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Abstract: In areas of outdoor wireless communication, the Doppler shift occurs due to the relative motion
between the transmitter and receiver. To apply any baseband channel model for multipath propagation, some
real-world phenomena must be taken into account, such as the Doppler effect, time dispersion, and multipath
scattering. Time dispersion of the radio channel leads to the Intersymbol Interference (ISI) which degrades
communication performance. Scattering at diverse angles gives rise to a range of Doppler frequency shifts
referred to as the Doppler spectrum. The maximum Doppler shift arises whenever the scattering direction is
opposite to the channel trajectory. The Rayleigh or Rician fading distributions of the communication channel
are used to characterize the line-of-sight path (LOS) and non-line-of-sight (NLOS) path radio propagation,
respectively. Multipath fading causes frequency-selectivity and Doppler shifting causes time-selectivity. Two
popular modeling techniques for fading channels are the Filtered White Gaussian Noise and Sum-Of-Sinusoids
schemes. The impact of the Doppler effect on wireless communication channel characteristics will be examined
using the model based performance analysis.
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1 Introduction component of the sum of two uncorrelated Gaussian
random variables. Actually Rayleigh fading acts as
the small-scale effect, the fading instead contains
sensor networks, cellular networks): large scale bulk properties of the environment where both path
fading (path loss, shadowing, penetration) and small loss and 'shadowmg' are superlmposefl. For small
scale fading (LOS, NLOS). In fact channel fading is scale fading, pqtgntlal .multl-path fading prod}lces
superimposed upon large-scale and small-scale frequency selectivity Wlth the. coher.ence bandwidth.
effects. The Doppler effect could be constructive or The .Doppler effect is specified Interms Of' the
destructive for multipath fading up with respect to relative speed between the transmitter and. receiver,
critical distances. The focus of this research instead and the Doppler shift produces time-selectivity with
is on the small-scale effect, covering reflections, coherence time. The .Doppler spread is a measure of
scattering, and diffraction. Whenever there is a the spectral broad.emng f:aused by the time rate of
dominating line of sight (LOS) from the transmitter change of the mobile rad}o channel, gnd 1t1s deﬁned
to the receiver, Rician fading is most applicable. as the range of frequ@nmes over which the received
Without a dominating line of sight instead, Rayleigh Doppler spectrum is essentially non-zero. The
fading is most applicable for non-LOS propagation. standard deviation of multiple spF:ctral shifts is
It is a special case of two-wave channel with diffuse related to the Doppler spread, which reflects the
power fading. On the other hand, the Rayleigh change in the carrier frequency [1], [2].

distribution is formulated by taking two independent Wireless sensor networks (WSNs) serve as the
and identically distributed (IID) zero mean Gaussian popular media of communication between the
random variables as real and imaginary parts of a transmltt.ers and recelvers..Re.search on WSNs 18
complex number. The random fading process has challenging where combination of computing,
zero mean and evenly phase distribution between 0 sensing, control and communication technologies is
and 27 radians. The envelope of the communication necessary. For example, a Zone Efficient Localized

channel magnitude response manifests the Rayleigh Data Aggregation' scheme is proposed to reduce
distribution, which turns out to be the radial energy consumption and routing traffic needed

There are two major spatial scales of fading in
wireless communication networks (e.g., wireless
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using data funneling techniques. Topology control
of the wireless sensor networks via integration of
Kalman filters and adaptive estimation is proposed
for wireless sensor networks design,[3],[4].Path loss
modeling for large scale fading shows the tradeoff
between range and bandwidth. Maxwell equations
provide perfect analytical models for the path loss
however too complex to be practical. Empirical
models have the limit functionality against various
environments and Ray tracing models require site-
specific information. The simple free space path loss
models are instead most practical. Several path loss
models are analyzed to predict the attenuation
performance upon parameter variations. The power
control strategy based on Signal to Interference plus
Noise Ratio (SINR) balancing is shown to minimize
power consumption and optimize power control in
wireless cellular networks [5]. WSNs employ the
battery-powered sensor nodes for sensing, so the
lifespan depends on the energy efficiency. There is
always a trade-off among energy consumption,
latency and reliability. Dynamic clustering based
routing is proposed to achieve good performance via
adaptive algorithms. The best practical dynamic
routing technique is analyzed and synthesized [6], [7].
A statistical channel model covers two components
with random phases and a diffuse component. This
fading model provides better match than Rician
fading of recent small-scale fading measurements in
28 GHz outdoor channels. Its performance is
evaluated in terms of the bit error rate and the
outage capacity, and the interplay between fading
model parameters. Monte Carlo simulations are
carried out to validate the obtained theoretical
expressions [8]. Statistical characterization of SINR
is critical in study of cellular networks, to capture
diverse fading channels arising in realistic outdoor
and indoor wireless communication scenarios. By
exploiting moment generating function of the SINR,
cellular network performance is estimated over the
shadowed «-u, x-u, and m-p fading models. The
channel models show high flexibility by applying
diverse fading channels, such as the models with
Rayleigh, Nakagami, Rician, and Rician shadow
fading distributions. The coverage, achievable rate,
and bit error probability are integrated [9].

