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ABSTRACT
Mobile-to-mobile communication becomes necessary in many emerging wireless communication systems.
Characteristics of mobile-to-mobile communication channel have been studied through a geometrical single bounce
scattering model and analytical expressions for angle of arrival and time of arrival probability density functions have
been derived for such models. Analytical expressions have been verified through computer simulations. This paper
aims to provide a better understanding of mobile-to-mobile channel behavior in terms of the parameters studied.
Keywords:
Angle of arrival, Time of arrival, Channel model, Geometry based single bounce modeling, Mobile-to-mobile
communication.

1.

INTRODUCTION

Studies on mobile-to-mobile (M2M) communication
and relay based communication have been attracting
significant attention of the research community [1-5]
with the advent and popularity of wireless adhoc networks, advanced cellular networks and wireless sensor
networks. In an M2M channel both the transmitter and
receiver are surrounded by local scatterers. making it
channel different from a conventional macro cellular
channel. In a scattering environment the angle of arrival
(AOA) and time of arrival (TOA) probability density functions (PDF) depend on the location as well as distribution
of scatterers. Beam steering and interference mitigation,
in a wireless environment using antenna arrays, require
prior knowledge of the AOA of signals. Information on
the TOA statistics helps determine data rates and symbol
periods so as to avoid ISI. As in the case of the macro
cellular scenario [6,7], it is necessary to develop appropriate models representing M2M channels and study the
distribution of TOA and AOA pertaining to such models.
A widely used geometrical model for macro cellular
scenario consists of a uniformly distributed circular
scattering region around the mobile station [8,9]. This
modeling technique has been extended for the M2M case
by considering uniformly distributed circular scattering
region around both transmitter and receiver. Further,
only single scattered waves have been considered significant. The analytical expressions for AOA and TOA
PDFs for the single bounce geometrical model for M2M
communication have been derived and verified through
simulation studies.
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The paper is organized as follows: Section 2 elaborates
on the model under consideration. Analytical expressions for time and angle of arrival have been derived in
section 3 and section 4 respectively. Finally, conclusions
are drawn in section 5.

2.

MODEL DESCRIPTION

The M2M channel model under consideration may be
considered a geometry-based single bounce model as
shown in Figure 1. M1 and M2 denote the transmitting
and receiving mobile communicating devices respectively, separated by a distance D. The model can take into
account mobile devices with one or more antennas. In
this model, scatterers are assumed to be distributed
in two circular regions around M1 and M2. In general,
the distribution of scatterers may be arbitrary, and it
will affect the AOA and TOA PDFs evaluated using the
model. The analysis presented here has been carried out
assuming uniform distribution of scatterers. R1 and R2
respectively denote the radii of the scattering regions
around M1 and M2. N1 and N2 represent the number
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Figure 1: Uniformly distributed circular scattering regions
surrounding mobile nodes modeling mobile-to-mobile
propagation environment.
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of scatterers at the transmitting and receiving ends. It
is assumed that a ray emanating from the transmitter
reaches the receiver only after being scattered by a single
scatterer either at the transmitter/receiver-end. It is also
assumed that all scattered rays that reach the receiver
have the same power. The rays reaching the receiver after
multiple scattering are assumed to have very little power
compared to the rays reaching the receiver after single
scattering. Hence, multiple scattering has not been taken
into account. The separation between the transmitter and
the receiver is assumed to be large in comparison with the
radii of the scattering regions. This assumption permits
the application of geometrical optics and the waves can
be represented as rays.

3.

DERIVATION OF time of arrival
PROBABILITY DENSITY FUNCTION

In this section we derive the expression for TOA PDF
for the geometrical model described in section 2. For
the model under consideration, the transmitted signal, after being scattered by the scatterers, reaches the
receiver as multipath components with different time
delays depending on path lengths. The difference in
time delays of different multipath components introduces delay spread in the channel which in turn may
introduce inter symbol interference (ISI) depending
on the data rate of the system. The maximum data rate
that can be supported by a channel without introducing ISI and requirement for equalization is determined
by the time dispersive nature of the channel [10]. TOA
profile also helps determine navigational services like
position of a device. Moreover, there is a strong relation
between signal bandwidth and delay spread (which
are inversely related) making characterization of TOA
statistics essential.
In deriving TOA PDF expression analytically for the
model described in section 2, joint TOA/AOA PDF
can be derived from which marginal TOA PDF can
be found. In [11] it was observed that this approach
becomes intractable even for uniformly distributed
scatterers. An alternative approach for obtaining analytical expression for the TOA PDF for macro cellular
scenario through computation of cumulative distribution function (CDF) of TOA using a geometrical basis
was presented by the authors of [11]. In deriving TOA
PDF for M2M channel model, the same methodology
has been adopted.
To obtain the TOA CDF for a M2M communication
channel represented through geometrical model containing finite number of scatterers, the first step is to
determine the scatterers responsible for contribution
towards a certain TOA, say t. If the scatterers are
assumed to reside on an ellipse having M1 and M2 at its
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foci, the rays from M1 to M2 (or from M2 to M1) involving
such scatterers will have equal path delays. An ellipse
corresponding to a given path delay t, intersecting with
the circular scattering regions is shown in Figure 2. The
scatterers within the ellipse cause delay less than t.
The scatterers present in the shaded regions shown
in Figure 2 contribute towards determining the CDF,
Ft (t). Hence the CDF for the TOA for any particular t,
may be written as,
F ( ) = Pr {tTOA ≤  }
n( )

