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I. Introduction

Stochastic processes are completely described in terms of n-th order statistics [1,10,12). To
more accurately model the radio channel in manufacturing environments, it is desirable to
determine second order statistics for the channel impulse response. The primary statistics
previously determined [2,15] have shown the average number of multipath components in
factories as well as the large scale signal amplitude distribution at various excess delays. These
statistics are an important part of the channel model as they provide a method for predicting
signal strengths and delay spreads for random locations. Iowever, they are not enough to
describe the relationship between sigﬁals over time and space within a local (small scale) area.

In this report, we investigate the secondary statistics of indoor radio channels in the factory
environment for small scale areas. Once secondary statistics are known, it is important to know
how they may be incorporated into a statistical model. Under the assumption that multipath
signal amplitudes are jointly log-n;)rmally distributed over space and time, application of
correlation into a statistical model is-presented. In addition, the distributions of received power
within a particular excess delay interval are examined for both global and local areas.
Conditional probabilities of path occupancy are presented which show the effect power control
will have on indoor radio systems. In this report, the term multipath signal or multipath
component rtefers to the power or voltage received over a 7.8 ns time interval. The models
developed in this report are based upon empirical measurements made with a probing pulse
[2,3,4].

This interim report presents analysis towards the development of channel models for indoor
factory radio communication channels. The work is being conducted on the campus of Virginia
Polytechnic Institute and State University as research grant number 88-1861-06, which was

awarded by Purdue University as CIDMAC subcontract number 0440670A in August 1988.



This report constitutes deliverables 3 and 4 of the subcontract. This grant is supporting two

Electrical Engineering graduate students, Scott Seidel and Koichiro Takamizawa.

II. Power Distribution

The total power contained in a received multipath profile with a particular
transmitter-receiver (T-R) separation of d meters is well described by the log-normal distribution
about a mean power law of d". Free-space path loss is assumed for the first 2.3 meters (104)
and values of n are given in {3,13,14]. [t is shown here that not only is the total signal power
log-normally distributed, but the received multipath power within a particular excess delay
interval is also log-normally distributed about some mean d" power law. Thus, for a given
excess time delay for a receiver located at a particular T-R 'separation, the received power is
log-normal. This is similar to the simulation of urban radio propagation (SURP) channel model
[5,6,7,8]. At first glance, this appears to contradict the results presented in [2,15] thaf individual
multipath amplitudes are Rayleigh distributed. However, it is important to remember that the
results in [2,15] assumed no information about T-R separation. The multipath amplitudes have
been shown to be Rayleigh distributed if the transmitter and receiver are placed at a random
separation. It is shown here that a log-normal distribution is a good model for amplitudes when
the T-R separation is known. [Figures | and 2 show the cumulative distribution function of the -
received signal power relative to the local mean within a particular excess delay interval. The
figures, which are based on the entire ensemble of measurements in [4], also show the CDF of
the log-normal distribution with the least mean-square error f{it to a mean d" power law and
standard deviation about the mecan for measured data in LOS and obstructed topographies,
respectively. These figures demonstrate that for a particular T-R separation and topography,

the log-normal distribution [or received signal power within a particular excess delay interval
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models the measured data reasonably well. The mean power law exponent n and standard
deviation o have been found for each excess delay interval by minimizing the mean square error
fit to a log-normal distribution. Figure 3 is a scatter plot of path attenuation with respect to
distance for different excess delay intervals. Each point on a scatter plot represents the local
average of received power over a | meter measurement track [2,3,4]. The best mean square fit
to a d" power law, and + one standard. deviation about the mean are shown. The exponential
decay of the power contained in components with small excess delay is shown to obey nearly
the same power law as the total received power shown in [3]. This indicates that most of the
received power arrives early in the profile and shows that power contained in components with
large excess delay decreases more rapidly than that of components with small excess delay.
Figures 4 and 5 show how the power law exponent n changes with excess delay for LOS and
obstructed topographies, respectively. Note that in these 'ﬁgures, the exponent increases
(attenuation increases) down the vertical axis. In obstructed topographies, the power of
multipath components with small excess delay obeys a power law in which the signal attenuates
(n increases) more rapidly than in line-of-sight topographies. This is expected since shadowing
due to obstructions causes attenuation to be greater than in unobstructed topographies.

