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FOREWORD

This technical report was prepared by SIGNATRCN, Inc.,
Lexington, Massachusetts, under Contract DAAG29-77-C-0020.
The Principal Investigator was Dr. Leonard Ehrman. Dr.
Alfonso Malaga performed the field measurements and reduced
the experimental data. Dr. Fredric Ziolkcwski performed the
active antenna analysis. Funding for the project was pro-
vided by the U.S. Army Communications Research and Develop-
ment Command (CORADCOM), Communications Systems Center
(CENCOMS) , Fort Monmouth, N.J. The data base was provided by
Mr. J.W. Walker, also of CENCOMS who has provided invaluable
technical and administrative assistance. Dr. J. Mink, U.S.

Army Research office, was Technical Monitor for the Prcject.
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EXECUTIVE SUMMARY

This report, along with the Interim Report {1l] issued
by SIGNATRON in 1977, constitutes the Final Report on Con-
tract DAAG29-77-C-0020, "Communications Data Base alysis

) for Military Operations in a Built-Up Area (MOBA/ngA)".
The objectives of this study were, broadly, (i) to g sess
the state-of-the-art for radio communications in builte-up

areas; (ii) to determine the capabilities of the militak
to maintain reliable communications in built-up areas; aﬁ&\

St ek i ae L aee e .

(iii) recommend further research efforts with the goal of \\
improved military communications. In performing (i) through*™
e (iii), we found that information concerning propagaticn
between low-height antennas in a MOBA environment was
not available in the current data base. We also determined
; that the most significant single means of improving MOBA
radio performance is to utilize diversity reception. Wwe
b therefore embarked on an experimental program to measure
and analyze low-height antenna MOBA propagation at VHF

and UHF, and to determine feasible means of implementing

SALBA Mt

diversity reception.

The experimental program consisted of propagation
measurements at three frequencies, namely 27 MHz, 49.8
o MHz, and 446 MHz. The measurements were made in an urban
area, Boston, Massachusetts, and in a suburban area,
i Lexington, Massachusetts. At each frequency, measure-
ments were made of:

a. street-to-street path loss between low ele-
vation (~5 ft) antennas

b. street-to~building path loss

vii




c. building-to-building path loss
d. intrabuilding path loss

e. correlation between signals received on two
whip antennas spaced a half-wavelength apart.

In addition, at 27 MHz and 49.8 MHz, measurements were
made of

8 correlation between signals received on J
collocated whip and loop antennas.

The most significant results, from an operational

viewpoint, are as follows:

a. The maximum transmission range (with typical Army
radios) in either an urban or a suburban environ-
ment is approximately one mile. In order to
achieve this, one or possibly both of the radios
must be in the middle of the street. If both
radios are on the sidewalk, surrounded by high <

. —

buildings, the maximum range can be as low as
500 feet at VHF, while UHF cannot be received :
unless the two radios are in line-of-sight of

each other.

b. Short distance (100 meters) street-to-building ' e
communications can be reliably established at
VHF and UHF as long as the radio inside the
building is not too far in the building interior.
When the radio is deep in the building, low VHF
is superior to UHF or high VHF.

c. Building-to-building communications cannot be
reliably established at either VHF or UHF unless
{n one of the radios is near a window facing the |
other building.
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a. Communications can be reliably established

at both VHF and UHF between nearly any floors
in a building providing the radios are in a
stairwell or near an elevator shaft. Communi-
cations are possible, although with a higher
path loss, away from stairwells and shafts, |
as well as between the lower floor and the 1
basement. Of the three frequencies used,

49.8 MHz had the best performance, i.e., least i

path loss, in between-floor tests.

e. The communications range along corridors in a
building is dependent on the corridor geometry
‘E’ and interior wall construction. UHF is superior
to VHF in straight corridors, but has a greater
path loss when the corridors have corners. The
VHF range may be as great as 100 meters in a

cinder block or concrete-walled corridor, and

reduced by a factor of two to four in a gypsum
walled corridor.

f. When either the receiver on the transmitter is

moved, the received signal level will vary ,
according to the Rayleigh probability dis-

° tribution. Correlation measurements made
with collocated whip and loop antennas, as
well as whip antennas separated by 0.5 wave-
lengths, show sufficient decorrelation such
that a dual diversity MOBA radio would have
its range increased by a factor of 1.4 to
1.8.

The most significant results from a technical viewpoint
are concerned with models of the transmission loss for low

elevation antennas at VHF and UHF. This model extends the s




usefulness of the Okumura model (2], and is in excellent
numerical agreement with it at 446 MHz. The model is
easier to use than the Okumura model, and is similar in
certain respects to the Allsebrook/Parsons model [3].°
OCur mcdel takes the form:

L= Lp(d) + LD(f) - Ht(ht,f) - H;(hr,f) +

Ku,s(f'd) + Lb(f)

where

Lp(d) is the plane-earth path loss between

two 2-meters high antennas

LD(f) is an environmental clutter factor
which varies with frequency. Our
estimate of this factor from our

data is shown in Figure 3.3-7.

Ht(ht,f) and Hr(hr’f) are the classical antenna
height-gain factors relative to a
2-meter antenna

Kuls(f;d) is a highly-built-up (urban) or
medium-built-up (suburban or along-
street urban) correction factor.

The urban correction factor Ku is
frequency independent but varies
depending on the transmitter

and receiver locations. The medium-
built-up area correction factor Ks
also applies to -transmission along
urban streets and varies with fre-
quency. Our estimate of this factor

from our data is shown in Figure 3.3-9.
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The theoretical plane—-earth path loss increases at a
rate of 40 dB per decade of separation between the trans-
mitter and receiver. Figure 3.3-6 shows the average path
loss measured by SIGNATRON at 27 MHz, 49.8 MHz, and 446
MHz. All of our experimental data were used to compute
these losses; the 27 MHz and 49.8 MHz data include both
in-street and on-sidewalk measurements, while the 446 MHz

i data are for in-street measurements only. In all cases,
the data are seen to show the theoretical 40 dB/decade A

slope. Also shown on the figure is a point from Okumura's
model for the urban path loss at 446 Miz and 1 kM separation.
Our measurement differs from his prediction by 1.4 dB.
Therefore our model can be used to smoothly extend the

NEREEDY, VETF SRR

Okumura model to VHF propagation at distances less than
1 km.

Based on the results of this program, two recommendations
were made. First, a development program should be started

to build and test a VHF diversity receiver using an active
loop antenna as the auxiliary antenna. Second, a research
program should be started to determine means of extending
the range of MOBA radio communications. This should include
consideration of relay techniques, externally deployed

° antennas, and the use of other frequencies, most notably
HF. 1
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SECTION 1

INTRODUCTION AND SUMMARY

1.1 Introduction

This document is the final report on Contract DAAG29-77-C-0020,
"Data Base Analysis for Military Operations in a Built-Up Area
(MOBA)". The background of this work is as follows. Military
operaticns have classically taken place in open areas, and
tactical radio communication systems have been developed to work
in that type of environment. It has been found that when conduct-
ing military operations in a built-up area iMOBA), radio communica-
tions become erratic, with even short distance communications
being impaired. A considerable body of literature on VHF and
UHF radio transmission and propagation in the urban environment
is in existence. However, no compilation or analysis of the
operational impact of this data base had been performed prior
to this study.

The objectives of SIGNATRON's study were originally to review
and expand the data base and (i) assess the state-of-the-art for
communications in built-up areas; (ii) determine the capabilities
of the military to maintain reliable communications in built-up
areas; and (iii) recommend further research efforts with the goal
of improved military communications. All of these objectives
have been fulfilled and are documented in our Interim Report
15068.1: "Communications Data Base Analysis for Military Opera-
tions in a Built-Up Area (MOBA/COBA)". In the course of our
research we discovered certain data to be lacking in the existing
MOBA data base. We also determined that the most significant
single means of improving MOBA radio performance is to utilize
diversity reception. The objective of the present contract =2
SIGNATRON was to gather the lacking data, perform diversity £rs-
pagation research measurements, and analyze the results so iz
they could be used to augment the existing data base and ¢ive
direction to future MOBA radio development. The current cr- :ram




consisted of MOBA data base augmentation, MOBA data base up-
! dating and research for long-term improvements.

i) MOBA Data Base Augmentation

: The MOBA data base which we reviewed in the original

: study has two shortcomings. First, the data were primarily taken

with elevated base-station antennas. Secondly, there is little

quantitative information concerning building-to-building, short-

distance street-to-street, and street-to-building propagation. ;
Thus, the present contract was intended to allow us to perform

i experiments to acquire data in the VHF and UHF bands which would )
| fill in the gaps in the existing data base. The data reduction

and analysis were designed so that the results would be similar j
in form to those of the existing data base, e.g., Okumura,

allowing them to be used in a unified propagation analysis.

ii) MOBA Data Base Updating Q ‘

A significant data base was established and analyzed

1 in the interim report. As part of the continuing effort the :
technical literature was monitored, on an on-going basis,

3 and the data base periodically updated. 1In addition, contact

was made with researchers in other countries, in order to

obtain the most recent and unpublished results for inclusion in

the data base. '

iii) Research for Long-Term Performance Improvement

that MOBA radio communications can be best improved by use of
diversity. We recommend two techniques which require neither
transmitter modification nor extra fregquency allocation. These
are polarization or field diversity and space diversity. Thus

a diversity measurement program was included in our MOBA

data base augmentation experiments. The purpose of these measure-
ments was to determine the strength and correlation of the

signals received on space diversity receiving antennas and on

two field diversity receiving antennas, thereby providing a

MOBA diversity data base.

PRCIN 3

l A primary conclusion of the data base analysis was ‘29
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Antenna development was included as part of the Y
experimental program. The original study indicated that sgpace
diversity would be more practical and desirable at UHF than at
VHF, and that field diversity using vertically polarized whip
and loop antennas would be the most practical means of achieving
diversity with manpack radios at VHF. The correlation data was

analyzed to give the performance of a selection diversity combiner.

All of these objectives have been met and are reported

in this document.

