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Abstract. In Mobile-to-Mobile (M2M) communications,
the communicating nodes are surrounded by scatterers and
equipped with low elevation antennas. This paper proposes
a simple 2-D geometric scattering model for M2M chan-
nels. The model is also applicable in cellular systems when
we employ low height base station antennas. In our ap-
proach, the scatterers are uniformly distributed in ellipses
with arbitrary size and orientation around each communi-
cating node. We provide simple formulas for the calcula-
tion of the angular spread and delay variation of the
propagating signal. Simulation results verify the accuracy
of the model. In order to validate the generalization of the
approach, we compare it against notable models in the
literature. As an application example, we investigate the
impact of scatterer distribution and separation between
mobiles on the angle and time of arrival statistics of the
multipaths.
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1. Introduction

In the last decade, M2M communications have re-
ceived special attention mainly due to their applications in
intelligent transportation systems, relay-based cellular
networks and vehicular networking [1]. M2M communica-
tion systems differ from cellular ones in several points.
Contrary to cellular networks, in M2M systems both
transmitter and receiver are in motion and equipped with
low height antennas. Also, the physical environment is
highly dynamic, that is, the propagation channel is non-
stationary. Obviously, engineers should address several
challenges prior to the wide development of these systems.
A new level of understanding of the characteristics of the
propagation medium is also required [2], [3].

In recent years, intensive studies have been carried
out to describe the complicated nature of the M2M chan-
nel. A common classification of the existing models is

based on the modeling of the environment and the distri-
bution of objects within it. Generally, we classify M2M
channel models into the deterministic and the stochastic
ones; the latter are further divided into Non-Geometrical
Stochastic Models (NGSMs) and Geometrical-Based Sto-
chastic Models (GBSMs) [4], [5].

Deterministic models [6], [7] mainly use ray tracing
techniques [8], [9]. They show close agreement with meas-
ured data and are easily reproducible but at the expense of
high computational complexity; they also require detailed
knowledge of the geometry and the physical properties of
the propagation medium. The model in [6] considers both
static and mobile objects in the environment and evaluates
channel characteristics by analyzing the strongest transmis-
sion paths between the communicating nodes. The authors
in [7] modeled the road traffic, the environment adjacent to
the road lane and the wave propagation between the mo-
biles and obtained results consistent with narrow-band and
wide-band channel measurements at 5.2 GHz.

NGSMs are usually empirical approaches that deter-
mine channel physical parameters in a stochastic manner.
The origin of the model standardized by the M2M commu-
nications standard 802.11p is a single-input single-output
model that calculates channel statistics without presuming
any underlying geometry [10]. Extensive measurement
campaigns indicated specific features of M2M communi-
cation channels and their strong dependence on traffic
characteristics allowing the derivation of channel models
for various environments and given traffic density values

(1], [11], [12].

On the other hand, geometric modeling idealizes the
wireless channel via a geometric abstraction of the spatial
relationships among the communicating nodes and the
scatterers. Geometric models usually target to the compu-
tation of the angle of arrival (AoA) and time of arrival
(ToA) statistics of the received signal [13]. Their simplicity
and reduced computational cost make them the most
popular M2M channel models [14] despite that they usu-
ally fail to describe the non-stationary character of the
medium because they assume static effective scatterers
located on regular geometric shapes [15]-[18].

In this paper, we propose a simple 2-D GBSM for the
M2M channel. Needless to say, two-dimensional modeling
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neglects signal variation in the elevation plane [19]. How-
ever, in M2M systems the antennas height is low allowing
us to ignore the elevation angular spread of the propagating
signal. Our approach extends [15] by considering scatterers
uniformly distributed within ellipses (instead of circles)
that provides a better description of the channel. The pro-
posed model can also be viewed as a generalization of two
popular channel models for cellular systems [20], [21]. We
provide simple expressions for the AoA probability density
function (pdf) and ToA cumulative distribution function
(cdf) of the incoming multipaths at the mobiles’ antennas.
Comparisons with simulation results and models in the
literature validate and generalize our method. Finally, we
explore the impact of scatterer distribution on the angular
and temporal spread of the received multipaths. It has to be
noticed that a number of models in the literature describe
more accurately the M2M channel. However, the simplicity
of the proposal and the description of AoA and ToA statis-
tics with easily reproducible expressions provide a better
physical insight of the channel and reduce significantly the
computational requirements of link- and system-level
simulations of M2M communication systems.