Impact of scalability and density on the lifespan
of WSNs is analyzed and synthesized, which
depends on the sensor node deployment. Scalability
is closely relevant to the connectivity and coverage
range of WSNs, which in turn determines the WSNs
lifespan. Single-hop routing is more efficient for
WSNs in the small diameter coverage range at the
high radio transceiver power. It is chosen for sensor
deployment analysis under diverse density and
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scalability [10]. Emerging cellular technologies for
5G communications are confronted with a wide
range of usage and diverse link requirements. To
bridge the gaps between theoretical and practical
channels, the k-p shadowed fading is presented.
Parameters of a heterogeneous cellular network are
evaluated with K classes of the base stations (BSs),
differing with respect to transmit power, shadowing,
fading characteristics and BS density [11]. The 5G
cellular systems will operate in a broad frequency
range, with extra mm-wave frequency bands, at
single band or multiple bands simultaneously. The
pathloss, shadow fading, root-mean-square (RMS)
delay spreads, Rician factor and coherence
bandwidth are all characterized in urban macro-
cellular and micro-cellular environments. By
dividing a wideband channel transfer function into
subbands of 1 GHz bandwidth each, the relevant
frequency dependence is studied in the 3—-18 GHz
band. The shadow fading and Rician factor increase
with frequency. The RMS delay spread decreases in
LOS environments with frequency, but varies little
in NLOS propagation. The coherence bandwidth
changes slightly with frequency [12]. The RIS
(Reconfigurable Intelligent Surface) empowered
communication is the promising 6G technology
which converts a wireless channel to an intelligent
transmit entity by manipulating impinging waves
using manmade surfaces. The potential benefits of
RISs are examined via indoor and outdoor models
across broadband. The path loss exponent has been
analyzed using the empirical path loss models.
Transmission models with multiple RISs are
analyzed and synthesized for indoor and outdoor
NLOS scenarios. Simulation results demonstrated
that it provides promising solutions for indoor and
outdoor cases at various operating frequencies. It
also shows improvement of error performance and
achievable data rates even in presence of system
imperfections like limited range phase adjustment
and imperfect phase estimation at RISs [13].

2 Fundamentals of Small Scale Multi-
Path Fading Channel

The outdoor wireless communication channel is
typically characterized by Doppler spectrum which
governs the time variation in the channel gain,
which fluctuates rapidly over time. Without loss of
generality, some popular small scale multi-path
fading channel models are selected to examine the
impact of Doppler shifts on fading characteristics.
Except for the computational complex baseline
filtered white Gaussian noise (FWGN) model, other
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popular models widely applied including the FWGN
model in time domain, modified FWGN model in
frequency domain, and Jakes standardized sum-of-
sinusoids model.

Linear time-varying systems can be simply
introduced to describe the input output relationship
for outdoor wireless communication channels. Let
x(t) be the baseband transmit signal in the
electromagnetic field with N planewaves of the
average power. Doppler shifts occur among all
planewaves with diverse arrival angles and arbitrary
carrier phases. The corresponding passband transmit
signal is shown as (1):

X(O7Re [x()e™'] Q)
where Re[.] refers to the real component, wc=2mnfc is
the carrier angular frequency. A scattered channel
covers N individual propagation paths with different

Doppler shifts. Then the received signal is expressed
as (2).

