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ABSTRACT

Futuristic flexible manufacturing facilities will likely use radio to provide
portable communications and mobile robot control. In the factory environ-
ment, deleterious effects caused by reflections and refractions of the transmit-
ted signal from the surrounding building structure and inventory cause inter-
symbol interference and signal fading, thus limiting radio system performance.
A portable UHF factory multipath measurement apparatus which uses pulsed
and CW transmissions has been developed and used to measure narrow band
fading and multipath power delay profiles to 10 ns resolution in five large fac-
tories throughout Indiana. Four distinct factory geographies common to all
manufacturing facilities have been identified and characterized by extensive
multipath measurements. Results indicate that multipath distributions are
similar in shape to the urban mobile radio channel, with delay spreads rang-
ing from 50 - 150 ns in line of sight (LOS) paths to 100 -250 ns for obstructed
paths. Path loss is largely dependent upon surrounding clutter and varies
with distance as d® to d?8. Shadowing effects of common factory machinery
are presented, along with distributions on spatial and temporal fading. The
data indicates large scale path losses are log-normally distributed, small scale
fading is primarily Rayleigh (although log-normal and Rician distributions fit
some of the data well), and temporal fading is Rician with K=10 dB. A sim-
ple multipath statistical model, based in principle on a model recently pro-
posed by Saleh and Valenzuela for office buildings, is suggested here. This
thesis provides measurements and results for an indoor radio channel not con-

sidered previously in the open literature.






CHAPTER1I
INTRODUCTION

1.1. Definition of Problem

Ever since Marconi’s demonstration of radio transmission to a tugboat
in the English Channel in the 1890’s, wireless communication has been used
for a multitude of applications. For each new application, the user must
know the capabilities and limitations of the radio communication system.
Predicting the propagation of radio waves in unfamiliar environments is
generally not easy. However, through experimentation and analysis, radio
investigators can develop models that adequately describe the time- and
spatially- varying channel which separates the transmitter from the
receiver. These models then serve as important tools for predicting the per-
formance of radio communication systems, and also serve to permit analysis
of future systems designed for the particular environment.

With a “good” channel model, an accurate prediction of system perfor-
mance may be carried out through analysis or simulation, providing bounds
on important parameters such as maximum data transmission rate and
minimum transmission power levels for a given Signal-to-Noise (SNR) Ratio
or Bit Error Rate (BER). Anomalous effects such as signal fading due to
multipath propagation are accounted for with a good model. Inevitably, the
goodness of the channel model is determuned by its agreement with empirical
data gathered in the operating enuvironment of the radio system. Over the
past 40 years, the vast majority of modeling has dealt with channels
encountered in conventional mobile systems (in which reliable communica-
tions must be provided for distances of up to 20 miles in an
urban /suburban environment), short wave terrestrial radio systems, line-of-
sight microwave radio links, or satellite-earth links. Some specific channel
studies have dealt with empirical and theoretical modeling of noise [1,2]; sig-
nal propagation through the ionosphere [3-8]; signal refraction from the



ionosphere, trees, and large buildings [9-31,80,86,87]; attenuation in tunnels
[32], and deleterious effects of weather. Only recently has interest been
placed on studying the propagation of radio signals in and around office and
residential buildings [9,10,52,53,58-64,71-72,75-80).

In a seemingly unrelated engineering discipline, there is currently a
worldwide thrust to develop intelligent manufacturing centers; factories
which use state of the art technologies to improve small and medium batch
manufacturing processes of durable goods, electronics, and small metal pro-
ducts. In this country, the National Science Foundation (NSF) has pro-
vided a2 multi-million dollar Engineering Research Center (ERC) grant to
Purdue University for development of new technology which will leapfrog
existing automated manufacturing systems. It has been shown at Purdue
that with a well designed ‘‘factory of the future", order of magnitude cost
reductions could be realized for many batch processing operations [33,34].
With such a cost saving incentive, it is not surprising that many existing
domestic factories are currently being renovated with automated machinery,
and new sites will be built with a high degree of intelligent automation (35].

The future factory communication problem becomes non-trivial when
one considers the need to network many computers with many automated
machines. Four years ago, the Manufacturing Automation Protocol (MAP)
was developed by leaders in the manufacturing industry, and pilot projects
are currently underway in several American factories [36-38]. Under the
standards set forth by MAP, data is transmitted over coaxial cable at a
rate of 10 Megabits per second. Other types of communication currently
used in factories include low rate data transmissions over radio links (for
computer interfaces and dedicated control) and low rate data transmission
over acoustical/ultrasonic links (for guided vehicle control and collision
avoidance) [38].

A key element in Purdue’s proposed intelligent manufacturing center is
the use of small, agile autonomous vehicles that transfer work-in-process
throughout the factory. As an integral part of the intelligent manufactur-
ing system, these vehicles will need to be included in the communications
network. Since coaxial cable is no longer a feasible means of linking such
components to the manufacturing system, a radio link is a viable alterna-
tive. Radio is also attractive because of the communications flexibility it



offers in a dynamic, reconfigurable work place. To date, no published work
has appeared in the open literature that determines the propagation
characteristics of the wide band channel in a factory environment. Clearly,
due to the high metal content of a factory, the multipath problem can be
expected to be severe, and will most likely be 2 primary factor in limiting
radio system performance. In addition, autonomous vehicles would presum-
ably experience signal fading while traveling through the factory, thus data
rates and bit error probabilities would be bounded. The work here strives
to provide the empirical data which will allow such bounds to be deter-
mined, and which will identify key factors in maximizing the efficiency of a
UHF factory radio system.

Thisreport is arranged in 6 chapters. In Chapter 1, a brief overview of
the general multipath problem is given, some previous channel experiments
and resulting channel models are reviewed, and the goals of this research
are stated. Chapter 2 details the measurement apparatus developed for the
data collection, and describes the experiments and the five factory sites at
which data were collected. Chapter 3 presents the multipath channel for-
mulation used and explains the data reduction and management techniques
used to process the large quantity of experimental data. Chapter 4 presents
results of the narrow band measurements, and provides models for large
scale path loss, signal fluctuations in a local area, and temporal fading.
Additionally, shadow losses caused by common factory equipment are tabu-
lated. Chapter 5 presents the wide band measurement results, and provides
values for delay sbread, excess delay, and path loss as functions of factory
and geography. Additionally, a model for multipath power profiles in vari-
ous geographies is presented, and small scale spatial variations in the
received profiles are discussed. Chapter 6 concludes this work with a sum-
mary of the results, and suggests areas of future research for the factory
radio channel.



1.2. The Multipath Problem

1.2.1 Overview

It is well known that radio multipath is caused by the reflection and
diffraction of radio waves between transmitter and receiver. A very general
plot comparing the performance of ideal (white noise) channels to fading
dispersive channels is shown in Figure 1.1. The figure demonstrates that for
a specific transmitter power level, one must anticipate degradation when
using a multipath channel. Degradation becomes more pronounced at low
SNR. The plot does not show the additional limitations that multipath
imposes upon the channel; namely, that even for a very slowly time varying
channel, the data transmission rate is bounded above, and that the BER
cannot exceed a nonzero lower bound regardless of transmitter power
[39,40,51]. Much work has been done to generalize the multipath channel;
it is either modeled as a time varying filter or a channel cluttered by elec-
tromagnetic scatterers.

The scattering approach to channel characterization is detailed in
Chapter 2 of [39]. A channel model for a scattering channel is shown in
Figure 1.2. The transmitted signal may be conveniently written as

s(t) = Re[u(t)e’] (1.1)

where Re denote the real part, u(t) is the low pass complex envelope of s(t),
and w, is the carrier radian frequency.

Each scatterer is assumed to introduce a propagation time delay of the
form T;(t) = 7+7t where 7, the initial propagation delay, and 7;, the rate of
change of delay, are time-invariant constants. Then the received signal
contribution from the i-th scatterer is (see Figure 1.2)

%i(t) = Ap; Refu(t—r—7t)e*d" ) (1.2)

where p; is the square root of the cross sectional reflected energy of the i-th
scatterer. When the rate of change of the propagation delay is much less
than the bandwidth of u(t), then the received envelope can be approxi-
mated as
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Figure 1.2  Geometry of scattering channel. (From [39])



u(t—1—7t) ~ u(t—7) (1.3)
If 7, is expressed as
6i
T, = ri+— 1.4
1 l+ wo ( )
where r; is the gross value of 7; and — accounts for minute variations in
W,

(¢}
time about rj, and if it is further assumed that 6, is deterministic on [-7,7]

and the channel in all practicality is time invariant (i.e. no Doppler shift),
then the total received signal may be expressed as

¥(t) = A Re[Spp(t—r)e! 4 ") (L5)

Note that the low-pass impulse response of the channel, hy(t), may be
directly obtained from (1.5) when u(t) is made to approach 4(t) in (1.1).

hy(t) = A Toe (t—) (16)

The derivation of the deterministic scattering channel is useful in that
it demonstrates the kinds of reasonable simplifications that are necessary to
keep the mode] tractable. For the problem at hand, however, the scatterers
are too numerous to facilitate use of the above expressions and are ran-
domly distributed throughout the channel. A statistical scattering model is
therefore worth considering. '

For the scatterers of Figure 1.2, each of the 6, might be assumed to be
independent and uniformly distributed over the range of [-m,7]. This is a
natural assumption for most channels, since scatterers tend to add travel
distances of several thousands of wavelengths [39,40,54]. In a factory it is
reasonable to assume that at UHF /microwave frequencies, some multipaths
might result in hundreds of wavelengths of additional travel. Since the 6
take on their full range over just A\/2 while the random multipaths are dis-
tributed over a much greater range than this, the uniform distribution
assumption seems justified. The reflection energy cross sections piz might
also be treated as independently and perhaps identically distributed random
variables. Under these assumptions the mean value of the received signal
y(t) can be shown to be zero while the autocorrelation function of y(t) is



given by (39]
Ry(t,7) = 0.55A%0Refu(t—r)u’(r—;)e™*] (1.7)

where u’ denotes the complex conjugate of the baseband modulation and
the p? are the ensemble mean square values of the scatterer cross sections.
When piz are identically distributed chi-square random variables with two
degrees of freedom, then the p; are Rayleigh distributed with variance o
[41]. For this special case, the received signal is a Gaussian process having
zero mean and a variance of

Ry(t,t) = DA |u(t—r)}*

1

The Gaussian channel assumption has been used in many channel modeling
studies to eliminate the need for expressions of third and fourth order sta-
tistical moments. It can be shown from the central limit theorem that if
the discrete channel has an exceedingly large number of scatterers with
similar energy cross section, then y(t) is a zero mean Gaussian random pro-
cess [39]. Indeed, for ionospheric modeling, the Gaussian assumption has
provided excellent agreement with empirically observed conditions [4,44].

Identical results are derived when the channel is considered to be a
time varying filter. Assuming that each of the multiple propagation paths
has an associated propagation delay and attenuation factor, then for a
transmitted signal having the form of (1.1), the received signal may be
represented by

y(t) = ):ai(t)s[t—ﬁ(t)] (1.8)

where «; is the attenuation factor of the signal received on the i-th path
and 7, is the propagation delay of the i-th path. Using (1.4) and (1.8), and
letting u(t)=24(t) in (1.1), the low pass impulse response of the channel is
found to be

hy(rt) = Tag(t)e " efr—r(t)] (1.9)

When the channel is time invariant, (1.9) is identical in form to the low
pass scattering impulse response given by (1.6). For the case when there
are many paths of comparable attenuation, and when the 6, of the received
paths are considered to be uniformly distributed and independent, the
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central limit theorem shows that (1.9) is a Gaussian random process.
Assuming that the channel is wide-sense stationary, the autocorrelation
function of the low pass impulse response may be expressed as

Ry (71,753At) = 0.5E[hy, (735t)hy (a5t +At)] (1.10)

where E[ | denotes the expected value with respect to time (t). (Cox loosely
showed wide-sense-stationarity by taking several received impulse response
samples and noting their similarities over time [56,76]). When the «;,0, are

uncorrelated with every other «;,0;, the channel is called WSSUS (wide-sense
stationary, uncorrelated scatterers) and (1.10) becomes identical to the low
pass part of (1.7) [44]. Under the WSSUS assumption, the low pass channel

autocorrelation function is given by
Ry(1;At) = 0.5E[h’(n3t)h(r5t+At)] (1.11)

Equation (1.11) is termed the multipath intensity profile, otherwise called
the channel power delay profile [66]. For a time invariant channel,

Ry, (1At) = Ry, (1,0) = Ry (7) = 0.5{hy(1) | = %A® ¥p?§(r—7) (1.12)

where Ry (7) is random if the p; or 7; of (1.6) are random.

The subtle difference between the scattering and filter models is that
the former strives to tediously characterize the physical channel, which is
sometimes an impossible feat, while the latter uses received signal samples
and attempts to characterize the channel phenomenologically. Bello [44],
Baghdady [65] and Proakis [66] have done work on the general problem of
describing multipath channels from the filter point of view. Kennedy [39],
Cooper and McGillem [67] and other researchers in the areas of radar target
tracking and target identification have successfully employed scattering
channel principles.

Once the received signal (a stochastic process) is characterized in a
manner similar to the above ( (1.7) or (1.11) ), it is possible to construct
diversity receivers that maximize communication performance by taking
advantage of knowledge of the channel statistics. Much work has been
done in this area [7,11,39,40,49,50,64,68|.
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There are many forms of distortion imposed by a multipath factory
radio channel. If the transmitter and receiver are stationary, then the time
varying effects of the channel (movement of machinery, personnel, or inven-
tory) will cause slow signal fading. Placement of either transmitter or
receiver at a different location in the factory will cause different local fading
characteristics to be observed. When one or both stations are in motion,
there will be a faster fading effect due to movement in and out of heavy
fading zones caused by changes in orientations of the scatterers.

The work here approaches the multipath problem from the filter point
of view. Empirical data will be recorded from channel sounding experi-
ments performed in five factories. Clearly, all of the assumptions made in
(1.1) - (1.9) may not hold in the factory. Many times, a strong distinct
line-of-sight path may dominate the multipath components, suggesting a
Rician (rather than Rayleigh) distribution on the received signal envelope.
Certain distributions may well describe the multipath power delay profiles
of the factory channel. At times, it may only be possible to loosely corre-
late the channel characteristics with particular types of factory geography.
Nevertheless, important communication parameters such as delay spread
and attenuation characteristics will be found; these will be of use in
developing a statistical model for the factory radio channel.

1.2.2 Definition of Terms

The following terms are commonly used to describe multipath channel
characteristics:

fading- Fading is the variation in received radio field intensity caused by
changes in the transmission path. Fading is most often produced by
changes in position of the receiver or transmitter. Additionally, the change
in position of reflecting objects, or the dynamic change of any object or con-
dition that affects the propagation of radio waves in the channel will cause
fading.

Doppler spread- The maximum frequency shift or frequency broadening that
is imposed on the transmitted signal by the channel due to motion of the
transmitter, receiver, or objects in the channel.
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coherence time- Interval of time in which two transmitted signals will
undergo similar fading. The coherence time is approximately the reciprocal
of the Doppler spread.

fast fading- Fast fading implies that the channel is changing rapidly com-
pared to one signaling (bit) interval. This implies that the Doppler spread
of the channel is larger than the baseband bandwidth of the transmitted
signal.

slow fading- Slow fading implies that the channel scarcely changes during
one signaling (bit) interval. This implies that the Doppler shift of the chan-
nel is much smaller than the baseband bandwidth of the transmitted signal.

multipath intensity pro file- Sometimes called the power delay profile or delay
power spectrum. It is the autocorrelation function of the channel impulse
response that indicates the average power output from a channel as a func-
tion of time delay. The duration of the multipath intensity profile is called
the delay spread.

Doppler power spectrum- The Fourier transform of the multipath delay
profile. Power spectrum that indicates the signal intensity as a function of
the Doppler spread frequency.

delay spread- The maximum duration of the multipath delay profile. This
parameter is important in determining the maximum data rate which may
be passed through a channel. The reciprocal of the delay spread defines an
approximate (conservative) upper limit on data rate.

coherence bandundth- Coherence bandwidth is the maximum frequency
difference for which signal amplitudes are still strongly correlated. Two
sinusoids will be affected similarly by the multipath spread of the channel if
their frequency difference is less than the coherence bandwidth.

frequency selective fading- Dispersion caused by the channel when the RF
signal bandwidth is larger than the coherence bandwidth of the channel.
Dispersion is caused by the constructive or destructive interference of cer-
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tain frequency components of the transmitted signal due to the multipath
spread. This is the most common type of fading in high data rate
microwave line-of-sight links.

frequency nonselective (flat) fading- Case where coherence bandwidth is
larger than the RF signal bandwidth. Baseband signal is not distorted by
the multipath structure of the channel, but is still subject to time-varying
fading in the channel.

spread factor- The product of delay spread and the Doppler spread. When
the spread factor is less than 1, the channel is termed underspread, and the
channel may be frequency-nonselective and slowly fading. When the spread
factor is much greater than 1, the channel is overspread, and the channel
causes the signal to disperse in time, frequency or both.

1.3. Previous Work

Work done at the University of California, Berkeley, in the mid 1970’s
dealt with characterizing the urban radio propagation channel. Extensive
wide band data collection and initial modeling of the San Francisco
urban /suburban mobile radio channel was performed by G. L. Turin and
co-workers for three UHF /microwave frequencies [11,54]. Subsequent work
by Suzuki [18] and Hashemi [19,20] dealt with fitting the data to more
refined statistical models and developing a simulation program for urban
mobile radio systems. Transmitters with carrier frequencies of 488, 1280,
and 2920 MHz were used to simultaneously transmit pulses having r.m.s.
durations of 100 ns. The high bandwidth pulses, which were dispersed by
the multipath environment, were received in a mobile van containing three
receivers and a three-trace oscilloscope. The transmitting and receiving
stations were equipped with rubidium frequency standards so that syn-
chronization accuracy of 10 ns could be maintained. Every second, a pulse
was transmitted, and the oscilloscope was set by the standard to trigger
slightly before the line of sight (LOS) delay time thereafter. A camera then
captured the scope display, and an optical scanning table was used to
analyze the empirical data.
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Four distinct reception areas, representative of a large city (area A),
the downtown district of a medium sized city (area B), the downtown area
of a small town (area C), and a typical residential area (area D), were stu-
died. In each area, 50 reception points were designated a priori. These
points represented places on a reasonable vehicle path. The reception
points were chosen so that there were roughly an equal number of intersec-
tion and mid-block points. Each path was traversed 20 times so that 1000
data frames were logged in each area for each of the three carrier frequen-
cies. Upon each path traversal, data was taken randomly within a 30 foot
neighborhood of each of the predesignated points. In this way, the accumu-
lated data represented 20 frames of data from each of 50 ensembles,
whereby each point on a path represented an ensemble from the given area.

The data was reduced and discretized by keeping only the peaks or
inflection points of the received signals. The received signal was
represented as Re[p(t)ej%t], where p(t) is the baseband information given by

p(t) = Dogu(t—r)e” (1.13)

and u(t) is the complex envelope of the modulating pulse. From this
representation, the impulse response description given by (1.8) follows
directly, since u(t) could be approximated as an impulse. Equation (1.9) is
a classical filter model for both time-varying and time-invariant multipath
channels.

The discretized data was quantized into 100 ns time bins, with bin 0
representing the LOS arrival time. Because of the duration of the transmit-
ted pulse, it was impossible to distinguish if more than one multipath signal
had arrived within a given bin. The channels in each of the 4 geographical

areas were described by the path variables {¢;,7,6, t, where i denotes the i-

th bin after LOS reception. Several statistics were compiled from the 1000
path profiles in each of the 4 geographical areas. Turin's work was useful
in describing channel characteristics in gross geographical areas of the
urban radio channel, but it did not consider local statistics within a partic-
ular geography. Figure 1.3 shows some of the experimental results.
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Suzuki [18] analyzed the data collected by Turin, and strived to fit the
data to well known distributions. Using the two moment method, Suzuki
studied the log normal, Rician, Rayleigh, and Nakagami distributions for fit
to the path amplitude data. He discovered that the Rayleigh distribution
did not fit the data well. This suggested that the local multipath environ-
ment had affected the received signal in a biased fashion (i.e., the zero-
mean Gaussian channel assumption cannot be applied). The log normal
and Nakagami distributions provided the best fit for most of the data. The
path arrival probabilities were found to fit a modified Poisson distribution,
with the mean dependent upon the time within the multipath profile.
Hashemi [19] used the data and the refined statistical models of Suzuki to
design an acclaimed computer program called SURP (simulation of urban

radio propagation). The program generates values for {¢;,7,6,t in a

specified geographical reception area. Using the time-invariant form of
(1.9), the low pass channel impulse response is modeled as

hy(t) = Sose §(t—7) (1.14)

By forming the convolution of (1.14) with any specified transmitted signal,
SURP is able to simulate a (discretized) received signal. In this way, it is
possible to predict important quantities such as SNR, channel dispersion,
BER, etc. by conventional analysis.

Recent interest in developing low power portable radio systems for
indoor use has prompted research on this channel by Motorola and Bell
Laboratories. Donald Cox of Bell Laboratories has pioneered the efforts
being made to determine radio propagation effects in and around houses
and office buildings [9,10,56,60-62,64,72]. Other researchers have conducted
similar work [53,58,59,63,71,77,78]. Using a CW signal in the 900 MHz
band, Cox showed that when a receiver is moved about in a vacant metal
building, the multipath effects can cause large signal fluctuations over spa-
tial distances on the order of a half wavelength (0.3 m). The statistics of
the narrow band received envelope appear to follow a Rayleigh distribution,
although, since the building was vacant, the effects of metal object cluster-
ing (such as machinery) in the vicinity of the transmitter and receiver were
not determined. It is likely that the envelope distribution will be different
within different areas of a cluttered building, due to the local environment.
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Devasirvatham employed a spread-spectrum type of channel sounding
apparatus to explore the wide band characteristics of 850 MHz propagation
in building environments [58,71,78]. He found r.m.s. delay spreads to range
between 100 ns and 600 ns depending on the structure and surroundings of
various buildings. This information is of important value in determining
the information capacity of the channel [40].

Antenna diversity and cross-polarization coupling in a metal building
has been shown by Cox to provide significant communication improvement
over small distances [9,10]. Figure 1.4 shows the dramatic difference in
received signal amplitude which occurred when the antenna height of the
receiver was adjusted. By equipping a mobile receiver with antennas at two
heights and selecting the strongest signal from either antenna at each time
instant, Cox has shown through a Rayleigh fading simulation that a 5-10
dB signal improvement may be obtained at low SNR.

Data collected in and around eight houses, averaged over 1.3 m square
areas, has shown that signal variations over large (30 m) distances loosely
fit a log normal distribution about the mean [60]. The mean channel loss
was found to vary as inverse distance to the 3.2 power (as opposed to the
free space inverse square law).

Work at Motorola has involved attenuation studies of RF signals in the
150 MHz (VHF), 450, and 850 MHz bands within a two story office building
[52]. Portable transmitters for each of these three frequency bands were
mounted on a rotating mechanical arm at a height of 6 feet above the fioor.
The supporting structure was made out of PVC pipe and was rotated in a
circle with a battery powered motor. The purpose of the rotation was to
permit calculation of the local average signal level at each transmission
point. The transmitters and the supporting structure were moved to 146
predetermined data sites throughout the building. These sites included cor-
ridors, offices, and laboratories located on both floors of the building. The
receiving apparatus and the three receiving antennas were located in a
fixed, clear location on the top floor. An HP-85 computer was used to con-
trol a digital voltmeter and an attenuator, and recorded the received signal
level data. Interestingly, the research showed that at distances greater
than 30 m, the path loss gradient decreases when compared with closer
transmitter-receiver (T-R) separations.
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Important work has recently been reported by Saleh and Valenzuela
[63]. Using 10 ns radar-like pulses with swept carrier, multipath data
profiles with path resolutions down to 5 feet have been found. The meas-
urement set-up, shown in Figure 1.5 was used to perform the wide band
channel sounding in an average two story office building. The carrier fre-
quency used was 1.5 GHz, although it was swept through a total bandwidth
of 200 MHz about the carrier. The measurement procedure required that a
10 ns pulse be repetitively transmitted at 600 ns interval, a duration much
longer than the delay spread of any point in the building. The carrier was
swept while the receiving apparatus recorded and averaged the received
profiles. It is easy to show that for the carrier sweep technique, the com-
mon assumption of iid uniform 6’s in (1.13) is valid. The technique even
enhances the resolution of the experiment so that multipaths may be
resolved to a time duration of approximately half of the transmitted pulse

width.

Based on the numerous multipath profiles, Saleh and Valenzuela have
proposed 2 simple statistical model of the indoor channel. In the model, the
rays of the received signal arrive in clusters. The rays have amplitudes
which are independent Rayleigh random variables with variances that
decay exponentially with cluster delay as well as with delays within a clus-
ter. The clusters, as well as rays within a cluster, form Poisson arrival
processes with fixed but different rates. Figure 1.6 graphically depicts the
two-tier multipath model. For an arbitrary indoor channel, the authors
suggest it should be possible to use the model by properly fitting four
parameters from experimental channel sounding data. This model has yet
to be confirmed or refuted.

1.4 Goals of this Work

An extensive review of the literature shows that no work has been done
pertaining to the factory multipath channel or the performance of wide
band RF communication systems in the factory environment. The goal of
this work is to collect radio propagation data from typical factories so that
the characteristics of the factory radio channel may be identified.
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It is envisioned that the factory of the future will make use of radio for
point-to-point data communications as well as mobile communications with
robotic vehicles. For this reason, both the wide band multipath characteris-
tics and signal fading characteristics of the factory channel will be investi-
gated. Through the collection of empirical data from a series of experi-
ments performed at several factories in the Lafayette, Indiana area, impor-
tant wide band channel parameters, such as delay spread, multipath ampli-
tude and delay behavior, and their variations over different factories and
different geographies within each factory will be found. Fading channel
information such as signal attenuation with distance and local envelope dis-
tributions will also be found.

This body of data should provide valuable insight for the design of a
UHF factory radio communication system, and will be useful in the develop-
ment of a suitable statistical model of factory radio communication. The
data will also be of interest to those studying the use of portable radio com-
munication in buildings.
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CHAPTER 2
EXPERIMENTAL DESIGN

2.1 Objective of Experiments

Since radio propagation data has never before been collected in the
factory environment, several experiments which give insight into the com-
munication channel were performed. The experiments were designed to
determine typical multipath delay profiles of locations throughout factories,
typical factory attenuation characteristics, the time varying characteristics
of the factory radio channel, local fading characteristics of radio signals,
and the effect antenna diversity (namely, antenna height) has upon the
received signal strength.

Previous researchers have used many methods to obtain the multipath
delay spreads of various channels. These techniques include generating a
very short duration RF pulse and using a wide band receiver to collect the
experimental data [53,54,73], or generating a high code rate pseudo-random
spread spectrum -signal and receiving the channel response with a spread
spectrum receiver [14,58,70,71,78]. Alternatively, the power delay spread
may be measured by monitoring the channel over a wide RF bandwidth,
keeping track of the amplitude and phase (or group delay) of the received
signal as a function of frequency {5,21,25]. Researchers have used the latter
method to develop frequency selective models for terrestrial microwave
radio links, which are well described by two or three ray multipath models.
Because only a couple of specular scatterers create the multipath distortion,
it is relatively easy to fit the frequency and phase information to low order
polynomials in frequency. The inverse Fourier transform then yields the
time domain representation of the multipath channel.

Recent investigators have used crystal based transmitters and cali-
brated receivers to perform narrow band path loss measurements in
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buildings [52,60-63,72]. Receiver power readings are obtained in local (~
10)) regions at varying line of sight distances from the transmitter. The
power loss factor may then be determined by plotting least square error
regression lines of signal attenuation (in dB) as a function of distance (on a
log scale). The large portion of building propagation studies have been
made in the 800 - 900 MHz spectrum [52,59-63,71-72]. The Japanese have
been looking at the 1.3 GHz band for possible portable radio telephone use
[59].

The time varying characteristics of the factory radio channel may be
obtained by receiving a steady carrier and observing how the signal
envelope varies over time. This data is useful in determining the stationar-
ity of the channel over an observation interval, and provides data which
indicates the slow fading rate of the channel. One would expect the chan-
nel to be slowly varying because of the lack of rapidly moving objects, yet
constantly varying because of the continuous motion of personnel and
machines in many localized parts of the factory. The data also allows us to
find a distribution function which best describes the likelihood of deep fades
due to time variations.

Local (spatial) fading characteristics of signals in factories may be
measured by taking an adequate number of delay profiles or envelope read-
ings within a small neighborhood. The number of samples taken in a given
neighborhood must be such that the fast fading variations (due to changes
in scatterer orientation) are smaller than half the spatial frequency between
samples. For measurements made in a moving vehicle, it is common prac-
tice to assume that the channel is time invariant such that the only fast
fading components are due to vehicle motion (Doppler shift) [12,70]. For
this case it is easy to show that aliasing is avoided provided successive sam-
ples are taken at spatial intervals no larger than )\/4. Other experimenters
have used sample spacings as small as \/10 [14,59,62,72].

Antenna diversity measurements have been performed by Cox inside of
a vacant metal building [62]. In the factory, it seems reasonable to believe
that scattering effects due to machinery and equipment could be mitigated
by judicious selection of antenna height. A simple method for performing
antenna diversity measurements is to adjust the vertical height of the
receiving antenna. This may be accomplished with a sliding antenna mast.
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Data may then be taken at identical locations with differing antenna
heights.

2.2 Development of Measurement Apparatus

The selection of 1300 MHz carrier frequency was made as a comprom-
ise between the recent indoor propagation studies conducted in the 800-900
MH: [52,59-63,71-72,77], 1300 MHz [59], and 1500 MHz bands [53]. Because
virtually no 1.0 - 2.0 GHz equipment existed at Purdue prior to this
research, dedicated hardware was purchased with careful consideration
given to the usefulness of the equipment upon completion of this thesis.
Consequently, the multipath measurement apparatus was developed using a
straight-forward building block approach.

The measurement apparatus (shown in block diagram form in Figure
2.1) is capable of generating either a stable CW carrier or a repetitive prob-
ing pulse having a half-power duration of approximately 5 ns. In the pulsed
mode, the first harmonic of an ultra stable 641.00 MHz signal is filtered and
mixed with a repetitive 10 ns probing pulse. The resulting DSB-SC signal is
then filtered and amplified to an average output power level of 14 dBm at
500 ns repetition period. This corresponds to a peak power of about 30
dBm. The radar-like probing pulse is generated at a nominal 2 MHz rate,
thus providing a 500 ns delay spread window. However, the repetition rate
is fully adjustable on the HP 8082A pulse generator so that measurements
may be performed in environments with various delay spreads. All
transmitted harmonic and intermodulation components are more than 40
dB below sideband levels. To remove "ghost” pulses due to reflections,
attenuators were judiciously placed throughout the transmitting circuit.

Discone antennas, which are well known for their broad band charac-
teristics, were designed on standard N connectors, and used at both the
transmitter and receiver {75]. Appendix A details the design of the anten-
nas which were conveniently disassembled during transport of the
apparatus.
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For CW transmission, the stable first harmonic was mixed with a DC
bias provided by the external gate mode of the pulse generator. Thus,
selecting CW or pulse mode was accomplished by merely moving a slide
switch on the pulse generator. The resulting final RF output level was con-
trolled by both the signal generator drive level and the decade attenuator,
and was typically operated in a range from -10 dBm to 10 dBm, with a
maximum transmitter power of 30 dBm. Care had to be taken to avoid
excess RF radiation due to leakage from the signal generator and other
components. We found that an early model Wavetek 2500 signal generator
radiated as much as -30 dBm when in the stand by mode! Although line
cord radiation was not a problem, RF line filters were installed at the
transmitter and receiver as a precaution.

The receiver consisted of a discone antenna followed by a Miteq 48 dB
gain low noise amplifier (LNA) designed for the 1.0 - 2.0 GHz band. The
received signal was then split into two paths by a 15 dB directional coupler
(Mini circuits ZFDC-15-5). The direct path provided pulse detection with a
true square law envelope detector (Triangle PT-28 video detector). Tests
showed that the detector obeyed a true square law for input powers up to 0
dBm into 50 ohms. For levels above 0 dBm, the detector had roughly a
linear voltage response until saturation (8 dBm). A Tektronix 7854 oscillo-
scope, equipped with a 350 MHz 50 ohm amplifier (7A24A), was used to
record and digitize the multipath power delay profiles produced by the
video detector. Detector linearity was guaranteed by adjusting the
transmitter for a full scale scope display with the vertical scale set at or
below 20 mV /division. Because the scope display represents a power meas-
urement, 6 dB of dynamic range (in addition to that provided by the
decade attenuator at the transmitter) was provided by selecting between
the 5 m/div., 10 mV /div. and 20 mV /div. settings on the 7A24 amplifier.
Multipath profiles were formed by averaging between 15 and 50 consecutive
sampling waveform sweeps depending on the SNR. Each profile was digi-
tized to 128 points and sent over IEEE 488 bus to an HP 9007 Integral Per-
sonal Computer and stored on flexible disc for latter processing on the
Engineering Computer Network (ECN). The recording and storing process
required about 5 seconds per multipath profile. Software programs written
for various data logging and processing chores are given in Appendix B and
are discussed in Chapter 3.
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The transmitted pulse is shown in Figure 2.2 with the attenuation set-
ting shown in the upper right hand corner. The envelope of the transmitted
spectrum (at 500 ns repetition rate) is shown in Figure 2.3. The measure-
ments shown in Figure 2.2 were taken in a spacious stairway landing in
Purdue’s Electrical Engineering building and demonstrate the inverse square
law relationship
P,G,G\?
(47)’R?

between power and distance in free space, where Gi=G,=1.5 for discone

(2.1)

T

antennas and the theoretical free space path loss is 38.3 dB at a distance of
10\. (The measurements were later repeated outside on a sidewalk and were
within 2 dB of the first). The clutter at ~30 ns excess delay was caused by
reflections from the 12’ ceiling. Figure 2.3 was obtained using a 7L14 plug-
in spectrum analyzer connected to the transmitter output. The slight
asymmetry of the spectrum is due to mixer and amplifier flatness charac-
teristics.

The other receiver signal path was fed from the coupler into an ICOM
R7000 communications receiver modified to provide a DC voltage
corresponding to the received signal power. This was accomplished by tap-
ping the S-meter voltage which is internally provided by the last IF stage of
the receiver. The received signal was adjusted for 800 Hz audio tone during
all narrow band measurements with the receiver operated in the SSB mode.
The receiver AGC attack time was not considered to be a concern since the
fading measureménts were performed at intervals much longer than the
attack time constant. The receiver AGC decay time was decreased to
exceed the data sampling rate by changing R113 of the IF board from 1.8
M to 70 k{). Using a high impedance 7A16A amplifier and the single
sweep mode, the Tektronix 7854 oscilloscope was used as a sweeping volt
meter to compute instantaneous envelope readings which were immediately
written to computer disk. This set-up was convenient because it permitted
both pulse and envelope data to be recorded without reconfiguration.

The LNA/coupler/receiver cascade was calibrated so that receiver
antenna power could be directly interpreted from the envelope voltage.
Careful testing showed that after a 15 minute warm-up, input power meas-
urements could be made repeatably within 41.0 dB over a 60 dB dynamic
range. For envelope voltages less than 10 mV, measurements resulted in as
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Figure 2.2  Transmitted multipath probing pulse.
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Figure 2.3 Power spectrum envelope of multipath probing pulse.
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great as 2.0 dB uncertainty. A plot of the input power/output voltage
transfer function for the receiver cascade is given in Figure 2.4. The curve
was verified on several occasions at 25° C over the course of one month, and
was found to be within + 1.5 dB for all input powers. Figure 2.4 shows
that the most linear receiver performance occurs for input powers between
-50 dBm and -110 dBm. LNA saturation mandated that all useful received
signal powers be kept below -40 dBm. An input power of -50 dBm to the
LNA corresponds to an S-meter reading of S9 +15, whereas an input power
of -110 dBm causes an S-meter reading of S2. By preadjusting the
transmitter power for an average S-meter reading of about S7 (-80 dBm),
the receiver was always operated in this linear range. The CW path loss
over a 10X distance was found to be very close to the expected loss over free
space, and was within 2 dB of the received pulse power over an identical
path.

The equipment was mounted on two industrial strength push carts
equipped with pneumatic tires and 50 ft. extension cords. The antennas
were mounted to PVC pipe fastened to the corners of the carts and were
adjustable from 1.5 m to 2.0 m in height. Figure 2.5 shows the complete
factory measurement apparatus. The carts were transported to each fac-
tory site by an 8 passenger van provided by Purdue.

Our apparatus is similar to that used by Saleh and Valenzuela [53]
except for two important differences. The first difference is that we found it
impractical to run a triggering cable throughout a factory. Fork lift trucks
and other factory equipment posed a real danger to the cable. Also, the
participating factories expressed their concern with the cable, citing that
employees could be tripped. Because of the triggering sensitivity of the
7854, we could not maintain display trigger throughout a frequency sweep.
It was not difficult, however, to achieve trigger using a fixed carrier fre-
quency. Trigger timing jitter was much less than the resolution of the
measurement apparatus since the SNR was reasonably large at all measure-
ment locations. Consequently, our multipath profiles are much like Turin’s
[10] in that multipaths within the sounding pulse duration of 10 ns are not
directly resolvable. There are, however, signal processing techniques which
in many cases are successful in identifying individual multipath components
within a sounding pulse duration [74]. These techniques would be worth
exploring if one desires even greater resolution of the indoor factory radio
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a) transmitting eart.

b) receiving cart.

Figure 2.5 Factory multipath measurement apparatus.
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scattering channel. Since our apparatus is not synchronized with the
transmitter, we cannot be sure that the first received path in a profile is a
LOS path. Nevertheless, provided that the first path is not significantly
delayed relative to the LOS path (if it existed), accurate delay spread data
and excess delay data may be computed while time registration can be
maintained between profiles by observing the relative amplitudes of the first
few multipaths among successive profiles.

Our apparatus also differs from [53] in that we provide a calibrated
parrow band receiver which we believe provides a more accurate power
measurement than can be hoped for by summing powers of the individual
multipath components with the pulse detection method. The dynamic
range of the pulse receiver is poor due to the linear display of the Tektronix
7854 oscilloscope. With the addition of the calibrated receiver, we may be
confident of power/distance laws provided by our data, and more
imporantly, can expeditiously perform diversity and fading measurements.

2.3 Description of Factory Sites

Multipath measurements were conducted at 5 fully equipped and
operational factory sites in central Indiana. Details of the construction and
layout of each facility are given below. At the request of the companies
involved, trade names of the participating factories are intentionally not
given here. Rather, the data sites are identified by letter. Figures 2.6
through 2.10 show the exteriors of the buildings visited during the course of
this research.

Site A: Office Building

The measurement apparatus was developed and tested in Purdue’s
Electrical Engineering building. Although some measurements were per-
formed throughout the building to ensure the hardware and software were
functioning properly, this thesis concentrates on measurement and charac-
terization of the factory radio channel. It was interesting to note, however,
that a2 casual analysis of the Site A data confirmed the waveguiding effects
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Figure 2.6  Site B: Food Processing Plant, multi floor structure.
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Figure 2.8 Site D: Aluminum Manufacturing Facility, single floor
structure.
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Figure 2.9  Site E: Casting Foundry, single floor structure.
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Figure 2.10 Site F: Engine Machine and Assembly Shop, single floor
structure.
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of hallways reported by others [53,63,72]. We often observed sharp specular
reflections caused by metal doors at the end of long hallways. This
phenomenon has been reported by others [53].

Site B: Food Processing Plant, multi floor structure

Extensive data was collected at a major food processing/manufacturing
company. Factory site B, built in 1970, is used for production and storage
of frozen deserts. The 800,000 square foot building is made of thick precast
concrete walls, concrete floors and metal ceilings that are reinforced by steel
girders. Although the structure contains 5 floors, the first floor of the build-
ing represents a large majority of the building space. The 2nd through 5th
floors are used primarily for personnel recreation, storage, and power distri-
bution. The main floor is partitioned into five main areas: administration
offices; warehouse storage; food processing and production; refrigerated
warehouse; and loading dock. The areas are connected by a main 20 ft.
wide hallway that runs the length of the building. Figure 2.11 shows the
floor layout of building B.

The dry warehouse is typical of most industrial warehouses. The walls
are constructed of 6 in. preformed concrete with metal reinforcing rods.
The ceiling is made of ribbed steel and is situated 30 ft. above the floor.
Steel wide-flange beams from the floor to the ceiling are spaced at 40 ft. X
25 ft. intervals throughout the warehouse. Wide (12 ft. aisles are flanked by
large metal shelves that are stocked with dry foodstuffs, aluminum barrels
and paper products. The shelves are 16 ft. tall, and, when full, obstruct
line-of-sight paths between aisleways. Fork lift trucks, which enter the
warehouse through 2 large steel fold-out doors, commonly move about the
area.