This report is divided into five sections. Section 2
contains a description of the propagation and correlation measure-
ments made, the sites where the measurements were macde, the equip-
ment used to make the measurements, and the 'raw' Jata

(@\ (measurements). The analysis and results of the analysis of the
data are presented in Section 3. Section 4 contains the resulcs
; of the MOBA data base updating as well as an introduction to
active antennas, a new development which may be in use in future
MOBA diversity radios. Section 5 contains our conclusions and

recommendations.

| In the remainder of this section we provide a summary
of the results of Sections 2 through 5.
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1.2 Summary of Section 2: VHF and UHF Propagation Measurements
in MOBA Environments

In Section 2 we give a detailed description of the types of
measurements made, the locations were the measurements were mnade,

the equipment used to make the measurements, the frequencies at

which the measurements were made and the results of the measurements.

The frequencies chosen for the measurements were 27 MHz,
49.8 MHz and 446 MHz. The choice was dictated by frequency
allocation (49.8 MHz) and the availability of egquipment to make
the measurements (27 MHz and 446 MHz). The characteristics of the
equipment (radios, antennas and detectors) are discussed in
Section 2.1. Different transceivers with different output powers
and antenna gains were used at the three frequencies. The output
power and other characteristics of the three transceivers are
given in Table 2.1-1 while the antenna characteristics and their
estimated gains are given in Tables 2.1-2 and 2.1-3.

The types of measurements made and the sites (locations)
where they were made are discussed in Section 2.2. As discussed
in the introduction, two types of measurements were made: path
(or transmission) loss measurements and diversity (or correlation)
measurements. The path loss measurements can be grouped into four
different types of measurements:

a) Short distance street-to-street propagation between
low elevation (~5 ft) antennas;

b) street~to-building propagation;
c) building-to-building propagation; and

d) intrabuilding propagation.
The correlation measurements were made with the purpose of invest-
igating two types of diversity reception:

a) field diversity which uses. two receiving antennas
to detect the electric field (whip antenna) and the
magnetic field (loop antenna) components of the
received electromagnetic field:; and

i
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b) space diversity which uses two antennas placed far
enough apart (a half-wavelength) so that the signals
captured by the two antennas are sufficiently

decorrelated.

The street-to~street propagation measurements were made in
two areas: the business district of Boston, Massachusetts, and
the center of Lexington, Massachusetts. The various propagation
paths (transmit-receive-location) used in each area are described
in detail in Section 2.2. The Boston business district is typical
of an urban area while Lexington Center is more typical of a
dense suburban area. The results of these measurements (raw data)
are given in Section 2.3 in graphical form as a function of the

transmitter-receiver separation. Some of the trends observed are:

1) the maximum range, under favorable transmitter/receiver
siting, when the transmitted power is in the order of
2 watts (at 27 MHz and 49.8 MHz) to 10 watts (at 446 MHz)
is about 5,000 ft (-~ 1.5 Km) in both urban and sukburban

areas;

2) the range is reduced to 2000 ft where both transmitter
and receiver are surrounded by very high buildings
(>10 stories high) provided the transmitter and receiver
are not too close to the buildings (e.g. middle of the

street);

3) where both transmitter and receiver are surrounded by
high buildings and both are on the sidewalk close to
the buildings, the range is as low as 500 ft; and

+

4) when the transmit location is moved from a location
close to a building to the middle of the street, the
received signal level increases by as much as 20 dB.

The street-to-building, building-to-building, and intra-
building measurements were made for the most part in two reinforced
concrete office buildings located in the business district of
Boston. One of the buildings was 24 stories high while the other

1-5




was 5 stories high. Both of them were located on the same side
of the street, roughly 100 ft apart. A floor map of the two
buildings is given in Section 2.2. In addition, some of the
measurements were made in the SIGNATRCON building which is located
in Lexington, MA. The outside walls of this building are made

of cinder block with brick veneer, while the interior consists of i

a wooden frame with gypsum walls.

The street-to-building measurements were made both along
a floor and in various floors (including a basement) as a function
of elevation. The results of these measurements are given in 4
Section 2.4 in graphical form as a function of receiver flocr

location (for one set of measurements) and as a functicn of

distance from the transmitter (for the other). Some cf the obser-
vations made were: <:>
1) the received signal level in general decreases as the

floor height increases; and

2) the received signal decreases as the location inside
the building is farther away from the other location
outside the building.

The building-to-building propagation measurements were made
with the receiver located in a fixed location in one building
while the transmitter position was varied from floor to floor in
the other building. The relative positions of the transmit and
receive locations are shown in a scaled drawing in Section 2.2. e:’
The results of the measurements are given graphically in Section 2.5
as a function of the difference in floor levels between'the trans-

mit and receive locations. The measurements exhibited no height
dependance. Reception was possible only when the transmitter was
located near a window and no reception was possible when the
receiver was in the basement.

The intrabuilding propagation meéasurements tested for the
following effects:

a) transmission along straight and winding corridors; *

b) transmission between above ground floors;

1-6
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c) transmission between a basement and above-ground

floors; and

4) transmission in stairwells and elevator shafts.

! The results of these measurements are given in Section 2.6 in

‘ graphical form as a function of distance along the corridors
and the number of floors between transmitter and receiver. The
height of each floor was estimated to be 13 feet. Some of the

observations made are:

a) the received signal in corridors drops off exponentially A

with distance indicating waveguide type ¢f propagation:

s andon

b) in the transmissions between above-ground floors,
basement to above-ground floors and in stairwells,

<:§ the received signal decreases as the n“h

power of
the number of floors transmitted through (the value
of n varies from one frequency to another and from

1 one type of transmission to another);

c) in the transmissions along elevator shafts, the received
signal decreases exponentially with the number of

floors transmitted through;

d) in general, for transmission through a fixed number
A ‘of floors, the received signal is stronger in a stair-
well than'in elevator shafts and weakest where trans-
Q mission is through the ceilings.

In addition to the path loss measurements, data was gathered
to determine whether diversity reception could be useful or not.
The data was obtained simultaneously and consisted of the received
signal levels from the diversity antennas while the receiver
remained in a fixed position. Two types of diversity reception
were investigated:

a) field diversity at 27 MHz and 49.8 MHz, and

b) space diversity at 49.8 MHz and 446 MHz.

mﬂ"’, "A"f
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The field diversity measurements were made using a standard
whip antenna which measures the electric field component of the
received signal, and a multiturn loop antenna which measures the
magnetic field component of the received signal. The amount of

correlation between the two signals determines the diversity gain.

The space diversity measurements at 49.8 MHz were made by
correlating the received signal levels at locations 10 ft. apart
(.506A). Similarly, the space diversity measurements at 446 MHz
were made by correlating the received signal levels at distances
of 1.67 ft (.751) and 3.3 ft (1.5X).

a




1.3 Summary of Section 3: VHF ar< 7 Zz2ta Analvsis

In Section 3, path loss and crrr-z.z2Zi2n analysis of =the
data are presented. The path loss 1z =zfined as the averace
attenuation introduced by the propazs-.~r (transmission) medium
independent of the transmitted power =i =he transmitting and
receiving antenna gains. The correlz-.2n analysis is done by
determining the correlation coeffici«rc (defined in Section 3.2)
between the signals measured with the “wo diversity antenras

(field or space diversity).

The results of the path loss zrilyzis are given in graphical
form in Sections 3.1.1 to 3.1.4 for +tre« four types of proctaga
conditions described earlier., The avarasge éath loss for th=
various stree:z-to-street propagation r.aths tested are given in
Section 3.1.1. 1In general the path lwzz f(attenuation) increases
with frequency for all locations (pathszs) tested. The difference

1Hz

e

between the path loss at 27 MHz and the path loss at 49.38
is on the average 8 dB, while the diffcrence in path loss between
49.8 MHz and 446 MHz is on the averag~ 4 dB. Furthermore the path
loss for the various urban and suburban locations (paths) tested
increases with distance at rates randging from 20 dB/decade to

47 dB/decade. The average rate of increase of the path loss with
distance is, however, 40 dB/decade for all three freguencies
tested as shown in Fig. 1.3-1. The difference in the average path
loss between a medium built-up area (suburban Lexington) and a
highly built-up are (Boston) ranges from 2.5 dB at distances
greater than 1 Km to 30 dB at distances less than 100 meters.
These trends, and others discussed in Section 3.1.1, were used

to derive a path loss prediction model applicable to short
distance propagation (up to 2 Km) between low elevation antennas
located in built-up areas. The path loss prediction model 1is
described in detail in Section 3.3 and is more suitable than

other models previously described in the literature for the

situation just described.
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The (average) transmission losses for the street-to-building
propagation measurements are discussed in Section 3.1.2. The
effect of the building is discussed in terms of the building
penetration loss, which is defined as the difference (in dB)
between the average transmission loss and the free-space loss
for a transmitter and receiver located at an equal distance in
free space. The building penetration loss in general decreases
with freguency. However, since the free-space loss increases with
frequency (6 dB/octave), the average street-to~building trans-
mission loss reaches a minimum at a frequency estimated to be
around 50 MHz. The building penetration loss varies randomly
from floor-to-floor so that no height-~gain (decrease in the
peneﬁration loss as the receiver floor location increases) is
observed. More specifically, the street-to-above-ground-floor
penetration loss for a concrete wall building ranges from 54 dB
to 80 dB at 27 MHz, from 54 4B to 68 4B at 49.8 MHz, and from
38 dB to 48 dB at 446 MHz. The street-to-basement penetration
loss for a concrete wall building is 67.5 dB at 27 MHz, 58 dB
at 49.8 MHz and 52 dB at 446 MHz. For a building with outer
cinder block walls and inside gypsum walls, the penetration loss
is 61 dB at 27 MHz, 44 4B to 48 dB at 49.8 MHz, and 40 dB to
58 dB at 446 MHz.

The (average) transmission losses for the building-to-
building propagation measurements are discussed in Section 3.1.3.
The effects of the two buildings are discussed in terms of the two-
building penetration loss which is defined as the difference
(in dB) between the building-to-building transmission loss and the
free-space loss for a transmitter and receiver located at an
equal distance in free space. From the transmission loss analysis
it was found that the two-building penetration loss exhibits no
height dependance, i.e., on the average it is independent of the
difference in floor levels at the transmitting and receiving

ends. The two-building penetration loss ranges from 57.5 dB to
86 dB at 27 MHz, from 65 4B to 77 dB at 49.8 MHz, and from 58 4B
to 64.5 dB at 446 MHz.
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The (average) transmission losses for the various
intrabuilding propagation measurements are discussed in
Section 3.1.4. The transmission loss (in dB) along corri-
dors varies linearly with distance. 1Its rate of increase
varies with the dimensions of the corridor, whether the
corridor is straight or not, and with frequency. When
the corridor is straight, the transmission loss and the
rate at which the transmission loss increases {with distance)
decrease with frequency. However, the converse is true
when the corridor has one or more turns. Table 1.1 sum-~
marizes the average transmission loss at a distance of 20
meters along various corridors and the rate of increase for
longer distances. The transmission loss (in dB) between
above ground floors, between a basement and above-ground
floors, and in stairwells increases linearly with the log
of the number of floors transmitted through. The %trans-
mission loss (in dB) along elevator shafts increases
linearly with the number of floors transmitted through at
the VHF frequencies and linearly with the log of the number
of floors transmitted through at 446 MHz. Table 1.2 sum-
marizes the average loss due to transmission through one
floor and the rate of increase in the average loss due to
transmission through a greater number of floors for the
various cases mentioned above at the three test frequencies.

