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Abstract—In this paper, we propose a new shadowed Rice Similar to the LMT channels, a simple yet efficient model for
model for land mobile satellite channels. In this model, the wideband LMS channels is the tapped delay line model [3], [4],
amplitude of the line-of-sight is characterized by the Nakagami \yhere each tap is described by a narrowband model. Hence, in

distribution. The major advantage of the model is that it leads . . .
to closed-form and mathematically-tractable expressions for the this paper, we mainly focus on narrowband models, which are

fundamental channel statistics such as the envelope probability the basic building blOCks of Wid_eband qugls.

density function, moment generating function of the instantaneous ~ Generally speaking, the available statistical models for nar-
power, and the level crossing rate. The model is very convenient for rowband LMS channels can be placed into two categasiegle
analytical and numerical performance prediction of complicated models andmixturemodels. In a single model, the channel is

narrowband and wideband land mobile satellite systems, with : ; fti atrib : :
different types of uncoded/coded modulations, with or without di- characterized by a single statistical distribution, while a mixture

versity. Comparison of the first- and the second-order statistics of mo‘?'e'_ refer; tq a c.omb|na_t|on (weighted summanon) of ;everal
the proposed model with different sets of published channel data Statistical distributions. Single models are valid for stationary
demonstrates the flexibility of the new model in characterizing a conditions, where the channel statistics remain approximately
variety of channel conditions and propagation mechanisms over constant over the time period of interest in a small area. On the
satellite links. Interestingly, the proposed model provides a similar - gther hand, the mixture models are developed for nonstationary
fit to the experimental data as the well-accepted Loo's model but .,y ha1s where the signal statistics vary significantly over the
with significantly less computational burden. S . )
_ _ _ observation interval in large areas. In Tables | and II, a list of
_Index Terms—Average fade duration, channel modeling, diver- the proposed single and mixture models for narrowband LMS
sity, interference, land mobile satellite systems, level crossing rate, channels are given, respectively. To understand the details
Loo’'s model, Nakagami model, performance evaluation, Rice f th inal d I' f Table | ) d id brief
model, satellite channels, shadowed Rice model. of t e_ singlé models O_ able |, we nee_ tc,’ proviae a brie
overview of the mechanism of random fading in LMS channels.
The random fluctuations of the signal envelope in a narrow-
. INTRODUCTION band LMS channel can be attributed to two types of fading:

AND mobile satellite (LMS) systems are an important paﬂnultipath fqding and shz?ldow fading [5]. We further div'ide the
of the third and fourth generation of wireless systems. Tiffadow fading into the line-of-sight (LOS) shadow fading and
significance of such systems is rapidly growing for a variety dpultlpllcatl\_/e shadow fading. Notice that the multipath compo-
applications such as navigation, communications, broadcastiR§Nts consist of a LOS component and many weak scatter com-
etc. LMS systems provide services which are not feasible JWaNents. In an ideal LMS channel without any type of fading,
land mobile terrestrial (LMT) systems. As a complement tyhere t_here is a clear LO_S between the satellite and the land
LMT systems, LMS systems are able to serve many users ob&f'. Without any obstacle in between, hence, no scatter compo-
a wide area with low cost. For extensive surveys on different 43&nt, the envelope is a nonrandom constant (at a given instant
pects of LMS systems and services, see [1] and [2]. of time). Due to; multipath _fadl_ng, caused by the weak scatter
The quality of service provided by LMS systems strongly d&9Mponents propagated via different non-LOS paths, together
pends on the propagation channel between the satellite and'#if§ the nonblocked LOS component, the envelope becomes a
mobile user. As such, an accurate statistical model for the LM&C€ randomvariable. LOS shadow fading comes from the com-
channel is required for calculating fade margins, assessing Bigte or partial blockage of the LOS by buildings, trees, hills,
average performance of modulation and coding schemes, ameuntains, etc., which in turn makes the amplitude of the LOS

lyzing the efficiency of communication protocols, and so Orq:'omponent_a random variable. On the o_th_er hand, multiplicative
shadow fading refers to the random variations of the total power
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TABLE |
LIST OF THE PROPOSEDSINGLE MODELS FORNARROWBAND SATELLITE CHANNELS

. . LOS shadow Multiplicative
Proposed by | Year|Multipath fading fading shadow fading Comments
Loo [6] 1985 Rice lognormal - -—
Corazzz;;]}’atalaro 1994 Rice - lognormal -
Vatalaro [8] {1995 Rice - lognormal includes an extra additive
scatter component.
Hwang et al. [9] {1997 Rice lognormal -—- the power of'the seatter
components is random.