. The food processing and production area consists of many large stain-
less steel pipes, several huge steel tanks, three conveyor belts, and large
metal consoles. A large generator and a steel cat walk hang from the 30 ft.
ceiling. The area is manned by approximately 20 employees who constantly
move about the area. A mezzanine level, located above a portion of the
food production area in the center of the building, contains a small office
area for the plant engineering staff. The area contains several modern
fiberboard partitions which divide the floor space into several offices.
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The refrigerated warehouse is very similar in layout to the storage
warehouse mentioned above. The most noticeable difference is that room
temperature is maintained at 0° F. The entire room has over 8,000 sq. feet
of floor space and has insulated walls with an outer metal shell. This area
is used to store perishable raw materials as well as inventory, and also
serves as a temporary storage for goods to be shipped. Fork lift trucks and
personnel frequent the area.

The shipping and packing area is located at the rear of the building
and features preformed concrete wall, tall (50 ft.) metal ceilings and 6 large
steel docking doors. Several automated packing machines crate the finished
products for shipping or inventory storage. Fork lift trucks are in constant
use.

Site C: Engine Manufacturing Plant, new single floor structure

Data was collected in the manufacturing facility of a a major diesel
engine producer. Site C, built in 1985, is used for producing large metal
engine products, such as crank shafts, cylinders, and completely assembled
engines for world wide customers. The building is 950 ft. X 1320 ft. and
features state-of-the art manufacturing technology. An automatic storage
retrieval system, modular storage areas, several overhead cranes, and fork
lift trucks and trains are used to store and transport parts throughout the
plant. Steel trusses support the corrugated steel roof deck, which is exterior
coated with 2 in. fiberglass insulation. 4 ply glass fiber roofing felts and
flakes of asphalt-based aluminum roof coating material are used on the
roof. Busy steel truss work varies in height from 25 ft. to 36 ft. Wooden
floors, consisting of 4 in. two-by-fours laid upon concrete, are used in a
majority of the plant. The lower segments of walls in the building are
made of 7 ft. tall pre-cast reinforced concrete panels. Above 7 ft. the walls
are formed from 1.5 in. thick preformed steel sidewalls that are insulated
with fiberglass. Wide flange steel beams extend vertically from the floor to
the ceiling to form 50 ft. X 50 ft. bays throughout the plant. The steel
beams have an 18 in. (on the average) flange width.

The building is separated into three main areas (see Figure 2.12): a
manufacturing area, an assembly area, and an oﬂice/training area. The
manufacturing area occupies roughly half of the building. Here, the ceiling
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Figure 2.12 Floor layout of site C.
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truss work is at a 25 ft. level. This portion of the factory is dedicated to
the machining of castings and forgings. Large pieces of equipment and
many pieces of metallic work-in-process are located throughout the
manufacturing area, which is arranged in a modular fashion and connected
with 20 ft. wide aisles. Receiving and quality control departments flank the
area. Employees and fork lifts are in constant motion throughout this por-
tion of the plant, and the skyline is very cluttered. Line-of-sight radio
paths appear to be difficult because of the large amount of clutter.

The assembly area occupies the majority of the remaining half of the
fioor space. This portion of the building accommodates the painting, test-
ing and assembly of large pieces of engine equipment. The ceilings are sup-
ported by steel trusses at a height of 36 ft. Several overhead crane systems
are used to haul large engine components through various phases of assem-
bly. A spacious shipping dock, which features 5 large metal overhead slid-
ing doors, flanks the assembly area and contains several large pieces of
inventory. The dock facilitates rail train as well as truck shipments. The
assembly area is best described as a lightly cluttered factory area. Line of
paths are likely in most locations with antennas mounted above the 6‘ or 8
level.

The office/training area is located in the center of the building and
consists of a two story structure that is entirely enclosed with 8 in. concrete
block/ steel rebar walls. In this area there are several offices, an open office
area which has several modern metal partitions, and a cafeteria. The sur-
roundings are typical of a modern office buiding. Poured concrete on a steel
frame form the partition between the first and second story of the sub-
building. The west end of the office /training building is actually part of the
fire wall that divides the factory. The fire wall is 28 in. thick, and consists
of steel reinforced (rebar) concrete block.

Site D: Aluminum manufacturing facility, single floor structure

Factory building D, built in 1938, covers about 40 acres of land and
has dimensions 880 ft. X 2020 ft. The single story structure is used for pro-
ducing extruded aluminum products. Sections of the building are dedicated
to ingot fabrication, extrusion, tube milling, heat treating and quenching,
and shipping. Large bundles of aluminum tubing, massive quantities of
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bulk aluminum ingot, overhead cranes, furnaces, boring machines, lathes
and hydraulic tanks and presses are common sites throughout the plant.
Figure 2.13 shows an approximate layout of site D.

The factory is laid out in 80 ft. X 20 ft. bays. Aisleways are arranged
in perpendicular intersecting fashion and are typically 12 ft. wide. Thick
steel I-beams extend from the floor to the ceiling at 50 ft. grid locations.
The exterior of the building is made of red brick, and features a roof that
has periodic steepling in a saw tooth fashion. Windows are located in the
vertical portions of the roof steeples, which are 40 ft. above the factory
floor, as well as at eye level in some parts of the building. The tar-
paper /gravel roof is supported by sheet steel, which is in turn supported by
dense (metal) ceiling truss structures. Ceiling height varies between 40 ft.
and 60 ft. while the busy steel truss work is 30 ft. above the floor.

The work floor is formed from 4 in. wooden block on a thick concrete
base, whereas aisles are made from poured concrete. The building exterior
walls are primarily red brick, although some walls use 3 in. insulated ribbed
steel construction. A few of the walls along the side of the building are
actually large wooden sliding doors. There is constant motion throughout
the factory as employees transport the work-in-process with overhead
cranes (mounted 30 ft. above the factory floor) and fork lift trucks. Piles of
aluminum inventory and work-in-process may be found throughout the
building.

Site E: Casting Foundry, single floor structure

The foundry of a major engine manufacturing company is denoted by
site E. Built in 1837, the grey iron foundry occupies 300,000 square foot of
land and has dimensions 300 ft. X 1000 ft. The single story structure is used
for all phases of engine metal production, and ranks as one of the five larg-
est foundries in the United States, typically producing 600 engine blocks a
day. Figure 2.14 shows a dimensioned layout of the factory. Sections of the
building are dedicated to small tool storage, warehouse storage of raw
materials, ceramic core mixing and production, molten iron pouring deck,
50/100 ton holding furnaces, cleaning, and inspection.
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The small tool storage and warehouse storage areas were added later
to the main building structure. The small tool storage was built in 1939
whereas the warehouse storage area was added in 1959. Both areas have
light ceiling truss work which is located 20 ft. above the concrete floor.
Walls are made of 6 in. thick concrete blocks. The roof construction over
the newer sections of the building consists of tar and gravel poured on flat
sheet steel. Both the tool storage area and warehouse have vertical steel I-
beams that form approximately 20 ft. X 20 ft. bays. Exterior building walls
are fabricated from 3 in. ribbed aluminum siding. The storage area is
densely packed with tooling hardware stacked on large 12 ft. tall metal
racks. Each of the racks are very closely spaced; aisle widths are just wide
enough to allow a person to walk through. The warehouse storage area is
typical of most factories, and consists of 12 ft. wide aisles configured in an
orthogonal grid pattern. The inventory consists of bags of sand as well as
resin and chemicals that are stored in metal drums. Inventory is typically
stacked to a height of 8 ft. and is arranged in rows that flank the aisles.
Fork lift trucks and plant personnel frequent the area.

The roof structure throughout the (original) foundry consists of a
periodic saw tooth design with large north-facing windows. Roof height
typically varies from 25 ft. to 40 ft. reaching a peak height of over 60 ft. in
the molten iron pouring and cooling areas. The busy truss work is typically
5 ft. closer to the floor. Roofing material is simple sheet metal covered with
tar and gravel. The east exterior wall is formed from 6 in. concrete block
while the other exterior walls are formed from 3 in. ribbed aluminum siding.
Except for the pouring and furnace areas, the foundry floor is made of wood
block. A concrete surface is used on the perimeter aisles. Typical aisle
widths are 12 ft. on the perimeter aisles; 8 ft. on interior aisles. Large steel
I-beams extend from the floor to the ceiling to form 22 ft. X 44 ft. bays.

The core production area of the foundry features a very dense ceiling
truss structure, which typically hangs 25 ft. above the wood block floor.
Cat walks support computer controlled sand weighing systems, and serve as
power decks for some of the large hydraulic presses and heaters that are
used to form the core moldings. There are approximately 60 large core
machines of various sizes that are used to weigh, mix, press, form and drill
the molded sand cores.
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The "hot" area is located in the center of the foundry. This is where
the pouring deck and holding furnaces are located. The environment is
busy and hostile. Large ceiling-mounted ladles, radio-controlled by opera-
tors on the floor below, are used to haul molten steel from the holding fur-
naces to the pouring deck. Core forms are transported to the pouring deck
by tub trains that are suspended from the ceiling. Sparks from splashes of
molten iron are frequent, and the heat level is quite high. The floor surface
varies between dirt and concrete throughout the pouring and setting deck
areas. Up to 200 employees man this portion of the foundry, and are
responsible for collecting the slag from ladles, setting the cores in flasks,
sand-packing the flasks, and controlling the molten level in the pouring fur-
nace. Underneath the pouring and setting decks are 20 ft. deep tunnels
which channel the emptied flasks to the cleaning area. The castings are
routed by conveyor belt to the ceiling where they undergo the cool-down
process.

Outside of the foundry, directly to the west of the holding furnaces, is
a large scrap iron junk yard. A 70 ft. high suspended electromagnetic crane
picks up scrap iron and loads it into several 500 KW induction heaters
located next to the holding furnace area.

The cleaning and inspection areas have building construction charac-
teristics very similar to the core production area, with the exception of the
cat walks. Wood block floors are used throughout both areas. In the clean-
ing area, large machinery bounce the cooled flasks to free them of sand
(shakeout). Sand blasting machinery clean the cooled castings. Fork lift
trucks frequent the area to carry cleaned castings to the inspection areas.

The inspection area has a noticeably clear skyline, contrasting the
sky-scraper like arrangement of machinery seen elsewhere in the building.
Short piles of finished castings are brought in by forklift trucks and are
placed in rows throughout the area. Employees operate hand tools to chip
unwanted metal from the castings. The finished castings are inspected and
sent to the shipping dock, adjacently located at the southern (rear) end of
the building.
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Site F: Engine Machine and Assembly Shop, single floor structure

Site F is a 900,000 square foot single floor structure that is located on
the same campus as the casting foundry. The building, built in 1938 and
appended in 1973, contains an extensive machine shop area as wel] as
several manual and automated machining and assembly lines. The building
may be classified by three distinct areas:

a) conventional machine shop floor;

b) conventional assembly line floor;

¢) modern automated assembly line and machine shop floor.
The building layout of site F is shown in Figure 2.15.

The conventional machine shop is arranged by 33 ft. X 22 ft. bays.
The roof, which is made of tar built upon a base of insulating board and
sheet metal, has a periodic sawtooth structure with north facing windows.
Roof height ranges from 16 ft. to 30 ft. Walls throughout the building are
made of concrete block or red brick. The machine shop ceiling truss struc-
ture includes large steel beams originally designed to hold the belts and pul-
leys of line shaft machines. The floor is made of wooden blocks, with
cement being used for the perimeter aisles.

Large pieces of numerical control equipment are arranged in an orderly
fashion throughout the shop. Parts-in-process are transported via electric
fork lift trucks that travel throughout the area in 10 ft. aisles. Different
sections of the shop are dedicated to the machining of specific engine and
automotive components, such as brake drums and exhaust manifolds. In
general, there are few tall obstructions that could block 2 line-of-sight radio
path from an antenna mounted at the 2 m or 3 m level.

The assembly line area, located in the middle of the building, is
blocked off from the machine shop by a brick wall. In this area, the ceiling
trusses are mounted 16 ft. above the wood block floor. Roof construction is
identical to the other areas of the building, consisting of tar and gravel
upon a deck of sheet steel and insulating paper). Various hand and semi-
automated assembly lines are used to build diesel engines. Like the
machine shop, there are few obstructions to block a line-of-sight path
within the assembly line area.
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The modern machining and assembly line area is located in a building
addition built in 1975. This area of the plant houses state-of-the-art
manufacturing technology, and is the site for diesel engine machining.
Building characteristics in the modern machine/assembly area include
wooden floors, 6 in. thick concrete block walls, 44 ft. X 66 ft. bays, 2 ft. X
2 ft. wide flange steel beams that extend 30 ft. vertically from the floor to
the massive ceiling trusses (38 ft. to the steel roof) and several catwalks
which support the power supplies for much of the machinery. An automatic
storage and retrieval system is located in the southeast corner of the area.
Massive machines, such as an automated machining line, and an RF har-
dening machine make the skyline very busy. Line-of-sight radio paths
within the area appear to be difficult.

2.4 Experimental Procedure

Propagation experiments were conducted in typical areas throughout
each of the five aforementioned factories. Several visits to each site indi-
cated that there are at least four general types of geographical settings in
all manufacturing facilities. These geographies may be classified as:

1) Line of sight path with light surrounding clutter
Such paths are found along major aisles that are surrounded
by relatively empty storage areas or low density work areas
(such as a machine shop) where most scatterers are lower than
the height of the receiver antenna.

2) Line of sight path with heavy surrounding clutter
Such paths are found along aisles in a2 well-stocked warehouse
or along the aisles of an automated assembly line area where a
significant amount of metal is located at heights greater than
the receiver antenna.

3) Obstructed path-- light surrounding clutter
Such paths exist when a LOS path is blocked by inventory or
machinery that is approximately the same height as the
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receiving antenna. Such a radio path would typically exist
across a machine shop or 2 manual assembly area.

4) Obstructed path-- heavy surrounding clutter
Such paths exist throughout areas of the factory where the
"skyline” is busy, such as within a metal foundry, across an
automated assembly line area, or between aisles in a stocked
warehouse. '

Figures 2.16 - 2.19 vividly illustrate the four distinct geographical factory
settings.

A geography which we could have considered, but did not, is the case
where radio paths exist in the vicinity of walls. Such paths exist for radios
located along the perimeter of a factory or in aisles adjacent to fire walls.
We felt that this geography is similar enough to a line of sight heavy clutter
area, and is also similar to hallways in office buildings for which some mul-
tipath delay spread and attenuation measurements have already been made
[71,72]. Some measurements in such a geographical setting were made at
site C. Since the majority of building structures we visited were single
storied and had very few partitions, propagation characteristics between
floors or through walls were not investigated.

In each factory, measurements were made in the four previously men-
tioned geographical settings. Arrangements were made with the factories to
collect the propagation data during a slow work period so that our measure-
ments would not interfere with normal plant operations. For all measure-
ments, the transmitter cart was positioned in a location clear of immediate
obstructions within the desired geography, such as in the middle of the
intersection of two main aisles. The transmitting antenna was located 2 m
above the floor. For each geographical area within each factory, 3 measure-
ment locations were selected having graduated transmitter-receiver separa-
tions (nominally 25 m, 50 m and 75 m). The receiver cart was positioned in
an aisle or other sensible vehicle pathway that was typical for the specific
geography. Receiver antenna height was 2 m but was lowered to 1.5 m dur-
ing the fading diversity experiment described below.
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At each mé@surement location, 4 types of data were collected in a local
neighborhood: Wide band multipath power profiles in the center of the
aisle, CW fading data in the center of the aisle with antenna heights of 1.5
m and 2 m, and CW fading data at the side of an aisle. In sites E and F,
some temporal fading measurements were made with the receiver in the
center of the aisle.

Multipath power delay profiles were recorded at A/4 intervals along a 1
m track in the center of the aisle. The measurement was performed by
pushing the cart next to a customized meter stick marked in 5.6 c¢m inter-
vals, and adjusting the scope trigger if necessary before logging a profile at
each mark. For all pulse measurements, care was taken to select an oscillo-
scope display time span great enough to capture all significant paths, yet
not excessively great to include receiver noise which artificially increases the
delay spread and power gain measurements.

CW fading measurements were performed along 2 paths located in the
center and at an arbitrary side of the aisle. It seems reasonable to believe
that with similar local surroundings, propagation characteristics on either
side of an aisle would be comparable. However, for a ceiling-mounted
antenna, received signal characteristics would not necessarily be similar.
(For ceiling mounted antennas, one might expect to observe asymmetric
shadowing as recent experiments for land mobile-satellite systems have indi-
cated tree shadowing effects differ greatly in opposite lanes of traffic [80]).
To collect the fading data for each experiment, the receiver cart was
steadily pushed along a 1.3 m track by hand while 128 discrete receiver IF
voltage readings were recorded and stored in a 5 second span. A uniform
velocity was insured by starting the cart a meter or so before the measure-
ment track. Three such fading measurements were performed at each
measurement location. The first measurement was performed in the center
of the aisle along the same (but slightly longer) track that was used for the
multipath profile measurements. The second measurement used the identi-
cal track with the antenna lowered to a height of 1.5 m. The third fading
measurement was performed on a track located at the extreme left or right
edge of the aisle parallel with the center track. Because most aisle widths
are on the order of 3 to 4 m, this corresponded to a distance of 1.5 to 2 m
between tracks. Throughout each factory, an equal number of left and
right aisle measurements were performed, and an equal number of tracks
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which were perpendicular to and radial to a line drawn from the
transmitter to receiver were used.

In areas of significant motion, such as beneath a moving overhead fan
or near a moving conveyor belt, a 100 s single sweep measurement of the
received CW signal level was recorded at a 10.24 Hz sampling rate. Factory
sites B, C and D were visited during periods of slow activity and showed
very small fluctuations in signal strength during the single sweep measure-
ment. Consequently, single sweep power measurements were retained from
the active factories only (sites E and F).

For all measurements, the operators of both transmitter and receiver
carts remained still and positioned themselves away from the antennas.
Because many members of the research team were amateur radio operators,
144 MH:z handi-talkies were used to report information regarding
transmitter settings and channel motion. At each factory site, 57 multipath
delay profiles and 1152 CW envelope measurements were made in each geo-
graphic area (however, the data from a couple of measurement locations
was inadvertently destroyed due to carelessness brought on by operator
fatigue). Collection of the data typically required six hours per site. At
sites B and D, measurements were conducted in all four geographies
described on page 48. At site C, measurements were recorded in those four
geographies and also in an additional geography (referred to as "LOS wall").
Because of concern that our measurements would interfere with normal fac-
tory operations, we were restricted to making measurements in LOS and
obstructed heavy clutter path geographies at sites E and F. The experi-
ments resulted in a data pool that contains over 900 factory multipath
profiles and 22,500 received CW power measurements.
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CHAPTER 3
CHANNEL FORMULATION
AND
DATA REDUCTION

3.1 Impulse Response Model

3.1.1 Multipath Power Delay Model

One of our goals is to characterize the factory channel impulse
response. A simple channel representation is illustrated in Figure 3.1a,
where h(t) represents a causal, linear time varying channel. A simple chan-
nel model is one in which the received signal y(t) is an attenuated and time
delayed version of the transmitted signal x(t). For a discrete channel
model, this implies [66]

7(0) = Sl (1) (3.1

Our digitized experimental data readily lends itself to representation by a
discrete channel -model. Multipath profile measurements in other radio
channels have indicated the discrete model suitably fits the finite and dis-
tinct nature of the delayed paths (9,53,54].

Note that the received signal in (3.1) is a function of both time and
excess delay (7). Since our measurements were made during very slow fac-
tory activity, the o;’s and 7,’s imposed by the channel are virtually
independent of time. Using this fact, the impulse response is given by

bit) = S [t-—Tk] (3.2)

where 6( ) is the Dirac delta function and 7, denotes the first observable
pulse with our apparatus.
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x(t) —

h(t)

— y(t)

a) Linear channel model for multipath channel.

b) Equivalent low pass channel model.

Figure 3.1 Linear channel models for multipath channel.



56

For a transmitted signal of the form

: _ -9
x(t) = Re [p(t)e"zﬁ‘t] where p(t) ~ rect [-t—l—g—z%-o——] (3.2a)
the channel output is
o B
y(t) = [x(Qh{t—¢)d¢ = Re {Eake—ﬂﬂ‘r“p(t—rk)] e’z"f‘t]
—o0 k
= Re| r(t) ejzmt] (3.2b)

where
rit) = [Eake—jM‘TkP(t—Tk)]
k

The channel may be equivalently described by the low pass impulse
response hy(t) having an output r(t) which is the complex envelope of y(t).
The low pass characterization removes the high frequency variations caused
by the carrier making it analytically easier to handle. Thus, we strive to
characterize the low pass equivalent channel impulse response hy(t) which is
given by

hy(t) = Yoye 2G4 —r,) (3.3)

k

In (3.3), oy represents a real attenuation factor, eI2mene

represents a linear
phase shift due to propagation, and 7y is the time delay of the k-th path in

the channel. Figure 3.1b illustrates the equivalent low pass channel model.

By modulating an RF carrier with a 10 ns sounding probe, the output
of the low pass channel closely approximates the impulse response hy(t).
Instead of measuring the output r(t) however, we measure |r(t)|%. Letting
6y represent the linear phase term in (3.3), our multipath power profile
display becomes

I(t)!? = r()r"(t) = Re z_:ga,-akp(t—Tj)p(t—rk)e'“’ﬁ'"k’ (3.4)

Note that if {r; — 7,/ > 10 ns for all j # k, then
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{r(t)]* = %aﬁpz(t—ﬁ:)

and the power profile measurement has a path resolution of 10 ns. For
77 — 7y < 10 ns, there is pulse overlap and we assume there to be unresolv-
able sub-paths that combine to form one observable path. Although the
digitizing oscilloscope provides a,f, 7, values at intervals between 1 and 5
ns, for impulse response modeling we use Turin’s approach [54] in that we
quantize the power profile into bins having 10 ns durations (although for
calculating multipath parameters such as delay spread, all af, 7. values
were used). Within each bin, we integrate over the o's to obtain an
equivalent Af( at a time Tg. Thus, although our measurement is expressed
by (3.4), we reduce the display as

r(8)}® = 1hy(t)}® = 3 AP (t—Ty), Ty — Tx =10ns  (3.5)
X

Because we make power profile measurements at A\/4 intervals on a
4.3\ path, local spatial fading effects are also observed. Consequently, the
measurement is not only a function of time delay but also of space. For a
position x, on a given path, we measure

2 A2 2
ir(tx,)| = 3 3 Ax(X)p*(t—Tk(X)) (3.6)
X=x, K
The data permits us to statistically characterize the fluctuations of path
strengths and delays over local areas.

For 5 to 10\ neighborhoods, other researchers have found multipath
profiles to be spatially wide sense stationary (WSS) (70,71]. As is detailed in
Chapters 4 and 5, this appears to hold also for the factory channel. For
the WSS assumption, it is valid to approximate the measured sample
records of a process by the sample average. Thus, we may average (3.6)
over all local spatial locations to come up with a representative power delay
profile at each measurement location.
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3.1.2 CW Fading Model

For the CW measurements, p(t) in (3.2a) is equal to 1 for all t, and the
received signal is ideally a pure sinusoid at the carrier frequency. However,
motions in the channel or movement of the receiver causes fading of the sig-
nal. For this case, a suitable low pass impulse response model for the chan-
nel is [66]

hy(t) = Foy(t)e M (3.7)

k

where it is assumed a discrete collection of phasors sum up at the receiver
antenna with various path delays. For the CW case, the low pass impulse
response is identically the received signal r(t) at the antenna. While it is
not possible to resolve the individual o's or 7's of (3.7) with a CW
transmission, it is possible to observe the relatively slow fading in the chan-
nel which is due to the time and spatial fluctuations of the paths comprising
(3.7).

Like the multipath power profile measurements, CW envelope measure-
ments along a short path were made while the factory was inactive. Thus,
the spatial measurements dictate that the channel not be a function of
time. Certain measurements performed in Factory Sites E and F, on the
other hand, were conducted over the course of several minutes during nor-
mal factory activity to ascertain the time varying fading characteristics of
the envelope of hy(t). A suitable channel model which demonstrates the
dependence of the channel on both time and space is

~j2af ot ;
r(t ;%) = byt ;%) = Soy(t ; x)e ) (3.8)
k
Our receiver measures Ir(t ; x)|, the magnitude (envelope) of the low pass
impulse response given above.

Disjoint statistical information regarding slow fading due to both
receiver motion and ambient channel motion is readily obtained by fitting
the fluctuations of the received envelope !r(t ; x)| to suitable probability den-
sity functions. Some indoor multipath measurements have suggested that
spatial fluctuations are nearly Rayleigh [59,63]. Temporal fading has
recently been shown to fit Rician distributions [77].
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Envelope distributions are important for determining bit error rates in
digital communications systems. With a reliable distribution model for the
signal envelope, it is possible to accurately compute and predict the perfor-
mance of a communication system by considering the large scale path loss
and the small scale signal fluctuations about the large scale path loss [40].
These small scale signal fluctuations may be occur over time (for the case of
stationary terminals), over space (for the case of a mobile terminal in a
temporally stationary channel) or over both time and space. As was shown
in Chapter 1, a Gaussian channel assumption leads to a Rayleigh distribu-
tion of the received signal envelope. The Rayleigh distribution is given by
(3.9) and is uniquely specified by the variance o° of the random multipath.
It well describes the situation when more than a few radio paths exist
between the transmitter and receiver having comparable path losses.

py(x) = X X120 0<x<o0 (3.9)

When a significant portion of the received signal envelope is due to a
particular path, such as the LOS path, then the envelope distribution is
Rician. The Rician distribution is fully specified by the ratio, K, of the
dominant specular signal component to the random multipath, and is given
in (3.10).

—[x2+ A?|/202
py(x) = e R I,,[ﬁ2 0<x<oo, A>0 (3.10)
011 011
2
K= A2
20,

In (3.10), I,( ) is the modified bessel function of the first kind and zero
order. The parameter A represents the zero-peak value of the specular com-
ponent, and may be set to unity to facilitate simple numerical analysis of
(3.10).

Another distribution which has been found to fit some fading data is
the log-normal distribution. This distribution is used to describe rain
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attenuation characteristics for various earth-satellite paths (80,84]" and cer-
tain radar targets. The log-normal distribution is uniquely described by its
mean X and standard deviation 0. It arises in nature from the multiplica-
tion of many independent and identically distributed random variables, and
has a probability density function given by (3.11) [83]. For this reason, it is
difficult to postulate how the log-normal distribution would describe small
scale channel fading in space or time within the factory. Although each
received path is multiplied by the reflection coefficients of scattering objects
in the channel, and thus is likely to have a log-normally distributed
envelope at the receiver antenna, several such paths are believed to exist
and add at the receiver antenna, thus suggesting a Rayleigh envelope distri-
bution. However, if there are just a few significant multipaths that are
largely and similarly affected by small receiver movement, then a log-normal
distribution is plausible.

1 elogx-2)20"  geyeoo (3.11)

P = o o

Data which is believed to fit a log-normal distribution is typically plotted
with observations (x values) in dB about the median value. For this case,
the mean is subtracted out and the observations (in dB values) are normally
distributed having a median (and mean) of zero and a standard deviation of
o dB.

Figure 3.2 shows cumulative Rayleigh, Rician and log-normal distribu-
tions for some values of K and ¢ plotted about the median. Although
there are several techniques used to display distribution functions in the
literature, a log-log scale such as that used in Figure 3.2 is useful because it
readily indicates the likelihood of very low signal levels (deep fades) indi-
cated by the left tails of the distributions. Deep fading is exactly the situa-
tion for which a statistical model is necessary, since it is here where bit
errors occur. Indeed, the communication system performance must be con-
sidered to be conditioned on the distribution of local (or small scale) signal

1‘However, in these references a log normal distribution was found to hold for received
signal levels given in dB. In the context here the absolute signal level (in either volts or
watts) is assumed to be log-normal; i.e. normal when plotted in dB.
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fluctuations. An overall average system performance can be obtained by
averaging the large scale path loss over these small scale fluctuations
[60,61,77].

The probability of error vs. average SNR for DPSK modulation in
several fading channels is shown in Figure 3.3 [77]. One immediately notes
that for a given level of performance, the Rician fading channel offers sub-
stantial gain over Rayleigh fading. The figure also indicates the danger in
designing a tight link budget under a Rician channel assumption. The log-
normal fading channel has not been considered in {77] and is consequently
not shown on Figure 3.3. Fortunately, because of the short distances and
relatively low path losses involved in an indoor channel, it should be possi-
ble to design the link for adequate SNR performance regardless of the
actual distribution of small scale fluctuations.

Our premise that path loss in a factory radio link is largely dependent
upon factory geography and the orientation of the transmitter and receiver
with respect to the factory clutter certainly stands to reason. Even after
identifying distinct classes of factory geography as we have done, however,
there is still randomness associated with the path loss (or "large scale")
measurements since not all building structures, inventories (i.e. geographies)
are identical. It is therefore useful to determine a statistical model for the
large scale path loss measurements about a mean (or "typical") path loss
exponent. Data from the urban mobile radio channel and propagation
experiments in and around houses have revealed that received signal levels
over large distances are described by a log-normal distribution (3.11) of
small scale median power levels about the expected level (which is depen-
dent upon T-R distance and the path loss exponent) (40,60,61,76].

3.2 Important Multipath Channel Parameters

Wide band multipath channels are grossly quantified by their mean
excess delay and r.m.s. delay spread [40,53,58,70,76]. The former is the first
moment of the power delay profile and is defined to be
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where G, = Yo (3.12)
k

The latter is the square root of the second central moment of the profile
and is defined to be
Yoy

o, = ?—( 7)®  where 2= X

(3.13)
I

Mean excess delay is important for determining the accuracy of a CW rang-
ing system or the extent of distortion in a narrow band FM system [81].
The r.m.s. delay spread is an important parameter in determining
bandwidth capacity of a channel [40]. G;, the denominator in (3.12) and
(3.13), is a measure of received power for a given profile measurement. By
referencing G; to the power received at a transmitter-receiver separation of
10X in free space (see Figure 2.2b) and including the factor by which the
sampling time of the measurement and the reference differ, the path loss of
the channel is computed. Letting PL denote path loss, P; denote average
transmitter power and A; denote the transmitter attenuator setting for the
given measurement, the path loss is given by

G100 ATy0)
PL(dB) = Py(dBm)—P,,(dBm)—A(dB)+A,p.(dB)+10log,o G A (3.14)
T T
where Pjg) is 13.0 dBm, Ar7,q, is the sampling interval for the 10X reference
measurement (equal to 0.39 ns), and Ar, is the sample interval for the
profile measurement {equal to either 1.56 or 3.91 ns).

Narrow band parameters of interest include large scale path loss as a
function of distance and geography. Also useful are typical and worst case
fading levels as a function of time, space, and geography. The narrow band
path loss is computed with reference to free space loss at a distance of 10X
Equation (3.15) gives the computation for path loss for a given CW meas-
urement.

PL(dB) = P,(dBm)—A,(dB)—P,(dBm)—PL\(dB) (3.15)

PL10X= 38.3dB
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P(dBm) = 0.76V_,; — 125.0  (From Figure 2.4)

The median V,; value from a given fading measurement is used in (3.15).
While the measurement of path loss using both a wide band and narrow
band apparatus has been claimed to yield identical results [78], it has not
been previously shown what kind of experimental agreement can be
achieved between the two methods.

3.3 Data Organization and Storage

3.3.1 File Handling

The unwieldy amount of data provided by this research required that
some thought be given to data management. In order to distinguish the
data type contained in a file and to take advantage of the character han-
dling capability of the UNIX-based C programming language, a filing sys-
tem was employed that provided identification of the data using a very
short file name.

Data collected from each measurement was assigned a file name on the
HP9007 personal computer diskette which identified the type of data, the
factory site, the local geography, the location in the aisle, and the relative
transmitter-receiver separation. Figure 3.4 illustrates the filing protocol. It
can be seen from the figure that the file "pb2cc” contains (19) multipath
delay profile measurements in a LOS heavy clutter geography taken in the
center of an aisle at factory site B. The measurement was made with a
maximum transmitter-receiver separation. File names ending in ".d" denote
diversity since those measurement were made with the antenna at the lower
height. Figure 3.5 shows a listing of all data files written to diskette from
factory site C.

Data files were created with the data-logging program getdata,f which

fAll subsequent program names will appear in italics. Programs are documented in

Appendix B.
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EACTORY SITE v PARA
(b through ) a=short
b=medium
DATA TYPE c=long
p=pulse l r— .d if diversity

e=envelope measurement

s=sweep P P b2cc (envelope only)
GEOGRAPHY j ? LOCATION
1=LOS light clutter IN AISLE
2=L0S heavy clutter c=center
3-LOS adjacent to wall (site C only)  ='efi side
4=obstructed light clutter r=right side

S=obstructed heavy clutter

Figure 3.4

eclac

eclac. d

eclar
eclbc

eclbc. d

eclbl
eclcc

eclcc. d

ecicr
ecaac

Figure 3.5

File naming system for raw data.

ec2ac. d

ec3ar ecébc ecSbec. d
ec2al ec3bc ecélbc. d ecSbl
ec2bc ec3bc. d ec4bl ecScc. 4
ec2bec. d ec3bl eclcc ecScl
ecabr ec3cec ecdcc. d pclac
ec2cc ec3cc. d eclcr ptibc
ec2cc. d ec3cr ecSac pclce
ec2cl ecbdac ecSac. d pc2ac
ec3ac ecbdac.d ecSar pca2bc
ec3ac. d ecdar ecSbc pcacc

Listing of raw data files from Site C.

pc3ac
pc3bc
pc3ce
pcéac
pcabe
pcélcc
pcoac
pcSbc
pedce



was written in BASIC for the HP9007 computer. Getdata was executed prior
to performing each factory measurement, and provided prompts for file
name, type of data to be collected, detailed description of the clutter, exact
transmitter-receiver separation (in feet), transmitter power, and the
transmitter attenuator setting. This information was placed line-by-line in
the beginning of the newly created file. The program provided operator
cues for the selected measurement, such as reminders for correct oscillo-
scope settings, and stored the digitized oscilloscope display data in the file.
The file was then locked and stored on diskette for later transfer to the
Engineering Computer Network (ECN).

Figure 3.6 shows the raw data format of a typical envelope (CW fad-
ing) measurement file produced by getdate. The letters "WFMPRE" and
"CURVE" are generated by the Tektronix 7854 oscilloscope to designate the
preamble and the display data. The scope settings are contained in the
WFMPRE segment. The data following "CURVE" are the vertical coordi-
nates for each display point starting from the far left side of the display.
Pulse measurements contain 19 blocks of data, each which are formatted as
shown in Figure 3.6. Single sweep measurements are formatted as shown in
the figure but contain 1024 data points instead of 128.

Data collected from the factories were uploaded from the HP9007 to
the ECN "ed" VAX computer via an RS-232 port. Hewlett Packard’s
datacomm software and UNIX's umodem program handled the file transfer.
The raw data files retained their same names on ECN, and were stored in
the path /a/n9nb/Data/X, where X denotes the name of a subdirectory
("B" through "F") corresponding to the factory site from which the data was
collected. Once on the ECN VAX, a series of C, Fortran and Shell Script (a
language sort of like C) programs were used to reduce the data.

3.3.2 Data Processing

A flow chart of the data processing steps is shown in Figure 3.7.
Striptek.auto was the heart of a C language program used to strip the Tek-
tronix preamble from each raw data file and place the data in a revised file
with a file name appendage of ".st". Striptek.auto also computed the r.m.s.
delay spread and power gain of each pulse measurement. The stripped out-
put file name was simply the original file name appended with the letters
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eb2ac

engine block mfg

heavy

much heavy clutter wash tank drilling boring machines

75

los
-3

o)

WFMPRE ENCDG: ASC,NR. PT:12B,PT. FMT: ¥V, XZERD: O, XINCR: 39

. DGE-03, XUNIT: S, YZERD: 76. 37E~-03, YMULT: 20E~03, YUNIT: V;

CURVE 0. 546%.: 0. 5469, 0. $957, 0. 5B59. 0. 60595, 0. 6055, 0. 5762, 0. 5078, 0. 4297, 0. 3
418, 0. 1856, 0. 0586, -0. 1172, -0. 332, -0. 5273, -0. 5957, -0, 3711, =0. 0584, 0. 4004,
O &£348.0.7813,0. 8594, 0. 8691, 0. 7617.0. 6B3¢&, 0. 5859, 0. 5371, 0. 3B0?. 0. 2441, 0.
0351, -0. 1563, -0. 332, ~0. 4199, -0. 3809, -0. 253%9. 0. 0. 1953, 0. 3516, 0. 4486, 0. 498
+ 0. 5078, 0. 46BB, 0. 3906, 0. 2734, 0. 1367, 0, 0781, 0. 0098, 0. 0. 0195, 0. 0. 0391, 0. 09
77,0.175€, 0. 3418, 0. 4392, 0. 5469, 0. 6055, 0. 6152, 0. 5567, 0. 4688, 0. 4004, 0. 3125
»0.224¢&,0.1172,0,0,0. 0781, 0. 2344, 0. 4102, 0. 5664, 0. 7227, 0. B203, 0. B4691, 0. 87
£9. 0. B985, 0. B4%946, 0. BOOB, 0. 7031, 0. 6152, 0. 5371, 0. 4688, 0. 3809, 0. 3904, 0. 3904
. 0. 3906, 0. 4395, 0. 4785, 0. 5273, 0. 5859, 0. 6446, 0. 6641, 0. 6738, 0. 625, 0. 6446, 0.
5859, 0. 56£4, 0. 5176, 0. 5078. 0. 5176, 0. 4785, 0. 4395, 0. 3906, 0. 3516, 0. 2441, 0. 10
74.~0. 0781, -0. 3027, —0. 4688, -0. 6B36, -0, 5469, -0. 1563. 0. 166 0. 3516, 0. 4492, 0
. 4102, 0.2734,0.1172,-0. 0391. 0, 0. 253%, 0. 3904, 0. 5469, 0, 6641, 0. 6836, 0, 6934,
0. 6B36, 0. 5557, 0. 4785

Figure 3.6  An example of raw data file format (eb2ac).
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Figure 3.7 Flow chart of data processing.
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".st”. For pulse measurements (file names beginning with "p"), any DC bias
was removed and the 19 multipath profiles were separated into files
appended by the numbers 1 through 19. By providing the individual mul-
tipath profiles, rather than averaging them immediately, we were able to
note multipath spatial fading characteristics and identify paths which were
actually comprised of several subpaths within the 10 feet resolution. The
newly created (stripped) data files were stored in new directories named
"X.st". The first twelve lines of the stripped files contain, respectively, the
raw data file name, the factory area, the type of clutter (beavy or light), a
detailed description of significant scatterers in the area, the transmitter-
receiver separation (in feet), the type of radio path (LOS or obstructed), the
transmitter power (dBm), the attenuator setting (dB), the number of data
points (from the 7854 oscilloscope display), the time increment between data
points, the zero voltage reference on the oscilloscope display, the vertical
scale (V/div.), the r.m.s. delay spread (3.13), the power gain of the data set
(3.12), the mean delay (3.12), and the mean square delay (3.13). The
remaining lines contain the raw data from the 7854 display. The shell
script program auto.plot.directory was used to produce hard copies of the
experimental data.

The stripped data was then processed with shell script programs
strip.env.directory, strip.sweep.directory and strip.pulse.directory which are
based on Fortran programs stripenv.f, stripsweep.f and pulsestrip.f.
Strip.env.directory was used to read the envelope data files from each of the
five factory X.st directories, compute the median received signal power
(based on the receiver law in Figure 2.4) in each file, convert the raw data
file to dB relative to the median value, compute path loss relative to 10\
free space, calculate median received signal power (based on the receiver
law in Figure 2.4), calculate distance in meters, and compute the dynamic
range of received signal power over the measurement period. The modified
files were placed in directories "X.st.new" having the same file name as in
the "X.st" directory. Line 5 of the new data file contained the path length
in meters. Line 7 contained the relative path attenuation. Lines 13
through 16 contained, respectively, the median, maximum, minimum and
fade-range values of the data.

The program strip.sweep.directory performed operations identical to
those carried out by strip.env.directory with the exception that it handled
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1024 data points instead of 128. The new files were written to the directory
“X.st.new" and kept the same file name.

The program strip.pulse.directory read each pulse file within a specified
X.st directory and computed path loss by using the power gain (3.12, 3.14).
In addition, the program scaled the data to remove any residual dc levels.
The modified data files were stored in the directory "X.st.new" and kept
their same file name. The program converted transmitter-receiver distance
from feet to meters and wrote the value to line 5 of the new file. Line 7 con-
tained the path loss in decibels. All other lines were similar in format used
in the ".st" files.

Pulse data for each measurement location was averaged by
avg.pulse.file and the resulting average power profile stored in
Data/ALLP.avg. Averaged files were given their raw data file name
appended with ".avg", and kept the identical format as the data stored in
X.st.new. As was the case for each individual power delay profile measure-
ment in X.st, multipath statistics for the overall averaged profile were avail-
able in the first several lines of the file.

Pulse data was also formatted for 3-d graphs and spatial fading
analysis by concatenating the raw data file of each measurement for a given
location. The program pulse.8d.file was used to produce a data file which
contained the concatenated data of all local multipath power profiles for a
given measurement location. The data was stored in Data /ALL3d; each file
was given its raw data file name appended with “.3d".

