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In this paper we present theoretical data in support of the unified indoor geolocation channel model namely: path loss
and multipath distribution models. First, the path loss model is currently accepted to be a function of the transmitter
and receiver geometry and frequency of operation. Second, the most widely used and accepted indoor channel
multipath distribution models are Nakagami with m degrees of freedom, Rayleigh, Rician, and lognormal. The
purpose of this paper is twofold: to provide a better interpretation of the sets of theoretical data for the indoor channel
model; and, to explain the lack of fitting of the well-known multipath distribution models from the previous
measurement data sets reported in the literature; thus, providing support for the unified indoor channel model theory.

The unified path loss model consists of an approach for linking together the path loss models of the three
geolocation systems (macro-cellular, microcellular, and indoor) with the distance between the transmitter and receiver,
R, and the frequency of operation, /. The path loss caused by the increase of the transmitter receiver distance is much
more severe than the path loss caused by the increase of the frequency of operation. The bottom line here is that we
need to design future receivers or propose a signal structure! that will account for 40 to 80 dB of signal degradation
indoors.

The unified multipath distribution consists of a linear transformation of the well-known multipath distribution
models such as Nakagami with m degrees of freedom, Rayleigh, Rician, and lognormal. While it is rather straight
forward to prove the unified geolocation multipath distribution model when only the contributing individual
distributions are Rayleigh, Rician, and lognormal, if we assume that we have a fourth distribution such as Nakagami
with m degrees then the process is not straight forward any more. We will investigate this and report the results in the
future.

The main purpose of the unified multipath distribution model is to enable the calculations of reflections’ gain.

Assuming that the channel is composed of individual distributions such as Rayleigh, Rician, and Lognormal we have
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perform reflection gain calculations.
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From the theoretical data it appears that reflections with gain either 3, or 4, or 5 dB or higher are on the order of

either 2.6, or 1.3, or 1.4 occurrences out of either one minute, or three minutes, or one hour. On the other hand,

reflections with gain either 6 or 7dB or higher are of the order of 1 out of either three days or ~12 years. And this is

the most important conclusion of this work that for simulation or implementation purposes we should never consider

reflections with gains up to 7 dB greater than the LOS gain.

Index Terms—Unified, Rayleigh, Rician, Lognormal, reflections, multipath, macro-cellular, microcellular, indoor,

path loss analysis, multipath analysis.

1 Introduction

In the past we have proposed a theory for the unified
geolocation channel models [1]-[4]. Our unified geolocation
channel model theory was based on the extensive research in
this area, the majority of which is presented in [1], [2].

The unified geolocation channel model consists of two
models: the path loss model and the multipath distribution
model.

The path loss model consists of a relationship of the path gain
with the transmitter receiver distance and the frequency of
operations. It is suggested [1]-[3] that the path loss gain factor
is inversely proportional with the nth power order of the
distance between the transmitter and receiver. Typical values of
n range from 2-6. We will call n the transmitter receiver
index. Obviously for open air or outdoor geolocation systems
the transmitter receiver index n is equal to 2 and for severe
indoor geolocation systems the index n has higher values close
to 6. Although higher values of n may also be observed we will
assume that for the purposes of this research typical values of
the transmitter receiver index n is close to 6. As reported in our
investigation the path loss caused by the increase of the
transmitter receiver distance is much more severe than the path
loss caused by the increase of the frequency of operation. The
bottom line here is that we need to design future receivers or
propose a signal structure’ that will account for 40 to 80 dB of
signal degradation indoors.

While the first model denotes the line-of-sight (LOS) value
of the path-loss gain, typically other paths are also observed
[1]-[4]. Therefore, there is a need for a multipath distribution
model. Although there are many elements in the multipath
distribution model such as the path gain distribution, the inter-
arrival times, and the path phase’ distribution, or the number of
observable paths distribution the most important of all these are

two: the path gain distribution and the number of observable

path distribution.