Tjhung-Chai [10] {1999 Nakagami - lognormal -

Mehrnia-Hashemi 1999|  Nakagami . . .
[11]

Mehrnia-Hashemi 1999 Norton . . .
[11]

Xie-Fang [12] 12000| Beckmann - lognormal -

TABLE I Ka-band [24]. In Loo’s model, the amplitude of the LOS compo-
LIST OF THE PROPOSEDMIXTURE MODELS FOR nentis assumed to be a lognormal random variable. However, as

N SA C . ) 2 S
ARROWBAND SATELLITE LHANNELS discussedin[25], the application of the lognormal distribution for

characterizing shadow fading most often results in complicated
Proposed by Year| Structure of the model expressions for the key first- and second-order channel statistics
such as the envelope PDF and the envelope LCR, respectively.
Analytic manipulation of those expressions is usually hard, as
they cannot be written interms of known mathematical functions.
This, in turn, makes data fitting and parameter estimation for the
lognormal-based models a complex and time-consuming task.
Performance evaluation of communication systems such as inter-

Lutz et al. [16] 1991 Rice+Suzuki

Barts-Stutzman [17] 1992 Rice+Loo

Karasawa et al [18] 1997| Rice+Loo+Rayleigh

Fontan et al. [19] 1997 Loo+Loo+Loo ference analysis or calculation of the average bit-error rate (BER)
for single and multichannel reception is even much more difficult
Rice-Humpherys [20] 11997  Rice+Rice+Suzuki for the lognormal-based models, as sometimes, even the numer-
ical procedures for these models fail to give the correct answer.
Mehrnia-Hashemi [21] {1999 Rice+Hoyt On the other hand, as conjectured in [25], application of the

gamma distribution, as an alternative to the lognormal distribu-
tion, can result in simpler statistical models with the same per-
and Vatalaro, i.e., the probability density function (PDF) anfibrmance for practical cases of interest. In this paper, we assume
the cumulative distribution function (CDF) of the envelope, artne power of the LOS component is a gamma random variable.
discussed in [6] and [7], respectively. For the second-order sgince the square root of a gamma variable has Nakagami distri-
tistics, the level crossing rate (LCR) and the average fade dution [26], this means that we are modeling the amplitude of
ration (AFD) of the envelope, see [13] and [14], respectiveljhe LOS component with a Nakagami distribution. As we will
Notice that the second-order statistics of Loo’s model and tkee in the sequel, a Rice model with Nakagami-distributed LOS
model of Corazza and Vatalaro, given in [6] and [15], respeamplitude constitutes a versatile model which not only agrees
tively, are approximate results. In [8], [9], [11], and [12], onlywery well with measured LMS channel data but also offers sig-
the first-order statistics of the models are discussed, while riificant analytical and numerical advantages for system perfor-
[10], just the second-order statistics are studied. mance predictions, design issues, etc.

Each mixture model in Table Il is composed of at least two The rest of this paper is organized as follows. In Section Il, the
distributions, where each distribution corresponds to a particufast-order statistics of the proposed model, such as the envelope
stationary channel state. The models of [16], [17], and [21] hafADF, moments, and the moment generating function (MGF) of
two distributions, while those of [18], [19], and [20] consist ofhe instantaneous power are derived. A connection between the
three distributions. parameters of Loo’s model and our model is also established.

Now, let us define a shadowed Rice model as a Rice mod&ction Il is devoted to the derivation of second-order statistics
in which the LOS is random. Among the proposed models fof the proposed model, i.e., the LCR and AFD. In Section IV,
LMS channels, the shadowed Rice model proposed originally the first- and the second-order statistics of the proposed model
Loo [6] has found wide applications in different frequency bandse compared with published measured data. Finally, the paper
such as the UHF-band [24], L-band [22], [24], S-band [23], antbncludes with a summary given in Section V.




ABDI et al.: NEW SIMPLE MODEL FOR LAND MOBILE SATELLITE CHANNELS 521

Il. FIRST-ORDER STATISTICS OF THENEW MODEL where 1 F(., ., .) is the confluent hypergeometric function