Figures 6 and 7 show that the standard deviation about the mean power law is nearly
constant with respect to excess delay and can be modeled by a constant of about 4 dB for LOS
topographies and 5 dB for obstructed topographies. Variations in the standard deviation are
to be expected duc to the small amount of measured data. The standard deviation in obstructed
topographies is slightly larger than in LOS topographics since the effects of shadowing cause
greater variation in path attenuation.

Figures 8 and 9 show the CDF of multipath signal amplitudes over a local area and the
CDF of a log-normal distribution fit to the mean and standard deviation of the measured data
over a local area for measurcment locations PBIBC (LOS) and PCSAC (OBS), respectively

(Figs. S and 6 in [3]). The log-normal distribution over small scale distances appears to well
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model the amplitude 6f individual multipath components. Note that the small variance of
multipath signals which arrive early in the LOS profile indicates that virtually no fading occurs
on these signals.

Histograms of the standard deviation for local areas and excess delay time are shown in
Figs. 10 and 11. Due to the small amount of data, it is difficult to empirically determine the
distribution. However, it appears that the local standard deviation may be un—iformly distributed
over 0 dB to 5 dB for multipath components with small excess delays, and over 0 dB to 2.5 dB
(0 dB to 3.5 dB) for components with large excess delays in obstructed (line-of-sight)
topography. The range of standard deviation of signal strength about the local mean appears
to decrease linearly with excess delay.

As will now be shown, the tractability of the joint log-normal distribution makes it easy to
incorporate correlation statistics into a channel model since the log-normal distribution is just

the normal distribution with data values in dB [9].

III. Autocorrelation Coefficient Function

3.1 General Autocorrelation

Intuition leads us to believe that amplitudes of multipath components which exist at
various locations and time delays are correlated. This has been found to be the case for urban
mobile radio channels [5,6,7,8]. The general correlation coeflicient is assumed to be a function
of both space and time. Computation of the correlation of multipath amplitudes for all
locations and time delays, although desirable, is not possible due to the limited amount of

measured data and the difficulty of identifying the location and orientation of scatterers in an

i3



i
\\\““&“““““&“““&@&«“&“&% \\
\\\\\\\\\\\\\\\\\\\\\\\\\ Ul
N

il

-
\ \\\\\\m\,.\\%\\
i

14

PH
AR

06

P

ent 1
-5

of

£-

I

L

N
TIO
VIA

DE

D

AR

ND

ALSTA
C

Lo

OF

M

A

GR

0

ST

Hi

1Y
Ane
QoI 9
qe

Anp

hies.
P

gra

PO

S to

LO

for

iation
tvia
dard d
n

I'sta
ca

flo

0

am

: togr

His

10.

igure

Fig



OBSTRUCTED TOPOGRAPHY

HISTOGRAM OF LOCAL STANDARD DEVIATION

1A

M
I

(] Q 8 X
: /] I M n 2y,
i 2
\»&\\\\\«\\\\ i
\ \\“\E\\ i,
\ \ \::. \\ (]
- ‘s\.q\ﬂ\.\&e]

i
| \\s\\\“ / \\“\\““\ \\\\\s? 1R
/ 5 =

.
-
e
.
-
-
-
-
9

Anpiqeqoay aanejoy

Histogram of local standard deviation for OBS topographies

Figure 11.

i35



indoor radio channel. Therefore, it is necessary to assume that temporal and spatial correlations

are independent. The space and time correlation function can be written as

Laal AR 7)) ARy 1) = K T(A(R), AlRg);i 7) TaalAlr)), A(r); %)

(0

where A is a multipath amplitude for a particular spatial location x and excess delay <, r,, is the

space and time correlation, T,, is the spatial correlation, and T,, is the temporal correlation.

