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Abstract - Shadow fading causes random fluctuations of
the envelope mean a the mobile. The lognormal
distribution is widely accepted for this phenomenon. In
this paper we argue that, based on theoretical results
and measured data, gamma distribution does the job as
well. Then we show that by using the gamma
distribution and in contrast with the use of the
lognormal distribution, we can obtain easy-to-use and
closed-form composite PDFs for fading channels, which
in turn extremely simplify analytic calculations.

. INTRODUCTION

The mean of the signal envelope at the mobile station
(MS), the envelope averaged over a distance of a few
wavelengths, is a random variable due to shadow
variations generated by large terrain characteristics
between the base station (BS) and MS, like buildings
and hills in macrocells and vehicles in microcells. This
phenomenon is generally referred to as shadow fading
(slow fading). The probability density function (PDF)
of the envelope mean is widely accepted to be
lognormal [1, p. 87] [2, p. 59] [3] [4, p. 49] [5, p. 8] [6,
p. 88] [Par 92, p. 151] [8, p. 163]. While for multipath
fading (fast fading) numerous PDFs like Rayleigh, Rice,
Nakagami, Weibull, have been examined for
describing the data, it appears that there are no
comparative theoretical and/or experimental studies on
aternatives to the lognorma PDF for modeling shadow
fading. In this paper we show that based on theoretical
and experimental evidences, the gamma PDF is an
excellent candidate for describing shadow fading and
discuss numerous advantages resulting from this PDF.

II. THEORETICAL FACTS

The main justification for relating the lognormal PDF to
the envelope mean fluctuations is the multiplicative
model [3] [4, p. 51] [6, p. 89]. The applicability of this
model is quantified in [9] through Monte Carlo
simulations, which can aso be done using analytic tools
[10]. This model has been related to the physica
characteristics of the channel aswell [11].

On the other hand, theoretical arguments based on
scattering from random rough surfaces with fractal
slopes give rise to the gamma PDF for the local mean
[12] [13].

The cumulative distribution function (CDF) of a
lognormal random variable, when plotted in terms of
logarithmic values, appears as a straight line [5, p. 29].
Because of the ease of fitting straight lines to
experimental data, this common and ad-hoc graphical
method has often been used to check the validity of the
lognormal assumption for a given data set. For the
gamma random variable, however, we get dightly to
moderately convex curves instead of straight lines [14]
[15]. A look at graphical representation of the empirical
CDFs at MS versus the signal level in dB [4, p. 50] [7,
p. 152] reveals that curved linesfit at least as well asthe
straight lines to the mobile communication channel
data, and in some cases fit better. This suggests the
application of the gamma PDF for the mean of the
received envelope at the MS. The same issue has been
discussed, although generally overlooked, for the
distribution of the received power in VHF and UHF
tropospheric transmission [15]. Note that the above
qualitative discussion has strong mathematical support.
In fact, gamma and lognormal can closely approximate
each other [16, p. 196] [17] [18].

1. EXPERIMENTAL RESULTS

Narrowband inphase and quadrature component data
have been collected at f =910.25 MHz UHF carrier in
two different suburban areas [19]. We have selected
twelve envelope records form that database. Each
envelope sample has been computed according to
r=(i>+g?)¥?, where r is the envelope and i and ¢
represent inphase and quadrature components. In the
upper part of Figs. 1-4, four envelope records are shown
with the envelope means m=E[r] superimposed, while
the envelopes divided by the envelope means, i.e. r/m,
are plotted separately. Note that E denotes expectation.

The two important issues in calculating the envelope
local mean, i.e. the length of the window over which the



averaging should be done and the number of samples
within the window, are discussed in [1, pp. 509-514] [4,
pp. 114-117] [5, pp. 47-51] [7, pp. 214-220] [8, pp.
170-173] [20, pp. 367-371] [21, pp. 169-171]. Each
point of the envelope mean has been calculated by
averaging the envelope samples over a sliding window
of typical length [1, p. 514] 20A=20 c/f
=20(300/910.25)=6.6 m, where A is the carrier
wavelength and ¢ is the speed of light. The speed of the
mobile receiver was fixed at 6.7 m/s, so the length of
the sliding window is approximately 1 s. The sampling
frequency was 35156.25 Hz, so any two successive
samples are separated by 28 us, or 0.2 mm=0.57x10"
A<0.5\ [1, p. 514].