The results of the correlation analysis are dis-
cussed in Section 3.2. The envelope (amplitude) correlation
coefficients for the field diversity measurements at 27 MHz
and 49.8 MHz are summarized in Tables 3.2-1 through 3.2-4.
They vary from a value of .14 (little correlation) to .90
(high correlation) from one set of measurements at 27 MHz
to another. At 49.8 MHz, they vary from .07 (no correlation)
to .90 (high correlation). Similarly, the envelope corre-
lation coefficients for the space diversity measurements are
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summarized in Tables 3.2~5 through 3.2-11. At 49.8 MHz,

the spatial correlation varies from .003 (uncorrelated) to
.72 for a separation distance between antennas of 3 meters.
At 446 MHz, the spatial correlation varies from .10 to .79
for a separation distance between antennas of 50 cm and from
.02 to .71 for antennas 100 cm apart.

The diversity gain resulting from the use of
field or spatial diversity is usually explained in terms
of a decrease in the outage rate (the fraction of time that
the received signal is below a usable level). Howeveg, in
the case of street-to-street propagation, the diversity
gain is directly related to an increase in the range of a
fixed output power transmitter. Thus, we have plotted in
Figure 1.3-2 the increase in the range of a radic which
uses dual selection diversity (either field or space) as a
function of the path loss rate of increase with distance
and for various values of the 'complex' (amplitude and phase)
correlation coefficient r between the two diversity branches.
When the signals received with the two diversity antennas
are Rayleigh fading (as they are in this case), the ampli-
tude (envelope) correlation coefficients are approximétely
equal to the square of the complex correlation coefficient, r.
Keeping this in mind, it can be seen from Figure 1.3-2 that the
use of field diversity at VHF and space diversity at VHF |
and UHF will result in an increase in the range of the
transmitter by at least a factor of 1.3 and up to a factor
of 1.8 times the range of a similar system which does not
use diversity, when the path loss increases at a rate of
40 dB/decade (inverse fourth power law). When the path
loss increases at a lower rate, the increase in range can
be greater. Measurements by other workers indicate that
the higher the antenna elevation the lower the rate of

increase in path loss.
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1.4 Summary of Section 4: MOBA/COBA Data Base Update

In Section 4, we discuss a series of topics which
are related to the MOBA/COBA problem but which are indepen-
dent from the measurements we made. In Section 4.1 we give
a summary of a series of meetings held with European re-
searchers with the purpose of incorporating their findings
into the MCBA/COBA data base. Basically, 211 of the British
German, and Swedish researchers that we talked with have
conducted experiments with similar results to ours showning
that the received signal level in an urban environment
follows an inverse fourth power law, i.e., the path loss
increases at a rate of 12 dB/octave or 40 dB/decade. Most
of them, also agree that urban radio communications can
be improved by using diversity reception and by employing
elevated antennas. In addition, the German scientists
have been successfully employing active antennas in di-

versity configurations.

Section 4.2 summarizes work which has recently
appeared in the literature and which is related to the MOBA/
COBA problem. Among the recently published work are the
results of propagation measurements made in British cities
by a group of British workers at frequencies in the VHF
and UHF range using medium elevation antennas (20 to 50
meters). Their measurements exhibit the same distance de-
pendence as ours (inverse fourth power law) and further
reinforce our prediction model. 1In addition, we alsc re-
port on some man-made {(ignition) noise measurements made
by the same group of workers. The other work reported on
deals with the analysis of the performance of a two-branch
equal-gain combining diversity receiver with applications
to mobile communications. These latter results are con-

pared with the performance calculations we have done for
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a two-branch selection-diversity receiver and which we

discuss in the context of diversity gain in Section 3.2.3.

Firally, in Section 4.3 we discuss the performance
and some design aspects of an active loop antenna for
implementation of a VHF (30-80 MHz) field diversity system.
An active loop antenna offers an advantage over the multi-
turn loop (MTL) antenna originally chosen for this purpose,
namely that an active antenna can be designed to be very
brecadband (and thus require no tuning) while a multiturn
loop antenna is inherently very narrowband and requires
automatic tuning. The automatic tuning makes the MTL
extremely bulky and heavy for use with manpack radios.

The resulting active antenna has a lower profile and smaller

size and weight than the corresponding passive antenna.
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1.5 Summary of Section 5: Conclusions and Recommendations

The following conclusions are based on the results

of our propagation research.
l. Communications Range

The communications range in an urban or sub-
urban environment is limited. If both the transmitter and
receiver are located on a sidewalk, the VHF range may be
less than 500 feet in highly-built-up areas (average building
height of 5 stories or more), while UHF is, unusable. 1If
both the transmitter and receiver are in the center of
the street, the range may be as great as one mile for both
VHF and UHF. The urban area has a shorter communications
range than the suburban area. For a given transmitter
power, the communication range can be extended by a factor
of approximately 1.4 to 1.8 if diversity recepticn is used.

2. Communications Between and Within Buildings

Communications within a building are possible
at both VHF and UHF, with the communications range being
dependent on the corridor structure, building material,
and number of floors separating the transmitter and re-
ceiver. Communications between the street and a building
are possible at VHF and UHF, although the attenuation
increases rapidly at UHF when one terminal moves into the
interior of the building. Communications between two adja-
cent buildings is not possible unless one terminal is near a
window. Communications inside a building along a straight
corridor is better at UHF than at VHF, but the converse
is true when the corridor has turns. Communications be-
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tween floors is enhanced at both VHF and UHF if within
a stairwell or near an elevator.

3. Path Loss Prediction Model

When low elevation antennas are used, our
experimental data indicate that the path loss in dB can
be approximated by Eg. (3.3-2):

L= Lp(d) + LD(f) - He(ht,f) - Hr(ht,f) (3.3-2)
+ Ku,s(f'd) + Lb(f)

where Lp is the plane-earth path loss for 2-meter antenna
height and separation 4; LD(f) is a frequency-dependent
environmental clutter factor; Ht and Hr are antenna
height-gain factors; Ku,s(f’d) is a frequency and distance
dependent urban/suburban clutter factor; and Lb(f) is a
frequency dependent building penetration loss, applicable
when one terminal is within a building and the other is

in the street. This model is in excellent agreement with
that of Okumura at 446 MHz, but shows less of a frequency
dependence than his at VHF. It is similar to the Allsebrook

and Parsons model, but more complete in the inclusion of
Ku,s and Lb'

4. Propagation Phenomenological Model

The path loss measured in urban and suburban
environments showed distance relations from inverse square-
law to inverse fourth-power law. The inverse square-law
is associated with a single predominant diffraction path,
and the inverse fourth—po&er is associated with (near)
equal strength multiple reflected (or diffracted) signals.

i

i
1
i
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The single diffraction path is important when a terminal

is located on the sidewalk, next to a building; however,
the diffraction loss may be so great that the received sig-
nal is unusable. The multiple-reflected {or diffracted)
signal case, which is the more reliable means of communi-
cation, reguires that one of the terminals be away from

the building.

5. Selection of MOBA Radio Operating Fregquency

The measurements show, and the modeling explains,
that communications are best when the building heights are
small compared to a wavelength. This implies that urban
communications would be better, from a path-loss point of
view, at HF than at VHF. It further implies that UHF
should not be considered for MOBA use by the Army in highly
built-up areas as it requires that radio operators be in
exposed positions. However, use of UHF in suburban areas
{(average building height of two stories or less) may be
more desirable than VHF if antenna profile (height) is a
factor.

6. Fading and Correlation Properties of the

Received Signal

The received signal has been shown by our
measurements, as well as by the measurements made by
numerous other researchers, to be a fading signal. Thus,
improved performance can best te achieved by diversity re-
ception. Our correlation measurements show that both
field diversity, using collocated loop and whip antennas,
and space diversity, using two whip antennas spaced approxi-
mately one-half wavelength apart, are possible. From a
practical point of view, only the field diversity approach
is feasible for a manpack VHF radio.

M e o



7. Antenna Developments

Active antennas appear to have significant
application to military radios. First, because they are
broadband, they can be used as auxiliary receiving antennas
in diversity receivers without requiring additional tuning :
sections. Secondly, because they are physically small, they
have good low-profile capahilities. Third, because they are !
decoupled from their environment by the unilateral transistors, A
they do not require ground planes and, when used in arrays, |
they do not cross-couple. An active loop antenna would be
a practical means of implementing an appliqué for a
diversity VHF receiver.

The following recommendations are based on

the conclusions of this study.

1. A development program be started to
build and test a VHF diversity receiver
using an active loop antenna as the

auxiliary antenna.

2. A research program be started to de-
termine means of extending the range
of MOBA radio communications. This
should include both consideration of C>
relay techniques and the use of other
frequencies, most notably HF.

3. Consideration should be given to ex-
ternally deployed antennas for use
with radios in the interior of a
building.




ot of 2

SECTICN 2
VHE AND CUHF PROPACATICN MEASUREMENTS
IN MOBA ENVIRONMENTS

2.0 Introduction

In this section we present the results of propagation
measurements made in typical MOBA environments at three fre-
guencies: 27 MHz, 49.8 MHz, and 446 MHz. The purpose of making
these measurements was to determine and cquantify the effects of
the medium (environment) on radio communications in the VEF and
UHF bands. The tvpes of prcpagation media selected were tvoical
of those found during Military Operations in Built-up Areas
{MOBA). Thus we obtained measurements of received sicgnal level
in a highly built-up area with a high density of tal
(urban environments) and also in a less built-up zrez with =z
higher dernsitv of one and two story buildings (suburban envircen-
men+ts). From these measurements we are then abhle tc de-
termine the path loss as a function of the environment as well
as the potential for improving the performance of a2 radio
communications link through the use of diversity. The potential
for performance improvement can be determined from measurements
made with two types of receiving antennas - a whip and a loop
antenna - which measure different components of the received
electromagnetic field (Field Diversity). In order to com-
pletely determine the effects of MOBA environments, measure-
ments of the received signal level inside buildings were also made,.
Thus the type of measurements made and described in this section
may be grouped into: street-to-street propagation measurements
between low elevation antennas; street-to-building transmission;
building~to-building transmission; and intrabuilding propagation

measurements.