J(H)=Re [y()e"* ]=Re [ Y C,e"* " x(t-1,)] (2)
i=1
where Ci, 1i, and ;=2nf; represent the channel gain,
path delay and angular Doppler shift for the i-th

propagation path, respectively. The corresponding
baseband received signal is formulated as (3):

N .
Y(t):z Cie-m mX(t'Ti )
i1

Now a linear time-varying filter is brought in to
model the channel with complex baseband impulse
response:

ht, r)=i C.e™3(t-1,) = h(t)3(t-1)

3)

“4)

where 9(.) is the unit impulse function or Dirac delta
function. When the path delay mismatch is much
shorter than the sampling time, each path delay T;
can be approximated as 1. So (4) has been simplified
as (5) and (6).

h(t, )=h(t) d (t-1) 5)

N
h(t)=> C,e?™® (6)
i=1

Given the normalized baseband transmit causal
signal x(t)=1. It represents the unit step function, the
received passband signal y(t) can then be simplified
as (7) accordingly.

J(O=Re [y(H)e"']

=Re [{h,(H)+jhy(H)}e"™']

=h,(t)coso t-h, (t)sino t
where hi(t) and hq(t) refer to the in-phase and

quadrature components of h(t), respectively, which
are formulated in (8).

(7
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(®)

If N is large enough, by the central limit theorem,
hi(t) and hq(t) can both be represented by Gaussian
random variables.

For the complex Gaussian random variables, the
corresponding magnitude of the received signal
exhibits the Rayleigh distribution, which is subject
to diverse scattering in a multipath channel. In
general, propagation environment for the outdoor
wireless channel is under the NLOS environment.
The corresponding power spectrum density (PSD)
of the fading process can be formulated by the
Fourier transform of the autocorrelation function of
the received passband signal known as the classical
Doppler spectrum (9), where fp is the maximum
Doppler frequency and fc is the carrier frequency.

S(f) o ——1 f—f]<f, ©)

N N
h, (t)=z Cicoso;; hy, (t)=z C;sing,
i=1

i=1

3 Multi-Path Fading Channel Models

The Doppler effect plays a major role in wireless
fading channel characteristics. When the scattering
components have the propagation direction exactly
opposite to the signal trajectory, the maximum
Doppler shift arises. In general there are 2 main
fading channel modeling techniques for path gains
of channel filters: either the FWGN technique or
sum of sinusoids modeling technique. As for the
former technique, a complex uncorrelated Gaussian
random process with zero mean and normalized
variance is generated in the discrete time. A Doppler
filter is then applied via the desired Doppler power
spectrum. Interpolation and extrapolation can both
be implemented to be consistent with the existing
sample period of input signals. As for the latter one,
the uncorrelated Rayleigh fading waveforms are
superimposed independently to produce both in-
phase and quadrature components.

3.1 Time-Domain FWGN Model

The time-domain Filtered White Gaussian Noise
(FWGN) channel model is straightforward and
flexible. Duration of fading channel is simply
determined by the length of a complex Gaussian
random signal generated in the time-domain. The
block diagram of the time domain FWGN model is
shown in Fig. 1. The complex Gaussian random
signal can be easily generated in the discrete time-
domain. Also the number of complex Gaussian
random samples can be increased or decreased by

Volume 20, 2024



WSEAS TRANSACTIONS on SIGNAL PROCESSING
DOI: 10.37394/232014.2024.20.15

adjusting the simulation interval with flexibility,
with a tradeoff of computational complexity. The
Doppler filter is applied afterwards to generate the
Doppler-shifted Gaussian noise. Implementation of
the Doppler filter is made by an FIR filter to avoid
instability, whose impulse response coefficients can
be computed by inverse Fourier transform of the
power spectral density function of classical Doppler
spectrum, while other types of the Doppler spectrum
can also be applied, like the flat Doppler spectrum.