The lognormal PDF has the form:
1 —(Inm-p)?
: exp[ (Inm-y) }
V2rns?m 20
with E[m]=exp(u+c%2) and E[n?]= exp(2u+2c?). For
estimating the parameters u and o, natural logarithm of

m, i.e. In m, has been considered and p. and ¢ have been
estimated according to:

w=E[Inm], o= Vnm, o)

where V means variance. The gamma PDF has the form:

fL (m) =

)

_ 1 a-1.-mb
fG (m) - bar(a) m--e ! (3)

where T'(.) is the gamma function. In this case E[m]=ab
and E[n¥]=a(a+1)b? Therefore the parameters a and b
have been estimated directly from m based on the
following formulas:
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(4)

By equating the first and the second moments of
lognormal and gamma PDFs, we obtain the
relationships between u, o, a, and b:

a=[exp(c®) -1, b=exp(u+0°/2)exp(c*) -1, (5)

u=In[ab(l+1/a) **],6 = /In(Ll+/a) . (6)

Note that based on (5), a is a monotonically decreasing
function of c.

In Table I, estimated values of u, G, a, and b are listed
for al records. The dB values are computed based on
20 log m=(20/In10)In m=8.68 In m. So 6,,=8.68 ©.
Based on Table I, lognormal and gamma CDFs of 0011,
0013, 0018, and 0021 are shown in the lower part of
Figs. 1-4, together with the empirical CDFs.

As is expected from the theory [16, p. 196], when a is
not too small (o is not too large), lognormal and gamma
CDFs are close (lower part of Figs. 1, 2, 3). We can
also see good fit of both lognormal and gamma CDFs to
the empirical CDFs in those figures. The value of a (o)
for the record 0021 is small (large), so as can be seenin
the lower part of Fig. 4, the CDFs of lognormal and
gamma are not close. Moreover, none of them is
superior to the other one in terms of describing the
empirical CDF. Based on these observations (and also
those that are not reported in this paper), we can
conclude that for real data, gamma PDF can describe
shadow fading as well as the lognormal PDF.

IV. APPLICATIONS OF GAMMA PDF

Although lognormal and gamma PDFs are similar in
modeling real data, gamma is much superior to the
lognormal for analytic computations that arise in
connection with shadow fading. In fact, the
mathematical form of the lognormal PDF is such that
we cannot get closed-form and easy-to-use formulas for
many system calculations like average bit error rate
(BER) computations, effect of various diversity
schemes on average BERS, outage probability
calculations in the presence of multiple interferers,
coverage prediction, etc. in wireless channels with
shadow fading. In what follows, we show how clean and
closed-form PDFs can be obtained for multipath-
shadow fading channels, upon application of the gamma
PDF for shadow fading. Using these mathematically
tractable PDFs, the above mentioned system
calculations can be easily done in closed forms. It
should be noted that in the literature, lognorma PDF
has been assigned to various quantities other than E[r],

TABLEI

ESTIMATED VALUESOF |, G, &, AND b

u () a b

record #

0011 | 7.04 | 0540 (4.7) | 3.06 | 432
0012 | 6.89 | 0.321(2.8) | 824 | 126
0013 | 605 | 0.393(34) | 838 | 543
0014 | 743 | 0353(3.1) | 7.92 | 226
0015 | 506 | 0.259(2.2) | 153 | 10.6
0016 | 6.31 | 0.282(2.4) | 133 | 431
0017 | 6.15 | 0.405(35) | 6.25 | 819
0018 | 5.86 | 0.196(L7) | 281 | 12.7
0019 | 412 | 0220(19) | 311 | 201
0020 | 547 | 0196(L7) | 237 | 102
0021 | 554 | 0.815(7.1) | 1.09 | 336
0022 | 6.01 | 0.187(16) | 407 | 102




e.g. E[r?9/2, (2/m)Y?E[r], and E[r?F] [22]. So the gamma
PDF can be applied to all of them aswell.