The rest of the paper is organized as follows: Section
2 presents the system model and assumptions. In Section 3,
we derive the AoA pdf and ToA cdf expressions. Next, in
Section 4, we validate the formulation and generalize its
application through comparisons with simulation results
and models in the literature. Section 5 presents examples
that explore the impact of channel parameters on the spatial
and temporal characteristics of the propagating signal.
Finally, Section 6 concludes this work.

2. System Model and Assumptions

We consider two mobiles M; and M, placed at (0,0)
and (D,0) (in the Cartesian coordinates system). Each
mobile is surrounded by scatterers uniformly distributed
within ellipses, we call them “scattering ellipses”, with
semi-major axes a;, and semi-minor axes b, centered at
M, and M,. Finally, the angles between a,, and the x-axis
are @, e [0,n], see Fig. 1.

X

Fig. 1. The proposed M2M channel model.

In order to develop our model, we assume that the
mobiles are equipped with low height antennas and move
at low speed, assumptions that allow the description of the
channel with a 2-D stationary model [22]. Other common
geometric modeling assumptions that we made are:

e Multipaths undergo a single-bounce travelling from
the transmitter to the receiver and reach the receiver
antenna at the same power level without phase
difference among them.

e The effective radiation patterns of the mobiles’
antennas are omni-directional.

e Scatterers have equal scattering coefficients with
uniform random phases and act as independent omni-
directional lossless reradiating elements.

e Polarization effects are negligible.

3. Ao0A/ToA Statistics: Mathematical
Formulation

In this section, we develop the mathematical frame-
work for the description of the AoA and ToA statistics of
the incoming multipaths at the mobiles’ antennas. In par-
ticular, we provide a closed-form expression for the AoA
pdf f{¢) and a simple integral formula for the ToA cdf
F(7).

3.1 Angle-of-Arrival Statistics

Let us consider an ellipse centered at (Xp,Y,) with
semi-major axis a rotated by an angle @ relative to the x-
axis and semi-minor axis b. We can easily show that the
expression of this ellipse in polar coordinates is the quad-
ratic formula

cos’ @' sin’ ¢ X'cosgp' Y'sing'
[ ) + b2 pz -2 ) + b2 P
i . (D
(5]
a b
with solutions
1
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where X'= X, cos®+Y,sin®, Y'=-X,sin®+Y,cosd and
Q'=p-D.

As a result, the scattering ellipses around M; and M,
are respectively described from the expressions
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pi(p)= pclmd O
1 \/alz sin’ (90_‘151)""1712 cos? (¢—(Dl)
and
1
@ sin’ (p—®, ) +b; cos’ (p—,)
X[D(bzz cos(p—®,)cos D,
pi (p) = |~ sin(p=,)sin®,) . peloo] @

ta,b, (a; sin’ (p—@,)

+b; cos® (9 —®,)— D sin’ (p)l/zJ

0, pelo 0" ]



RADIOENGINEERING, VOL. 20, NO. 4, DECEMBER 2011

963

with ¢* the solutions of p (¢)=p; (@) calculated as

1
a: cos” @, + b’ sin’ @, — D’

(pi = atan[

><[(a22 —bzz)cos<D2 sin®, ®)

1\/D2 (@ sin® @, +b] cos® &, ) —alb? J)

In our model, the scatterers are uniformly distributed
within the scattering ellipses. Therefore, the area of the
intersection of these regions with the triangle with tip at
(0,0) and sides the rays that emanate from (0,0) at angles ¢
and ¢ +Ap with Ap << ¢ (shaded area, see Fig. 2) is
proportional to the probability of the AoA of the multipaths
at M;. Obviously, the area of the intersection of this
triangle and the ellipse at site M; is 4, (¢)= p (¢)Ag/2

while the area of the intersection of the triangle and the
second ellipse is 4, () z[(pz+ () —(p;((p))zJAga/z.

X

Fig. 2. Calculation of the AoA probability at M; site.

Based on the above, the cdf of the AoA of the
received signal at M; is obtained from the ratio of the
integral of the quantity 4,(p) + A2(p) over ¢ to the area of
the two scattering ellipses; differentiation of this cdf with
respect to ¢ gives the AoA pdfat My, that is,

2

_2@)(pi o) (e (o)) (6)
2z (ab +a,b,)

/,(9)

In this analysis, we assumed the same scatterer den-
sity in the scattering ellipses; if this is not a case, and set
o the ratio of the scatterer density around M, to the scat-
terer density around M; (relative scatterer density), we
easily obtain as in [15] the more general formula

pp)+al(pi(9) (o ()]
- 27 (ab, +Ga,b, ) '

(N

/(@)

Obviously, the AoA pdf at M, is derived by simply
interchanging indices “1” and “2” in (6) or (7).

