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On the simulation and correlation
properties of TWDP fading
process

Almir Maric* and Pamela Njemcevic

Department of Telecommunications, Faculty of Electrical Engineering, University of Sarajevo, Sarajevo,
Bosnia and Herzegovina

This paper introduces a novel statistical simulator designed to model propagation
in two-way diffuse power (TWDP) fading channels. The simulator employs two
zero-mean stochastic sinusoids to simulate specular components, while a sum of
sinusoids is used to model the diffuse one. Using the developed simulator, the
autocorrelation and cross-correlation functions of the quadrature components,
as well as the autocorrelation of the complex and squared envelope, are derived
for the first time in literature for channels experiencing TWDP fading. The
statistical properties of the proposed simulator are thoroughly validated
through extensive simulations, which closely align with the theoretical results.
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1 Introduction

Mobile radio channel simulators are widely used as cost-effective alternatives to field
trials, providing reproducible solutions for rapid performance evaluation by accurately
replicating the statistical properties of real-world communication channels Xiao et al.
(2006). Consequently, numerous small-scale fading simulators have been proposed to date
for modeling various channel conditions, typically relying on filtering or sum-of-sinusoids
(SoS) approaches, which are designed to capture both the first- and second-order statistics
of signals following specific characteristics.

Among these, the earliest SoS simulators were designed for frequency non-selective
Rayleigh channels Jakes and Cox (1994); Pop and Beaulieu (2001); Zheng and Xiao (2002);
Xiao etal. (2006); Alimohammad et al. (2009); Wang et al. (2012). They are commonly used
to model non-line-of-sight (NLOS) propagation conditions, where no strong specular
components exist between the transmitter and the receiver. As a result, such signals consist
solely of a diffuse component composed of many low-power scattered waves.
Consequentially, corresponding small-scale fading simulators are created by
representing the received signal as a superposition of a finite number of sinusoids,
mostly with random amplitudes, frequencies, and/or phases. Thereby, to capture the
statistical properties of signals received under the described conditions, Clark
introduced a mathematical model assuming that the receiver receives N — 0o scattered
waves with equal amplitudes, but with random angles of arrival (AoA) and random phases,
mutually independent and uniformly distributed over [-7, ) Clarke (1968). Clark’s model
has been validated through numerous measurements Skima et al. (2014) and has become a
reference model for modeling propagation in NLOS conditions. As such, it has been used as
the foundation of many Rayleigh SoS simulators, which, based on different assumptions
about the behavior of sinusoidal phases and AoAs, aim to reproduce statistical properties of
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the Clark’s model, simultaneously maximizing computational
efficiency by minimizing the number of employed sinusoids
Skima et al. (2014).

The simulators mentioned above are also employed to model
low-power scattered waves within Rician simulators, which are
designed to simulate channels where the received signal consists
of one strong specular component (typically line-of-sight, LoS)
alongside a diffuse component. As a result, many Rician SoS
simulators have been proposed to date, each exhibiting more or
less desired statistical properties and specific computational
efficiencies Xiao et al. (2006); Alimohammad et al. (2009); Wang
et al. (2012).

However, to date, little attention has been given to the
development of small-scale fading simulators that account for
more than one dominant specular component, such as those
required for two-wave with diffuse power (TWDP) fading
channels. In these channels, the received signal contains two
strong specular components in addition to numerous low-power
lead
characteristics including a bimodal distributed envelope (Maric
et al, 2021; Figure 4) and phase (Maric and Njemcevic, 2025;
Figure 4) characteristics and, under the certain conditions,

scattered waves, which can to unique propagation

performance worse than those observed in Rayleigh channels
(Maric et al., 2021; Figure 5), which cannot be modeled using the
existing simulators.