Substitute for Rayleigh-lognormal PDF: The
Rayleigh PDF with lognormally-distributed power,
introduced by Hansen and Meno [23] (widely known as
the Suzuki PDF), is popular in modeling multipath-
shadow fading channels. Because of the complicated
integral form of this PDF, it is impossible to obtain
closed-form results for various system calculations.
Even fitting this PDF to real datais a difficult task. Now
let us replace the lognormal with gamma. Then the
Rayleigh PDF with gamma-distributed power yields the
K PDF [23], widely used in radar and optics literature
for describing random scattering from rough surfaces.
Because of the extensive application of the K PDF in
those areas, many results are available on the simulation
and parameter estimation for the K PDF. As an example
of the benefits obtained by replacing Rayleigh-
lognormal with K, we have shown that the average BER
of BPSK and BDPSK can be expressed cleanly in terms
of known mathematical functions [22]. Even for the
simple BER expression of BDPSK, average BER in the
presence of Rayleigh-lognormal PDF takes a very
complicated form [24]. Similarly, closed-form results
can be obtained for outage probability and diversity
computations, specially because the characteristic
function and moment generating function of K PDF
have convenient mathematical forms.

Substitute for Nakagami-lognormal PDF:. The
Nakagami PDF with lognormally-distributed power [1,
p.92] is very useful for modeling multipath-shadow
fading, because the flexible Nakagami PDF which is
mathematically convenient, includes Rayleigh PDF as a
specia case, closely approximates Rice PDF, etc. The
Nakagami-lognormal PDF has a more complicated
integral  form than the Rayleigh-lognormal PDF.
Interestingly, the Nakagami PDF with gamma
distributed power simplifies to athree-parameter K PDF
(the previous K PDF has two parameters and in fact isa
specia case of this three-parameter K PDF, because
Rayleigh is a specia case of Nakagami). Hence, many
link performance evauations for this very genera
composite PDF can be easily done in terms of tabulated
mathematical functions.

Substitute for lognormal-lognormal, lognormal-
gamma, and gamma-lognormal PDFs. Mouldey and
Vilar's lognormal-lognormal PDF [25] and Karasawa's
lognormal-gamma PDF [26], both useful for modeling
signal amplitude scintillation over different satellite
links [27] [28] can be replaced by the gamma-gamma
PDF. It is shown that the gamma-gamma PDF is
nothing but the easy-to-use three-parameter K PDF [29].
Note that both the lognormal-lognormal and lognormal-

gamma PDFs have complicated integral forms, and only
for the former an approximation is proposed [30],
which still is not suitable for analytic manipulations,
contrary to the K PDF. The gamma-lognorma PDF is
nothing but the Nakagami squared-lognormal PDF [1,
p.92].

V. CONCLUSION

The lognormal PDF has been widely accepted for
shadow fading, with only few alternatives proposed
againgt it, like the Nakagami PDF [31]. In this paper we
have shown that based on theoretica facts and
experimental results, shadow fading can be modeled by
the gamma PDF as well as the lognorma PDF. In this
way, for fading channels, we obtain closed-form PDFs
which significantly simplify system analysis and design
issues. The modified Bessel function of the second kind
and order v, K (.), which is the core of those PDFs, also

appears in other propagation-related PDFs [32] [33].

In addition to the inconvenient mathematical form of
lognormal, this PDF cannot be identified uniquely from
its moments [34] [35]. This fact may or may not affect
the utility of lognormal PDF.