The choice of frequencies was dictated by freguency allo-
cation and the availability of equipment to make measurements.

2-1
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in these bands. Because we are mostly interested in quantifying
the effects of the propagation medium, we must take into account
the effects of the measuring equipment before comparing the
measurements at the various frequencies. Since different trans-
ceivers were used to make the measurements at 27 MHz, 49.8 MHz,
and 446 MHz, special care must be taken to determine the trans-
mitted power and antenna gains of the various transceivers

before a meaningful comparison of the measurements can be made.

Bence, Section 2.1 discusses the egquipment used in making
the measurements. The types of measurements made and the sites of
the measurements are described in Section 2.2. The measure-
ments of received signal level for the variou§ types of pro-
pagation conditions are given in Sections 2.3 to 2.6. The
trends of the measurements are also discussed in these sub-
sections but a more thorough analysis of the data is deferred
to Section 3. Pinally, Section 2.7 summarizes the measurements
and preliminary conclusions reached from the trends exhibited
by the data.

2.1 The Measuring Equipment

A block diagram of the measuring system used in making
the propagatioen measurements is shown in Figure 2.1-1. A cali-
brated detector is used to obtain an estimate of the path loss
due to propagafion through a MOBA environment by measuring a
DC voltage at the detector output. This requires knowledge
of the transmitted power and antenna gains, as well as the

receiver plus detector input-output characteristics. Thus,

in this section we discuss the pertinent characteristics of the
equipment that we used to make the measurements at 27 MHz,

49.8 MHz, and 446 MHz.
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2.1.1 Transceiver Characteristics

The primary characteristics of the' transceivers used in
the measurements are shown in Table 2.1-1. Two of the radios are
FM, and one is AM. The AM receiver had an AGC system which,
after calibration, was used as the received signal level monitor.
The FM radios used conventional limiter/discriminator receivers.
Therefore it was necessary to build a wide dynamic range detector
and interface it at a low-level point in the FM receivers so that
the dynamic range is not degraded at high signal levels. The
detector circuit is described in Appendix I.

Figures 2.1-2 through 2.1-4 show the calibration curves
for the three receivers. This measurement is from the input
antenna port to the AGC or external detector output. The AGC
covers the input signal range of -30 to ~110 dBm without switching (:)
while the external detectors used in the FM measurements reguired
a switched design to cover a sufficiently wide dynamic range for

useful measurements.

All of the transceivers are normally operated with whip
antennas. The Dyna-Com and PRC-77 use short whips while the
Kenwcod used a quarter-wave whip. In addition, the Dyna-Com
and PRC-77 have 50 ohm antenna input connectors. These antenna

ports were used for making measurements with loop antennas.
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Frequency Range
Modulation
Output Power
Channel Spacing
IF Bandwidth
AGC or Limiter
Sensitivity
Receiver Cali-
brated Measure-
ment Range

Minimum Detect-
able Signal

Antennas

TABLE 2.1-1

Transceiver Characteristics

Dyna-Com 40

27 MHz Band
AM

2.25 W

10 KHz

6 KHz

AGC

1 uv (10 4B

SNR)

-30 to -110 dBm

-110 dBm

5' Whip
+50 2 External

PRC-77

30-80 MHz

FM

2.50 w

50 KHz

18 KHz
Limiter

.5 uv (12 dB

SNR)

-30 to-100 d&Bm

-105 dBm

3' Whip
+50 2 External

Kenwood
TR-8300

445-450 MHz
M
*
1 & 10 W
100 KHz
20 KHz
Limiter
.5 uv (20 4B

SNR)

-4Q *o -95 dBm

-100 dBm

A/4 Whip

*
The 10W output power setting was used in all measurements
except for the intrabuilding measurements along corridors.
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FIGURE 2.1-2 Dynacom 40 Receiver Front End Plus Detector
Input-Output Characteristics
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2.1.2 Antenna Radiation Characteristics

The gain of an antenna is a basic property which has a
direct bearing in the path loss measurements. Gain is closely
associated with directivity, which in turn is dependent upon the

radiation patterns of an antenna.

The gain is usually defined as the ratio of the maximum
radiation intensity in a given direction to the maximum radiation
intensity produced in the same direction from a reference antenna
with the same input power. The reference antenna most commonly
used is the isotropic radiator (i.e., a hypothetical lossless

antenna which radiates uniformly in all directions).

For antennas that have no internal losses, the gain is the
same as the directivity. In general the gain of an antenna in

dB is given by
G=n+D (2-1)

where n is the efficiency factor of the antenna in dB and is
equal to 0 if the antenna is lossless and D is the directivity

of the antenna in dB. However, while directivity can be computed
from either theoretical considerations or from measured radiation
patterns, the gain of an antenna is almost always determined by

a direct comparison measurement against a standard-gain antenna.
The gain of an antenna relative to the gain of the standard
antenna in 4B may be expressed as

= D
G=vy+a, . (2-2)

Tk A e




where Go is the absolute gain of the standard antenna in dB (as
defined by Eq. 2-1) and y is the gain of the antenna in gquestion
| in dB relative to the reference antenna. Thus, the absolute
gain, G, of an antenna can be obtained from a direct measurement
of y and knowledge of Go‘

The gains of Egs. (2-1) and (2-2) do not account for losses 1
due to impedance mismatch between the radio and the antenna. Thus,

it is convenient to define the effective or operational gain of

an antenna system as

A

G =G~ M (2-3)

eff

where M is the mismatch loss in 4B, G is the gain of the antenna
as defined by Eg. (2-1) or (2-2), and Geff is the effective gain
of the antenna system in dB. @

The gains of the antennas used in the three systems under
consideration would ideally have to be determined experimentallyi
Furthermore, the measurement of the antenna gains would have to
be made under conditions similar to those found while making
the measurements. In particular, effects due to the proximity
of the operator and other equipment would have to be included.
Clearly, this is not a simple task and is beyond the scope of this
work. Hence, we héve used engineering judgment to estimate the

gains of the variocus antennas from other available measurements.

The characteristics of the antenna systems that were used : ‘E’
to make the measurements at 27 MHz, 49.8 MHz, and 446 MHz are
summarized in Table 2.1-2. The gains of the whip antenna systems
1 have been determined by estimating the efficiency of the system
relative to a quarter-wave monopole antenna (Go = 5.15 dB) using
‘ the measurements of Krupka (1968] as a guideline. The efficiency .
estimates, matching losses and gains of each antenna system, are
summarized in Table 2.1-3. The S-turn loop antenna system

used at 27 MHz was designed and built (see Appendix II) by
SIGNATRON while the 3-turn loop antenna used at 49.8 MHz ‘
was designed and built by Ohio State University for the i




aueld

ON ON ON ON ON punoas

papuaixdg

S9X S92k SoX sox S8X AIOoMIBN

butyojyew

sayoul ¢ sayour ¢ Jojswetqg doon

suan o

€ S i 3

J9qunN

sayoul g9 sayoul g 3984 ¢ sayosul 01 3934 § y3bua

[eoT3a9A 1eoT3I3A Te013a8A 1E0TIBA TeOTIIBA uorjzezZTIRTOd

dtym aaem doog drym doot dtym rvuuajuy

—-I19j3aend uIn3lIITom ade], uInjI3ITon otdoosatal Jo adiy
DATSD9D oATOD3Y N SAT903Y &

) 4 2AT309Y ’ d 3A1909Y : d uot3oung
JTWSURIL JTusueay, jrwsuel],

ZHA 9vy ZHW B 6V ZHW LZ

Cheme s e v

soT3STIojoRIRY) SWAISAS ePUUSjUV JHN/JAHA T-1°C @19°L

O

-

e sdaa



e 2R AU

B T ce e e

SuTen Puudluy 9ATIODAIIA  E€-1°7 219%°lL

utreo
_ - wosh
gp ‘v | 9P E€+€pTS- gp "S- | 9p9°G+EP6°L- ap °p- 184S
euuajuy
aAT30333d
. . soass'o7
gap G170 ap S1°0 ap S1°0
Yojeus I
a7odouoiy aaeM
gp "1- gp 01~ aP *6- -I193xeny 03
BATIETSY uted
bua
X 9vC” Y661"° Y ¢st° X081~ X LET” u 1
TeoTI30914d
dTym saeMm d1ym drym adiy
—~I23xend doo1 uany ¢ adey, doo1 uanl, o1doosaTal euulIIUY
ZHW 9VvY ZHW 8 60 ZHW LT

(o}
-t
!
o~




She e .t b bt s e

-between the antenna, overator, and other eguipment. The

U.S. Army Electronics Command (ECOM) at Ft. Monmouth under

contract DAAB07-74-C-0593 [Bohley, 1976]. The gains of these

loop antenna systems have been determined from a comparison

of the data taken with a receiving loop antenna and that !
taken with a receiving whip antenna. The range in gains of

the loop antennas were due to variations in the tuning fre- i

quency of the loop antenna caused by capacitive coupling

frequency response of the 27 MHz and 49.8 MHz loop antenna
systems are shown in Figures 2.1-5 and 2.1-6, respectivelvy.
Capacitive coupling between the loop antennas and nearby
objects tends to shift the tuning frequency, resulting

in additicrnal tuning losses. A more thorough description
of the multiturn lcop antenna and its design for the appli-

cation at hand is given in Appendix II.

2.2 Propagation Measurements: Choice of Locations

The propagation measurements made can be separated into
two types: path or transmission loss measurements ané di-

versity (or correlation) measurements.

2.2.1 Path or Transmission Loss Measurement Sites

The transmission loss measurements were designed to in-
vestigate the following effects: (a) street-to-street propagaticn

losses using low elevation anternas; (b) street-to-building pene-
tration losses; (c) building-to-building transmissicn losses; and
(d) intrabuilding propagation losses.