The main idea in this paper is to come up with a reasonable
number of the path gains of the observable paths based on
known distributions. In the process of doing all these we also
provide a thorough discussion of the unified geolocation
multipath distribution model. The purpose of this model is
twofold: to provide the framework for reconciling the entire
known or unknown multipath distribution models; and, to
enable a procedure for providing reasonable bounds on the
values of the path gains of the observable paths.

In summary this procedure will provide sufficient
information on the completeness of the multipath model for all
geolocation systems.

While it is rather straight forward to prove the unified
geolocation multipath distribution model when only the
contributing individual distributions are Rayleigh, Rician, and
lognormal, if we assume that we have a fourth distribution such
as Nakagami with m degrees then the process is not straight
forward any more. As indicated in the theoretical derivation it
appears that obtaining the Nakagami with m degrees of
freedom parameters is not straightforward from the mean and
variance values of the composite distribution. We will
investigate this and report the results in the future.

The paper is organized as follows. First, we describe the
unified LOS path-loss (gain) model. Second, we present the
unified multipath distribution model. Third we perform
observable path-loss gain computations. Fourth we provide the
numerical, theoretical results. Fifth, we provide the conclusion.

From the theoretical data it appears that reflections with gain
either 3, or 4, or 5 dB or higher are on the order of either 2.6,
or 1.3, or 1.4 occurrences out of either one minute, or three
minutes, or one hour. On the other hand, reflections with gain
either 6 or 7dB or higher are of the order of 1 out of either three
days or ~12 years. And this is the most important conclusion of
this work that for simulation or implementation purposes we

should never consider reflections with gains up to 7 dB greater
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than the LOS gain

2 Unified LOS Path-loss (Gain) Model

The unified path loss model consists of an approach for linking
together the path loss models of the three geolocation systems
(macro-outdoor, micro-outdoor, and indoor) with the distance
between the transmitter and receiver, R, and the frequency of
operation, /. Although there are several parameters that affect
the power loss factor, we consider R and f'as the most important
parameters for two reasons. Most of the geolocation systems
discussed in [1], [2] are based on a direct measure of the time
of travel; i.e., distance between the transmitter and receiver.
The frequency of these systems varies; hence, the path loss
factor varies as a function of the frequency as well. The unified

path loss equation is given by:

QIR(D), f1= Qo + 10ml0g,o 7 + 10mlogy, 22 + N (0,0) (1)

where Qo = Q(Ry, fo) is the path loss corresponding to the
frequency f, and distance R, and N(0,0) is a normal

random variable.

3 Unified Multipath Distribution Model

Let us assume that we have three multipath distribution models:
Lognormal, Rician, and Rayleigh.

Let f;(ay) denote the multipath distribution model, which
for the macro-geolocation systems (i =1) (lognormal
distribution), for the micro-geolocation systems (i = 2)
(Rician distribution), and and for the indoor geolocation
systems (i = 3) (Rayleigh distribution).

Let f(ai) denote the unified multipath distribution model.

Let r and n; be defined as follows:

r=aq,and 0<n; <1 2)
subject to
Yiim=1 3)

According to the unified distribution channel model f{r) can
be written as [1], [2], [4]

f@) =Eianfi(r) “

In [1], [2], [4] we provide four theorems that enables the
validity of this distribution expansion.
However, here we explain the usefulness of the unified

geolocation multipath distribution channel model which is
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twofold:

1. To provide the framework for all the available multipath
distribution channel models;

2. To enable the computation of observable path gains.

To illustrate the first goal, we consider three known
multipath distributions: Lognormal, Rician, and Rayleigh and
the resulting composite distribution with p, = 0.6 and o, =
0.0626 and n = {0.25,0.35,0.4}.

Other distributions are proposed such as Nakagami with m
degrees of freedom [5], [7].

Let assume that R is a random variable, whose probability
density function is Nakagami, is given by [8]-[10]:

>
) » 720 (5)

0, r<o0

U _k 2
H) - r@r-De7y"

iy =206

with shape parameter p > 0.5 and scale parameter w > 0,
where
L) = [y x""e™ dx,u >0 (6)

The Nakagami

determined from [§]

u>05 and w >0 parameters are

w = E[R?] andu=M (7)

Var[R?]