According to the definition of the scatter and LOS comp 28]. Form =0, (3) simplifies to the Rayleigh PDF in (1), i.e.,

o ) - :
nents provided earlier, the lowpass-equivalent complex en%io)(f;(lf) () er /(2_b?22 Vihlg)f/ogr; I_ (o\;é_z:;g(j)ucgrs] t?hghit}f]'gre
lope of the stationary narrowband shadowed Rice single mo 0) OXP L o

e . . .
. . - gland, in Loo’s model [6], the LOS amplitude is assumed to
can be written agi() = A(t) expljo(t)] + Z(t) exp(iCo), follow the lognormal digtgibution P

j2 = —1, wherea(t) is the stationary random phase process
with uniform distribution ovef0, 2), while ¢, is the determin- 1 (Inz — p)2
istic phase of the LOS component. The independent stationar?z(z) = m exp [—T} ) z2>0 (4)

random processe$(¢) andZ(t), which are also independent of

a(t), are the'amplitudes of the scatter and the' LOS componemsiere, = E[ln Z] anddy = Var[ln Z]. In contrast with Loo’s

following Rayleigh and Nakagami distributions, respectively PDF, which includes an infinite-range integral, the new PDF has
a compact form in terms of the tabulated functidh (-, -, -),

a —a? also available in standard mathematical packages such as Math-
pa(a) = — exp (—) ) a>0 ematica, for both numerical and symbolic operations. See [29]
bo 2 by . . X
for more details on the numerical computation; & (-, -, -).
pa(z) = 2m™ 2m=L o) <—m 22> 7 230 () Using [27], the moments of the proposed PDF can be shown to
T'(m)Qm be
ngm m
where2b, = E[A?] is the average power of the scatter compo- B[R] = <2bom + Q) (Qbo)k/Zr (5 + 1)
nent,I'(.) is the gamma functionp = (E[Z?])?/Var[Z?] > 0
is the Nakagami parameter witfur|.] as the variance, arfd = 9P <E +1,m, 1, L)
E[Z?] is the average power of the LOS component. The reader 2 2bom + £
should notice that in the traditional Nakagami model for multi- k=0,1,2, ... (5)
path fading [26]yn changes over the limited rangesaf > 0.5,
while here we allown to vary over the wider range @f > 0. whereyFi(-, -, -, ) is the Gauss hypergeometric function [28],

This enables the Nakagami PDF to model different types of LOich is also available in Mathematica.
conditions in a variety of LMS channels [S|IFGiEI0lW@lave By definition, S(¢) = R?(t) is the instantaneous power, and

r-its PDF can be derived from (3)‘as
LOS.

bom ™1 s
The case ofi < m < oo is associated with suburban and rur _ 2o\ 1 _Ss
S o) R e

pz(2) = 8(z — V) IiCHICoESponaSEoIopEmareasith no - . Qs >0, )
obstruction of the LOS. Of course, the extreme cases of 0 ARl e ) 520

tua-
o el ot et Sl MO DU IORNlUG o1 = ceronsirtec i (3], the_momertgeneraing func

R aNENGopenAeasIespectvelyThemoderalenalesia  (MGF) of the instantaneous power, defined by

s corresponds to suburban and rural areas. Ms(n) = Elexp(~nS)], n > 0, plays a key role in cal-
Let us define the envelope &t) = |R(¢)|. Using the same culating the BER and the symbol-error rate (SER) of different

notation as [6], the shadowed Rice PDF for the signal envelogmdulation schemes over fading channels. In our model, the

in an LMS channel can be written as MGF of S, with the help of [27], can be shown to be
2bom )™ (1 + 2bgn)™~*
2 + 72 7z M = ( 0 > 0. 7
pr(r) = Ez [% exp (_TZ—I)O) Io <b—gr>] ; r>0 s(n) [(2bgm + Q) (1 + 2bon) — Q™ "= ()

. . ) (?) The simple mathematical form of the above MGF in the
where Fz[] is the_e_:xpectatlon Wlth_respectfﬁ_ and_I,,,(.) 'S new model entails straightforward performance evaluation
the nth-order modified Bessel function of the first kind. NOt'Ceprocedures for several modulation schemes of interest (with

that ponditioned O_'Z' the argument of_the expectation_in (2) 'S)nd without diversity reception). On the other hand, the MGF
nothing but the Rice PDF. By calculating the expectation of (%)f S in Loo’s model can be expressed at most in terms of an

with respect to the _Nakag_ami d.istribution of (1) using [27], anﬁinﬁnite-range integral or a double infinite sum [35]. Since

after some algebraic manipulations, we obtain the new envelqag ,;merical manipulation of both representations of Loo's

PDF MGF is time consuming, several approximate expressions are
proposed for different cases [35].