Complex Gaussian Doppler Fikervia| | F CWIG" ndc"'Gm"‘?n'e"
Noise Generator in - |— FIR Filter — {Rayleigh
Time Domain Implementation Distribution)

Fig. 1 Block Diagram of Time Domain Filtered
White Gaussian Noise (FWGN) Model

3.2 Frequency-Domain FWGN Model

The basic idea of the frequency domain Filtered
White Gaussian Noise (FWGN) channel model is to
construct two uncorrelated separate branches to
represent the real part and imaginary part of
complex channel gain completely independent of
each other. With the assumption of isotropic
scattering, the Rayleigh fading model has been
accomplished by simulating two uncorrelated zero
mean Gaussian random variables. In Fig.2, the block
diagram of the frequency domain FWGN model is
shown. Initially the complex Gaussian white noise is
generated in the frequency domain. The Doppler
shift is then applied to complex Gaussian white
noise as the Doppler filters. The input should be
conjugate symmetric always, so that after inverse
Fourier transform is applied, the total superimposed
output from two branches of the Doppler-shifted
Gaussian noise will give rise to a real time-domain
signal. The overall time-varying channel gain is
determined to have the Rayleigh distribution in
amplitude and uniform distribution in phase.

Baseband Complex Folded Doppler

Gaussian Noisein [~ Fiker[0,2f] [ IFFT 1 Real FWGN

Frequency Domain & Oversampling 69_’ Complex
Channel

Gain

Baseband Complex Folded Doppler Rayleigh

Gaussian Noisein | —{ Filer [0,2f] | —|IFFT 2 pnary Distributi

Frequency Domain & Oversampling

Fig. 2 Block Diagram of Frequency Domain Filtered
White Gaussian Noise (FWGN) Model

To reduce the computational complexity, an
alternative in the frequency domain can be applied.
In the frequency-domain, let fp be the maximum
Doppler frequency. The spectrum repeats with
respect to Nyquist frequency 2fp. Now folding from
a symmetric frequency band [-fp, fp] to a positive
frequency band [0, 2fp] is needed for conducting
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inverse Fourier transform, as shown in 2™ block of
Fig. 2. Here the positive and negative frequency
correspond to the counterclockwise and clockwise
angular direction, respectively. The actual count of
discrete-frequency samples within scope of Doppler
bandwidth, is determined by the number of samples
in the fading channel and the extra oversampling
factor. It makes it possible to generate the fading
signal with the specified overall channel length
without taking maximum Doppler frequency into
account. By applying a uniform phase onto the
Doppler filter, it results in the more flexible way to
describe the channel fading process.

3.3 Standardized Sum-of-Sinusoids Model

The Jakes channel model is the standardized Sum
of Sinusoids model. Its block diagram is shown in
Fig. 3. The Rayleigh fading channel with a specified
Doppler spectrum has been generated by
synthesizing complex sinusoids. The number of
sinusoids must be big enough to approximate the
Rayleigh amplitude. For isotropic scattering, the
receiver collects rays of the scattered components
from all directions of N plane waves with an evenly
distributed spacing of 27t/N.

SUM of Complex Average
Oscillator in Doppler Ampitude
Stafted Sine Jakes Complex
®— Gomeican
SUM of Complex {Rayleigh
Oscillator in Doppler Distribulion
Shifted Cosine

Fig. 3 Block Diagram of Jakes Channel Model

The weighted sinusoidal generators are used to
produce the desired Doppler spectrum. The real and
imaginary parts, hi(t) and hq (t) in the total sum of
the complex oscillators are:

N,
hl(t)=22 COS(p“coso)nth/ECOS(choscodt

n=1

(10)

=2[cos@,++-Ccospy cospy J[coso;t-coswy t cosw,t/ V2 I

No
hQ(t):2Z sin(pncoscontﬁ/zsin(chosm o

n=1

(11)
A : . [T
=2[sing, --sin@y sing,]J[cosw,t- - coswy t cosa,t/v2]

where @, and @ are the initial phases of the n-th
Doppler-shifted sinusoid, fp is the maximum
Doppler frequency. The initial phase can be set to
nn/(Not1) and 0, which satisfies the uniform
distribution. The complex output of the Jakes model
is represented as (12).

()= ——0

N1 {h, (O+jho (O}

(12)
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where Eo is the average amplitude of the fading
channel. Eo® is the average power of the fading
channel. The real and imaginary parts of the channel
are statistically independent, sharing the average
power of E¢*/2 each, as shown in (13-15).