Assuming independence, autocorrelation coefficients (ACC) for received signal levels are

estimated individually over space and time.

£,

o,

3.2 Application of Autocorrelation Coefficient Function to Normal Distribution

The jointly normal probability density function of random variables A(§,) and A(&,) is

defined as [6,10,12]

x-%° 22xy)x-Dy-9 G-’

2 0,0y 2
fx y(x,y) = l exp| — Ox %y
B 2nga (1 - )2 2l — 1)
where
ff“é
e x = A({,)
y = A(&,)

X = average of A(¢,)

y = average of A(¢,)

ol = variance of A(&,)

“3 = variance of A(£,)

F=ra(AC) ACY), 1 <ra(AE)AE) <1

The conditional probability density function of y given the value of x is [6,10]

)

16
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[y %) = —————="rexp 3
SN 1=,

Thus, the conditional distribution of A(£,) given the value of A(£,) can be calculated by

assuming a log-normal distribution with a conditional mean

OAL)

A TAE) = A) — ra(A(4), A&Y)) (A(E) - A¢) 5 ) (4a)
and a conditional variance
Gfx(gz)l AC) = (l - rﬁa(A(f ) A(fz))) ”3\(52) (4b)

When random variables X and y are in dB, then the density functions in equations (2) and (3)
describe a log-normal distribution. The autocorrelation coellicients are computed with data

values in dB since a joint log-normal distribution is assumed.

3.3 Spatial Correlation

Inspection of the profiles and intuition about the physical causes of multipath propagation -
lead us to believe that multipath component amplitudes are correlated over small distances.
Over large distances, it is reasonable to assume signal strengths are uncorrelated. This has been
shown [or urban mobile radio channels [5,7,8,11]. A valid model must be able to generate
profiles which produce the same correlation statistics as measured data. Also, the distance at
which multipath signal amplitudes become uncorrelated is important in the analysis of antenna

diversity.

17
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We assume that multipath amplitudes are jointly log-normally distributed over local areas.
The log-normal distribution was shown to be a good model for individual multipath signal levels
over local areas in Section II. If the amplitude of a multipath signal which occurs at a
particular excess delay at one location is known, then the conditional amplitude of the
multipath signal amplitude at a distance Ax away with the same excess delay is log-normally

distributed with mean and variance as derived from (4a) and (4b), where

AR+ Ax; 1) | A(x; 1) = A(X; 1) + Toa(AX; 7) (A(X; T) — A(X; 7)) (5a)
2 A .2y 2
OaG+ax;7) | AT~ (1 = 1(8%; 1) )opx; o) (Sb)

and

A(x; ) = multipath signal amplitude at location x and excess delay ©

A(X; t) = local spatial average of multipath signal amplitude at location x
and excess delay

A(x + Ax; 1) | A(x; t) = conditional spatial average of multipath signal amplitude
at location x + Ax and excess delay t

?M(Ax; 7) = spatial autocorrelation coeflicient at separation Ax and excess delay

of\(x; ) = spatial variance ol multipath signal amplitude at location x
and excess delay ¢

of,‘(x +Ax: 1) A@: 7) = conditional spatial variance of multipath signal amplitude at

location x and excess delay

The estimate of T,,(Ax; ) for each local area is obtained from [1,10,12]

E[(A(x; 1) -~ AR D) (AGRgi ©) — Alxg; 1) ]
JEL(AG: ) - Ak 0)*] E[(A(Rg: 1) — AGR 9)]

A
Taa(Xy, Xp3 7) =

(6)

Assuming spatial wide-sense stationarity over small distances and particular excess delay times,

18



A(xy; ) = A(xy; 7) = A(X; 7)

(7a)
and ‘

Taa(Xps Xg3 7) = Toa( | Xy — %515 1) = T,(AX; 7).