2bgm r r?
pR(T) =l — €Xp | —5— 1At the time of writing this paper, we discovered that the PDF in (6) is also
2bom + € bo 2bo used for the analysis of radar signals [30]. Some extensions of (6) are discussed
Or? in [31] and [32], in the contexts of radar and noise theory, respectively. In the
G F [(m, 1 e r>0 (3) aea of statistical distribution theory, a natural generalization of (6) is given in
T 2bg(2bom + Q) ) = [33].
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Before concluding this section, we establish a useful connesttadowed Rice model, as the traditional PDF-based approach
tion between the parameters of the new model and Loo’s modstems to be intractable, particularly for multichannel reception.

With v as a positive real number, itis easy to show that[Z"] Let us define the envelope LCRg(r:,) as the average
for Nakagami and lognormal PDFs in (1) and (4) can be writtevumber of times thaR(¢) crosses the given threshotd, with
as negative slope, per unit time. For mathematical convenience,
1 0 W (m) we first derive an expression faNg(sin), with sg, as the
InE[Z°] = 3 {ln (E) + \If(m)} v+ S v? instantaneous power threshold. The envelope LCR can be

easily obtained according t¥g(r,) = Ns(rfh).

. V(m) 5 ¥"m) , Itis shown in [39] that the LCR af (), corresponding to the

a8 ! 330 U T ®) thresholds,;,, can be obtained by

- do o -1 [ [® 1 d
ImE[Z°]| =pv+ —wv ® N - / / il

[ ] 2 S(Sth) 47(2 oo J—oo W2 de

whereW(.), ¥'(.), ¥”(.), and¥’’(.) are the psi function and
its derivatives, respectively [28]. The absolute values of the psi )
function and its derivatives converge to zero very fastiais- whereS(t) is the time derivative of(t), and® g4 (w;, w2) is
creases. By second-order matching of the two expressions intt8) joint CF ofS and S, defined byFE[exp(jw1S + jws5)]. It

and (9), the following relationship between the two sets of p& shown in the Appendix that for our proposed model, the joint

O o (wi, wa) exp(—jwisen) dwi dwo  (12)

rametergm, Q) and(u, dy) can be established: CF can be found in the following closed-form expression
: — o t+(1/2) gm—(1/2) 2 —(1/2)
7 :% [111 (9) + \I/(m)} (10) ®Tsslwr we)=m v (xQbow; +m 1)
m —m
x§2 2
19 20+ ——F5—— »Qw; — jw1 Q+m 13
do = w (11) H o 2(x9b0w5+m19)} Tt (13)

) ) ) ] inwhichd = 1+ 4(bgba — b?)w3 — j2bow1 . The parametdh,,,
For a givendy, the corresponding can be easily obtained by, _ , 1  is thenth spectral moment ofthe scatter component
;olvm_g (11) numc_encal]y. The value 6t can be calculated by ¢ 4o complex envelop®(t), defined byb,, = ,-_ncéen)(o)
inverting (1Q), which yield$2 = m gxp[?u — U(m)]. _ whereCgp(r) = (1/2)E[R*OR(E + )] — (1/2)|E[R()]|?

As we will see later, Loo’s distribution and our dlstrlbutloqS the autocovariance dt(t). The parametey in (13) is the
closely match, if one computes our parameter(é@tm_? Q) average power of the time derivative 8ff) = Z2(t), de-
from Loo’s pgrgmete.r séby, u, dp) using the re!atlons in (10) fined by x = —D(0) = E[I'Q(t)] [40], where D;(r) =
and (11 Th|§ is particularly useful when we wish to apply theéE[I(t)I(t + 0] = (E[I)2}/{E[2(4)] - (E[I(£)])?} is the
new model with unknown parameters to a set of data collect grmalized autocovariance 6ft) and prime represents differ-

previously, but the measured data is not available for paraR@liation with respect to. As expectedsd 5(jm, 0) in (13)
eter estimation, or we may not want to go through the time'coﬂfatches the MGRV5(n) given in (7) Whﬁg aS); 0 and

suming procedures of parameter estimation. In these cases,%hg oo (time-invariant nonrandom LOS with amplitud&?),

Egge'?s;;;geor:run;,?ndgel(lcc?)nagg (olblt;:lined from the eStimattﬁgs(wl, we) in (13) converges to the corresponding result for

