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Computation of Extended Suzuki Mobile Fading
Channel (Type I) Parameters

Amin Al-Ka’bi*!, Non-member

ABSTRACT

The analysis and modeling of mobile fading com-
munications channels has been an active research
topic since early beginnings of mobile radio systems.
In mobile wireless communication systems, the multi-
path propagation in addition to the movement of the
receiver and/or the transmitter leads to drastic and
random fluctuations of the received signal. For flat
fading channels, the extended Suzuki process of type
(I) has been proposed as a stochastic model of such
received signal fluctuations. In this paper we discuss
this stochastic model and an appropriate determinis-
tic model, and successively present and analyze sim-
ulation results based on these models.
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1. INTRODUCTION

The electromagnetic wave propagation in mobile
communication systems is greatly affected by the ter-
rain and surroundings. As a result, the propagated
signals will possibly meet with multifold reflection,
diffraction and scattering which make the propagated
signals multipath fading. Besides the multipath prop-
agation, also the Doppler Effect has a negative influ-
ence on the transmission characteristics of the mobile
radio channel. Due to the movement of the mobile
unit, the Doppler Effect causes a frequency shift of
each of the partial waves. Hence, the spectrum of
the transmitted signal undergoes a frequency expan-
sion during transmission. This effect is called fre-
quency dispersion. Suzuki processes can be consid-
ered to be models for the random fluctuations of the
received signal in flat-fading land mobile radio sys-
tems. The Suzuki processes are obtained by com-
bining stationary normal random processes assumed
to be statistically independent. Often this assump-
tion does not meet the real conditions in multipath
wave propagation. Therefore, modified and extended
Suzuki processes with cross-correlation and depen-
dence between the normal processes have been in-
troduced [1],[2],[3],[5]-

The Extended Suzuki process of Type I is one of
the Channel model processes to be applied to flat-
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fading (that is frequency nonselective fading) chan-
nels. This process results from the product of Rice
process £(t) and a lognormal process A(t) i.e.

n(t) = &(1).A() (1)

The long-term fading signal is here modeled by
lognormal process A(t) taking the slow time varia-
tion of the average local received power into account,
whereas the Rice process £(t) models the short-term
fading of the received signal. The extended Suzuki
process Li(t) is suitable as a stochastic model for a
large class of satellite and land mobile radio channels
in environments, where a direct line-of sight connec-
tion between the transmitter and the receiver cannot
be ignored. The probability density function p, (t)
of the extended Suzuki process 7(¢) can be calculated
by means of the relation

Po(2)=>_ Lrpea(Zy)dy (2)

where pgk(ﬁ,y) is the joint probability density
function of the processes £(t) and A(f) at the same
time instant . Assuming that these two processes
are independent, we can find the following integral
equation for the probability density function of ex-
tended Suzuki processes [2]

pn(z) =

(2)2+5? o(2) _Unw-mz)®  (3)
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where z > 0, and 9 is the average power of the two
real-valued Gaussian random processes determining
the Rice process £(¢). The parameter p represents
the amplitude of the line of sight component m(t),
while 03 and m3 are the statistical parameters of the
long term fading as will be discussed in section 3 of
this paper. From Eq. 3, it can be seen that p,(z)
depends on g, p, o3, and ms.

2. MODELLING OF
ING

The stochastic reference model for extended
Suzuki processes of Type I is shown in Fig. 1, where
the short-term fading is modeled by the Rice process
given by

SHORT TERM FAD-

§(t) = lpp®)| = [m(t) + pu(t)] (4)
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where,

p(t) = pa(t) + jpa(t) (5)

represents the sum of all scattered non-line-of-sight
components of the received signal over the mobile fad-
ing channel, and

m(t) = m, (t) + jmy(t) =pe O (6)
is the line-of-sight signal component, where p, fp ,
and 6p denote the amplitude, the Doppler frequency,
and the phase of the line-of-sight component, respec-
tively.

