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Mobile-to-mobile (M2M) fading channels in cooperative networks can efficiently be modeled
using the multiple scattering concept. In this chapter, we propose a new second-order scat-
tering channel model referred to as the multiple-LOS second-order scattering (MLSS) channel
model! for M2M fading channels in amplify-and-forward relay links under line-of-sight (LOS)
conditions, where the received signal comprises only the single and double scattered compo-
nents. In the proposed model, LOS components exist in the direct link between the source
mobile station and the destination mobile station as well as the link via the mobile relay. An-
alytical expressions are derived for the probability density function (PDF) of the envelope
and phase of M2M fading channels. It is shown mathematically that the proposed model in-
cludes as special cases double Rayleigh, double Rice, single-LOS double-scattering (SLDS),
non-line-of-sight (NLOS) second-order scattering (NLSS), and single-LOS second-order scat-
tering (SLSS) processes. The validity of all theoretical results is confirmed by simulations.
Our novel M2M channel model is important for the investigation of the overall system per-
formance in different M2M fading environments under LOS conditions.

1. Introduction

Among several emerging wireless technologies, M2M communications in cooperative
networks has gained considerable attention in recent years. The driving force behind
merging M2M communications and cooperative networks is its promise to provide a better
link quality (diversity gain), an improved network range, and an overall increase in the
system capacity. M2M cooperative wireless networks exploit the fact that single-antenna
mobile stations cooperate with each other to share their antennas in order to form a virtual
multiple-input multiple-output (MIMO) system in a multi-user scenario (Dohler, 2003). Thus,
in such networks, cooperative diversity (Laneman et al., 2004; Sendonaris et al., 2003a;b) is
achieved by relaying the signal transmitted from a mobile station to the final destination
using other mobile stations in the network. However, to cope with the problems faced within
the development of such systems, a solid knowledge of the underlying multipath fading
channel characteristics is essential. Therefore, the aim of this chapter is to develop a flexible
M2M fading channel model for relay-based cooperative networks and to analyze its statistical

1 The material in this chapter was presented in part at the 19th IEEE International Symposium on Per-
sonal, Indoor and Mobile Radio Communications, PIMRC 2008, Cannes, France, September 2008.
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properties. This newly developed model would help communication system designers to
investigate the overall performance of cooperative communication systems.

So far, M2M amplify-and-forward relay fading channels have been modeled only for
some specific communication scenarios, either assuming NLOS or partial LOS propagation
conditions. It has been shown in (Patel et al., 2006) that under NLOS propagation conditions,
the M2M amplify-and-forward relay fading channel can be modeled as a double Rayleigh
fading channel (Erceg et al., 1997; Kovacs et al., 2002). Motivated by the studies of double
Rayleigh fading channels for keyhole channels (Almers et al., 2006), the so-called double
Nakagami-m fading channel model has also been proposed in (Shin & Lee, 2004). Further-
more, in amplify-and-forward relay environments, the M2M fading channel under LOS
conditions can be modeled as a double Rice fading channel (Talha & P&tzold, 2007a) and/or
as an SLDS fading channel (Talha & Patzold, 2007b). In addition, M2M fading channels
in cooperative networks can efficiently be modeled using the multiple scattering concept
(Andersen, 2002).

In multiple scattering radio propagation environments, the received signal comprises a
sum of the single, double, or generally multiple scattered components. In this chapter, we
model the amplify-and-forward relay fading channel as a second-order scattering channel,
i.e., the sum of only the single and the double scattered components (Salo et al., 2006). The
novelty of this approach is that we have extended the NLSS (Salo et al., 2006) and the SLSS
(Salo et al., 2006) channel models to an MLSS channel model (Talha & Pitzold, 2008b) by
incorporating multiple LOS components in all transmission links, i.e., in the direct link
between the source mobile station and the destination mobile station as well as in the link
via the mobile relay. Furthermore, an important feature of the proposed MLSS channel
model for M2M fading channels is that it includes several other well-known channel models
as special cases, e.g., the double Rayleigh model, the double Rice model, the SLDS model,
the NLSS model, and the SLSS model. Here, we derive an analytical expression of the
PDF of the MLSS process, along with the PDF of the corresponding phase process. The
correctness of all theoretical results would be confirmed using a high-performance channel
simulator. Furthermore, all presented results provide evidence that the statistics of MLSS
fading channels are entirely different from the special cases discussed above.