3.2 Time-of-Arrival Statistics

In order to calculate the ToA statistics, we set the co-
ordinates origin at the midpoint between M, and M, and
consider an ellipse, we call it “bounding ellipse”, centered

at (0,0) with axes ¢z and +c*72-D? , where 7 is the time

delay and c is the speed of light. In this case, all the scat-
terers responsible for contribution towards a certain time
delay (or equivalently, time of arrival) 7 are located on the
circumference of this ellipse [15], [21], [23]. In order to
simplify the analysis, we also assume that the scattering
ellipse at M (M,) site is restricted to x < 0 (x = 0).

Using (1), we obtain the expressions of the bounding
ellipse

cT >t -D?
== -7, (8
£ (9) 2\’ =D’ cos’ ¢ vel ] )

and the scattering ellipse around M,

1
a’sin’ (p+®,)+b; cos’ (p+P,)
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+a] sin(@+®,)sin®, ) , p¢ [(/71_,(/71+:| ©)
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D )2
+b] cos’ (p+ D)) —Tsin2 (pj
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with ¢ the solution of p (¢)=p., (¢) given by

1
¢ =tm—atan

DZ
a; cos’> @, + b} sin’> &, ———
4

X[(af ~b})cos @, sin @, (10)

2
T-\/DT(alz sin’ @, +b cos’ &, ) —a’b] D

The expression of the scattering ellipse around M, p? (¢)

is directly obtained from (4) by replacing D with D/2. This
replacement is also applied in (5) and gives the angles ¢

that define the range in which p; (¢)#0.

The ToA cdf equals to the probability that a scatterer
is placed inside the bounding ellipse corresponding to
adelay 7. Therefore, and due to the uniform scatterer
distribution, it is calculated from the ratio of the area of
overlap of the bounding and each of the scattering ellipses
(darker region in Fig. 3) to the area of the scattering region.

Fig. 3. Calculation of the ToA probability.
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As aresult the ToA cdf is given by

?Rl (p)do+ T R, (¢)d¢+a¢f R, (p)dy

F(r)== f 2 (11)
i 27z (ab, +0oa,b,)

with

R, (¢7) = ([min(PO,r (¢)apf<zu ((p)):r _|:p17(2),r (¢):|2 )
xu(py. ()= P, (9))

(12)

where u(-) denotes the unit step function.

The ToA pdf is obtained from the numerical differen-
tiation of F(7) with respect to 7. Obviously, the ToA statis-
tics at M, and M, are the same since the distance travelled
by a multipath between the mobiles is independent of the
direction (uplink-downlink symmetry) [21], [24].

4. Model Validation

In this section, we validate our model through
comparisons with simulation results and models in the
literature. We performed several simulations for different
channel scenarios. The results for a representative case
follows; in this example, system parameters are: ¢’ =0.5,
D’ =100m, @’ =30m, b’ =20m, ay =20m, by =15m,
@’ =45deg and @) =20deg .

Fig. 4 illustrates the scatterers’ positions for 10* snap-
shots; clearly, scatterer density is higher around M,. Next,
Figs. 5 and 6 plot the curves obtained from (7) and (11),
respectively, and the simulated AoA pdf and ToA cdf for
10° snapshots. In both cases, we observe an excellent
agreement between simulation results and analytical
curves.

0.30

0.15

Fig. 4. Spatial distribution of scatterers.

In order to further validate and demonstrate the gen-
eralization of our approach, we compare it with notable 2-
D geometric models [15], [20], [21]. The authors in [15]
presented a geometric model for the M2M channel assum-
ing scatterers uniformly distributed in two circular disks
centered at the mobiles. In [20] and [21], scatterers were
uniformly distributed around an ellipse or a circle, respec-
tively, centered at the transmitter while the receiver was
outside the scattering area. It easily comes that the three
models are derived from the proposed one by setting a,=b;,

a,=b, in the first, a;= b= ®@,= 0 in the second and a, = b,,
a;=b;=0, in the third case.