We assume that by spatially limited obstacles
or by using directional antennas or sector anten-
nas, (i.e., antennas with non-omnidirectional radia-
tion patterns), no electromagnetic waves with angles
or arrival within the interval from «q to 2II — g can
arrive at the receiver, where I1/2 < o < 3I1/2

m= ,oco(Zﬂf!'fﬂ)
|_k a0
(0
Hibert A0
¥(f) -’ Transform

m = pt(laf,t+8) )

'l_.l A({)

Fig.1: Reference Stochastic model of extended
Suzuki processes - Type L

The resulting unsymmetrical Doppler power spec-
tral density S, (f) is then described as follows

2
90
S _ T fmax, | 1— ( ) —fmin S f S fmax
prpe fm'tx
0 else

(7)

where f,q: denotes the maximum Doppler frequency,
and frin= fmazCoSao which lies in the range 0 <
f < fmae In general, the shape of S, is unsymmet-
rical, which results in a non-zero cross-correlation of
the real-valued Gaussian random processes 1 (t) and
u2(t). From Fig.1, the following relations hold for the
underlying processes:

vi(t) + va(t) (8)
() + va(t) (9)

p(t) =

po(t) = v1

where p;(t) represents a colored Gaussian random
process, and v;(t) is the Hilbert transform of v;(t)
for (i= 1, 2). Here the spectral shaping of v;(t) is
based on filtering of white Gaussian noise by using
an ideal filter whose transfer function is given by
H;(f) = \/SuviSui(f). The autocorrelation function
of p(t) = p1(t) + jpe(t) can be expressed in terms of
the autocorrelation and cross-correlation of u1(t) and
ua(t) as follows:-

Ry (7) = Ry iy (7) + Ry (1) +
j(R;L1 B2 (1) = Ry (7))

which can be expressed as

(10)

RMN (T) = 2[RV1V1 (T) + RVQVZ (T)+
iR, 5 (1) =R, 5 (7))

v va2 Va2

(11)

After Fourier transforming R, (7), the Doppler
power spectral density can be given as:

Spup(T) = 2[00, () + Suu, (T)+
i8S, 5. (1) =5, ()] (12)
which can be expressed as:
S;Lu(f) =2[(1 —sgn(f)).Sviv, (f)+ (13)

(1 —sgn(f))-Svars ()]

3. MODELLING OF LONG TERM FADING

Measurements have shown that in many wireless
communication systems the statistical behavior of
long-term fading is quite similar to a lognormal pro-
cess [2],[3]. With such a process, the slow fluctuation
of the local mean value A(t) of the received signal,
which is determined by shadowing effects, is given by

A(t) = e73vs(M)+ms (14)
where v3(t) is a real-valued Gaussian random pro-
cess with mean of zero and variance of unity. The
model parameters mgs and o3 can be used in con-
nection with the parameters of the Rice process
(02, fnazs frins Ps f») to fit the model behavior to the
statistics of real-world channels. We assume that the
stochastic process v3(t) is statistically independent of
the processes v (t) and va(t) . S,,(f) is assumed to
have the form of the Gaussian power spectral density

(21, [4], [7]:

Sy (f) = i (15)

e
V2mo,.

The 3-dB-cut-off frequency f. = o.v2In2 is in
general much smaller than the maximum Doppler fre-
quency fmaz- The autocorrelation function of the
process v (t) can be expressed as

(16)

RVSVS (T) = 6_2(71—007—)2
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which corresponds to the inverse Fourier transform of
S,s(f). The autocorrelation function Rxx(7) of the
lognormal process can be expressed in terms of R, (T)
as

Ry (7) = 2ot il R () (17)

)
cos(2mfyt+ 0&1)—-@—&
E L
S0t * 8 0) — (D p—
o |+
cox2 it + 6 — (X —>
: &

cos(2nf, W1+ 6,0 ;;@l.
D) pe
(2o f, 1+ 4 _'®_’

m = ,ocos(Z}rfrr +8r)