the Rice fading model, given in [39], i.@); ! exp[—Q(2byw3 —
Jjw1)/¥]. By substituting (13) into (12)Ns(sn) and, conse-
quently, Ngr(r¢,) can be calculated numerically, using a stan-
The envelope LCR, which is the rate at which the envelog&rd mathematical package such as Mathematica. Notice that
crosses a certain threshold, and the envelope AFD, whichthe bivariate CRp ¢ (w1, w2) in (13) plays the same role as the
the length of the time that the envelope stays below a givenivariate MGFMs(n) in (7), as it allows straightforward LCR
threshold, are two important second-order statistics of fadigglculation in diversity systems.
channels, which, for example, carry useful information about So far, we have calculated the LCR of the new LMS model
the burst error statistics [36]. Therefore, for different systefar the general case in which the maximum Doppler frequency
engineering issues such as choosing the frame length for co@éthe LOS componenfL9%, which is the bandwidth of (¢),
packetized systems, designing interleaved or noninterleavediot negligible. However, empirical observations have shown
concatenated coding methods [36], optimizing the interleaviéat the rate of change of the LOS component (several Hertz)
size, choosing the buffer depth for adaptive modulation schenigsignificantly less than that of the scatter component (several
[37], and throughput estimation of communication protocolsundred Hertz) [22]. In other wordg,.0° / facatter « 1, where
[38], we need to calculate the envelope LCR and AFD dfa" is the maximum Doppler frequency of the scatter com-
the fading model of interest. In particular, the LCR and AFPonent. Roughly speaking, this implies tt#&it) ~ 0, i.e., over
calculation techniques should also work for diversity systeni§ie observation interval we havi(t) = 7, a random variable
which have proven to be useful in combating the deleterioagd not a random process. Under this condition, we lyax€0,
effects of fading. In what follows, we develop a characteristihich simplifies (13) drastically to
function (CF)-based formula [39] for the envelope LCR of our B gs(wr, wa) = MM (20593 — junQ + md) ™

2Notice thath, is the same in both models. (14)

I1l. SECOND-ORDER STATISTICS OF THENEW MODEL
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On the other hand, under the assumptionypfS / fscatter « TABLE Il

1, it is possible to proceed with the PDF-based approach arfP's PARAME&ERS,\[/?]' [42]&’\‘[’ THE CORRESRONDINGPARANETERS OF THE
. . EW MODEL, LCULATED FROM AND

derive a closed-from solution for the LCR of the new model. In (10)anp (11)

fact, by averaging [41, eqgs. (4.13), (4.14)] with respect to tt Loo’s model The new model
Nakagami-distributed LOS amplitude, we obtain
i Jdy by m Q
Ng(ren) = ! ( 2bomn )m bobz = b Tn Tnfrequent light
R\Tth) = V2a0(m) \2bom + Q) bo bo “;ﬁggg\’;jn‘gg 0.115 | 0115 | 0.158 19.4 1.29
o0
exp (—%) 3 (%)"(—,_l)n [0 (ron) + Ensr ()] (15) | oodowing | | 391 | 0806 | 0063 | 0739 soxi0
0 70 .
Overall results -0.690 0.230 0.251 5.21 0.278
where(z), = z(z+1)---(x +n—1),(z)o = 1, and
Average shadowing | -0.115 0.161 0.126 10.1 0.835

£ (ren) = T'(n+m) b? " 2002 \"
n ) = 0wl | bo(boba — 02) |\ 2bgm + 2

10

5k

F(ntmntt, — 2 ) g
LT TS o 2bom + Q) )

With x = 0, the numerical results of (12) and (15) are exactlj"g’ of
the same, as expected. Nevertheless, (12) can be easily app?
to diversity systems, while (15) only holds for single antenn
receivers, and its extension to diversity receivers seems to
intractable.

The CF-based approach for the LCR of Loo’s model is nc
so convenient, a® s (w1, wy) in Loo’s model takes an integral
form, much more complicated than the closed-form expressit:
of our model in (13). For a slowly varying LOS, the following § ol e vaost it o

result is derived in [13] for Loo’s LCR, using the PDF-base(* " Monsured valves, hoavy Shadowng |

o Measured values, overall results . : : Lo
approach _30Hl — The proposed model N ]

—— Loo’s model

=20

ed signal relative to light-of-sigh

Nr(ren) B e TE S B B R B % we e 5w
2 o 2 Percent of time received signal is greater than ordinate
_ Ve (_rh) [TL [ (nz—p
B w2bo/do xp 2bg 0 Z xp 2d, Fig. 1. Complementary CDF of the signal envelope in a land mobile satellite
channel in Canada, under different shadowing conditions. Measured data [6],
22 ™/2 PinZ COS T Loo’s model [6], and the proposed model.
cexp| —— cosh| ——