Lognorma PDF has been found suitable for multipath
fading (i.e., fast fading over local areas) in indoor
channels [36]. According to the approximate
equivaence of gamma and lognormal, we may use the
gamma PDF for the same purpose. A theoretical
explanation of the gamma PDF for the envelope in
propagation environments with random number of paths
and nonuniform phase distributionsis given in [37].

ACKNOWLEDGMENT

We would like to express our gratitude to Prof. H. Allen
Barger at the Dept. of Elec. Eng., Univ. of Texas at
Tyler, for providing us with the data. His support and
patience in answering our questions and resolving our
problemsis gratefully acknowledged.

REFERENCES
() G. L. Sube, Prindples of Mobile Communication. Bogton,
MA: Kluwer, 1996.

(@ A. Mérara Cdluar Radio Peformance Enginegring.
Bogon, MA: Artech House, 1994.

(3 H. Hashemi, “Theindoor redio propegation channd,” Proc.
IEEE, vdl. 81, pp. 943968, 1993.

(4) G.C.Hess Land-Mahile Radio Sygem Enginesring. Bogon,
MA: Artech House, 1993.



® W. C Y. Lee Mabile Communications Dedgn
Fundamentals 2nd ed., New Y ork: Wiley, 1993,

(6) M. D. Yaooub, Foundations of Mahile Radio Enginesring.
BocaRaton, FL: CRC, 1993.

(7) J D. Parsors, The Mohile Radio Propagation Channd. New
York: Wiley, 1992.

(® R Sede Ed., Mohile Radio Communications New York:
|EEE Press 1992.

9 A.J Codsn, A. G. Williamson, ad R. G. Vaughan, “A
datidicd badsfor lognormd shedowing effectsin multipeth fading
channds” IEEE Trans Commmun,, val. 46, pp. 494-502, 1998.

(10) A. Abdi, H. Hadhemi, and S Neder-Effahani, “On the PDF of
the sum of random vectors” to be published in IEEE Trans
Commun..

(1) C. Chrysathou ad H. L. Betoni, “Vaidhlity of sector
avaraged dgnds for UHF propagation in dties” IEEE Trans
Vehic. Techndl., val. 39, pp. 352-358, 1990.

(12) E Jekamen, “Fesnd scateing by a ocorrugated random
sufacewithfractd dope” J. Opt. Soc. Am, val. 72, pp. 1034-1041,
1982,

(13) E Jkeman, “Scattering by a corrugated random surface with
fractd dope” J. Phys A Math. Gen,, val. 15, pp. L55-L59, 1982

(14 P. Sveling, “Redar probebility of detection for some
additiond fluduating target ceses” IEEE Trans Aerogpace
Hedronic S, val. 33, pp. 698-709, 1997.

(15 M.M. Sddigui and G. H. Wess “Familiesof digtributionsfor
hourly median power and indantaneous power of recaived redio
sgnds” J. Res NBS- D. Radio Propagat., val. 67D, pp. 753-762,
1963.

(16) N. L. Johnson and S Koz, Didributions in Satidics
ContinuousUnivariate Didributions. New Y ork: Wiley, 1970.

(17) J R dak and S Kap, “Approximations for lognormelly
fading opticd Sgnds” Proc. IEEE, val. 58, pp. 1964-1965, 1970.

(18) M. Ohtaand T. Koizumi, “Intensity fluctuation of sationary
randomnoise containing an arbitrary Sgnd wave” Proc. IEEE, val.
57, pp. 1231-1232, 1969.

(19 H. Allen Barger, “Dynamic characteridtics of a narronband

lanrd mobile communication channd,” IEEE Trans Vehic.
Techndl., val. 47, pp. 216-224, 1998.

(20) W.C.Y. Les Mdhile Cdlular Tdecommunications S/dems
New Y ork: McGraw-Hill, 1989.

(2) W. C. Y. Les Mohile Communications Enginesring. New
Y ork: McGraw-Hill, 1982.

(22 A. Abd and M. Kaveh, “Comparison of DPSK and MK hit
aror raes for K and Rayleighognormd fading digributions” in
preperation.