The power spectral density Sxx(f) can now be ex- e o
pressed in terms of the power spectral density S,,(f) Sttt Ra) 6_
as follows A S 16y —‘®f—’ FORHOEG
2n : “
_ _2ms+o2 ° Ui M 5‘!'(2”,’}#‘!{91.”‘)_@_’_
Saw(f) =e 3'[5(f)+zn:1 n!’ Vn
(18) COS(4 AT + C}.] ]
where §(f) is the Dirac-Delta function. ot 6, — b .|._.
cos(an g, £+ Q,‘M):_@Cl_“.
4. IV. DETERMINISTIC SIMULATION MODEL Ll o

FOR THE EXTENDED
CESS OF TYPE 1

Stochastic multipath propagation models for in-
door and out- door mobile radio channels are in gen-
eral derived by employing colored Gaussian noise pro-
cesses. Efficient design and realization techniques of
such processes are therefore of particular importance
in the area of mobile radio channel modeling. Fig-
ure 2 shows the deterministic simulation model for
extended Suzuki process of Type I that approximates
the behavior of the stochastic reference model shown
in Fig. 1. From the previous sections, it was seen that
the reference model for the extended Suzuki process
of Type I is based on the use of three real-valued
Gaussian random processes v;(t) or p;(t),(i=1,2,3).

The ideal Gaussian random process v;(t) can be
approximated deterministically by

SUZUKI PRO-

N;
i(t) = Zn:1 Cim COS(2T fimt 4+ 0in), i =1,2,3
(19)

where N, is a sufficiently large integer (ideally oo).
The corresponding autocorrelation function is:

2

Ni R .
Ry, (1) = Zn:1 2L cos(2m fin7),i = 1,2,3 (20)

The corresponding power spectral density of v;(t)
with =1,2,3 is given as

N 2

Sz/iw(f) = Zn:l ;in

[6(f - fi,n) + 5(f - fi,n)]
(21)
Using the mean-square-error method (MSEM)[2]

to calculate the Doppler coefficients ¢; ,, and f; ,, for
1 =1, 2, we get

1 Tmax
Cin = 200\/ / Jo (27 fimaxT) cos(2m f; pT)dT
Tmax J0
(22)

Fig.2: Simulation model for the deterministic ex-
tended Suzuki processes of Type I

where Tyae = 1/(2fmaz). There is no closed-form
solution for the definite integral in this equation, so
numerical integration has to be applied to calculate
the coeflicients ¢; ,, . The Doppler frequencies are

_ g =l =1 2.M
fin = érx]]\}zc’ i=1, n=1, 2,..,No ( )
where

Ny
lei
2 2 arcsin(ko) (24)

is an auxiliary variable that depends on the frequency
ratio kKo = fimin/fmae - The actual required number
of harmonic functions Na(< Nj) which is necessary
for the realization of U2(t) is defined by the user.

The computation of the discrete Doppler coeffi-
cients ¢y, of the third Gaussian process 93(t), whose
power spectral density is Gaussian shaped, are given
for n=1,2,...,N3 as

1 Tmax R
C3n = 200\/ / e~ (mfer)?/In2 cog(27 f3 ,7)dT
Tmax 0 i
(25)
and

Kefe
2N3

fa,Ng = (2n—1) (26)

where the quantity x. is chosen in such that the mean
power of Gaussian power spectral density obtained
within the frequency range |f| < k.f. makes up at
least 99.99% of its total mean power. This require-
ment can be achieved with k. = 24/2/1In2.
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5. SIMULATION RESULTS

Figure 3 shows the power spectral density (as de-
termined by the mean-square-error method) and the
autocorrelation function of vy (t), where the number
of harmonic functions N; is considered as 17 (ide-
ally N1 = o0), and the maximum Doppler frequency
fmaz is 85Hz[5]. The difference between the auto-
correlation function of the reference model and the
simulation model decreases by increasing the number
of harmonic functions (Ny).