The street-to~street propagation measurements between
low elevation antennas (5' high above local grcund) were made
in two areas: Lexington Center and the business district of
Boston. Lexington Center is typical of a suburban town and
consists of two blocks of two and three story high brick

buildings, while the rest of the area consists of one and two
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Street Map of Lexington Center
Showing Location of Test Sites

FIGURE 2.2-1
O




story high wood frame private homes flanked by trees. A

street map of Lexington Center is shown in Figure 2.2-1 indi-
cating the transmit locations, T, and,T,, and the various re-
ceive positions. As indicated in the map, two sets of measure-
ments were made: one set in which the transmit and various
receive locations were on the same street (Waltham Street),

and the other set in which the transmit location was on
Massachusetts Avenue while the various receive locations were
on Waltham Street. By making these two sets of measurements we
were able to determine the difference in path losses between

along-street and off-street transmitter-receiver orientation.

The business district of Boston is typical of a highly
built-up urban area. It consists of 5 to 30 story high re-
inforced concrete buildings spanning an area 8 city blocks long
by 8 city blocks wide. 2 street map of the area indicating the
transmit locations and various receive locations is shown in
Figure 2.2-2. Three sets of measurements were made in the
Boston business district: one in which the transmit and re-
ceive locaticons were on Congress Street; another in which the
transmit location was at the intersection of Cambridge Street
and New Sudbury Street and the receive locations were on Congress
Street; and a third set in which the transmit location was on
Summer Street and the recéive locations were on various streets
near Summer Street. A detailed picture of the three transmit
locations and the various receive locations for the three
sets of measurements is presented in Figure 2.2-3. 1In par-
ticular, note that the third set of measurements was made
from two different transmit locations on Summer Street. Lo-
cation 3 was used for the measurements at 27 MHz and 446 MHz
while location 3a was used for the measurements at 49.8 MHz.
The Congress Street and Cambridge Street transmit locations
were in a fairly open, wide street area although the neigh-
boring buildings (Government Center) were high structures.

On the other hand, the Summer Street transmit location was on
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a narrow city street surrounded by high density high rises.
From these sets of measurements, it was possible to reach some
conclusions about street orientation and building proximity

effects in urban areas.

The intrabuilding, building-to-building and street-to-
building propagation measurements were made in two reinforced
concrete office buildings located in the business district of
Boston. The two buildings are adjacent to each other on the
same side of the street (New Sudbury Street). One of the
buildings is 5 stories high and has a garage-basement; the
other building is a 24 story office high rise. Some of the
street-to-building and intrabuilding measurements were repeated
inside the one story SIGNATRON building located in Lexington, c:}
MA. The outside walls of this one story building are made of
cinder block with brick veneer, while the interior consists
of a wooden frame with gypsum walls.

The street-to-building propagation measurements were made
along a floor as a function of distance from the transmitter and
in various floors as a function of elevation. The measurements
along a floor were made in the SIGNATRON cinder block building
while the measurements as a function of elevation were made
in the reinforced concrete office building.

The building-to-building propagation measurements were : qi’
made between the two reinforced concrete office buildings on
New Sudbury Street as a function of elevation. The receiver was
placed at two different fixed positions on the third floor of
the 5 story building (low-rise). The transmitter was placed
near a window on each floor of the 24 story building (high-rise).
A scaled (100 ft./in.) floor map of the two adjoining buildings 5
is shown in Figure 2.2-4 indicating the relative positions of
the transmit site (at every floor) and the two receive sites,
R; and R; on the third floor.

s

v RO
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Floor Map of Two Adjoining Concrete Office Buildings

FIGURE 2.2-4
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The intrabuilding propagation measurements gathered data
for the following effects: (a) propagation lcsses along straight
and winding corridors; (b) transmission losses between above-
ground floors; (c) transmission losses between a basement and
above-ground floors; and (d) transmission losses along elevator
shafts and stairwells. All of these measurements were made in
the concrete-wall building (low-rise). 1In addition, the pro-
pagation measurements along corridors were repeated in the
suburban building with wooden frame and gypsum walls.

2.2.2 Diversity Measurements

In addition to the non-diversity measurements, data
to determine whether MOBA diversity reception would be practical
was gathered. The data obtained consisted of the received sig- (:}
nal levels from diversity antennas relative to the normal re-
ceiver antenna. Two types of diversity reception were investi-
gated: (a) field diversity at 27 MHz and 49.8 MHz; and (b) space
diversity at 49.8 MHz and 446 MHz.

The field diversity measurements were made using two
collocated vertically polarized antennas: one was a standard
whip antenna which couples to the electric field component of
the received signal, and the other was a multiturn loop antenna
which couples to the magnetic field component. Since both antennas
had equal polarizations but coupled to different components of CI’
the received electromagnetic field, we can obtain an estimate
of the electric and magnetic field (de)-correlation after pro-
pagation in a built-up area from the ensemble correlation of the
two antenna measurements. '

The space diversity measurements at 49.8 MHz were made

by correlating the measured received signal levels at locations
10 feet apart (.506 A). Similarly, the space diversity measure- 2
ments at 446 MHz were madé by correlating the received signal
levels at distances of 1.67 feet (.75 X) and 3.3 feet (1.5 A).
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2.3 Street-to-Street Propagation Measurements

2.3.1 Urban Path Loss Measurements

The street~to-street propagation measurements made in
Boston are shown in Figures 2.3-1 to 2.3-9. Figures 2.3-1
to 2.3-3 show the recejved signal level in dBm as a function
of transmitter-to-receiver distance for the case in which the
transmit and receive locations were on Congress Street. The
'circles' represent the data taken with a receive whip antenna
while the 'exes' represent the data taken with a receive loop
antenna. The solid line and the dashed line are 'the best fits'
(median received signal levels) to the data taken with the whip
and loop antennas, respectively. The standard deviations away
from the median are shown in parenthesis in the legend. Figures
2.3-4 to 2.3-6 show the equivalent data for the case in which
the transmit location was at Cambridge and New Sudbury Street
and the receive locations were on Congress Street. The data for
the case in which the transmit location was on Summer Street
and the receive locations were on various different streets are

shown in Figures 2.3-7 to 2.3-9.

From the slopes of the 'best fit' lines we can determine
the distance dependence (and attenuation rate) of the received
signal level. The assumed linear distance dependence of the
received signal in dBm implies that the received signal level,
Pr, varies as: Pr~kd-n where k is a proportionality constant
(which depends on the transmitted power and antenna gains), d is
the distance and n is the slope of the 'best fit line' divided
by 10. We see from the urban data at 27 MHz that

4.69 Along street path 1
@ 27 MHz n= 4.0 NLOS path 2*
2.03 NLOS path 3*,

Similarly, from the data at 49.8 MHz and 446 MHz, we have

¢
3
2
%
%
%

*NLOS = not line-of-sight
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4.5 Along street path 1
3.95 NLOS path 2*
4.67 NLOS path 3*

@ 49.8 MHz n

i

4.26 Along street path 1
@ 446 MH=z n= 4.08 NLOS path 2*
2.65 NLOS path 3*,

Of the nine sets of measurements, seven exhibited
approximately inverse fourth power law (nZ4.) distance dependence
independent of the frequency. This implies that the propagation
mechanism is similar to that of plane-earth propagation. Of
the seven sets, six correspond to the cases in which the trans-
mit site was either at the Congress Street - New Sudbury
Street intersection (Figures 2.3-1 to 2.3-3) or Cambridge
Street - New Sudbury Street intersection (Figures 2.3-4 to
2.3-6). Both of these locations are fairly open areas with
no high structures within 50 feet to the front or side of
the transmitter. The remaining set of measurements with near
inverse fourth power law distance dependence is the set of
measurements at 49.8 MHz from a transmit location on Summer
Street (Figure 2.3-8), which is a narrow street with medium
tall structures (3 to 6 stories high) on both sides of it.

The two sets of measurements which exhibit approximately
inverse square law (n2.) distance dependence were also made
from a transmit location on Summer Street at 27 MHz (Figure
2.3-7) and 446 MHz (Figure 2.3-9). The difference between
these two sets of measurements and the set of measurements

at 49.8 MHz is that the latter were made with the transmitter
on the sidewalk while the other two (27 MHz and 446 MHz) were
made with the transmitter on the middle of the street.

The significance of the distance dependence versus
transmitter location is interpreted as follows: typically,
energy will propagate (in a built-up area) from transmitter

*NLOS = not line-of-sight
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to receiver via diffraction over and around buildings and
scattering and/or reflection from buildings. When the pre-
dominant mode of propagation is diffraction over buildings, the
median received signal will exhibit near inverse square law
distance dependence, if there is only just one predcminant
diffraction path. On the other hand, when energy propagates

via reflection and diffraction around buildings (or there are
many significant paths after diffraction over buildings) there
tend to be more than one significant path, which, when adding
out of phase, result in a near~inverse fourth power law distance
dependence. Hence, we conclude that in the case of the

49.8 MHz measurements with the transmitter'on the sidewalk,
energy most likely propagated via reflection and diffration
around buildings (guided street propagation). On the other
hand, in the case of the 27 MHz and 446 MHz measurements with
the transmitter on the middle of the street, energy propagated
predominantly along a single path over the adjacent buildings.
Furthermore, two of the data points at 27 MHz (Figure 2.3-7)
were taken with the transmitter located on the sidewalk (rather
than the middle of the street). The measured received signal
level in this instance was 20 dB lower than the signal level
measured with the transmitter on the middle of the street and

25 dB below the expected median. This measurement illustrates
the gain one might expect when moving away from a building
towards a more open area. Much of our data was, in fact, Qﬁ)
obtained with the receiver in the middle of the street because
the received signal level was not measurable on the sidewalk
close to the building.

Aside from the propagation law, we can also determine
the maximum transmission range for 1-10 Watt transmissions at
VHF and UHF from Figures 2.3-1 to 2.3-9. We see that when
the transmitter is in a rélatively open area (Figures 2.3-1
to 2.3-6), even though the receiver might not be, the maximum
transmission range is 5,000 feet independent of ‘the frequency.
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On the other ha: , when both transmitter and receiver are
surrounded by high structures, the maximum range is 1,000 -
2,000 feet depending on how close the transmitter and receiver
are to the nearby structures.

In conclusion, these measurements indicate that the
urban attenuation rate between low elevation antennas is approx-
imately 40 dB per decade (independent of frequency) whenever
there are no obstacles higher than a few wavelengths within a
few wavelengths of the transmit site and 20 dB per decade if the
opposite is true. The diffraction loss associated with the
20 dB decade transmission may, however, be significant.

