WIRELESS COMMUNICATIONS AND MOBILE COMPUTING
Wirel. Commun. Mob. Comput. 2011; 11:829-842
Published online 30 October 2009 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/wcm.864

SPECIAL ISSUE PAPER

New deterministic and stochastic simulation models
for non-isotropic scattering mobile-to-mobile
Rayleigh fading channels’

Xiang Cheng'*, Cheng-Xiang Wang', David |. Laurenson?, Sana Salous® and
Athanasios V. Vasilakos*

1 Joint Research Institute for Signal and Image Processing, School of Engineering & Physical Sciences, Heriot-Watt University,
Edinburgh, EH14 4AS, U.K.

2 Joint Research Institute for Signal and Image Processing, Institute for Digital Communications, University of Edinburgh, Edinburgh,
EH9 3JL, U.K.

3 Center for Communication Systems, School of Engineering, University of Durham, Durham, DH1 3LE, U.K.

4 Department of Computer and Telecommunications Engineering, University of Western Macedonia, GR 50100 Kozani, Greece

ABSTRACT

For the practical simulation and performance evaluation of mobile-to-mobile (M2M) communication systems, it is desirable
to develop accurate M2M channel simulation models for more realistic scenarios of non-isotropic scattering. In this paper,
by using a ‘double-ring’ concept to describe M2M non-isotropic scattering environments, we propose new deterministic
and stochastic sum-of-sinusoids (SoS) based simulation models. The proposed simulation models extensively consider the
distributions of the angle of arrival (AoA) and the angle of departure (AoD), and thus provide a good approximation to the

desired statistical properties of the reference model. Copyright © 2009 John Wiley & Sons, Ltd.
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1. INTRODUCTION

In recent years, mobile-to-mobile (M2M) communica-
tions have received increasing attention due to some new
applications, such as wireless mobile ad hoc networks
[1], relay-based cellular networks [2], and dedicated short
range communications for intelligent transportation sys-
tems (IEEE 802.11p) [3]. Such M2M systems consider that
both the transmitter (Tx) and receiver (Rx) are in motion
and are equipped with low elevation antennas. To success-
fully analyze and design such M2M systems, it is necessary
to have proper mathematical reference models for the
underlying propagation channels. Many M2M mathemati-
cal reference models have been proposed for both isotropic
scattering environments, e.g., the models in References [4]
and [5], and more realistic environments of non-isotropic
scattering, e.g., the models in References [6-10].

Besides the modeling of a M2M channel and the
investigation of its statistical properties, the development
of accurate M2M channel simulation models also plays a
major role in the practical simulation and performance eval-
uation of M2M systems. However, in the literature, most
channel simulation models for wireless communications
were developed for conventional fixed-to-mobile (F2M)
cellular radio systems [11-17]. As mentioned in Reference
[18], simulation models for a F2M channel cannot be
readily used to simulate a M2M channel due to the dif-
ferences of their statistical properties. Wang and Cox [19]
were the first to propose a simulation model for isotropic
scattering M2M Rayleigh fading channels by using the
line spectrum filtering method. Due to the application of
line spectrum filtering, the model has high complexity
and severe performance deficiencies as pointed out in
Reference [18]. Therefore, the sum-of-sinusoids (SoS)
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method was used in References [18] and [20] to develop
better isotropic scattering M2M Rayleigh fading simulation
models. Generally speaking, the SoS method allows us to
approximate the underlying random fading processes by
the superposition of a finite number of properly weighted
harmonic functions. An SoS based simulation model can be
either deterministic or stochastic in terms of the underlying
parameters (gains, frequencies, and phases) [16]. For a
deterministic model, all the parameters are fixed for all
simulation trials. In contrast, a stochastic model has at
least one parameter (gains and/or frequencies) as a random
variable which varies for each simulation trial. Therefore,
the relevant statistical properties of a stochastic model
vary for each simulation trial but converge to the desired
ones when averaged over a sufficient number of trials. In
Reference [18], the authors used the ‘double-ring’ concept
to derive two SoS based simulation models (deterministic
and stochastic models) for isotropic scattering M2M
channels. The stochastic model in Reference [18] was
further improved in Reference [20] by choosing orthogonal
functions for in-phase and quadrature components of the
complex fading envelope. More recently, in Reference
[21] the Rayleigh M2M stochastic simulation model in
Reference [18] was extended to include a line-of-sight
component, i.e., for Ricean fading channels. However, it is
worth noting that all the aforementioned simulation models
limit their applications to isotropic scattering environments.
The simulation models for M2M Rayleigh fading channels
under a more realistic scenario of non-isotropic scattering
are scarce in the current literature.