The Fortran programs sweep.freqtable.f and env.freqtable.f used in
conjunction with shell program env.freqtable.directory opened the specified
file from X.st.new and computed a histogram distribution of the data. The
histogram data was placed in Data/Envdist. The resulting distribution was
then merged with similar files using the shell program env.group.dist and
Fortran programs envmerge.f and envdistrib.f The resulting CDF’s were
then compared to Rician and Rayleigh cumulative distribution functions
using grap.envdist. Rayleigh and Rician distributions were numerically cal-
culated using rayleigh.f and rician.f.
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Pulse.potnt was used to normalize and transform the data files in
Data/ALLP.avg into point files which had weighted delta functions at 7.8
ns increments (as suggested by eqn. (3.3)). The point files were placed in
Data /PP and were merged using pointmerge.f to form overall averaged
impulse responses for OBS and LOS geographies. Pointmerge.f also checked
to see if each path exceeded the threshold of the receiver (17 dB down from
maximum), wrote out the occurrences of path arrivals for given excess
delay, and generated the data files for the path amplitude analysis.
Interactive programs were used to fit the data files in Data /PP to Rayleigh,
exponential and log-normal distributions on time delays. The program
lognorm.f was eventually used to determine the best fit to the power as
function of excess delay. The programs allfregtable.f, alldistrib.f computed
the CDF of all detected paths at all time delays. Lognormiin.f, ricianiin.f
then computed the statistics of the path power values w.r.t. the mean
square value of a particular Rician or log-normal distribution. The underly-
ing assumption was that all paths were iid, as described by the distribution
which best fit the CDF of the normalized empirical path gain data.
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CHAPTER 4
NARROW BAND MEASUREMENT RESULTS

4.1 Introduction

As detailed in Chapter 2, three separate CW signal strength measure-
ment runs were made by moving the receiver with constant velocity along
~5X tracks at each measurement location. For each signal strength run,
128 envelope readings were taken at intervals of ~ 40 ms, which
corresponded to a spatial sampling rate of 1 cm/sample. The measure-
ments were conducted in the center of an aisle with two antenna heights
(2.0 m and 1.5 m), and along the left or right side of an aisle (with 2.0 m
antenna height). The antenna height adjustment simulates the use of
antenna height diversity while measurements on the side of an aisle simu-
late the use of space diversity and indicate the type of fading likely to be
experienced by an autonomous vehicle that has docked on the side of the
aisle.

Previous research performed in and around buildings and in the urban
mobile radio channel [40,61,76] has revealed that those channels may be
modeled as a wide-sense stationary process (with small variations due to
fluctuations in the phases of the paths that make up the multipath) over a
short distance, coupled with a non-stationary process (due to shadowing
and gross changes in the orientations of scatterers) over large distances. We
believe this model to also hold well for the factory radio channel. By utiliz-
ing the median signal levels obtained at various distances within the
different factories and geographies, we compute the path loss relationship as
a function of distance over four ensembles of data collected in different fac-
tory geographies, and over the ensemble of all factory data. From the
measurement data it is then possible to determine the shadowing effects of
storage shelves and manufacturing equipment found in most factories.
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These values are useful for determining transmitter power requirements and
transmitter spacing as a function of factory surroundings.

4.1.1 Detailed Description of Measurement Sites

The LOS light clutter path measurement in site B was made along a
central (5 m wide) aisle in a dry warehouse. A preformed concrete wall was
located at one end of the aisle and a steel overhead door at the other. The
floor was made of concrete and was flanked by metal shelves which were
sparsely filled with paper products. The LOS light clutter measurement in
site C was conducted across the central aisle of a wooden floored machine
shop. In site D, the LOS light clutter path was along a wide concrete aisle
flanked by small stacks of metal crates, except at the largest T-R separa-
tion, where several metal extrusion tanks were stacked in 3 m piles along

the aisle . Light clutter geography measurements were not made in sites E
and F.

LOS heavy clutter path measurements in site B were made along a 60
m aisle in a frozen food production area which was flanked by a large con-
veyor belt and several freezers. Stainless steel "cook-cool" piping runs from
the floor to the ceiling at one end of the aisle. In site C, the LOS heavy
clutter measurements were made in a central aisle of an assembly area
flanked by engine block wash tanks and large numerical control (N/C) bor-
ing machinery. The LOS heavy clutter measurements in site D were made
along a secondary aisle in the finishing area of the factory. The mid-range
measurement at 38 m was made in a small alley located directly behind a 2
m tall stack of aluminum piping. For this measurement, some shadowing
was caused by a steel pillar that was located halfway between the
transmitter and receiver. In site E, the LOS heavy clutter measurements
measurements were conducted along a major aisle that was flanked by a
tool storage area and several large core blowers. The storage area consisted
of several 4 m tall metal racks which were arranged perpendicular to the
aisle. Floor material was wood block. The LOS heavy clutter measure-
ments in site F were made along a major aisle flanked on both sides by
automated crank shaft and connecting rod assembly lines.
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Measurements were made along an aisle in site C that ran perpendicu-
lar to a reinforced concrete fire wall. Flanking the aisle on the other side
was a manual assembly line area (which we would classify as light clutter).
These are the only measurements made in close proximity of a wall. As is
shown subsequently, observed propagation characteristics along the wall
were similar to LOS heavy clutter paths.

%

Light clutter obstructed path measurements in site B were made in a
warehouse used exclusively for storage of paper goods. Several 3 m tall
stacks of cardboard boxing material and a concrete pillar blocked the LOS
path. Perimeter walls of the warehouse were made of concrete block. In
site C, measurements were made in an inventory storage area. A 3 m tall
storage rack filled with small crank shaft and connecting rod parts
obstructed the LOS path. In site D, measurements were made in the finish-
ing area where LOS paths were blocked by small milling machines (approxi-
mately 2 m tall). Light clutter measurements were not made in sites E or
F.

Heavy clutter obstructed path measurements were conducted in the
main warehouse in site B. Radio path characteristics were measured
between one to three metal storage racks, each 5 m tall and.stocked to
varying degrees with foodstuffs and paper products. The racks were over 30
m long and approximately 2.0 m deep. The farthest measurement was
made with the receiver positioned behind rack storage for 40 gallon alumi-
num drums. site C heavy clutter obstructed path measurements were made
between adjacent aisles in a crank shaft manufacturing area. LOS paths
were obscured by N/C machinery such as grinders, balancers, milling and
boring machines. Typical N/C machines are made of steel and are 3-4 m
tall, 3 m deep and 4 m wide. In site D, the heavy clutter obstructed path
measurements were carried out in the machine parts storage area. Meas-
urements at transmitter-receiver separation distances of 15 m and 30 m
were made with the receiver located a few meters behind a 2.5 m tall metal
storage rack filled with small machine parts. The measurement at 50 m
separation was shadowed by two such storage racks, each 2.5 m tall and 10
m wide. Site E obstructed path heavy clutter measurements were made
between parallel aisles which surrounded core blowers and compressors, con-
veyor belts and a metal box storage area. In site F, the measurements
were made along parallel aisles which were shadowed by a crank shaft
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washer line, an RF hardening machine, metal bins stacked 3 - 4 m high,
and other instrumentation.

4.2 Large Scale Path Loss

Figures 4.1 through 4.5 are scatter diagrams showing median path loss
as a function of geography and distance at each factory site. Figure 4.2
includes data from LOS measurements made in an aisle which runs parallel
to (and directly next to) a reinforced concrete fire wall. Figure 4.6 shows
the path loss over all factory sites. Each point on the plot represents the
median received signal strength for a CW run which has been referenced to
a receiver antenna located 10X\ from the transmitter in free space. A linear
least square error fit to the data', and the variance of the fit, has been com-
puted for each scatter plot and is useful in determining a representative
exponential relationship between distance and received power. The path
loss generally increases with distance (d), as

PL(d) o & (4.1)

where n is the exponential relationship we strive to find. When plotted on
log-log paper, the exponential relationship between power and distance is a
straight line. Figure 4.6 shows the best fit straight line to all of the factory
data. Table 4.1 lists the mean path loss exponent i, the variance of 1, the
number of median values used for computation, and the correlation
coefficient of the data as a function of factory site. (The correlation
coefficient is computed as the square root of the product of the regression
line slopes of attenuation, with distance as the independent variable, and
distance, with attenuation as the independent variable [83]).

! We used the linear minimum mean square estimator § = A(x+x°), where X, forces
the y-intercept value to 0 dB at the reference distance (Xx,=10X) and the slope A is the
estimate Nl of the path loss exponent. The two parameter estimator ¥ = Ax+B has
minimum variance but does not guarantee that ¥ intersect X, for y = 0dB. For our
data, the variances of the two estimators typically differ by less than 0.2 dB and the
exponent values differ typically by less than 0.5.

x
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Table 4.1 Path loss exponent as a function of factory site.

Path Loss Exponents in Different Factories
Factory a7 o No. of Corr.
Site (dB) Points Coef.
Site B 2.39 10.20 33 .94
Site C 1.89 5.55 4] .98
Site D 2.43 7.94 34 .96
Site E 2.12 8.03 18 .96
Site F 1.92 4.79 17 .98

Table 4.2. Path loss exponent as function of geography.

Path Loss Exponents in Different Factory Geographies

Factory i} o No. of Corr.

Geography (dB) Points Coef.
LOS light clutter 1.79 4.55 26 .98
LOS heavy clutter 1.79 4.42 43 98
LOS along wall 1.49 3.9 8 .98
OBS light clutter 2.38 4.67 23 .99
OBS heavy clutter 2.81 8.09 43 87
All Geographies‘ 2.18 7.92 135 .96

‘LOS measurements along wall not included in computation
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Figures 4.7 through 4.10 demonstrate the effects of factory geography
on signal attenuation over all five factories. Not surprisingly, LOS paths
are less lossy than obstructed paths. In the factory environment, LOS light
clutter paths occur in "open plan” areas; spacious areas that contain very
little heavy equipment which can cause shadowing. Our data suggests an
exponent value of about 1.8 for factory LOS paths, while paths along walls
experience attenuation as distance to the 1.5 power. Alexander performed
measurements in two buildings with "open plan" layouts and reported path
loss exponents of 1.2 and 2.5 [63]. The exponent value of 1.2 was obtained
in an airplane hanger having metal siding and roofing. Measurements in
hallways of office buildings have yielded exponents between 1.2 and 1.8
[63,72,77]. ‘

For the case of obstructed paths, the effects of shadowing determine
the path loss for a given location. However, typical (average) path loss
exponents, as revealed by Figures 4.9 and 4.10, are 2.4 for light clutter
obstructed paths and 2.8 for obstructed paths in heavy clutter. It is clear
from the scatter plots that variance of the data increases with greater
transmitter-receiver (T-R) separation, and that the variance is larger for
obstructed paths. This is similar to ovservations made by researchers in the
mobile radio channel, where for metropolitan areas such as New York City,
variance about the mean was found to increase. We believe the increase in
variance of our data to be caused by the significant reflecting, shadowing,
and waveguiding effects of large machinery found in heavy cluttered areas
of the factory. Table 4.2 lists the linear regression estimate of the path loss
exponent 1 as a function of factory geography. The variance of i, the
number of median signal level values and the correlation coefficient of the
data is also given in the table. The path loss exponent for the overall fac-
tory data was computed without 8 median values obtained near a wall at
site C. Inclusion of this data lowers the exponent to 2.16 and does not
significantly affect the other statistics.

Figures 4.11 through 4.13 show scatter diagrams of the data as func-
tions of antenna height and aisle positioning over all factories and geogra-
phies. Table 4.3 summarizes the resulting best fit path loss exponents. The
fact that average attenuation falls off as ~d®? for each of the three
antenna locations further substantiates this relationship as representative
for large scale path loss behavior in factories. The data also shows that
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average received signal strength is comparable whether a receiver is in the
center or on the side of an aisle, whereas slightly poorer reception results
when a shorter antenna is used. From our measurements, average gain of a
2 m tall antenna over a 1.5 m tall antenna is 1.4 dB at a T-R separation of
50 m.

Table 4.3 Path loss exponent as function of antenna position.

Path Loss Exponents as Funetion of Antenna Position
Antenna il o No. of | Corr.
Position (dB) | Points | Coef.
Center of Aisle - 2 m ht. 2.15 | 7.89 42 .96
Center of Aisle - 1.5 m ht. | 2.23 | 8.30 46 .96
Side of Aisle - 2 m ht. 2.16 | 7.90 47 96

Although it appears that the variance of the large scale path loss
increases with distance and is a function of geography, it is useful to deter-
mine a simple yet well fitting distribution of the overall variation of signal
levels about the mean {or "typical") large scale path loss. This may be
readily accomplished by subtracting the mean signal level {as determined by
the path loss exponent A and the T-R distance) from the actual attenuation
levels of the data and observing the resulting fluctuations. A distribution
that has been found to be a good fit in other radio channels is the log-
normal distribution with constant variance [40,60,61].

Using a value of A = 2.18, the mean path loss was subtracted from all
of the 135 CW measurements and the resultant CDF computed over 1 dB
intervals. Figure 4.14 shows that large scale path loss is well described by a
log normal distribution having a variance within 1 dB of the statistical
value found using a linear least squares fit. Distributions for various geo-
graphies were also found to closely fit log normal distributions for i and o
values listed in Table 4.2.
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4.3 Shadowing

The increased path loss and data variance for obstructed paths as indi-
cated by Table 4.1 suggests that shadowing caused by obstructions plays a
major role in determining SNR in a heavy clutter industrial environment.
Because accurate descriptions of path obstacles were kept during factory
measurements, it is possible to extract from the data the RF signal loss
caused by typical factory equipment.

An ideal method of measuring RF attenuation would be to first deter-
mine received power over a particular LOS path and then to place the “obs-
tacle under test" in the way of the LOS path and observe the reduction in
received signal power. An alternative method of establishing shadowing
characteristics of obstructions is to observe signal levels for certain obstruc-
tions, and compare them to the average received signal level over the entire
ensemble of factory measurements. While the former method is more desir-
able in that other propagation anomalies not directly attributable to the
obstruction are calibrated out, obstructions in the factory environment
(such as metal shelves stocked with inventory, large machinery, assembly
lines, etc.) are generally not movable. Consequently, the latter method has
been used to determine shadowing effects of common factory equipment.

Obstructed path measurements in site B are seen to be (see Figure 4.1)
the most severely attenuated of all the factory data. As described in 4.1.1,
these measurements were taken in a dry warehouse containing 5 m tall
storage shelves. Transmitter-receiver paths were established that inter-
sected the face of the shelves. When compared to average factory propaga-
tion (i=2.18), it was found that shelves loosely! filled with paper products
cause about a 4 dB degradation in the received signal power. This was
computed by subtracting the average value of signal attenuation for the site
B heavy clutter measurement at d=25 m from the expected average path
loss at that distance. For a 5 m storage rack heavily packed with paper

TThe terminology loosely and heavily packed refers to the size of gaps, or openings, in
the obstruction. Loosely packed indicates that there are several visible openings
through the obstruction having diameters much larger than a wavelength. Tighly or
heavily packed infers that there are few openings in the obstruction that are no wider
than a wavelength.
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products, attenuation is between 5 to 7 dB as illustrated in Figure 4.1 (note
that the although the obstructed heavy clutter measurements at d=40 m
are approximately 10 dB more lossy than typical factory propagation, 4 dB
is subtracted out due to shadowing of the first storage shelf.). Path loss
caused by shadowing of a 5 m shelf containing tightly packed 40 gallon
aluminum drums was found to be 20 dB. Attenuation due to shadowing of
large machinery and stacks of metallic inventory in manufacturing areas
were found to range typically from 5 to 15 dB, depending upon the local
surrounding clutter and the distance of the obstruction from the receiver.
For example, the semi-automated crank shaft assembly line measurements
in the heavy clutter obstructed path environment at site C indicated only a
5 dB loss, where as a slightly larger assembly line measured between 7-8 dB
of loss at site F. With the receiver located in an aisle immediately behind a
metal box storage rack in site E, path loss was measured to be 10-12 dB.

The measurements have indicated that with the transmitter in the
clear, severe attenuation (>>10 dB) only occurs when the receiver is situated
a few meters behind a metal obstruction which is much taller than the
receiver antenna. Tall obstructions located midway between transmitter
and receiver generally cause less path loss (~3—7dB as indicated by
obstructed path measurements at sites C and D). Although this trend is
predicted by knife-edge diffraction theory [40,82], received signal levels in
deeply shadowed areas are consistently 5-20 dB greater than levels
predicted by knife edge diffraction, while measured signal levels for paths
having obstructions several meters from both transmitter and receiver are
2-5 dB greater than predicted by the diffraction model. This suggests a
significant amount of received power arrives at high angles of elevation and
from directions other than that of the transmitter. Some wide band meas-
urements (see Chapter 5) indicate that a significant amount of power is
received by ceiling reflections and ceiling ducting. Additional paths are
believed to be from reflections and refractions from tall adjacent machinery
located behind or aside the receiver, and from aisle ducting. In this vein,
the factory multipath channel is similar to the urban mobile radio channel
where tall buildings channel energy parallel to streets and local unshadowed
obstructions illuminate the receiver by reflections [40,73,76).

The suppositions on path arrivals mentioned above are lent credence
by the fact that signal attenuations on the order of 10 to 15 dB are caused
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by office partitions in office buildings [59,77]. In a typical office building,
ceilings and walls are made of non-metallic fiber which impede high angle
radiation and inhibit propagation from directions other than the line of
sight. The factory, on the other hand, typically has large ceiling expanses,
wide aisles, and metal ceiling truss work which readily facilitate multiple
paths.

Table 4.4 provides typical attenuation values for several factory
obstructions at 1300 MHz. These results have been averaged over antenna
heights of 1.5 m and 2.0 m along the center and a side of an aisle and are
valid for receivers located in an aisle directly behind the obstacle (i.e. deep
shadowing). The table also includes some results of measurements on walls
and floors [59] that might be of interest to factory radio communication sys-
tem designers. The values in Table 4.4 are conservative for receiver loca-
tions that are only lightly shadowed and in light clutter surroundings. For
the latter case, knife edge diffraction modeling appears to be suitable.

Table 4.4. Shadowing effects of some common factory equipment.

Shadowing Effects of Common Factory Equipment
Obstacle Description Attenuation

(dB)
2.5 m storage rack with small metal parts (loosely packed) 4-6
4 m metal box storage 10-12
5 m storage rack with paper products (loosely packed) : 2-4
5 m storage rack with paper products (tightly packed) 6
5 m storage rack with large metal parts (tightly packed) 20
Typical N/C machine 8-10
Semi-automated Assembly Line (Large Engine) 5-7
0.6 m square reinforced concrete pillar 12-14
Stainless Steel Piping for Cook-Cool Process 15
Concrete wall [59] 8-10
Concrete floor [59] 10
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4.4 Small Scale Signal Fluctuations

While the previous two sections of this chapter are useful for predicting
received signal levels over large distances within a factory geography (or
within an entire factory), they do not discuss the local spatial fading that
results when a receiver is moved about in a small region, on the order of
just a few wavelengths. Since CW runs were made at different positions in
an aisle and with different antenna heights at each measurement location, it
is possible to determine from the data typical spatial signal fading
behaviors in a local area. It is this small scale fading characteristic that in
actuality degrades the performance of a portable/mobile factory radio sys-
tem, since, for the case of a2 base transmitter, antenna placement and
transmitter power is usually designed in a system link budget to maintain
suitable average received power level for most factory locations.

In order to obtain an idea of the fading range over short distances in
the factory channel, the weakest and strongest signal levels about the local
median were extracted from the data at each measurement location. (Since
the median path loss of each of the three runs was typically within 41.5 dB
of the others, the median value of each measurement run was considered to
be the same). The results are shown in Tables 4.5 through 4.7. The data
indicates that the dynamic fading range is typically 30 to 35 dB over small
areas and is not correlated with geography or factory site. The reader may
be at first surprised that there is no fading correlation with T-R distance,
either. Recall, however, that the transmitter power is adjusted for each
measurement location to insure that all signal fading levels are well above
the noise floor of the receiver.

The fluctuations of the received signal envelope over a particular local
area may be considered to be a random variable, having a deterministic
(measured) value for each spatial location (we consider the channel to be
temporally invariant). By measuring values of the envelope over various
paths and antenna heights within the local area, it is possible to fit the
observed data to distribution functions. This approach has been used by
other researchers to determine local fading characteristics inside metal
buildings [61] and office buildings {59], and has been found to predict the
performance of other channels well [4,40].
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Table 4.5 Fading extremes from median level (10 -25 m path).

Fading Extremes from median as Function of Factory Geography (dB)

T-R separation of 10 - 25 m

Geography Site B Site C Site D Site E Site F
LOS light clutter +11.5/-21.1 | +11.9/-18.4 | +8.0/-11.3 - -
LOS heavy clutter +9.0/-22.0 +9.5/-17.7 | +10.2/-18.9 | +12.2/-17.9 | +14.4/-21.7
LOS along wall - +8.0/-18.9 - - -
Obstructed light clutter +6.8/-26.8 | +10.1/-18.2 | +10.8/-19.8 - -
Obstructed heavy clutter | +10.0/-16.3 | +11.8/-15.6 | +12.8/-20.7 | +14.6/-17.7 | +15.2/-234

Table 4.6 Fading extremes from median level (25 -40 m path).

Fading Extremes from median as Function of Factory Geography (dB)

T-R separation of 25 - 40 m

Geography Site B Site C Site D Site E Site F
LOS light clutter +9.5/-13.8 +8.0/-21.7 +9.4/-22.4 - -
LOS heavy clutter +7.1/-214 | +11.9/-18.7 | +96/-230 | +8.0/-128 | +9.8/-17.5
LOS along wall - +8.6/-23.0 - - -
Obstructed light clutter +8.2/-25.7 | +12.5/-20.3 | +11.5/-18.5 - -
Obstructed heavy clutter | +9.2/-21.1 | +12.0/-17.3 | +13.2/-25.0 | +10.1/-21.8 | +10.1/-24.8

Table 4.7 Fading extremes from median level (40 -75 m path).

Fading Extremes from median as Function of Factory Geography (dB)

T-R separation of 40 - 75 m

Geography Site B Site C Site D Site E Site F
LOS light clutter +10.2/-208 | +8.9/-22.6 | +5.2/-13.8 . .
LOS heavy clutter +9.8/-258 | +13.2/-21.7 | +7.1/-17.1 +6.8/-8.9 | +12.6/-17.5
LOS along wall - +7.1/-14.0 - - -
Obstructed light clutter - +12.2/-22.5 | +14.2/-22.5 - -
Obstructed heavy clutter | +15.1/-19.2 | +10.1/-17.1 | +12.4/-23.7 | +10.0/-22.4 | +11.6/-18.2
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One may attempt to further characterize the small scale fading
phenomenon by considering it to be a random process on postion within a
local area taken over an ensamble of various local areas (i.e. areas within
particular types of factories or geographies). To measure this process, the
data obtained from each local area would be viewed as a single sample
function of signal envelope as a function of local postion. This type of char-
acterization is more general, and consequently more useful, than a simple
statistical model based upon a few spot measurements. However, it is gen-
erally difficult to deal with such characterizations unless certain simplifying
assumptions are made. For example, unless the small scale fading process is
assumed to be spatially stationary (at least in the wide-sense), it is impossi-
ble to legitimately consider an average of the sample functions as represen-
tative of the process. The stationarity assumption mandates that the dis-
tribution of the random variable is unaffected by position, but it makes no
statement about whether or not the distribution of each sample function
(over postion) is equal to the distribution down the ensemble. Such a strong
condition is implied only by an ergodic random process. Either some confu-
sion exists in the literature about the above discussion, or researchers feel
the above is common knowledge and requires no comment. Another likely
explanation is that the concepts of stationarity and ergodicity are disre-
garded for a purely probabilistic model based on the relative frequency idea
of probablity. In any case, some recent conclusions based on empirical
channel sounding data have been made that either incorrectly or implicitly
envoke the above ideas. (In [61], several local area measurements are found
to closely fit a Rayleigh distribution, and a model is derived which assumes
all local fading to be Rayleigh. Such an assumption is only valid if the spa-
tial fading process is ergodic. Although the ergddic assumption is difficult
to prove, no mention of the underlying assumption was made. In [59],
measurements are observed by the authors to be non-stationary with regard
to space, thus they claim their data may not give instrinsic statistics of the
fading process. The term wide-sense stationary merely indicates that the
mean values of the received signal are constant with regard to location and
that the correlation between two received signal levels only depend upon
the spatial difference between the two measurements. It says nothing about
whether or not the observed measurements statistically describe the actual
random process. Only with an ergodic assumption may one attempt to jus-
tify the statistical behavior of a random process through the analysis of one
or a few sample functions. The spatially ergodic assumption is reasonable
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for sample functions that consistently appear to be distributed in the same
fashion over different local areas.).

For our data, large scale median path loss values for each of the three
local area records (center of aisle using 1.5 m and 2.0 m antenna heights,
and along the side of an aisle), were subtracted off and the resulting data
was quantized into 1dB width bins and combined to form a sample fre-
quency distribution of receiver envelope levels for each measurement loca-
tion. Additionally, the sample records (with large scale path loss removed)
were concatenated to form a sample function for each of the 50 measure-
ment locations. To ensure that the combining of the local records into a
single sample function was valid, median path loss values for the records of
a particular measurement location were compared and found to be within
the measurement uncertainty of +1.5 dB from each other for almost all
measurement locations. Furthermore, the CDF’s of the individual records
were quite similar. Such a finding indicates that the small scale fading pro-
cess may be considered to be spatially ergodic (although this assumption
would have to be borne out by rigorous analysis of numerous sample records
from a particular location). In this thesis we describe the spatial fading in
terms of signal envelope probabilities as computed in various geographies
and factories. The sample functions will be used in the future to provide an
in-depth analysis of the small scale spatial phenomenon.

Figure 4.15 shows three typical sample records for a measurement loca-
tion (the entire raw data set is given in Appendix C). All measurements
were made with the receiver cart traveling at a reasonably constant velocity
between 0.25 and 0.3 m/s. (Since the cart was pushed by hand, it is impos-
sible to know the exact velocity of the cart - effort was made to push the
cart over 2 1.3 m path at uniform speed in a 5 second interval). It may be
noted that fade minima are sharper than maxima, and that median level
crossings occur at approximately half wavelength periods. Some of the data
had positive-going zero-crossings occurring at intervals as small as 2/2 and
as large as 3)\/2, although because of the uncertainty of vehicle velocity,
these cannot be determined exactly. The sharp minima, blunt maxima, and
periodic nature of Figure 4.15, which is characteristical of a significant por-
tion of the LOS envelope spatial fading data, is characteristic of the sum of
just a few sine waves of nearly equal amplitude whose phase differences are
changing at a constant rate [86]. Indeed, for this measurement location,
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wide band measurements (see Chapter 5) show that just three main paths
exist over a 250 ns spread.

Figures 4.16 and 4.17 illustrate the best case and worst case local fad-
ing measurements in terms of dynamic fading range. The data shown in
Figure 4.16 were acquired on a lightly cluttered obstructed path at site B.
All three records have pronounced fading which was caused by a concrete
pillar located roughly one meter from the transmitter and which partially
shadowed the path traversed by the receiver cart. From the figure it is
clear that the median signal level is several dB greater than the mean,
although all three records have large scale path loss medians within +1.0
dB of one another. Data in Figure 4.17 were gathered in a heavy clutter
LOS environment in site C over 2 50 m path and has the smallest dynamic
fading range of any of the measurements. The three sample records of Fig-
ure 4.17 have large scale path loss median values within 4+ 3.5 dB of one
another yet their CDF’s agree quite well. As is discussed subsequently, the
small fading range of the envelope leads to a Rician distribution, which is to
be expected for LOS paths that are enhanced, or guided, by large
machinery that flanks the aisle. The cumulative probability distributions
(CDF’s) of the typical and the two extreme fading measurements of Figures
4.15 through 4.17 are plotted on a logarithmic scale in Figure 4.18, and
were computed from 384 data points (3 cw runs X 128 data points/run) at
each of the three measurement locations.

While the worst case fading measurement eb4a fits the tail of the log-
normal distribution (see Figure 4.18), it is not truly log-normal because of
the large percentage of signal level above the median value. This behavior
is indicative of mizture probability distributions, where a particular trait (in
this case a log-normal distribution) dominates for small signal levels and
another trait (Rician) dominates the region for where signal levels are large.
Suzuki briefly considered mixtures in his Ph.D. thesis [85]. Because of the
shadowing caused by the concrete pillar and the lack of metal in the meas-
urement area, it is likely that for the case when the receiver was shadowed,
the signal comprised of one significant specular component that was
refracted by the pillar. As the receiver moved along the path, the received
signal, traveling through and around the pillar, was multiplicatively affected
(attenuated) by the variation in the geometry of diffraction, thus prehaps
explaining the log-normal distribution for small signal levels. Once past the
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pillar, the card board box obstruction provided only slight attenuation of
the main path. Interestingly, the corresponding CDF in Figure 4.18 is log-
normal for all values below the median and Rician above the median. This
corresponds well to the fact that during the measurement, the receiver was
blocked by the pillar over approximately 50% of the path and relatively
clear (with only the cardboard obstruction) for the other 50% (see Figure
4.15).

CDF curves such as shown in Figure 4.18 were made for all 50 meas-
urement locations, and visually inspected and compared to theoretical dis-
tributions. The Rician distribution was found to fit well to 16% of the data
while log-normal distributions having 5dB<0<8dB fit 24% of the data well.
In particular, the spatial fading data which appeared to fit the log-normal
distribution had excellent agreement for values of signal level below the
median, although the agreement for large signal levels was generally not
good. The majority of data, 60%, had a good fit to the Rayleigh distribu-
tion. The compression of the CDF at low signal levels, typical of the log-
normal distribution, was also common for much of the Rayleigh fading data
below 1% ordinate values. This has been observed, but seldom commented
on, by others primarily because of the lack of number of data samples
available [40,60,61]. Since the transmitted power was always adjusted to
ensure that fading levels never approached the noise floor of the receiver,
we believe this log-normal tendency at lower signal levels to be truly a
characteristic of the channel.

Analysis of the spatial fading distributions indicated that there was no
correlation between T-R separation and spatial fading behavior. It is
interesting to note that most lightly cluttered LOS paths exhibited nearly
Rayleigh fading (a2 Rician distribution for K=2 dB fit most of the data
well) at all sites and over all T-R separations, except for the measurement
edlc which fit a Rician distribution having K=6 dB. At edlc, there was a
long row of metal extrusion bins stacked in 3 m piles along the side the
aisle, so the environment was actually heavy clutter. A distinct Rician dis-
tribution (K > 2 dB) was evident over most LOS heavy clutter paths,
regardless of the factory site. The LOS wall spatial fading measurements
made at site C followed a Rician distribution having a K value of about 6
dB, except for the middle measurement which was made with the receiver
located a few meters from a 0.3 m metal ceiling support beam. This
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measurement was found to be closer to Rayleigh fading. Data had either a
Rayleigh or a log-normal fading characteristic over obstructed paths. Fig-
ure 4.19 shows the CDF of three measurements which illustrate the typical
fit of data to the aforementioned distributions.

In order to determine a suitable overall spatial fading model, the cumu-
lative distributions of all measurement locations (about their local medians
and over all T-R separations) were combined by geography and by factory.
An overall CDF for the entire CW measurement data pool was also com-
puted. For the computations, the measurement edlc was considered heavy
clutter instead of light clutter.

The log-normal distribution was found to fit the combined data quite
well for signal levels below the median, especially at the tail where SNR is
small. The CDF’s for the various factory sites are shown in Figure 4.20 and
are seen to behave log-normally below the median and Rayleigh above the
median. There is no apparent correlation to fading behavior and factory
building. Figure 4.21 shows CDF’s for the data when grouped according to
geography. For the plots, a Rayleigh distribution is in all practicality a
straight line for signal levels below -15 dB. Although no check for indepen-
dence of the data or confidence tests have been performed to find a "best-
fitting" distribution for the data and to confirm the log-normal tendency at
low SNR, it is worth noting that each curve on Figures 4.20 and 4.21
represents over 2000 data points. Such a large sample size permits us to
put some faith in the behavior of the sample CDF for the ordinate range
given on the graphs. The CDF of all of the CW spatial fading data, com-
puted from over 18,500 signal measurements, is shown in Figure 4.22 and
emphasizes the log-normal fading for low signal levels. For the factory
data, it appears that a Rayleigh fading model is a good yet conservative
(safe) model for signal fluctuations for a portable terminal over short dis-
tances. A slightly more optimistic (and realistic) model would be one which
assumes a different distribution that incorporates the log-normal tendency
(compression) at the tail. Rician distributions having small K values (2 dB)
are good models for spatial fading characteristics along lightly cluttered
LOS paths, such as along secondary aisles of a factory or in manual assem-
bly areas, whereas Rician distributions having larger K values (4 dB < K <
7 dB) appear valid for LOS paths in heavy clutter areas like an automated
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assembly line. Log-normal distributions having c—=8 dB appear valid for
some obstructed factory paths.

4.6 Temporal Fading

At sites E and F, some measurements were performed to determine
typical temporal fading of the received signal envelope. With the
transmitter and receiver stationary, data was collected at approximately
100 ms intervals over a 100 second period in four separate locations
throughout the two factories (i.e. each sample record has 1024 points). We
deliberately made measurements at times having high levels of movement,
such as when groups of workers were walking through the factory or during
normal operation of an assembly line. Figures 4.23 through 4.26 show the
fading data. Figures 4.23 and 4.24 show data taken within a fully opera-
tional gray iron foundry (site E). Figures 4.25 and 4.26 show the fading
data measured in an automated engine assembly plant (site F).

The measurements shown in Figure 4.23 were made along the main
aisle of the foundry core room with a T-R separation of 50 m. During the
measurement, two fork lift trucks were stacking metal bins in a spacious
storage area located off to the side of the aisle. Several people walked along
the aisle during the measurement, as well. The large signal increase
observed at 58 s occurred when a speeding fork lift truck from an adjacent
aisle drove behind the transmitter. Figure 4.24 shows data taken across the
core pep-set line. In this area of the foundry, people and machinery were in
constant motion as employees weighed and loaded sand into machinery to
form ceramic cores for engine castings. Some of the machinery in motion
within the T-R path included a conveyor belt, a swinging scale and a sand
packing machine. The data shown in Figure 4.25 was collected along the
main aisle of a wash and assembly area with a T-R separation of 40 m.
People and small vehicles frequented the area, and several pieces of equip-
ment which flanked the aisle, such as a wash tank and drill presses, were in
motion. The data in Figure 4.26 were collected with the radio path
obstructed by the wash tank area. Several workers moved about a small
area as they picked metal parts off of a conveyor belt, hosed them down,
and placed them back on the conveyor. A 4 m ceiling-mounted fan
operated directly above the area, and fork lift trucks frequented a storage
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rack nearby. Large storage racks and a suspended cat walk containing a
massive power bay were located 20 m behind the receiver.

In order to determine confidence intervals on distributions of sample
data, it is essential to have independent (random) data. Once the data is
deemed independent, one may then use non-parametric methods to deter-
mine the adequacy of fit sample data has to a continuous distribution func-
tion. The sample data in the Figures 4.23 through 4.26 were checked for
randomness by using the run test [41,83]. Since the data already was
adjusted about the median, it was simple to compute the number of runs
for each of the four measurement records using IMSL routines. The data
from Figures 4.23 and 4.25 had 639 and 561 runs respectively. These
numbers are too large to reasonably assume that the fading data is gen-
erated by random channel motion and indicates that a large part of the sig-
nal may be due to the constant DC level of the received signal. However,
the obstructed path data from Figures 4.24 and 4.26 had 492 and 550 runs
respectively. Thus, the data passed the run test at the a=0.01 level of
significance. In fact, the data from the busy wash tank area (Figure 4.26)
passes the test with an alpha=0.08 level of significance. The two measure-
ments se5cc and sf5be were merged and a CDF was computed using 0.25 dB
bins'. Figure 4.27 shows the excellent agreement with which the temporal
fading data fits a Rician distribution having K=10 dB. Although no sta-
tistical analysis is performed here to determine the confidence interval on
the Rician hypothesis, the true sample distribution, by inspection, has
values well within the measurement uncertainty for all signal level values.

It is interesting to note that recent temporal fading measurements
made by Bultitude [77] have indicated that Rician fading occurs in the
office building environment, as well. In [77], temporal fading statistics gath-
ered over obstructed paths in two different types of building structures were
shown to fit Rician distributions having different K values. Although the
temporal data from the se2cc and sf2ac hallway measurements are not
strictly independent, it is still useful to inspect their CDF’s for comparison

t When the two records are concatenated, the independence hypothesis on the data is
further asserted by satisfying the run test at a=0.10.
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with the obstructed paths. Figure 4.28 illustrates how for the LOS aisle
paths, the Rician distribution is still a good fit, having K=11 dB. It may
be argued, though, that the LOS measurements were not taken during
heavy fading conditions, so that the data is indicative of typical rather
than worst case fading conditions.

It is interesting to note that the dynamic fading range of all the tem-
poral fading data is less than 20 dB. This is 10 dB less than the range
reported in an office building having ceramic block interior partitions [77],
but on the order of fading ranges observed in a similar sized building having
open plan layout and portable partitions. One plausible explanation and
model] for this is that in the office building, there may only be one or two
main paths through over which propagation occurs {the term path here does
not refer to an actual multipath, but rather to a duct or guide which is
formed by the physical structure of the building, and which may contain
several actual multipaths, hereby called the supplemental paths. An exam-
ple of a main path is a hallway corridor in an office building). As objects in
the channel move, they may block 2 main path and thus modulate the
several supplemental paths. For obstructed paths in a well-partitioned
building, one might expect only one or two of these main paths to exist.
Such a situation explains the deep fades and the nearly Rayleigh (Rician
distributions with low K values are close to Rayleigh) fading observed in the
building of [77). In the factory, however, partitions are very scarce and
several major paths likely exist between transmitter and receiver due to the
large metal content throughout the area. Main paths are most likely
created by the illumination of large fixed scatterers located on the sides,
above, and behind the receiver. Indeed, the Rayleigh spatial fading data
substantiates this premise (wide band data of chapter 5 does also). Since
motion in the factory is localized, confined to aisleways and production
areas, but not to storage racks, ceiling trusses or large machinery, a large
number of temporally stationary main paths likely exist. Thus, perturba-
tion of the channel due to motion results in the variation of supplemental
paths within only one or two main paths, but not the several others. For
this case, a Rician distribution is predicted, having a K ratio dependent
upon the value of the summation of stationary paths and the variance of
the time varying path (or paths) at the receiver antenna. The supplemental
components which make up the time varying paths are of nearly equal
strength (because they are similarly altered in time, travel along the same
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geography and impinge on the same scatterers) and random phase and thus
are from a Gaussian process. The situation is akin to Gaussian narrow’
band noise adding to a steady RF carrier component, which gives rise to a
Rician envelope distribution. It is also similar to a situation that arises in
direct path VHF/UHF propagation. For the latter, ionospheric paths
(which undergo Gaussian fading [4]) contain a strong specular path. Data
supports the Rician distribution for long term temporal fading of the
envelope for this case [87]. (In [87], the CDF of received signal envelope lev-
els over month-long intervals for a 250 MHz, 189 km LOS path were nearly
Gaussian, or comparable to Rician distributions having large K values).
This model somewhat explains the Rician fading observations made by Bul-
titude [77] in the second office buiding with low partitions and an open plan
layout. Several main paths probably exist, but only one or two are likely
perturbed by channel motion at a given instance, thus leading to his meas-
urement of Rician fading having K=11 dB [77). In terms of temporal fad-
ing behavior, the open plan office building and the typical factory appear to
be quite similar.
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CHAPTER b
WIDE BAND MEASUREMENT RESULTS

5.1 Introduction

As detailed in Chapter 2, the wide band measurements were made by
transmitting a repetitive probing pulse having a 10 ns duration, and by
receiving and recording the dispersed version of the pulse. The measure-
ment locations were the same as those described in Chapter 4.1, and were
made along center aisle tracks that were slightly shorter than those used for
the center-of-aisle CW spatial fading measurements. At each location, 19
individual multipath power profiles were recorded over a 1 m track at equal
spatial increments of A\/4. The individual profiles are useful for determining
the spatial fluctuations of multipath amplitude and delay over small dis-
tances. By assuming spatial stationarity and averaging over the collection
of the 19 local profiles, a representative impulse response of the channel is
obtained for a given measurement location. The local averaged impulse
response is useful for making path loss measurements and for determining
various multipath parameters.