The frequency dependence of the net path loss of the
urban propagation measurements cannot be determined until the
antenna gains and transmitted power are subtracted out. Thus
we postpone discussing them as well as the E-H field correlation
until the next section.

2.3.2 Suburban Path Loss Measurements

The suburban street-to-street propagation measurements
made in Lexington are shown in Figures 2.3-10 to 2.3-15. The
received signal level in dBm as -a function of distance for the
case in which the transmit location was at the intersection of
Massachusetts Avenue and Waltham Street is shown in Figures
2.3-10 to 2.3-12. Again, the circles represent the data ob-
tained with a whip receive antenna while the "exes" represent
the data obtained with a loop receive antenna. The sol'd and
dashed lines are 'the best fits' to the data taken with the
whip and loop antennas, respectively. The standard deviations
of the data from their median levels (solid and'dashed lines)
are shown in the legend. Similarly, the equivalent data ob-
tained when the transmit location was on Massachusetts Avenue
and the various receive }ocations were on Waltham Street are

shown in Figures 2.3-13 to 2.3-15.
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The distance dependence (propagation law) of the sub-

o 4 ey S @

urban measuements can be determined from the slopes of the

best fit lines to the data (median received signal levels). We
see that if a P ~kda™ ™ type of distance dependence is assumed
for the median received signal level, then we find from Figures
2.3-10 to 2.3-15 that

@ 27 MHz n= {4.68 Along street path

4.96 NLOS path

e e

3.85 Along street path
@ 49.8 MHz n=

3.58 NLOS path

@ 446 MHz n=

4.66 Along street path
2.28 NLOS path.

We conclude from the data that all but one of the sets

{ of measurements exhibited near inverse fourth power law distance

, dependence which corresponds to a plane-earth type of propagation
mechanism. The remaining set of measurements at 446 MHz exhibited
a near inverse square law type of distance dependence which in-

| dicated that the probable propagation mechaniém was a diffraction
% plus free-space type of propagation. This is not surprising

{ since the transmitter was positioned on the sidewalk with a two
story high brick buiiding directly in front, along a straight

line connecting the transmit and receive locations. At 27 MiHz
(A=11m=36 ft) and 49.8 MHz (X=6m=19.2 ft), the height of the €:§
building (30 ~ 40 ft) is in the order of the wavelength, X, so

that for all practical purposes the building does not represent

an obstacle capable of diffracting the radiated signal. However

» at 446 MHz (A=7m=2.3 ft) the building is many wavelengths high

so that it does represent a diffracting obstacle.

We can then conclude that the suburban attenuation rate

between low elevation antennas is also around 40 dB per decade
when no obstacles larger than the wavelength are in the imme-
diate vicinity of the transmit site and 20 dB per decade when ;

ot . unttiE auiiining

the converse is true. n
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We can also see from Figures 2.3-10 toc 2.3-15 that the
range of the radios in a suburban area was 5,000 fecet inderendent
of the transmit location or freguency. This maximum rance is
similar to that measured in an urban area (Boston) with tae
transmitter located in an open (no obstacles within 50 feet)

area.

The measurements of Figures <.3-1 to 2.3-13 represent
samples at isolated receiving sites and provide us with suffi-
cient information to determine the average path loss as a

s

function c¢f distance for the variocus te

* freguencies. How-

ever, they do not give any infcrmaticn azcut the short scale
distance dependernce (distances in *he

lengths) of the re

9]

eived signal level. This twne of infor-
mation is important because it gives arn indica<ticn of th
changes in received signal level that one might exrcect by
moving a few feet. Thus, in order to obtain this information,
we repeated the suburban path loss measurements but this time
we mounted the receive antenna on a car and recorded the re-
ceived signal level on a portable Gould strip chart recorder.

The transmit and receive radios were the AN/PRC~77 radios pre-

viously described ecuipped with 3 foot whip antennas. The re-
cordings were made at two frequencies: 30 MHz and 49.8 MHz and
are shown in Figures 2.3-16 and 2.3-17. Figure 2.3-16 shows

the recorded received signal level as a function of distance

for the case in which the transmitter and receiving mobile

unit were both on Waltham Street while Figure 2.3-17 shows the
same information for the case in which the transmit locatiocn

was on Massachusetts Avenue and the mobile moved along Waltham
Street. The actual distance was estimated by placing identifyving

marks on the recordings.

From these recordings, we can see that the received
signal exhibits extreme variations in amplitude. Fade depths
varying from a few dB to in excess of 20 dB below the mean sig-
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ﬁal level are seen, with successive minima occurring approxi-
mately every wavelength of the carrier frequency (A=33 ft at

30 MHz, A=20 ft at 50 MHz). Fading is observed even when both
transmitter and receiver are located on the same street (Figure
2.3-16) and the fade depths are actually seen to be greater in
this case than in tne case of no clear line-of-sight path between
transmitter and receiver (Figure 2.3-17). This is not as sur-
prising as it may seem because the greatest fades are observed
when two equal strength signals (at the same frequency) combine
out of phase to form a null (minimum). This is more likely to
occur when both transmitter and receiver are on the same street.
From these observations, we then conclude that changes in re-
ceived signal levels as high as 20 dB may be achieved by moving
to a location of a half-wavelength (20 feet at 50 MHz) away. <:3

I1f we compare the mean received signal level observed
from the strip chart recordings (Figure 2.3-16) at a distance of
2,200 feet from the transmitter, we can see that the mean re-
ceived signal level is about 10 dB stronger than that obtained
from the isolated point measurements of Figures 2.3-10 and
2.3-11. This difference is probably due to the higher gain
(+5 dB) of a car mounted whip antenna {(monopole) than that of
a whip antenna placed in close proximity to a human operacor
{-4 to -5 dB).

2.4 Street-to-Building Propagation Measurements .

The street-to-building measurements can be grouped into
two categories: received signal level measurements as a function
of receiver height (floor level) relative to the transmitter
and received signal level measurements as a function of distance
(inside the building) from a fixed transmitter. '

The measurements of received signal level as a function

of receiver height (floor level) are shown in Figures 2.4-1 to
2.4-3. The transmitter was located outside the building a few
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feet away from the building. The received signal level was
measured on different floors inside the building, including a

basement garage (B), the ground floor (G), and four additional
floors above ground. Piece-wise best fit curves to the data
measured with the whip (solid line) and loop (dashed line) an-
tennas are also shown in the figures, along with the standard
deviation of the data from the best fit curves (shown in the
legend). The piece-wise best fit to the data assumes an ex-
ponentialhdependence of received power with height, i.e., 1

Pr ~ ke . where h is the receiver height relative to the J

transmitter in floor units. This type of dependence was found 4
to be more appropriate than a power dependence, i.e., Pr ~ k'h R
since the standard deviation of the data was smaller in the
former case. From these measurements we can see that there is

no height gain effect but rather the received signal level de- (:} )
creases as the receiver height is increased. This is somewhat

misleading though because the higher the receiver is, the

longer the path the signal has to travel. Thus, in order to

determine if a height gain effect is observed, we must subtract

the effects of propagation path length (i.e., the free-space

path loss). We postpone this discussion, though, to Section 3.

The measurements of received signal inside the building
as a function of distance from the transmitter are shown in
Figures 2.4-4 to 2.4-6. The transmitter and receiver were
both located at the same level (ground level) during these <:>
measurements. In the case of the measurements at 49.8 MHz and
446 MHz, the transmit site was 156 feet and 140 feet away from
the building, respectively. The reason for placing the trans-
mitter at such a distance was so that the received signal level
everywhere within the building could be within the dynamic
range of the receive system. The receive system for the measure-
ments at 27 MHz had a greater dynamic range, though, so that
the transmit site was only one foot away from the building.
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A 'best~fit' curve to the data is also shown in

Figures 2.4-4 to 2.4-6, with the standard deviation indicated
in the legend. The best fit curves assume a power law type of
distance dependence, i.e., P~ kda™" where d is the distance
from transmitter to receiver and N is the power law dependence.
This type of distance dependence was found to have a lower
standard deviation than an exponential type of distance de-
pendence (i.e., P_ ~ ke %%) at all three frequencies. The
power law dependence for the three measurement freguencies are:

1.89 @ 27 MHz
n = 4.03 @ 49.8 MHz
10.6 @ 446 MHz.

Thus, we can see that at 27 MHz, the received signal exhibited
near inverse square law distance dependence while at 49.8 MHz

it exhibited near inverse fourth power law dependence. The
reason for this difference may be explained as follows. The
fourth power law dependence at 49.8 MHz indicates that the re-
cejved signal was composed of two or more signals which travelled
along different ray paths. One was possibly a direct ray which
penetrated the various walls inside the building and the octher
was a ground reflected ray (prior to incidence upon the outside
wall of the building) which also penetrated the various walls

and interfered with the other ray to form an inverse fourth

power law distance dependence typical to plane earth type of
prbpagation. The presence of a direct and a ground reflected

ray was made possible by the fact that the distance of the trans-
mit site from the outside wall of the building was more than

half the total distance from transmitter to receiver (a ground
reflection occurs approximately half way between transmitter

and receiver if both are at roughly the same height above the
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ground). This was not the case for the 27 MHz measurements

so that only a direct ray was present in the latter measure-
ments resulting in an inverse square law distance dependencs.
Both of these measurements also indicate that the cumulative
effect cf the walls inside the buildirg (gypsum walls) was
ninimal compared to the attenuation due to partial refliection
from ané transmission through the outside wall (cincder block and
brick veneer). On the other hand, the measurements at 446 MHz
exhibit an inverse tenth power law distance dependence. This
indicates that the walls inside the building introduced additicnal
losses comparable to those due to the ocutside wall. Since the

farther away the receive site inside the huilding was the more

walls the signal had to penetrate, then the received sicnal nad
to exhibit a mcre pronounced distance degendence. The reascn
why the gypsum walls are lossier at higher frequencies is that

their thickness (5 in. = 12.7 cm) 1is in the order of the wave-

length at 446 MHz (» = 70 cm) but are negligibly thin at 27 Mz
(* = 11l m) and 49.8 MHz (» = 6 m). In conclusion, these measure-

ments indicate that the received signal level in street-to-
building transmission increases the farther the receive site (cr
transmit) is inside the building. The attenuaticn rate is fre-

uency dependent.
Y ¢

In addition to the isclated point measurements, strip
chart recordings of the received signal level at 30 MHz, 49.8 MHz,
and 446 MHz were alsc made inside the building along a corridor
and inside an office with no windows. The transmit site was
approximately 40 feet away from the building and the office and
corridor were approximately 40 to 50 feet further away. These
measurements are shown in Figure 2.4-7 as a Zuncticn cf the
approximate distance covered along the corriZcr and inside the

ffice. The received signal is seen to fade in a manner similar
to signals recorded outdoors which indicates the presence of

multipath. The distance between nulls (fades) is in the order of
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a wavelength and the depth of the fades is as great as 20 dB.
This indicates that the difference in received signal levels
between two locations a few feet apart inside a building can

be as great as 20 dB.