The chapter is structured as follows: In Section 2, the reference model for the amplify-
and-forward MLSS fading channel is developed. Section 3 deals with the analysis of the
statistical properties of MLSS fading processes. Section 4 confirms the validity of the
analytical expressions presented in Section 3 by simulations. Finally, concluding remarks are
made in Section 5.

2. The MLSS Fading Channel

Under NLOS propagation conditions, the complex time-varying channel gain of the multiple
scattering radio propagation channel proposed in (Andersen, 2002) can be written as

x () = agp® (£) + aou® (8) u® (1) + azpu® (8) u® (8) u©) (£) + - - 1)

where u() () (i =1,2,3,...) is a zero-mean complex Gaussian process that represents the
scattered component of the ith link and «; (i =1,2,3,...) is a real-valued constant that
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determines the contribution of ith scattered component. In (1), Gaussian processes () () are
mutually independent. However, when the fading channel is modeled by taking into account
only the first two terms of (1), the resulting channel is referred to as the NLSS channel (Salo
et al., 2006). Here, we are presenting an extension of the NLSS channel to the MLSS channel
by incorporating LOS components in a novel manner for M2M amplify-and-forward relay
fading channels. The considered communication scenario determined by a source mobile
station, a destination mobile station and mobile relay is shown in Fig. 1.

Source Destination
mobile station mobile station

Mobile relay
Fig. 1. The propagation scenario behind MLSS fading channels.
Starting from (1), ignoring u’) () Vi > 4, and replacing () (t) by yg,i) (t) fori = 1,2,3,
results in a @ )

X () = po " (8) + Awwptg (8) pip” (1) @
where &1 = 1 and ap = Ayr. The quantity Ay in (2) is referred to as the relay gain. Since we
have assumed fixed gain relays in our system, it follows that Ay is a real constant. Further-
more, in (2), ;4;,1) (1), ;4((32> (t), and yE]S) (t) are statistically independent non-zero-mean complex
Gaussian processes, which model the individual M2M fading channel in the source mobile sta-
tion to the mobile relay, the mobile relay to the destination mobile station, and the source mo-
bile station to the destination mobile station links (see Fig. 1). Each complex Gaussian process
y,@’) (t) = y,gl) (t)+ jy,glz) () represents the sum of the scattered component y(?) (¢) and the LOS

component m(?) (1), i.e., yf)i) () = u () +mD (t). The scattered component () (t) is still
) )

modeled by a zero-mean complex Gaussian process u (1) = py () +juy’ (t) with variance

207. The LOS component m() (t) = p;e/ (27f1+65) assumes a fixed amplitude p;, a constant
Doppler frequency f,,, and a constant phase 6, for i = 1,2,3. Furthermore, it is obvious that
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the product term y£,2> (t) y£,3> (t) in (2) is a non-zero-mean complex double Gaussian process,

ie., y£2> (1) y/(oa) (t) = 6p (t) = gp, (t) + jgp, (t). Furthermore, g, (t) models the overall fad-
ing in the source mobile station to the destination mobile station link via the mobile relay. It
should also be noted here that the relay gain Ayz would just scale the mean value and variance

of the complex Gaussian process ;u<3) (1), ie., m(3> (t) = E{Aw yp ( )} = Pak ol (27fust 05 )

where p4,,. = Awr 03, and 20’124M = Var{ A ],tp ( )} =2 (A 0s)? Finally, the overall fad-
ing process consisting of the direct link between the source mobile station and the destination
mobile station as well as the source mobile station to the destination mobile station link via the
mobile relay results in the complex process x, (t) = xp, (t) + jxp, (t) given in (2). The abso-
lute value of x, (t) defines the MLSS process, i.e., E (t) = |x, (t) |. Furthermore, the argument
of x, (t) introduces the phase process © (t), i.e., © (t) = arg{x, ()}