(7b)

The autocorrelation coeflicient reduces to

: (A o) = -EHAGE D) =~ A7) (A(x + A% ) — A 7))

E[(A(; 1) — A(x; 7)) ®)

This is defined as the autocorrelation coefficient with respect to distance for a constant excess

delay within a local area. Since data exist only at discrete points and autocorrelation coefficient

functions (ACCF) are estimated for particular excess delay times, this reduces to

E[(A—A) (A, — A
i) = [(Ai— A) (A — A)]

= )
E[(A ~ A)’]
where
i = profile number (1 to 19)
j = integer number of Af/4 separations between profiles (based on measurements in
[2,3,4])

A; = multipath signal amplitude in profile number i

AH_,- = multipath signal amplitude in proﬁle number i+ ]

A = spatial average of multipath signal amplitude for a given excess delay and local area.
The expected values are computed as follows:

A=t DA,

(10a)

19



N
L A
E[(A - AT = Z(Al A) (10b)
i=1

= Local spatial variance of multipath signal amplitude

where N is the number of profiles where multipath component A; exists (N has a maximum

value of 19, based on measurements in [3,4,14], and thresholding as described in [2]).

N
E[(A; - K)(Aiﬂ' - K)] = % Z(Ai - X)(Am - K)

=l
= Local spatial covariance of multipath signal amplitudes

(10c)

where N is the number of profiles where multipath components A; and A; simultaneously exist
within the same local area for a constant excess delay. Typical second order statistics are
computed by averaging the local area statistics over the measurement ensembile.

Only locations where multipath components exist are used in the autocorrelation coefficient
estimate computation. This meains that the correlation of multipath §mplitudes is conditioned
upon simultaneous path existence. Empirical data show that over small scale distances of |
meter, multipath components at particular excess delays exist over the local area, although they
may undergo fading [3]. In cases where no multipath components exist at a particular excess
delay, the autocorrelation coefficient function is undefined. In these cases, the autocorrelation
coefTicient estimate for the particular excess delay interval is not included in the estimate of the
average local ACCF. With only nineteen profiles, the maximum number of data pairs to
average into the autocorrelation coefficient is 19-j for an integer separation of j profiles (
Ax =jiA/4). The question then becomes: how many data pairs are necessary to obtain an

accurate estimate of the true autocorrelation coefficient function? Data are presented for

20



separations of up to ten profiles (2.5 1), but it must be kept in mind that our estimate of the
ACCEF is more accurate at small separations than larger ones. In addition to the fewer number
of data pairs to average, the assumption of wide sense stationarity over distance becomes
inaccurate. We will show for local areas in different factories and different T-R separations, the
autocorrelation coefficient function can vary widely.

Figures 12 and 13 show the ACCEF for the particular measurement locations PB1BC (LOS)
and PCSAC (OBS), respectively. Notice the wide variation of our estimate of the
autocorrelation coefficient (ACC) for various separations and excess delays. This is partially
due to the small amount of data we have to compute the second order statistics over local areas.
It also suggests that the spatial ACCF may be a random process for small changes in receiver
location, in which case the channel is not wide sense stationary, even over small distances;
Based on our data, autocorrelation coe(Ticient functions at different measurement locations
appear very different. This indicates that over large distances, the channel is not wide-sense
stationary. Figures 14 and 15 show the average ACCF as a function of separation distance for
various excess delays. The dashed lines represent + one .standard deviation of the
autocorrelation coefficient about the mean. Such a large standard.deviation indicates that the
spatial autocorrelation may assume almost any value. However, to incorporate correlation into
a statistical model, it is necessary to assume wide-sense stationarity over local areas and
statistically dctermine a particular autocorrelation coeflicient function for any local area based
on the average of the autocorrelation coeflicient compiled from each local area.