5.1.1 Review of the Data

Some typical wide band measurement results are shown in this section.
The complete set of data may be found in the Appendices. Figure 5.1
shows some of the individual power delay profile measurements obtained at
the five factories within various geographies. 19 such measurements were
made along a 4.3 path at each of 50 different measurement locations. The
complete set of 850 multipath power delay profile measurements collected
during the course of the research is given in Appendix D. Figure 5.2 illus-
trates examples of the spatially averaged power profiles formed from 19
local area measurements. The set of 50 locally-averaged profiles obtained



121
1.0 4 1.0 =
- o
Multipath Multipath
VPower Power
(linear 034 {linear o
ecale) seale)
~ -
0 (] MJ\'LA IV l
- ] 1 L
[} 100 200 300 400 00 [ 200 400 600 800 1000
TIME {(ns) TIME (vs)
8) 1.OS light clutter
5} LOS besvy clatter
1.0 o
Multipsth
Power
(linear 0.5 -1
scale)
¢ T T T
o 100 200 300 400 BUD
TIME (n1}
¢) LOS adjacent to Sre wall
1.0
3.0 o
-
T Multipath
Multipath Power
P,"'" 0.5 = {lineay 0.5 =1
{linear i scale)
ocale)
0 =
o _1 0 100 200 300 400 BOU
¢ 100 300 200 40D 500 TIML [ns)
TIME (us) ¢} Obstructed heavy clutter

d) Obatructed light clutter

Figure 5.1 Typical individual multipath delay profiles from wvarious
geographies.



1.0y

pbine
Wl
bitr chuteer
WLTEO m posds
ko poib
2025220 4R
200X V/div
R 78408
0.711689 gain
10,0000 4B atten

pbislc
Irasew feod mig
hvy cutier
3R W) puth
4 path
0w dis
SO V/div
425508 e
191313 gnis
i) dis stten

O
0 e %0
ENCESS DELAY (1)
1.Comm phsac
dry warelous:
bvy clutter
pon A6E] m path
oby patl:
81520 4B
1.ame-a V/div
Ob= 2,097 rrrs
LEHO gain
0 dbauea
-
- !
° &0 [

Figure 5.2

EXCESS DRLAY (o)

122

Y phibe
warchouse
bive clutier
88.6761 m path
ko patl,
222000 dB
20000002 V/div
BER7e08 rm
ANBI2 gins
10U 4 ataen

. o -

o 0 &

EXCESS DELAY (1)

10w, pb2ce
froees food mig
byvy clutter
) 41.0¢8] m patb
ks patl
2{.2850 dB
2000 V/div
05 X PR 08 s
2®B75 @i
X dB asen
P
s?
[¢] 10 o 8]
ENCESS DELAY (1)
§.Craman pesac
erank abafl ofg
heravy clutter
pu— 19.5120 m path
obotr pal;
250 dB
4 LUUO-02 V/ div
b 10150407 Pyre
QTR gain
o0k di sitcn
ol
L] - #9) &0
ENCESS DAY (ns)

various geographies.

pec
engine Lieh migp
Leavy clutaer
a768: ni parls
ks path
215100 dB
LO000G-C V/div
1. 2880007 prem
USRS gain
a0 db atwen

o o0 &
EXCESS DRLAY (1)

1.0emn pegbe
foiadiing area
hglit cluteer
. ¢4.188) m path
obx path
2176 dis
AORLrR-8s VY div
LOIEY-UF roare
LEONT gain
03X dis atien

[ ¢] 0 &

ENCESS DELAY (ns)

1.0 Hac
orunk aliafi fine
bvy tuticr
P 240 mpath
ole path
MBS Al
. 1oL V/div
Q5e 1) w07 me
Q&IEN g
QA0 b atven
-
1] xn n
EXCESS DIAAY (ns)

Typical spatially-averaged multipath delay profiles from



123

from data collected at each measurement location are presented in Appen-
dix E. Figures 5.3 and 5.4 illustrate typical spatial fluctuations of mul-
tipath components over a distance of a few wavelengths at measurement
locations within LOS and obstructed path geographies. Spatially-varying
plots of the impulse response are useful because they allow us to discern
multiple paths within the 10 ns resolution of the probe. Those paths which
are actually comprised of more than one sub-path will exhibit fading over
space. The complete set of spatially-varying power profiles is given in
Appendix F.

The shape of the delay profiles of Figure 5.1 are representative of the
data. In particular, the LOS paths have large, well-defined pulses at the
first observable path and a gradual smearing and decrease in power for
latter paths. However, metallic walls and large pieces of machinery provide
distinct specular reflections having signal levels on the order of the LOS
_path. A LOS heavy clutter measurement at site C (shown in Figure 5.1c)
indicated the presence of a path (with amplitude only 6 dB below the LOS
path) at an excess delay of 800 ns. This path was deduced to be from by a
reflection off of one of the metal perimeter walls of the factory.

When a radio path is lightly obstructed, the first observable path gen-
erally has a larger amplitude as compared to latter paths. The majority of
multipath power arrives within 50 to 250 ns after the first path. For the
case of heavily obstructed paths, the first observable path is generally
weaker than paths which arrive 25-75 ns later. In some cases, the ampli-
tudes of all paths are within a couple dB of one another, and do not appear
to decrease with time delay out to a few hundred nanoseconds. Radio
paths across large obstructions result in the majority of signal power arriv-
ing within 100 to 400 ns after the first observable path.

Inspection of spatial fluctuations of the many LOS impulse responses,
such as one shown in Figure 5.3, revealed that only slight fades occur for
LOS paths over small distances, whereas up to 15 dB of fading occurs over
local areas for strong paths which are due to reflections from the building
structure and surroundings. Obstructed clutter impulse responses, such as
shown in Figure 5.4, indicated that some paths, primarily those that arrive
late in the profile, fade rapidly over distances on the order of 2 wavelength.
This indicates that paths over a heavy cluttered geography are actually
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comprised of many sub-paths, the relative phases of which may be altered
with small movements of the receiver. It also points to the possibility of
diffuse reflections from large objects (such as ribbed metal ceilings) in the
channel. Both figures indicate the wide-sense spatially stationary behavior
that most of the multipath delay profiles exhibit. It can be seen that
although some late paths fade over small changes in distance, the predom-
inant paths do not fade severely and the received power for a given time
delay stays relatively constant (fixed mean) over the local measurements.
Inspection of all the data indicates that the wide-sense stationary assump-
tion on local multipath behavior is a good one.

5.2 Large Scale Signal Attenuation

Eqns. (3.12) through (3.14) were used to compute large scale signal attenua-
tion (path loss) for each of the 50 spatially averaged multipath power delay
profiles. The wide band data was collected in identical sites and along simi-
lar tracks as the CW data, except for the site B obstructed path measure-
ment where at maximum T-R separation the received signal level was too
small to be detected by the pulse receiver. We observed that for most
measurement locations, the path loss varied only by + 3 dB amongst the
individual measured profiles. This confirms the well-accepted notion that
small scale fading is due primarily to the fluctuations of the sum of phases
of the received paths, and not variations in the path amplitudes.

The wide band path loss data from 47 measurement sites (data from
the 3 LOS wall locations at site C are omitted) from all factories is shown
in Figure 5.5, and has a correlation coefficient of 0.98. The bold line in the
figure shows the least squares linear fit to the data, and indicates a rela-
tionship of path loss to the 2.16 power. This value drops to 2.14 with inclu-
sion of the LOS wall data. These values compare with a path loss exponent
of 2.18 for the CW measurements taken over identical paths (see Figure
4.11).

One should not take lightly the assumption commonly made that there
must be good agreement between pulse path loss measurements and CW
path loss measurements. This common assumption is not valid for a single
measurement instance, but as will be shown subsequently, is valid for
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measurements averaged over a local area. To disprove the assumption for a
given measurement, consider the existence of two deterministic paths: a
LOS path, and a path delayed by more than the probe duration. For CW
transmissions, the two paths may arrive at the receiver antenna exactly out
of phase and with comparable amplitudes, thus canceling themselves out
and causing a deep fade to be observed by the receiver. For a pulsed
apparatus, however, these two paths will be detected and the sum of the
individual path powers will be used to compute a received power level.
Conversely, the paths may arrive in phase and cause the CW measurement
to indicate a larger received power than the pulse measurement.

For the general multipath problem where there exist N paths, each of
which is resolvable, the wide band measurement apparatus computes
N "
received power as P, =} {pie"o'}z. The CW receiver measures power as
i
the square of the envelope of the sum of all signals arriving over all time,

N
and is computed as P, = |} pie"a‘}z. To determine when wide band and
i
narrow band path loss measurements yield equivalent results, we assume

the received paths form a random process where each path has a random
amplitude and phase.

Letting E, ;[ ] denote the ensemble average over p; and 6; and defining
the path amplitude correlation coefficient r;; as

rj = E, | pip; (5.1)

we find the interesting (and perhaps well-known) result that

- N 0. N —
By Pw] =B [zme’ ':2] =¥ A (5.22)

- H 1

-

[ N 2
Ep,g Pcw = Ep,g IZpie \ (52b)

i B
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Note that when cos(f; — 6;)=0 or r;; =0, the CW and wide band measure-
ments yield equivalent results. This occurs when either the path phases are
identically and independently uniformly distributed or when the path ampli-
tudes are uncorrelated. As discussed in Chapter 1, the iid uniform distribu-
tion of §, is a reasonable assumption since all of the paths travel distances
that are several hundred wavelengths long and are likely to arrive with
arbitrary phases. If for some reason it is believed that the phases are not
independent, the measurements will still be equal if the paths have uncorre-
lated amplitudes. However, it is likely that if the phases of the paths are
dependent upon each other, then so are the amplitudes, since it is probable
that the same mechanism which affects the path phases also affects the
amplitudes.

In the factory, walls and large machinery are the primary causes of
multipath. The building construction and shadowing confines radio propa-
gation along aisles. Based on observations of the numerous multipath
profiles, it is common for a major reflector, such as a wall, to be illuminated
by several paths, each of which may have traveled different routes prior to
arriving, and each of which may be delayed by tens or hundreds of
nanoseconds. Such a situation dictates that several paths having uncorre-
lated amplitudes (because of prior reflections) and iid phases (because of the
different prior paths) exists, thus suggesting that CW and wide band path
loss measurements should yield identical results. By moving the measure-
ment apparatus over a distance of several wavelengths, we effectively com-
puted the expected value of the p? in Eq. (5.2) and assume the 6, to be uni-
formly iid. The empirical data collected using both wide band and CW
measurement equipment proves that the assumption is valid.

The agreement in path loss data between the wide band and CW
measurement systems is excellent, and is perhaps a bit surprising when one
considers the fact that the oscilloscope display is linear rather than loga-
rithmic. It was feared that since weak paths (having amplitudes 17 dB
below the strongest path) are difficult to discern visually, many paths which
arrive beyond the chosen oscilloscope display time span may have been
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missed. The data indicates otherwise, and shows that for indoor radio
channels, wide band path loss measurements can be expected to give very
similar results when compared with data collected using narrow band equip-
ment!. Both narrow band and wide band path loss data indicates that
received power in the factory falls off exponentially with distance, where the
exponent value is about 2.2 when averaged over all factory sites and geo-
graphies. Figure 5.6 illustrates the wide band path loss data as a function
of geography, and includes data from the 3 measurements made along a fire
wall in site C . The results are nearly identical to those obtained using the
CW measurement apparatus (see Table 4.2 and Figure 4.11) as they indi-
cate a definite dependence on surrounding clutter.

5.3 R.M.S. Delay Spread (o) and Mean Excess Delay (7)

The r.m.s. delay spread, denoted as o and defined by eqn. (3.13), is the
square root of the second central moment of the multipath power delay
profile. It is used for determining data rates which a channel can support
[5,56,71]. The mean excess delay, which is the first moment of the power
delay profile as defined in eqn.(3.12), is useful for determining distortion in
an FM signal that might be used for mobile robot navigation or ranging
'[81]. It has been said that the two parameters ¢ and 7 appear to be most
relevant for describing a communication channel, and in some applications
are actually more useful than the shape of the channel impulse response
178),

The mean excess delay is a function of the arrival time of the first mul-
tipath. Since our measurements were not triggered by the transmitter, we
can not be sure that in all cases the first observable path was a LOS path.

D\ spread spectrum sounding apparatus, which uses 80 MHz RF bandwidth and a
receiver dynamic range of about 50 dB, has provided path loss measurements that are
within 2 dB of CW measurements made over identical paths ranging from 46 m to 168
m [58]. Our wide band apparatus provided agreement well within the 4+ 1.5 dB
measurement uncertainty of the CW apparatus for most measurement sites.



131

[

60
oLOS light n=4
xLOS heavy
ALOS wall
50+ % OBS light
8 OBS heavy
. n=3
40 Pulse measurements s
(including LOS wall) .?_.-"
7= 2.14 )
Signal o= 4.88dB B
Attenuation 30 = - & g e .
(dB) o p=2
X .?--'A'*'. *O %
..n' ] -.-w-' : e
20 . % E.* *
= 8.
q‘ . ¥o &y xO
------ %0
................... n=1
10" e X B et
0 I T T T T T T
b 10 20 50 100

Distance (m)

Figure 5.6 Large scale path loss over factory geographies using wide band

mea

surements.



132

In fact, for obstructed paths we doubt this to have been the case. Also,
since the scope trigger was manually adjusted between some measurements,
it is possible that the trace trigger point varied slightly (no more than a
sounding pulse width, though) between measurements. Consequently, our
mean excess delay measurements may contain minor errors. Nevertheless, a
reasonable estimate of mean excess delay may be obtained from the data.
The r.m.s. delay spread data is independent of the arrival time of the first
multipath or the initial trace position, thus this data is quite accurate.

Using the averaged power delay profiles from each of the 50 measure-
ment locations within five factories, the r.m.s delay spread and the mean
excess delay were tabulated as a function of factory site and geography.
Tables 5.1 through 5.3 contain the r.m.s. delay spread data. Tables 5.4
through 5.6 contain the mean excess delay data.

It can be seen from the tables that delay spread and mean delay values
are not dependent on T-R distance or geography. This observation has
been made by other researchers in the mobile radio channel, and was
recently observed in an office building [40,53], but disagrees with the
findings made by another researcher using a more sensitive apparatus in a
much larger office building [78). The mean excess delay does, however, seem
to be related to 0. For the case where 0=T7, ideally the multipath received
power falls off exponentially over time delay since the statistics imply that
the mean square value of the profile (7°) is twice 7 (see eq. (3.13)). This
situation also corresponds to a two-path impulse response with the second
path arriving at a time delay of 27. For cases when 7 < 0, the multipath
power profile has a high concentration of received power within the first few
pulse widths of the first observable pulse, and a much smaller distribution
of power at later delays [78]. However, when 7 > 0, a significant amount of
multipath power arrives in the middle of the profile, and not in the first few
paths. A scatter plot showing the relationship of 7 vs. o over various fac-
tory geographies is shown in Figure 5.7. In the figure, the data points have
been obtained from the spatially averaged multipath power profiles from
each of the 50 measurement sites. LOS measurements along a fire wall in

site C best fit a slope of -(T;=0.83. LOS light and LOS heavy geographies

were found to fit lines having slopes of -(T;=1.13 and 1.15, respectively. The
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Table 5.1 R.M.S. delay spread data (10 -25 m path).

R.M.S. delay spread as a function of factory geography (ns)

T-R separation of 10- 25 m

Geography Site B | Site C | SiteD | SiteE | Site F
LOS light clutter 876 118.8 51.1 - -
LOS heavy clutter 458 48.9 106.7 48.7 1243
LOS along wall - 122.4 - - -
Obstructed light clutter 27.7 102.8 103.2 - -
Obstructed heavy clutter 70.9 101.5 52.0 79.3 49.6

Table 5.2 R.M.S. delay spread data ( 25 - 40 m path).

R.M.S. delay spread ae a function of factory geography (ns)

T-R separation of 25 - 40 m

Geography Site B | Site C | SiteD | SiteE | Site F
LOS light clutter 86.1 49.8 53.2 - -
LOS heavy clutter 42.9 123.8 95.5 91.2 1227
LOS along wall - 100.2 - - -
Obstructed light clutter 37.8 101.5 101.4 - -
Obstructed heavy clutter 55.2 112.4 101.2 923.9 118.0

Table 5.3 R.M.S. delay spread data (40 - 75 m path).

R.M.S. delay spread as a function of factory geography (ns)

T-R separation of 40 - 75 m

Geography Site B | Site C | SiteD | SiteE | Site F
LOS light clutter 33.9 43.2 118.5 - -
LOS heavy clutter 395 201.5 333 93.8 44.3
LOS along wall - 92.7 - - -
Obstructed light clutter - 118.5 108.9 - -
Obstructed heavy clutter 77.2 114.7 106.8 52.5 129.8
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Table 5.4 Mean excess delay data (10 -25 m path).

Mean excess delay as a function of factory geography (ns)

T-R separation of 10 - 25 m

Geography j SiteB | SiteC | Site D | SiteE | SiteF
LOS light clutter 78.1 150.5 46.6 - -
LOS heavy clutter 50.4 48.1 116.4 50.5 125.8
LOS along wall - 1118 - - -
Obstructed light clutter 22.4 108.7 141.3 - -
Obstructed heavy clutter | 113.9 146.7 58.7 96.0 79.6

Table 5.5 Mean excess delay data ( 25 - 40 m path).

Mean excess delay as a function of factory geography (ns)

T-R separation of 25 - 40 m

Geography Site B | Site C | SiteD | SiteE | SiteF
LOS light clutter 925 50.1 53.8 - -
LOS heavy clutter 57.0 133.5 149.2 89.4 110.0
LOS along wall - 72.9 - - -
Obstructed light clutter 345 121.5 1404 - -
Obstructed heavy clutter 725 138.7 141.5 127.8 185.2

Table 5.6 Mean excess delay data (40 - 75 m path).

Mean excess delay as a function of factory geography (ns)

T-R separation of 40 - 75 m

Geography Site B | Site C | SiteD [ SiteE | Site F
LOS light clutter 38.5 31.9 132.1 - -
LOS heavy clutter 475 203.7 34.2 86.5 33.2
LOS along wall - 71.4 - - -
Obstructed light clutter - 142.1 132.8 - -
Obstructed heavy clutter 109.8 188.0 147.8 58.4 139.9
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obstructed light clutter paths fit a slope of 1.25, whereas heavy clutter

obstructed paths have L —1.57. The data confirms the observations made
o

in Chapter 5.1; namely, that obstructed paths tend to have the majority of
received power arrive at longer time delays, whereas LOS paths receive
most of the signal early in the profile.

Cumulative distributions of o for the various factories and geographies
were plotted. In order to simplify the data synthesis, delay spread data for
LOS paths in light and heavy geographies (including LOS wall) were
classified simply as LOS. Similarly, data from both light and heavily
obstructed clutter geographies were classified as obstructed (OBS) paths.
Plots showing the CDF’s of ¢ in LOS paths as a function of factory site are
shown in Figures 5.8 through 5.12. The CDF’s of 0 in obstructed paths as a
function of factory site are given in Figures 5.13 through 5.17. Figures 5.18
and 5.19 show the CDF of o for the LOS and obstructed path data from all
factory sites. Figure 5.20 gives the CDF of o over the entire data pool of
wide band measurements. All CDF’s have been computed using individual
multipath power delay profiles (not local averages) and 1 ns increments of
delay spread.

It is interesting to note the effects which building age and inventory
have upon 0. Site B, which produces dry and frozen food stuffs, has consid-
erably less metal inventory and more paper inventory than do the other
sites. The building is also different in that it does not follow the typical
open plan layout of other sites since there are concrete block walls used to
separate the various factory areas. The large amount of shelved paper pro-
ducts, such as cardboard boxing material and dry food products, is believed
to cause the low median value of o as shown in Figures 5.8 and 5.13. The
site B obstructed path measurements were taken in a main (100 m X 60 m)
warehouse and a smaller warehouse (80 m X 50 m), and have median r.m.s.
delay spread values of 56 ns. The LOS measurements were made within the
main warehouse and a frozen food production area, and have a median o
value of 49 ns. From Figures 5.18 and 5.19, median o values for all LOS
and obstructed paths are 96 ns and 109 ns, respectively. Thus, site B has
median r.m.s. delay spreads consistently half that found over all of the fac-
tories. Given the size of the warehouses in which much of the data was col-
lected, the decreased delay spread is believed to be caused primarily by the
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non-conducting inventory, and not the cement block walls. This premise is
supported, too, by the r.m.s. delay spread results for LOS paths at site D
(Figure 5.10). The LOS light clutter measurements in site D were made in
the boxing /shipping area of the open plan style factory. It is precisely these
measurements, which were made in and aisle flanked by stacks of card-
board, which contributed the small values of o shown in Figure 5.10.

The distribution functions also illustrate the effect which building age
has upon multipath propagation. Sites C and F, which both manufacture
engine products, were the most modern factory sites visited and contained
huge state-of-the-art automated machining lines. The building structure
also incorporates noticeably more metal than the other sites. As an exam-
ple of the modern construction, in both of the modern factories all of the
perimeter walls were made of preformed insulated steel, whereas at other
sites, perimeter walls were made of cement, brick, or wood. Ceiling truss
work was obviously more complex at the modern sites and used many large
steel reinforcing members. Some of the construction differences in factories
reflect the drop in the cost of metal construction products and the relative
rise in the cost of wood and brick over the last few decades. The data
shows that in the modern factories, r.m.s. delay spreads were consistently
larger than those found in older sites which manufacture similar products
(for example, sites D and E). This is found by observing that the median
r.m.s. delay spread values for sites C and F on LOS paths (120 ns and 123
ns) are the largest measured from all of the factories. Similarly, the
obstructed path median o values for the modern factories (119 ns and 126
ns) are the largest values found across the obstructed path data from five
factories.

LOS paths from all sites exhibit distinct flat regions on the CDF plots,
indicating that no measurements had certain o values. Obstructed path
data from all sites except site F, where only 6 measurement locations were
used, have much smoother distributions of 0. Because we cannot expect to
fully characterize the UHF factory radio channel with only a handful of
measurements, conclusions we draw from the data must be taken with a
grain of salt until more empirical data is collected from the factory channel.
Given the data at hand, however, it appears that the factory geography has
a definite effect on the r.m.s. delay spread distribution. Figures 5.18 and
5.19 illustrate that obstructed paths have a nearly uniform distribution of o
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with a median value of 109 ns, whereas LOS paths have a median value of
90 ns and possess a bi-modal tendency which indicates definite delay spread
dead zones. Such an observation indicates that multipaths along LOS aisle
paths in a factory are caused primarily by reflections off of objects or walls
at the ends of the aisles or floor and ceiling bounce within the aisle, and not
paths which arrive from many different directions and time delays. Indeed,
measurements performed in site A confirmed this to be the case for propa-
gation in building corridors. The discrete nature of wall reflections in LOS
geographies is also shown in Figures 5.1 and 5.2.

We speculate that the consistency of the r.m.s. delay spread dead
zones between 50 and 80 ns is due to the measurement locations which were
chosen within each factory. Effort was made to ensure that all measure-
ments were taken across very comparable and typical geographies at all of
the sites. Effects due to wall reflections were mitigated by locating both the
transmitter and the receiver in as central a location as possible for all
measurements. It is possible, and in fact quite likely, that had different
transmitter or receiver locations been selected, the observed o statistics
would be different. We speculate from the repeated discrete distributions of
o over all of the LOS paths, however, that for a fixed transmitter-receiver
orientation in LOS paths, the discrete distribution on o would still be
present, but the values of the modes would be different since they depend
on the location of transmitter and receiver from the ends of the aisles.
Thus, for a distribution of ¢ accumulated over an entire aisleway, we sur-
mise that the gaps in the distribution would be filled.

The more continuous and nearly uniform distribution of o for
obstructed paths is explained by the fact that propagation is not largely
confined to an aisleway. Rather, the multipath arrives by several paths
which may include refraction around an obstruction, and by illumination of
the ceiling and large objects in the aisle of the receiver. This is consistent
with the continuous distribution of the multipath arrival as shown in Fig-
ures 5.1 and 5.2, and accounts for the increase in the median value of delay
spread as compared to LOS paths.

Measured o values for all of the individual profiles were found to range
between 30 and 300 ns, with median values for factories ranging from 49 ns
to 126 ns. Path distances ranged from 12 to 82 m, and measured path loss
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ranged between 10 and 42 dB below that received by a 10X reference in free
space. The entire pool of data indicates that for the average factory chan-
nel, the r.m.s delay spread is slightly greater than 100 ns, and has an
approximately uniform distribution between 30 to 170 ns as shown on Fig-
ure 5.20. The fact that the distributions of o are similarly shaped over such
a diverse collection of building structures and industries suggests that the
measurements are indeed indicative of typical r.m.s. delay spread values
that would be encountered in any factory. Furthermore, one would intui-
tively expect non-metallic inventory to attenuate signals and diminish the
amount of multipath in site B, and would expect metallic inventory and
walls to induce greater multipath spreads in sites C and F. The r.m.s.
delay spread data clearly supports the intuition.

Scatter plots using o values computed from the spatially-averaged
power delay profiles were made to ascertain the dependence of r.m.s. delay
spread on path loss or T-R separation. Figures 5.21 and 5.22 show scatter
diagrams of r.m.s. delay spread vs. T-R separation as functions of factory
site and geography. Figures 5.23 and 5.24 show scatter diagrams of r.m.s.
delay spread vs. path loss as functions of factory site and geography. The
path loss values are referenced to a free space path of 10\

Figures 5.21 and 5.22 indicate that o is uncorrelated with T-R separa-
tion over all factories and geographies. Figure 5.22 also demonstrates the
uniform distribution of o over heavy cluttered obstructed paths, whereas
LOS paths (and obstructed light clutter paths) are seen to have a distine-
tive bi-modal distribution about 45 ns and 105 ns.

Figures 5.23 and 5.24 indicate that o is also uncorrelated with path loss
over all factories and geographies. Such a finding is similar to that
observed by Turin in the urban mobile radio channel [11], and similar to
that made by Saleh and Valenzuela [53] in a medium size office building
using an apparatus like ours. Our factory data, unlike Devasirvatham's
which has been collected from several office buildings, does not suggest that
delay spread increases for larger path loss values. Our data does agree with
Devasirvatham’s in that o decreases over LOS paths; however, the improve-
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ment is not nearly as significant in the factory channel as it is in the office
building environment. This is undoubtedly due to the open plan layout of
factories and the abundance of reflecting material along and at the ends of
the aisleways.

5.4 Impulse Response Statistical Model

While the parameters presented in the previous sections of Chapter 5
are useful and necessary for an accurate description and prediction of per-
formance of radios in the factory multipath channel, they do not statisti-
cally describe the likelihood of path arrivals or the fading effects of the indi-
vidual received paths within a factory. By fitting the path amplitudes and
delays to distribution functions, we can develop a statistical channel model
that may be used for analysis and simulation of factory communication sys-
tems.

The numerous multipath profiles, some of which are shown in Figure
5.1, indicate that for the resolution of our equipment, the factory is a
discrete multipath channel. We reach this conclusion based on the almost
insignificant fading which most paths undergo over a local area. Thus we
assume that the (voltage) impulse response is a series of delta functions
spaced in time delay at intervals no less than the duration of our sounding
pulse. This model is given in eq. (3.3). Since the r.m.s. delay spreads and
shapes of the spatially averaged profiles seem not to be dependent on path
loss, but rather on the surrounding geography, we remove the effect of path
loss from all profiles by normalizing each of the spatially averaged profiles
with respect to the amplitude of its largest path. Thus, for responses in
similar geographies, the averaged impulse response will equally weight the
paths within the individual profiles. Based on inspection of our data, this
appears to be an accurate model, as the first path arriving in a LOS geogra-
phy is nearly always the largest, and for obstructed paths, the largest paths
arrive within 25 - 70 ns after the first detected path. We assume the paths
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to be resolvable down to the r.m.s. duration of our probing pulse, which is
approximately 7.8 ns’. We then convert the spatially averaged power
profiles into discretized power impulse responses. Figure 5.25 shows two
such responses formed from spatially averaged multipath power delay
profiles taken in LOS and obstructed path environments. All responses are
truncated to 500 ns excess delay time since only one of the measurements
was found to have significant multipath arriving after such a time. Because
the time delay spreads are much larger than the duration of the sounding
pulse, no effort was made to deconvolve the probe from the received profiles.
In the impulse response formulation, however, the time delay axes of all
measured data have been shifted to the right by 10 ns so that a measured
LOS path is represented as an impulse at an excess delay time of 0 ns.

Since the multipath parameters of the factory channel indicate distinct
differences in LOS and obstructed paths, and because differences between
light and heavy clutter measurements are not so pronounced, we restrict
our attention to two general factory impulse response models: one for LOS
paths and another for obstructed paths. Statistics from the spatially aver-
aged power profiles out to 250 ns excess delay (32 impulses) at 27 measure-
ments sites are used to develop the LOS multipath model. Statistics from
the spatially averaged power profiles out to 250 ns excess delay (32
impulses) at 23 measurement sites are used to develop the OBS multipath
model.

Figures 5.25 and 5.26 indicate that multipath powers decrease as a
function of time delay. This is expected given the exponential relationship
of power vs. distance. We can describe the received paths, the oy’'s, as ran-
dom variables having a variance that is dependent upon the arrival time of
the k-th path. Such a conjecture has been used in other models {53] and
appears to be a good one for the factory channel, too. For both obstructed
and LOS paths, an overall power impulse response was formed from all of
the spatially averaged power profiles in the corresponding geography. The

t By assuming a path resolution of 7.8125 ns instead of 10 ns, it is simple to compute
the points of the discretized impulse responses by merely integrating over an integer
number of raw data points from the spatially averaged profile. This is because all of
the measured data was sampled at intervals which are integers of 1.5625 ns. The value
7.8125 ns is exactly five times the smallest sampling interval.
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averaged power profiles for both LOS and obstructed paths, and the vari-
ances about the average power levels, are shown in Figures 5.27 and 5.28.
The shapes of the averaged profiles are somewhat different during the first
120 ns of excess delay; after this delay, both profiles have an exponential
power decay.

We also were interested in observing, for fixed values of 7, how many
of the profiles which comprised the average actually had discernible paths.
By determining the likelihood of path arrivals, it is possible to condition the
distribution of path amplitudes on the likelihood of a path actually existing
[11]. Since our pulse measurement apparatus had a linear and digitized
display, the best dynamic range possible was on the order of 25 dB,
although paths less than 17 dB below full scale deflection were very difficult
to discern visually. The noise floor, as dictated by our data, was con-
sistently on the order of 20 dB below the full scale deflection value. By
assuming a path existed for power levels larger than 17 dB down from the
strongest path within each normalized spatially averaged power profile, we
computed a histogram of the path arrivals as a function of excess delay.
The results are shown in Figures 5.29 and 5.30

5.4.1 Assumptions

In order to simplify the model, we make the assumption that the distri-
bution of the path voltage gains and phases are not dependent upon the
likelihood of path arrival for a given excess delay time. This assumption is
similar to Turin’s in his first efforts to characterize multipath channels [55],
and was made recently for another indoor channel model [53]. We also
assume that the distributions on path amplitudes are independent of one
another. This hypothesis simplifies the use of the model, and has been
shown to be eflective for other indoor channel models [53]. As in [53], we do
insist that the variances of the distributions on the paths eventually
decrease as a function of excess delay. However, as shown by Figure 5.28
and by much of the data, the variances of obstructed paths do not mono-
tonically decrease with excess delay, but rather reach a rather flat peak
somewhere between 25 and 70 ns. We believe this peak is due to ceiling
bounce, as the times of arrival of such signals are consistently in agreement
with those predicted by a one-hop path off of the ceiling for our various T-R
separations. We furthermore assume that paths at all of the excess time
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delay values exist. Thus, in this report we do not attempt to describe the
arrival times of the multipath statistically, but rather assume the paths to
exist deterministically at all excess delays which are integer multiples of the
sounding probe duration. Our assumption that all paths exist at any time
is a conservative description of the factory multipath environment but is
one which nevertheless should be useful. For the obstructed environment,
however, Figure 5.30 shows this assumption is not far from the truth, as
consecutive paths exist out to 400 ns. for well over half of our measure-
ments. One may note, however, that the path occupancy probability data
shown in Figure 5.29 indicates that, at least for LOS geographies, the
arrival times of the multipath might fit an exponential conditional path
arrival probability of the form

p(7i | 7e_y)=he N7 (5.3)

where 1/X\ is the mean time interval between successive path arrivals.
Determination of the distribution of the path interarrival times would be a
useful refinement of the channel model presented here.

5.4.2 Mean Square Value of Path Amplitudes

We now strive to determine a function that adequately describes the
mean square value of the distribution on the o;’s, where the mean square
value is estimated by the average power profiles of all the data in the
specific geography. From Figures 5.26 and 5.27, we would expect an
exponential decay of the power over time delay to be a good fit to the LOS
data, whereas a skewed function should fit the obstructed path data well.

Rayleigh, exponential, and log-normal distribution functions were used
with interactive programs to determine a good functional description of the
dependence of received path power as a function of excess time delay. The
averaged LOS and obstructed path power impulse responses were both
found to be described best by log-normal functions. The log-normal func-
tion, as given in (3.11), is generally specified by two parameters- o and 7
thus, it gives more modeling flexibility than the exponential and Rayleigh
functions, which are both characterized by just a single parameter. (The
use of o here is just as a parameter--it should not be confused with r.m.s.
delay spread of the preceding section). Additional modeling parameters
may be considered to be a time scaling constant a which shifts the function
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about the excess delay axis, and a gain constant K. We let O‘]f,G denote the
average power (mean square value) of the k-th path in the geography con-
tained in the set G of possible geographies. For our model, G is the two ele-
ment set of LOS path and OBS path geographies. Although the LOS aver-
aged power profile is fairly well fit by an exponential function of the form

2 -—
O G| G=LOS paths = Ke™*™ , (5.4)

a much better fit was found using the log-normal function
— 1 —2_012 (log{107[r+0]) — 1677)2
|
Qk,G | G=LOS paths = e
' P Vane107[r—af

where 7=5 ns, =20 ns, and 0=2 . This fit was found directly by scaling
and time shifting the standardized log-normal distribution with x=0.05 and
0=2. The fit between the empirical data and eqn. (5.5a) is shown in Figure
5.31.

(5.52)

The obstructed path power vs. excess delay relationship was best
described by the log-normal function
—, 1 ;_U%(log4107[rk+a]) - 107)°
Q%,G | G=OBS paths = e
! PR Varo10[r—q

where 7—=25 ns, a@=>5ns, and o=1.1. The function was adjusted to match
the broad peaks between 25 and 75 ns caused by ceiling bounce and refrac-
tion. The comparison between eqn. (5.5b) and the empirical data is shown
in Figure 5.32.

(5.5b)

The average power profiles were also computed using just the paths
from each individual profile that exceeded the threshold (17 dB of our pulse
power receiver). This may be looked upon as a weighted, or biased, aver-
age, since for each discrete 7, we sum up the power of the detected paths,
and divide only by the number of detected paths (not the total number of
profiles as was done in Figures 5.27 and 5.28). The number of paths above
the threshold as a function of 7 may be found easily from Figures 5.29 and
5.30. The weighted impulse responses for both geographies are shown in
Figures 5.33 and 5.34. Notice that for the LOS paths, those paths which
were detected had a constant average power level from 150 to 400 ns. A
few paths were found to exist having significant signal strengths at excess
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delays of 400 - 500 ns. The OBS paths follow the fitted curve more closely,
which indicates that a large number of paths with significant strength
arrive with excess delays of several hundred nanoseconds and are included
in the overall average of Figure 5.32. These paths which occur later in the
profile were determined to be from sites C and F, and are the cause of the
larger r.m.s. delay spreads observed there. For our model, we assume that
the log-normal functions described above are adequate, especially since we
assume that all paths exist and therefore must be included in the estimate
of af)c.

5.4.3 Distribution of Path Voltage Gains (o 's)

An attractive supposition made by Saleh and Valenzuela [53] is that all
of the paths are identically distributed. Cox, in the mobile radio channel,
did show that at a few excess time delays the received paths undergo Ray-
leigh fading. In [53], the authors pooled all resolved paths into a homogene-
ous data pool where each arrived path was normalized to its mean square
value. Here, we try to fit the same model, which is quite elegant in its sim-
plicity, to the factory multipath channel.

It is simple to show that a Rayleigh distributed random variable, when
passed through a square law device, becomes exponentially distributed.
This is shown in [53] and can be performed for any r.v. as shown in [86].
We were interested in determining statistics for the paths o;’s, but have
measured the _a}f’é instead. By collecting all of the observed of and normal-
izing by the a}f as specified by eqn. (5.5), we may then hope to characterize
all fading paths by a single distribution. We know [86] that for any r.v.
having strictly nonnegative values and a density f,(x), the r.v. y, given by

y =a x’ where 2>0 (5.6)

may be derived directly from f,(x) using the relationship

Py [ ['\/7} )

Normalized path power data was collected for all detected paths out to 250
ns excess delay within each normalized spatially averaged profile by divid-
ing received path power by af'G. Because of the deviation of our mean
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square models from the data at excess delay values larger than 250 ns, the
latter received pulses were not used. Using (5.7), Rayleigh and Rician dis-
tributions on oy (the subscript may be dropped since all paths are normal-

ized and assumed iid) were transformed to distributions on the variable —=-.

The data, which consisted of over 850 distinguishable LOS paths and 750
obstructed paths, was used to plot cumulative distributions (CDF’s) of the
normalized received path powers.

The resulting CDF’s for both geographies are shown in Figure 5.35, and
are plotted on a log-linear scale. On the figure, a straight line indicates an

exponential distribution of the -9__2—- which implies a Rayleigh distribution on

the a,. The OBS paths fit a Rayleigh distribution very well for ordinate
values greater than 0.1. The LOS paths follow a linear slope, but are well
off the Rayleigh line. This appears to be due to a majority of paths having
powers on the order of 0.50?. Also notice the slight hitch in both curves at
a normalized power gain of about 2.0. At this point the strong LOS paths
are accounted for, undoubtedly due to the strong first path arrival. The
LOS path gain behavior suggests that the iid model with deterministic path
arrival times is not good for LOS channels in buildings, and that the first
few paths may actually be Rician. This is further suggested by the fact
that signals arriving via strong paths early in the profile consistently
underwent only slight fading over local areas. Also, we observed from the
data that in LOS light clutter paths, there were seldom more than a few
significant paths within the profile. Another explanation of the large
number of weaker paths in LOS geographies is that since spatially averaged
data, and not individual profiles, were used in this path gain analysis, it
stands to reason that occasional strong LOS paths would be de-emphasized
in the average.

From the data, it appears that a Rayleigh amplitude distribution for
obstructed factory paths is a good model, with the profile power being a
function of the height of obstructions, the T-R distance, and the ceiling
height. For LOS paths, it is not clear what model to use, but Rayleigh iid
paths are simple to use in analysis and likely can be made to hold by modi-
fying the averaged power profile. This may be accomplished by scaling or
adding an offset to the mean square aﬁc function given in (5.5). The fact
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that obstructed paths fit well to the Rayleigh fading curve indicates the iid
assumption on path amplitudes is a good one, and should hold in other
indoor obstructed path scenarios such as hospitals and warehouses.

5.4.4 Using the Model

CW and wide band path loss measurements agree well, and provide
average exponential relationships between T-R separation and receiver
power. We noted that r.m.s. delay spreads and the average shapes of our
multipath profiles did not seem strongly related to T-R separation or path
loss. We observed that all but one of the spatially averaged profiles had no
energy arrive beyond 500 ns excess delay. Our model may be used indepen-
dently of T-R distance, then, to predict delay spreads and relative path
strengths within a given geography. To include the effects of path loss,
which is a function of distance, one merely needs to scale the mean square
function alf'G given in (5.5).

A normalized baseband received multipath profile is described with our
model by the equation

N .
hy(7,G) = Yox g 6(T—NAT)e—’0“ (5.8)
k

where N is 64, A7 is on the order of 8 ns, the 6, are iid uniform, and the
oy ¢ are assumed to be iid Rayleigh distributed having a mean square value
which is dependent solely upon path arrival time and geography.

To consider path loss effects, we scale the mean square value of all
paths by the average attenuation due to distance with respect to a refer-
ence level. This is the identical procedure followed by Saleh and Valenzuela
[53]. Recall from Chapter 2, the power over a 10X\ path is known to have
free space path loss. By defining aﬁG of eqn. (5.5) to be the reference
profile at a T-R separation of 10X\, the total power P, g received at the
reference may be represented as

N-———
Poc = Yeig
k
Let yq denote the mean square value of each oy ¢ in eqn. (5.8) at a
specified T-R distance R. Then, the paths have mean square values given
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by

pio = a’ Pog R7™ (5.9)

The exponential factor x is 1.8 for LOS paths (1.5 for paths along walls)
and 2.8 for OBS paths. The variable R in (5.10) denotes the line of sight
distance between the receiver and the transmitter in meters.

The channel model is used by specifying a particular T-R separation
and geography. The path amplitudes are then generated from a Rayleigh
distribution which has a mean square value found from egns. (5.5 and 5.9)
and the phases are generated from a uniform distribution on [0,27]. Thus,
the form of the impulse response model is identical to (5.8), where the mean
square values of the paths are dependent upon the T-R separation.
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CHAPTER 6
CONCLUSION

6.1 Summary

This report has dealt with the problem of characterizing the UHF fac-
tory multipath channel. Measurements were made in five factories which
made up a diverse collection of industries and building structures. Propaga-
tion measurements in such an environment have not been reported previ-
ously in the literature.

Our goal was to collect data essential for the design and development
of a factory portable radio communication system. We envisage such a sys-
tem as an integral part of the factory of the future. The results of
numerous measurements made in the 1200-1400 MHz band have been
presented here, and indicate that although the factory is similar in many
respects to other indoor channels, the unique building structure and metallic
content provide varied types of propagation not found in a typical office or
residential building.