= lim
N →∞ N

(1)

Where, Ft (t) is the CDF of the TOA. Pr represents the
probability.
n(t) gives the total number of scatterers present inside the
ellipse having constant delay t and hence contributing
towards the CDF. N gives the total number of scatterers
present in the system.
If n1(t) and n2(t) represent the total number of scatterers
around M1 and M2 respectively and contributing to the
CDF and N1 and N2 are the total number of scatterers
around M1 and M2 respectively, then equation 1 can be
written as,
F ( ) = lim

N 1 , N 2 →∞

n1 ( ) + n2 ( )

N1 + N2

(2)

The TOA PDF is obtained from the TOA CDF, Ft (t), on
differentiating it with respect to time delay t. Hence the
TOA PDF, ft (t), can be written as, 1 d
f ( ) = lim

N 1 , N 2 →∞

d
1
( n1 ( ) + n2 ( )) 
N 1 + N 2 d

(3)

Let, r1 and r2 be the scatterer densities around M and M
respectively, and assuming uniform distribution of the
scatterers, the number of scatterers n1(t), n2(t), N1 and N2
can be written as follows,
<
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Figure 2: Shaded regions of scatterers for evaluating time of
arrival cumulative distribution function.
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n1(t) 5 r1DA1(t)

(4)

n2(t) 5 r2DA2(t)

(5)

N 1 = ρ1π R12 

(6)

N 2 = ρ 2 π R22 

(7)

fτ (τ ) =

d∆A1 (τ )
ρ1
+
dτ
ρ1π R12 + ρ 2 π R22
d∆A2 (τ )
ρ2

dτ
ρ1π R12 + ρ 2 π R22

 1 d∆A2 (τ ) 
f 2τ (τ ) = 
⋅

dτ 
 π R22

(11)

fτ (τ ) =

(8)

(13)

=

ρ2
 1 d∆A2 (τ ) 
⋅ π R22 
⋅
2
2
dτ  
ρ1π R1 + ρ 2 π R2
 π R22

(9)

With reference to Figures 3 and 4, it may be observed
that the terms inside the parentheses of equation 9
represent the TOA PDF for a macro cellular scenario.
The term inside the first parenthesis of equation 9 gives
the TOA PDF for a macro cellular scenario depicted in
Figure 4, whereas the term within the second parenthesis gives the TOA PDF for the scenario shown in
Figure 3. Thus it may be observed that the TOA PDF
for a M2M channel can be written in terms of the TOA
PDF of two macrocellular channels combined with
suitable weighting factors. For the sake of brevity and
better readability, the terms within the parenthesis of
equation 9 are denoted as,

(12)

ρ1 R12 / ρ2 R22
1
⋅ f 1τ (τ ) +
⋅ f 2τ (τ )
2
2
1 + ρ1 R1 / ρ2 R2
1 + ρ1 R12 / ρ2 R22


fτ (τ ) =

ρ1
 1 d∆A1 (τ ) 
⋅ π R12 
⋅
+
dτ 
ρ1π R12 + ρ 2 π R22
 π R12

ρ1 R12
ρ 2 R22
⋅
f
(
τ
)
+
⋅ f 2τ (τ )
1r

ρ1 R12 + ρ 2 R22
ρ1 R12 + ρ 2 R22

or else,
fτ (τ ) =

Equation 8 can be written as,
fτ (τ ) =

(10)

Hence equation 9 can be written as,

The areas DA1 and DA2 are as shown in Figure 2.
Combining equation 3 to 7, the PDF of the TOA may be
written as,

 1 d∆A1 (τ ) 
f 1τ (τ ) = 
⋅
dτ  
 π R12

ρ
1
⋅ f 1τ (τ ) +
⋅ f 2τ (τ ) 
1+ ρ
1+ ρ

(14)

1 R12
 2 R22 

(15)