Figures 16 and 17 show the average ACCF for various scparation distances and excess
delays for line-of-sight and obstructed topographies, respectively. On the average, multipath
signal amplitudes become decorrelated over small distances (4/2) and even become slightly
anti-correlated about the local mean value for distances of about 4/2 to 24. For small excess
delays, the amplitudes are noticeably more correlated over small distances than are multipath

amplitudes of signals which arrive later in the profile. We believe this occurs because the first
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Figure 12. Spatial autocorrelation coefTicient function for PB1BC (LOS).
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Figure 13. Spatial autocorrelation coefficient function for PC5AC (OBS).
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OGRAPHY

LINE-OF-SIGHT TOP

AVERAGE AUTOCORRELATION COEFFICIENT FUNCTION

Figure 16, Average spatial autocorrelation coefficient function for LOS topographies.
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Figure 17. Average spatial autocorrelation coefficient [unction for OBS topographies.
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arriving multipath signals are either direct LOS or are due to reflection from a single scatterer
whereas later arriving multipath signals are likely due to muitiple reflections from many random
scatterers which exist throughout the factory. The phase méle of the later arriving multipath
components are likely to change more over short distances than will the phaée angles of the first
few direct or nearly direct paths. Since it is likely that several multipath components occupy
later excess delay intervals (sub-paths exist within the measurement resolution), one would
expect the fading to be uncorrelated. Average correlation over short distances of the first few
multipath amplitudes is greater in LOS topographies than in obstructed topographies because
the first few arriving paths are more likely to be caused by direct wall, ceiling, and floor

reflections.
3.4. Temporal Correlation

We assume that multipath signal amplitudes are jointly log-normally distributed over small
excess delay time differences. Under this assumption, the amplitude of a multipath component
at excess delay time.t, given that a component exists at time r, can be estimated by a

log-normal distribution with mean and variance which are derived from (4a) and (4b).

[ —— ~ i o T
Al | Aler) = Aley) + Faalrt, wAG) = A os (11a)
03\(1’2) | Ar) = (1 —Talmy, "-'2)2)03\(1,) (11b)

where for a given local area,
A(r) = multipath signal amplitude at excess delay time T,
A(t;) = spatial average of multipath signal amplitude at excess delay time t;

f..(7), T;) = temporal autocorrelation coefficient between time 7, and 1,

af\(,‘) = variance of multipath signal amplitude at excess delay time T,




o’ Aty | Ay = Variance of multipath signal amplitude at excess delay time t, given A(x,)

The estimate of temporal autocorrelation coefficient T,,(t,, T3) given that multipath components

exist at both r, and t, for each local area is given by

E[(AG) - A[D)) (A(m) - A@)]
\/E[(A“(r‘) - Ak(rl))z.] E[(A(r) - Kk—(rﬁ)z]

Taa(T1, 7)) = (12)

where
A(t;) = multipath signal amplitude in profile k at time 7,

A(t;) = spatial average of multipath amplitude at time ,

Once again, wide-sense stationarity of multipath signal amplitudes between profiles at each local
area must be assumed to calculate the temporal ACCF. Then, the average path amplitude at

T is

AD = DA (13)

N
k=1
where k (k < N) is profile number where multipath components exist at both 7, and 7, . N is
the number of profiles (19) where multipath components exist at both time 7, and 7,. Since data
only exist at discrete time intervals, the ACCF reduces to

E[Ai— A) (Ag; = A))]

?aa(lvl) = — — (14)
JE[ AL — &) E[(Ay; - A)] ‘

where
A, ; = multipath signal amplitude in profile k at excess delay i

Ki = local spatial average of multipath signal amplitude at excess delay i
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ke

The temporal autocorrelation coefficient function for the particular measurement locations
PBIBC (LOS) and PCSAC (OBS) are shown in Figs. 18 and 19, respectively. Similar to the
spatial autocorrelation coefficient function, the temporal ACCF also varies widely over excess
delay time 7,. These plots suggest that temporal autocorrelation is also a random process which
is a function of excess delay. Figures 20 and 21 show the average of our estimate of the
temporal autocorrelation coefficient for various excess delays for LOS and obstructed
topographies. In addition, Figures 22 and 23 show the average and + one standard deviation
of the temporal ACCF at 7, = 0, 8 and 47 nanoseconds for the same topographies.