The expected value, E[R], of the random Nakagami variable
R is given by (see Appendix A and B for complete derivations)

[, [12]
E[R] = J%—F(‘”f) (8)

r(w

The variance, Var[R], of the random Nakagami variable R
is given by (see Appendix A and B for complete derivations)

(11, [12]

Var|R] = w [1 — M] ©)

ul'2 ()

It is rather simple to obtain numerical values of the mean and
the variance knowing u > 0.5 and w >0 parameters.
However, in order to apply the unified multipath distribution
model theory, we need to determine the parameters yu > 0.5
and w > 0 from the mean and the variance values which is
rather difficult in a closed form expression.

If we assume that m = p > 0.5 is an integer than we obtain
the probability density function of the Nakagami with m
degrees of freedom is given by:

r=0 (10)

o, r<o0

m m
m 1 _ _m.2
_) _r(Zm 1)6 o ,

fR(T) = 2 (w r(m)
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From where we obtain the mean [11]
ml
B o s
T \m r(m) - m (m—-1)! -
and the variance as

Var[R] = w [1 —lm] =w [1 —ﬂm(m_%) ] (12)

m T2(m) m

Tmw (mn: %) (11)

Nevertheless, if we assume that such an algorithm will be in
place from where we will be able to determine m > 0.5 and w
from the computed mean and variance we can utilize the unified
multipath probability density function. We only illustrate the
logic below.

In order to account for another distribution our unified

multipath distribution channel model, f(r), can be modified as

follows:
f@) =Xinfi(r), —o <r<o (13)
subject to
tn=1,0<n<1 (14)

Simply by changing the values of n; we can obtain an
infinitely more number of distributions among the Nakagami
with m degrees of freedom, Lognormal, Rician, and Rayleigh
than Nakagami with m degrees of freedom alone; and
therefore, there is a much higher chance that the actual,
measurable multipath distribution which does not fit well the
Nakagame with m degrees of freedom distribution may fit
well the unified geolocation channel model expanded among
the Nakagami with m degrees of freedom, Lognormal, Rician,
and Rayleigh.

Future measured data will show the validity of this claim.
The following section illustrates the computation of the

observable paths.

4  Observable Path Gain Computationsti

Let assume that a is the path gain which fits a Rayleigh
distribution given by its probability density function (pdf)

a _1(2)2
fal) = |z€ *¥, a0 (15)
0, a<o0
and its cumulative probability distribution function (cdf)
1/a\2
Fa@) = [°, fi)dx = 1 - 720 (16)

where A is the parameter.

The LOS path gain is the expected value of the distribution
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which is given by

05 = Ela] = 7, afy@da = [} (17)
The probability that the path gains; i.e., the NLOS gains will

be smaller or equal to the LOS gain is equal to

Pla < aps]

—1—e71=05441
= Fy(apos)

(18)

ANLos<LOS = |

In other words, the probability that the NLOS path gains is
greater than the LOS path gain is

Pla > a;ys] _m
aANLOS>L0S = |= 1— FA(IZZZS) =e +=0.4559

(19)

Let us assume that there exists a first reflection that has a
gain of 3dB greater than the LOS gain. The probability that the

path gains will be smaller than this gain is

Pla < 3dBays]
1992z = 0.9561 (20)
Fylaps) =1—e =

ANLOS<3dBLOS =

On the other hand, the probability that the NLOS path gain

will be greater than the 3dB path LOS gain is

Pla > 3dBays]
1992 = 0.0439 (21)
1-Fplas) =€+

ANLOS>3dBLOS =

If we were to convert this number in minutes, we get 2.6
occurrences out of one minute. However, in order to get a better
number for the observable path gain reflections we consider the

following case. If we assume that the NLOS path gain will be

greater than the 5dB path gain above the LOS path gain than
that probability is

Pla > 5dBas]
10m = 3.8820e7*

22
1—Fylas) =e =+ -

ANLOS>5dBLOS = ‘

This event occurs once in one hour. Again, by the same
token assuming a NLOS path gain greater than the 7dB path
gain above the LOS path gain than that probability is

Pla > 7dBayys]
1ot4r = 2.7046e7° (23)
1-Fy(ags) =e

ANLOS>7dBLOS =

The occurrence of this event is one out of twelve years.
Similarly, it can be shown that the occurrence of an event for
which the NLOS path gain will be greater than the 8dB path

gain above the LOS path gain is one out of 107 years.

