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ABSTRACT

This chapter studies a composite stochastic model, in which the diffuse component arises from three dimensional 
(3-D) multipath scattering. That case occurs especially in dense scattering environments, in which the tall ob-
stacles cause arrival of multipath power in the elevation plane, besides that arriving in the azimuth one. Also 
the multipath components are assumed to arrive at the mobile receiver in specific angular sectors at the azimuth 
receiver’s plane. The last is physically justified by multipath power blocking due to the channel obstacles (shadow 
fading), or/and lack of scattering objects at specific angular directions, or/and directional antennas utilization. An 
extended Suzuki model, where the Rician process for the diffuse scattering component is multiplied by a lognormal 
one, is considered as an appropriate composite model. The most important metrics of the model are presented, 
according to its assumptions. More specifically, from the closed form autocorrelation function, the Doppler power 
spectral density (PSD) of the diffuse component can be analytically derived. Afterwards exact solutions for the 
envelope and phase probability density functions (PDF’s) are presented. Exact solutions are also derived for the 
second order statistics, i.e. the level crossing rate (LCR) and the average duration of fades (ADF’s). An efficient 
deterministic simulation scheme will be presented, which implements the analytical model on a digital computer. 
Finally a curve fitting of the LCR to real world data, drawn from channel measurements, will demonstrate the 
flexibility and usefulness of the extended Suzuki model.

I. InTRoduCTIon

The transmission performance of wireless services is strongly influenced by the rapid amplitude and phase 
fluctuations of the received signal. Those fluctuations result from the constructive and destructive nature of the 
arriving multipath components at the receiver. In turn multipath components can arrive at the elevation plane, 
besides those arriving at the azimuth receiver’s plane, due to 3-D electromagnetic wave propagation. Moreover an 
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important contribution to the received signal variability arises from the shadowing mechanisms of the channel, 
causing time varying attenuation of the received signal mean value.

In order to model the slow term variations, due to shadow fading and incorporate them in the rapid short term 
variations, arising from multipath propagation, two basic models have been proposed. Each of them represents a 
different concept for the wireless mobile channel modeling. The first one was proposed by Suzuki (Suzuki, 1977) 
and Hansen and Meno (Hansen, 1977), the so called Suzuki process. This model is obtained by multiplying a 
Rayleigh process with a lognormal one. The second was proposed by Loo (Loo, 1985), (Loo, 1991). This model 
resembles a Rician model, with the additional property that the amplitude of the line of sight (LOS) component 
is no more constant, as this happens in the Rician model, but it is a random stochastic process following a log-
normal PDF. Loo model arises by summing a lognormally distributed random phasor and a Rayleigh phasor. In 
international bibliography the term “modified” applies to the case where the inphase and quadrature Gaussian 
components generating the Rayleigh part are correlated, whereas the term “extended” refers to the case where a 
specular component of constant amplitude has been added to the diffuse one. Thus we obtain modified Suzuki 
processes (Krantzik, 1990), extended Suzuki processes, (Corazza, 1994; Patzold, 1998 A; Patzold, 1997; Li, 
1996), (Patzold, pp. (157-208), 2002) and modified Loo models (Patzold, 1998 B), (Patzold, pp. (218-240), 2002). 
By adopting modified models we force the Doppler PSD of the diffuse scattering component to obtain an asym-
metrical shape, in contrast to the classical symmetrical PSD, arising from two dimensional (2-D) propagation 
and given by Clarke (Clarke, 1968). Thus, it is a simple technique to model sectored arrival of multipath power. 
By adopting extended Suzuki processes we increase the flexibility and usefulness of the channel model, as this 
extension enables us to incorporate in it a LOS component, if a specific channel configuration implies its existence 
(e.g. an open environment). Apart from the already cited works, Suzuki models have been employed in several 
publications, in both single state (stationary) and multiple states (non-stationary) models. In (Vatalaro, 1995) 
and (Vatalaro, 2002) a generalized Rice-lognormal channel was studied, in which Suzuki model constitute a 
special case of it. In (Tjhung, 1999) the second order statistics of the Nakagami-lognormal channel were derived, 
whereas in (Xie, 2000) the received signal envelope and power PDF’s of the Beckmann-lognormal model were 
investigated. Finally in (Lutz, 1991) a two states model was employed, where a Suzuki process occupies one state 
and a Rician the other one.

In order to account for multipath propagation in three dimensions, combined with shadow fading, we adopt 
in this chapter an extended Suzuki model, where the diffuse component arises from both 3-D scattering and 
partial arrival of multipath power (Karadimas, 2008 A). Apart from (Karadimas, 2008 A), where the PSD was 
analytically calculated, 3-D multipath scattering has been the topic of several publications. In (Aulin, 1979) a 
PDF for the elevation angles of arrival was considered, with the advantage of leading to an analytical expression 
for the PSD. In (Parsons, pp. (123-125), 2000) an alternative to (Aulin, 1979) PDF for the elevation angles of ar-
rival was considered, but with the drawback of not leading to analytical expression for the PSD. In (Qu, 1999) 
a 3-D scattering model was proposed in which the PDF for the elevation angles of arrival was a family of func-
tions with two parameters. Specific functions of that family led to analytical solutions for the Doppler PSD. In 
(Clarke, 1997) the PSD and autocorrelation function were calculated for isotropic scattering in both the azimuth 
and elevation plane. The models (Aulin, 1979), (Parsons, pp. (123-125), 2000), (Qu, 1999) and (Clarke, 1997) 
have in common that a uniform and continuous distribution for the angles of arrival in the azimuth plane has 
been considered. In (Karadimas, 2007) and (Karadimas, 2008 B) the diffuse component resulted from both 3-D 
scattering and partial arrival of multipath power. In (Ho, 2005) a generalized Doppler PSD was derived in closed 
form for arbitrary 3-D scattering environments. But this form, due to its high complexity, is only of mathemati-
cal value and cannot be easily adapted to practical problems for extracting real channel metrics, such as LCR or 
ADF’s. The interested reader should only consider the algebraic manipulations the author made in (Ho, 2005), 
in order to generate from his model the classical U-shaped PSD proposed by Clarke (Clarke, 1968). In (Vatalaro, 
1997) the Doppler spectrum for the mobile to mobile channel, in the presence of 3-D isotropic scattering at both 
the receiver and transmitter, was investigated and in (Ozdemir, 2004) a multiple input-multiple output (MIMO) 
channel with 3-D scattering was studied. Finally in (Pal, 2006) the second order moments of spatial fading were 
investigated, in the presence of 3-D scattering and sectored arrival of diffuse power.

 The remaining of this chapter is organized as follows. Section ΙΙ gives the analytical model for the extended 
Suzuki model with 3-D multipath scattering. More specifically the Doppler PSD of the diffuse component is 
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