In the case of LOS topography with 7, =0 ns, the signal amplitudes decorrelate very
rapidly. In particular, the signal amplitudes decorrelate at =, = 8 ns, anti-correlat'e at 1, =16
ns, and then stay uncorrelated for t, > 16 ns. As excess delay t, increases, the correlation within
20-50 nanoseconds of maximum correlation increases as compared to small excess delays. On
the other hand, in the case of obstructed topographies, the path amplitudes have very similar
ACCEF for t; = 0 to 100 ns. For 7, > 100 ns, the obstructed topographies also show the increase

in correlation coefficient similar to LOS.

IV. Joint Probability of Path Occupancy

The temporal autocorrelation coefficient function described in section 3.4 is defined under

the assumption that multipath components exist for both excess delay times t, and t,.
Application of the autocorrelation coefficient in the channel model requires knowledge of the
conditional probability of path occupancy, where the existence of a multipath signal at excess
delay , is conditioned upon the existence of a signal at 7; (7, < 1,) .

Figure 24 shows the probability of path occupancy at time t, given that path exists at time

7, for LOS topographies. The probability is calculated by counting the number of profiles over
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Figure 20. Average temporal autocorrelation coefficient function for LLOS topographies.
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the ensemble of data which have signal amplitudes at 7, and t, which are both greater than a
specified received power threshold. It is apparent from the figure that for a low threshold (48
dB below level received at 104 T-R separation) and r, less than 50 nanoseconds, the probability
can be modeled as a linear function of time difference t, — ;. As time 7, increases, the
probability approaches an exponential decay. This implies that power delay profiles are not
wide sense stationary for 7; less than 100 nanoseconds, since the conditional probability
distribution of multipath existence is a function of excess delay. The figure also shows that the
decay constants are very similar for t, greater than 100 ns which suggest that power delay
profiles may be temporally wide sense stationary for r, greater than 100 ns.

Note in Fig. 24 where 7; =203 nanoseconds, there is zero probability that multipath
components exist at 30 dB threshold for the entire range of time differences. This is due to the
fact that none of the measured profiles had signal amplitudes above the receiver threshold at
203 ns excess time delay.

dbservations similar to LOS topographies are made for the obstructed topographies which
are shown in Appendix F. As in LOS topographies, the conditional probability of path
occupancy decreases rapidly as the received power threshold is increased. This suggests that
adaptive power control at the receiver or transmitter is desirable to reduce the likelihood of
receiving multipath components, as long as sufficient SNR can be maintained for the direct
(1.OS) signal. In obstructed topographies, the probability of path occupancy decreases even
more than in LOS topographies for increasing time difference. This agrees with the observation
[2,15] that a greater number of multipath components exist in LOS topographies. By using
antenna diversity and or equalization to improve the instantaneous SNR of the desired signal
component, in conjunction with power control to reduce intersymbol interference (ISI) due to
mulitipath, it is likely that several hundred kilobit per second data transmission can be supported

inside factories.
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The conditional probabilities of path occupancy as a function of T-R separation, which is
computed by partitioning the ensemble of data into three T-R separations (10-25 m, 25-40 m,
and 40-80 m), are shown in Fig. 25. For small T-R separations, the probability exceeds 0.9 o;lt
to 12-= 100 nanoseconds. As the T-R separation is increased, the probability decreases more
rapidly. This is an indication that for the short T-R separations, the multipath components
arrive at the receiver in many adjacent excess delay intervals. In Appendix F, it can be seen that
if a multipath component exists, say between 40 ns and 100 ns, there is a significant probability
(> 0.25) that strong components will exist at excess delays of several hundred nanoseconds
beyond z;. This shows that although power control will ameliorate multipath delay spread in
a probabilistic sense, there will be times when multipath components occur at large excess
delays in spite of reduced power. It can be shown that the conditional probabilities given in

Appendix F confirm the path occupancy probabilities given in [2,15].