3. Statistical Analysis Of the MLSS Fading Channel

In this section, we derive the analytical expressions for the statistical properties of MLSS
fading channels introduced in Section 2. The starting point for the derivation of the an-
alytical expression of the PDF of MLSS fading channels, as well as the PDF of the corre-
sponding phase process is the computation of the joint PDF py, x, v, x,, (41,42, 11, 1i2;t) of
the stochastic processes xp, (), Xp, (t), Xp; (£), and Xy, (t) at the same time ¢. Throughout
this chapter, the overdot indicates the time derivative. Equation (2) shows that the joint PDF
P Xoy Xox Koy Kon (u1,up, 117, 1ip; 1) can be written in terms of a 4-dimensional (4D) convolution in-
tegral as

P Xo XKoo oy Ko (W1 2, 11, 1123 ) / / / / P00 Vtz —Y1,u2 = Y2, i1 — Y1, U2 — Yo;t)
PGo 6oy Gon o Y1, Y2, Y1, Y25 ) A2 dijy dyp dy ®)
where p a) (u1,up, 1, 1p;t) is the joint PDF of the processes yg) (1), yg) (1),

}‘p F‘pz l‘pl F’
(1)

fip, (t), and ]/tf,z) (t) at the same time t. Similarly, pc, ¢, ¢, ¢, (V1,Y2,91,92;t) in (3), rep-
resents the joint PDF of the processes 6y, (), Gp, (t), ¢p, (t), and ¢y, (t) at the same time

t. It is worth mentioning here that the processes yé}) (1), p‘tg) (£), Gp; (t), and ¢p, (1)

(i=1,2) are uncorrelated in pairs. Furthermore, the process pairs {‘u,(,%) (1), ;lf,}) 1)}
and {gp, (t), ¢p; ()} (i=1,2) are statistically independent, which allows us to ex-

press p . (Y1, Y2, 1, Y2, U1, Uz, U1, tip; ) as given in (3). The joint PDF
§P1 Sp26p1502 Vﬁl Vﬁz Vﬁl V

p]J s ﬂ H (ul,uz,ul,uz,t) can be obtained using the multivariate Gaussian distribution
P /]Z 2

(see, e.g., (Simon, 2002, Eq. (3.2))). The expression for the joint PDF p, ¢, ¢, ¢,,(V1,¥2,91,Y2; 1)
is presented in (4), where the quantity 8; (i = 2,3) is the negative curvature of the autocorrela-
tion function of the inphase and quadrature components of u(!) (¢) (i = 2,3). Under isotropic
scattering conditions, B; (i = 2,3) can be expressed as (Akki, 1994; Pétzold, 2002)
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2 2 2
ﬁZ = 2 ((727-[) (fma)q + fmaxz> (5a)
2 2 2
ﬁ3 = 2 (OAMR 7-() (fmaxz + fma)q) . (5b)

The symbols fmax,, fmax,, and fmax, appearing in (5a) and (5b) denote the maximum Doppler
frequency caused by the motion of the source mobile station, the mobile relay, and the des-

tination mobile station, respectively. Substituting the joint PDF py“)y“)y“’y“) (u1, up, 11y, 1i3)
o1 Moy Hoy Py
and (4) in (3), applying the concept of transformation of random variables (Papoulis & Pillai,