2.5 Building-to-Building Propagation Measurements

The measurements of received signal level for trans-

missions between two adjacent concrete buildings are shown in
Figures 2.5-1 to 2.5-6. The measurements of Figures 2.5-1

to 2.5-3 correspond to a situation in which the receive site

was located on the third floor of a 5 story building in an ample
lobby at the end of the building closest to the adjacent high-
rise building as shown in Figure 2.1-9 (R;). The transmit site
in the high-rise building was varied from floor to floor but

was always at the same horizontal position relative to the
receive site (as indicated by T in Figure 2.1-9). The data

is shown in Figures 2.5-1 to 2.5-3 as a function of the
difference in floor levels between the transmit and receive
sites. In addition, best fit curves to the data are shown where
the height dependence was assumed to be of the form Pr ~ khJl
where h is the relative height in floor units and n is the power
law dependence. This type of best fit was found to have a

lower standard deviation (and thus deemed more appropriate) than

-ah). The median

an exponential type of best fit (i.e., Pr-k'e
values of the data (best fit) is seen to exhibit little height
dependence with the received signal level having a higher value
at lower values of relative height (especially at 446 MHz).

This height dependence is misleading though as the path lengths
for the smaller height differentials are shorter. Thus in order
to determine the 'true' height dependence we must subtract the
path length dependence (free-space loss). This type of analysis

is deferred to Section 3.

The same type of measurements for a second receive
site (R; in Figure 2.1-9) located in another lobby on the third
floor at the end farthest away from the high rise are shown in
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Figures 2.5-4 to 2.5-6. The 'best fit' curve to the data
exhibits almost no height dependence again except for the
measurements at 27 MHz. In this case, the median received sig-

nal levels for the smaller values of height differential are
seen to be lower indicating some sort of height gain as the

transmitter height is increased. This effect is not observed
though in the measurements at 49.8 MHz and 446 MHz. Further-
more, the median received signal levels in site R; are lower
than those in site R; at/ 49.8 MHz and 446 MHz as one might
expect but are considerably higher at 27 MHz (by about 10-20 4B).

.A possible reason for this discrepancy is as follows. The receive

site R, at 49.8 MHz and 446 MHz was actually 20 feet closer to a
window than the receive site R; at 27 MHz. ' The proximity to the
window (which does not face the high-rise but rather the other way
though) and the fact that 20 feet is in the order of a half-
wavelength (i.e., received site could have been in a shadow
region) at 27 MHz might account for the rather low received

signal levels measured at 27 MHz. Thus we conclude that building-
to-building transmission losses exhibit little height dependence
and the attenuation is strictly determined by the type of building
structure.

2.6 Intrabuilding Propagation Measurements

The intrabuilding measurements can be grouped into. four
categories: 1) transmission along straight and winding corridors;
2) transmission between above-ground floors; 3) transmission
between a garage basement and above-ground floors; and 4) trans-
mission along elevator shafts and stairwells.

2.6.1 Propagation Measurements Along Corridors

The measurements of received signal levels for trans-

mission along various types of corridors are shown in Figures
2.6-1 to 2.6-4. BesiL fit curves to the measurements are also

shown along with the standard deviation (in dB's) of the data
from the best fit curves (median levels). The measurements of
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Figures 2.6-1 to 2.6~3 were made in t- orridors whose width

was approximately 8 feet and the heigh of the ceiling was approx-
imately 12 feet. The walls along the corridor were macde cf cinder
block covered with plaster. Cne of the corridors (A) was straight
with a total length of approximately 300 feet and with a few

doors (4-5) along its length. The second corridor (8) was a
winding one of approximate length of 220 fe~t. The 'line of
sight' section of this corridor was approximately 30 feet long,
and the additional straight sections measured approximately

110 feet, 40 feet, and 40 feet, respectively.

The distance dependence of the median levels of the
measured data at 27 MHz, 49.8 MHz, and 446 MHz for the two

-ad
e

corridors is exponential, i.e., P_ ~ k where é is the distance

r

covered along the corridor. This type of distance dependence

was found to have a smaller standard deviation than a power law
distance dependence. The exponential type of distance dependence
is both characteristic and indicative of a waveguide tyre cZ pro-
pagation. Furthermore, the attenuation rates in 4B per 100 £t
(slope = 4.3 2) at the three frequencies for the two corridors

are:

20.8 dB/100 ft,

@ 27 MHz 4.3 o = 24.8 dB/lOO ftl B
20.8 dB/100 £t, A

@ 49.8 MHz 4.3 @ =19\ 29.4 aB/100 £t, B
16.3 dB/100 ft, A

a -

Q@ 446 MHz 4.3 a 30.8 dB/100 ft, B.

Thus we can see that the attenuation rate (slope of the best fit
curves) is somewhat dependent on the frequency and geometry. For
the straight corridor it is in the order of 20 3B per 100 £t at
lower VHF (30-80 MHz) and 16 dB per 100 ft at UHF (44.6 MHz). The
reason for the higher attenuation rate at VHF is possibly the fact

cross-sectional dimensions are in the order of a half-wavelength

in the low VHF frequency range but much greater than the wave-




bdvum o~

edhcsion )

P - -

length in the UHF range. The attenuetion rate fcor the windin

corridor is a few dB greater and varies from 25 AB/100 f= at
27 MHz to 30 J4B/100 £t at 446 MHz. The higher attenuaticn
is due to losses at each turn in the corridor. The excess lo
rate due to the turns increases with freguency from 4 &2/10C
at 27 Milz to 8.6 dB/100 ft at 49.8 MHz and tc 14.5 a&2/100 ft
at 446 MEz. This is not surprising since the same phencrena
is cbserved in waveguide and tunnel propagzation.

In acdition to the dimensions of the corridor, the

material composition of the walls plays an important role in

L ra

determining the total attenuaticn (and possibly the attenuation

rate). This may be seen by ccmparing the median received sizg-

nal levels in a corricor with cinder block wz2ll and steel

ceilings (Ficure 2.6-1) with similar measuremeris mzde az

27 MHz in two corridors (straight) where the walls wore made

of gypsum and the ceiling was sustended tile (Figuras 2.5-47,

We can see that at a distance of 60 feet the medil

i
signal level in a corrider with gymsum wealls i1s ketwean 20 and

40 dB lower than the received signal level at an egual distanc

in a corridor with cinder block walls. This is probably cue

e}

the lower ccnductivity of gypsum compared to cindexr block which

results in much higher losses at each wall reflecticn. From
Figure 2.6-4 we can also see that the best £it curves toc the

data exhibit a power law distance dependence rather than ex-

ponential. However, at distances greater than 40 feet, the best

fit curve is very nearly a straight line so that at cistances

greater than 40 feet, the median received signal level is ex-

ponentially decaying while at distances less than 40 If2ec (2bo
e

-

one wavelength at 27 MHz), it is better approximated v 2 oCw

law type of dependence.

In conclusion, intrabuilding propacation alcrng ccrri

exhibits a waveguide type of propagation behavior whcse at<enuati

rate is dependent on the dimensions and material ccrmrcs:

the walls and which decreases with frequency for straiznt Iorr

. : s ~ s 3
dors. The excess attenuation rate due to turns in the ccrrile

increases with frequency, though.
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2.6.2 Transmission Mcasurements Between 2Above-Ground Floors

Measurements of received signal level for transmission
between various floors in a high rise building are shown in
Figures 2.6-5 to 2.6-7 as a function of the number of floors
between the transmit and receive locations. The measurements
show a general trend towards a decrease in cthe strength of the
received signal as the number of floors that the signal must
penetrate increases. The best fit curves to the average received
signal levels are also shown in these figures. The curves
exhibit a power law dependence on the number of floors
penetrated by the signal, i.e., Pr ~ kh™®, where h is an integer
denoting the number of floors penetrated by the signal. This
type of dependence was found to have a lower standard deviation
than an exponential dependence on the number of floors pene-
trated.

From the best fit curves we can see that the attenuation

rates in dB per decade (10 n) at the three frequencies are:

51.3 dB/decade at 27 MHz
10 n = 25.5 dB/decade at 49.8 MHz
30.2 dB/decade at 446 MHz.

Thus we see that the attenuation rate first decreases with fre-
~uency and then it increases. This may be explained as follows:
at 27 MHz the distance between floors (~15 ft) is in the order

of a half-wavelength (A ~ 36 ft at 27 MHz) which results in high
attenuation due to destructive interference set up by reflections
at each ceiling. As the frequency increases the wavelength
becomes small compared with the distance between floors so that
the reflections at each ceiling are not totally out of phase

as in the half-wavelength case resulting in a much lcwer
attenuation rate. As thg frequency increases further, the

ceiling thickness (1 ~ 2 ft) becomes comparable to the wavelength
(A ~ 2.3 ft at 446 MHz) resulting in additional reflections which
further attenuate the signal. Thus at frequencies in the UHF

idger
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range the attenuation rate begins to increase with frequency.

Some of the attenuation is due to the path length

itself while the rest is due to the presence of the building
structure. We defer discussing the net loss due to the
floor penetration to Section 3.

2.6.3 Transmission Measurements Between Above-Ground -

Floors and Basement

Measurements of received signal level for transmissions
between various floors and the garage basement of a five story
concrete building are shown in Figures 2.6-8 to 2.6-10 as a
function of the number of floors between the transmit and re-
ceive sites. In addition, best fit curves are shown. These curves
indicate that the median received signal level decreases as a power

of the number of floors penetrated by the signal (i.e., P_ -~ kh™"
where h is the number of floors and n is the power) in the VHF
’ range and exponentially (i.e., Pr ~ k'e-ah) in the UHF range.