To the best of the authors’ knowledge, only one
stochastic SoS based simulation model [22] has been
proposed for the simulation of non-isotropic scattering
M2M Rayleigh fading channels. However, this model only
considered the symmetrical property of the distributions
of the angle of arrival (AoA) and angle of departure
(AoD) and was designed based on the acceptance rejection
algorithm (ARA). This leads to the ARA model having
a notable difficulty in reproducing the desired statistical
properties of the reference model and a comparatively
high computational complexity. Furthermore, it is worth
noting that accurate deterministic simulation models for
non-isotropic scattering M2M Rayleigh fading channels
are not available in the current literature.

To fill the above gap, in this paper, based on the ‘double-
ring’ concept in Reference [18], we first propose a new
M2M deterministic SoS based simulation model. By allow-
ing at least one parameter (frequencies and/or gains) to be
a random variable, our deterministic model can be further
modified to be a stochastic model. It is worth noting that
the proposed simulation models incorporate the probability
density functions (PDFs) of the AoA and AoD, and thus can
approximate the desired statistical properties of the refer-
ence model for any non-isotropic scattering M2M Rayleigh
fading channel. Moreover, compared to the ARA stochastic
model in Reference [22], our stochastic model presents bet-
ter approximation to the desired properties of the reference
model with an even smaller number of harmonic functions.
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The paper is structured as follows. Section 2 gives a
brief description of the reference model for non-isotropic
scattering M2M Rayleigh fading channels. In Section
3, we propose two new SoS based simulation models
(deterministic and stochastic models). The performance
evaluation of our models is presented in Section 4. Finally,
conclusions are drawn in Section 5.

2. REFERENCE MODEL

Using Akki and Haber’s mathematical model [4] and
considering the directions of movement of the Tx and
Rx, we can express the complex fading envelope of
our reference model, under a narrowband non-isotropic
scattering M2M Rayleigh fading assumption, as

WO = ho) + jhyfo) = Tim. ﬁ

N
§ IV @27 Toax 1 COS(S7 =T )+27f Reyax t COS($ =V R)]

n=1

6]

where h;(t) and h,(t) are in-phase and quadrature compo-
nents of the complex fading envelope h(z), respectively,
j = +/—1, N is the number of harmonic function represent-
ing propagation paths (effective scatterers), fr, and fg_
are the maximum Doppler frequency due to the motion
of the Tx and Rx, respectively. The Tx and Rx move in
directions determined by the angles of motion y; and yg,
respectively. The random AoA and AoD of the nth path are
denoted by ¢% and ¢, respectively, and 1, is the random
phase uniformly distributed on [—, 7). It is assumed that
't @7, and ¥, are mutually independent random variables.
Since the number N of effective scatterers in the
reference model A(¢) tends to infinity, the discrete expres-
sions of the AoA q.’)(,é') and AoD gb(T") can be replaced
by the continuous expressions ¢ and ¢, respectively.
Note that since h(f) describes a non-isotropic scattering
M2M Rayleigh fading channel, the AoA ¢ and AoD ¢r
exhibit non-uniform distributions. In the literature, many
different non-uniform distributions have been proposed to
characterize the AoA ¢r and AoD ¢y, such as Gaussian,
wrapped Gaussian, and cardioid PDFs [23]. In this paper,
the von Mises PDF [24] is used, which can approximate
all the aforementioned PDFs and match well the measured
data in References [7] and [24]. The von Mises PDF is
defined as f(¢) £ explkcos(¢p — w)]/[2mly(k)], where
¢ € [—m, ), Ip(-) is the zeroth-order modified Bessel
function of the first kind, u € [—m, ) accounts for the
mean value of the angle ¢, and k (k > 0) is a real-valued
parameter that controls the angle spread of the angle ¢. For
k = 0 (isotropic scattering), the von Mises PDF reduces
to the uniform distribution, while for k£ > 0 (non-isotropic
scattering), the von Mises PDF approximates different
distributions based on the values of k [24]. Applying
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the von Mises PDF to the AoA ¢ and AoD ¢, we
obtain  f(¢r) = explkg cos(dr — ur)l/[2lo(kg)] and
[(@r) = explkr cos(ér — ur)l/[27lo(kr)], respectively.

The autocorrelation function (ACF) of the reference
model /(t) can be expressed as [10]

pun(0) = E [ () h* (1 = 7)]

_ 1 2 2\ 172
= Wtlokn (a5 +5)"]

<o [ (43+83)"] @
with

Ar = krcos(ur) + j2ntfr,, cos(yr) (3a)

By = kysin(ur) + j2ntfr,,, sin(yr) (3b)
Ag = kg cos(itr) + j27Tf Ry, COS(YR) (3c)
Br = kg sin(ir) + j27Tf Ry, Sin(YR) (3d)

where t is the time separation, (-)* denotes the complex
conjugate operation, and E[-] is the statistical expectation
operator.

3. NEW SIMULATION MODELS

In this section, based on the reference model introduced in
Section 2, we propose the corresponding deterministic and
stochastic SoS based simulation models.