2002), and doing tedious algebraic manipulations, the joint PDF pgre¢ (x, %,6,0; t) of the pro-
cesses E (t), 2 (t), © (t), and O (t) can be derived. The resulting joint PDF pzzog (%, %,6,0; )
is presented in (5), which is of fundamental importance, because it provides the basis for
the computation of the PDF, the level-crossing rate (LCR), and the average duration of fades
(ADF) of MLSS processes E (t) as well as the PDF of the phase process © (). Using (5), the
analytical expressions of the LCR and the ADF of the MLSS processes E (t) have been derived
in (Talha & Pétzold, 2008a). In (5), the quantity p; is given by 1 = 2 (03 ) (fRax, Hiaxs)
(AkKki, 1994; Patzold, 2002).

3.1 PDF of the MLSS Process
The joint PDF pze (x,6;t) of the MLSS process E () and the phase process © (t) can be ob-
tained by solving the integrals over the joint PDF pzeqe (%, %,6,6; t) according to

pze (x,0;t) = / /pm@@ (x,%,0,0;t) do dx (6)

for x > 0and |0] < 7. Solving (6) results in the following expression

ot 0 oo 7T 2,2 2y
xet ‘ w —WE MR @80 g wpt)
) 2 7 18I
pze (x,0;t) = —F———— // Ze M ¢ YAme M ¢ @
(2m)* 020202 v
1 2 AMR 0 077-[

x Iy < 0 (w,v,tp;t)) dpdwdv, x >0, 10| <1 (7)

where
g1(w, ;) = W +03+2p,w cos (p—27fp t—06p,) (8a)
2 2
2
go(w, v, ;) —<p2;0) + <p AZMRV> s zzp’;MRw
o3V TAm T304,
cos [ — 27 (fp,+ fos) t— (6o, +6p5) ] (8b)
0—2 t—0 0—
st )OO ) 0 -)
(%1
(8c)

In (7), I () is the zeroth-order modified Bessel function of the first kind (Gradshteyn &
Ryzhik, 2000).
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The PDF pg (x) of the MLSS fading process E (f) can be obtained by integrating (7)
over 0 in the interval [—7, 7r]. Hence,

2 2,2
x %
R (w/L) +p 71 +p

202
xe i g
pe(x) = 7//dvdw—e ¥ e A

27T (Tl 02 o2 Ay
/dl[) e 2”12’ Io (;2\/g4(w, z/;)) Io (\/g5 (w,v, l[))), x>0 )
e 1

where
g1 (w,9) = @’ + p7 + 201 cos () (10a)
2 2
2
gs(w,v, )= (E220) 4 (Pl ) | P2ARD o5 (). (10b)
0'21/ UAMR (TZO'AMR

It is worth mentioning that the joint PDF pgg (¥, 6; t) in (6) is dependent on time t. Neverthe-
less, the PDF pg (x) in (9) is independent of time ¢ showing that MLSS processes E (t) are first
order stationary. From the PDF pz (x) of MLSS fading processes Z (t), the following special
cases can be obtained.

Substituting Ayg = 1, p1 = p2 = p3 = 0, and taking the limit 012 — 0 in (9), reduces
the PDF of MLSS processes to the PDF of double Rayleigh processes (see, e.g., (Kovacs et al.,
2002; Patel et al., 2006))

x x
Pa(X) |Ar=1 = >3 Ko( >, x>0. (11)
pLp2p3=0 0204, 720 Ay
0?2 —0

For the special case when Az =1, p; = 0, and 012 — 0, the PDF of MLSS processes given in
(9) reduces to the PDF of double Rice processes (Talha & Pétzold, 2007a)

x  F1 -wlie -l +§§‘MR x v
Pe(X) |Ag=1 = ﬁ/*e 2F , Y Io< pz)h)( pAMR)tiv, x>0. (12)
v (7'

912:00 2%%w y Y o3 Anr
0'1 —

Similarly, substituting Ayg = 1, p2 = p3 = 0, and 012 — 01n (9) allows us to write the PDF of
SLDS processes in the form (Talha & Péatzold, 2007b)