A similar distribution shape for the power spectral
density of va(t) can be seen in Figure 4, where the
number of harmonic functions (N3) is calculated ac-
cording to Eq.(24)[5]. The power spectral density of
v3(t) shown in Fig. 5, represents the Gaussian power
spectral density given by eq. 15. Here again the dif-
ference between the autocorrelation function of the
reference model and the simulation model decreases
by increasing the number of harmonic functions Ns.
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Fig.3: Power spectral density S,,(f) and
Auto-correlation  function R, (1) with Ni=17,

Frnaz=85Hz,0%=1.

The parameters 0, Ko, po, 03, M3, [/ fmax Were ex-
perimentally optimized in [2] for heavy and light
shadowing, the optimized values are shown in Table
1. Using these values of the parameters and assumed
values for Ny, No, N3 , and f,4, in simulating the
extended Suzuki process of type I, we get Figure 6
for heavy shadowing regions and Figure 7 for light
shadowing regions [5], [7].

From these two figures, it can be seen that the
average signal level for heavily shadowed line-of-sight
component is smaller than that for lightly shadowed
line-of-sight component.

Also, the deep fades for heavy shadowing regions
are much larger than that for light shadowing regions.
These results are expected because as the strength of
the line-of-sight component increases, it dominates
the received signal; hence the effect of fading de-
creases.

0.07 1
— Stochastic Model
oo | 08F | ...... Deterministic Model |7
06 1
= =
=005 17 o4
=
%)
% 02
B .,
g ,
: o
E Bt
3 ! ,
z -02
& :
g -0.4 4
E H
-06
-0.8 "
-1 - - >
0 01 02 03

1 (seconds)

Fig.4: Power spectral density S,,(f) and Auto-
correlation function R, (7) with No=17, fimax=85Hz,
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Fig.6: Simulation of the extended Suzuki process
n(t) of Type I for heavy shadowing regions, N1=17,
N2:07N3:17, fmaz:(gb'HZ.
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Table 1: The optimized parameters of the reference channel model for areas with heavy and light shadowing.
Shadowing 0o Ko Po 03 ms3 Io / frax
Heavy 0.2022 | 2.40E-11 | 0.1118 | 0.1175 | 0.4906 | 0.6366
High 0.4497 | 5.90E-08 | 0.9856 | 0.0101 | 0.0875 | 0.7326
10 T ml=pc059,
3 4 Al o
s®
- oI
[is) A0
"é’ () ~
<5 '
= _ (xb_v?o
m, -pgnB’
10} i
A0 Jesp0
15} - A®)
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1
0 05 1 1.5 2 25 3 35 4
t (seconds)

Fig.7:  Simulation of the extended Suzuki pro-
cess n(t) of Type I for light shadowing, N1=17,
No=0,N3=17, fas = 85Hz.

6. EXTENDED SUZUKI MODEL (TYPE I)
VERSUS EXTENDED SUZUKI MODEL
(TYPE II)

The stochastic reference model for extended
Suzuki processes of Type II is shown in Fig. 8, where
the short-term fading is modeled by the process

C(t) = lpp®)] = [m(t) + p(t)] (27)

where,

p(t) = pa(t) + jpa(t) (28)

represents the sum of all scattered non-line-of-sight
components of the received un-modulated carrier sig-
nal over the mobile fading channel, and

m(t) mi(t) jma(t) =pd @t o) (29)

is the line-of-sight signal component, where p, f,, , and
6, denote the amplitude, the Doppler frequency, and
the phase of the line-of-sight component, respectively.

In order to simplify the model, we will assume that
the Doppler frequency of the line-of-sight component
is equal to zero, hence the line-of-sight component
can be expressed as

m(t) my  jmg = pel ) (30)

As a result, the stochastic process &(t) which will be
called theextended Rice process, can be given as

E(t) = lppl = v/ (pa(8) +ma)? + (p2(t) + m2)? (31)

Fig.8:  Stochastic reference model for extended
Suzuki processes of Type 1.