Where, r gives the relative scatterer density at M1
with reference to scatterer density at M2. fit (t), for
i 5 1 and 2 respectively represent the TOA PDF’s for
a macro-cellular communication system, where the
scatterers are present only around the mobile station
(M2 for Figure 3 and M1 for Figure 4), whereas the base
station (M1 for Figure 3 and M2 for Figure 4) is devoid
of scatterers.
Expressions for TOA PDF for a circular scattering
model with uniform distribution of scatterers representing macro cellular environment can be found in
[11] which has been reproduced in equation 16 for the
sake of continuity,
<
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Figure 3: Area contributing to time of arrival probability
density functions, with M1 as transmitter and M2 as
receiver.
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Figure 4: Area contributing to time of arrival probability
density functions, with M2 as transmitter and M1 as
receiver.
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The simulations were run for 10 iterations each having
different number of scatterers distributed uniformly with
all the other model parameters remaining the same. The
distribution of scatterers remains same but actual scatterer position changes in different runs.

1 d∆A(τ )
π R 2 dτ
c
=
×
π R2
 πτ 2 c 2 k2 − τ ck22 + π k2 k12 + τ ck12 − 2 Rk12

4 k1 k 2

2 2
τ c k0 k4 + τ ck0 k12 τ 2 c 2 + k12
+
+
2 k1
2 k42 + 2 k02 k12

fτ (τ ) =

R −τc
k k 
⋅ arctan  0 1  −
 k4  ( 4 R 2 D2 − k32 )1/2

τ ck12 k4 (1 + k02 )  
⋅  2 R2 +

( 2 k42 + 2 k02 k12 )1/2  




(16)

Where,

The final results were obtained by averaging the results of
different iterations. Some representative results for different
model parameters, as given in the legends of the respective
figures, have been shown in Figures 5 and 6. For the results
shown in these figures, D, the separation between the two
mobile stations M1 and M2 has been taken as 1000 m. For
R1 / R2 5 1, the radii R1 and R2 have been taken as 100 m each.
For different simulation trials, changes have been made
in the value of either R2 or N2. Theoretical and simulated
results for various values of r and R1 /R2 have been plotted.
These plots verify the validity of equation 14.

1
 − 2 c 2 + D2 + 2 R c  
k0 = tan  arccos 
 

2

2 RD

4.

k1 =  2 c 2 − D 2

Multiple antenna elements are often used either
at the transmitter and/or at the receiving end of a

k2 = D2 − 4 R 2 −  2 c 2 + 4 R c

DERIVATION OF AOA PROBABILITY DENSITY
FUNCTION FOR M2M CHANNEL



k3 5 2t2c2 1 D2 1 2Rtc
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D 5 distance between the base station and the mobile station.
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Figure 5: Theoretical and simulated density function of
time of arrival for r 5 1 and R1/R2 5 1.
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We verified the above formulation of the TOA PDF
for a M2M channel, depicted by two disc of scatterers
around the transmitting and the receiving mobile stations
through computer simulations. Uniform distribution of
scatterer positions were obtained by generating ordered
pairs of random variables giving the angular position
and the radial distance from the mobile stations. The
angular positions were chosen to be uniformly distributed in [0,2p]. The radial distances were obtained from
the product of the square root of uniformly distributed
numbers between 0 and 1, multiplied with the radius of
the scattering circles (R1 for scatterers around mobile station M1 and R2 for scatterers around mobile station M2).

ȡ 
55 
ȡ ȡ 




c 5 velocity of light

Equation 16 is valid only for (D/c) , t # (D 1 2R/c).
When 5 (D/c), the values of k0, k1, and k4 becomes equal
to zero and a few of the terms result in an indeterminate
0 condition. Although it may be possible to apply L’
Hospital’s rule and find the limit as → (D/c), the value
of has been restricted to be strictly greater than D/c to
avoid any singularity.

VLPXODWHG
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k4 5 D 2 tc

R 5 radius of the circle containing scatterers around the
mobile station
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Figure 6: Theoretical and simulated density function of
time of arrival for r 5 1 and R1/R2 5 1/2.
IETE JOURNAL OF RESEARCH | Vol 55 | ISSUE 6 | NOV-DEC 2009