These, propagation conditions have been empirically validated
in a variety of emerging wireless communication scenarios. For
instance, TWDP fading has been observed in mmWave 5G networks
utilizing directional antennas or antenna arrays Rappaport et al.
(2015), as well as in wireless sensor networks operating in cavity
environments Frolik (2007). Furthermore, ray-tracing simulations
have confirmed the suitability of the TWDP model for
characterizing outdoor mmWave propagation in train-to-
infrastructure Zochmann et al. (2019a) and vehicle-to-vehicle
Zochmann et al. (2019b) communication scenarios, particularly
at 60 GHz in

measurement campaigns Zochmann et al. (2019) have also

urban environments. Indoor mmWave
demonstrated that the TWDP model accurately captures indoor
propagation behavior. Additionally, TWDP fading has been shown
to provide the best fit for near-body mmWave communication
channels, both in the front and back body regions Mavridis et al.
(2015). Moreover, similar fading conditions have been reported in
static sensor networks placed within cavity environments, including
buses, aircrafts Frolik (2007), and even inside large transport
helicopters Frolik (2008). Accordingly, it is desirable to create a
flexible and accurate channel simulator that can be effectively used
for performance evaluation and validation of analytical expressions,
derived for various designs of digital communication systems
operating over the channels with TWDP fading.

Consequently, in this paper, the SoS-based simulator for
modeling propagation in TWDP channels is proposed, being
primary focused on generating correlated signal samples of
TWDP multipath fading process. In the proposed simulator, the
specular components are modeled as zero-mean stochastic sinusoids
with pre-determined angles of arrival and random initial phases,
while the diffuse component is simulated using the NLOS model
proposed in Xiao et al. (2006). The simulator is used to derive the
autocorrelation and cross-correlation functions of the quadrature

Frontiers in Communications and Networks

10.3389/frcmn.2025.1587497

components, as well as the autocorrelation of the complex envelope
and its square, for signals propagating in TWDP channels. The
statistical properties of the proposed simulator are compared with
those calculated for the reference model, demonstrating excellent
agreement between them.

Accordingly, we developed a SoS simulator capable of
generating realistic TWDP fading waveforms, enabling the
accurate evaluation of second-order statistics such as the level
crossing rate (LCR) and average fade duration (AFD), which can
be utilized for the design and optimization of channel coding
schemes, interleaving strategies, and diversity techniques in
channels exhibiting TWDP fading.

2 The reference TWDP channel model

TWDP model assumes that the normalized envelope of the
received signal consists of two specular and diffuse components, so
the normalized TWDP signal can be expressed as Durgin
et al. (2002):

1 . .
z(t) = 7 (V1e O 1 V,ei® O 4 n(t)) (1)

where V; and V', are magnitudes of the specular components which
remain constant over the local stationary interval, ¢, (¢) and ¢, (t)
are assumed to be independent and identically distributed (i.i.d.)
uniform random variables, n(t) is the zero-mean Gaussian-
distributed diffuse component with an average power equals to
20% and Q =V?+V32+20” is the average power of the overall
TWDP fading process.

In order to simulate the above defined TWDP fading process,
let’s assume communication scenario in which the receiver
moves with constant velocity vector ¥ (as illustrated in
Figure 1) and in which the signal propagates from the
transmitter to the receiver via two single-bounce specular
reflections, as well as diffuse reflections from local scatterers
in the vicinity of the receiver.

Due to the motion of the receiver, the instantaneous phase of
each specular component’s phase, ¢, (t) for i =1,2, changes in
time as:

Li(t)
A

¢,(t) = 2m - = ZA—” VI = 2lvt cos a; (1) + (v1)? @)
where the angle of arrival «; (f) can be considered as time invariant
only during the local stationarity interval, i.e., o; () = ;. Within this
interval, the instantaneous phase of each specular component, for
vt <l;, can be approximated as (Wolfram Research, 2025;
01.01.06.0001.01):