V. Conclusion

Although the indoor radio channel cannot be completely characterized by only first and
second-order statistics, they provide a more complete model of multipath propagation inside
buildings than has been previously proposed [13]. We have shown that multipath components
which arrive at particular excess delays have amplitudes which attenuate according to some
mean d” power law and have signals which are log-normally distributed about the mean. Also,
we showed that a log-normal distribution is a good model for multipath signal amplitudes over
local areas for particular excess dclay times. This is fortunate, since log-normal distributions
are completely characterized by first and second moments, and they are simple to use in a

statistical channel impulse response model.
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It appears that both spatial and temporal correlation may be a random process over local
areas. This means that the indoor radio channel is not wide-sense stationary over distance or
time. However, it is useful to assume that the channel is wide-sense stationary over local areas
in order to compute the second-order (correlation) statistics, and apply them to a statistical
model. On the average, multipath amplitudes are correlated over short distances (1/2) and for
small excess delay time differences ( < 50 ns), but one must remember that the autocorrelation
coeflicient function of multipath signal amplitudes may assume almost any value. Application
of the correlation coeflicient to a statistical model channel simulator has been described, using
the assumptions that the distribution of path amplitudes is jointly log-normal over space and
excess delay, and that multipath components at particular excess delays exist at those delays
over a space of 1 meter.

The curves which show conditional probability of path occupancy indicate that adaptive
power control in conjunction with antenna diversity and equalization might solve multipath
propagation problems in indoor radio channels. Solving the multipath problem would make

possible wideband data communications and RF navigation systems inside buildings.
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Appendix A. CDF of Received Signal Power



by & ua_om Inoge gp 1aae] reudys T4 I88H IN0GE gp [aAe
7 1eults
03 m s _¥ 2 w e- m. m| 8- o«.a.o 00 8 8 ¢ e 0 e v 9 B 0
— T v ¥ T T T \d\ 0.0
i - ¥
\ - [=] -
. :
-u: . m_.am.v = Qubys \\ - m i P 6°C - eubys .
| sue TE = ABTeQ 8882X3 A 53 8U p €2 = A8 S80Ix3
\\\ a i .
L y b @ % .
/ i S
" / S0 8 r 160
L i by i
2 J
-2
i \\ . v ﬁ 1
[ / l g [ ]
5 — @
\—\\ ] “ ﬁ - |
AR 0t o= =T L— it 0%
3IV4 Iseg noge gp [aae [eubis 374 I88f jnoge gp [eAe] [eubts
oy m w w w w ml m; 8- 8- o«.o.c ) 8 9 L4 ] 0 e- ¥ 8 8- 07
\L\ Y T ¥ T L] T T T 0.0
¥ -~
ﬂ -4 (=]
= [ ]
@ E°€ - ouns - = . @p p°'G = BWBIS -
| 8V 9°G} = Aereg 8802x3 ] = su g'/ = AereQq S8aax3
e ﬁ ]
d - S j L.
-]
160 = - 1 g0
g
- . @ i 7
=
5 J 9 L §
" - &
5 .
- . o - < .
- A A A ” \\.\
501 ( o o
i W

&

e8ETI8GV < [9A@7 [eubts jo A37(TgeqoJd

888738QY < [aAe] [eubis jo £3T1igeqoud



314 388 Jnoge gp aae [eubis

6 8 9 ¥ 2 0 g p- 9 @8- 0 o
¥ T T \.\.\\
[ 7 3
- 8P 0'y = eubys / .
8U 29 = AB18Q 8803%3
. \ o
o \ -
B / 160
i / J
/
5 / 4
/
! v .
\\
—
Al o 1 1 | N | 1 Il ] ] 0T