5 Numerical, Theoretical Results

Preliminary numerical, theoretical results section contains the

first set of simulation results of: (1) indoor geolocation system
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FIGURE 1: Unified path loss (dB) for a typical indoor
geolocation system as a function of: (a) distance (m) and (b)

frequency (GHz) and o = 1.
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FIGURE 2: Unified path loss (dB) for a typical micro
geolocation system as a function of: (a) distance (m) and (b)

frequency (GHz) and o = 2.
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14

I I

Lognormal pdf
6 —e— Rician pdf
-+ Rayleigh pdf

N Composite pdf
N

0 0.1 02 03 04 0.5 0.6 0.7 0.8 0.9 1

pfd
+—

o
®

L
f Lognormal cdf

=&~ Rician cdf

« ]
0.4 T -
| = Rayleigh cdf
02 4] " Composite cdf
2 Lt ‘ - ‘

0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1

Path gain a,

k1

cdf
%
B
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Lognormal, Rician, and Rayleigh fading channel for y, = 0.6
and o, = 0.0626 and n = {0.25,0.35, 0.4}.
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FIGURE 5: The cdf and pdf of a Lognormal, Rician, and
Rayleigh fading channel for y, = 0.6 and g, = 0.0626.

path loss; (2) micro geolocation system path loss, (3) macro
geolocation system path loss, and (4) computation of the

unified multipath distribution model.

5.1 Indoor geolocation system path loss

In this subsection we present, numerical results of the indoor
geolocation system path loss using the exact closed form
expression found in this paper and in Progri 2007 [1] and 2003
[2].

Figure 1 (a) illustrates the indoor geolocation system path
loss for values of R ranging from 1 to 100 m, distance index of
n={2,3,4,5,6} and Ao = 1. At 10 m distance between the
transmitter and receiver the observed LOS path gain
degradation ranges from —20 dB to —60 dB. At 100 m

Journal of Geolocation, Geo-information, and Geo-intelligence

however, these changes are in the range of —40 dB to —120
dB.

Figure 1 (b) illustrates the indoor geolocation system path
loss for values of franging from 1 to 10 GHz, frequency index
of m={21,2.2,23,24,25} and Bo=1. At 2 GHz
frequency the observed LOS path gain ranges from —4.8 dB to
—7 dB. At 10 GHz however, these changes are in the range of
—20 dBto —25 dB.

Although the data presented here is not new, the
interpretation of the data is new in the context of tying in our
data with our ongoing research. The path loss caused by
increase of the transmitter receiver distance is much more
severe than the path loss caused by increase of the frequency of
operation. The bottom line here is that we need to design future
receivers or propose a signal structure that will account for 40

to 80 dB of signal degradation indoors.

5.2 Micro geolocation system path loss

In this subsection we present, numerical results of the micro
geolocation system path loss using the exact closed form
expression found in this paper and in Progri et al. 2007 [1] and
2003 [2].

Figure 2 (a) illustrates the micro geolocation system path loss
for values of R ranging from 100m to 1 km, distance index of
n ={2,3,4,5,6} and Ao = 1. At 300 m distance between the
transmitter and receiver the observed LOS path gain
degradation ranges from —80 dB to —100 dB. At 1 km however,
these changes are in the range of —90 dB to —130 dB.

Figure 2 (b) illustrates the micro geolocation system path
loss for values of franging from 1 to 10 GHz, frequency index
of m=1{21,2.2,23,2.4,25} and Bo=1. At 2 GHz
frequency the observed LOS path gain ranges from —74 dB to
—80 dB. At 10 GHz however, these changes are in the range of
—85 dB to —95 dB.