I; vt v\’
¢, (t) =2m—-—-2n—cosa; + O| | —
= ¢, —2nfptcoso

= ¢+ Pt

where A is the signal’s wavelength, fp = v/A is maximum Doppler
frequency, ¢, = —27fp cos a; is the velocity of phase change as in
(Golsmith, 2005; Equation 2.3), and I; is propagation path length.
Thus, the normalized baseband fading process of the received signal
can be described as:
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FIGURE 1
Channel model - illustration of specular reflections.
1 . ; . .
()= 75 (Vied (90910) 4 e (9020) 4 o (1)) (4)

where the uniformity of the specular components’ phases ¢, (¢) can
be achieved by adopting uniform distribution of ¢,, regardless the
chosen a;. Under these conditions, the specular components can be
modeled as zero-mean stochastic sinusoids with predetermined
angles of arrival and random initial phases, which accurately
capture their physical characteristics Xiao et al. (2006).

Considering the aforementioned and the fact that the specular
and scattered components are all zero-mean with mutually
independent initial phases, the autocorrelation of the TWDP
complex envelope’s in-phase component, x (t) = Re{z (¢)}, can be
obtained by ensemble averaging, as:

Ry (t,t+7) = E{x(t)x (t + 1)}

= V—%cos(qélr) + ;/—écos(qSZT) + éIE{n)c (t)n, (t + 1)}
(5)

where E{-} is the statistical expectation operator, 7 is the time lag and
E{n, (t)n, (t + 1)} is the autocorrelation function of the scattered
waves  in-phase component, whose value depends on a chosen
NLOS model. The autocorrelation of the quadrature component
Ry, (t,t + 1), cross-correlations of the in-phase and quadrature
Ry (t,t+7) and Ry (t,t+7), and the
autocorrelation of the complex envelope R, (f,t+ 1), can be

components

obtained in a similar manner, and here, the general expressions
are not presented for brevity. Finally, the autocorrelation of the
squared envelope, can be expressed as Equation 6;

Ryppp (8t +7) = B{lz (6P| (¢t + 1)}
= o [BU (o e+ 0} + B (0 2+ )

+B{n ()2, (t + 1)} + B{, ()l (¢t + 1)}
+ (E{ni (O} + Efr (0)} + Efn (¢ + 1)}

+E{ni (t+ T)}) (V2+V)+ (Vi+ Vﬁ)2
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R2

+2(E{n, (), (£ + 1)} + E{n, (B, (£ + 1)})

x (V2 cos($,7) + V3 cos(¢,7))

+2(V7sin(¢,7) + V3 sin(¢,7))

x (Efne (t)ny (¢ + D)} = Efn, ()ne (¢ + 1)})
+2V3V3 cos(($, - 6,)7)] (6)

where E{ny (ny (t + T)} is the autocorrelation of the scattered waves’
quadrature component,IE{nx (B)ny (¢ + T)} and E{ny ()ny (t + T)} are
their cross-correlations, while E{r? (t)n2 (t + 1)} + E{ni (t)ni (t+ T)}+
E{nﬁ (t)ni (t+ T)} + E{ni O (t+ 'r)} is the autocorrelation of the
scattered waves’ squared envelope, all dependent on underlying
model chosen to simulate the behavior of the scattered
waves.Within the isotropic scattering environment and under
the narrow-band flat fading assumption, the diffuse component
n(t) can be mathematically modeled using Clark’s model, as a
superposition of N sinusoids. As such, it can be expressed as Xiao
et al. (2006):

a2
ﬂ(t) — %ze] (Zﬂthcosﬁﬁ(pi) (7)
i=1

where N is the number of scattered propagation paths, while 3; and
@; are the angle of arrival and the initial phase of i-th path,
respectively, assumed to be mutually independent and uniformly
distributed over [—m, ) for all i Clarke (1968).