We found that most factories are similarly arranged. Aisleways are
straight and uncluttered, and are generally flanked with machinery or
inventory. There are very few walls, although large equipment and inven-
tory can serve as RF partitions. Certain factory areas are dedicated to
heavy machining, assembly line production, or bulk storage. These areas
have been found in all factories and provide obstructed paths for portable
or mobile radios in the area. Other areas, such as manual assembly lines,
small parts storage, and main aisleways, are lightly cluttered and do not
have many tall obstructions.

There is a significant amount of metal used in ceiling truss construc-
tion. At all sites, we observed multipath arriving at excess delays which
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correlated well to ceiling bounce propagation over obstructed paths. Line of
sight propagation exhibited several large paths due primarily to reflections
from within and at the end of an aisleway.

By combining factory data from the five representative industries and
building structures, gross channel characterizations showed that: path loss
is 2 function of distance to the 2.2 power; multipaths have maximum delay
spreads ranging from 40 ns to 800 ns; r.m.s. delay spreads range from 30 ns
to 300 ns.; temporal fading is typically Rician with K=10 dB; small scale
fluctuations are usually Rayleigh but are sometimes well described by
Rician or log-normal distributions; and that typical factory machinery can
cause as much as 20 dB of attenuation due to shadowing.

We discovered that path loss in lightly cluttered LOS paths offer
improvement over free space loss, having power/distance relationships of
between d™*° to d™1®. Obstructed paths offer power /distance relationships
of between d"2* to d7%8. Deviations about the mean path loss values were
shown to fit a log-normal distribution having 0=7 dB.

Shadowing effects of common factory equipment were measured, and
compared to knife edge diffraction theory. We found that for obstructions
located several meters from either transmitter or receiver, diffraction theory
is a good estimate of path loss due to shadowing. For deep shadowing,
however, our empirical data indicates a 10 to 15 dB improvement over what
is predicted by diffraction theory. We suspect this is caused by illumination
of local objects in the vicinity of the receiver. In this report, results of deep
shadowing attenuation measurements for some typical manufacturing equip-
ment are presented.

CW fading measurements were made in 50 local areas within the fac-
tories to determine fading statistics. We observed a 30 - 35 dB dynamic
fading range over various antenna heights and positions. We found that
average path loss is unaffected by lateral position in an aisleway, but 1 dB
average gain is achieved at a distance of 50 m by using a 2 m antenna as
opposed to a 1.5 m antenna. Data has been collected for diversity perfor-
mance analysis, although none has been carried out in this thesis. A cur-
sory inspection of some of the local fading data indicates that between 3-10
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dB of gain may be achieved by instantaneously selecting the largest of two
received signals from antennas separated in height by 2\, Local area fading
was found to be Rayleigh over 50% of the time, and in some LOS paths the
fading was Rician. Obstructed paths occasionally fit well to log-normal dis-
tributions. Statistics compiled from nearly 20,000 CW measurements indi-
cate that the Rayleigh fading model fits the data well for most signal levels;
however, at low SNR, the data tends towards a log-normal distribution.

Temporal fading statistics were compiled from 200 seconds of data
acquired over a path which traversed an operational assembly line. The
data was found to fit excellently to a Rician distribution having K=10 dB.
A preliminary temporal fading model was presented.

Wide band measurements, conducted with a sounding probe having an
8 ns r.m.s. duration, were used to measure path loss, r.m.s. delay spreads,
and excess mean delays for various factories and geographies. Path loss
measurements agreed well with CW measurements conducted at ‘identical
locations. Excess delays were found to exceed r.m.s. delay spread values
over obstructed paths, while the opposite was true for LOS paths. Surpris-
ingly, there was no apparent correlation between r.m.s. delay spread and
path loss. Site B, a food manufacturer with predominantly non-metallic
inventory, exhibited the lowest value of o, having a median value of 50 ns
over all geographies. Sites C and F, the most modern factories, exhibited
median o values of ~ 125 ns over all geographies. LOS paths in all fac-
tories typically consisted of a few main paths and several smaller ones,
whereas obstructed paths generally were characterized by many paths hav-
ing comparable amplitudes, with the strongest paths arriving 25 - 75 ns
after the first observable path.

A simple impulse response model, based on the attractive features of a
recent indoor channel model [53], was formulated using the averaged mul-
tipath delay profiles in LOS and obstructed path geographies. Formulation
of the model is based on the assumption that the paths arrive deterministi-
cally in time over a 500 ns delay window, and have Rayleigh amplitudes
that are independent and which have mean square values determined by
the shape of the averaged power profile and the T-R separation. The model
is very simple and should be useful for preliminary performance evaluations
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of various factory communication systems. Refinement of the model is
planned by the author in the near future.

8.2 Possible Extensions of This Work

As no other research has appeared in the open literature describing the
vagaries of the factory radio environment, the data collected in this report
may be used to further the understanding of this unique channel. Data has
been collected for height and space diversity analysis, but has not been
examined in detail. A useful extension of this work would be to determine
the improvement offered by such diversity techniques.

A path arrival model has not yet been formulated for the channel,
although the data exists for a confident determination of such a model.
The data presented in Chapter 5 indicates that although obstructed paths
seem to arrive deterministically over several hundred nanoseconds, the LOS
paths clearly should be described by an interarrival distribution on the
paths. Enhancing the channel model presented here with a probabilistic
description of the path arrival time would be a useful extension of the
results discovered here.

Using a channel model based on the data presented here, it is possible
to analyze the performances of various types of modulation and coding
schemes. This is an obvious next step in the development of a futuristic
portable /mobile factory multiple access communication system.

Additionally, the data presented here may serve as a useful data base
for the development of a generic building propagation model which takes
into account the physical dimensions of the structure and the surroundings.
A propagation model based on the geometry of the factory layout and
inventory storage would be an interesting extension of this work. The data
contained here would be of value since proposed models could be compared
with the empirical results herein.

Finally, the findings of this report will be of use to indoor communica-
tions researchers in that, as further empirical and analytical work is done
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to characterize radio communication in buildings, our data will always be
available to test the applicability of new propagation discoveries and
models for the unique environment of the factory.
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Appendix A
Discone Design Using Simple N-Connector Feed

Figure Al 1Photograph of several discone antennas developed by the
author. These antennas were designed for the factory multipath measure-
ment apparatus detailed in Chpater 2.

The following paper was presented by the author at the 1987 Antenna
Applications Symposium, held at Allerton Park, I on September 24, 1987.
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Discone Design Using Simple N-connector Feed

Theodore S. Rappaport
Engineering Research Center for Intelligent Manufacturing Systems
Electrical Engineering Department
Purdue University

West Lafayette, IN 47907
Abstract

As parl of an indoor multipath measurement system, discone antennas
featuring simple N-connector feed systems have been fabricated for the
1.0 to 2.0 GH:z band. Experimentation reveals that excellent perfor-
mance {(VSWR < 1.5 :1 across the band) can be obtained with & simple
"snap-on" feed /mount method, and that VSWR is most sensitive to the
diameter of the disc feed conductor. Performance data from over 70
discone antennas having a variety of flare angles, disc-to-cone spacings
and feed conductor diametlers are summarized bere. Results show that
for N-connector mounts, best flare angles range between 45° and 75°, and
that the disc feed conductor should be 0.33 times the diametler of the
cone top. The empirical data reveazls that the antennas may be tuned
for even better match by using a2 simple clamp nut tuning scheme.
Design equations, which differ from Nail's? because of the large minimum

_cone diameter, are presented.

Introduction

The discone antenna is well documented in the literature and has

1-8  The discone’s main virtue s that it provides

low VSWR over & bandwidih of several octaves''?, As part of an

been used extensively
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expcrimenial wideband indoor multipath measurement system’, severa)
discone antennas for the 1.0 to 2.0 GHz band have been developed. Each
antenna uses a standard male N-conneclor as both an RF feed and
mechanical support. This technique affords quick and inexpensive
antenna construction and deployment. It is shown here that antenna
performance is not compromised despile the Jarge (A\/12 2t high pass
cutoff) diameter of the feed connector. Design equations, which differ
slightly from Nail's? because of the large minimum cone diameter, are

presented.

Antenna Construcetion

As shown in Figure 1, the discone may be characlerized by the
dimensions D, L, M, 6, m, s and w, where m is the minimum cone diame-
ter, wis the diameter of the disc feed conductor and s is the disc-to-cone
spacing. In the literature (c.g. refs. 2 and 5) it is usually assumed that
$<<D, and w is nol considered. In fact, we have not secn previous data
discussing the eflects w and s have upon antennpa loading when m is large
with respeci to the high pass cutofi frequency of the antenna (as is the
casc here). Nail found that useful design formulas (for m = X\/75 at high

pass cutof]) are

s=03m ; D=07M (1)

regardless of 6 , where L is slightly larger than 7\/4 at cutlofl’. For the
casc¢ bere, m=X\/12 at high pass cutoff and Nail's design formulas were

found to be helpful bul incomplete.
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<& M &

Figure A1.2. The discone antenna.

Table Al.1 Antenna cone dimensions.

Psrameters Ant. 1 Ant. 2 Ant. 8 Ant. 4
9 45° 60" 75¢ 90"
M 742 mm (3") | 95.2 mm (33/4") | 108 mm (4 1/4") | 120.6 mm (4 3/4)
m 19.1 mm (3/47) 19.1 mm (3/47) 19.1 mm (3/47) 19.1 om (3/47)
L Bom(27/8") | 713mm(27/8") | 73wmm (27/8") | 73 mm (2 7/8")

Four cones made of pliable copper sheet were built with flare angles
(6) of 45°, 60° 75° and 80°. The four cone dimensions are given in Table
1. Slant Jengths of all four cones were cut for A\/4 at 1000 MHz. Each
cone was soldered to the body of a UG-21D/U conneclor, giving each
antenna a minimum cone diameter (m) of 19.0 mm (3/4"). The connec-
tor was posilioned and soldered completely within the cone. The rear
end of the connector was made flush with the (small) top of the cone.

Care was taken so that solder did not flow into the clamp nut threads on
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the rear of the connector. ]t was discovered through experimentation
that the clamp nut is useful for tuning tbe antenna. Discs of varying
diameters were centered and soldered on copper rods that were beveled
and soldered to the removable center pins of the N-conpectors. A
discone antenna was formed by plugging a particular disc into a cone-
mounted connector. Antenna feed was accomplished by simply mating
the discone with 50 {1 coaxial cable having a female N-connector termi-

nation.
Experiments
Set-up

Refiection coefficient measurements were made by placing the
antcnpa under test in a large clear arca surrounded by electromagnetic
absorption material. The measurement set-up consisted of a UHF signal
generator, a dual directional coupler and a dual channel power meter
that was programmed to read return loss (= -20 log |I'}, where T is the
reflection coefficient) referenced to a 50 ohm load. The system was cali-
brated across the band to remove the loss of the antenna feed cable as
well as the frequency dependent variations of the equfpment. Antenna
return loss measurements were made at 50 MH:z intervals across the
1000-2000 MH:z band. Care was taken to insure power levels were
sufficient to provide reliable measurements. Antenna performances were
evaluated by the average value of the reflection coefficient across the 1.20

to 2.0 GH:z band.
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Results

Equation (1) was first used to develop four discomes described in
Table 1. Of particular importance, the antennas had parameters s= 0.33
m and w= 0.16 m. Clamp nuts were not installed on the connectors, and
a value of D = 0.7Af was used for each antenna. The antenna loading
characteristics of all four discones were disappointing, and are shown in

Figure 2.

The disc separation, s, was then varied in increments of 0.082 m
over the range [0Om,.66m/ for each of the four antennas to obtain lowest
average VSWR over the band. For antenna 1, optimum separation was
found to be 0.41 m (8.0 mm, 5/16"). Antennas 2, 3 and 4 were optimized
when s= 0.5 m (9.6 mm, 3/8"). These values are 50% larger than the
values suggested by (1). Even with optimum disc-to-cone spacing, the
loading characteristics of all four antennas were still poor. For each
antenpa, the VSWR averaged about 2.0:1 throughout the band. Thus,

the data indicates that for large m ( m = ) /10), the common discone

design equations (e.g. found in refs. 2 or 5) are lacking.

With s optimized, the disc diameter D was varied in 0.05 M incre-
ments over the range [0.55M, 0.75M]. The loading characteristics of
each antenna was slightly affected, most noticéably at the low frequency
end and at the first harmonic of the cutofl frequency. A value of D =
0.70 M provided the best broadband response for antennas 2 and 3,
whereas antennas 1 and 2 performed slightly better with D = 0.75 M.
All subsequent measurements were made with disc values of D=0.75M.

This is in close agreement with Nail®,
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Changing the diameter of the disc feed conductor dramatically
aflected the loading performances of the antennas. Values used for w
ranged from 0.082 m Lo 0.41 m ip 0.082 m increments. For each value of
w, the disc-to-cone spacing (s) on each antenna was readjusted for lowest
VSWR. It was found that best matching for nearly all antennas
occurred for values w = 0.33 m, s = 0.5 m. Figure 3 illustrates the
eflect of variations in w upon the loading characteristics of antenna 3
with s = 0.5 m and all other antenna parameters fixed. The oiber three
antennas demonstrated very similar behavior, although the 90° antenna
provided a comsistently poor match over the lower part of the band. Fig-
ure 4 displays the loading charactleristics of the four optimized discone
antennas, each baving parameters w= 0.33 m, s= 0.5 m D= 0.75 A and

cone dimensions given in Table 1.

From the data it appears that a large disc feed conduclor diameter
mitigates a substantial impedance mismatch within the connector. Due
to the structure of the UG-21D/U connector, the disc feed conductor
travels a non-pegligible distance {£X/10) within the throat of the connec-
tor before reaching the connector end. Hence, a simple coaxial transmis-~
sion line model of the fecd conductor within the connector seems applica-
ble. The impedance of an air-dielectric coaxial transmission line is well
known to decrease with increasing center wire diameter® and is solely a
function of the ratio { m/w). Thus the results shown in Figure 3 are not
surprising. For w= 0.33 m, the characteristic impedance offered by the
feed conductor/connector transmission line segment is 66.5 {1, very close

to a 50 {1 match.

The experimental results justify the modification of Nail's original

design equations Lo include relationships for w and s when m is large, on
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the order of 2/10 at high pass cutoff. Our data suggests the following:

Form = X/10, s = 0.5m ; w= 0.33m ; D = 0.75M (2)

Because the impedance relationship within the feed housing is not a func-
tion of just m alone, (2) should bold for any discone coaxial feed system

with large m.

A second independent sel of four disconc antennas was fabricated
using eqn. (2) to test the reliability of the design formula. Measurements
performed on the second set of antennas yielded results within +/- 2.0

dB of those shown in Figure 4 for most frequency points.

Clamp nut tuning

Further experiments were conducied to see how inserting the clamp
nut into the connector would affect antenna loading characteristics. In

particular, we strived to improve the match of the 90° discone.

An immediate benefit of the clamp put is s can easily be adjusted.
In addition, the clamp »put serves to further reduce the impedance
mismatch created within the connector, and may be thought of as a low -
impedance transmission line segment in a tapered line.

By fastening the clamp nut inio the connector, improvement in
VSWR performance for three of the four antennas was accomplished.
The 45° discone performance deteriorated substantially, however, with
the elamp nut installed (when D=0.75M).

An optimum w value of 0.25 m (4.8 mm, 3/16") was found to bold

for each of the three discones. Disc-to-cone spacing was kept at 0.5 m
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(9.6 mm, 3/8"); however, with the clamp nut inserted, s, (the effective

value of s) was decreased by 3.2 mm (1/8") due to the protrusion of the

clamp nut from the cone top. Clamp nut penetration into the connector

was measured to be 7.9 mm (5/16"). All other parameters remained the

same. Figure 5 illustrates the loading behaviors of the three discone

antennas with clamp nuts securely fastened on the top of the cones.
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For other disc feed conductor diameters, clamp nut tuning improved the
refleclion coefficient (i.e. those shown in Figure 3) by 5 dB on the average

throughout the band.

For the 45° discone, additional experiments were conducted to deter-
mine the eflects of disc diameter upon loading when elamp nut tuning is
used. In particular, we strived to lower the high pass cut off frequency
without changing the cone dimensions. Figure 6 shows the matching
characteristics of an optimized 45° discone at 25 MHz increments across
the 1.0 -1.4 GHz band. The data illustrates that with clamp nut tuning,
better low frequency response may be obtained by simply increasing the
disc diameter. The resulls also suggest that for large minimum cone
diameters {on the order of 2/10 at high pass cutofl), antenna loading
anomalies due to disc feed conductor diameter, w, and disc-to-cone spac-
ings, s, can be neutralized by a cable clamp nut (2 standard part sup-

plied with all coaxial connectors).

Conclusion

Discone antennas are quickly and easily constructed as appendages
to coaxial connectors. Such antennas are easily deployable and are suit-
able for use in UHT /microwave wideband indoor communications sys-
tems. In tbis paper, exiensive experimental data were analyzed to deter-
mine design equations for discone antennas mounted on N-connectors.
Such 2 mounting forces the minimum cone diameter m to be on the order
of /10 at high pass cutofl. For this case, the data illustrates the
significance of antenna parameters s and w upon antenna loading. For
2

discone antenna design using coaxial connecior feeds, Nail's equations

must be modified to include the eflect of the diametler of the disc feed
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conductor. By selecting the disc feed conductor diameter to be about
0.33 m, the experiments reveal that a VSWR below 1.3 :1 is easily
achievable across an octave and further suggest that cone flare angles
between 45° and 75° yield best results. Eqn. (2) is a suitable modification
of the well-accepted discone design equation and should bold for any
discone coaxial feed system when m is large. By using a simple clamp
nut adjustment and slightly decreasing the diameter of the disc feed con-
ductor (w), it is possible 1o optimize VSWR characteristics of a discone
antenna mounted on a coaxial connector. When used in conjunction
with clamp nut tuning, lowering the operating frequency of the antenna
may be accomplished by increasing the disc diameter. The construction,
design and tuning techniques described here should be valid for discones
designed io operate at much bigher frequencies, although this must be

borne out by experimentation.
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Appendix B

Computer Programs

The following are programs which were used to process the multipath
data. All programs are commented. Many Fortran programs where run
using subroutines from the ims] subroutine package. Computation was done
on the Engineering Computer Network at Purdue University with the ed
VAX 11/780 computer.



avyg.pulse.file SHELL SCRIPT program

4! /bin/sh
# This shell script prgm allows 19 pulse files to be averaged
# into one single file, and that average file is placed in ALLP.avg.

echo -n "Enter Directory under Data containing fileset (include .st.new): "
read path
echo -n "Now input the file series within S$path for averaging: "
read file_
echo -n " Data/$path/$file ($file.st.* ) is to be averaged , Press n to cancel:
read input
if | Sinput -eg "n" ]}
then
echo "strip not performed”
exit O
fi
cd /a/n9%nb/Data/$path
f/ NROW IN THE CHOSEN STRIPPED DATA DIRECTORY and file batch
§£77. ../Programs/pulseavginit.f
fmv a.out ../Programs/a0.out
§£77. ../Programs/pulseavg.{
¢mv a.out ../Programs/al.out
££77. ../Programs/pulseavgfinal.f
=mr a.out ../Programs/a2.out
%/ LLT M be the counter...use initialization when m=1 only
n=0

¢/ KWOW crunch on the 19 filenames.st
for i in $file*.st.*

do
#/ a.out file ic located in Data/Programs directory from “pulseavg.ex"
#/ Thc pulseavg.X.f contains output target filenamc

m= expr Sm + 1

if [ $m -eq "1" ]

then
echo $i | ../Programs/pulscavginit.ex
else
echo $i | ../Programs/pulseavg.ex
fi
done
echo $file.avg |../FPrograme/pulseavgfinal.ex
mv $file.avg ../ALLP.avg
exit O
env.group.dist SHELL SCRIPT program
t£'/bin/sh

¢ Thic chell script prgn allows an group of filec to be merged
# into a freguency table of 1 @B bins (-30/+20)

echio "This to be used for combining the envelore freg tables in Data/Endist"”
echo "into cummulative PLF's for each measurement location®
echo "(the original frequency tables generated are removed)"
ccho .
echo -n "Enter {ile prelix for the grouping:
read profix
cal /dev/null’/tmp/n9nb/{namec.merge
echo Srycdix »d/tny/nynk/fnames.merge
for i in S${prctix}*.ireg
do

echo "Glomming data $i..."
echo §i »>/tmp/n9nb/fnames.merge
done
echO "XXNAXXXLXXXXXXXXXXXX"))/tmp/n9nb/fnames.merge
echo " ">>/tmp/n%nb/{names.merge
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/a/n9nb/Data/Programs/envmerge.ex < /tmp/n9nb/fnames.merge

§ now remove the individual files *.freq to clean directory
for i in /a/n%nb/Data/Envdist/${prefix}*.freq
do

done

rm $i

# NOW compute cummulative distribution for prefix file

echo Sprefix | /a/n9nb/Data/Programs/envdist.ex

exit 0

envdistrib.f

o000

nnan

This program is used to break the 50 or so bins having

frequency bins of 1 dB width into cummulative probability

data for local distributions of envelope fading. The program
assumes dymanic range of 50 @B (+20/- 304B) about the median value

real binpercent

integer i,atten,npts.,k .
real bincnt

character lilname®15,actname*17

character actoutfile*22,liloutfile*20

vrite(?,?)"Enter cumulative file that is to be integrated"
read (*,'(al?)') actname
write(*,?)"We read in the character string:",actname

if actnane lLac @ll 17 nonblank, then lilset=0
lilzet=0
if ( actrnam.(l6:) .eq. ' ' ) then
lileet=1
lilname= actname(1:15)
write(*,*)"7The lilname file ic stored as”,lilname
endif

PROGRAM TO BE EXECUTED 1IN ENVDIST DIRECTORY...integrates file
CONTAINING 2 FRCQTEELE
TO GET cumulative percent prolability

npts=0
k=0

npts is total # of data points in input file

actname is 17 character file name (i.e. eclac.d.st.l)
lilname is 15 character file name (i.e. eblac.st.l)

if (lilset .eq. 0) then
open(unit=7,file=actname)
do 2 i=1,50
read(7,*)atten, bincnt
npts=npteibinent
continue

rewind(7)

close(7)
open(unit=7,fileractinamc)
elsc
open(unit=7,{ile=1ilname)
do 3 3i<1,5%0
read(7,*)attcn, binent
npts=nptsibinent
continue

rewind(7)

close(7)
open(unit=7,file=lilname)
endif

¢ npts has the total ¢ of data pts
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write(®,*)"input file has",npts,"datapoints"
c now read in the values of atten and the count
c use a 50 db dynamic fading range (conservative)

c open the destination.hist file in Data/Envdist

if (lilset .eqg. 0) then
actoutfile='prob. '//actname
open(unit=8,file=actoutfile)
else

liloutfile='prob. ‘//1ilname
open(unit=8,file=liloutfile)
endif

c now open the output file
c bincnt is 0 at first, keep aggregate & of distribution in binpercent
binpercent=0.
bincnt=0
atten=0
do 12 i=1,50
read(7,*)atten,bincnt
binpercent=(1./npts)=*bincnt+binpercent
if (K .eq. 1) then
goto €9
endif
if (tinpercent .qe. 0.0000921) then
write(B,*)atten,binpercent

endif
89 if (binpercent .ge. 0.999949) then
k=1
endif
12 continue
revind (7)
close (7)
rewind (B)
close (§&)
end

enviregtable. f.

This program is used to break the 128 (or 1024 SS) data
points into bine of 1 dB width for the purpose of analyzing
the local distributions of envelope fading. The program
assumes a dymanic range of +15/~ 258B about the median value

0

non

character tjunk,ljunk?70

real mcdian,rjunk,data(128)

integer 1i,3),.k,bincnt

character lilname*10,actname*12
character actoutfile»28,liloutfile*26

write(*,*)

write(*,»)"Enter envelope filenamc that is to be freg tabled"
read (*,'(al2)') actname

writce(?,*)"We recad in the character string:",actname

c if actname has all 12 nonblank, then lilset=0
lilset=0
if ( actnamc(11l:) .eqg. ' ' ) then
lilset=1
lilname= actname(l:10)
write(*,*)"The lilname file is stored as",lilname
endif
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PROGRAM TO BE EXECUTED IN DATA FILE DIRECTORY...MOVES HISTOGRAM
TO THE DIRECTORY ../Envdist...with file name.freg
actname is 12 character file name (i.e. eclac.d.st.l)
lilname is 10 character file name (i.e. eblac.st.l)

nNnNnaon

if (lilset .eg. 0) then
open(unit=7,file=~actname)
else
open(unit=7,file=lilname)
endif

do 5 i=1,3
read (7,*)tjunk
continue
line 4 is a weird one in raw data file
read (7,'(A70)',iostat=k)ljunk
if error in reading character, than must be a digit in line 4
read (7,*)rjunk
read (7,*)rjunk
read (7,*)tjunk
do 6 i=7,13
read (7,*)rjunk
6 continue

aowv

a0

c get the median power from the ".st.new" envelope file line 14
read (7,*)median
c get rid of last 2 preamble line
read (7,*)rjunk
read (7,*)rjunk
do 15 i=1,128
read(7,*)data(i)
15 continue
close(7)

c open the destination.freg file in Data/Envdist

if (lilset .eq. 0) then
actoutfile='../Envdist/'//actname//'.freq’
open(unit=8,file=actoutfile)

else
liloutfile="'../Envdist/'//lilname//'.freg’
open(unit=8,file=liloutfile)

endif

c now scan the data looking for pointe in the 1dB bins

nov open the output file
bincnt is 0 at first, keep frequency of distribution
do 12 i=-30,20
bincnt=0.
do 13 j=1,128
c we have the data in array
if ((data(j) .1t. i) .and. (data(j) .ge. i-1)) then
binent=bincnt+l
endif
13 continue
wiite(8,*)i,bincnt
12 continue
rewind (8)
close (8)
end
cthis program merges the freq distribution data of several input
¢ files into one targe file that has the cumulative distribution
€ in 1 @B intervals

00
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integer atten(50),bin(50),tot(50)
integer i,1file

character target»*10

character fname+*17

ifile=1
do 1l i=1,50
atten(i)=0
bin(i)=0
tot(i)=0

1 continue

write(*,*)"Enter the target file containing merged data(l0 letters)"
read(*,*)target
5 write(*,*)"Enter ",ifile,"file to be merged- or x's to stop"
read(*,*)fname
if (frpame .ne. 'XOOXXAAXXXXNXAXX') then
call merge(atten,bin,tot, fname)
ifile=ifile+l
10 goto 5
endif
open{unit=8,{ile=target)
do 13 i=1,50
vrite(8,*)atten(i),tot(i)
13 continue
revind(8g)
close(B)
end
(o ARRYRIPRIAUARARPRP AP vy PP P A ARG+ 2 AR
subroutine merge(a,b,t,fn)
character fn+*17
integer a(50),b(50),t(50)
open{unit=7,file=fn)
do 60 k=1,50
read(7,*jYa(k),b(k)
t(k)=t (k)+b(k)
60 continue
rewind(7)
close(7)
end
envmerge.
cthis program merges the freg distribution data of several input
¢ files into one targe file that has the cumulative distribution
c in 1 dB intervals

integer atten(50),bin(50),tot(50)
integer i,ifile

character target+10

character fname*1?

ifile=1
do 1 i=1,50
atten(i)=0
bin(i)=0
tot(i)=0

1 continue

write(*,*)"Enter the target file containing merged data(l0 letters)”
read(*,*)target

5 write(*,*)"Enter ",ifile,"file to be merged- or x's to stop"
read(*,*)fname
if (fpame .ne. 'XAAXXAXAXXXAAXXXX') then
call merge(stten,bin,tot,fneme)
ifile~ifile+l

. 10 goto 5



endif
open{unit=8,file=target)
do 13 i=1,50
write(B,*)atten(i),tot(i)
13 continue
rewind(8)
close(8)
end
o] RERAARARARA R AR A AAAR KA AR AR AR R B AR K
subroutine merge(a,b,t,fn)
character fn*17
integer a(50),b(50),t(50)
open(unit=7,file=fn)
do 60 k=1,50
read(7,*)a(k),b(k)
t(X)y=t(k)+b(k)
60 continue
rewind(7)
close(7)
end
envstrip.f
c This is envstrip.f

Use -limslep after £77. fnamce for the IMSL library
Thie program used for massaging some of the early data

Use this program with strip.env.directory.....

This preogram is uscd for computing mean signal level of envelope
data. The data is scanned for filename, path distance,pwr,atten
and max and min fading level. The exponential loss factor, the
avg signal received signal and max and min fading levels is returned.
The programuses the receiver law-- Pr(dbm) = vif = 760dB/V - 125 &b
The final output
is written into the directory C.st.new/FILENAME

coaooaonaoooonn0n0n

character*5 actname*12,1lname*7,sname,clutpath, path,descrip*60, area*25

character lilname*10,actoutfile*26,liloutfile*24

real dist,pwr,atten,xincr,ymult,vzr,d(128),dsort(128)

real rmsdelay,pwrgain,awvgtl,avgt2,min,max,minrcvpwr, maxrcvpwr
real rcvpwrmedian

integer i,npts,lilset

actname is 12 character file name (i.e. eclac.d.st.l)
lilname is 10 character file name (i.e. eblac.st.l)
lname is first line in file with seven letters (i.e. eclac.d)

non0oon

min=1.0
max=0.

The data is in mV and never ic greater than 200 mVv
write(*,*)"Enter envelope filename that is to be processed"
read (*,'(al2)') actname
write(*,*)"We read in the character string:",actname

9]

C if actname has all 12 nonblank, then lilset=0
lilset=0
if ( actnamc(ll:) .eq. ' ' ) then
lilset=1

lilname= actnamc(1:10)
write(*,®)"The lilname file is stored as”,lilname
endif

if (lilset .eq. 0) then
open(unit=7,file~actname)
else

sname (short) is firct line in file with five letters (i.e eblac)
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open(unit=7,file=lilname)
endif

read(7,*)lname
if ( lname(7:) .eqg. ' ') then

inset=1

sname= lname(l:5)

write(*,*)"The short name in file is",lname
endif
read(7,'(A25)')area
read(7,*)clutpath
read(7, ' (A60)')descrip
read(7,*) dist
read(7,*)path
read(7,*)pwr
read(7,*)atten
read(7,*)npts
read(7,*)xincr
read(7,*)vzr
read(7,*)ymult
read(7,*)rmsdelay
read(7,*)pwrgain
read(7,*)avgtl
read(7,*)avgt2

c Rov read in the 12B lines of raw data, and obtain minimum value in set

10

do 10 i=1,npts
reaGg(7,*)d(i)
dsort(i)=d(i)
if (d(i) .1t. min) then
min=d(i)
endif
if (4(i) .gt. max) then
max=d(1i)
endif
continue

c Now compute the average rcv sig, pwr gain and the decay exponent

C

45

revpwr=0.
loss=0.

Now pwrgain put into dBm readings of the received pwr

do 45 i=1,npts

rcvpwr= rcvpwr +d(i)*760. - 125.

continue

avgrcvpwr=rcvpwr/npts

maxrcvpwre=max*7¢0. - 125.

minrcvpwr=min*760. - 125.

call vsrta(dsort,npts)
rcvpwrmedian=dsort(64)*760. -125.

write(*,*) "the avg db received value=",avgrcvpwr
write(*,*) "The median db value is", rcvpwrmedian
write(*,*)"Signal has dynamic range of (dR)",maxrcvpwr-minrcvpwr

¢ Now compute path loss, exponential decay relative to 10 wavelenght

relpvwratten=pwr-atten-rcvpwrmedian-38.3
write(*,*) "The path loss is (dB) ",rclpwratten
dist=dist*12./39.37

write(*,?)"Over path having distance (m) ",dist

c relpwratten is now in

if (lilset .eq. 1) then
liloutfile='../B.st.new/'//1ilname
open (unit=8,file=liloutfile)
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else
actoutfile='../B.st.new/'//actnhame
open (unit=8,file=actoutfile)
endif

Output file contains distance (m) on line S

pathlons on line 7, median rcv pwr on line 13

min and max levels on lines 14,15, dynamic fading range on 16
The output data is given in dB relative to median

anooao0

if (inset .eg. 1) then
write(8,'(A5)') sname
else
write(8,'(A7)') lname
endif

write(8,'(A25)"')area
write(8,'(A5)')clutpath
write(8, '(ABO)')descrip
write(8,*) dist
write(8,'(A5)')path
write(8,*)relpwratten
write(k,*)atten
vrite(8,*)npts
write(¢,*)xincr
write(8,*)vzr
write(®,*)ymult

writc (€, )yrevpurnedian
write(t,*)minrcvpwr
write(f,?) maxrcvpwr
write(t,* )maxrcvpwr-minrcvpwr

c thc received data samples normalized to median signal
do 50 i=1,npts
write(€,*)d(i)*760. -125. -rcvpwrmedian

50 continue

close (P)
close (7))
end .
fregtable.env.directory SHELL SCRIPT program

#!/bin/sh

% This shell script prgm allows entire directory of files to be operated
¥ upon with the envfregtable.f for later computation of signal distirbtn
# This program computes envelope table of each e* file and PLACES IT

# into the Data/Envdist dir (through the use of envfregtable.ex)

echo -n "Enter Directory in Data with envdata (include .st.new): "
read dir _
echo -n " Data/sdir (e*) is to be freq tabled , Press n to cancel: "
read input
if [ $input ~eg "n” ]
then
echo "freg table operation not performcd”
exit 0
fi
echo ~n "envireqtable.f contains target directory Data/Envdist"
cd /u/n9nb/bata/Sdir
#/ NOW IN THE CHOSEN STRIPPED DATA DIRECTORY
cp /a/nInt/Data/Programs/enviregtable.ex enviregtable.ex
for i in e*.st.»
do
§/ The a.out file from envfregtable.f contains the output target directory
echo $i | envfreqtable.ex
done
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rm enviregtable*
t 0
data HP9007 BASIC program
EM Ted Rappaport, May 27, 1985...Basic Program for Datalogging
EM with HP Integral Personal Computer 9007 and Tektronix 7854.
EM Program written in a hurry ...so pardon the sloppy code.
EM An 1/0 problem with the HP computer prevented direct handshaking,
EM so data is logged through the "Enter" key on HP computer.
DIM setting${80],descrip$[80],filename$S|[18}
DIM area$|40],clutter$[18),paths$[18)
REM THIS PROGRAM 1S USED WITH HP9007 COMPUTER AND TEK 7854 SCOPE TO ACQUIRE
REM PULSED, ENVELOPE, AND SINGLE SWEEP MEASURMENTS IN FACTORY ENVIRONMENTS.
REM ...EACH SCOPE PROFILE IS STORED ON DISK AS IT IS TAKEN, A RUN CONSISTS
REM OF 19 CONSECUTIVE PROFILES TAKEN ALONG A 3 FOOT TRACK.
REM FIRST LOAD THIS PROGRAM INTO COMPUTER RAM, THEN ENTER DATA DISK TO STORE
REM THE FACTORY DATA
DISP
DIM indata$([8200],predata${200]
REY assume that srgs handled...will set clear 8
ASSIGN B TO "hpib"
CLEAR 8
CONTROL 8,7 ; 1 !'change to ready for data hold-off mode
DISP "Welcome to waveform data logging program..currently establishing comli
DISP (g DISP DISP " ENTER FLEXIBLE DISK FOR DATA STORAGE"
BEEP (0 BEEP (¢ BEEP (Q BEEP (¢ BEEP (@ BEEP (¢ BEEP (o BEEP @ BELP (d BLEP (g BEEP (@
DISP (@ DISP
OUTPUT B8I0 ; "1 2 € >p/w”
DISP (@ DISP @ D1SP "DATA COLLECTION DISK SHOULD BE INSTALLED IN DRIVE..."
DISP "PRESS P for Pulse measurement, E {or envelope measurement, S for S5 {e
INPUT as
IF as$="p" OR aS$="P" THLN 280
IF aS$="e” OR a$="E" THEN 650
IF a$="s" OR a$="S5" THEN 1120
IF m=0 THEN GOTO 210 (@ DISP @ DISP @ DISP
KEM begin pulse acquisition softwvare
DISP "EKTER file name to contain this run of 19 snapshots"
IKPUT filenamc$
ASSIGN 11 TO filename$
DISP "Enter factory work area" @ INPUT area$ (@ IF area$="" OR area$=" " THE
RSSIGN 11 TO filename$
REM
DISP "Enter local clutter condition(hvy or lite)" @ INPUT clutter$ (@ IF clu
DISP "Enter clutter details,inventory, cbstructions, etc." (@ INPUT descrip$
DISP "Enter path distance in feet" (@ INPUT @ @ IF d=0 THEN 350
DISP "Enter path characteristics (1LOS or obstructed)" @ INPUT path$
IF path$="" OR path$=" " THEN 360
DISP "EKTER TRANSMITTER POWER LEVEL DBM" (@ INPUT pwr (@ IF pwr=0 THEN 380
DISP "Enter xmir attenpuator setting in dB" @ INPUT atten
OUTPUT 11 USING "K,/,K.,/,X./,K./,X,/,K,/,K,7, K" ; filename$,area$,clutters,
DISP " " @ DISP @ DISP @ DISP "GROUNRD THE SCOPE!!!!! GROUND THE SCTOPE!!!
OUTPUT 810 ; "1 2 8 >p/w"
FOR i=1 TO 19 (0 DISP (@ DISP
DISP "Snapshot”;i;"Enter setting or description (x to abort/save run}"
INPUT setting$
IF setting$="x" THEN GOTO 590
DISP (o DISY (@ DISP "pPress knter for logging of snapshot”;i
INPUT a$ @ IF aSO>"" THEN 450

OUTPUT B30 ; "stored 1 5 avg 0 wim sendx" t!get waveform {rom scope
DI1SP "prese enter when data is logged and want to load"”

INPUT a$

1F as$<>"" THEN 480

REM

ENTER 810 ; predata$
ENTER 810 ; indata$
OUTPUT 11 ; setting$
OUTPUT 11 ; predata$
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xbar,ybar are sample averages
ssx,ssy are sum of sgaures of residuals
sxXy is sum of products of x,y residuals
b is sxy/ssx
N is the number of samples
sse 1s ssy-b*#2ssx
the varian (unbiased estimate) is sse/N-2
xbar=0
logxbar=0
ybar=0
xsum=0
ysum=0
xysum=0
x2sum=0
y2sum=0
s5x=0
ssy=0
sxy=0
a=0
b=0
write(=*,*) "Enter file having xdata (distance in m), ydata (atten dB) pa
read(*, '(al0)‘')yfilename
write(»,*)" Program assumes %0 = 2.3...in dB=", 10*10gl0(2.3)
x0=10+*10gl0(2.3)

noooo0oaan

open (unit=7, file=filenanc)
write(»,?”)"Enter nunber of data points for linfit calc:”
read(*,*)n

do 10 i=1,n
read(7,7)x(i), y(i)
X(1)-10-10gl0(x(i))

c NOW ¥ is logaritmic (dB) AFTER THIS POINT X 1S DB
¥bar=xbar+x(i)
logxbar=logxbar 4 x(i)
ybar=ybar+y(i)
xsum=xsum+ (X (1))
ysum=ysumty(i)
x2sum’ xZ2sunHx (i)**2
y2sum=ylsum+y(1)*7*2
Xysum=xysum+¥ (i)*y (i)

10 continue

c ALL x in dB
xbar=xbar/n
ybar=ybar/n
logxbar=log»bar/n

write(=,*)"x sample average =",xbar,"dB “,10%=(xbar/10.)
write(*,*)"y sample average =",ybar
¢ GREAT TO HERE' sample avgs ok

gsx=x2s5um - ( xXsum*72 / n )
gsy=y2sum - ( ysum**2 / n )
SYY=Zysum - (Xsum*ysum/n)

arybar

b=oxy/ssx

gse=ssy-ssx*h?#2

var=sse/{n-2)
write(*,*)"npts=",n,"A=(dB)",a,"B=(slope)",b,"SIGMA- (dB)",sqrt(var)
write(*,*)"for x=2.3m, y=",a+b*(10*logl0(2.3)~xbar)

write(*,*)"for x=12.3m,y=",8+b*(10*10g10(12.3)-xbar)
write(*,®)"for #=80.0m,y=",a+b*(10*1oglO(BO.) - xar)
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¢ Now use the best mmse estimator fixing B=-10log(2.3)A

55

56

Xoy=0

AXXO02=0

do 55 i=1,n

xy=xy + x{i)*y(i)

xoy=xoy+ xo*y(i)

AXO2=XX02 + (X{(i) - X0 )**2

continue

a=( Xy -~ xoy )/ Xxo2

var=0

do 56 i=1,n

var= (y(i)- a*(x(i)-xo) )**2+var

continue

var=var/{(n-2)

write(*,*)

write(*,*)"MMSE LIN FIT", "A=(slope)",a,"SIGMA=(48B)", sqrt(var)
write(*,*)"Y(dB) =",a,"[X(dB) -",xo0,"(8B)}"
write(*,*) "for x=2.3m, y=",a*(10*10g10(2.3) -x0)
write(*,*) "for x= 12.3m, y=",a*(10*10gl10(12.3) -x0)
write(*,*) "for x= 80.0m, y=",a*(10*10gl0(80.) -x0)