3.1. New deterministic simulation model

Before proposing a new deterministic simulation model,
which needs only one simulation trial to obtain the desired
statistical properties, we would like to first introduce
the ‘double-ring’ concept [18] to model non-isotropic
scattering M2M scenarios. In such a case, the ‘double-ring’
model defines two rings of effective scatterers, one around
the Tx and the other around the Rx, as shown in Figure 1.
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Figure 1. Mobile-to-mobile scattering environment.
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To model non-isotropic scattering environments, the
effective scatterers are assumed to be non-uniformly
distributed. The Tx and Rx move with speeds vy and vg
in directions determined by the angles of motion y7 and
yr, respectively. Based on the ‘double-ring” model, we
can then design a new deterministic simulation model
as

h(t) = hi (t) + jh, () @)
N;i.M;

1 -
\/W Z cos I:w”i‘”i

i
nj,mi=1

hi ) =

+ 2711 COS(PT — Y1)
+ 27 f Rt COS(PY — Vi) 5)

Ng,Mq

sin [17/,, i

ng,mg=1

1

hy () = ———
Nqu

+ 27 f 1t COS@@7" — Y1)
+ 27 f Ry £ COS(P — Vi) (6)

where 7,;(¢) and ftq(t) are in-phase and quadrature compo-
nents of the complex fading envelope A(f), respectively,
N;, is the number of effective scatterers located on the ring
around the Rx, M;/, is the number of effective scatterers
located on the ring around the Tx, the AoA ¢;'* and the
AoD ¢, are discrete realizations of the random variables
¢r and ¢, respectively, the phases 1},1,. Jgmizg T€ the single
outcomes of the random phases ¥, in Equation (1). It

. ~nj ~m; ~
is assumed that ¢/, ¢,'?, and Vnyygmiy, are mutually

independent. Note that the AoA ¢+/"’ and the AoD @y """’
remain constant for different simulation trials due to the
deterministic nature of the proposed simulation model.
It is worth stressing that the single summation in the
reference model (1) is replaced by a double summation due
to the double reflection incorporated by the ‘double-ring’
model. However, the channel essentially remains the same
for the following two reasons: (1) the assumption of the
independence between the AoA and AoD is used in both the
reference model (1) and the deterministic simulation model
(4); and (2) for both the reference model (1) and the deter-
ministic simulation model (4), each path will be subject to a
different Doppler shift due to the motion of both the Tx and
Rx.

From the above proposed deterministic simulation
model, it is obvious that the key issue in designing a
M2M deterministic simulation model is to find the sets
of AoAs {Jbr,;'/"},[:/;/‘;l and AoDs {&?i/q},lnuj//"=l that make
the simulation model reproduce the desired statistical
properties of the reference model as faithfully as possible
with reasonable complexity, i.e., with a finite number
of Nj, and M;,,. Under the condition of non-isotropic
scattering environments, the PDFs of the AoA ¢ and AoD
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. .

@7 should be used to design the sets of AoAs (¢ ni//:=,
mifg M .

and AoDs {¢;"'},,! '/ that guarantee the uniqueness of the

sine and cosine functions related to the AoA qb%) and AoD
q)(T") in the reference model (1). This means that the design
of the sets of AoAs and AoDs for the reference model A(t)
in Equation (1) should meet the following two conditions:

~ni ~n; q /
(1) cos(pp’ — yr) # cos(@p’" — Yr), nisg # njyys and (2)

2 Mijq

cos(¢pr”! — yr) # COS(&’TW —Vr), mijy # m:'/q'

Considering the non-isotropic scattering M2M environ-
ments, we now design the sets of AoAs and AoDs of our
deterministic simulation model. Via extensive investigation
of the PDFs of the AoA ¢ and AoD ¢7, we find that unlike
isotropic scattering M2M environments [18], it is difficult
to obtain sets of AoAs and AoDs that meet the two condi-
tions for any non-isotropic scattering M2M environments.
Therefore, we divide the non-isotropic scattering M2M
environment into the following three categories in terms of
the mean AoA i and mean AoD ur (i.e., the PDFs of the
Ao0A and AoD), and the angles of motion yx and yr and
then design the sets of AoAs and AoDs separately for these
three cases: (1) Case I the main transmitted and received
powers come from the same direction as or opposite
direction to the movements of the Tx and Rx, respectively,
ie., |[ur —yrl = |ur — yrl =0° or m; (2) Case II: the
main transmitted and received powers come from the
directions that are perpendicular to those of the move-
ments of the Tx and Rx, respectively, i.e., |ur — yr| =
g — yrl = 90°; and (3) Case III: different from Cases |
and II.

