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Abstract— Statistical properties of generalized Rice multipath
fading channels are studied. A closed-form expression for the
probability density function (PDF) of the phase process is derived
first, Second order statistics, in the form of the level-crossing
rate (LCR) and the average duration of fades (ADF), are
then investigated for an arbitrary crossing level of the fading
amplitude, Additionally, it is shown that the generalized Rice
model yields a good fitting to available measurement data on
mobile satellite channels in the case of an environment with light
shadowing.

1. INTRODUCTION

Rayleigh and Rice processes are the most widely used
models in the statistical description of the behavior of small
scale fading in multipath propagation channels [1], [2], {3].
These processes are generated by using two uncorrelated
Gaussian processes having identical variances. In order to
increase the fiexibility of these classical models, so that they
enable a better statistical fitting to real-world mobile fading
channels, modifications of the these models have been studied
in [4], [2], where the Gaussian processes describing the models
are allowed to be cross correlated. In [2], it was shown that
such extended models allow a better description of real-world
mobile fading channeis.

Another possibility enabling the extensicn of the classical
Rayleigh and Rice models, while keeping the basic concept
used for their generation, is to assume that the underlying
Gaussian processes can have different variances. Accordingly,
the Hoyt process [5] can be regarded as an extension of the
Rayleigh process derived from two Gaussian processes with
different variances. The first order statistics of the Hoyt model
is studied in [5], while the second order statistics is analyzed in
[6). Additionally, a comparison of the fitst and second order
statistics of the Hoyt model with measurement data [6] has
shown the ability of the model to describe the statistics of
real-world mobile fading channels for the case of non-line-of-
sight (NLOS) reception.

A gratistical model was proposed in [7] that is suitable for
environments where a LOS component is present. This model
assumes that the multipath component is Hoyt distributed and
the LOS component has a non-zero value constant phase shift.
The so-called generalized Rice model {or Beckmann model
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[7]) was also subsequently studied in [8], where the PDF of
the envelope was re-derived and combined with a lognormal
process to obtain a model that takes the effects of small scaie
fading and shadowing into account. Furthermore, in [8] the
theoretical PDF of the resultant process was shown to fit
accurately to measurement data on mobile satellite channels. In
[9], the moment generating function of the generalized Rice
process, which plays an important role in the performance
analysis of transmission systems, is obtained in closed form.
In this paper, we study the statistics of the generalized Rice
fading channel model by deriving the PDF of the phase
process, and the second order statistics of the envelope fading,
i.e., the LCR and the ADF. The fitting of the first and second
order statistics of the underlying fading model to available
measurement data of mobile satellite channels is also consid-
ered for the case of an environment with light shadowing. In
addition to the results reported in {8], it is demonstrated that
the generalized Rice model is useful to describe accurately the
statistics of realistic mobile radio channels.

The remainder of the paper is organized as follows. The
analytical generalized Rice model is described in Section I1,
Section III contains the derivation of the PDF of the phase
process, the LCR and the ADF. Comparison of the derived
statistics to corresponding measurement data is reported in
Section TV. Finally, Section V contains the conclusion of the

paper.
II. THE GENERALIZED RICE FADING MODEL

The complex envelope of a received signal in a generalized
Rice fading environment is described by the complex Gaussian
process given by

u{t) = Aexp(jlo) + pa(t) + juz(f) (1
where A is the amplitude and 8, is a constant phase shift of
the LOS component, while u(t) and p»(t) are uncorrelated
zero mean real-valued lowpass Gaussian processes having the
variances o} and o2 (67 # 03), respectively. The amplitude,
R(t)}, of the generalized Rice fading process is then obtained
as the modulus of pu(¢) according to
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R(t) | Aexp(j6o) + pa(t) + jr2(?)]
v (Acos 8y + p1(8))? + (Asiny + pa2(t))2.

()

It is worth mentioning that the assumption of having different
mean values for the in-phase and quadrature components of
the Gaussian process defined by (1) can be explained by the
non-zero value of the phase shift §y. Similarly as for the Rice
channel, the generalized Rice factor is defined as [9]

A2

K=—.
af+a§

(3)
The phase variation, which is important to the study of

coherent communication systems, is described by the phase
process ¥(t) = arg(p(t)) according to

Asin 90 + ,‘Jg(t) ) (4)

l?(t) = arctan (m

The derivation of the PDF of ¥(t) as well as the study of the
second order statistics of R(¢) will be the topic of the next
section.