2b0 Jo b[)

o ' ] from [42]. Loo’s parameters for light, average, and heavy shad-
{exp[~(ezsinz)’] + V/rezsin(z)erf(ezsin ) } du dz owing conditions, listed in the first, second, and fourth rows
(17) of Table Ill, have been used in several studies such as [35]
and [42]-[45], for system simulation, analysis, and performance
Y ) s ) prediction purposes. As we expect from the theorwalues in
Jo exp(—2?) dz is the error function, and Table 11l decrease as the amount of shadowing increases from
2 light to average and then to heavy. This empirical observation
B=bs=(b1/bo), = ==b1/(bov/2B). (18)  \erifies the key role of the Nakagami parameter in our model,
For any fading model, the envelope AFIy(r;,) is the av- discussed at the beginning of Section II, in modeling different
erage time period over whidR() stays below a given thresholdtypes of shadow fading conditions.

where cosh(.) is the hyperbolic cosine, €rf) = (2/\/7)

ren PEr unit time. Hencel'g(ry,) = 6”“‘ pr(r) dr/Ng(ryw), In Fig. 1, we have reproduced Fig. 1 of Loo’s original paper
wherepr(r) for the new model is given in (3). [6], using the parameters of the first three rows of Table lll. The
experimental data points of this figure have also been used by

i o the envelope complementary CDFs (CCDH;sfff,pR(z) dz, for
A. First-Order Statistics Loo’s PDF and our PDF, together with the empirical data points.
First, we consider two sets of published Loo’s parametehsterestingly, all of Loo’s curves and our curves are almost in-
(bo, 1, do) [6], [42], estimated from data collected in Canadaistinguishable, and both are close enough to the measured data,
These parameter values are listed in Table Ill, together with tfe different cases and channel conditions. These empirical re-
parametersgb,, m, Q) of the proposed model, computed usingults indicate the utility of our model for LMS channels. Also
(10) and (11). The parameters of the first three rows of Table Hbte the usefulness of the parameter transformation rules given
were originally reported in [6], while the fourth row is takenn (10) and (11), which gives almost perfect match between
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° I ’ T tion angle in a statistical LMS channel model is to derive empir-

: ' Lo ical expressions for the parameters of the envelope PDF in terms
e R of the elevation angle [7]. To demonstrate this procedure for our
' ' model, we have considered the experimental data published in
[47], also used in [7], and have derived the following relation-
ships by fitting polynomials over the rangé° < 6 < 80°:

bo(f) = —4.7943 x 107893 + 5.5784 x 107692

=)

|
o

L
S

—2.1344 x 107%0 + 3.2710 x 1072
m(f) =6.3739 x 107°6° + 5.8533 x 10~*4?

L
o

Data set 4

Received signal relative to line-of-sight value (dB)
®
o
T

—1.5973 x 10716 + 3.5156

Data set5 :

—— The proposed model
—%¥—_Loo’s model

|
n
a

T

Q(h) =1.4428 x 107°6% — 2.3798 x 10~°4*

W) S S S S S S S N R T N A X, +1.2702 x 10716 — 1.4864. (19)
0.01 0103 1 2 5 10 25 50 75 90 95 98 99 99.799.9 99.99
Percent of time received signal is greater than ordinate

The proposed PDF in (3), in conjunction with the above equa-
Fig. 2. Complementary CDF of the signal envelope in different land mobildONS, COmpose a hybrid statistical/empirical model. The empir-
satellite channels in the United States and Japan. Loo’s model [17], [18] and ibel and the theoretical CCDFs of the new model are plotted in
ENCEESEEHE | Fig. 3 for different elevation angles.

Loo's CCDFs and ours. The CCDFs for average shadowingh Second-Order Statistics
the fourth row of Table Ill are not included in Fig. 1 to leave the Now we compare the LCR and the AFD of the new model
other curves readable. However, as demonstrated in Fig. 2 of with the published data in [6], assuming a slowly varying LOS,
previous paper [46], Loo’s model and ours perfectly match fae., x = 0. Since the data of [6] are taken by a single antenna,
this case as well. we use (15) for calculating the LCR of the new model. The
As shown in Table Il, Loo’s model is also incor-AFD can be obtained by dividing the integral of (3) by the LCR.
porated in the structure of several mixture modelJo calculate the LCR, we need a model €g(7), which is the
including the Barts—Stutzman model [17] and the modautocovariance of the complex enveldpg). The spectral mo-
of Karasawaet al. [18]. These models can be signif-ments, then can be computed according,to= j—"Cg(%")(O).
icantly simplified if we replace Loo’s model with theln this paper, we consider the nonisotropic scattering cor-
new model. In [17, Figs. 1, 2, 6], four sets of parameterslation model C(r) = bolo([x? — Am?fscatter®z2 4