Although the data presented here is not new, the
interpretation of the data is new in the context of tying in our
data with our ongoing research. The path loss caused by
increase of the transmitter receiver distance is much more
severe than the path loss caused by increase of the frequency of

operation.

5.3 Macro geolocation system path loss

In this subsection we present, numerical results of the macro
geolocation system path loss using the exact closed form

expression found in this paper and in Progri et al. 2007 [1] and
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2003 [2].

Figure 3 (a) illustrates the macro geolocation system path
loss for values of R ranging from 1 km to 11 km, distance index
of n={2,3,4,5,6} and o = 1. At 3 km distance between the
transmitter and receiver the observed LOS path gain
degradation ranges from —150 dB to —170 dB. At 11 km
however, these changes are in the range of —166 dB to —220
dB.

Figure 3 (b) illustrates the macro geolocation system path
loss for values of franging from 1 to 10 GHz, frequency index
of m ={2.1,2.2,2.3,2.4,2.5}and ¢ = 1. At 2 GHz frequency
the observed LOS path gain ranges from —145 dB to —148
dB. At 10 GHz however, these changes are in the range of
—160 dBto —165 dB.

Although the data presented here is not new, the
interpretation of the data is new in the context of tying in our
data with our ongoing research. The path loss caused by
increase of the transmitter receiver distance is much more
severe than the path loss caused by increase of the frequency of

operation.

5.4  Computation of the unified multipath distribution
model

In this subsection we present, numerical results of the unified
multipath distribution model using the exact closed form
expression found in this paper and in Progri et al. 2007 [1] and
2003 [2].

Figure 4 illustrates the fact that the composite cdf and pdf
which contains a Lognormal, Rician, and Rayleigh fading
channel for p, =06 and o,=0.0626 and n=
{0.25,0.35,0.4}.

Let’s assume that the multipath distribution is either
Lognormal or Rician.

Figure 5 shows the pdf and cdf of the Lognormal, Rician,
and Rayleigh for the same mean p, = 0.6 and standard
deviation ¢ = 0.0626. If we assume that the first reflection
path gain is 3 dB higher than the LOS path gain which is 0.6
then that gain will be 1.972 which is greater than 1. For these
gains both Lognormal and Rician distributions are under the
Rayleigh distribution, which means that the tale probability that
the NLOS path gain is greater than 3 dB than the LOS path gain
is the smallest for the Lognormal distribution and the largest for

the Rayleigh distribution; i.e., the following will hold
Pla > 7dBays]
1014y = 2.7046e7° (24)
1-Fy(aps) <e =

ANLOS>7dBLOS =

15

and this is the reason why the Rayleigh distribution is

considered the most severe multipath distribution.

6 Conclusions

In conclusions we have revisit the unified geolocation channel

model and have arrived at the following conclusions:

1. The unified path loss model to an extent represents the
complete path loss model for all available geolocation
systems. The bottom line here is that we need to design
future receivers or propose a signal structure that will
account for 40 to 80 dB of signal degradation indoors.

2. The unified multipath distribution not only presents the
complete multipath distribution model but also provides
the framework for all the computations required for
observable path gains. However, one of the limitations is
the ability to obtain specific distribution parameters such
as in the case of Nakagami with m degrees of freedom from
the mean and value of the distribution resulting from the
actual measurements. While Nakagami distribution may be
a great distribution for power fading it is probably not a
good distribution for gain fading for the reasons presented
in the paper.

3. From the theoretical data it appears that reflections with
gain either 3, or 4, or 5 dB or higher are on the order of
either 2.6, or 1.3, or 1.4 occurrences out of either one
minute, or three minutes, or one hour. On the other hand,
reflections with gain either 6 or 7dB or higher are of the
order of 1 out of either three days or ~12 years. And this is
the most important conclusion of this work that for
simulation or implementation purposes we should never
consider reflections with gains up to 7 dB greater than the
LOS gain.

We are in lookout for experimental data to validate our
models and also other distributions such as Weibull. Another
approach could be that we modify our unified geolocation
multipath distribution model to enable power calculations as
opposed to gain calculations. This is also something that we
will investigate and propose a new unified power multipath
distribution model.

