)T+r,
v, = (K —Fk)F+uv. (32)

where n/ and k' correspond to the symbol interval and the subcarrier num-
ber at the receiver. Interference power can be simplified for the case of
rectangular pulses as [10]

‘Vd *Tmax
Pr=1- / / S(t,v)sinc? (nTv) drdv. (33)
g

An upper bound on interference power when the guard interval is not im-
plemented, can be expressed as [10]

2
Tmax 7—max

1
Piyp = 5’72,07T2V3T2+2%,1 Ta — Y027

4

*372,17T2V3T7max + 2’72,27f2’/37r2nax

4 T ax | 1 T

372, gl T =+ 372, 47T2V2 %n;x (34)

where parameters y,; for i,j € N characterize impact of the power profiles
on the system

S(r,v)v L drdy.

Yig =

Vi Tmax J—vq Jt1

Now, an approximate interference power for OFDM can be obtained as [10]

Pr = Pror + Prsr, (35)
where Pror and Prgy are
1
Prcr = 572707721/37”2, (36)
Tmax

Tmax 2
Prsr = 270,1 ) .

T Yo0,2 (_T
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Figure 1: Interference power when cyclic prefix covers 75% of maximal delay
in COST 207 channel models (Rural Area - RA, Typical Urban - TU, Bad
Urban - BU, and Hilly Terrain - HT).

If the guard interval is implemented, the interference power can be easily
obtained from the previous equations by equaling ~;; = 0 for i # 0.

In Fig. 1 we compare interference power in the COST 207 RA, TU, BU and
HT channel models, with cyclic prefix covers 75% of maximal delay, vy = 50
Hz and 100 Hz. We can observe from Figs. 1 that when T increases inter-
ference power converges towards Prcoy, whereas, when T or GI decreases,
interference power converges towards Prgy.

4.2 AFT-MC

The translations and modulations by a chirp basis of a single normalized
pulse shape ¢(t) can be written as

Gnin(t) = g(t — nT)el2m(EE—nT)* +esk?+ 4 (1-nT)) (38)
where T is the symbol period, and ¢; and ¢y are the AFT parameters.

Usually, frequency offset correction block, that can be modeled as e/t
is inserted in the receiver. The linearly transformed ambiguity function
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A(1p,vp) for AFT-MC can be obtained for

Tp = (nl—n)T+T,
1
v = 5 (K —k)+v—co—2e((n = )T +7). (39)

In case of rectangular pulses as the interference power can be expressed as
[11]

Pr=1- / / S(r,v)sinc’* 7T (v — co — 2¢17)drdy. (40)

—u,
The AFT-MC system reduces respectively to the fractional FT (FrFT) and
OFDM based system for ¢; = cot a/(4m) and ¢; = 0. The upper bound on

interference power with the guard interval implemented, can be expressed
as [11]

1
Pryp = 3720 (co,c1) W°T?, (41)

where m;j (co,c1) for i, j € N represent moments of the scattering function

for AFT-MC
m” CU,Cl / / 7' I/
vy

(v —co — 2e17) T drdy. (42)

An approximate interference power for the wide range of channel parameters
can be obtained as [11]

1 9 22
30i 11020 (co,c1) 7T

= (43)

0% rp + 3mao (co, ¢1) T2T?

Fig. 2 compares OFDM and AFT-MC interference power in en-route sce-
nario in aeronautical channel. Parameters for this scenario are: carrier fre-
quency f. = 1.55GHz (corresponding to the L band), App =3.5°, Tairf =
66pus, T = 1056us and K = 15dB. Maximal Doppler shift depends on the
velocity of the aircraft vy = vmax fe/c, where ¢ denotes speed of light and
maximal velocity is assumed to be up t0 vpmax = 250 m/s. From Fig. 2, it
can be observed that the AFT-MC system efficiently suppresses interference
even for the large Doppler shifts. The approximated interference powers stay
close to the exact ones (in AFT-MC case, they are practically indistinguish-
able). When GI is implemented, the interference power in the AFT-MC is
negligible, comparing to its significant value in the OFDM. Similar to the
en-route scenario in aeronautical communications, this type of channel also
occurs in various satellite communications (e.g. in LMS).
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Figure 2: Comparison of directly calculated and approximated interference
power in the en-route scenario in aeronautical channels for AFT-MC and

OFDM.
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5 Interference Power Analysis in Wideband
Channels

Consider the multicarrier signal

M—1

s(t) =) cugr(t). (44)

k=0

The average useful power on the k subcarrier can be expressed as [12]