The Doppler power spectral density S, _(f) of the pro-
cess V,(t) is described by

SVoVo (f) = )
{ T fin: \/Jio(f/if_f? |f‘ < K:O-fmax
0 ’ |f| > KO-fmax
(32)

where f,q, denotes the maximum Doppler frequency,
and the variable 0 < kg < 1 gives a simple and effec-
tive method to reduce the Doppler spread of S, (f),
to make it more closer to reality. From Fig.8, the
following relations hold for the underlying processes:

p(t) = wo(t) (33)

p2(t) = cos(bo)vo(t) + sin(fo)vo(t) (34)

where —m < 6y < 7, and v((t) is the Hilbert trans-
form of vy (¢) for (¢=1,2). Here the spectral shaping of
vo(t) is based on filtering of white Gaussian noise by
using an ideal filter whose transfer function is given by
H,(f) = v/Suvovo (f)- The autocorrelation functions
Ry . (1) and Ry, ., (7) as well as the cross-correlation
functions R, ., (7) and R,,,, (7) can be expressed in
terms of the autocorrelation function R, (7) of the
processes vo(t) and v(t) as follows [2]:-

Ry (T) = Rz, (T) = Ry (T) (35)

Ry (1) = c086p.Ryyu, (T) —sinbo.Ryyuy (T)  (36)

Ry, () = cosbp.Rygu, (T) + sin 90'R70u0 (1) (37)
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By using these equations as well as the relation

Ruu (7_) = Rmm (T) + Ruz#z (7_)
i Ry (7) — Ry (7) (38)
we get

Ryu(7) = 2Ryg (1) — j2sinbo. R (1) (39)

After Fourier transformingR,,,,(7), the power spectral
density can be given as

Syl = 20 (F) — 25605, () (40)
which can be expressed in terms of S,,,,(f) as
S,up(f) - 2[]‘ + sgn(f) sin 00]'Sl/ol/o (f) (41)

Measurements have shown that in many wireless
communication systems the statistical behavior of
long-term fading is quite similar to a lognormal pro-
cess [2]. With such a process, the slow fluctuation of
the local mean value A(t) of the received signal, which
is determined by shadowing effects, is given by

A(t) = e7sva(®)+ms (42)
where v5(t) is a real-valued Gaussian random pro-
cess with mean of zero and variance of unit. The
model parameters mg3 and oscan be used in connec-
tion with the parameters of the extended Rice process
(02, fmaz, ko, 00, p,0,) to fit the model behavior to
the statistics of real-world channels. We assume that
the stochastic process v3(t) is statistically indepen-
dent of the process vg(t).Syyus (f) is assumed to have
the form of the Gaussian power spectraldensity[2],[4]:

1

e 7 43
\2To. € (43)

the 3-dB-cut-off frequency f. = 0.v2In 2is in general
much smaller than the maximum Doppler frequency
fmaz - The autocorrelation function of the process
v3(t) can be expressed as

Svavs (f) =

Ri (1) = 720777 (44)
which corresponds to the inverse Fourier transform
of Sy, (f). The autocorrelation function Ryy(7) of
the lognormal process can be expressed in terms of
Ry, (T) as

Rox(1) = e2Ma+05 14 Rugug (7)) (45)
The power spectral density Sxa(f) can now be

expressed in terms of the power spectral density
Suavs (f) as follows

o0 Q.SM (ﬁ)]

S =N+ Y T
(46)

where (f) is the Dirac-Delta function.
Stochastic multipath propagation models for in-
door and out-door mobile radio channels are in gen-
eral derived by employing colored Gaussian noise pro-
cesses. Efficient design and realization techniques of
such processes are therefore of particular importance
in the area of mobile radio channel modeling [5]. Fig-
ure 9 shows the deterministic simulation model for ex-
tended Suzuki process of Type II that approximates
the behavior of the stochastic reference model shown
in Fig. 8. Using Eq. (33) and Eq. (34), we get
;1 Cin Cos(zﬂ'fl,nt + Gl,n) (47)
fiz(t) =
ZnN;1 Cln COS(2Wf1,nt + 91,71, - 90)