¢ Now perform F test

Cc uce 8

100

k=5

bins for frequency table
do 100 i=1,k
kbin(i)=0
ybinbar(i)=0
xbinbar(i)=0
ssybir(i)=0
Yyx1(3)=0
f=0

eptot 2=0
totssy=0
continue

do 101 i=1,n

c generate frequency table having k bins (k=8)

c FEIRIRAPRFAAPRARRAARAFTARAANRARA PR ARARAI AR R Y

if ( (2(i) .1t. 10*1o0gl0(20.)) .and. (x(i) .ge. 10+1ogl0(10.))
g=1

kbin(qg)y=kbin(qg)+1

xbinbar(qg)=xbinbar(g)+x(i)

ybinbar(q)=ybinbar(g)+y(i)

endif

if ( (x(3) .1t. 10*10310(30.)) .and. (%(i) .ge. 10*1ogl0(20.))
q=2

kbin(g)=kbin(g)+1l

xbinbar(g)=xbinbar(g)+x(i)

ybinbar(g)=ybinbar(qg)+y(i)

endif

if ( (x(i) .lt. 10*1ogl0(40.)) .and. (x(i) .ge. 10*1ogl0(30.))
g=3

¥bin(qg)=kbin(g)+l

xbinbar(g)=xbinbar({qg)+x (i)

ybinbar(g)=ybinbar(g)+y(1)

endif

if ( (x(i) .1t. 10*1ogl0(50.)) .and. (x(i) .ge. 10*1ogl0(40.))
g=4

khin(g)=kbin(g)+1

»binbar (g)=xbinbar(g)+x(i)

yhinbar(g)=ybinbar(qg)+y(i)

endif

if ( (x(i) .1t. 10*1og20(70.)) .and. (x(i) .ge. 10*10gl0(50.))
q-5

kbin(g)=kbin(g)+1

xbinbar(g)=xbinbar(g)+x(i)

ybinbar(g)=ybinbar(g)+y(i)

then

then

then

then

then
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OUTPUT 11 ; indata$
OUTPUT 810 ; “scope”
NEXT 1
DISP "Measurement run terminates with";i~1;"snapshots"
ASSIGN 11 TO "»"
CLEAR B
DIsP @ DISP "DATA FILE ",;filename$;" IS CLOSED, PRESS ENTER TO TAKE NEW DATA
INPUT a$§ @ IF a$="" THEN GOTO 1B0O
END
REM ENVELOPE DATA RECORDING PROGRAM
CLEAR
DISP "Enter filename for following envelope run”
INPUT filename$
ASSIGN 11 TO filename$
DISP "Enter factory work area" (@ INPUT area$ (@ IF area$="" OR area$=" “ THE

710 DISP "Enter local clutter condition(hvy or lite)" @ INPUT clutter$ @ IF clu
715 DISP "Enter clutter details,inventory, obstructions, etc." (d INPUT descrip$
720 DISP "Enter path distance in feet" (@ INPUT 4 @ IF d=0 THEN 720

730 DISP "Enter path characteristics (LOS or obstructed)" (@ INPUT path$

740 IF path$="" OR path$=" " THEN 730

750 DISP "ENTER TRANSMITTER POWER LEVEL DBM" (@ INPUT pwr @ IF pwr=0 THEN 750
760 DISP "Enter xmtr attenuator setting in dB" @ INPUT atten

770 OUTPUT 11 USING "X./.XK./.X./.X,/.K,/,X,/,X,/, K" ; filename$,area$,clutters,
780 DISP "Be sure the scope GKRD reference is at 0 USE LEFT, AUTO TRIGGER"

785 DISP (¢ DISP DISP @ DISP " GROUKD THE SCOPL !'!'! GROURD THE SCOPE!!!"

790 DISP (d DISF (@ DISP "SET THL SCOPE TO 500 uS display for Sweep --insure trigg
800 WAIT 3000

€10 KEM ENVELOPE DATA ACQUISITION

814 OUTPUT 810 ; "1 2 8 >p/w"

&0 REM

t30 BEEP 1500,20

840 DISP " =cope should be triggering on dc sigual with S meter between 2 and 9"
850 DISP "low locate yourself for a 2 second pre-walk before the 5 second data”
€60 REM the samplecs are made at roughly 40 mS each

270 DISP @ D1Ssp

B0 BECP 500,50

290 DISP " DO MAKE SURE THESLE ARE SET...... 500 uS, /1Q00,LEFT, AUTO, GHD!!!"
900 REM

910  DISP "START WALKING! and press STORED and F AQS on scope"

920 REM

930 WAIT 10000

940 DISP "PRESS EXNTER WHEN ENVELOPE MEASURMENT COMPLETE"

950 INPUT a$ @ IF a$<>"" THEN 940

960 OUTPUT 810 ; "0 wim sendx"

970 DISP "vaveform send command sent, PRESS ENTER TO LOG THE DATA"

980 INPUT a$ (@ IF a$<>"" THEN 970

990 REM

1000 REM

1010 REM

1020 ENTER 810 predata$

10320 EKTER £30 indata$

i
1040 OUTPUT 11 ; predata$
i

1050 OUTPUT 11 indata$
106(y REM

1070 ASSIGN 11 TO "+
1060 CLEAR 8B

1040
1100
1110
1120
1130
1140
1150
1160
1170
1180

DISP @ DISP "DATA FILE ";filename$;" 1S CLOSED,PRESS ENTER TO TAKE NEW DATA
INPUT a$ (@ IF a$="" THEN GOTO 180

END

REM SINGLFE SWEEP ACQUISTION @ clear

DISP "SINGLE SWEEP MEASURMENT--100 seconds of data/ &0ms sample"

Di1sSp "*"

DISP g Disp @ D1SP @ p1isp

D1sP "First...Acquire good display using LINE TRIGGER, AUTO TRIGGER MODE “
DISP "Also....place time base on /1000 and 10mS/div display"

DISP @ DISP @ DISP "ENTER file name to contain this SINGLE SWEEP Measuremen
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INPUT filename$
ASSIGN 11 TO filename$
DISP "Enter factory work area" (@ INPUT area$ @ IF area$="" OR area$=" " THE
DISP "Enter local clutter condition(hvy or lite)" @ INPUT clutter$ @ IF clu
DISP "Enter clutter details,inventory, obstructions, etc." @ INPUT descrip$
DISP "Enter path distance in feet" @ INPUT 4 @ IF d=0 THEN 1230
DISP "Enter path characteristics (LOS or obstructed)" @ INPUT path$
IF path$="" OR path$=" " THEN 1240
DI1SP "ENTER TRANSMITTER POWER LEVEL DBM" (@ INPUT pwr @ IF pwr=0 THEN 1260
DISP "Enter xmtr attenuator setting in dB"™ @ INPUT atten
OUTPUT 810 ; "1 0 2 4 >p/w"
OUTPUT 11 USING "K,/.K,/.K./.K./. X, /.¥X. /., K, /. K" ; filename$, area$,clutters,
CLEAR @ DISP @ DISP @ DISP @ DISP
DISP (@ DISP (@ DISP "GROUND THE SCOPE!! GROUND THE SCOPE!!"
D1SP "MAKE SURE THAT TIME BASE ON /1000 and DISPLAY is on 10ms/div!'"
DISp
DISP "FOR SINGLE SWEEP, press STORED and F AQS on scope,then press ENTER"
INPUT a$ @ IF a$<>"" THEN 1290
FOR i=1 TO 10 @ WAIT 10000 @ CLEAR @ DISP @ DISP @ DISP @ DISP @ DISP
DISP "PLEASE WAIT WHILE SINGLE SWEEP DATA IS RECORDED"
BEEP 800,50
NEXT i
D1SP " SINGLE SWEEP DATA OBTAINED, WAVEFORM BEING STORED ON DISK"
OUTPUT 810 ; "0 wfm sendx”
LET a2=SPOLL(810)
IF a=210 THEN 1440
LET a=SPOLL(£10)
IF a<>210 THER 1400
ENTER €10 ; predata$
ENTER 810 ; indata$

REN
REM
UTPUT 11 ; predata$
OUTPUT 11 ; indata$

REM

OUTPUT 810 ; "scope"

DISP (¢ DISP (@ DISP "RESET THE TIME BASE TO EXT/AQR!!'! AND THE TRIGGER TO SO
BEEP 800,100

ASSIGN 11 TO "="

CLEZR &

DISP (€ DISP "DATA FILE ";filename$;" IS CLOSED, PRESS ENTER TC TAKE NEW DAT
INPUT a$ (@ IF aS$="" THEN GOTO 180

END

DISP "Enter factory work area” (@ INPUT area$ (@ IF area$="" OR area$=" " THE
DISP “"Enter local clutter condition(hvy or lite)” g INPUT clutter$ @ IF clu
DISP “"Enter path distance in feet" (@ INPUT @ (@ IF d=0 THEN 1610

D1SP "Enter path characteristics (1LOS or obstructed)" @ INPUT path$

IF pathS="" OR path$=" " THEN 1620

DISP "ENTER TRANSMITTER POWER LEVEL DBM" (@ INPUT pwr @ IF pwr=0 THEN 1640
DISP "Enter »mtr attenuator setting in dB" @ INPUT atten

OUTPUT 11 USING "X./.K,/.X.,/.K,/,X,/,K,/, K" ; filename$,area$,clutters,d, pa

linearfit.{

c This program uses linear estimator to establish exponential
c path loss for factory data (modified Chapter 11 of Dixon/Massey)

c » is dist y is atten

reul xbar,ybar,ssx,sse,ssy,sxy,a.b,var,x(150),y(150)

Yedal XSum, ySum,X2£um, y28um, Xy sum

real Xo0,Xy,Xxo2,xoy

real logxbar

integer i,n

character filename*12

real ssybin(8),totssy,sptot2,yyxi(8),f,ybinbar(8),xbinbar(B)
integer k,q.kbin(B)
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endif
C AF A AR R AR A AR R AR R IR AR AR A R AR P R A AAARRRR AR R

101 continue

write(»,*)
write(*,*)"The bins have the following numbers in them"
do 102 i=1,k
c adjust the bin x,y averages by diving by #pts/bin
if (kbin(i) .ge. 1) then
ybinbar(i)=ybinbar(i)/kbin(i)
xbinbar(i)=xbinbar(i)/kbin(i)
endif
102 continue

¢ now generate the mean sguare error in each bin
do 103 i=1,n

C ¥R AFFRARAAARF A AR AT R AR AETRARA R A AR A AR

if ( (x(i) .1t. 10%*1ogl10(20.)) .and. (%(i) .ge. 10%*10gl0(10.)) ) then

g=1

ssybin(g)=ssybin(qg)+ ( y(i) ~ ybinbar(qg) )*=*2

endif

if ( (X(i) .1t. 10*10gl0(30.)) .and. (x(i) .ge. 10*1cgl0(20.)) ) then
g=2

ssybin(g)=ssybin(g)+ ( y(i) - ybinbar(g) )-*2

endif

if ( (x(i) .1t. 10710g9l0(40.)) .and. (®(i) .ge. 10*10gl0(30.)) ) then
g=3

scybin(g)=ssybin(q)+ ( y{(i) - yLinbar(g) )=*2

endif

if ( (2(i) .1t. 10%10gl0(50.)) .and. (»(i) .ge. 10°1loglG(40.)) ) then
g=4

ssybin(qg)=ssybin(g)+ ( y(i) - ybinbar(q) )**2

endif

if ( (x(i) .1t. 10*1o0gl0(70.)) .and. (x(i) .ge. 10*10gl0(50.)) ) then
g=5

ssybin(g)=ssybin(g)+ ( y(i) - ybinbar(qg) )**2

endif

Cc AXARRARNPAARARRIRARARA ARSI RP XA AP RARRZN IR P YR RTRR
103 continue
write(*,*)"1 kbin(i) ybinbar xbinbar(dB) ssybin yyxi "
do 104 i=1,X
totssy~totssy+ssybin(i)
Yyxi(i)= ybinbar(i)~ ( a*(xbinbar(i) - xo) )
f= £+ ( kbin(i)*yyxi(i)==2 )
write(*,*) i,kbin(i),ybinbar(i),xbinbar(i),ssybin(i),yyxi(i),f
104 continue
sptot2=totscy/(n-k)
write(*,*)"sptot2, f=",sptot2, f
f= ( f/(%-2) )/sptot2
write(®,*)"value for F =",f," k=" ,k," N=",n

C now compute correlation coefficient using inverse

aprime= (xy - xoy)/y2sum .
write(*,*)"a=",a,"aprime=",aprimec," correl. cocf =",sgri(a*aprime)

end
C PP RRAA AN AP R AP AP ANA AR RPN R AR PR SIS RREARB TR R
lognomm. f
c Log-normal numerical integration program~used for lognormal plot.
¢ This program allows user to specify the std dev (in dB)
c For gaussian we assume mean =04B, specify just the standard deviation sigma
c and the program numerically integrates a gaussian density function.
c and the median level (i.e. the value of x for 50% below) is also
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c written to screen..... This is standard riemann numerical integration

character filename*l2
real x,rect,cdf,kdb,k,delt
integer i
write(*,*)"Log-Gaussian CDF program, Enter sigma (dB value):"
read (*,*)kdb
x=-5,0*kdb
dclt=10+*kdb/1000
cdf=0
rect=0
k=kdb
write(*,*)"The value for std dev k (dB) is",k
do 1 i=1,1000
x=(=5.0*kdB)+ix*delt
call evaluate(x,k,rect,delt)
rect=rect*delt
cdf=cdf + rect
if (cdf .ge. 0.022 .and. cdf .le. 0.024) then
write(*,*)x,cdf
endif
if (cdf .ge. 0.099 .and. cdf .le. .102) then
write(®*,*)x,cdf
endif
1f (cdf .ge. 0.195 .and. cdf .le. 0.205) then
write(*,*)yx,cdf
endif
if (cdf .ge. 0.295 .&nd. cdf .lc. 0.305) then
write(*,*)»,cdf
endif
if (cdf .ge. 0.495 .and. cdf .le. 0.505) then
write(*,*)"MIDIAK VALUE FOR K=", ,kdb," 1§ X=",6x
endif
if (cdf .ge. 0.695 .and. cdf .le. 0.705) then
write(*,»)x,cdf
endif
if (cdf .ge. 0.795 .and. cdf .le. 0.B05) then
write(*,»)x, cif
enaif
if (cdf .ge. 0.895% .and. cdf .le. 0.905) then
write(*,*)x,cdf
endif
if (cdf .ge. .97€ .and. cdf .le. 0.978) then
write(*,*)x,cdf
endif
1 continue
c now write results to file in largedist
write(*,*)"Now write this data for lognormal plotting"”
write(*,*)"recall stddev=",X, "Enter filename for dist"
read(*,*)filename
open (unit=8,file=filename)
delt=10*kdb/1000
cdf=0
rect=0
k=kal:
do 13 i-1,2000
x=(-5.0°kdn)+i*dclt
call evaluate(x,k,rect,dclt)
rect=rect+delt
cdf=cdf{ + rect
if (cdf .ge. 0.005 .and. cdf .le. 0.9999) then

if (1 .eq. mod(1,10) .and. x .ge. ~20.0 .and. x .le. 20.0) then
write(8,*)x,cdi#*100,

endif

endif
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13 continue

end

C RATARRR AN P AR AR R AR AR AR RA R AT AR R AR A AR AR ARy

subroutine evaluate (xval,kval,riemann,delta)

real xval,kval,arqg,riemann,delta
¢ this subroutine evaluates riemann rectangle of rician distributin
c having K dB ratio of random power to specular power

arg=1./(kval * sqrt(2»3.14159265) )

riemann=arg*2.7182818%# ((~1l#*xval®*2)/(2*kval#**2) )

end
normalize.3d.f§
c This program takes a raw data input file
c and converts it to normalized values,...
c This useful for the 34 plots normalization zaxis

the raw data file name is reguested by this program
and that file is opened, the data read in, the max
value found, and all measurements adjusted relative
to the ma» (max value =1 )

aaoon

real 4(2432),max
integer i
character filename*8

write(*,*)"Enter raw datafile to be normalized to max:"
read(*,*)filename
write(*,*)"Filename",filename, "to be normalized”

open{unit=7,file=filename)
max=0

do 10 i=1,2432
read(7,*)d(i)
if (d(i) .gt. max) then
max=d (i)
endif
10 continue
rewind(7)
close(7)

open(unit=7,file=filename)
do 11 i=1,2432
d(iy= 4d(i)/max
write(7,*)d(1)
11 continue
rewind(7)
close(7)
end
pulse.3d.file.las SHELL SCRIPT PRINTER program

#!'/bin/sh

# This shell script prgm allows 19 pulse datafiles to be concatenated
$# on one single file , and that file is displayed on plot3d

% on the lacser printer....use plot3d.las from /a/n9nb/bin

echo -n "Enter Directory under Data containing fileset (include .st.new):
read path

echo -n "Now input the file series within Spath for 3d-concatenation: °
read file

echo -n "Enter the full scale (ns) range of x axis (200,500,1000)":

read scale
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echo -n " Data/Spath/Sfile.st.* to be concatenated, Preéss n to cancel "
read input
if | Sinput -eq "n" )
then
echo "strip not performed”
exit O
fi
cd /a/n9%nb/Data/$path

# Zero out temp buffer ($file3dsmall) and concatenation file ($file.3d)
mkdir /tmp/n9nb
for i in $file*.st.*

do
4/ a.out file is located in Data/Programs directory "normalize.3d.ex"
¥/ The pulseavg.X.f contains output target filename

cat $i > /tmp/n9nb/Si

sed -e "1,164" /tmp/nSnb/$i >> /tmp/n%nb/Sfile.3d
done
# MOVE the concatenated data file into ALL3d directory

mv /tmp/no9nk/S{ile.3d /a/n9nb/Data/hALL3d
# NOW SCALE THE DATA USING NORMALIZATION

cd /a/n9nb/Lata/ALL34

echo $file.3d | /a/n9nb/Data/Programs/normalize.3d.ex

tplot3d.las is located in /a/n%nb/bin...contains formating for plot3id

t USE THL SCALE TO PLOT THE XAXIS 1IN RS (LOCATED in /a/n9nb/bin)

casc Sccale

in

0) plot3d.las /a/n9nh/Data/ALL3d/$file.3d > /tmp/n9nb/ted.plt;;

200) plot3d.las /a/n9nh/Data/kllL3d/$file.3d /a/n9nb/bin/200 > /tmp/n9nb/ted.plt;
500) plot3d.las /a/n%9nb/Data/rz1134/${ile.3d /a/n9nb/bin/L00 > /tmp/n9nb/ted.plt;
1000) plot3d.lacs /a/n9nh/Lata/R1L3d/$file.3d /a/n%nb/bin/1000 > /tmp/nd9nb/ted.pl
esac

£ ROW CCNTER THE PLCT ARD INDERT...can also add text

echo '.ev 1.5i' > /tmp/no9nh‘ted.pic

echo '.in 0.80i' >>/tmr/n9nb/ted.pic

echo '.PS 5.9' >»>/tmp/nYnb,/ted.pic

cat /tmp/n9nb/ted.plt | plot -Tpic > /tmp/n9nb/ted.plotout

$#EDIT /tmp/n9nb/plotout for .PS Si

sed -e "1d" /tmp/nd9nb/ted.plotout >> /tmp/ndSnb/ted.pic

echo '.sp .25i'>>/tmp/n%nb/ted.pic

echo '.in 3.2i'>)>/tmp/nSnb/ted.pic

echo '.B'>>/tmp/ndnb/ted.pic

echo '.ps 18'>>/tm;:/n9nb/ted.pic

echo ''S{ile’''>>/tmp/nSnb/ted.pic

echo '.R'>»>/tmp/n9nh,/ted.pic

# standard lasout mst. -Ti300 -p -t -e /tmp/ted.pic | 1pr -Peil3 -n
# for prerasterization,use:
nmt. -Ti300 -p /tmp/n9nb/ted.pic | ns ee -§ fusr/dwb/di300 -t |
(echo -n "{edocument (prerastierization on)";cat -)
lpr -Pei3 -1

rm /tmp/nYnb/ted.
rm /tmp/n9nb/S{ile?

exit O
pulseavg.f
c This is pulseavg.f

¢ This program is used for averaging the 19 multipath data.
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¢ Specifically, Use this program (Pulseavg.X.f) to compute

¢ the delay spread and average of the 19 local multipath measurements
c

¢ Use this program to produce the a.out for use in avg.pulse.directory
¢ shell script routine

(8]

c The output is placed in Directory X.st

c The voltage level is adjusted for all data
c so that zero is true minimum envelope...The rms delay spread and
c the power gain is computed for all files....final output
c is written into the directory X.st.new/FILENAME
c where X is either A,B,C,D,E or F
c
c
character*5 actname*1l,lname*7,clutpath,path,descrip*60
character lilname*10,avgfile*9
character*5 area*25,lnameold*7,clutpathold, pathold
character descripold+*60
character areaold#25
real dist,pwr,atten,xincr,ymult,vzr,d(12B)
real pwrgain,avgtl,avgt2
real rmsdelayold,pvwrgainold,avgtlold,avgt2old
real distold,pwrold,attenold,xincrold,ymultold,vzrold,dold(128)
integer i,npts,lilset
write(®*,*)"Enter pulse fname that is to be added to avg "
read (*,'(all)') actname
write(*,*)"We read in the character string:",actnane
c if actname has all 11 nonblank, then lilset=0
c used to differentiate between 11 and 10 chars in {ilename
lilset=0
if ( actname(ll:) .eqg. ' ' ) then
lilset=1
lilname= actname(l:10)
endif
if (lilset .eq. 0) then
open(unit=7,file=actname)
else
open(unit=7,file=lilname)
endif
c KOW the desired data file is opened and ready to be read

reac(7,*)lname
read(7, '(A25)')area
read(7,*)clutpath
read(7,'(A60) ')descrip
read(7,*)dist
read(7,*)path
read(7,*)pvwr
read(7,*)atten
read(7,*)npts
read(7,*)xincr
read(7,*)vzr
read(7,*)ymult
read(7,* )rmsdelay
read(7,*)pwrgain
read(7,%)avgtl
read(7,*)avgt2

c Now read in the 12B lines of data from the new file to be avgd in
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do 10 i=1,npts
read(7,*)d(i)
10 continue

c Now open and check the running average file (..o0ld)
avgfile=actname(1:5)//'.avg’
open(unit=8,file=avgfile)

read(8, *)lnameold

read(8, '(A25)')areaold
read(8, '(A5)’)clutpathold
read(8, ' (A80) ')descripold
read(8,*)distold
read(8,'(A5)’' )pathold
read{8,*)pwrold
read(8,*)attenold
read(8,*)nptsold
read(8,*)xincrold
read(8,*)vzrold
read(8,*)ymultold
read(8, * )rmsdelayold
read(8, *)pwrgainold
read(8,®)avgtlold
read(8,*)avgt2old

c Now check 1o see that new data file and running sum
c have the same units (xincr) value
if( (distold .eq. dist) .and. (xincrold .eg. xincr) .and.
/ (nptsold .eq. npts) .and. (attenold .eg. atten) ) then

else
write (*,”)"ERROR...mismatch heading desta"
write (8,*)"ERROR...mismatch heading data"
close(8)
goto 99
endif

c Now increment running sum counter
avgt2old=avgt201d4+1.0

c Now read in the sum data
do 22 i=1,npts
read(8,*)dold (i)
dold(i)=dold(i)y+d(i)
22 continue

c Now erase the former fname.avg file since we now havee data

rewind(8)
c Now store the new running sum in the fname.avg file
open(unit=8,file=avgfile)

write(8,*)lnaneold
write(8, ' (A25)')areaold
write(8,'(AS)')clutpathold
write(&,'{At0)"')descripold
write(g,»)distold

write(8, '(A5)"')pathold
write(8,+*)pvwrold
write(8,*)attenocld
write(8,*)nptsold
write(B,*)xincrold
write(8,*)vzrold
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write(8,*)ymultold
write(8, *)rmsdelaycld
write(8,*)pwrgainold
write(B,*)avgtlold
write(8,*)avgt2old

do 33 i=1,npts
write(8,*)dold(i)
continue

close(8)
end
lseavgfinal.f
This is  pulseavgfinal.f

This program is used for averaging the 19 mpth data.
Specifically, Use this program (Pulseavgfinal.X.f) to compute
the delay spread and path losc of the avg pulse measurements

Use this program to produce the a.out for use in avg.strip.directory
shell script routine

The output is placed in Directory X.st
The voltage level is adjurtcd for all data
50 that zero is true minimwh envelope...The rms delay spread and
the power gain is computed for all files....final output
is written into the directomy X.st.new/FILENAME
where X is either A4,B,C,InE o1 P

character*S actname*ll,lnans *7,cname,clutpath,path,descrip+*60,area*25
character lilname*l0,actoutiile»25,1liloutfiler 24

real dist,pwr,atten,xincr,ymult,vzr,d(128)

real divisor

real rmsdelay,pwrgain,avgtl,avgt2,min, relpwratten

integer i,j,npts,lilset

min=1.0

write(’,?)"IEnter pulse frnam that is to have massaged amplitude"
read (*,'(all)') actnamc

write(*,*)"We read in the character string:",actname

if actname has all 11 nonblank, then lilset=0
lilset=0
if ( actname(ll:) .eg. ' ' ) then
lilset=1
lilname= actname{(1:10)
endif

if (lileect .eg. 0) then
open{unit-7,file=actnam:)
else
open({unit=7,{ile=lilnam)
endif

read(7,*)lname
if ( Inamc(7:) .eq. ' ') then
inset=1
sname= lpame(l:5)
endif
read(7,'(A25)"')area
read(7,*)clutpath
read(7,'(A60)")descrip
read(7,*)dist
yead(7,*)path



dy & &

read(7,*)pwr
read(7,*)atten
read(7,*)npts
read(7,*)xincr
read(7,*)vzr
read(7,*)ymult
read(7,*)rmsdelay
read(7,*)pwrgain
read(7,*)avgtl
read(7,*)avgt2
c avgt2 is the divisor for the summed data...take the avg

divisor=avgt2

c Now read in the 128 lines of data, and obtain minimum value in set
do 10 i=1,npts
read(7,*)d(1)
c TAKE THE AVERAGE PASSED BY pulseavg.f
d(i)=d(i)/divisor
if (d(i) .1lt. min) then
min=d(i)
endif
10 continue
vrite(*,*)"In pulseavgfinal.f, divisor=",divisor

¢ close up unit 7 the fname.avg file
close(7)
rewind(7)
Adjusti the data for absolute zero (with slight offset for dB work)
ACTUALLY, no need to adjust for absolute zero in avg...since all
were zdjusted individually! But, to remove noise floor we do it.
do 61 i=1,npts
d(i)=d(i)-min+0.001*ymult
61 continue

[s e lNe]

c Now compute the gain and the rmsdelay spread
avgtl=0.
avqt2=0,
pvwrgain=0.
rmsdelay=0.
do 45 i=1,npts
avgtl=i*xincr*d(i) + avgtl
avgt2=(i*xincr)**>2 * d(i) + avgt2
pwrgain=d(i)+pwrgain

45 continue
avgtl=avgtl/pwrgain
avgt2=avgt2/pwrgain
rmsdelay~ sgrt(avgt2 - (avgtl)**2)
c The distance already in meters from X.st.new data

relpwratten=13.-atten-10*1ogl0(pwrgain*xincr)~(13.-40.-10*10g10(21.22
X *0.0000000003%06 ) )

if (lilset .eqg. 1) then
liloutfile=lilname

open (unit=g,file=liloutfile)
else

actoutfile=actname

open (unit=8,file=actoutfile)
endi{i

write(*,*)"Loss is (4B)",relpwratten,” for path length (m) ",dist
line 5 has distance in meters, line 7 has path loss (dB)

relative to 10 wavelength reference

line 13 has rmsdelayspread, line 14 has pwrgain

line 15 has the mean excess delay, line 16 has m.s.delay

nan0o



if (inset .eq. 1) then
write(8,'(A5)') sname
else
write(8,'(A7)') lname
endif

write(8,'(A25)')area
write(8,'(A5)')clutpath
write(8,'(ABD)')descrip
write(8,*)dist
write(8,'(A5)')path
write(8,*)relpwratten
write(8,*)atten
write(8,*)npts
write(8,*)xincr
write(8,*)var
write(8,*)ymult
write(6,*)rmsdelay
write(8,*)pwrgain
write(8,*)avgtl
write(8,*)avgt2

do 50 i=1,npts
write(8,*)d(i)
50 continue

end
leeavginit.
This is pulseavginit.{
THIS 1S TH
This program is used for averaging the 19 multipath data.
Specifically, Use this program (Pulseavginit.X.f) to compute
the delay spread and average of the 19 local multipath measurements

ru
c

c

c

c

c

c

c Use this program to produce the a.out for use in avg.pulse.directory
¢ shell script routine
c
c
c
c
c
c
c
o
c

The output is placed in Directory X.st
The voltage level is adjusted for all data
so that zero is true minimum envelope...The rms delay spread and
the pover gain is computed for all files....final output
ie written into the directory X.st.new/FILEKAME
where X is either A,B,C,D,E or F

character®5 actnamerll,lname*7,sname,clutpath,path,descrip*€0,area*25
character lilname*10,avg{ile*9

real dist,pwr,atten,xincr,ymult,vzr,d(128)

real rmsdelay,pwrgain,avgtl,avgt2,min

integer i,npts,lilset

min=1.0

write(*,*)"Enter pulse fname that initializes running average "
rcad (*,'(all)') actnamc

write(*,*)"We read in the character string:",actname

c if actname hac all 11 nonblank, then lilset=0
c uscd to differentiate between 11 and 10 chars in {filename
lilset=0
i{ ( actname(ll:) .eg. ' ' ) then
lilset=1

lilname= actname(1:10)
endif
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if (lilset .eq. 0) then
open{unit=7,file=actname)

else
open(unit=7,file=lilname)
endif
c NOW the desired data file is opened and ready to be read
read(7,*)lname
if ( lname(7:) .eq. ' ') then
inset=1
sname= lname(l:5)
endif

read(7, '(A25)"')area
read(7,*)clutpath
read(7,'(A60) ')descrip
read(7,*)dist
read(7,*)path
read(7,*)pwr
read(7,*)atten
read(7,*)npts
read(7,*)xincr
read(7,*)vzr
read(7,*)ymult
read(7,*)rmedelay
read(7,*)pwrgain
read(7,*)avgtl
read(7,?)avgt2

¢ let avgt2 be the increment for averaging
avgt2=1.0

c Now read in the 128 lines of data from the new file to be avgd in

do 10 i=1,npts
read(7,*)d(1i)
10 continue
close(7)
rewind(7)

c Now open and write the running average file
avgfile=actname(1:5)//'.avg’
open(unit=8,file=avgfile)

if (inset .eq. 1) then
write(8,*)sname

else
write(8,*)lname
endif

write(8B,'(A29)')area
write(8,'(AS5)')clutpath
write(8, ' (ABO)')descrip
write(8,*)dist
write(8,'(A5)')path
write(8,*)pwr
write(B,*)atien
write(8,*)npts
write(8,*)xincr
vrite(8,*)vzr
write(B,*)ymult
write(8,*)rmsdelay
write(8,*)pwrgain
write(8,*javgtl
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write(8,*)avgt2
do 50 i=1,npts

write(8,*)d(i)

continue

end

pulsepoint.f

(o]

0000000000

(o e

c This

c xincr

This is pulsepoint.f{

This program is used for integrating all of the averaged

multipath delay profiles

Specifically, Use this program (pulsepoint.ex) to compute

a point impulse response with a spacing of 7.8125 ns between impulses.
This was selected becuz it is the rms duration of our sounding pulse

and also because it divides evenly into the deltat values for all of

the data (i.e. 200,500,1000ns full scale at 128 points per scale)

we place the first impulse at ndelt/2 (or at 3.9 ns)

Use this program to produce files with the word ".point" appended

to the filename of data from ALLP.avg directory. Use program in PP direc.

The output is placed in PP directory (here)

charactey*5 actname*10,lname*7,sname,clutpath, path,descrip*€0,area+25
character lilname*9,actoutfile+25,1iloutfiler24

real dist,pwr,atten,delt,ymult,vzar,d(128)

real cumbin

integeyl i,j,npts,lilset,n,halt

min=1.0

write(*,*)"Enter pulse.avg fname that is to be integrated into point dat
read (*,'(al0)') actinane

write(?,*)"We read in the character string:",actname

if aciname has all 11 nonblank, then lilset=0
lilset=0
if ( actrame(10:) .eq. ' ' ) then
lilset~1
lilname= actname(l:9)
endif

if (lileet .eqg. 0) then
open(unit=7,file=actname)
else
open(unit=7,file~lilname)
endii

read(7,*)lname
if ( lname-(7:) .eg. ' ') then
inset=1
sname= lpame(l:5)
cnadif
read(7, ' (A25) 'Yarea
read(7,*)yclutpath
read(7, ' (K60) ' ydeceorip
read(7,?)dict
read(7,*)path
read(7,*)pwi
is actual transmitter from old X.st directory...
read(7,*)atten
read(7.,*)npts
is a koy!
read(7,7)delt
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write(*,*)"read in delt=",delt

read(7,*)var

read(7,*)ymult

data with ymult, thus all data has equal profile
read(7,*)rmsdelay

read(7,*)pwrgain

read(7,*)avgtl

read(7,*)avgt2

if (lilset .eq. 1) then
liloutfile='../PP/'//lilname//'.point’
open (unit=8,file=liloutfile)

else
actoutfile='../PP/'//actname//'.point’
open (unit=8,file=actoutfile)

endif :

get the data from the .avg file
do 6 i=1,128
read(7,*) d(i)
d(i)fd(i)/(YmU1t)
continue
n=nini(0.000001000/(128+*delt) )
write(*,*)"getting value of n=",n
do 10 i=1,128
if (halt .ne. 10) then
sumbin=0
do 15 j=1,n
sumbin=sumbin+( d{j+n®*(i-1)) )
continue
else
sumbin=0
goto 12
endif
if((n*i +1) .ge. 128 ) then
halt=10
else
write(B,*) n*i*delt-(n*delt/2.), swwbin/n
write (*,*)n*i*delt-(n*delt/2.), sumbin/n
endif
continue

rewind(8)
close(8)

end

pulsestrip.f

c

shell

nnonNnnNnnNnnn

anaoaaaaoaaan

This is  pulsestrip.f

This program is used for massaging some of the early data.
Specifically, Use this program (Pulsestrip.X.f) to compute
the delay spread and set the noise floor of the pulse measurements

Use this program to produce the a.out for use in strip.pulse.directory

script routine

store a.out as pulsestrip.ex

The outputl is placed in Directory X.st

The voltage level is adjusted for all data

go that zero is true minimum envelope...The rms delay spread and
the power gain is computed for all files....final output

is written into the directory X.st.new/FILENAME

where X is either A,B,C,D,E or F
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character*5 actname*1l,lname*7,sname,clutpath,path,descrip*60,area*25
character lilname*10,actoutfile*25,liloutfile* 24

real prefincr,dist,pwr,atten,xincr,ymult,vzr,d(128)

real rmsdelay,pwrgain,avgtl,avgt2,min,relpwratten

integer i,j,npts,lilset

min=1.0
c write(*,*)"Enter pulse fname that is to have massaged amplitude"
read (*,'(all)') actname
c write(*,*)"We read in the character string:",actname
c if actname has all 11 nonblank, then lilset=0
lilset=0
if ( actname(ll:) .eq. ' ' ) then
lilset=1
lilname= actname(l:10)
endif

if (lilset .eq. 0) then
open(unit=7, file=actname)
else
open(unit=7,file=lilname)
endif

read(7, *)lname
if ( lname(7:) .eg. ' ') then

inset=1

sname= lname(l:5)
endif
read(7,'(A25)"')area
read(7,*)clutpath
read(7, '(A60) ' )descrip
read(7,*)dist
read(7,*)path
read(7,*)pwr

¢ This is actual transmitter from old X.st directory...

read(7,*)atten
read(7,*)npts
read(7,*)xincr
read(7,*)vzr
read(7,*)ymult
read(7,*)rmsdelay
read(7,*)pwrgain
read(7,*)avgtl
read(7,*)avgt2

c Nov read in the 128 lines of data, and obtain minimum value in set
do 10 i=1,npts
read(7,*)d(i)
if (d(i) .lt. min) then
min=d(i)
endif
10 continue

c Adjust the data for absolute zero (with slight offset for 8B work)
do 20 j=1,npts
d(j)=d(j)-min + .001*ymult

20 continue

€ Now compute the gain and the rmsdelay spread
avgtl=0.
avgt2=0.
pwrgain=0.
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rmsdelay=0,

do 45 i=1,npts

avgtl=i*xincr*d(i) + avgtl

avgi2=(i*xincr)**2 * gd(i) + avgt2

pwrgain= d(i)4pwrgain

continue

avgtl=avgtl/pwrgain

avgt2=~avgt2/pwrgain

rmsdelay= sgrt(avgt2 ~ (avgtl)**2)

dist=dist*12./39.37

prefincr=0.0000000003906

relpwratten=pwr-atten-10*loglO(pwrgain*xincr)-(13.-40.-10*10g10(
x 1.22*prefincr) )

if (lilset .eq. 1) then
liloutfile='../F.st.new/'//lilname
open (unit=8,file=liloutfile)

else
actoutfile='..,/F.st.new/'//actname
open (unit=8,file=actoutfile)
endif

write(*,*)"Loss is (dB)",relpwratten," for path length (m) *,dist
line 5 has distance in meters, line 7 has path loss (dB)

relative to 10 wavelength reference

line 13 has rmsdelayspread, line 14 has pwrgain

line 15 has the mean excess delay, line 16 has m.s.delay

if (inset .eqg. 1) then
write(8,'(25)') snane
else
write(8,'(A7)') lname
endif

writc(8,'(h25)')area
write(8&, ' (AS5)')clutpath
write(8, ' (At0)")descrip
write(8,*)dicst
write(8,'(A5)')path

The output (into X.st.new) now has path loss in place of xmit pwr
write(8,*)relpvwratten
write(B,*)atten
write(B,*)npts
write/8,*)xincr
write(8,?)vzr
write(€,*)ymult
write(8,*)rmsdelay
write(g,*)pwrgain
write(8,*)avgtl
write(8,*)avgi2

do 50 i=1,npts
write(8,*)d(i)

coniinue

end
lcezero. f
This program is used for massaging some of the early data.
The data is scanned and adjusted to move the first received
multipath to the zero time axis. The zeros are then appended
to the end of the data.
THIS 1S to bhe USED INTERACTIVELY WITHIN DATA DIRECTORY

Also, the zero is adjusted for all data
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character*b actname*11,lname*7,sname,clutpath,path,descrip*80,area=25
character lilname*10,actoutfile=*1l,liloutfile*10

real dist,pwr,atten,xincr,ymult,vzr,d(128)

rcal rmedelay, pwrgain,avgtl,avgt2,min

integer i,j,npts,lilset,latency

min=1.0

wiite(*,*)"Enter pulse filename that is 1o be time-~zeroed"
read (*,'(all)') actname

vwrite(*,*)"We read in the character string:",actnane

c if actname has all 11 nonblank, then lilset=0
lilcet=0
if ( actname(ll:) .eqg. ' ' ) then
lilset=1

lilname= actname(l1:10)
write(*,*)"The lilname file is stored as",lilname
endif
o] DELCAR LATENCY
latency=7

if (Ji1lset .eq. 0) then
of<n(units7, file=actname)
el se
opcn(unit=7,{ile=1ilname)
el

roead(s, T )Inane
P T (7:) Leq. ' ') then
innct=]

crame= lname(l:5)
write(?,»)"The chort name in filce is",Iname
il d
Yoo (" (h25) )arca
1Cad(7, yclutpath
1ead(7, " (HE0) Yydescrip
read(r,*)dist
1¢:83(7,? ypath
read( 7,7 ypvr
read(7,v)atten
read(7,?)npts
read(7,*)yxincr
resd (7,7 )ver
read(7,*yynult
read(?,? )yrmedelay
read(7,7)pwraain
1cad(”’,*)avgtl
Yead{7,*)avgt2

c Now read in the 178 lines of data, and obtain minimum valuc in st
Ao 10 i), upts
Yead(7,*)d (1)
14 (d(3) .11, min) then
min-d(i)
1nelig
10 cond e
wiite (s, ) "input has minimum of" , min

(o] 21RO AIDJUST. .remove dc bias
do 20 j=1,npts
A(j)~ad(j)-min + .001°ymult

20 cont inue
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c Now adjust the latency...shift plot over to left by "latency"” points
do 30 j=1,npts-latency
d(jy=d(j+latency)

30 continue

do 40 3=1,latency
d(j+npts-latency)=.001*ymult
40 continue

c Now compute the gain and the rmsdelay spread
avgtl=0.
avgt2=0.
pwrgain=0.
rmsdelay=0.
do 45 i=1,npts
avgtl=i*xincr*d(i) + avgtl
avgt2=(i*xincr)**2 * d(i) + avgt2
pvrgain=d(i)+pwrgain