X X P1
o305 lo (‘TZ‘TAMR >KO (‘TZ‘TAMR > X<
0y = T T T a
03=0 " , X > .
gjz ﬁO 2TAMR 0\ TAMR 0\ TAMR p1
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The PDF of NLSS processes (see, e.g., (Salo et al., 2006)) can be derived from the PDF of MLSS
processes by substituting p; = pp = p3 =0in (9), i.e,,

xeiszle 7 o w w
202
Pz () |Ayvr=1 :W/we 21K0<0 - ) Io(x> dw, x > 0. (14)
Pl/PZ/PS:O (Tl UZ(TAMRO 2 AMR (71

Finally, solving (9) for p, = p3 = 0, the PDF of SLSS processes (Salo et al., 2006) is obtained as

X ;}7 7852("2/9) w w
= (x R S B B m dddwwe *te ¥ Ko —— ) I L0 ,x > 0(15
e / / () ol o) 2009
where
Q6 (x,0) = X%+ p% — 2xp1 cosb. (16)

3.2 PDF of the Phase Process
Integrating (7) over x in the interval [ 0,00 ) results in the following expression for the PDF
pe (0;t) of the phase process O ()

nw e_ 202 67 2‘7,%;MR _81(“’:21!73) po
= — e ( ) (w,v,lj);t)) {1 +4/ 583 (w,8,9;t)
- (2m)" o305,

x g%g§<w6wt>{1+©(W) H dpdwdv, 0| <7 (17)

where g1 (-, 5t), §2(-,-, ), and g3 (-, -, -;t) are defined in (8a), (8b), and (8c), respectively.
In (17), @ (-) represents the error function (Gradshteyn & Ryzhik, 2000, Eq. (8.250.1)).
From (17), it is obvious that the phase process ® (t) is not strict sense stationary because
the density pe (6;t) is a function of time f. This time dependency is due the Doppler
frequency f,, of the LOS component m(t) (i = 1,2,3). However, for the special case when
for =0, p; #0 (i = 1,2,3), the phase process © (t) becomes first order stationary.

The PDF pg (6;t) of the phase process © (t) given in (17) reduces to the PDF of the
phase process corresponding to double Rayleigh (Talha & Pétzold, 2007a), double Rice (Talha
& Pétzold, 2007a), SLDS (Talha & Patzold, 2007b), NLSS, and SLSS processes by selecting p1,
02, p3, and (712 in a similar fashion as described in Subsection 3.1.

4. Numerical Results

In this section, we will provide sufficient evidence to support the validity of the analytical
expressions presented in Section 3 with the help of simulations. Furthermore, for the sake
of completeness, a detailed comparison of the PDF pg(x) of MLSS processes E(t) to that of
the special cases mentioned above will be presented. Similarly, a comparison of the PDF
pe(0) of the phase process ©(t) with other phase PDFs will also be presented. The concept
of sum-of-sinusoids (Patzold, 2002) was employed to simulate the underlying uncorrelated
Gaussian noise processes of the overall MLSS process E(t). The number of sinusoids required
to simulate the inphase and quadrature components of Gaussian processes ym (t) was
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selected to be 20 and 21, respectively. Furthermore, the simulation model parameters were
computed using the generalized method of exact Doppler spread (GMEDS;) (Pitzold &
Hogstad, 2006). The maximum Doppler frequencies, i.e., fmax;, fmax,, and fmax, were set to
91 Hz, 75 Hz, and 110 Hz, respectively. Furthermore, for simplicity, the amplitudes of the
three LOS components p1, pp, and p3 are assumed to be equal, i.e.,, p; = pp = p3 = p. The
quantities 012, (722, (7%, and the relay gain Ay are set to 1, unless stated otherwise.