From these two equations, it can be noted that the
Doppler phases 0, of the second deterministic pro-
cess fi2(t) depend on the Doppler phases 6, 5, of the
first deterministic process fi1(t), because 62, =6,
-0y . The complex-valued deterministic process [i(t)
= [i1(t)+fi2(t) can be expressed as

(48)

- Ny (o

The autocorrelation functions of the processes fi1(t)

(49)

a

cos(Qn'j“)‘ + 8“) —o@—;

L1

cos(2rf, 148, ) —U@—O
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cos(2af, o\ 1+ 8,,) —c@—o

1
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€1,

coR2fy ot 8, -8, )—()—>
fa
cos2rfy,f +8,) _o@_;
€31
cod2mfy t+8,) — : —
. C
oSSy, 148, ) _.@J_;

o)

6 = A

i)

Fig.9: Deterministic simulation model for extended
Suzuki processes of Type 1.

and [iz(t)can be given as:

2
Noc
— Z bLm cos(2m f1 )

Ry, (T) = Ryyuy (T) nel 92
(50)
And the cross-correlation functions are:
Ry, (T) =Ry, (—7
L (7) = R (-7) -

2
612 cos(2m f1,nT — 6p)

N
= Zn;1
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Using the Method of Equal Distances [2], [5] to
calculate the Doppler coefficients ¢, and fi, , we
get

Cln =

2 -1
%[arcsin (]G{) — arcsin <nN{>}1/2 (52)

And the Doppler frequencies

— frnax
2N}

fin (2n —1) (53)

Where
Ny
2

arcsin (ko)

T

2Ny = (54)

is an auxiliary variable that depends on the frequency
ratio kKo = fmaz/fmin - The Doppler phases 61,
are assumed to be realizations of a random variable
uniformly distributed within the interval (0,2II]. The
computation of the discrete Doppler coefficients cs ,
of the deterministic Gaussian process v3(t), whose
power spectral density is Gaussian shaped, are given
by the solution to

c3n = \Jao\/i[erf <m> —erf <(nl);cln(2)>

N

Where erf(.) is the error function. The Doppler fre-
quencies f3, can be computed as

— \/Efmdx

C3,n N (2n—1) (56)
3
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Fig.10: Power spectral density Sy, (f) and Auto-
correlation function Ry, (T), for i = 1, 2, with N;
=19, fomaz= 85H z, 0> =1.

Figure 10 shows the power spectral density (as de-
termined by the method of equal distances) as well as

0.07 T 1 T T v v
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Fig.11: Power spectral density Sy,..,(f) and Au-

tocorrelation function R,,,,(T) with N3= 19, 0%=1,
and fmas = 85Hz.

the autocorrelation function of p;(t), for i=1,2, where
the number of harmonic functions V; is considered as
19 (ideally o0), and the maximum Doppler frequency
fmaz 18 85Hz. The difference between the autocorre-
lation function of the reference model and the sim-
ulation model decreases by increasing the number of
harmonic functions (N;). The power spectral density
of v3(t) shown in Fig. 11, resembles the Gaussian
power spectral density given by eq. 43. Here again
the difference between the auto- correlation function
of the reference model and the simulation model de-
creases by increasing the number of harmonic func-
tions N3. The cut-off frequency f. is selected in such
a way that the mean power of the Gaussian power
spectral density obtained makes up at least 99.99%
of its total mean power. This demand is fulfilled with

.fc = \/Efmax [6]

7. CONCLUSIONS

In this paper, we discussed stochastic and deter-
ministic (simulation) models for the extended Suzuki
process of type I, and a comparison with extended
Suzuki process of type II has been conducted. The
mean-square-error method (MSEM) was used to com-
pute the primary parameters of the simulation model
(Doppler coefficients and discrete Doppler frequen-
cies), where finite numbers of harmonics were used to
simulate the short term and long term fading compo-
nents of this model. As a result, it was found that
the deep fades for heavy shadowing regions are much
larger than that for light shadowing regions.
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