3T4 380 Jnoge @p (a8 [eubis
or B8 9 14 [ 0 e v 8-

i 6P Gy = eubis
8U '8y = AefeQ 8809x3

0%

BESTI8aY < [2A97 [eUBTS j0 A3T11GRG0Md

eesyI84qy <-[9A31 1eufys jo £3tiTgegoJd

314 3seg jnoge gp 1eaa] [eubts

0t 8 9 14 4 0 e~ - 8 B o«uo.o
1 T ¥ ] $ ¥ -\\L\III
B gp 9°c = eabis
8U 9°pG = Keys( 838IX3
B S0
1 i 1 °-ﬂ
374 388g Inoge @p [8Aa7 [eubys
(113 8 9 L4 e 0 e- b 9 8- 07~
T T ¥ ) ¥ LI °-°
B gp 1's = eubys
8U 0'6E = Aereg $803x3 7/
/
B g0
1 1 1 ) 1 o.“

g887I8QY < 12A87 18uUBtS J0 A3TITCGRQOJd

e88798QV < 123Aa87 [BUBTS 30 A37TTGEQOJd

b



uwu J8eg 3Inoge gp [aaa] [eubys

0 ] 9 4 e 0o e ¥ 8 8 0¥

v L T T T T \\\&mi:
L d
- 8P G°€ = BubYS N
8U 2°3€ = AerseQ 8583X3

’
L. -
L J
ﬁ -

314 31seg Inoge @p [9Ap7 Teubys

0°0

S0

0y

0 8 9 14 e 0o e ¢ 9 8 0

T L] | L B L R ¥ ¥
I =]
7
7
- a@p 0°9 = eabis e -
8U §°GY = Aere( 8882X3 \\\\

L]

60

0'?

o]

2667I8GY <-taAa1 1eubts 40 A3TITG8GOJd

RESTISAY < [2A87 TouBtS 40 A3TITGRQOJd

e

314 38e@ Inoqe gp [aAa [eubis

8 9 14 e 0 2

\‘l I SR S {
AN

Li L T T ¥ R}

gp £°G = ewBys

8U €2 = Aerag S85083%3

- 9- B 0O

L] ¥
\ -

ot

07

T4 388g Inoge @p [aAa [8UBYS

e 9 4 e 0 e-

b~ 8 8 0

L

v ¥ 1 ) ¥ L

gp ('8 = eubys
su g°, = Kereg 8sasx3y

v

A

0°0

G0

0y

0°0

G0

0°%

RSSTISQY < [2A37 [BUBTS 0 KIT1TGRGOJd

8881380y < 19A87 [8udig j0 £3717GRg0Jd




314 1809 Inoge gp [eAeT [euBis

0 8 98 v ] 0 ¢ - 8 8- 01
L | L N L | ¥ 14 — °-°
- 8P ¥’y « embys .
8U y°29 = Aefag 8883x3
- 460
= L 0°%
314 188g noge gp [aAe Teubts
s 8 9 4 ] 06 e - 9 8- 0I-
¥ ¥ ¥ ¥ ¥ 1] °-°
-
- 8p L'y = eubis .
8U 9°9F = A@TeQ 8803X3 /
- 460
Sa0 0

g667I80Y < [2A87 [8ubts 40 Kﬁ;trqeqoad

@SSTISQY < 13487 [eUBTS 40 A3TITqeq0Ud

T4 1868g INOGe @p [8AR] [eUBYS

0t 8 9 14 e 0o ¢ b~ 9 8- 07-
¥ 1 ¥ ¥ ] ¥ LJ ¥ L) °.°
\
- S o
\\\\
i 8p 0°G = eubys / "
BU 9'¢G = ABT8Q 8582X3 p
/
L / N
- 7 160
/
L / .
/
L l/ J
L / -
e
. \ -
\\
1 '} R 1 1 I 3 i 1 [ ] O-ﬁ

3t4 1809 jnoqe gp [eAe [euBts
or 8 9 14 [ 0 2 v 9

¥ L ¥ 14 L) L) L

N gp 2°F = eubys
8U 0'6E = Aerag S5893X3

180

0y

B8STI8QY < [2A87 [eubts jo0 £3T1TGegoJd

ess128qv < [@A87 [eubTS j0 A3f(Tgegoud

o9
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Appendix C. Power Law Exponent and Standard Deviation
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Appendix D. CDF of Received Power over Local Areas
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