The results presented in Figs. 2 and 3 show a good fitting between the analytical and
simulation results. In Fig. 2, the PDF pg(x) of MLSS processes E(t) is compared to that
of classical Rayleigh, classical Rice, double Rayleigh, double Rice, SLDS, NLSS, and SLSS
processes for p = 1, where f,, f,,, and f,,, were set to 166 Hz, 185 Hz, and 201 Hz,
respectively. It can be observed that the maximum value of the PDF pz (x) of MLSS processes
E(t) is lower than that of all the other processes under consideration for the same value of
p. However, the PDF pz(x) of MLSS processes Z(t) has a higher spread as compared to the
spreads of the above mentioned processes for the same value of p. The same trend can be
seen when different values of p; (i = 1,2,3) are selected. Furthermore, increasing the value of
the relay gain Ay causes a decrease in the maximum value and an increase in the spread of
the PDF of MLSS processes Z(t).

0.7

‘—The‘ory
°_Simulation
Classical Rayleigh E

(z)

o
2}
T

p =1 (SLDS process) |
p = 1 (Classical Rice) [PL=P2=p3=p]
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Level, x
Fig. 2. A comparison of the PDF pz(x) of the MLSS process Z(t) with that of various other
stochastic processes.

Figure 3 presents a comparison of the PDF pg(f#) of the phase process ©(t) with that
of the phase processes corresponding to the classical Rayleigh and double Rayleigh processes,
the classical Rice and double Rice processes, the SLDS process, the NLSS process, and the
SLSS process for p = 1. It should be noted that the results presented in Fig. 3 are valid for the
case when f,, (i =1,2,3) is set to zero. It can be observed that the PDF of the SLDS phase
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process has the highest peak. The PDF pg(6) of the phase process O(t) follows the same
trend in terms of the maximum value and the spread as that of the classical Rice process for
the same value of p. Furthermore, it is interesting to note that for the phase process ©(t) with
p; (i=1,2,3) being selected as p; = p3 = 0.5 and p, = 1, the PDF pg(0) is almost the same
as that of the double Rice process for p = 1. Figure 3 also shows the impact of the relay gain
Awr on the PDF pg (6) of the phase process O(t).
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Fig. 3. A comparison of the PDF pg(6) of the phase process ©(t) with that of various other
various processes.

5. Conclusion

In this chapter, we have proposed a new flexible M2M amplify-and-forward relay fading
channel model under LOS propagation conditions. The novelty in the model is that we have
considered the LOS components in both transmission links, i.e., the direct link between the
source mobile station and the destination mobile station as well as the link via the mobile
relay. By analogy with multiple scattering radio propagation channels, we have developed
the MLSS fading channel as a second-order scattering channel, where the received signal
comprises the single and double scattered components. Furthermore, the flexibility of the
MLSS fading channel model comes from the fact that it can be reduced to double Rayleigh,
double Rice, SLDS, NLSS, and SLSS channel models under certain assumptions.

This chapter also presents a deep analysis of the statistical properties of MLSS fading
channels. The statistical properties studied, include the PDF of MLSS processes along with
the PDF of the corresponding phase processes. Accurate analytical expressions have been
derived for the above mentioned statistical quantities. The accuracy and validity of the
analytical expressions are confirmed by simulations. The excellent fitting of the theoretical
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and simulation results verifies the correctness of the derived analytical expressions. The
presented results show that the statistical properties of MLSS channels are quite different
from those of the processes embedded in the MLSS channel model as special cases. It is
also evident from the illustrated results that the relay gain has a significant impact on the
statistical properties of MLSS channels.

The statistics of a fading channel dictate the choice of the transmitter and the receiver
techniques, including the detection, modulation, and coding schemes, etc. Therefore, the the-
oretical results presented in this chapter are quite useful for the designers of the physical layer
of M2M cooperative wireless networks. Furthermore, the developed M2M channel model can
be employed to investigate the overall system performance of M2M communication systems
under both NLOS and LOS propagation conditions.
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