For Case 1, the in-phase component /,(t) and quadrature
component /,(¢) of the reference model A(¢) in Equation
(1) are correlated. Therefore, to meet this correlation, we
set Nj =N, =N and M; = M, = M and thus the AcA
$p and AoD ¢;"* can be replaced by the ¢, and @7,
respectively. Inspired by the modified method of equal area
(MMEA) proposed in Reference [25] for non-isotropic scat-
tering F2M channels, we design the AoA and AOD of our
model as

in

n-— 1/4 d)R n an an
= f(@Rddy, ¢y € —m )
N l}rlt;]
n=1,2,...,N (7a)
m—1/4 o
Mo T r@pan. a e tomm
!
m=1,2,....M (7b)

where ¢% = —m and ¢9 = —7, f(¢%) and f(¢") denote
the PDFs of the AoA ¢’ and the AoD ¢!, respectively. The
cumulative distribution functions (CDFs) of the AoA ¢x
and the AoD ¢ are defined as Fg(x) = f_xoc (@) dpand
Fr(x) = f _XOO f (&’#)d(ﬁ;" , respectively. If the inverse func-
tions F '(-) of Fr(-) and F; '(-) of Fr(-) exist, (7a) and (7b)
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become
~y g (n—1/4
¢R = FR N (8a)
o o, (m—=1/4
m = F;! (M> (8b)

Note that the value of 1/4 used in Equations (8a) and
(8b) guarantees that the designed sets of AoAs and
AoDs can meet the aforementioned two conditions
@k #—Pk +2vx, n#n and P} # ¢y +2yr,
m # m') for Case 1. The proof of the above statement is
omitted here since one can easily prove it by following the
procedure provided in Reference [25]. The performance of
this design will be validated in Section 4.

Under the condition of Case II, the cross-correlation
between the in-phase component /;(f) and quadrature
component h,(t) of the complex fading envelope h(t)
in Equation (1) is equal to zero. Therefore, by setting
N; # N, and M; # M, in this case, we can directly use the
expression of our simulation model itself to guarantee the
aforementioned cross-correlation is equal to zero rather
than through the design of the AoAs and AoDs. This makes
for a more efficient use of the number of harmonic func-
tions and thus results in better performance of the model.
Following the similar parameter computation method
of Case 1, we design the AoA and AoD of our model

as
e —1/2
¢Rl/él — FEI (n’/ll / > , d)R'/fl e [—ﬂ, T[)
Nijg
ni/q:1,2,...,N,-/q (9&)
~mj _ Mijg — 1/2 ~mj
o7 = Fp! (/q> . ¢ el-mm)
Mijq
mijq = 1125~-~»Mi/q (9b)

Note that the value of 1/2 is applied in Equations (9a)
and (9b) instead of the value of 1/4 in Equations (8a) and
(8b). The reason is that unlike Case I, for Case 1I it is
difficult to design sets of AoAs and AoDs that meet the
two conditions. Although it is difficult to find one value
that can guarantee the designed sets of AoAs and AoDs
have the best approximation to the two conditions. Based
on simulations and motivated by the modified method of
exact Doppler spread (MEDS) in Equations (37) and (38)
in Reference [18] for the simulation of isotropic scattering
M2M channels, we found that with the value of 1/2, the
proposed simulation model presents better performance
than the one with other values, e.g., 1/4. The performance
of this design will be validated in Section 4.

For Case 111, since the in-phase and quadrature com-
ponents of the reference model /(f) in Equation (1) are
correlated (similarly to Case I) we set N; = N, = N and
M; = M, = M as well and thus the AoA ¢ and AoD
(2)}””" can be replaced by the &’IQ and @7, respectively.
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Following the similar parameter computation method of
Case 1, we design the AoA and AoD of our model as

~ —-1/2 ~
&= Fr' (” N/ ) ¢ € [-m. )

n=12,...,N (10a)
2m —1 m-— 1/2 2m
"= F, ) r € [—m, )
m=12,....M (10b)

Note that the value of 1/2 is used in Equations (10a) and
(10b) due to the same reason as Case II.

The correlation properties of the proposed deterministic
simulation model must be analyzed by using time average
rather than statistical average. The time-average ACF of the
proposed simulation model 7 (¢) is defined as

pii() = (hOh*(t — 7)) (11)

where (-) denotes the time average operator. Substituting
Equation (4) into Equation (11), we have

New deterministic and stochastic simulation models

and frequencies to be random variables. Unlike the deter-
ministic model, the properties of the stochastic model vary
for each simulation trial, but will converge to the desired
ones when averaged over a sufficient number of simula-
tion trials. A hat is used to distinguish this model from the
deterministic one, thus

h() = hi (1) + jhy (1) (14)
1 Ni,M;
h; (t) = \/ﬁ Elcos [l//nimi
+ 270 f 1t COS(BT — ¥7)
+ 270 f Ry 1 COS(PY — )] (15)
1 Ng.My

i’\lq (t) = sin [lzfnqrnq

V NyM, 21
ng.mg=

2 T f it COS@P7" — ¥r)

+ 27 f Ry £ COS(B — Vi) (16)

where #;(¢) and fzq(t) are in-phase and quadrature compo-

nents of complex fading envelope h(), respectively, A',;"/"