E{h(t)} =E, (13)
E{h,(Dh, ()} =0 (14)
(15)

E{( EOhl(t) )2 -E (thQ(t) )2 _ E(Z)
J2N,+ J2N,+1

4 Time Domain Analysis

The time-domain characteristics of the multipath
Doppler shifted frequency flat fading channel can be
analyzed via various models (e.g. baseline FWGN
model). The time-varying channel gain will exhibit
the Rayleigh distributed amplitude and uniformly
distributed phase. The increment of Doppler shift
causes more rapid variations in channel amplitude,
which can lead to the fast fading characteristics.
Without any LOS component, multipath frequency
selective fading in wireless communication channels
can also be modeled as the Rayleigh distribution. In
case that different Doppler spectra occur in multiple
paths with totally diverse levels of the maximum
Doppler shifts, both the amplitude distribution and
phase distribution are subject to distortion and even
impairment. The impact of the Doppler shifts on
multipath characteristics are analyzed via numerical
simulations using typical models. The comparisons
on the Doppler impact are made in terms of the path
channel gain characteristics as well as distributions
of both the magnitude and phase.

The 5-path frequency-selective fading channel is
chosen with the fixed sampling period of 5 ps. The
maximal Doppler frequency is assumed to be 50 Hz,
100 Hz, 200 Hz, 500 Hz and 1 KHz, respectively.
As the maximum Doppler frequency across 5 paths
varies from 50 Hz to 1000 Hz, the impact of the
Doppler shift on each individual path also varies
dramatically. Simulations on characteristic changes
from slow fading to fast fading are thus conducted.

For the time domain FWGN model, the time-
varying channel gains of 5 paths are shown in Fig.
4. In general, the envelopes of individual gain
amplitude retain the Rayleigh distribution however
subject to distortion. The lower the maximum
Doppler frequency, the higher the distortion in that
path. On the other hand, the phase characteristics
still retain uniform distribution only in those paths
with large maximum Doppler frequencies, while
phase characteristics no longer follow the uniform

T2
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distribution in paths with small maximum Doppler
frequencies instead.

For the frequency domain FWGN model, the
time-varying channel gain is shown in Fig. 5. In
general, the amplitude and phase characteristics still
retain Rayleigh distribution and uniform distribution
in those paths with large maximum Doppler
frequencies. In paths with the smallest maximum
Doppler frequency, the amplitude characteristics
and phase characteristics fail to follow the Rayleigh
distribution and uniform distribution. At the lowest
Doppler shift of 50 Hz under fixed sampling period,
the coherence time is much larger than the symbol
period. The signal bandwidth is much broader than
the channel bandwidth. Typical characteristics of
frequency selective is observed. At the same time,
the channel variation is much slower than that of
baseband signal. It has a narrow Doppler spread and
the coherence time is much greater than the symbol
period, indicating very slow fading, which has the
largest impact on frequency selective fading channel
characteristics.

For the Jakes sum of sinusoids channel model,
the time-varying channel gain is shown in Fig. 6. In
general, the patterns of amplitude characteristics in
all 5 paths still retain Rayleigh distribution, however
minor changes can be observed for paths with
smallest maximum Doppler frequencies. On the
other hand, the patterns of phase characteristics in
all 5 paths retain uniform distribution, no matter in
any path from the smallest to largest maximum
Doppler frequency.

Comparing three sets of results, it is observed
that Jakes channel model is the best option to
describe the Doppler spectrum. The time domain
FWGN model is slightly better than the frequency
domain FWGN model.

Time Domain FWGN Channel Model
T
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Fig. 4 Time Domain FWGN Channel Model
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Frequency Domain FWGN Channel Model
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Fig. 5 Frequency Domain FWGN Channel Model

Jakes Channel Model [T_=5us]
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Fig. 6 Sum-of-Sinusoids (Jakes) Channel Model

5 Doppler Spectrum Analysis

In this session, comparisons of 3 typical models
are made in terms of the autocorrelation function
and Doppler spectrum.