J max

(K[dB], u[dB], o[dB]) are given, measured in the United Statepinr cos(¢) f3catterr|l/2) /Iy(x), whereg € [—x, 7) is the

at different frequency bands and elevation angles. The correean direction of the angle of arrival (AOA) in the horizontal
sponding Loo’s parameters are listed in Table 1V, computgdlane, ands > 0 is the width control parameter of the AOA
according toby = (1/2)10-X[4Bl/10 ", — (In10/20)p[dB], [48]. This correlation model is a natural generalization of the
andvdy = (In10/20)c[dB]. On the other hand, based orClarke’s isotropic scattering model [48]. In fact, fer = 0,

the experiments conducted in Japan, one set of parametéggr) reduces tobyJo (27 fi2t'r), which is a common

(P, g[dB], m[dB], o[dB]) is given in [18, Tab. 1], where correlation model for satellite channels [49], whefg.) is

bo = (1/2)10P=[BI/10 = (In10/20)m[dB], and the zero-order Bessel function of the first kind. It is easy
Vdo = (In10/20)c[dB]. These values are listed in Table IVto verify that by = bo2x fic2tr cos(h)I1(k)/Io(k) and

as well. Corresponding to all these Loo’s parameters, the = bo2r2 (52t [Io (k) + cos(24) Io(k)]/ To(k).
parametergm, ) of the new model are calculated using (10) To compare the LCR of the new model with the data pub-
and (11). Based on the parameters of Table 1V, in Fig. 2, viished in [6], we took the parametet&y, m, ) for the light
have plotted the envelope CCDFs for Loo’s model and oand heavy shadowing conditions from Table IIl. By substituting
model. The close agreement between the two models, whiclhis above spectral momeritsandb, into (15) and minimizing
depicted in Fig. 2 over a wide range of signal levels, for sevetthle squared error betweé¥iz (1, )/ fic2ttr and the empirical
different sets of data collected at different places, frequenogrmalized LCR data points of [6], we then obtained estimates
bands, and elevation angles, is excellent. This strongly suppats) andx for both cases, i.e(¢, ) = (1.55, 9.96) for light
the application of the proposed model for LMS channels, asshadowing and¢, ) = (1.55, 24.2) for heavy shadowing. As
simple alternative to Loo’s model. Again we draw the attentioshown in Fig. 4, the LCR of the proposed model is close enough
of the readers to the key role of the parameter mapping rukesthe measured data. Using the parametéss i, dy) from
in (10) and (11), which allow us to conveniently use th&able Ill and the sam@p, ) as above, the LCR of Loo’s model
experimental results published in the literature, to calculate the(17) is also plotted in Fig. 4 for both light and heavy shad-
parameters of the new model. owing conditions. Similar to the very close match between the
As discussed in [7], a LMS channel model should be applECDFs of the two models in Fig. 1, the LCR of both models are
cable for awide range of elevation angles, under which the satedarly identical. As expected, we have the same situation for the

lite is observed. One way of incorporating the effect of the elevAFD of both models in Fig. 5. Therefore, the parameter mapping
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TABLE IV
Loo's PARAMETERS [17], [18], AND THE CORRESPONDING PARAMETERS
OF THE NEW MODEL, CALCULATED FROM (10) AND (11)
Loo’s model The new model
Data set
o, 0 Jd, b, m Q
1 -0.341 0.099 0.005 26 0.515
2 -0.528 0.187 0.0129 7.64 0.372
Data sets of Barts
and Stutzman [17]
3 -0.935 0.128 3.97x107° | 15.8 0.159
4 -1.092 0.15 0.0126 11.6 0.118
Data set of
Karasawa ct al. [18] 5 -1.15 0.345 0.0158 2.56 0.123
10°
g
15: 10' | -
g c
N 3
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Fig. 3. Complementary CDF of the signal envelope in a land mobile satelli
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iy 5. Average fade duration of the signal envelope in a land mobile satellite

channel for different elevation angles. Measured data [47] and the propog@@nnel with light and heavy shadowing. Measured data [6], Loo’s model [13],

model.
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and the proposed model (see Table Il for the parameter values).

rules given in (10) and (11) work well for the second-order sta-
tistics, as well as the first-order statistics.

To observe the utility and flexibility of the proposed model in
LMS system analysis, see [46], [50], and [51], where three types
of system performance evaluation are studied in detail: BER
calculation of uncoded and coded modulations with diversity
reception, interference analysis of LMS systems, and the LCR
after diversity combining.