Pii (T = 2P, (©) — 2 Pji, (T) 12) and z%'fi/ ? denote the AoA and AoD of our stochastic simula-
tion model, respectively, and the phases v/, Jgmisg AT€ random
where variables uniformly distributed on the interval [—, 7).
Parameters (}52'/ ‘ (}';'/ ,and ¥, Jgmij, @reindependent of each
Ni, M;
Dii (D) = ! Z cos [271fT L Tcos(@y — yr) + 2mfg,. Tcos(Ph — yR)} (13a)
ihi INM; - - max ma
1 N.M
~Ni Z sin [27fy,, Teos(@) —yr) . Ni=N,=Nand M; = M,
P, (1) = e (13b)

+ 270 Ry T COS(P — )]
0,

In Appendix A, we give a brief outline of the derivations of
Equations (13a) and (13b). From Equation (13b), and based
on the corresponding derivation in Appendix A, it is clear
that by setting N; # N, and M; # M, the cross-correlation
between the in-phase component /z;(¢) and quadrature com-
ponent ﬁq(t) of the proposed simulation model A(7) is equal
to zero no matter how the sets of AoAs and AoDs are
designed. When N (&;) and M (M;) tend to infinity, it is
straightforward that the time-average ACF in Equation (12)
matches the ensemble average ACF in Equation (2). This
allows us to conclude that for {N(¥;), M(M;)} — oo, our
simulation model can represent the correlation properties
of the reference model.

3.2. New stochastic simulation model

Our deterministic model can be further modified to a
stochastic simulation model by allowing both the phases

= M (Case 1 and III)

N; # N, and M; # M, (Case II)

other. Note that unlike the AoA and AoD in a determin-
istic simulation model, the AoA ¢4'* and AoD ¢,/ are
random variables and thus vary for different simulation tri-
als. The fundamental issue for the design of the sets of
AoAs {3 },[x"/ ‘_, and AoDs (@ }rAr:I,-i/Lq=1 is how to incor-
porate a random term into the AoA and AoD. In this paper,
to deal with this fundamental issue, we apply the method
proposed in Reference [12] for the simulation of isotropic
scattering F2M channels. Based on the comparative anal-
ysis in Reference [26], we can conclude that the smaller
(but sufficient) range on which the AoA (?)Z‘/ 7 and AoD
dAf;i/ ? are designed, the better performance the stochastic
model that will be obtained. Based on the extensive inves-
tigation of the PDFs of the AoA ¢ and AoD ¢, we find
that unlike isotropic scattering M2M environments [ 18], the
appropriate range on which the AoA and AoD are designed
varies for different non-isotropic scattering M2M environ-
ments. Therefore, similarly to our deterministic model, we
design the sets of AoAs and AoDs of our stochastic model
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separately for the following three cases: (1) Case I: the main
transmitted and received powers come from the same direc-
tion as the movements of the Tx and Rx that is along x axis,
i.e., ur = yr = g = Yr = 0° or w; (2) Case II: the main
transmitted and received powers come from the directions
that are perpendicular to those of the movements of the Tx
and Rx, respectively, i.e., |ur — yr| = |ur — yr| = 90°;
and (3) Case III: different from Cases I and 1I.

For Case I, due to the same reason as the design of our
deterministic model for Case I we have N; = N, = N and
M; = M, = M and thus the AoA ¢y'* and AoD ¢, can
be replaced by the &% and @, respectively. In this case, we
found that the PDFs of the AoA and AoD are symmetric
with respect to the origin. Therefore, the appropriate ranges
for the design of both AoA and AoD are from 0 to 7 because
the rest of the range is redundant (i.e., the range [—, 0)
provides us with the same infomation as [0, 7r)). Inspired
by the method in Reference [12] for isotropic scattering
F2M channels, we design the AoA and AoD of our model
as

o= po <n—1/2+9R
R—™ "R N

), ¢ €10, )

N
n=12,...,N (17a)
A —-1/2+906 A
”T’=FT1<'" Jfﬁr), 7 e 10,7)
m=1,2,...,M (17b)

where Oy and 67 are random variables uniformly distributed
on the interval [—1/2,1/2) and are independent to each
other. It is worth stressing that the interval [—1/2, 1/2) and
the constant value of 1/2 are chosen to guarantee that the
design of the AoA and AoD is based on the desired range
(here is [0, w)). This indicates that any interval and the
corresponding constant value can be chosen only if they
can fulfill the aforementioned guarantee (e.g., the interval
is [0, 1) and constant value is 1). Note that the introduction
of the random terms 0z and 07 in the AoA Jb’}e and AoD
@, respectively, leads to the AoA and AoD being random
variables and thus varying for different simulation trials.
@y’ and AoD ¢y of our deterministic simulation model,
which are constant for different simulation trials.