45 continue
avgtl=avgtl/pwrgain
avgt2=avgt2/pwrgain
rmedelay= sgri(avgt2 - {(avgtl)**2)

1ewind{7)
close(T)

i1 (Jilaet .eq. 1) then
Jilewtfide=lilname

opens {(unit-8,file=1iloutfile)
Cy e

artoutifile=actnane

open {unlt=8,file=actoutfile)
endid

it (insct .eq. 1) then
write(8,'(A5)') sname
elce
write(8,'(A7)"') lname
endif

write(8,'(A25)")area
write(g, ' (A5)')clutpath
virite(8,'(ABO) "' )descrip
write(8,7)dist
vrite(&,'(A5)")path
write(t,?)ypvur
write(g,*)atten
write (8, )npte
vritce(8,?)xiner
write(8,*)ver
write(8,#*)ymult
write(8,*)yrmsdelay
write(8,*)pwrgain
writce{t,*)avagt)
write(8,*)avgt2

der L0 i-1,npts

virite(t,*)ai)

write(*,*)d(i),"is the ",i,"th Data value"
50 continue

end
rawstrip.dir ~tory SHELL SCRIPT program
#'/bin/sh
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# This shell script prgm allows an entire directory to be stripped
¢ and then placed in new directory

echo -n “"Enter Directory under Data containing raw data: "

read dir _

echo -n " Data/ $dir is to be stripped for printing, Press n to cancel:
read input

if { Sinput -eg "n" ]

then
echo "Strip not performed*
exit O

fi
cd sdir

#/ NOW IN THE CHOSEN RAW DATA DIRECTORY
for i in *

do
echo "Stripping data $i..."
striptek.auto $i
mv $i.st.* . ./%dir.st
done
cd ..
exit O
rayleigh. £
¢ Rayleigh numerical integration program
c This program allows user to specify the K ratio (in 4@B)
c For rayleigh, this is just the standard deviation sigma**2
c and the program numerically inteqratec a rician density function.
c This is similar to Mcgillem's in that A=1, k=sigman®*2/Ar*2.
c K=kdb= is = 10 logiO(k)..... The outpui data is written to the screen
c and the median level (i.e. the vzluc of » for 50% below) is also
c written to screen..... This is standard riemann numerical integration

real »,rect,cdf,kdb,k,delt

integer i

write(®,*)"Rician CDF program, Enter K (minus dB value):"
read (=*,*)kdh

x=0

delt=0.01

cdf=0

rect=0

kesgrt(10.**(kdb/10.) )

write(*,*)"The value for k (voltage) is",k
do 1 i=1,1000

x=i=delt

call evaluate(x,k,rect,delt)

rect=rect*delt

cdf=cdf 4+ rect

if (cdf .ge. 0.099 ,and. cdf .le. .102) then
write(*,*)x,cdf

endif

if (cdf .ge. 0.195 .and. cdf .le. 0.205) then
write(=*,*)x,cdf

endif

if (cdf .ge. 0.295 .and. cdf .le. 0.305) then
write(*,*)x,cdf

endif

if (cdf .ge. 0.495 .and. cdf .le. 0.505) then
write(®,*)"MEDIAN VALUL FOR K=",kdb," 15 X-",x
endif

if (cdf .ge. 0.695 .and. cdf .le. 0.705) then
write(=,*)x,cdf

endif

if (cdf .ge. 0.795 .and. cdf .le. 0.805) then
write(*,")x,cdf

endif

if (cd{ .ge. 0.895 .and. cdf .le. 0.905) then
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write(*,*)x,cdf
endif
if (cdf .ge. .99 .and. cdf .le. 0.995) then
write(*,*)x,cdf
endif
1 continue
end
c FARXR R R RRARA R R T AARAR AR AR R R R R AR R AR RRA AR A AR R R TR RN
subroutine evaluate (xval,kval,riemann,delta)
real xval,kval,arg,riemann,delta,first,exponent, bessel

c this subroutine evaluates riemann rectangle of rician distributin

c having K dB ratio of random power to specular power
arg=xval/((kvalx*2))

c first=xval/((kval=*®2)/2.)
c exponent=2.7182B18**(-1.*(xval®*2. + 1. )/(2*kval**2.) )

c bessel= 1.- ((arg**2)/4.)+ ((arg**4.)/64.) =~ ((arg**6)/2304.)

c X + ((arg**B)/147456.)

c riemann=first*exponent*bessel

c used 4 terms of zero order bessel function of the first kind

riemann=arg*2.7182818**((-~1*xval**2)/(2+rkval==2) )

end
rayleighdistrib.
¢ This program allows interactive {itting of rayeligh
c distribution....allows one to pick the value sigma
¢ for the rayleigh distribution

real sigma, mid,min,ma

write(*,*) "Input value for sigma, the std deviation of Raylegh density”
read(*,*)sigma

c Consider 30 dB dynamic range (+/-15 db)

c Median in Rayleigh distribution ic 1.1774sigma
yxmed=1.1774*sigma

mid=1 - exp( ~ (l.*xmed)**2 /(2.*sigma**2) )
min=1 - exp( - (.177827%4*xmed)**2 /(2.*sigma**2) )

max=1 - exp( - (2.*xmed)**2 /(2.*sigma**2) )
open (unit=6, file="temprayleigh")

write (6,*)"15.“, min

write (6,*)"0.", mid

write (6,*)"6.", max
pointmerge. f
cthis program merges the point impulse response data of several input
c files into one targe file that has the overall average
c in 7.8125 ns bins...starting at 3.906 ns and out to 500 ns
c TH1S PROGRAM PRODUCES MANY DATTA FILES, from the collection
c of the entire geography set....

c

c produces patharrival.target: contains § out of ifile

c times that path » 0,02

c meanabs.target: contains mean value of path

c sdev+abs,sdev-abs.target:contains variance abt mean
c normraypwrlos,normraypwrobhs:all values of path pwr

c can adjust line 107 for ifile (all paths) or sdevifile (i) ONLYI

real meansglos{64), meansgobs(64), normraypwrlos(64,50)

real normraypwrobs(64,50)

real s,s0,8l,0ffo,0ffl

real time(64),bin(64),tot(64),median(64)

real gplotout(3200),meanabs(64),xlabs(64),x2abs(64)

real x2(64),x1(64),sdev(64),s53evabs(64)

real densitypt(64,50),max,timebin(50),xlabssdev(64),x2absd(64)



integer i,ifile,sdevifile(64)
character target+*10
character fname*17

open(unit=13, file="combinedlos")
open(unit=14, file="combinedobs")

do 32 i=1,64
do 33 j=1,50
densitypt(i,j)=0
33 continue
32 continue

do 1 i=1,64
sdevifile(i)=1
time(i)=0
meanabs(i)=0
bin(i)=0
tot (i)=0
%2abs(i)=0
xlabs(i)=0

1 continue

max=0
ifile=1

wyrite(®,*)"Enter the TARGET file containing merged data(10 letters)"

read{~,*)largei

5 write(>,*)"Enter ",ifile,"file to be merged- or xxxyx»xxx's to stop"
read(*,*Yfnane
if (fname .ne ooDRLODDOXXXNXXXXXX ') then
call merge(time,bin,tot,fname,ifile,densitypt,sdevifile)
ifile=ifile+l

10 goto 5

¢ ROW LOOP BACK IF MOT XXXXXXX
endif

¢ HERL SPCIFY BEST F1TTING POWER CURVE
¢ sl is los stddev, so is obs stddev, offl is los offset, offo obs offst
sl=2.
so=1.1
of£f1=0.060000002
offo=0.000000005
s=100006000.
do 200 i=1,64 ’
meansqobs(i)=(1/(50*2.50663))*(1/(s*(time(i)+offo)))*2.7182818>*
c ( -0.5*(1/(s0o**2))*(alog(s*(time(i)+offo)) ~0.25 ) »=*2 )
meansqlos(i)=(1/(s1*2.50663))*(1/(s*(time(i)+0f£f1)))*2.718
C 2818+ (—(1/(2(cl)**2))*( alog(s*(time(i)+offl))~.05 )**2 )
c write(*,*)meansgobs(i),meansglos(i)
200 continue
c now subtract off one from the count for correct # of profiles
do 995 i=1,64
sdevifile(i)=sdevifile(i)-1
c write(*,*)"sdevifile(",i,")=",sdevifile(i)
999 continue
ifile=ifile-1
open(unit=11, file="patharrival."//target)
do 1000 i=1,64
c now write out the numher of path arrivals for Ti
write(11,*) time(i),sdevifile(i)
1000 continue

close (11)
¢ ok now we have totally caputured all points in densitypt(64,1ifi)
c now accumulate the sum at particular time interval

do 1376 i=1,64
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do 1400 j=1,ifile
xlabs(i)=xlabs(i)+densitypt(i, )
x2abs(1)=x2abs(i)+densitypt(i,j)*+2

c write(*,*)xlabs(i),x2abs(i),"at j=",3

1400 continue

1376 continue

c OK TO HERE

¢ NOW COMPUTE AVG, variance of the power data and write to files

open(unit=8,file="meanabs."//target)
open({unit=9,file="sdev+abs."//target)
open(unit=10,file="sdev-abs."//target)
do 1111 i=1,64

if(sdevifile(i) .le. 2)then
sdevifile(i)=2

endif
c HERE USE sdevifile(i) to compute DETECTED PATHS ONLY
c OR USE IFILE to AVERAGE OVER ALL paths

meanabs(i)=xlabs(iy/ifile
write(8,*) time(i), meanabs(i)
sdevabs(i)= (x2abs(i)-((xlabs(i)*=*2) / ( ifile ) ))/( ifile -1)
write(9,*) time(i),meanabs(i)+sdevabs(i)
write(10,*) time(i),meanabs(i)-sdevabs(i)
1111 continue
close(8)
close(9)
close(10)

c largest value - will be 1 for all data normalized to 1 on input
do 100 j=1,ifile
do 98 i=1,64
if (densitypt(i,j) .ge. max) then
max=densitypt(i,3j)

endif
98 continue
100 continue

write(?*,*)"WE HAVE MAX=",max

c now put all of the data in 4B

c and write out to combinedobs,combinedlos
do 279 j=1,ifile

c 25 for 200ns LOS, 40 for 300ns OBS
do 289 1i=1,25

¢ novw just keep the detected rays out to 250 ns!
if(densitypt(i,j) .ge. 0.021) then
normraypwrobs(i,j)= densitypt(i,j)/meansqgobs(i)
normraypwrles(i,j)=densitypt(i,j)/meansglos(i)
write(13,*)normraypwrlos(i,j)
write(14,*) normraypwrobs(i,j)
endif

289 continue

279 continue

close(13)
close(14)

end
C AAERAEAFTANF AR RAP XA RARAR AR ARSI R T AP R AR AR

subroutine merge(a,b,t,fn,ifi,dens,sdevifi)
¢ this subroutine gets the impulses over time from each file
c a is the time, on input

character fn®*17

real a(64),b(64),t(64),dens(64,50)

integer i1fi, sdevifi(64)

open(unit=7,file=fn)

do 60 k=1,64

read(7,*)a(k),b(k)
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if (b(k) .le. 0.02) then
b(k)=0.02
sdevifi(k)=sdevifi(k)
else
sdevifi(k)=sdevifi(k)+1
endif
t(k)=t(k)+b(k)
dens(k,ifi)=b(k)
write(*,*)"density(",k,ifi,")=",dens(k,ifi)
continue
rewind(7)
close(7)
end
lsepoint.f
This is pulsepoint. f

This program is used for integrating all of the averaged

multipath delay profiles

Specifically, Use this program (pulsepoint.ex) to compute

a point impulse response with a spacing of 7.8125 ns between impulses.
This was selected becuz it is the rms duration of our sounding pulse

and also because it divides evenly into the deltat values for all of

the data (i.e. 200,500,1000ns full scale at 128 points per scale)

we place the first impulse at ndelt/2 (or at 3.9 ns)

Use this program to produce files with the word ".point" appended

to the filename of data from ALLP.avg directory. Use program in PP direc.

The output is placed in PP directory (here)

character*5 actname*10,lname*7,sname,clutpath,path,descrip*60,area*25
character lilname+*9,actoutfile*25,liloutf{ile*24

real dist,pwr,atten,delt,ymult,vzr,d(128)

real sumbin

integer i,j,npts,lilset,n,halt

min=1.0

write(*,*)"Enter pulse.avg fname that is to be integrated into point dat
read (*,'(2l0)') actname

write(#*,*)"We read in the character string:",actname

if actname has all 11 nonblank, then lilset=0
lilset=0
if ( actname(10:) .eq. ' ' ) then
lilset=1
lilniame= actname(l:9)
endif

if (lilset .eg. 0) then
open(unit=7,file=actname)
else
open(unit=7,file=lilname)
endif

read(7,*)lname
if ( lname(7:) .eq. ' ') then
inset=1
sname= lname(1:5)
endif
read(7,'(A25)"')area
read(7,*)clutpath
read(7,'(A60) " )descrip
read(7,*)dist
read(7,*)path



¢ This

c xincr

c scale

15

12

10

- TAY

read(7,*)pwr :
is actual transmitter from old X.st directory...
read(7,*)atten

read(7,*)npts

is a key!

read(7,*)delt

write(®*,*)"read in delt=",delt

read(7,*)vzr

read(7,*)ymult

data with ymult, thus all data has egual profile
read(7,*)rmsdelay

read(7,*)pvrgain

read(7,*)avgtl

read(7,*)avgt2

if (lilset .eg. 1) then
liloutfile='../PP/'//1ilname//"'.point'
open (unit=8,file=liloutfile)

else
actoutfile=',./PP/'//actname//' .point'
open (unit=8,file=actoutfile)

endif

get the data from the .avg file
do ¢ i=1,128
read(7,*) d(i)
d(i)=a(i)/(ymlt)
continue
n=nint (0.000001000/(128~delt) )
write(*,?)"getting value of n=",n
do 10 i=1,128
if (halt .ne. 10) then

cumbin=0

do 15 j=1,n

sunbin=sumbin+( 4(j+n*(i-1)) )

continue
else
sumbin=0
goto 12

endif
if((n*i +1) .ge. 128 ) then
halt=10
else
write(8,*) n*i*delt-(n*delt/2.), sumbin/n
write (*,*)n*i*delt-(n*delt/2.), sumbin/n

endif
continue

rewind(8)
close(8)

end

ricianlin.f

nooaaaq

This program allows user to specify the K ratio (in dB)

and the program numerically integrates a rician density function.
This is similar to Bultitude's in that A=1, k=2sigman®*2/A**2.
K=kdb= is = 10 1ogl0{k)

This is standard riemann numerical integration

USED FOR LOOKING AT PULSE AMPLITUDLS

characte: dbplotname*10

real meansg

real rice2

real x,rect,cdf,kdb,k2,delt ,medianval,v

integer i

write(*,*)"Rician CDF program, Enter K (minus @B value):"
read (?,*)kdb



(o]

c

aaoon

‘727

x=0
delt=0.0025
cdf=0
rect=0
k2=(10.**(kdb/10.) )
write(*,*)"The value for k2 (power)= 2sigma**2/A**2 is" k2
do 1 i=1,1000
x=i*delt
evaluate mean square value at X value gien
call evaluatems(x,k2,rect,delt)
rect=rect*delt
cdf=cdf + rect
continue
meansqg=cdf
write(*,*)"The mean square value for X=",k,meansqg

write the cdf value
write(*,*)"Recall value for K (power)= 2sigma**2/h**2 is", k2

write(*,*)"Please enter filename for saving db/cdf data for plot”

read(*,*)dbplotname
open(unit=7, file=dbplotname)
x=0
delt=0.0025
cdf=0
rect=0
do 2 i=1,2500
¥=1ivdelt
call evaluate(x,k2,rice2,delt, meancq)
rect=rice2
the rect ocutput is the prob density of ak**2/ms
rect=rect*delt
cdf=cdf + rect
mulitply cdf by 100 for the grap.envdist plot routine
if (cdf .ge. 0.001 .and. cdf .le. 0.99999 ) then
if (mod(i,100) .eg. 1) then
write out the prob ak2/ms > abscissa
write(7,*) x,~cdf»100. + 100.
write(*,»)x,100-cdf*100
endif
endif

continue

close(7)

end
AR H A AR R AR AR AR R R R R ATV P AR R AP RARD I AR AR RAR RS

subroutine evaluatems (xval,kval2,ricesq,delta)

real »val,mmbesiO,kval2,arg,riemann,delta,first,exponent,bessel

real ricesg

integer ier
this subroutine evaluates riemann rectangle of rician distributin
that is multiplied by x**2........ will be integrated to get msvalue
forg K dB ratio of random power to specular power
kval2 = 2sigma»»2/A**2

ier=0
arg=xval/(kval2/2.)
first=arg
exponent=2,71828183»*( ~1.= ( (1.4xval**2)/(kval2) ) )
bessel=mubsiO(1,arg,ier)
riemann-first*exponent*bessel
ricesg=riemann#*xval®=®2
end
LB AR AR EEEARLEEEEEEEEEEEEEREEEAR-EE-2-R8 L RaR R R RRRS R0 AR RAREEEERESE]
subroutine evaluate (xval,kval2,ricesq,delta,ms)
real xval,mmbsiO,kval2,arg,riemann,delta,first,exponent,bessel



real ricesq,ms
integer ier

¢ this subroutine evaluates riemann rectangle of rician distributin
¢ that is passed thru sq law detector
c having K dB ratio of random power to specular power
c kval2 = 2sigma**2/A%*2
c perform transform y = (1/2 ms sgrty) f( sgrt(y)/a)
ier=0
xval=ssqgrt(xval/ms)

c so now xval is really sqgrt of passed variable
arg=xval/(kval2/2.)
first=arg
exponent=2.71828183**( -1.+* ( (l.+xval=*=*2)/(kval2) ) )
bessel=mmbsiO(1,arg,ier)
riemann=first*exponent*bessel
now the returned value of riemann is 1/(2 sqrt(y)) fx{(sqrt(y))
so square again the value of xval to get original y
c use the pl29 papoulis... a=ms
ricesg=riemann*(l/(2*xval*ms))
xval=ms*xval**2
end
Cc PHERFEPRLRY R RAFAAR AR ALK A A AT RA R AAFA N ARRAAA RIS AR p RS bRt A
pulseampfregtable.f
This program is used to break the 128 (or 1024 -1024 SS) data
points into bins of 1/5 width for the purpose of analyzing
the distributions of pulse power. The program
assumes a ak®*2/akmsval2 of 0 to 5

[elNe}

annn

character tjunk,ljunk*70

real median,rjunk,data(1024),binval
integer i,j,k,bincnt,npts

character lilname*10,actname*12
character actoutfile*28,liloutfile+2¢€

write(*,*)

write(*,*)"Enter ALLPWR filename that is to be freg tabled"
read (*,'(al2)') actname

write(*,*)"We read in the character string:",actname
write(*,*)"Enter npts"”

read(*,*)npts

c if actname has all 12 nonblank, then lilset=0
lilset=0
if ( actname(ll:) .eq. ' ' ) then
lilset=1
lilname= actname(l1:10)
write(*,*)"The lilpame file is stored as",lilname
endif

¢ PROGRrM TO BE EXECUTED IN SSdist FILE DIRECTORY...MOVES HISTOGRAM
¢ TO THE DIRLCCTORY ../88dist...with file name.fregq

c actname is 12 character file name (i.e. eclac.d.st.l)

c lilname is 10 character file name (i.e. eblac.st.l)

if (lilset .eq. 0) then
open(unit=7,{ile=actname)
else
open(unit=7,file=1ilname)
endif

do 999 i=1,npts
read(7,%)data (1)
999 continue
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c open the destination.freq file in PP

if (lilset .eq. 0) then
actoutfile='D.'//actname//'.freq"'
open(unit=8,file=actoutfile)

else
liloutfile='D.'//lilname//'.freq’
open(unit=8,file=liloutfile)
endif

c now scan the data looking for points in the 1/44B bins

¢ now open the output file
c bincnt is 0 at first, keep frequency of distribution
do 12 i=1,17
bincnt=0.
binval=i/4.
do 13 j=1,npts
c we have the data in array
if (j .eqg. 633) then
write(*,*)"at j=633, data,binval=",data(j),binval
endif
if ((data(j) .lt. binval) .and. (data(j) .ge. binval-0.25)) then
bincnt=bincnt+1
endif
13 continue
write(®,*)binval,binecnt
12 continue
revind (8)
close (8)

end
pulseampdistrib. {

c This program is used to break the 17 or so bins having
o] frequency bine of 1/4 width into cummnulative probability
c data for the iid distributions of pulse amps. The program
c assumes dymanic range of 0 to 5 of ak2/ak2msval

real atten,binpercent

integer i,npts,k

real bincnt

character lilname*15,actname*17

character actoutfile*22,1iloutfile?20

write(®*,=)"Enter cumulative file that is to be integrated”

read (=, '(al7)') actname

write(*,*)"We read in the character string:",actname
c if actname has all 17 nonblank, then lilset=0

lilset=0

if ( actname(l6:) .eg. ' ' ) then

lilset=1

lilname= actname(l:15)
write(*,*)"the lilname file is stored as",lilname
endif

c PROGRAM TQ BE EXECUTED IN PP DIRECTORY...integrates file
c CONTAINING A FREQTABLE
¢ TO GET cumulative percent probability
npts=0
k=0
c npts is total § of data points in input file
v € actname is 17 character file name (i.e. eclac.d.st.l)
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c lilpame is 15 character file name (i.e. eblac.stll)

if (lilset .eg. 0) then
open(unit=7,file=actname)
do 2 1=1,17
read(7,*)atten,bincnt
npts=npts+bincnt

2 continue
rewind(7)
close(7)
open(unit=7,file=actname)
else
open(unit=7,file=lilname)
do 3 i=1,17
read(7,*)atten,bincnt
npts=npts+bincnt

3 continue
rewind(7)
close(7)
open(unit=7,file=lilname)
endif

c npts has the total ¥ of data pts

write(*,*)"input file has",npts,”datapoints”
c now read in the values of atten and the count
c use a 5 to 1 ratio

¢ open the decstination.hist file in DIST.actname.freg

if {(lilset .eg. 0) then
actoutfile='PPROB. '//actname
open(unit=8,file=actoutfile)
else

lilovtfile='PROB. '//lilname
open(unit=8,{file=liloutfile)
endif

c now open the output file
c bincnt is 0 at first, keep aggregate & of distribution in binpercent
binpercent=0.
bincnt=0
atten=0
do 12 i=1,17
read(7,*)atten,bincnt
binpercent=(1./npts)*bincnt+binpercent
if (k .eqg. 1) then
goto B9
endif
if (binpercent .ge. 0.000001) then
vrite(B,*)atten,l-binpercent

endif

89 if (binpercent .ge. 0.999999) then

k=1

endif

12 continue
rewind (7)
close (7)
rewind (B)
close (B)
end

rician.f

¢ This program allows user to specify the K ratio (in d@B)
c and the program numerically integrates & rician density function.



This is similar to Bultitude's in that A=1, k=2sigman®®2/A**2,

K=kdb= is = 10 loglO(k)..... The output data is written to the screen

and the median level (i.e. the value of x for 50% below) is also

written to screen..... This is standard riemann numerical integration

Then, the data is scaled about the median value, and the x (db) vs y (cdf)
is written to output file for plotting with rap

noonoaoan

character dbplotname+*10
real x,rect,cdf,kdb,k2,delt ,medianval,v
integer i
write(*,*)"Rician CDF program, Enter K (minus dB value):"
read (*,*)kdb
x=0
delt=0.0025
cdf=0
rect=0
k2=(10.**(kdb/10.) )
write(*,*)"The value for k2 (power)= 2sigma*®2/A=¥*2 is" k2
do 1 i=1,1000
x=i*delt
call evaluate(x,k2,rect,delt)
rect=rect*delt
cdf=cdf + rect
if (cdf .ge. 0.0975 .and. cdf .le. .103) then
write(*,*)x,cdf
endif
if (cdf .ge. 0.198 .and. cdf .le. 0.201) then
write(*,*)x, cdf
endif
if (cdf .gec. 0.299 .and. cdf .le. 0.302) then
write(”,*)x,cdf
endif
if (cdf .ge. 0.495 .and. cdf .le. 0.502) then
vrite(?,*)"MEDIAN VALUE FOR K=" ,kdb," IS X=",x
medianval=x
endif
if (cdf .ge. 0.698 .and. cdf .le. 0.701) then
write(*,*)x,cdf
endif
if (cdf .ge. 0.795 .and. cdf .le. 0.803) then
write(*,*)x,cdf
endif
if (cdf .ge. 0.899 .and. cdf .le. 0.902) then
write(*,*)x,cdf
endif
*if (cdf .ge. 0.99 .and. cdf .le. 0.991) then
write(®,*)x,cdf
endif
if (cdf .ge. 0.999 .and. cdf .le. 0.9991) then
write(*,”)x,cdf
endif
1 continue

c Now the median is in the value medianval
c now rescale the data so that the x(db) val is written with
c the cdf value
if (medianval .ne. 0) then
write(®,*)
write(*,*)"Recall value for K (power)=~ 2sigma®®2/A*=*2 is" k2
write(*,*)"Please enter filename for saving db/cdf data for plot”
read(*,»)dbplotname
open(unit=7, file=dbplotname)
*x=0
delt=0.0025
cdf=0
rect=0



232

do 2 i=1,2000

x=i*delt

call evaluate(x,k2,rect,delt)

rect=rect*delt

cd{=cdf + rect

v=20*10gl0(x/medianval)

mulitply cdf by 100 for the grap.envdist plot routine

if (cdf .le. .0011 .and. cdf .ge. .00099) then
write(7,7*)v,cdf*100.
endif

0

if (cdf .ge. 0.001 .and. cdf ,le. 0.99999 .and. v .ge. -30.) the
if (mod(i,10) .eg. 1) then
write(?7,*)v,cdf+*100,
endif
endif
2 continue
endif
close(7)
end
(o] BRE P PR PRI AAPALIRA AP AAFAARAAARR ARG ARTAAARAF AR
subroutine evaluate (xval,kval2,riemann,delta)
real xval,mmbsi0,kval2,arg,riemenn,delta,{irst,exponent, bessel
integer ier
c this subroutine evaluates riemann rectangle of rician distributin
having K dE ratio of random power to specular powel
c kval2 = 2cigma*=2/A**2

0

ier=0

arg=xval/(kval2/2.)

first=arg

exponent=2.7182B183*+( ~1.* ( (1l.txval**2)/(kval2) )
c bessel= 1.+ ((arg**2)/4.)+ ((arg**4.)/64.) + ((arg**6)/2304.)
c » + ((arg**B)/147456.) + ((arg*+*10)/(1024.7120.))

bessel=mmhsiO(1l,arg,ier)
riemann=first*exponent*bessel
c used 4 terms of zero order bessel function of the first kind

end
Cc AR A AP P XRAP PSPPI AT RS SRR AAAAFT R R AR PR AFFARA RS AR T ANRAPIIRSI AT ARSI RRS AR

ssdistrib.f

c This program is used to break the 80 or so bins having
c freguency bins of 1/4 dB width into cummulative probability
c data for local distributions of envelope fading. The program
c assumes dymanic range of 20 4B (+10/- 104B) about the median value
real binpercent
intecer i,atten,npts,k
real bincnt
character lilname*15,actname=*17
character actoutfile*22,liloutfile*20
write(*,?)"Enter cumulative file that is to be integrategd”
read (*,'(al7)') actname
write(*,*)"We read in the character string:",actnane
c if actname has all 17 nonblank, then lilset=0
lileei=0
if ( actname(l16:) .eg. ' ' ) then
lilset=1

lilname= actname(1l:15)
write(*,*)"The lilname file is5 stored as",lilname
endif

c PROGRAM TO BE EXECUTED IN SSDIST DIRECTORY...integrates file
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© CONTAINING A FREQTABLE
c TO GET cumulative percent probability

npts=0

k=0
c npts is total § of data points in input file
c actname is 17 character file name (i.e. eclac.d.st.l)
c lilname is 15 character file name (i.e. eblac.st.l)

if (lilset .eg. 0) then
open(unit=7,file=~actname)
do 2 i=-40,40
read(7,*)atten,bincnt
npts=nptst+bincnt

2 continue
rewind(7)
close(7)
open(unit=7,file=actname)
else
open(unit=7,file=lilname)
do 3 i=-40,40
read(7,*)atten,bincnt
npts=npts+bincnt

3 continue
rewind(7)
close(7)
open(unit=7,file=lilname)
endif

c npts has the total # of data pts

write(*,»)"input file has",npte,"datapoints"
c now read in the values of atten and the count
c use a 20 db dynamic fading range (conservative)

c open the destination.hist file in Data/SSdist

if (lilset .eq. 0) then
actoutfile='prob. '//actname
open(unit=¢,file=actoutfile)
else
liloutfile="'prob.'//lilname
open{unit=8,file=liloutfile)
endif

c novw open the output file
c bincnt is 0 at first, keep aggregate % of distribution in binpercent
binpercent=0.
bincnt=0
atten=0
do 12 i=-40,40
read(7,*)atten,bincnt
binpercent=(1./npts)*bincnt+binpercent
if (X .eg. 1) then
goto B9
endif
if (binpercent .ge. 0.000001) then
writc(8,*)atten,binpercent

endif
89 if (binpercent .ge. 0.999999) then
k=1
endif
12 continue
rewind (7)

close (7)
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rewind (8)

close (B)

end
ssfreqgtable.f

c This program is used to break the 128 (or 1024 -2048 SS) data
c points into bins of 1/4 dB width for the purpose of analyzing
c the local distributions of envelope fading. The program
c assumes a dymanic range of +10/- 10dB about the median value
character tjunk,ljunk*70
real median,rjunk,data(2048),binval
integer i,3j,k.bincnt
character lilname*10,actname*12
character actoutfile#*28,liloutfile*26
write(»*,*)
write(*,*)"Enter envelope filename that is to be freg tableg"
read (*,'(al2)') actname
write(*,*)"We read in the character string:",actname
c if actname has all 12 nonblank, then lilset=0
lilset=0
if ( actpane(ll:) .eg. ' ' ) then
lilset=1
lilname= actname(l1:10)
write(*,*)"The lilname file is stored as",lilname
endgif
c PROGRAM TO BL EXECUTED 1IN S$Sdist FILE DIRECTORY...MOVES HISTOGRAM
c TO THE DIRECTOKY ../S8Sdict...with file name.freq
c actname igc 12 character file name (i.e. eclac.d.st.l)
c lilname is 10 character file namc (i.e. eblac.st.l)
if (lilset .eg. 0) then
open(unit~7,file=actname)
else
open(unit=7,file=1ilname)
endif
do 999 i-1,204¢8
read(7,*)data(i)
995 continue

c open the destination.freg file in Data/Envdist

if (lilset .eg. 0) then

actoutfile='.. /88dist/'//actname//'.freqg'
open(unit=8,file=actoutfile)

else
liloutfile='../585dist/'//1lilname//'.freq’
open(unit=8,file=liloutfile)

endif

c now scan the data looking for points in the 1/4dB bins

c now open the output file
c bincnt is 0 at first, keep freguency of distribution
do 12 i=-40,40
bincnt=0.
binval=i/4.
do 13 j=1,2048
c we have the data in array
if ((data(j) .1lt. binval) .and. (data(j) .ge. binval-0.25)) then
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bincnt=bincnt+1

endif
13 continue
write(8,*)binval,bincnt
12 continue
rewind (8)
close (8)

end
strip.directory

#'/bin/sh
# This shell script prgm allows files to be printed
¥ and then plotted on line printer for inspection

echo -n "Enter Directory under Data containing data (include .st):
read dir _

echo -n " Data/$dir is to be stripped , Press n to cancel: "

read input

if [ $input -eg "n" ]

then
echo "strip not performed"
exit O

fi
cd §dir

¥/ KOW 1IN THL CHOSEN STRIPPED DATA DIRECTORY
for i in p»
do
echo €1 | ../a.out
done
exit 0
strip.env.directory

£ /bin/sh

# Thic chell script prgm allows entire directory of files to be operated
# upon with the envstrip.f program for coputation of median,mean signal
echo -n "Enter Directory under Data containing data (include .st): "
read dir _

echo -n " Data/$dir (e*) is to be stripped , Press n to cancel:
read input

if [ $input -eg "n" )

then

"

echo "strip not performed"
exlt 0

fi

echo -n "The file envstrip.f contains output target directory”
cd /a/n9%nb/Data/$dir

$/ NOW IN THE CHOSEN STRIPPED DATA DIRECTORY

£77. ../Programs/envstrip.f -limslsp

mv a.out ../Programs

for i in e*

do

#/ The a.out file from envstrip.f contains the output target directory
echo $i | ../Programs/a.out

done

exit 0

strip.pulse.directory

£!/bin/sh

# This shell script prgm allows pulse files tou be stiripped

{ for noise floor and path loss calculation

echo -n "Enter Directory under Data containing data (include .st): "
read dir _

echo -n " Data/$dir (p* ) is to be stripped , Press n to cancel:
read input



if | $input -eq "n" )
then

fi

echo "strip not performed"
exit O

cd /a/n9nb/Data/$dir

#/ NOW IN THE CHOSEN STRIPPED DATA DIRECTORY

#
#

£77. ../Programs/pulsestrip.f
mv a.out ../Programs

for i in p*

do

#/ a.out file is located in Data/Programs directory from “"pulsestrip.X.f"
#/ The pulsestri$‘x.f contains output target directory

echo $i ../Programs/pulsestrip.ex
done
echo -n "Be sure novw to go back and fix destination of pulsestrip.f"
exit O
strip.sweep.directory
#!/bin/sh
# This shell script prgm allows entire directory of files to be operated

#

upon with the sweepstrip.f program for coputation of median,mean signal

echo ~n "Enter Directory under Data containing data (include .st): "
read dir _

echo -n " Data/$dir (s*) is to be stripped , Press n to cancel: "
read input

if [ $input -eg "n" ]

then

fi

echo
exit O

strip not performed"

echo -n "The file sweepctrip.f contains output target directory"

cd /a/n9nb/Data/Sdir

¥/ NOW IR THE CHOSEN STRIPPED DATA DIRECTORY

£77. ../Programs/sweepstrip.f ~limslsp

mv a.out ../Programs

for i in s*

do

#/ The a.out file from sweepstrip.f contains the output target directory

echo $§i | ../Programs/a.out

done
exit O
sweepstrip.f

[

agooaoooaoo0o0000000

This is sweepstrip.f

Use ~limslsp after £77. fname for the IMSL library

This program used for processing some of the early data

not used often except for the singlesweep 1024 pt measurements
over long intervals (100 seconds)

Use this program with strip.sweep.directory.....

This program is used for computing mean signal level of envelope
data. The data is scanned for filename, path distance,pwr,atten
and max and min fading level. The exponential loss factor, the
avg signal received signal and max and min fading levels is returned.
The programuses the receiver law-- Pr(dbm) = Vif » 760d4B/V - 125 @b
The {final output
is written into the directory B.si.new/F1LENAME

character*5 actname®l12,lname*7,sname,clutpath,path,descrip*60,area®25
character lilname*10,actoutfile*26,1iloutfile*24

real dist,pwr,atten,xincr,ymult,var,d(1024),dsort(1024)

real rmsdelay,pwrgain,avgtl,avgt2,min,max,minrcvpwr,maxrcvpwr

real rcvpwrmedian



integer i,npts,lilset

c actname is 12 character file name (i.e. eclac.d.st.l)

c lilname is 10 character file name (i.e. eblac.st.l)

c lname is first line in file with seven letters (i.e. eclac.d)

c sname (short) is first line in file with five letters (i.e eblac)
min=1.0
max=0,

c The data is in mV and never is greater than 200 mV

write(*,*)"Enter envelope filename that is to be processed"
read (*,'(al2)’) actname
write(®,*)"We read in the character string:",actname

c if actname has all 12 nonblank, then lilset=0
lilset=0
if ( actname(ll:) .eq. ' ' ) then
lilset=1

lilname= actname(1:10)
write(#*,*)"The lilname file is stored as",lilname
endif

if (lilset .eg. 0) then
open(unit=7,file=actname)
else
open(unit=7,file=lilname)
endif

read(7,*)lname
if ( lname(7:) .eq. ' ') then
inset=1
sname= lname(1:5)
write(*,*)"The short name in file is",lname
endif
read(7, ' (A25)"')area
read(7,?)clutpath
read(7, ' (A60)')descrip
read(7,*) dist
read(7,>)path
read(7,*)pwr
read(7,~)atten
read(7,*)npts
read(7,7)xincr
read(7,*)vzr
read(7,*)ymult
read(7, *)rmsdelay
read(7,*)pwrgain
read(7,*)avgtl
read(7,*)avgt2

¢ Now read in the 1024 lines of raw data, and obtain minimum value in set
do 10 i=1,npts
read(7,*)d(i)
dsort(i)=d(i)
if (d4(i) .lt. min) then
min=d(i)
endif
if (d(i) .gt. max) then
maxed (i)
endif
10 continue

¢ Now compute the average rcv sig, pwr gain and the decay exponent
rcvpwr=0.
loss=0.
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c Now pwrgain put into dBm readings of the received pwr
do 45 i=1,npts
rcvpwr= rcvpwr +d(i)*76G. - 125.
45 continue
avgrcvpwr=rcvpwr/npts
maxrcvpwr=max*760. - 125.
minrcvpwr=min#*760. - 125.
call vsrta(dsort,npts)
rcvpwrmedian=dsort(npts/2)*760. -125.
write(*,*) "the avg db received value=",avgrcvpwr
write(*,*) "The median db value is", rcvpwrmedian
write(*,*)"Signal has dynamic range of (dB)",maxrcvpwr-minrcvpwr
¢ Now compute path loss, exponential decay relative to 10 wavelenght

relpwratten=pwr-atten-rcvpwrmedian-38.3

write(*,*) “The path loss is (dB) ",relpwratten

dist=dist*12./39.37

write(*,*)"0Over path having distance (m) ",dist
c relpvwratten is now in

if (lilset .eq. 1) then
liJoutfile='../B.st.new/'//lilname
open (unit=8,file=liloutfile)

else

actoutfile=', /B.st.new/'//actname
oper: (unit=8, file=actoutfile)
endif

Output file containg distance (m) on line 5

pathloss on line 7, median rcv pwr on line 13

min and max levels on lines 14,15, dynamic fading range on 16
The output data is given in dB relative to median

nnoaon

if (inset .eg. 1) then
write(8,'(A5)"') sname
else
vrite(8,'(A7)') lname
endif

write(€,'(A25)"')area
write(&,'(A5)')clutpath
write(8,'(A80)')descrip
write(g8,*) dist
write(B,'(A5)"')path
write(8,*)relpwratten
write(8,*)atten
write(8,*)npts
write(8,*)xincr
write(B,*)vzr
write(8,*)ymult
write(8,*)rcvpwrmedian
write(8,*)minrcvpwr
write(®,*) maxrcvpwr
write(&,* )maXxrcvpwr-minrcvpwr

c the received data samples normalized to median signal
do 50 i=1,npts
write(8,*)d(1)*760. -125. -rcvpwrmedian

50 continue

close (B)

close (7)

end
STRIPTEK C LANG PROGRAM.. USED TO FORMAT RAW DATA INTO ASCII FILES ON ED
Raja Kadiyala's Makefile program



AWK= /bin/awk

TOUCH= touch -ci
DESTDIR=

DESTMACH=

PROFILE=

CFLAGS= -0

LDFLAGS= -0

CTAGS= /usr/ucb/ctags -w
LIBS= ~1m

OBJECTS=strip_auto.o find.o getword.o search.o getw.o itoa.o reverse.o

striptek.auto: $(OBJECTS)

cc $(LDFLAGS) -o striptek.auto $(OBJECTS) $(LIBS)

find.o: getword.c
getword.o:

itoa.o: reverse.c
search.o: getw.c
Raja's find.c routine

/* routine to find a string (str) in a file (fp) ®/
/* returns 0 if the word has been found s/
finclude <strings.hy; /* include string 1lib x/
tinclude <stdio.h>; /* include i/o 1ib %/
tdefine MAXVIORD 384 /* Maximum word length */
find(fp,str)
char ety [MAXWORD) ;
FILE *fp;

char tmp [MAXWORD) ;

getword(fp, tmp);

return(strcmp(str,tmp)).,
}
Raja's getw.c routine
/* searches for next woid in the stream fp and returns the r/
/* stremp of =t and the next word r/
#include <strinas.h>; /* include string 1lib x/
#include <stdio.hY; /* include i/o 1lib r/
fdef{ine ECLN '\n' /* End of line character r/
#define TAB '\t' /* Tab character r*/
fdefine MAXVIORD 3B4 /* Maximum word length */
getw(fp,st)

FILE =fp;

char st [MAXWORD];

int ¢=0,1i=0;

char tmp|MAXWORD]) ;

while (((c=getc(fp))!=COF) && ((c==TAB) || (c==EOLN) || (c=="' ") || (c==','y |

i /* Get rid of white space */
if (c == EOF)
return(c);
tmpli++] = ¢;
while (((c=getc(fp))!=EOF) &6 !((c==TAB) || (c==EOLN) || (c==' ") || (e==',")

tmp[i++] = c;
twp[i) = '\O';

if (c == EOF)



return(c);

strepy(st,tmp);
return(l);