P — / " / " Q(r,a)|0 (v, a)|? drda, (45)
QAmin 0

where © (7,a) represents system characteristics that depends on the pulse
shape. The interference power can be obtained by [12]

P — / " / " (r,0) Y 10 (7, )2 drda. (46)
J Qmin JO k;ék/

Consider O (7,a) and (7, a) are given with unit power, and assume that
there is an infinite number of subcarriers. The interference power can be
expressed as [12]

P —1 / " / " Or,a) 10 (r, a)? drda. (47)
Gmin 0

5.1 OFDM

Consider the wideband representation of the transmitter and receiver OFDM
modulated pulses gg(a(t — 7) and g (t) at the receiver

go(a(t=7)) = gla(t — ) (el (48)

) = g(t) 2 (G +folt, (49)

respectively, where % and fy denote carrier spacing and the first subcarrier
frequency.

The interference power PI(k) can be expressed as [12]

*Gmax
P / Pla) Y sinc®n(k — Ka+ foT(1 - a))da. (50)
J Qmin k£k'
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The interference power P](k) can be obtained by [12]

P = 1= / " Pla)

</ @min

xsinc?w(k + foT')(1 — a)da. (51)

An upper bound on intercarrier interference power with the guard interval
implemented, can be derived by using Taylor series as [12]

1
Py = §a27f2(k + JoT)* Y oaes (52)
where s equals

Gmax
ag = 2# / P(a) (1 —a)*da. (53)
Ymax - Gmin
Fig. 3 illustrates comparison of OFDM interference powers directly calcu-
lated by summation (50), using useful power (51), and upper bound (52).
Parameters for this scenario are: fy = 4kHz, T' = 256 ms, M = 512, and
Yimax = 4-1079. Three different scale power profiles are used: two-path, uni-
form and classical, where corresponding ay equal to 1, 1/3, 1/2, respectively.
We can observe from Fig. 3 that the interference power depends on the sub-
carrier number and scale power profile. The difference between interference
powers calculated by (50) and (51), and upper bound on interference power
calculated by (52) is negligible, except for the subcarriers on the edge, where
only directly calculated interference gives the exact result.

5.2 Mellin transform

The Mellin transform, unlike the FT, posses the property of being scale-
invariant in its magnitude [23]. This property offers an excellent opportunity
for combating effects of Doppler scaling. Define the wideband representation
of modulated transmitter and receiver pulses gi (a(t — 7)) and gr(t) at the
MT-MC receiver as

1
ge(at—7)) = glalt — 7)) —F/—
a(t —T)
XejQﬂ'( ,B_;’_ﬁo)]na(tt—;‘r)’ (54)
) = g(t) 1 ej27r(lc6+ﬁo)ln%7 (55)

Vi
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Figure 3: The comparison of OFDM interference power for different sub-
carriers k and scale power profiles (from top to bottom: two-path, classical,
and uniform scale power profile).

respectively, where 5 and 3, denote scaling spacing and scaling factor of

the first subcarrier, and ¢, represents normalization time point. |© (7, a)|?
can be obtained as [12]

©(r,a))* = sinc®n(k—Fk)
1, for k' =k
- 0, for k' # k.

Now, the desired power P, for k = k/ equals Pp = 1, whereas the inter-
ference power Pr is equal to 0. Thus, orthogonality between subcarriers
has been preserved. It follows that contrary to the OFDM, the MT-MC
system completely suppresses interference in wideband time-varying multi-
path channels. Actually, this is a result of a scale invariance of the Mellin
transform that is essential to efficient multicarrier transmission in wideband
channel.

(56)

6 Conclusion

Conventional OFDM system has been initially proposed for communications
in the narrowband channels where Doppler effects can be mitigated. How-
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ever, in aeronautical, satellite and underwater acoustic channels Doppler
effects severely degrade performances of OFDM. This impairments occur
due to Fourier transform basis of OFDM that is not an adequate trans-
form for the these channels. In this paper, we investigated effects of time-
varying multipath channels and present state-of-art of interference analysis.
The interference characteristics of narrowband and wideband channels are
presented with comparison of OFDM, AFT-MC and MT-MC systems in
different wireless environments. The AFT-MC systems clearly outperform
OFDM in aeronautical and satellite channels whereas MT-MC systems com-
pletely neutralize effects of Doppler scaling in underwater acoustic channels
and represent better choice than OFDM.
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