1.
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Fig. 5. Simulation results and analytical AoA pdf curve.
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Fig. 6. Simulation results and analytical ToA cdf curve.

5. Numerical Examples and Discussion

In this section, we provide illustrative examples and
explore the impact of channel parameters on the spatial
distribution and the delay variation of the received signal.
The initial values of the parameters were set in the previous
section. In each example, we vary one parameter at a time
and hold the rest at their initial values. All the results have
been verified through simulations. In the following exam-
ples, we plot the pdf curves so as to provide a better
illustration of the impact of channel parameters on signal
statistics. In this work, we calculate the ToA pdf as

_F.(r+At7)-F.(t-A7)
()L a0

, AT<<T (13)

that gives accurate results in a short amount of time.

First, we investigate the impact of ¢ and D on the
AoA and ToA pdfs, see Figs. 7 and 8.
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Fig. 8. Impact of o and D on the ToA pdf.

Fig. 7 shows that the pdf of the angle of arrival of the
incoming multipaths increases with D and ¢ at angles
between ¢ and ¢"; out of this region, it does not depend on
D (at these angles, scattering is due to scatterers at M; site
only) and decreases slightly with . We also notice that ¢*
depend on D; see (5). Fig. 8 shows that the curves shift
with D along the x-axis; this shift is equal to (D-Dy)/c.
However, the relative scatterer density does not affect
noticeably the ToA pdf.
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Fig. 9. Impact of the semi-major axes length on the AoA pdf.

Next, in Figs. 9-12 we plot the angle of arrival and
time of arrival pdf curves for various lengths of a;, and
by ,. These four figures show that the size of the scattering
ellipse around the receiver affects significantly the angular
distribution and the delay variation of the received signal.
On the contrary, the AoA pdf does not depend on the
length of the semi-minor axes of the scattering ellipse at
M, site while the impact on the channel’s temporal char-
acteristics of the scatterers at M, is negligible. In both
angle of arrival and time of arrival pdf curves, the changes
in the semi-major axes lengths affect more noticeably the
shape of the curves.
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Finally, Fig. 13 shows that the orientation of the
scattering ellipse around the receiver affects the AoA pdf
curves, esp. at angles outside the range from ¢ to ¢'; it
also has a strong impact on ToA statistics, see Fig. 14. On
the contrary, the ToA pdf does not practically depend on
@, while the orientation of the scattering ellipse at M, site
has a small impact only on f,(¢) in the range [¢, ¢'].
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Fig. 13. Impact of the ellipses’ orientation on the AoA pdf.
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Fig. 14. Impact of the ellipses’ orientation on the ToA pdf.

In the aforementioned examples, we have shown that
the impact of system parameters on the spatial and tempo-
ral channel characteristics is complex. Obviously, this was
expected because (7) and (11) depend on seven independ-
ent variables (we can normalize the lengths of the scatter-
ing ellipses’ semi-axes to D). However, our study has
shown that some parameters affect significantly the density
curves while the impact of others is small. Summarizing
the previous results, we have found that both relative scat-
terer density and separation between mobiles affect the
AoA pdf, especially at angles between ¢ and ¢, but only
D affects the ToA statistics. As far as it concerns the rest of
the parameters, we have noticed a strong dependence of
Ao0A and ToA statistics on the geometry of the scattering
region around the receiver. On the other hand, only the
semi-major axis of the scattering ellipse around the trans-
mitter has a noticeable impact on the AoA pdf while the

delay variation of the received signal does not practically
depend on the geometry of this scattering region.

6. Conclusions

In this paper, we proposed a 2-D single bounce geo-
metric scattering model for the spatial and temporal char-
acterization of the M2M channel. In our approach, scatter-
ers are uniformly distributed within ellipses centered at the
communicating nodes. We derived a closed-form expres-
sion for the AoA pdf and a simple integral formula for the
ToA cdf of the received signals. We validated the model
through simulations and showed that it is a generalization
of popular 2-D channel models. Finally, we explored the
relation between the scatterers’ distribution and the delay
variation and angular distribution of the propagating signal
and indicated the significance of the scatterers around the
receiver. The proposed model is a useful tool for the study
and analysis of channels such as the M2M one when scat-
terers are distributed around both transmitter and receiver.
In fact it is a simplistic model, but offers insight into the
channel behavior. The main benefit of this proposal is the
simplicity of the expressions that reduces significantly the
computational requirements and cost of M2M systems
simulations.
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