II1. THE STATISTICS OF THE GENERALIZED RICE MCODEL

The derivation of the first and second order statistics of the
generalized Rice model requires first the investigation of the
joint PDF (JPDF), p 704z, 2,9, 6?), of the processes R(t) and
¥(¢) and their time derivatives R(¢) and 9(¢), respectively.
This JPDF can be obtained from the multivariate Gaussian
distribution of the processes ui(t), p2(t), f1(f) and fea(t) at
the same time ¢. Here /1 (t) and /i2(¢) are the time derivatives
of the processes u;(£) and po(t), respectively. In the case of
processes pi(t) (2 = 1,2) with symmetrical Doppler power
spectral densities, the JPDF of the Gaussian processes yj (¢},
p2(t), £ (8) and L2(1)s Puypgi o (T1, %2, £1, £2), is given by
2]

p#l.uzl:llt:lz(ml:mZv i‘lv-r":'2) =
INEINF I |
xp(— gy + 501 t o + 35))
An20102V/ B, VB2
where §; is the variance of the process (¢} (¢ = 1,2).

Furthermore, the transformation of the Cartesian coordinates
{x1,z2) to polar coordinates (z, ) allows us to write

(3)

ry = zcos® — Acosly, ©; = zcos# — Bzsind
x2 = zsinf — Asinfy, &; = Zsinf + fzcos .

{6)

Next, using (5} and performing the variable transformation
described by (6), allows to express the JPDF ppp,5(z, 2,0,0)
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as

22

oo(2860,0) = —————
Praoi(* ) (27)20102v/B1 B

22c0s? 0+ A%cos? Oy — 2Azcosfycosd

. exp 20_]2.
22sin? @ + A%sin? 0y — 242 sin B sin &
B 202
32 cos? @ + 2262 sin® 6 — 2248 cos Bsinf
_ 2, .
328in” 0 + 2202 cos? 0 + 2z30 cosOsin 0 '
- TN {7}

where z > 0, —o¢<é<oo,—w§9<w,and—oo<9<
0o. The first and second order statistical properties can now
be derived from (7).

A. First order statistics

The PDF of E(t), pr(z), is obtained from (7) according to

2w oo o0 )
pR(z) = / ] f pRRa'g(Z,i,G,G)dgdédg. (8)
0 —o0 J —co

This yields the following known expression for pr(z) [7],
[8] .

P
<

pr(z) = Tmoros P [—A%h(05)]

27
[ o) + Agen o] )
[ .

where
2 .2
cos*#  sin“d
h(B)= —— + —5- 10
(8) 202 202 1o
and
cosfgcosfl  sinfysing
9(90:9) = 02 02 . (ll)
] T3

From (9), we note that the phase shift, 8y, of the LOS
component has an influence on the PDF py(z). The influence
of-8y on pg(z) can be studied from Fig. 1. We should mention
that, on contrary 1o what has been reported in [8], the PDF
in (9) has in all cases a single maximum value. Obviously, it
can be verified that the above PDF includes the Rayleigh [10]
(4 =0, g1 = o), Rice [2] (g1 = 02), Hoyt [5] (4 = 0) and
the one-sided Gaussian [S](A = 0,02 =0(01 # Doro; =0
(o2 # 0)) PDFs as special cases. Therefore, the underlying
model is a generalization of those fading processes.

Similarly, the PDF of the phase process #(t), ps(#),
can be derived by solving the integrals over the joint PDF
Prisilz 4,0, é) according to

o0 o0 [so) R i
pﬂ(9)=f f f Prros(# £, 0,0)dzdids.  (12)
—co v =040
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Performing the integrations in (12) using [11], yields the
following expression for pg(6)

polf) = exp {AQ (gilf—a;f)—h(ﬂo)ﬂ

_ Ag(8o,8) /T 1- % Ag{o.8)

2./h(0) 2./h(0)
where A{@) and g(8y,6) are given by (10) and (11), respec-
tively, and ®(x) is the error function defined by ®(z) =
%= J7 e~t*dt. Again, it can be verified that (13} reduces to
lﬁ; PDF of the phase process of Rayleigh [10], Rice [12] and

Hoyt 5] channels. The influence of the phase shift 8 on the
PDF py(#) is shown in Fig. 2.

B. Second order statistics

The second order statistics, given by the LCR and the
ADF, describe the correlation properties of the fading channel.
They provide useful information for the optimization of the
interleaver size [13], the analysis of handoff algorithms [14],
f15], the estimation of the statistics of burst errors [16], as
well as the Markov modeling of fading channels [17].