So, in case when ideal Clark’s model is used to model diffuse
component, when N — oo, the reference expression for
autocorrelation of the TWDP complex envelope’s in-phase
component can be obtained by inserting (Pitzold and Laue,
1998; Equation 2b) into Equation 5, as:

Ry (1) = %cos(gbl‘r) + %cos(d)z‘r) + i—g[o (2nfpr) (8)

where ], (+) is the zero-order Bessel function of the first kind. Under
the same assumptions, the reference expressions for autocorrelation

frontiersin.org
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of the quadrature component, the cross-correlations of the in-phase
and quadrature components, as well as the autocorrelations of the
complex envelope and its square, can be obtained in a similar
manner, by appropriately normalizing results given by (Skima
et al., 2014, Equations 4a-4f), as:

Ry, (1) = Ry (1) (92)
\'& V2

Ry (1) = =Ry, (1) = —(12 in($, ) + —51n(¢2 ) (9b)

R, (1) = %e’qulf ‘ge it ]o (2nfpt) (9¢)

2
Rippp (1) = ]0 (ZﬂfDT)[ Jo(2nfpt) + 2%c0s(¢511)
V§ .
25 cos(¢,7) ] (9d)
2
1

i cos((d, - 6,)7)

Note that the derived expressions represent the statistical

+1+2

correlation properties of non-realizable stochastic reference
model for the TWDP channel (since they are derived for
N — 00). Nevertheless, these results are crucial, as they serve as
the benchmark for evaluating the performance of any proposed
TWDP simulator Pitzold and Hogstad (2006), which should aim to
reproduce these properties as accurately as possible Patel

et al. (2005).

3 The TWDP channel simulator

Based on the described reference model, the TWDP channel
simulator is constructed following previously derived assumptions
about the characteristics of the specular components. However, to
simulate diffuse component using finite number of sinusoids, a
detailed literature overview is performed, reveling the existence of
many different models Jakes and Cox (1994); Pop and Beaulieu
(2001); Zheng and Xiao (2002); Xiao et al. (2006); Alimohammad
et al. (2009); Wang et al. (2012), etc. Among these, the model
proposed by (Xiao et al., 2006, Equations 6a-6¢, 7) (where f8; in
(27i + 9;)/N and 9; and ¢, are
and uniformly distributed over

Equation 7 is defined as f; =
statistically
(-7, 7))

simplicity and pretty accurate correlation statistics Patel et al.

independent
is chosen due to its favorable simulation time,
(2005). So, based on the assumption that the initial phases of the
specular components are random and independent from the initial
phases of the scattered waves, chosen model is used to obtain
autocorrelation and cross-correlation functions of the simulated
TWDP signal, as:

e ) % 20 z
R (1) =Ry, (1) = ﬁcos(gblr) 0 cos((p2 ) 30 Jo (27 fpT)
(10a)
VZ VZ
Ry (1) = -R) (1) = Qsm(gb1 ) 0 51n(¢>2 ) (10b)
R.. (1) = V‘ eI ‘;2 R —]o (2nfp7) (100)
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R ppp (1) = ]0 (ZﬂfDT)[ Jo(2nfpt) + ‘;lcos(g[;lr)
+2 % cos(gézf) ]
VZV .
+1+2——= O cos(((b1 ¢22‘r)
A S enforN) - 1 f nfor Ny (100)

where f.(x,N) and f(x,N) are defined as Xiao et al. (2006):

2mn+m 2

fe(x,N) = Z <2171Lﬂ;ﬂ cos (x cos y)dy) (11)
N oo 2

fe(x,N) = ,,Z:; (ELNT*" sin (x cos y)dy> (12)

Obviously, the autocorrelation and cross-correlation functions
given by Equation 10a; Equation 10b; Equation 10c do not depend
on the number of sinusoids N, and they exactly match the desired
second-order statistics of the reference TWDP model, given by
Equation 8; Equation 9a; Equation 9b; Equation 9c. However, the
autocorrelation function of the squared envelope, given by
Equation 10d, differs from that calculated for the reference
model. Despite this, it asymptotically approaches the desired
autocorrelation Equation 9d as the number of sinusoids
approaches infinity, and good approximation can be obtained
even for relatively small number of sinusoids (e.g., N>8) for
most combinations of V1, V,, and 202 (see Section 4.1 for detailed
explanation).