Paul BS, et al.: TOA and AOA Statistics of Mobile-to-Mobile Communication Channel

c ommunication system. Multiple antennas may be used
for spatial multiplexing or beam forming purposes. In
beam forming applications the knowledge of the angle
of arrival (AOA) helps in steering the main lobe to the
desired direction. Beam steering reduces the effect of
interference and maximizes the desired signal by forming beam nulls at the direction of the interfering signals
and directing the main lobe to the direction of the desired
signal.
The AOA statistics for M2M channel differs from those
for macrocellular scenario as the scatterers are present
both at transmitter and receiver ends. The AOA statistics for macro cellular scenario represented by circular
scattering model have been dealt with and reported
in detail in literature [7,11]. In an M2M channel, the
scatterers around both the mobile units M1 and M2 and
their distributions along with the model parameters
viz. the distance between the mobile terminals, radii of
the circular scattering region, relative scatterer density,
determines the AOA statistics at the receiving mobile
station. As in the previous section, the PDF of the AOA
at the mobile station is obtained by differentiating the
CDF of the AOA at the receiving mobile station with
respect to the angle of arrival u.
The PDF of the AOA, fu(u), at the mobile station, M1,
spans the range [2p, p]. The probability of a scatterer
being placed inside the shaded regions corresponding
to an angle of arrival less than or equal to u, as shown in
Figure 7, gives the AOA CDF for that particular angle u.
As symmetry exists in the system model around the
x-axis, the AOA PDF is symmetrical about u 5 0.
Scatterers are assumed to be uniformly distributed
around M1 and M2. The AOA CDF is given by the ratio of
the number of scatterers lying inside the shaded regions
to the total number of scatterers in the system, in the
limiting sense. The AOA CDF can be written as,
Fθ (θ ) = Pr {φ AOA ≤ θ }
n (θ )
= lim θ
N →∞
N
n (θ ) + n2 (θ )
= lim 1
N 1 , N 2 →∞
N1 + N2 
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Figure 7: Shaded regions for evaluating angle of arrival
cumulative distribution function.
The AOA PDF is obtained upon differentiating equation
17 with respect to u. Hence,
f ( ) = lim

N1 , N2 → ∞

1
d
(n1 ( ) + n2 ( )) 
N 1 + N 2 d

(18)

n1(u) 5 r1 DA1(u)

(19)

n2(u) 5 r2 DA2(u)

(20)

N 1 = ρ1π R12 

(21)

N 2 = ρ 2 π R22 

(22)

Where, r1 and r2 are scatterer densities around the mobile
stations M1 and M2 respectively.
The areas DA1 (u) and DA2 (u) are as shown in Figure 7.
The sectorial area DA1 (u) is given by,
∆A1 ( ) =

 R12

2

(23)

Combining equation 18 to equation 23 gives,
d
1
( ρ1 ∆A1 (θ ) + ρ2 ∆A2 (θ ))
ρ1π R12 + ρ2π R22 dθ
ρ 1
1
1 d∆A2 (θ )
=
+
dθ
1 + ρ 2π 1 + ρ π R22

fθ (θ ) =
(17)

Where, nu(u) gives the number of scatterers contributing
towards the CDF for an AOA, u.

r is as defined in equation 15,

Similarly, n1(u) and n2(u) corresponds to the number of
scatterers around M1 and M2 which contributes towards
the CDF for an AOA, u. N gives the total number of
scatterers in the system, while N1 and N2 gives the total
number of scatterers around M1 and M2 respectively
and 5 N1 1 N2.

=
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1 R12

 2 R22



(24)

(25)

1 d
(DA2 (u)) denoted as f 2u (u) gives the
π R22 dθ
PDF of the AOA for a macro cellular scenario, as derived
The term
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in [11]. The PDF of the AOA for a macro cellular scenario,
with D as separation between the transmitter and
receiver and R2 as radius of scattering circle, is given as,



ȡ  
5 5 
ȡȡ  



IĬ ș










Combining equation 24 and equation 26, the PDF of AOA
for a M2M channel may be written as,
2
2
2
2
 ρ
1
1 2 D cos(θ ) D cos (θ ) − D + R2
fθ (θ ) = 
⋅
+
⋅
 1 + ρ 2π 1 + ρ
π R22

0

R
 
R 
for , − sin −1  2  ≤ θ ≤ sin −1  2 
D
D
elsewhere





(26)

(27)
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Figure 8: Theoretical and simulated density function of
angle of arrival for r 5 1 and R1/R2 5 1.
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 2 D cos(θ ) D2 cos 2 (θ ) − D2 + R 2
2
f 2θ (θ ) = 

π R22

0

R 
R 
for , − sin −1  2  ≤ θ ≤ sin −1  2 
D
D
elsewhere
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where, r is defined in equation 25 and u e [2p, p].




The above formulation for the PDF of AOA was verified
through computer simulation.
Uniformly distributed scatterers were generated by the
method described in section 3. Some of the representative
results have been plotted in Figures 8 and 9. The model
parameters for the simulation were same as that for the
TOA PDF simulations. Theoretical and simulated results
for various values of and R1 /R2 have been plotted. The
agreement of the theoretical and the simulation results
verify the validity of equation 27.
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Figure 9: Theoretical and simulated density function of
angle of arrival for r 5 10 and R1/R2 5 1.
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