(23 A. Abd ad M. Kaveh, “K digribution: an gopropriate
aubditute for RayleighHognorma digtribution in fading-shedowing
wirdesschannds” BElectron. Lett., val. 34, pp. 851-852, 1998,

(24) D. Cygen, “Ardlyticd evauation of average bit aror rate for
the land mobile satdlite channd,” Int. J. Sat. Cormun, val. 7, pp.
99-102, 1989.

(25 T. J Moudey ad E. Vilar, “Expeimentd and theoreticd
ddidics of microwave arplitude santillaions on satdlite down
links” IEEE Trans Antennas Propaggt., vdl. 30, pp. 1099-1106,
1982,

(26) Y. Karasawa, K. Yaskawa, and M. Yameds, “Tropogpaic
sdntillation in the 14/11-GHz bands on earth-gpace paths with low
devaion anges” |EEE Trans Antenas Propagat., val. 36, pp.
563-569, 1938.

(27) M. S Alauini, S A. Borgamiller, and P. G. Seffes “Channd
charatteriztion and modding for Kabend very smdl goarture
teminds” Proc. |EEE, vdl. 85, pp. 981-997, 1997.

(28) C.E Mayer, B. E Jeagr, R K. Crang, and X. Wang, “Ka
band sdintillations Mesaurements and modd predictions” Proc.
IEEE, val. 85, pp. 936-945, 1997.

(29) D. J Lewingki, “Nondationary probehilidic target and dutter
scatering modds” 1EEE Trans Antennas Propagat., val. 31, pp.
490498, 1983,

(30) O. P. Bajo ad E. Vilar, “Messurament and modding of
amplitude sdntillaions on lon~devaion eathr-gpace paths and
impact on communicaion sysems” |IEEE Trans Conmun, val.
34, pp. 774-780, 1986.

(3D) S AunAbbasand A. U. Shekh, “Onunderganding the nature
of dow fading in LOS microodluar channds” in Proc. IEEE
Vehic. Technal. Conf., Phoenix, AZ, 1997, pp. 662-666.

(32) D. Middeton, “New physcd-ddigicd modds and methods
for dutter and reverberation: KA-digribution,” in Proc. 1EEE Irt.
Symp. Inform Theory, Cambridge, MA, 1998, p. 30L

(33 L. C. Andreans and R. L. Philips “I-K didribution as a
universal propagetion modd of leser beams in amospheric
turbulence” J. Opt. Soc. Am A, val. 2, pp. 160-163, 1985.

(34 R Baaka, “Qums of independent lognomdly digtributed
randomvaiades” J. Opt. Soc. Am, val. 66, pp. 211-216, 1976.
(35 J W. Sronben, T. Wang, and J P. Soeck, “On the
probebility disribuion of lineof-sght fluctuations of opticd
sgnds” Radio ., val. 10, pp. 59-70, 1975.

(36) H. Hashemi, “Impulse reponse modding of indoor radio
propagaion channds” IEEE J. SHet. Areas Comrrun,, val. 11, pp.
967-978, 1993.

(37) A. Abd ad M. Kaveh, “Erveope PDF in multipeth fading
chands with random number of paths and nonuniform phese
digributions” in Wirdess Personad Commmunications Emerging
Technologiesfor Enhanced Commmunications W. H. Tranter, T. S
Rappaport, B. D. Woemne, and J H. Read, Eds, Bogon, MA:
Kluwer, 1999, pp. 275-282.



Record #0011

80 T T

Al A AR A B "'AT | Mt e
al W Y'” 'mﬂ W""r‘“vl‘r’m A 1(‘( m\m

401

=
S

20logof r, m, and r/m
~
S

-60 I I I I I I
0 3 5

time[seconds]

o
3
T

Prob(m < abscissa)
o o
~ >
T T

0.2

1
45 50 55 60 65 70 75
20logm
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Lower— empirical & gamma (solid), lognormal (dashed)
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