The LCR, Ng(r), is obtained by applying the general result
given by [10]

* o0
Ng(ry= /0 ippplr 2)d: (14)
where ppp(r, ) is the joint PDF of R(f) and its time
derivative R(t) at the same time and at the level z = r, This
quantity is obtained from (7) as

o= [ L

Pra(#8) = s

AR (2m)3/2 Jy \/ﬁl sin? 6 + G cos?@
. [ 22 cos? 0 + A% cos® 8y — 2Az cos Oy cos

cexp |—

2012
3 225in® @ + A%sin® 8y — 2Az sinfgsin @
20%
& do
¥ — . 15
Fexp [ 2(31 cos? 8 + By sin® B)} {1

It can be seen that ppp(z, 2) # pr(z) - pp(2), and therefore
R(t) and R(t) are statistically dependent. This property was
also noted for the Hoyt process [6] and results from the fact
that o1 # g5. Now, substituting (15) in (14) and performing
the integration yields

9 —3/2 2
%/ \/[)’1 cos? 8 + B2 5in’ @
1 0
(rcos® — Acosdy)?
exp | — 5
207

Np(r) =

The ADF, Tr_(r), can be computed according to [10]

’ z}dz
Tp-(r)= %

In the next section, the fitting of the statistics of the model to
available measurement data is studied.

amn

IV. APPLICATION OF THE GENERALIZED RICE MODEL

The statistical parameters characterizing the generalized
Rice fading model are optimized in such a sense that the
first and second order statistics approximate corresponding
measured statistics of mobile satellite channels for a light
shadowing environment [18]. We consider, in this paper, the
Clarke’s isotropic scattering model [10]. In this case, 3; =
2(7Cifmar,)? (i = 1,2), where frqe, is the maximum
Doppler frequency of the Gaussian process u;{t) (¢ =1,2). In
other words, we assume different maximum Doppler frequen-
cies fimow, ad frqe, for the Gaussian processes j;(¢} and
tt2 (1), respectively. Although, the underlying assumption lacks
of a clear physical basis, it allows to increase the flexibility of
the model and enables therefore a better fitting to measurement
data. The complementary cumulative distribution function
(CDF) given by pre(r) = [ pr(2)dz and the LCR (16)
are compared to corresponding measvrement data in Figs. 3
and 4. The optimized parameter values are also shown in these
figures. As can be seen from Fig. 3, the complementary CDF
is close to the measurement data. The analytical normalized
LCR Ng(7)/ fmaz, Where froe = Jfmaz, = \/BI/(\/EJTO'I)!
is compared with measuremeént data in Fig. 4. The coinci-
dence between the theoretical and experimental data is fairly
sufficient and it is comparable to the results obtained in [2],
[19] where the same measurement data have been used for the
verification of fading channel models. This allows to conclude,
in addition to the results of [7], [8], that the generalized Rice
model is useful for the description of realistic mobile fading
channels. The generalized Rice factor, I, can be obtained
for the present realistic channel by evaluating (3) using the
optimized parameters listed in Fig. 3. The obtained result is
K =5.554dB.

For compleieness, we should add that the generalized Rice
fading model is convenient for, for example, simulation stud-
ies. In fact, the well known filter method and the concept of
deterministic channel modeling [2] can be directly applied to
simulate the envelope fading R(#) and the phase process ().

V. CONCLUSION

In this paper, first and second order statistics of the gen-
eralized Rice fading channel model have been derived. The
derived gquantities are fitted to published measurement data
on mobile satellite channels for the case of an environment
with light shadowing. Close agreement between the theoretical
expressions and the measurement data is obtained. This allows
to conclude that the generalized Rice model can be applied to
the description of realistic mobile satellite channels. Among
the advantages of the underlying model is the simplicity of its

(rsinf — Asinfg)? a0 16 simulation by using the classical filter method or the concept
203 ) (16) of deterministic channel modeling.
0-7803-8255-2/04/$20.00 ©2004 IEEE. i64

Authorized licensed use limited to: Heriot-Watt University. Downloaded on February 21,2010 at 14:10:22 EST from IEEE Xplore. Restrictions apply.



m %(Z)

PDF of the amplitude. p,

o
[

01

Fig. I. The PDF pgr(z) as a function of g (4 = 1.0, ot =15
a.:?' = {0.5).

and

0.8 T T
—- 8 =0 :

.

o4

PDF of the phase,

and

-90 [ 90 180
Phase, 6 (degree)
Fig. 2. The PDF py(#) as a funcion of fg {4 = 1.0, 67 = 1.5
crg = {0.5).
1 N r— T T T =
Q.9F -
=——  Measurement
08 b
- - - Genelized Rice model
< oz} 4
.,
n-E
'."3: o5l L
Q
£ osf g
=
£
§ o4r G lized Rice model optimization parameters: R
S Mr A=1.0486 ]
0,=1.5708
v2r o?=0.18387 1
oib 95=0.10769 ]
% B =TS s ' s
Level. r (dB)
Fig. 3. Complementary CDF Pg (v} for light shadowing.