V. CONCLUSION

In this paper, a new Rice-based model is proposed for land
mobile satellite channels, in which the amplitude of the line-of-
sight is assumed to follow the Nakagami model. We have shown
that this new model has nice mathematical properties; its first-
and second-order statistics can be expressed in exact closed
forms, and is very flexible for data fitting, performance evalua-
ion of narrowband and wideband land mobile satellite systems,

channel with light and heavy shadowing. Measured data [6], Loo’s model [1é?e,tc- Moreover, we have demonstrated that the proposed model
and the proposed model (see Table Il for the parameter values).

fits very well to the published data in the literature, collected


Highlight


526 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 2, NO. 3, MAY 2003

at different locations and frequency bands. A connection is alSince it is conditioned o = z andZ = z, the scalar variable
established between the parameters of the proposed model WiQW is a quadratic form of Gaussian variables, and we
those ofthe Loo’s model, which is a model widely used for satetan use the result given in [52] to calculate its characteristic
lite channels. Based on this connection, the parameters of thection E[exp(jo W1 QW)|Z, Z] as

new model can be easily derived from the estimated parameters )

of Loo’s model reported in the literature. This obviates the tagkjexp(jwu W' QW)|Z, Z]

of parameter estimation for the new model in cases where esti- _ . _

mated Loo’s parameters are available. We have also shown that — — exp(-ATEI - (I - j20%Q) 1A/2)
the parameters of the proposed model can be related to the el- det(I - j203Q)

evation angle. This allows the application of the model over a ] . ) ) ] )
wide range of elevation angles. wheredet(.) is the determinant anbis the identity matrix. For

w = 1 and by substituting\ andX from (A.1) into (A.3), and
after some algebraic manipulations, we obtain

(A.3)

APPENDIX
JOINT CF OF THE INSTANTANEOUS POWER )
AND TS DERIVATIVE O i(wi, wolZ, Z) =

1
]
Consider the narrowband stationary shadowed Rice model (2bow? — jwy)2? — j2woz + 2bowds?
R(t) = A(t)explja(t)] + Z(t)exp(jlo), with A(t), a(t), - €xp (- 9

and Z(t) as independent stationary Rayleigh, uniform, and

Nakagami processes. In this Appendix, we derive an eXPreSrerey — 1 4+ A(bobs — b2)w? — j2bow:. As demonstrated

%i([)er:(::();isiglju‘:;zs)’)]th\?vggirgt;(:; Of_S 2@?{; iefi|r;%e((il)|t;y in [40],]c Z and Z are independerz]nt variables. The lglfakagami
' - - PDF of Z is given in (1). For the Gaussian PDF 4f, we

is the instantaneous power. Since the value(pfdoes not have p (%) _g 2 2)(*2/% [-52/(202)], whereo? =
affect the envelope characteristics, we assufje= 0 to Q ZZ § ';h W_UZE 2 t'Xp thh Z[Zt’ _ e (;Z B_
simplify the notation, without loss of generality. Let us<‘%/(4m). Wi x = Z[Z<')] SX’Z .t?] (t) _ttdZ( >'dZ'y
define the inphase and quadrature componentt@) as averagmg@sns(wé{ “.’2| 173 ) in (A.4) with respec andz,
X (1) = A(t) cos[a(t)] + Z(t) andY () = A(t)sinfa(r)]. It V€ €ventually obtain (13).

is easy to verify thatd(¢) cos[a(t)] and Y (¢) are stationary

zero-mean correlated Gaussian processes, with the autocorre- ACKNOWLEDGMENT

lation functionRe[C'r(7)] and the cross correlation function The authors appreciate the input provided by C. Loo at Com-
Im[Cx(7)] [26], where Re[-] and Im[-] denote the real and mynications Research Center, Ottawa, ON, Canada, with regard
imaginary parts, respectively. Clearly, the time derivative @f reproducing the empirical curves in Fig. 1.

A(t) cos[a(t)] and Y (t) are stationary zero-mean correlated
Gaussian processes as well, since differentiation is a linear
operation. Hence, for a fixed instant of timend conditioned
onz = z andZ — %, the vectorW = [XYYX]T, with T as [1] \é\gs\i\io\{\éu,‘];ﬁgtig; communications,’Proc. |IEEE vol. 85, pp.
the transpose operator, is a Gaussian vector with the followingz; 3.v. Evans, “Satellite systems for personal communicatioRsgc.

mean vector and covariance matrix IEEE, vol. 86, pp. 1325-1341, July 1998.

[3] B.Belloul, S. R. Saunders, M. A. N. Parks, and B. G. Evans, “Measure-
4 ments and modeling of wideband propagation at L- and S-bands appli-
0 cable to the LMS channel Proc. Inst. Elect. Eng. Microw. Antennas
0
z

> (A.4)
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