It is important to note that the proposed simulator exhibits
several key characteristics. First and foremost, it is wide-sense
stationary (WSS), as its mean value remains constant and its
autocorrelation function depends solely on the time difference 7,
ie, Ry (t,t+71) =Ry, (1) Pitzold and Hogstad (2006).
Furthermore, by analyzing the derived correlation functions
(Equations 10a-d), it can be shown that the results obtained by
using proposed simulator can be reduced to those presented in [Xiao
et al. (2006), Equations 12a-12d], which were calculated using a
Rician fading simulator, when V,=0 (with K= Vf/a2
and Q = V? +20?).

In addition, the proposed simulation model can be
directly applied to generate uncorrelated fading waveforms
for scenarios involving frequency-selective TWDP fading
MIMO
techniques, since zi (¢), obtained by combining Equation 1 and

channels, systems, and diversity combining

Equation 7:

z () = Vlk ekt Vz,k 2K pitak ()
\% k \% Qk

2o‘k Z anptcosoc,,kﬂonk)

n=

(13)

where ¢;, and ¢, are mutually independent and uniformly
distributed on [-m, ) for all i, n and k, retains all the statistical
properties of z (t) defined by Equation 1, and zi (¢) and z; (¢) and are
uncorrelated for all k # 1.
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FIGURE 2

Correlation properties of TWDP complex envelope process.
(ay=m/4, a;=27/3). (a) The real part of the autocorrelation function of
TWDP complex envelope. (b) The imaginary part of the
autocorrelation function of TWDP complex envelope. (c) The
autocorrelation function of TWDP squared envelope.

4 Numerical results

Verification of the proposed TWDP fading simulator is
performed by comparing simulation results for finite N with those
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FIGURE 3
TWDP envelope PDF (a; = /4, ap = 27/3).

of the theoretical limits when N approaches infinity, for many
different combinations of specular components’ magnitudes V', V,
and diffuse component’s strength 202. Thereby, in this section, instead
of using specific values of Vi, V, and 202, common TWDP
parameters K and T, defined as: K = (V% + V%)/(ZJZ) and
I' =V,/V,, for V, <V, are used to describe specific propagation
conditions in TWDP channels, in order to clearly perceive the impact
of different fading severities on TWDP correlation characteristics.

Accordingly, the simulations are conducted for many different
combinations of TWDP fading parameters K and T, while Q = 1:
K=0(V;=V,=0), K=3and I'=0 (V; =0.866, V, =0 and
0=0353), K=8 and T=05 (V,=0846, V,=0422 and
0=0.236), and K=14 and T'=1 (V, =0.686, V, = 0.686 and
0 =0.183) and different combinations of AoAs («; and ).
Throughout the simulations performed, the number of sinusoids
is chosen to be N =8 and all the ensemble averages for the
simulation results are based on 500 random trials (as suggested
in Xiao et al, 2006). Also, the normalized sampling period and
maximum Doppler frequency are chosen to be fpTs = 0.01 (where
T, is the sampling period) and fp = 1000 Hz, respectively.

4.1 Evaluation of correlation properties

Although extensive simulations are performed to evaluate TWDP
correlation statistics, due to the space limitations, only simulation
results obtained for the real and imaginary part of the autocorrelation
of the complex envelope, together with the autocorrelation function of
the envelope square, are shown in Figures 2a-c.