0-7803-8255-2/04/$20.00 ©2004 IEEE.

0 T r r T T T
Generalized Rice model optimization parameters:
A=t.0486 =
8,=1.5708
-
~E w0E E
= o*=0.18387
&
z
& @=0.10783
é 8,=27922.904
5 ,=182.8364
E 107k 4
z
—— Measurement
— = = Generalized Rice model
10’3 i 1 L 1 L
~25 =20 ~15 =10 -2 5 10
Lavel, r (dB)
Fig. 4.- Normalized LCR N (r)/ fmae for light shadowing,
REFERENCES
[1} J. D. Parsons, The Mobile Radio Propagation Channel, London: Pentech

Press, 1992,

[2] M. Pitzold, Mobile Fading Channels, New York: Wiley, 2002.

[3] H. Hashemi, “The indoor radio propagation channel.” Proc. IEEE, vol.
81, no. 7. pp. 943-968, July 1993.

[4] A. Krantzik and D. Wolf, “Distribution of the fading time intervals
of modified Suzuki processes)”  Signal processing V: theorv and
applications, pp. 361-364, 1990.

[5] R. S. Hoyt, "Probability functions for the modulus and angle of the
normal complex variate,” Bell Syst. Tech. J., vol. 26. pp. 318-359, April
1947,

[6] N. Youssef, C. X. Wang, and M. Pitzold, “A study on the secend order
statistics of Nakagami-Hoyt mobile fading channels,” IEEE Trans. Veh.
Technol., revised version subminted.

[7] P. Beckmann and A. Spizzichino, The scattring of electromagnetic waves
Jfrom rough surfaces, Norwood, MA: Arntech, 1987.

[8] Y. Xie and Y. Fang, “A general statistical channel model for mobile
satellite systems,” JEEE Trans. Veh, Technol., vol. 49, no. 3. pp. 744—
752, May 2000.

[9]1 M. K. Simon and M. S. Alouini, “A unified approach to performance
analyis of digital communications over generalized fading channels,” in
Tuiorials notes in VIC, VICO2 Fall, Vancouver, September 2002.

{10] W. C. Jakes, Microwave Mobile Communicarions. Piscataway, NI: [EEE
Press, 2nd edition, 1993,

[11] L 8. Gradshteyn and 1. M. Ryzhik, Table of Integrals, Series, and
Products, Academic Press, fifth edition, 1994.

[12] W. B. Davenport and W. L. Root, A introduction to the theory of random
signals and noise, New York: McGraw-Hill, 1958,

[13] K. Ip Chan and J. C-I Chuang, “Required interleaving depth in Rayleigh
fading chanrels.” in Global Telecommunications Conference, 1996, pp-
1417-1421.

[14] R. Vijayan and J. M. Hotzmann, “Foundations for level crossing analysis
of handoff algorithms,” in JCC’93, May 1993, pp. 935-939.

[15] C. Tepedelenlioglu, A. Abdi, G, B. Giannakis, and M. Kaveh, “Esti-
mation of doppler spread and signal stength in mobile communications
with applications to handoff and adaptive transmission,” Wirel. Commun.
Mob. Compur.. pp. 221-242, 2001.

[16] K. Ohtani, K. Daikoku, and H. Omori, “Burst error performance
encountered in digital land mobile mobile radio channel,” IEEE Trans.
Veh. Technol., vol. VI-23, no. 1, pp. 156-160, 1981.

f17] H. 8. Wang and N. Moayeri, “Finite state Markov channel — A useful
model for radio communication channels,” IEEE Trans, Veh. Technol..
vol. VT-44, no. 1, pp. 163-171, February 1995.

[18] 1. 5. Bunterworth and E. E. Maw, “The characterization of propagation
effects for land mobile satellite services,” in in [nter Conf. Sarellite
Systems for mobile Commun. Navigationss, June 1983, pp. 51-54.

[19] A. Abdi, W. C, Lau, M, S. Alouini, and M. Kaveh, “A new simple model
for land mobile satellite channels: first and second order statistics,”
Trans. wireless Communu., vol. 2, no. 3, pp. 519-528, May 2003,

165

Authorized licensed use limited to: Heriot-Watt University. Downloaded on February 21,2010 at 14:10:22 EST from IEEE Xplore. Restrictions apply.