For Case 11, analogous to our deterministic model, we
impose N; # N, and M; # M, in our stochastic model
to guarantee the cross-correlation between the in-phase
component fz,-(t) and quadrature component fzq(t) of the pro-
posed stochastic model /1(¢) for one simulation trial is equal
to zero. In this case, since the PDFs of the AoA and AoD are
asymmetric with respect to the origin, the full range (i.e.,
from —m to ) is needed for the design of the AoA and
AoD. Therefore, we can express the AoA and AoD as

e —1/2+6 .
Rl/li — F};l (W) R ¢’;?/'7 IS [0’ 7-[)
Nisg

Nijg = 1,2,...,Ni/q (1821)
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Am; — i _] 2+9 ~Ami
T/"—FT'(m/q M/ T), ér"" € [-m, 7)
i/q

mig = 1,2,...,M,‘/q (lgb)

For Case 111, due to the same reason as Case I we have
N; =N, = N and M; = M, = M and thus the AoA ¢y’
and AoD @';"/ “ can be replaced by the &5’,; and ¢, respec-
tively. In this case, analogous to Case II, we know that the
full range (i.e., from — to ) is necessary for the design
of the AoA and AoD. Therefore, the AoA and AoD can be
designed as

L (n=1/2+6 .
¢R:FRI(/ R>, P € [—m, )
N
n=12,...,N (19a)
L (m=1/2+40r
¢T=FTI< m ) T € [—m, m)
m=1,2,....M (19b)

Unlike our deterministic simulation model, the time ACF
of our stochastic simulation model should be computed
according to p;;(7) = E[A(H)h*(t — 7). It can be shown
that our stochastic model exhibits correlation properties of
the reference model irrespective of the values of N;/, and
M;,,, i.e., for any N;/, and M;,,. Appendix B outlines the
derivation of the ACF pj;,(7) for the model fz(t).

It is worth noting that the proposed stochastic model
shows better performance and has lower complexity than
the ARA model [22]. Since in Reference [22] the authors
did not give the detailed explanation on how to generate the
Ao0As and AoDs for their model by using the ARA, it is
impossible to reproduce this model. Therefore, to validate
the above statement, in Figure 2 we compare the ACF of
the real part of the ARA model obtained from Figure 5 in
Reference [22] with the one of our model. For a fair com-
parison, the same parameters as those used in Figure 5 in

1
— Reference model
+ The proposed stochastic model
08k * ARA stochastic model
0.6F
k=4
<
Q 04
©
2
& o2f
= .
k) -
°© ¥ . .
5 o0 . *
= .
<
-0.2
.
-0.4 AVD)
..
~06 .
.
0 L L L L L L L L L
o 0.005  0.01 0015 002 0025 003 0035 004 0045 0.5
Time delay,t

Figure 2. Comparison between the proposed stochastic model
and the ARA stochastic model proposed in Reference [22].
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Figure 3. Squared error in the CF of the proposed deterministic simulation model with kr = kg = 1 for different non-isotropic scattering
M2M Rayleigh fading channels: (a) ur = pg = 110° and yr = yp = 20°; (b) ur = pp = yr = vy = 0%, (c) ur = 30°, ug = 160°, y1r =
10°, and yg = 20°.

Reference [22] are used, namely f7, . = 100Hz, fx,. =
50Hz, ur =n/4, ugr = —n/4, kr =kr =3, yr =y =
0°, and the number of simulation trials Ny, = 10. Note that
the number of harmonic functions used in the ARA model is
P = 144, while in our model is N; = M; = 10. From Fig-
ure 2, it is obvious that our model outperforms the ARA
model with even smaller number of harmonic functions,
ie., N; x M; =100 < P.

4. NUMERICAL RESULTS AND
ANALYSIS

In this section, we first validate the newly proposed deter-
ministic model by using the squared error between the
correlation properties of the simulation model and those
of the reference model. Then the validation of the pro-
posed stochastic simulation model is performed by utilizing
the difference in the time average properties of a single
simulation trial for the stochastic model from the desired
ensemble average properties. Furthermore, the performance
evaluation of the proposed models is carried out by com-
paring the correlation properties of the proposed simulation
models with those of the reference model. Unless other-
wise specified, all the results presented here are obtained
llSiIlg meax = meax = IOOHZ, Ni = M,' = Nq = Mq =20
for Cases1,Illand N; = M; = 20, N, = M, = 21 for Case
II of the deterministic model, N; = M; = N, = M, = 10
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for CasesI,1lland N; = M; = 10, N, = M, = 11 for Case
II of the stochastic model, and the normalized sampling
period fr,.. T = 0.005 (7 is the sampling period).