The corresponding statistics of the TWDP reference model given
by Equations 9¢, 9d are also included in the figures for comparison
purpose, showing perfect match between simulated and theoretically
obtained results in all cases except for the autocorrelation of the
squared envelope in channel undergoing Rayleigh fading, as expected.
Namely, in case when the strength of the diffuse component is large
within the overall signal strength (i.e., when K is close to 0), the term
40*[fsnfpt,N) + f.2nfpt,N)]/(20%) in Equation 10d

becomes significant, producing notable difference between
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FIGURE 4

TWDP envelope LCR for different channel setups. (@) TWDP LCR
(ag=m/2, ap=-7/2). (b) Simulated TWDP LCR (a;=7/4, a,=271/3).

theoretical and simulated squared envelope autocorrelations.
However, it is important to stress that the observed difference is
the consequence of the model chosen to simulate diffuse component
and can be reduced by using the one with more favorable
characteristics. However, the scope of this paper was not to find
the most accurate nor the most computationally efficient simulator. So
underlying Rayleigh simulator is chosen from Xiao et al. (2006) mostly
due to its simplicity and the fact that it has published results related to
correlation functions obtained for Rician channels, which provide a
reference point for verification of the results obtained using our
simulator in case when TWDP fading collapses to Rician or
Rayleigh. Accordingly, obtained results given in Figure 2 for
Rayleigh and Rician fading are compared with those presented in
(Xiao et al., 2006; Figures 3-5), showing a perfect match between all
curves obtained for the same set of parameters.

4.2 Evaluation of envelope PDF

Figure 3 shows the fading envelope PDF obtained using the
proposed TWDP simulator with the specified set of simulation
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parameters, along with the results from the analytical expression
for the TWDP envelope PDF given in Maric et al. (2021). Although
better agreement between the simulated and theoretical results can
be achieved by increasing N > 8, the figure shows that the results
obtained using proposed simulator agree very well with the
theoretical ones, even for a small number of sinusoids (N = 8).

4.3 Evaluation of LCR

The simulation results of the normalized level crossing rate
(LCR) for the proposed TWDP simulator are shown in Figures 4a,b.
In Figure 4a, the results obtained using the proposed simulator are
presented alongside those calculated using the analytical expression
(Rao et al., 2014, Equation 36) derived for specific combination of
AoAs in TWDP channels (i.e, when a; =90° and a, = —90°),
showing excellent agreement in all considered cases. However,
the expression (Rao et al., 2014, Equation 36) can only be used
to obtain the LCR when both specular components arrive
perpendicular to the direction of motion. For all other cases, no
tools have been published to date for LCR evaluation. Therefore, the
proposed simulator is the first tool that enables LCR evaluation for
arbitrary TWDP parameters and AoAs.

For demonstration purpose, LCRs obtained using proposed
simulator are plotted in Figure 4b, for different TWDP
parameters and arbitrary AoAs, showing substantially different
behaviors compared to

the perpendicular cases presented

in Figure 4a.

5 Conclusion

In this paper, the SoS-based TWDP channel simulator is
proposed, enabling us to simulate Rayleigh, better-than-Rayleigh
and worse-than-Rayleigh fading conditions. The simulator is
constructed by using two zero-mean stochastic sinusoid with pre-
selected Doppler frequencies and random initial phases, while the
diffuse component is modeled using one of the existing Rayleigh
described
autocorrelation  and

channel simulators. For the channel, analytical

expressions for the cross-correlation

functions of quadrature components, as well as the
autocorrelation of the complex envelope and its square, are first
derived for the reference TWDP model. These expressions are then
compared with those obtained using the proposed simulator for
various combinations of channel and environmental parameters,
demonstrating excellent agreement between them. Additionally, the
proposed simulator is used to obtain diagrams of the envelope PDF
and the LCR, which closely match those calculated using the existing
analytical expressions. Since Rayleigh and Rician models are spatial
cases of TWDP model itself, the results obtained using the proposed
simulator (for specific sets of TWDP parameters) are finally
compared to those from the literature obtained using the existing
Rician/Rayleigh simulators, also showing the perfect match
between them.

Accordingly, for the first time in the literature, a simulator is
provided for accurate evaluation of first- and second-order statistics
of signals propagating in channels with TWDP fading. As such, it

can serve as a valuable tool for optimizing the design of interleaver/
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deinterleaver and channel coding/decoding units in these channels,
thereby contributing to the overall enhancement of wireless
communication system performance in such environments.
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