)

Raja's getvord.c routine

/* same as getw.c put does not exit if at EOF

finclude <strings.h>;
#include <stdio.h>;
#define EOLN '\n'
§define TAB '\t'
#define MAXWORD 384

getword(fp, st)
FILE #fp;
char st |[MAXWORD];

int ¢=0,1i=0;
char tmp{MAXWORD];

while (((c=getc(fp))!=EOF)

if (¢ == EOF)

{
printf("Bad input data
exit(3);

)

tmpli++) = c;
while (((c=getc(fp))!=EOF)
trmp{i++] = c;

tmp{i] = '\0’;
if (c == EQF)
{

printf("Bad input data
erxit(3);
]

strcpy(st,tmp);
return(l);
]
Raja's itoa.c routine
/* converts integer s to the

tinclude <strings.h>;
tinclude (stdio.h>;

itoa(n,s)
int n;
char s[];
{

int i=0,sign;

if ((sign = n) < 0)
n = -n;

do {
s8{i++] = n & 10 +

if (sign ¢ 0)
Bii++) = '-';

sli] = '\0';

240

*/
/* include string lib */
/* include i/o lib ®/
/* End of line character *x/
/* Tab character v/
/* Maximum word length */
86 ((c==TaB) || (c==EOLN) || (c==' ') || (c==",")
/* GelL rid of white space */
-- quit \r\n");
§6 !'((c==TAB) || (c==EOLN) || (c==' *) [| (e==',")
-= guit \n\n");
string n 2/
/* include string lib ®/
/* include i/o 1lib */

0
] while ((n /= 10) > 0);
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reverse(s);

Raja's reverse.c routine

/* reverses to order of string s L V4
#include (strings.h>; /* include string 1lib */
§include <stdio.h>; /* include i/0 1ib */
reverse(s)
char s{];
{
int ¢,1i,3+
for (i=0, j=strlen(s)-1l; i<3j; i++,3--)
{
c = s[i};
(i) = s{i];
s[j] = ¢;
]
] s
Raja's search.c routine
/* returns number of time str is in the stream fp */
tinclude <strings.h>; /* include string lib %/
finclude <stdio.h>; /* include i/o 1lib */
tdefine MAXWORD 384 /* Maximum word length */
search(fp,sir)
char sti [MAXVIORL];
FILL *fp;
{
int i=0;
char tmy [MAXWORD] ;
vhile (getw({p,tmp) != EOF)
if (!(strcomp(tmp, str)))
1=
return(i);
)
Raja's strip.c routine
tinclude <stdio.h> /* standard i/o 1lib */
tinclude <strings.h> /* strings 1ib */
tinclude <math.h> /* math 1lib */
#define MAYXLEN 80 /* Maximum string length+/
tdefine MAXFTS 2048 /* Maximum number of */
/* data pts per block */
#define EQLN '\n' /* End Of Line char */
main(argc,argv)
int argc; /* number of command */
/* arguements */
char *argv|(]; /* string of command */
/* arguements */
{ /* begin main t/
int
i=0, /* counter variable r/
c, /* character variable */
3, /* counter variable ®/
k, /* counter variable v/
numb, /¢ number of blocks in file v/
nr; /* number of pts in data block */



char
£1nm[MAXLEN], /* input filename
oflnm|MAXLERN], /* output filename
tmps [MAXLEN], /* temporary string space
tmps2 [MAXLEN], /* temporary string space
header {800] ; /* header information
double
tmprl, /* temporary float
xincr, /* XINCR
yzero, /* YZERO
ymult, /* YMULT
data[MAXPTS], /* data points
pwrg, /* power gain
rmsd, /* rms delay
avagl, /* AVGTI
avgz, /* AVGT2
fabs(); /* absolute value for floats
FILE
*fpl, /* file pointer for input file
=fp2, /* file pointer for output file
»fp3; /* file pointer to scan input
/* file
if (argc != 2) /* check to see if number of
{ /* command line arguements is
if (argc >= 3) /* correct
printf ("Too many input files named\n");
elce
print{ ("No input file given\n");
printf("Usage -- %s infile \n",argv{0]);
exit(l);
/* open input

if ((fpl = fopen(argv{l),"r")) == NULL) /* file
{

printf(“"%s: can't open %s\n",
exit(2);

strepy(flnm,argv{l]);

fscanf(fpl,"%s",0flnm);
strcpy(header,oflpm); /r file
strcat (header,"\n");

strcat(oflnm,".st"); /* tack

while ((c = getc(fpl)) != EOLN)

’

argv|[0],argv|l]});

/* copy input filename
/* into string

/* create output
& store in header
on 11] . st"

/* trash rest of line

for (i=0;i¢(7;1++) /* get rest of header info

{
fscanf(fpl,"t{ \n}",tmps);
strcat (headcr, tmps)
strcat (header,”"\n");
c = getc(fpl);

if ((fp3 = fopen(argv{l],”r")) == NULL) /* open input
{

/* for scan

*/
*/

4
*/

*/

v/
*/

*/

*/
*/



printf("%s: can't open %s\n",argv[0],argv[1]);
exit(2);
}

numb = search(fp3,"CURVE"); /* scan for search v/
fclose(fp3);

if (!(numb))
{

printf("\nNo blocks of data within &s —— quit\n",flnm);
exit(l);

else
if ('(numb-1))
{

printf("\ntd block of data within \"&s\"\n",numb, flom);
printf("Creating individual file &s.1\n\n",oflnm);

else

[ .
printf{"\n%d blocks of data within \"%s\"\n",numb, flnm);

printf("Creating individual files %s.1 through %s.%d\n\n",oflnm,oflnm,nu
}

for (i=0;i<numb;i++) /® loop to process info r/
{
strepy(tmps,oflnm); /* create output filename */
itoa(i+1,tmps2);
cstrcat(tmps,”. "),
strcat(tmps,tmpe2);
if ((fp2=fopen(tmps,"w")) == KULL) /* open output */
{
printf("Can not open tes\n",tmps);
exit(-1);
fprintf(fp2,"ts",header); /* tack on header r/
while (find(fpl,"KR.PT")) /* get NR.PT */

fséanf(fpl,"%e",&tmprl);

nr = tmpril;

fprintf (fp2,"%4\n",nr);

while (find(fpl,"XINCR")) /* get XINCR */

fséanf(fpl,"%f",sxincr);
fprintf(fp2,"fe\n",xincry);

while (find(fpl,"YZERO")) /* get YZERO x/
fséanf(fpl,"%f",&yzero);
while (find(fpl,"YMULT")) /* get YMULT v/
fséanf(fpl,“%f",&ymult);

/* check to see if O */
if {(((fabs{l.0*yzero)) < le-06) && (!{i)))
{

printf("8s: Warning YZERO is zero\n",argv|[0]));

printf("Enter value to multipy YMULT with, for new ¥YZERO: ");
scanf("8e",&tmprl);

¢ = getchar();

printf("\n");
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)

if ((fabs(l.0*yzero)) < le-06) /* adjust */
yzero = tmprl+*ymult;

fprintf(fp2,”tf\n",yzero);
fprintf({p2,"te\n",ymult);

while (find(fpl,"“CURVE")) /* search for curve data+*/
pwrg = 0.0;
rmsd = 0.0;
avgl = 0.0;
avg2 = 0.0;
for (j=0;3<nr;j++) /* get and process data */
{
fscanf(fpl,"%{",sdatalj]);
c = getc(fpl);
data[j) = datal[j}*ymult + yzero;
avql = (j+1)*xinpcr*datalj)] + avgl;
avq?z2 = (j+1)*(j+1)*xincr>xincr*datalj]l + avg2;

pvrg = data[j] + pwrg;
)
avgl = avgl/pwrg;
avg2 = avq2/pwrg;
rmed = (avg2 - avglravgl);

if (rmed < 0.0)

{
printf("&s: AVGT2 - AVGT1 2 it less then zero\n',argv][0));
print{("Starting execution over\n\n");
fclose(fply;
fclose(fp2);
strepy(tmps,argv(0])
strcat (tmps,argvijl]);
cystem(tmps);
exzit(0);

1

rmsd = sgrt(rmsd);

fprintf(fp2,"te\n",msd);
fprintf(fp2,"%te\n",pwrg);
fprintf (fp2,"te\n",avgl);
fprint{(fp2,"%e\n",avg2);

for (j=0;j<nr,;j++) /* output data */
fprintf(fp2,"%e\n",datafil);
fclose(fp2);
)
fclose(ipl);
fclose(£}:2);
| /* end main */
Raja's strip_aulo.c routine
finclude <stdio.h> /* standard i/o lib v/
#include <strings.h> /* strings 1lib 2/
¢include <math.h> /¢ math 1ib *
§define MAXLEN 80 /* Maximum string length=/
f§define MAXPTS 2048 /* Maximum number of ®/

/* data pts per block e/

\ ¢#define EOLN '\n' /* End Of Line char e/



main(argc,argv)
int argc;

char *argvi|];

{ /* begin main
int
i=0,
c,
3.
ptest,
numb,
nr;
char
finm|{MAXLEN]),
oflnm|[MAXLEN],

tmps [MAXLEN]),
tmps2 [MAXLEN],
header [BOO) ;

double

tmprl,
»incr,
yzero,
ymult,
data [MAXPTS],
pwIg,
rmsd,
avgl,
avgz,
fabs();

FILE
*fpl,
*{p2,
*{p3;

if (argc !'= 2)
{

if (argc >= 3)

215

/i
/i

/* number of command
/* arguenents
/* string of command
/* arguements

counter variable

character variable

counter variable

Pulse test - scope gnd ref
number of blocks in file
number of pts in data block

input filename

output filename
temporary string space
temporary string space
header information

temporary float

XINCR

YZERO

YMULT

data points

power gain

rms delay

AVGT1

AVGT2

absolute value for floats

file pointer for input file

file pointer for output file

file pointer to scan input
file

check to see if number of
command line arguements is
correct

printf("Too many input files named\n");

else

printf("No input file given\n");

printf("Usage -- %s infile \n",argvi{0]);

exit(l):
/* open input
if ((fpl = fopen(argv|[1),"r")) == NULL) /* file
printf("ts: can't open ts\n",argv|[0],argv|1]);
exit(2);
}

strcpy(flnm,argvil});

tmps|[0] = £1nm|[0];
tmps{1]) = °'\0';

/* copy input filename
/* into string

v/

*/

*/

*/
v/
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ptest = strcmp(tmps,"p");

fscanf(fpl,"%s",0flnm); /* create output */

strcpy(header,oflnm); /* file & store in header %/

strcat (header,"\n");

strcat(oflnm,".st"); /* tack on ",st" V4

while ((c = getc(fpl)) '= EOLN) /* trash rest of line *x/

for (i=0;i<7;1i++) /* get rest of header info */
{

fscanf(fpl,"8{ \n)",tmps);
strcat (header,tmps);
stxrcat (header,"\n");

c = getc(fpl);

}
if ((fp3 = fopen(argv{l],"r")) == NULL) /* open input */
{ /* for scan */
rrintf("is: can't cpen ts\n",argv([0],argv([l]);
exit(2);
]
nunml: = search({p3, "CURVE"); /* scan for search s/
fcloce(fp);
if (Y(numb))
{
printf("\nNo blocks of data within %s -- quit\n",flnm);
exit(l);
else

if (! (numb-1))
{

printf("\ntd block of dats within \"%s\"\n",numh, flnm);
printf("Creating individual file %s.3I\n\n",oflnm);

else
{
printf("\n%d blocks of data within \"is\"\n",numb, flnm);,
printf("Creating individual files %s.l through ts.td\n\n",oflnm,oflnm,nu

}
for (i=0;i<numb;i++) /* loop to process info */
{
strcpy(tmps,oflnm); /* create output filename n/

itoa(i+4l,tmps2);
strcat (tmps,".");
strcat (tmps,tmps2);

if ((fp2=fopen(tmps,"w”)) == NULL) /* open output */
{ printf("Can not opcn to\n",tmps);
cxit(-1);
fprintf(fp2,"ts", header); /* tack on header v/
while (find(fpl,"NR.PT")) /* get NR.PT &/

fséanf(fpl,"%e",&tmprl);
nr = tnprl;
fprint{ (fp2,"ed\n",nr);



while (find(fpl,"XINCR")) /* get XINCR */

fscanf(fpl,"tf",sxincry;
fprintf(fp2,"%e\n",xincry);

while (find(fpl,"YZERO")) /* get YZERO t/
fséanf(fpl,"%f“,syzero);
while (find(fpl,"YMULT")) /* get YMULT */
fséanf(fpl,"%f",&ymult);

/* check to see if O /

if ((fabs(1.0*yzero)) < le-06) /* adjust »/
(

if (ptest)

yzero = 3.85*ymult; /* ptest = 1 env or ss */
else

yzero = 3.85*ymult; /* ptest = 0 pulse */

}

fprintf(fp2,"ti\n",yzero);
fprintf (fp2,"te\n",ymult);

while (find(fpl,"CURVE")) /* search for curve dataz/
pwrg = 0.0;
rmsd = 0.0;
avgl = 0.0;
avg2 = 0.0;
for (j=0;3<nr;j++) /* get and process data L/

fscanf(fpl,"vf",sd8ataljl);

c = getc(fpl);

data[j] = data(j]*ymult + yzero;

avgl = (j+1l)*xincr*datalj) + avgl;

avg2 = (Jj+1)*(j+1)*xincr*xincrrdata(j] + avg2;
pvrg = datalj) + pwrg;

)
avgl = avgl/pwrg;
avg2 = avg2/pwrg;
rmsd = (avg2 - avgl*avgl);

if (rmsd < 0.0)
{ -
printf("%s: AVGT2 ~ AVCT]1 2 is lecs then zero\n",argv[0]);
printf("Setting RMS Delay to zero\n\n");
rmsd = 0.0;

)
rmsd = sgrt(rmsd);

fprintf (fp2,"te\n",rmzd);
fprintf(fp2,"te\n",pwrg);
fprinti(fp2,"%\n",avgl);
fprintf(fp2,"%e\n",avg2);

for (3=0;:3<nr;j+¢) /* output data */
fprintf(fp2,”"%e\n”,datalijl);
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fclose({p2);
)

fclose(fpl);
fclose(fp2):

] 'y
i

/* end main 2/
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Appendix C
CW Envelope Measurements

The following are raw data plots of all the CW envelope measurements
made in 5 factories. The filename located in the upper right hand corner
identifies the measurement location (see Figure 3.4). In the left corner of
each plot, the following data is given from top to bottom: path loss, median
value, dynamic fading range, maximum value, minimum value. In the
upper right corner of each plot, the following data is given from top to bot-
tom: filename, factory area, clutter conditions, T-R separation, LOS or
obstructed path.
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Appendix D
Pulse Measurements - Raw Data

The following are raw data plots of all the individual multipath power
delay profiles collected in 5 factories. The filename is located in the upper
right hand corner of each plot and indicates the measurement location (see
Figure 3.4). The following data is given from top to bottom on each profile
plot: filename, factory area, clutter conditions, T-R separation, LOS or
obstructed path, relative path loss, vertical scale setting of oscilloscope,
r.m.s. delay spread, relative path gain, transmitter attenuator setting.
Actual path loss (in dB) relative to a 10X free space path may be found for
each profile by subtracting the quantity 10log,y (Tp.,/50) from the value
displayed on the 6th line, where T ,, is the largest displayed excess delay
value in ns (200 or 500 for most measurements).
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pdlac 1.0
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LOS path
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1,00 pdibe 1.0wm pdibe 1.00m pdlce
ahipping/baxing ehipping/baxing baing area
light clutter Jight cJutter light dutter
e 243341 m path o 24 3841 m path e 437681 m path
LOS puth LOS path LOS path
242180 dB 243764 dB 26.5387 dB
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K pdice 1.000m pdlee 1.
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LOS path LOS path
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pdlce
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bheavy clutter
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' 1 pdht‘ H 28800 m path
slunsnum finishing arex
LOS path
heavy cutter
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228000 m path avy clutter
7 LOS path o 22 8800 m path
=& 188 dB LOS path
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pd2ac
aluminum finishing erea
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pd2de
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3.0 pd2be
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beavy clutter
84.062) m path
LOS path
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3.0umn pd2cc 1.0 pd2ce 3.0vmm pdxce
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pddac
ioventary storage
light cdutter
188076 m path
obetr path
220165 dB
20000k-02 V/div
10480107 riTe
Q776318 gain
10.0X0 dB atten
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1,00mm pdaac
inventary starnge
light clutter
18.8970 m path
cbatr path
M0 4B
20000002 V/div
12045007 e
1.42570 gnin
10.0000 dB atten

Q.5 e

pdéac
IDVenuRy SUEBR
light clutter
IRBF76 m path
chatr path
3445 dB
200000e-02 V/div
8,475030-08 s
0704058 gain
10,0000 dB atten

[132

0 20 &0

EXCESS DELAY (ns)

1. pddac
07 inventary storage
light clutter
o 18.8976 m path
cbstr path
s06511 4B
20000002 V/div
05w 12300607 rrom
1.50006 gain
100000 dB atten
-
0 0 &0
EXCESS DELAY (ns)

1. Oy pdéac
inventory saragr
fight clutter
. 188976 m path
obstr path
29,7720 dB
2.000000-02 V/div
1.583333e-07 rmme
1.56011 gnin
10.0000 dBS atten

Q Seene

1.0e= pddac
inveutary storage
light clutter
1B 8976 m puth
obetr path
340674 dB
2.000000-2 V/div
B B4687¢-08 e
0.601804 gain
100000 dB stten

Q.5

o a0 600

EXCESS DELAY (n+)

3.0 pddac
inventory starage
light clutier
18.8076 m path
cbetr path
81.6003 dB
2.00000e00 V/div
1.1217ie-07 1118
1.04085 gain
100000 dB atten

O Homeg




1.0 pdeac
invenilory storage
light clutter
188076 m path
obetr path
31.8528 dB
2.00000e-2 V/div
1.08420e 07 rms
Q088332 grin
10.0000 dB atten

Q5

Oomaed
0 =0 &0
EXCESS DELAY (ns)
PR pddac
inventory starage
light clutter
p— 18.8076 m path
olstr path
saooas dB
200002 V/ div
Qe 11501 7T ros
1393 gain
10U dB atten
—

0 250 500

EXCESS DELAY (ns)

10w pddac
inventory surage
hght clutter
188076 m path
obatr path
xe8 dB
20000002 V/div
11008707 rre
1,282 gain
10000 dB atten

0.5y
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1.0 pdéac
invenlory marngr
light dutter
188976 m path
abeatr path
00753 dB
200000002 V/div
1.18208-07 revm
1.10477 gain
100000 dB atten

0.5 e

1.0wen pdiac
inventory swarage
light clutter
188076 m path
obstr path
24407 dB
20000002 V/ div
6.67116~08 rrs
Q804830 gain
100000 dB atten

0.5 and

2] 0 &0

EXCESS DELAY (ns)

pddbe

light clutter
34281 m path
abstr path
3.0608 dB
1.00000-02 V/div
1.06448e-07 rrre
Q74428) g@ain
100000 dB atten

Qb

fuishing and inventory s

1.0mem pdasc
fovenlory starage
light clutter
18.807¢ m path
obetr path
&0.0016 dB
200000082 V/div
08 1.2)090e.07 rms
1.48175 gain
10,0000 dB atten

1.0 pdiac
inventory storage
light clutter
188076 m path
obetr path
823055 dB
20000000 V/div
ab £.65005-C8 rms
T QB7E0 gain
100000 dB stten

1.

pddabe
fnishing and inventary s
light clutter
83.&28) m path
obstr path
M7 dB
1.00000=-Q2 V/div
1.37067e-07 rom
Q57165 gain
10,0000 dE atten



pdabe X
finishing and inveniory s
light clutter
83.5281 m path
obstr path
80.4800 dB
1.00000-00 V/div
0.73536e-08 rme
0.3¢1062 gain
200000 dB atien

[} 0 &0 [}

EXCESS DELAY (ns)

pddbe 1
finiching and inventery &
light clutter
3.828] m path
obstr path
343802 dB
1.00000=-00 V/div
1.3) 18007 rrs
QB4 gain
10000 dE atten

] 20 &0 0
EXCESS DELAY (ns)

pddbe 1.
finisling end invenwory s OT

light cluteer
X528 m path
cbeir path
848500 dB
10000002 V/div
LISHEeD s 05
048722 gain
10000 dI3 stien
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pdebe

floishing and inventery o
light chutter

83.8081 m path

031470 gnin
100000 dB atten

pd4b¢' 1.0 =

fwishing and inventery s
light clutter
SS.6281 m path
chowr path
40220 dB
1000002 V/div
18167607 rires
Q622114 gain
100000 B atten

pddbe 1.0
finishing and inventory s
light duster
2.528) m path
cbetr path
342117 dB
100000002 V/ div
LUDHG DT . 06
056374 gain
10.0000 dB atten

pddbe
floiching wod oventay 6
light clutter
23.603) m path
cbatr path
S52713 483
LO000=-02 V/ div
D203 s
Q450816 grin
10.0000 dB atten

pddbe
faishing and vevuey s
tight clutter
33.88) m path
chstr path
84,7673 dB
LoD Vdiv
L21515:077 gmre
©.498318 gain
00XD 4B atten

pdtbe
finishing and inventory &
light dutter
$3.6281 m path
cbetr path
844484 B
1.00000:-02 V/ div
1,202 07 eovs
0.654033 gain
300000 dB) atter




1.0

[T

pdebe
finisbing and inventory o

light ciuteer
KB m path

obetr path

24384 dB

1.00000e-02 V/div

1.07477e-07 rs
Q8500)8 gain

3.0cem

0.5 e

10.0000 dB atten
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pdtbe

fioishing and isventory o

light clutter
S3.528! m path

obetr path

8).2300 dB

1. 16508¢-07 rms
1.00895 gain

1.00000e-02 V/ div

10.0000 dB atten

1.0emn -

1 1 L
%0 &0 0 =0 800
EXCESS DELAY (us) EXCESS DELAY (ns)
pd4tc 1.0 pddbe 3.0z pdébe
finishing and inventory s finishing and inventary s fioishing and mventary s
light clutter fight clutter Light cluster
S2E8) mopath - 335281 m path . 35281 mpath
obetr path cbstr path cbatr path
24008 dB an2ar2 dB 858355 dB
100000 V/div 1.00000=- 2 V/div 1.0000002 V/div
121080 e ©5= 11641707 s 5= 120025007 s
QB4 grin Q450712 gain Q31042 gain
10000 dB atten 10.0000 dB atten 10000 dB atten
a— d
0-1 0—1
250 &0 0 20 &0 ] %0 &0
EXCESS DELAY (n*) EXCESS DELAY (ns) EXCESS DELAY (ns)
pddbe 1.0emm pddbe 1.0vam pdcc
finishing and inventary s funishing and inventory s isventary marage
light dutter light clutter light clutter
35081 m path . B4E08] m path o &1.B101 m path
cbetr path cbetr path cbetr path
nawS dB L.0&57 dB 41.0078 dB
1.00000e-02 V/div 1.00000e-CR V/div 2000002 V/div
1LXTEHe0; rre 05 1L e e OO 120012007 rive
Q83068 gain 0.743001 gain LE04} gain
100000 dE avten 100000 dE asten @ dB auen
o
850 &00 [ o0 &0
EXCESS DELAY (00)




pdabe X
finishing and inveniory s
light clutter
83.5281 m path
obstr path
80.4800 dB
1.00000-00 V/div
0.73536e-08 rme
0.3¢1062 gain
200000 dB atien

[} 0 &0 [}

EXCESS DELAY (ns)

pddbe 1
finiching and inventery &
light clutter
3.828] m path
obstr path
343802 dB
1.00000=-00 V/div
1.3) 18007 rrs
QB4 gain
10000 dE atten

] 20 &0 0
EXCESS DELAY (ns)

pddbe 1.
finisling end invenwory s OT

light cluteer
X528 m path
cbeir path
848500 dB
10000002 V/div
LISHEeD s 05
048722 gain
10000 dI3 stien
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pdebe

floishing and inventery o
light chutter

83.8081 m path

031470 gnin
100000 dB atten

pd4b¢' 1.0 =

fwishing and inventery s
light clutter
SS.6281 m path
chowr path
40220 dB
1000002 V/div
18167607 rires
Q622114 gain
100000 B atten

pddbe 1.0
finishing and inventory s
light duster
2.528) m path
cbetr path
342117 dB
100000002 V/ div
LUDHG DT . 06
056374 gain
10.0000 dB atten

pddbe
floiching wod oventay 6
light clutter
23.603) m path
cbatr path
S52713 483
LO000=-02 V/ div
D203 s
Q450816 grin
10.0000 dB atten

pddbe
faishing and vevuey s
tight clutter
33.88) m path
chstr path
84,7673 dB
LoD Vdiv
L21515:077 gmre
©.498318 gain
00XD 4B atten

pdtbe
finishing and inventory &
light dutter
$3.6281 m path
cbetr path
844484 B
1.00000:-02 V/ div
1,202 07 eovs
0.654033 gain
300000 dB) atter
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1 pddcr 1.Oanes pdsce
inventory slarage inventory starnge
light clutter light clutter
61.B18] m path caed 61.818] m path
cbatr path cbatr path
417027 dB 41.5848 dB
2.000000-02 V/div 20000002 V/div
o 108072007 rre 35 1.008316-07 rme
1.03489 gain 1.00435 gain
Q dB atten 0O dB atten
e
20 &0 o 250 &0
EXCESS DELAY (ns) EXCESS DELAY (ns)
1.0 pddec 1.0e= pdéce
inventary stornge IDVERKTY slaragr
fight clutter light clutter
61.8181 m path — 61.8181 m path
chetr path obatr path
$7.3815 dB 86,6340 dB
2.00000e-C2 V/div 2000002 V/div
a 126624007 s 05 1.27816e-07 rrom
271818 gain 290304 gain
Q dB atten 0. dB atten
7 | ! T 1
0 250 &0 o &0 &0
EXCESS DELAY (os) EXCESS DELAY (os)
1. pd4cc 1 pdace
inventary starage invenuxy sarage
light clutter fight dutter
61.816) m path 51.818]1 m path
cbetr path cbetr path
401150 dB €0.4000 dB
2.00000e-02 V/div 2.00000-02 V/div
0B LO0307e07 e 061 1.00125e-07 rine
1.48302 gain 1.89134 gain
Q dB ateen 0. dB atten

05w

p R

pdécc
invenlary storage
light clutter
51,8181 m path
abetr path
41.2876 dB
20000002 V/div
108507 rna
115761 gaio
Q dB auten

pdéce
inventary sLERET
light clutter
51.8161 m path
obstr path
385100 dB
2000002 V/div
1.274660-07 e
21172 gain
Q dBauten

pdacc
invenwary suorege
light dutter
51.8161 m path
cbetr path
Q077 dB
20000000 V/ div
0.007) 2r-(8 e
1.81383 gain
Qa dB aten



pdécc
inventory starage
light clutter
51.8161 m path
obstr path
€0 7010 dB
2.00000e-02 V/div
1.00300e-07 rre
130060 gain
Q dB atten

0.5

padcc

inventary storagy
light clutter

61.816] m path
obstr path
40.0608 dis

2Q000-07 V/div

B 50B5H~08 rmw
1.3)453 gain

Q dB atten

Qb

[}

20 o0

EXCESS DELAY (n2)

1.0 ey pdace
inventary staragy
light clutter
51.818]1 m path
obstr path
383773 dB
20000000 V/div
1.22210e-07 trres
217820 gl
Q dB stten

0.5t

o 0 &0
EXCESS DELAY (na)
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pdécc
inventary stornge
light clutter
51816 m path
obetr path
41.3003 dB
2.00000e-02 V/ div
12153507 rmm
1.11538 gain
Q dB atten

Qb

1.0 pdéce

inventary suarage
light clutter
&1.818) m path
obstr path
407077 dB
2000002 V/ div
8314)4e08 rox
1.30405 gain
a dB atien

o 20 500

EXCESS DELAY (ps)

pdicc
inventary starage
light clutter
51.8161 m path
obetr path
MB447 dB
2000002 V/ div
2. 1090307 rIre
1.8087U gain
Q dB auen

as.

pddce
inventary storage
light clutter
£1.8181 m path
obstr path
€1.0677 dB
200000602 V/div
1.03000007 rre
1.20)24 gain
Q dB atten

Qas.

pddec
ipventory storage
light clutter
51.818) m path
obstr path
SRB746 dB
20000000 V/div
1.203380e-07 rrme
1.63735 gain
Q dB atten

] 250 &00

EXCESS DELAY (ns)

pddcc
inventory starage
light clutter
51.81¢1 ni path
obstr path
7304 dB
20000002 V/div
D.07778~08B rrme
120007 gain
Q dB atten




pdSac
finubing Bod oot storag
beavy dutter
14.6304 m path
obetr path
28.0750 dB
5.00000e-08 V/div
8.31X3808 rrms
0180047 gain
200000 dB atten

1.0 pdSac
finishing and wool starag
beavy clutier
14,6304 m path
cbstr path
28,4148 dB
B00000e-(3 V/div
4847438 rms
Q21248 gain
20.0000 di3 stten

Q.5 wmnd

1.0y pdSac
finishing and ool starag
heavy dutter
- 14.6304 m path
obatr path
R dB
B.00000-06 V/div
Qb 6.12200~08 rms
I Q216848 gain
200000 dB atten
L
o
_]

EXCESS DELAY (p#)

1.0y

1.0e=g

0.6 0ms

1.0mam

Qb et
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pdSac 1.Orcumay pdbac
finishing and toof morag finisbing and toof stareg
beavy clutter hoavy clutter
146304 m path ) 146304 m path
obstr path obstr path
27.833) dB 27.9258 dB
£.00000e-08 V/ div £.00000e-08 V/ div
b4t 06 623670008 rms
0250000 gain Q247614 gain
200000 dB atten 200000 dB ateen
T
100 0 [s] 100 2m
EXCESS DELAY (n=) EXCESS DELAY (ns)
pdSac 1.0=n pdSac
fwishing and wol suarag fmishing and oot swrag
beavy clutter beavy dutter
146304 n path - 146304 m path
cbetr path abatr path
20.0872 dB 20.4858 dB
6,0000008 V/div £.00000e-03 V/div
48T mme 25 468708 rms
Q188415 gain Q172885 gain
20000 dB stten A.0X0 dB suten
100 xx o 100 X0
EXCESS DELAY (ns) EXCESS DELAY (ns)
pdSac 1.0 pdSac
fmishing and todd starag finishing and tool sarag
beavy clutter heavy dutter
146304 m path - 148304 m path
obatr path obetr path
81.04% dB 220765 dB
0000008 V/div ol 60000008 V/div
ABMDtetB e O £.6810)¢-08 rms
9.8350~-02 gain 7.739450-02 gain
20,0000 dB atien 20,0000 dB stien
O—AA-M-TAA&—ﬁ
10 X0 [+ 100 2
EXCESS DELAY (nsa) EXCESS DELAY (nse)



1.0 cm,

0.5 wand

1.0

OLE

pdiac

finizhing and tool starag

beavy clutter
146304 m path
obetr path
211772 dB
£.000000-08 V/div
53052208 e
Q185025 gain
200000 dB atten

100

EXCESS DELAY (as)

pddac
fmishing and todd sorag
beavy clutter
146304 m path
obrir path
277776 dB
A00000=08 V/div
8170508 rir
Q250215 gain
20.0000 di3 atten

1.0weny

Qb et

1.0 e

Q5ems

344

pdsac

fishing and tool starng

heavy dutter
146304 m path

cbstr path
801716 dB

£.00000-08 V/ div

£.65200.-08 rine

Q147643 gain

0.5

20,0000 dB atten

100

EXCESS DELAY (na)

pdsac

finishing and tood starag

Leavy dutter
14.6304 m path
cbstr path
27.8627 dB
00000008 V/div
45424108 rme
Q209307 gain
20,0000 dB ntien

1.0

Q6w

1.0cmey

pdbac

flnishing and tool storag

beavy clutter
14.630¢ m path
obetr path
000 dB
5.00000e-01 V/div
H.22076e-08 rma
8.58400e- (2 gain
000U dB stten

pdSac
frishing and ool sarag
beavy clutter
146304 m path
obstr path
271431 dIx
50000006 V/div
8.4281 -8 rms
Q206518 gain
200000 4B atien

[¢] 100 xu 100 X0 (4] 100 200
EXCESS DELAY (ns) EXCESS DELAY (os) EXCESS DELAY (o)
1.0 pdéac 1,00y pdiac 1.0emg pdSac
fmishing and tad suarag fishing and todl starag fwishing and too! starag
beavy clutier beavy clutter beavy clutter
— 148308 m patk ond 146304 m path o 146304 m path
cbetr path cbatr path abatr path
03318 dB 20510 dB 28 4069 dI'1
000000 V/ div 60000000 V/div 50000008 V/div
05— 871Z6-CHrme OB sezexBrms OO £.28004-C8 1
014235 gain 2TEMEC2 gain 0221650 gain
20000 dB ptten 0000 dB atten 20,0000 dis atien
T
4] e 4] (4] 100 %0
EXCESS DELAY (o)

EXCESS DELAY (rs)




$.0mene pdbac
finishing and wol storag
beavy clutter
ad 146304 m path
abetr path
27055 dB
£.000006-08 V/div
Qe 4.560800-08 i
80088402 gain
20.0000 dB atten
g
O
.-.I M—Ab-%h-ﬁ
1] 100 200
EXITESS DELAY (ns)
100 pdsiic
fmisbing abd todl slorag
heavy clutter
. 243841 m path
obstr path
86.6011 413
10000002 V/div
Obem BE2134e-08 nme.
Q337U gain
10.0000 dB3 atten
L
O
—I
[¢] 0 &0

EXCESS DELAY (ny)

.00 pdSbe
fnishing and ool norag
beavy clutter
243841 m path
obetr path
%8157 dD
10000002 V/ div
Obem 80608 e
Q421400 gain
100000 d13 atten

2.0

05em

1.Gcmem

1.0wm

0.5ee
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pdSbe
finishing and wol storag
heavy clutter
243841 m path
cbetr path
&.1765 dB
1.00000e- (2 V/ div
1.87e62e-07 s
Q80478 gain
100000 dB atten

pdSbc
finishing and ol storag
beavy clutter
243811 m path
cbatr path
80.4546 dB
1.0000e-(2 V/ div
B.765X-08 rows
Q347458 gain
10.0000 dB atten

pdsbe
fmishing sud toul starag
beavy clutter
243841 m path
obetr path
844848 dB
1.00000~02 V/ div
£.00850~08 rme
Q640800 gnin
10.000 dis aven

1.Oaum pdbbe
finishing and todd storng
heavy dutter
243811 m path
cbetr path
30.0180 dB
100000002 V/ div
Obwes 805271e-08 rme
Q384147 gin
100000 dB atten

0 260 8Q0
EXCESS DELAY (ns)
1.0 pdSbe
finishing and todl storag
beavy clutier
el 243841 m path
abstr path
358212 dB
10000002 V/ div
05 RE7E550-08 rms
Q402009 gain
1Q.0000 dB atten
Crxor
T

EXCESS DELAY (ns)

1.0 pdSbe
finishing and tool storag
beavy clutter
24.384) m path
obstr path
0045 dB
1.00000e-02 V/div
1.26811e-07 rrro
Q901419 gain
10.0000 dH atten




10w

220

1.0 em

2T

PR

0.5 emes

pdbbe
finighing and tool sarag
beavy clutter
248841 m path
cbetr path
841816 dB
1.00000e-02 V/div
1.0900e-07 rms
Q583418 gnin
100000 dB stten

pdSbe
fiishing and ol sarng
beavy dutter
24.384] m path
chetr path
.5028 dB
1000000 V/div
13000107 rms
0.844258 gain
10.0000 dB atten

pdbbe
finishing and taol storag
beavy clutter
24384! m path
cbetr path
a2 4504 dB
1.00000~-2 V/div
11885207 rerm
0885810 guin
10.0000 4B atten

1.0

Qe

1.0e==

0.5 ey

1.00em
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pdbbe
finishing and ool sarag
beavy clutter
28B4l m path
cbatr path
0714dB
1.00000e-02 V/div
B E3748e-08 roe
Q488004 gain
10.0000 dB asten

0 &0

EXCESS DELAY (ns)

pdShe
finishing and wol storeg
beavy clutier
24.334] m path
obstr path
857675 dB
1.00000=-02 V/div
1.048800-07 rrrms
Q407012 gnin
10.0000 dB atten

250 &0
EXCESS DELAY (ns)

pdbbe
fioishing and tool sworag
beavy clytter
24.384) m path
cbatr path
31.8848 dB
1.00000e-02 V/div
1.20000e-07 rime
0.985130 gain
100000 dB stten

1.0ems

[T

0.5

pdbbe
finishing and wol storag
beavy clutter
243841 m path
obstr path
86.035 dB
1.00000e-02 V/div
7.05761e-08 rro
Q.S22028 gin
10.0000 dB aten

EXCESS DELAY (ns)

pdShe
finishing and wol storeg
beavy clutter
243841 m path
cbstr path
0811 dB
1.00000e-02 V/ div
12221807 rrs
Q778888 gain
100000 dB atten

1. 0w

Q5o

pdbbe
finishing and tool storag
heavy clutter
243841 m path
obstr path
31.1840 dB
1.00000-CR V/div
1.81880e-07 rmes
117404 gain
100000 dB stten

L L [
o %0 &0
EXCESS DELAY (o)



0. b

1.0

Qbensg

pdbbe
finiehing snd todd etarng
keavy dutter
24.5341 m path
obstr path
832204 dB
L0000 V/ div
1.341080-07 rre
0.730166 gain
100000 dB atten

EXCESS DELAY (ns)

pdbee
fishing and wol storag
henvy clutter
831340} m path
cbatr path
89.9463 dR
1.00000:-CC V/div
1.89240007 rms
1.65400 gnin
Q. dE atten

] I
] 250 50
EXCESS DELAY (ns)
3.Ocmm pdbec
fmishing and todl sarag
beavy clutter
. 838401 m path
obstr path
20510 dB
1.00000e-C2 V/div
Qb 1.28730e-07 rrie
C.00TTE8 guin
Q dB biten
=
0 o850 &0

EXCESS DELAY (ns)

1.Ownny

Q5w

£\ e

(-]

1.0am

Q.5

]
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pdbbe
finishing and ool storag
boavy dutter
24.984! m path
obetr ppth
851287 dB
1000002 V/div
10920607 roos
0.471510 gnin
10.0000 dB stten

0 &0

EXCESS DELAY (ns)

pdbee
fnishing and ool storag
beavy elutter
63.3401 m path
obstr path
4281548
10000002 V/div
1. 1802007 rrvss
0.721451 gain
0. dB atien

pdee
finiabing and tool starag
beavy clutter
£3.3401 m path
obstr path
431087 dB
1.00000e-02 V/div
8.00223e-(B rmre
Q.78530) gain
Q dB aten

EXCESS DELAY (pa)

PR pdbee
flnishing and todd stareg
beavy dutter
ol 53.340) m path
Smn
[+
o
1.0 pdbec
finishing and wod! starag
heavy elutter
el 543401 m puth
cbstr path
42828 dB
10000000 V/div
Q6o 1.204040-07 i
Q80650 gain
Q dBatten
0 200 &0

1.0

0.5

EXCESS DELAY (ur)

pdbee
fmighing and wool storag
beavy clutter
8330] m path
obetr path
434300 dB

0.60710 gain
0. dB atten

EXCESS DELAY (os)



1.0z
fioishing and tool starag
beavy cutier
£3.3401 m path
cbatr path
435176 dB
1.00000-02 V/div
8.58328~-08 1y
Q633082 gain
Q dB atten

Q.50

EXCESS DELAY (us)

pdsee
faishing and tool atarag
beavy clutter
633401 m path
cbstr path
42.6360 dB
2.00000~(2 V/ div
QESI 3708 e
Q836065 gain
0 dB stten

1.0

Q5eg

] 20

EXCESS DELAY {ns)

pdSec
finishing and tool storag
beavy clutter
£3.340] m path
abetr path
2 0000 dB
1.0000e-0C V/div
1.02700e-07 rire
QE25540 gain
O dB atten

1.0

0.5

pdbee 1

LO‘T

0.5

Oy

"
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pdbee
finishing snd tool storag
beavy chutter
533401 m path
obetr path
L5377 dB
1.00000e-02 V/ div
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Appendix E
Spatially Averaged Multipath Power Delay Profiles

The following are spatially averaged multipath power delay profiles
made from the local average of 19 profiles collected at each of 50 measure-
ment locations in 5 factories. The filename is located in the upper right
hand corner of each plot and indicates the measurement location (see Fig-
ure 3.4). The following data is given from top to bottom on each profile
plot: filename, factory area, clutter conditions, T-R separation, LOS or
obstructed path, relative path loss, vertical scale setting of oscilloscope,
r.m.s. delay spread, relative path gain, transmitter attenuator setting.
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Appendix F
Spatial Fluctuations of Multipath over a Local Area

The following are plots made from the multipath power profiles col-
lected from 50 measurement locations in 5§ factory sites. The filename is
given at the bottom of each plot and indicates the measurement location
(see Figure 3.4).
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