The impulse response of the channel is correlated
as a power-delay profile. The power delay profile
plots the received signal power across multipath as a
function of propagation delays of individual paths.
Autocorrelation represents the degree of similarity
between a time sequence and its delayed sequence
over successive time intervals. It measures the
relevance between present values and past values in
order to predict future values. Instead of the
correlation defined between two different time
series, the autocorrelation focuses on the same time
series twice. The power spectral density (PSD) or
power spectrum of a stationary random process is
nothing but Fourier transform of the autocorrelation
function. It is the measure of the signal power
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distribution over frequency. When the signal is real,
its PSD is real and even, similar to autocorrelation
functions. The popular classical Doppler spectrum is
defined with respect to the power spectral density
function. The 5-path frequency-selective fading
channel is chosen with a fixed sampling period of 5
us again. The Doppler frequency is assumed to be
50 Hz, 100 Hz, 200 Hz, 500 Hz and 1 KHz across 5
paths, respectively. Autocorrelation in terms of time
delays and the power spectral density function in
terms of normalized frequency should be analyzed
accordingly.

For the time domain FWGN channel model, the
time-varying channel gain is illustrated in Fig. 7,
together with the classical and simulated Doppler
spectra and autocorrelation functions. The higher
the maximum Doppler frequency, the larger the
mismatch on the channel gain between the classical
and simulated Doppler spectra in that path. In
addition, inside the positive frequency between [0,
2fp], the higher the maximum Doppler frequency,
the larger in that path the mismatch between
autocorrelation functions of classical and simulated
Doppler spectra. In fact an autocorrelation of +1
represents perfect positive correlation, while an
autocorrelation of -1 represents perfect negative
correlation.

For the frequency domain FWGN channel model,
the time-varying channel gain is illustrated in Fig. 8,
together with the classical and simulated Doppler
spectra and autocorrelation functions. Similar results
are obtained on channel gain as those in the time
domain FWGN model. The higher the maximum
Doppler frequency, the larger the mismatch on the
channel gain between the classical and simulated
Doppler spectra in that path. Once again inside the
positive frequency between [0, 2fp], relatively larger
mismatches on autocorrelations have been observed
than those in the time domain FWGN model across
all ranges of the maximum Doppler frequency.

For the Jakes channel model, the time-varying
channel gain is illustrated in Fig. 9, together with
the classical and simulated Doppler spectra and
autocorrelation functions. The higher the maximum
Doppler frequency, the larger mismatch between the
simulated and theoretical results in that path. Within
the symmetrical frequency band between [-fp, fp],
the higher the normalized frequency in a path, the
larger mismatch of the autocorrelation functions
between the simulated and theoretical results. For a
special numerical simulation case at a low Doppler
shift of 50 Hz, U-shape classical Doppler spectrum
is mostly replaced by symmetric piecewise linear
functions, indicating the narrow Doppler spread. It
demonstrated that in general the Jakes channel
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model outperforms the FWGN channel models on
Rayleigh distribution implementations with better
matches on the autocorrelation functions and power

spectral density functions.
Time Domain FWGN Channel Model
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6 Conclusion
In outdoor wireless communication, path loss
models and shadowing are applied to compute large
scale attenuations. Instead the Rayleigh and Rician
fading channel models are applied to describe small
scale attenuations. Meanwhile Rayleigh fading is
widely used in the dense downtown areas with rich
scattering. Independent propagation mechanisms
involve in time dispersion and frequency dispersion,
respectively. In multipath fading channels, the delay
spread causes frequency-selective fading and time
dispersion, while the Doppler spread causes time-
selective fading and frequency dispersion. Thus it is
necessary to encompass both frequency selectivity
and time selectivity in the time-varying multipath
fading models. Via time domain analysis, the power
delay profiles, the magnitude distribution and phase
distribution have been compared in detail across a
broad range of Doppler shifts. Also via Doppler
spectrum analysis, the Doppler power spectrum
density and autocorrelation functions have been
examined across a broad range of Doppler shifts.
Rayleigh fading channel models are capable of
giving close approximations for the real world
multipath fading channels. Based on the numerical
analysis and synthetics, the time domain FWGN
model slightly outperforms the frequency domain
FWGN model to represent the classical Doppler
spectrum with respect to both magnitude and phase
distributions as well as autocorrelation functions.
The standardized sum of sinusoids model instead
provides best approximations among three popular
schemes to represent complex Doppler spectra,
experiencing the least impact from the Doppler
frequency shift.
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