Since 2007 when this paper was originally presented a lot
has occurred [13]. Although, this paper lacked a lot of
mathematical background found in [13], it served as the bridge
between the research that was initially published prior to 2007
[1]-[4], [15], [16] and the research that was published after



16
2007 [13].
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8 Appendix A: Derivation of Nakagami
Distribution Mean and Variance

Because many book or articles do not derive the expected value

(or the mean) and variance of the Nakagami distribution [1] [12]
we provide a complete derivation of these two important

statistical parameters.

From the definition of the expected value we have [10]

_K.2
/’-f;orr(z“_l)e o dr

N — 13
E[R] = [ rfa(r)dr = 2(%) o (25)
First, making the substitution x = r? we obtain
w e p-t By
_(r o X Ze widx
ER] = (&) 2 (26)

Second, making the substitution y = %x yields
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From where we obtain the final result which is also shown in

(8) [11, [12]
o (ntg)
E[R] = \/% (0

Since we know the mean value, we can derive the variance,
Var[R], from the definition [1], [12]
Var[R] = E[R?] — (E[R])?

(28)

29)

The second moment, E[R?], can be obtained using a similar
expression from the first moment leaving the details to the
reader we obtain:

E[R?] = (2) Fw+1) _ (Q) AN (g)# _

u/ T(w w/ T(w) u

(30)

Hence, the variance, Var[R], can be obtained from [1][12]

Var[R] = w — o (k) =w [1 - —FZ(M%)] (€2))

w T2(w) ur2(w)

In general it can be shown that the Ath moment of the
Nakagami distribution is equal to

E[R¥] = (ﬂ)gr(”_%)

uw/ T (32)

This concludes the derivations of Nakagami distribution

mean, variance, and its kth moment.

9 Appendix B: Derivation of Inverse Nakagami
Distribution

In order to apply the unified multipath distribution theory we
need to derive the inverse Nakagami Distribution. Since, this
does not exist in any of the textbooks then it is even more useful
to produce this information here.

Let assume that R is a random variable, whose probability

density function is Nakagami, is given by [8]-[10]:

w1 eu-1) ,—Er
fa(r) = 2(%) e, T=0

0, r<o0

(33)

i Signal structure is the arrangement of and relations between the parts or
elements of the signal. Signal design is the plan or drawing produced to show
the look and function or workings of the signal structure before it is produced
and transmitted from the satellite or transmitter.
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Next, we define the transformation W = g(R) = R™! then

the resulting transformation is

fuw) = fa(g7 W) |- g7 (W) (34)

The final expression of the Inverse Nakagami Distribution is

7
—Qu+1) oW 2

p\* 1
Z) — >
frw) = |2 %) r W w20 35
0, w<0
The cdf of the Inverse Nakagami Distribution is
Fyw) = [7, f(x)dx (36)

Leaving the details to the readers we can obtain the final

expression of the cdf of the Inverse Nakagami Distribution as

F(u'%w_z) >0
Fy(w) = rw ’ W= (37)
0, w<0

Next, he mean and the variance of the Inverse Nakagami
Distribution are as follows:

I
E[W] — 2_% fO uP2eUaqy — (n = \/%) F(ﬂ_%)

u () r'(p) (38)

The second moment, E[W?], can be obtained using a similar
expression from the first moment leaving the details to the

reader we obtain:

21— 2= _ 5 1
EWS =S =T (39)
Hence, the variance, Var[W], can be obtained from
_.2_1 _ .2 FZ(”_%) _ 2| 1 FZ("_%)
VarWl=n" o= =g =1 [im rw | @O

In general it can be shown that the Ath moment of the Inverse
Nakagami distribution is equal to

er(e3)

E[W¥]=n )

(41)

This concludes the derivations of Inverse Nakagami

distribution’s pdf, cdf, mean, variance, and its kth moment.

il There were a number of errors in this section which have been revised in
this publication from the original publication in Progri et al. 2007 [1].

V' A recursive solution may be employed to produce the desired u and w
from E[R] and Var[R].
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