To validate our deterministic model, in Figure 3 we com-
pare the difference in the ACF p;;,(t) from the desired p;,,(7)
using the squared error |p;7,(t) — s (1)|? for different non-
isotropic M2M scenarios. Similarly, to validate our stochas-
tic model, Figure 4 compares the difference in the time
averaged ACF of a single simulation trial p,,(7) from the
desired ACF p;,,(7) as E[| 0, (t) — pui(7)|?] for different
non-isotropic M2M scenarios. As pointed out in Reference
[26], this provides a measure of the utility of the stochastic
model in simulating the desired channel waveform using a
finite harmonic functions N;/, and M;,,. The results in Fig-
ure 4 are obtained by averaging over 10* simulation trials for
each value of time delay 7. Note that for the sake of the read-
ability of figures, the difference of our models for Case 11 is
only shown in Figures 3(a) and 4(a) since this is extremely
large for other cases. In addition, for longer time delays,
the deviation of our simulation model for all cases become
extremely large due to the insufficient number of harmonic
functions. To maintain readability of the figures, we have
removed the longer time delays and only presented shorter
time delays, which is typically of interest for most commu-
nication systems [18]. From Figures 3 and 4, it is clear that
due to the impact of non-isotropic scattering, no one param-
eter computation method in our models consistently out-
performs others for all non-isotropic M2M scenarios. This,
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Figure 4. Mean squared error in the CF of the proposed stochastic simulation model with k7 = kg = 5 for different non-isotropic
scattering M2M Rayleigh fading channels: (a) ur = ug = 110° and yr = yg = 20°; (b) w7 = ug = yr = yg = 0°; (c) u7 = 20°, ug = 10°,
yr = 10°, and yp = 20°.

hence, validates the utility of our models that include three
different sets of model parameters rather than only one.
To evaluate the performance of our simulation models, in
Figures 5-7 we give a comparison between the ACF of the
reference model and the one of our simulation models for
various values of k7, kg, ur, and pg. The results obtained

—Reference model
N — — Deterministic simulation model

\ ++ Stochastic simulation model

Absolute value of the CF
o
@
T

Normalized time delay, o<f..

Figure 5. Comparison between the CF of the reference model

and the one of the proposed simulation models with kr = kg = 6

and yr = yg = 10° for various values of the mean AoD w7 and
mean AOA ug.

0 0.5 1 1.5 2 25 3 3.5 4 45 5

for the stochastic model are averaged over Ny, = 10
simulation trials. It is obvious that the deterministic model
provides a fairly good approximation to the ACF of the
reference model in a shorter normalized time-delay range,
while the stochastic model presents much better approxi-
mation even with a smaller number of harmonic functions
Ni;q and M;,,. Compared to our deterministic model, our
stochastic model has a higher complexity since it requires
several simulation trials to achieve the desired properties.
Notice that the quality of the approximation between the
ACFs of our deterministic model and the reference model
can be improved by increasing the values of N;,, and M;,,,
while the quality of the approximation between the ACF
of our stochastic model and the one of the reference model
can be improved by increasing the values of N;,, and M;,,,
and/or the value of Ny,,. More interestingly, from Figure 5,
we observe that the increase of the values of |y — y7| and
|[ier — Yr| decreases the difficulty of our simulation model
in approximating the correlation properties of the reference
model. Similarly, Figure 6 shows that the difficulty of our
simulation model in approximating the correlation prop-
erties of the reference model increases with the increase
of the values of k7 and kg. More importantly, Figures 5-7
show that when the values of |7 — yr| and |ug — yg| are
small and/or the values of k7 and kg are large, the proposed
deterministic simulation model cannot even approximate
the correlation properties of the reference model for short
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Figure 6. Comparison between the CF of the reference model and the one of the proposed simulation models with ur = ug = 60°
and yr = yg = 30° for various values of k7 and kg.

time-delays. In the aforementioned situations, to obtain an
acceptable approximation between the correlation proper-
ties of our deterministic model and the ones of the reference
model, a large number of harmonic functions (here N; =
M; = N, = M, = 60 as depicted in Figure 7) is necessary.
This allows us to conclude that the stochastic simulation

— Reference model
— — Deterministic simulation model
++ Stochastic simulation model
- — Deterministic simulation model (NI/QZMI/QZGO)

Absolute value of the CF

15 2 25 3
Normalized time delay, v,

Figure 7. Comparison between the CF of the reference model

and the one of the proposed simulation models with yr = yg =

0° for various values of k7, kg, the mean AoD w7, and mean AcA
KA.
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model is more suitable than the deterministic model for such
a non-isotropic scattering M2M scenario where the differ-
ences between the angles of motion yr and yg, and the mean
AoA pur and AoD g are small (i.e., the value of |ur — yr|
and |ugr — yr| are small) and/or the received powers are
more concentrated in one direction (i.e., the value of k7 and
kg are large).

5. CONCLUSIONS

In this paper, based on the ‘double-ring’ concept and
the comprehensive analysis of the PDFs of the AoA and
AoD, new deterministic and stochastic SoS based simu-
lation models have been proposed for non-isotropic M2M
Rayleigh fading channels. The performance of the proposed
simulation models has been verified in terms of the CF
through the theoretical and simulation results. Results have
shown that compared to the proposed deterministic model,
the proposed stochastic model provides better approxima-
tion of the reference model even with a smaller number of
harmonic functions. Moreover, our analysis has revealed
that the proposed stochastic model performs better than the
ARA stochastic model. Finally, either the proposed deter-
ministic (lower complexity) model or stochastic (higher
accuracy) model can be used for simulations of M2M
systems.
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The integral of Equation (20) is trivial as the integrand
does not contain the variable of integration. Therefore,
the expression of pj ;. (t) in Equation (13a) can be easily
obtained from Equation (20).

The derivation of the time-average cross-correlation
function pj 7, (7) between the in-phase component hi(t) (5)
and the quadrature component ﬁq(t) (6) of the proposed
deterministic simulation model is outlined as follows:

T
- ~ 1 - -
Pii, (0 = (R ()i, (1 = D) = lim — / i 0By (1 = 7 dr
-T

Ni,M;  Ng.Mq

Z €08 [Vm; + 271 fr  COS@T" — yr)

T
1 / 1
= lim — | ——————
T—>002T7T /N; M, /Nqu Z

nj,mi=1ng,mg=1

+ 27 f Ry £ COSPR — Y] S0 [0 m, + 27 f 1 (F — T) cOS(PT" — yr)

+ 2T f Ry (t — T) cOS(PE' — )] dt

T 2T/2NM Z sin 271meaxrcos(¢m yr) Ni=N,=NandM; =M,
— 00

n.m=1

27T f R T COS(Py — yr)] d

Appendix A: Derivation of Equation
(13a) and (13b)

In this appendix, we first derive the time-average ACF
P, (7) of the in-phase component /;(t) (5) of the proposed
deterministic simulation model

(21
=M (Cases 1 and III)

N; # N, and M; # M, (Case 1)

where at the third equality of Equation (21), setting N; # N,
and M; # M, results in the integrand for Case II containing
the variable of integration ¢ unlike the integrand for other
cases.

T
- - 1 - -
~“.'T:I’lith,‘t—f = lim — l’l,‘tl’l,‘t—fdf
Py (1) = (hi () By (1 = 7)) MOZT/ Ohi(t =)
-7
{ r NiM;  NiM;
=Moot | v, Zl Z €08 [, + 27t COS@T — yr)
=~ nj,mi= n m =1
2 fr 1 coS(@l — )’R)] cos [1}";,,,; + 27 (t — T) cog((?;?1 —vr)
+ 271 f Ry (t — T) COS(P — yR)] dr
NiM;
= lim — / AT Zl €08 [V, + 211 COST' — y1) + 2 f 1 cOS@ — )]
% €OS [P, + 27 fr (t — T) COS@T" — y7) + 271f R, (£ — T) COS(P — yr)] dt
(since n; # n) and/or m; # m, pj.;. () = 0)
T Ni,Mj
= lim — ! Z cos [27th Tcos(@y — yr) 4 27fr,, TCOS(PR — VR)] dr (20)
2T | 2N nax max
“r nj,mi=1
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Appendix B: Derivation of the CF
Pii(T)
In this appendix, we derive the CF p;;,(t) for the stochastic

simulation model in Equation (14)

P () = E [k (1 — 7)]
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i 2
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N cos(BY —ur)+kg cos(B—ir) dBr dBk,

- -7

X ekr cos(Br —ur)+kg cos(BR—uR) d,BT dﬁks

- -

N cos(BY —ur)+kg cos(Bly—ur) dBr dB

where at the second equality of Equation (22), the
integration variables 6y and 6p were replaced by

m;
k cosy /! —up)

Mijg ] Mijg—1/2+40r _ Miye Mi/q
Bt = P (e, doy = M —ap,
kg cosB 9 g
,B”i/q _ F,l(n,v/q—l/ZJrGR) 46, — Nijge R
L Ny 7 k= 2l (k)
/g 1 m—1/2407 kT oSBT
m o — _ —
dfg”s Br = F~( M ); dor = 2xly(kr)
kg cos(B—iR)
m n __ p—1,n=1/2+6 __ Ne R R
dpy, = F (L) and  dgg = Mot

dBy. The tow single definite integrals in the last
equality of (22) can be solved by using the equality
f” etsinetbeoseqe — 27l (va? + b?) [27]. After some

-

manipulation, the closed-form expression of the CF pj;;,(7)
can be obtained and is the same as p,,(7) in Equation (2).
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