The attenuation rates in dB/decade (10 n) for the
VHF frequencies are: ~ -

56 dB/decade at 27 MHz
10 n = Y 44.5 dp/decade  at 49.3 Mz

These attenuation rates are somewhat larger than the attenuation
rates obtained from the transmission measurements between above-

(:’ ground floors. However, they are consistent in that the attenu-
ation rate decreases with frequency in the VHF range.

The exponential dependence of the median received
signal level at 446 MHz is not necessarily inconsistent with the
dependence obtained from measurements of received signal level
at the same frequency in the transmissions between above ground
floors. The reason is that a power law dependence approaches
an exponential dependence as the powe:r law (n) increases and

the incremental distance (values of h) decreases. Thus,

if it had been possible to obtain measurements of transmissions

b 6 4 W oo
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to the basement through a greater number of floors, it is con-
ceivable that a power law dependence rather than an exponential
dependence at 446 MHz would have been more appropriate. As it

is, a sub-optimum (greater standard deviation) power law best

fit to the measurements of Figure 2.6-10 yields an attenuation

rate of 50 dB/decade at 446 MHz which is consistent with the

trends exhibited by the transmission between above-ground floors.
The actual attenuation rate at 446 MHz (for the optimum exponential
dependence) is 9.19 dB/floor (i.e., 4.3 o = 9.19).

A comparison of the attenuation rates for transmissions
between above ground floors and for transmissions from above
ground floors to a basement (or vice versa) indicates that the
latter have a 20 dB/decade higher attenuation rate at 49.8 MHz
and 446 MHz. The increase in attenuation rate at 27 MHz is
5 dB/decade. The reason for a lower increase in attenuation
rate at 27 MHz is probably due to the fact that the basement
ceiling was about 30 feet high which is in the order of the
wavelength (rather than the half-wavelength height for the
above ground floors) so that one would expect an attenuation
rate in the same order as that for 49.8 MHz since the room
dimensions are greater than a half-wavelength in both cases.

2.6.4 Transmission Measurements Inside a Stairwell and

Along Elevator Shafts

Measurements of received signal level inside a stair-
well and along the elevator shafts of a 24 story high rise
building are shown in Figures 2.6-11 to 2.6-14 as a function of
the number of floors between the transmit and receive sites.
The dimensions of the stairwell were about 8 feet by 16 feet
while those of the elevator shafts were approximately 6 feet by
6 feet. 1In the case of the transmissions in a stairwell, both
transmitter and receiver were located in the stairwell. How-
ever, in the case of the transmissions along the elevator shafts
(there were 3 of them), both transmitter and receiver were lo-
cated in front of the elevator shaft doors, about 3 to 5 feet
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away. In some instances the measurements might have been made
with the elevator box cars blocking all three shafts while in
some other instances one or more of the elevator box cars may

have been above the transmitter and receiver, allowing a clear path.

In order to determine the dependence of the received
signal level on the length of the stairwell and the elevator
shafts, best fit curves with their respective standard deviations
are also shown in Figures 2.6-1l1 to 2.6-~14. 1In the case cI the
measurements inside the stairwell, the median of the received
signal (best fit curve) exhibits a power law distance devendence
at all three frequencies (each floor was approximately 15 feet
high), i.e., Pr ~ kh™" where h is the distance expressed in
terms of the floor height units and n is the power law de-

pendence. The attenuation rates in dB/decade (10 n) are:

60 dB/decade at 27 MHz
10n = 27.5 dB/decade at 49.8 MHz
38 dB/decade at 44c Miz.

It can be seen that the attenuation rate exhibits the same
frequency dependence as in the flcor-to-£floor transmissions,
i.e., it decreases with fregquency until the wavelength becomes
comparable with the thickness of the staircase steps in which
case it increases with frequency. Although the total attenuation
1s lower in the stairwell transmission than in the £floor-to-
floor transmissions (at least initially when there are only a

few floors between transmitter and receiver), the fact that the
attenuation rates are higher indicates that eventually as the
distance (number of floors) becomes large enough, the attenuation
will be higher in a stairwell. This is probably due to the fact
that the stairwell dimensions (cross-section) are smaller than

the room dimensions in the floor-to-~floor transmissions.

in the case of the measurements along elevator shafts,

the median of the received signal (best fit curves) exhibited

ah where h is

an exponential distance dependence, i.e., Pr ~ k'e
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the distance in floor height units for the transmissions at 27 MHz
and 49.8 MHz, and a power law dependence for the transmissions

at 446 Miz. The reason for the difference in distance dependence
between the VHF and UHF transmissions is probably due to the

fact that at 50 MHz and below the dimensions of the elevator
shafts are smaller than a half-wavelength resulting in a wave-
guide type of propagation at frequencies below cut-off, while at
UHF the dimensions of the elevator shaft are much greater than

the wavelength resulting in a much lower attenuation rate. The
attenuation rates at VHF in dB/floor (4.3 2) are:

3.4 dB/floor at 27 MHz :
4.3 a = .

4.3 dB/floor . at 49.8 MHz

while the attenuation rate at 446 MHz is 52.6 dB/decade (i.e.,
10 n = 52.6). If we express the attenuation rate at 446 MHz in
dB/floor it would be approximately equal to 2.61 dB/flocor which

is lower than at the two VHF frequencies.

It should be noted though that although the attenuation
rates for the transmissions inside stairwells and alcng elevator
shafts are higher than in floor-to-flocor transmissions, the total
attenuations measured for distances up to 20 floors high are
lowest inside stairwells and highest for floor-to-floor trans-
missions. The reason is that at shorter distances (transmissions
through a few floors) there are fewer obstacles inside a stair-
well or elevator shaft than in a floor-to-floor transmission
(which must penetrate through the ceiling) resulting in a lower
attenuation. However, as the distance (number of floors)
increases, the stairwell, elevator shaft, and room dimensions
begin to play a more important role resulting in higher attenu-
ation rates for those transmission media where the dimensions
are in the order or smaller than the wavelength. This effect
does not become crucial though until the transmission distance

exceeds 20 floors.




i

2.7 Summary

Summarizing the results presented in this section,
propagation measurements were made at 27 MHz, 49.8 MHZ, and
446 MHz. The data consists of measurements of received signal
level obtained with two co-located vertically polarized receive
antenna systems: one a whip receive antenna (at 27 MHz, 49.8 MHz,
and 446 MHz) and the other a loop antenna system (at 27 MHz and
49.8 MHz). The whip antenna couples to the electric field com-
ponent of the received signal while the loop antenna couples to
the magentic field component of the received signal. Estimates
of the field decorrelation can thus be obtained from the
ensemble correlation of the data collected with the two receive

antenna systems.

The measurements can be grouped into four types of {:}
propagation measurements: street-to-street propagation measure-~
ments between low elevation antennas; street-to-building trans-
mission measurements; buildingéto-building transmission measure-

ments; and intrabuilding propagation measurements.

The street-to~sStreet propagation measurements were
made in two areas: a highly built-up area (urban) and a medium
built-up area (suburban). A summary of the 'best fit' to the
data taken along the three urban and two suburban paths is
given in Table 2.7-1. In addition, the measurements in the

‘rban and suburban areas exhibited the following trends:

e Both urban and suburban propagation exhibit around
40 dB/decade attenuation rate (inverse fourth
power law type of propagation) when there are no
large (relative to the wavelength) diffrac<ting
obstacles within a few wavelengths of the fixed
station (be it transmitter or receiver). A .
building is considered to be a diffracting ob-
stacle if it is more than a few wavelengths
high. At lower VHF this means a building higher :
than 40 feet (3 stories) while at UHF it means 3 :
a building higher than 4 ~ 6 ft (1 story). ; .

2-86
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When a diffracting obstacle is within a few wave- .
lengths of the fixed station, the attenuation
rate is around 20 dB/decade (inverse sguare law

type of propagation).

The measured maximum ranges that can be attained

in built-up areas with a 2 watt transmitter are:

1) Five thousand feet at frequencies from 27 MHz
to 446 MHz in both urban and suburban areas
when either transmitter or receiver or both

are not surrounded by tall structures.

2) When both transmitter and receiver are
located among high buildings, the observed
ranges were: 5,000 feet at 27 MHz if either
‘di both the transmitter and receiver are {j)
located in the middle of the street and
500 feet to 1,000 feet if both are located
on the sidewalk (i.e., close to a building);
900 to 1,000 feet at 49.8 MHz when both
transmitter and receiver are located on
the sidewalk next to a building; and
3,000 feet at 446 MHz when either trans-
mitter or receiver are located in the
middle of the street. No useful data
were obtained for the case in which both
transmitter and receiver were both on ' Q
the sidewalk.

At distances within the range of the transmitter,
signal level variations (fades) as large as 20 dB
were observed to occur periodically at distances
in the order of the wavelength (that is 33 feet
at 27 MHz, 20 feet at 50 MHz, and 2.3 feet at

446 MHz) . '




The street-to-building transmission measurements were

made as a function of receiver height inside the building and

as a function cof distance (inside the building) from the trans-
mitter. A summary of the characteristics of the 'best fit'

h A A e WA ) e e K et

curves to the data taken along a floor is given in Table 2.7-2.
In addition, the reasurements exhibited th= following trends:

® No height gain was observed in the data taken
in various floors of the building.

DWENA

] The attenuation rate (as a function of the dis-
tance inside the building) is frequency dependent

and varies according to the type of structure.

Gypsum walls are not lossy at VHF but are con-
i siderably loss: at UHF. 1In the UHF freguency
range the attenuation rate is around 100 d&dB/

i decade. Reinforced concrete walls are con-

siderably lossier than gypsum walls.

The building~to~-building transmission measurements
were made between two adjacent reinforced concrete office type
buildings as a function of location inside the building (hori-

zontal and vertical). The following observations were made:

® Reception was only possible when either the
transmitter or receiver was located near a
window.
o [ No reception was possible when either transmitter
or receiver was located in the basement.
] There was no height gain for the cases in which

reception was possible.

The intrabuilding propagation measurements can be
grouped into four categories: transmission along straight and
right-angle corridors; transmission between above-ground floors;

transmission between a basement and above-ground floors; and
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transmission along stairwells and elevator shafts. A summary
of the characteristics of the 'best fit' curves to the data is
presented in Table 2.7-3. 1In addition, the measurements ex-

hibited the following trends:

; ° Waveguide type of propagation was observed along

f' corridors. The attenuation rate decreases with
frequency in straight corridors and increases
with frequency in corridors at right angles.

o The measurements for transmissions between above
ground floors, basement to above ground floors,
and along stairwells exhibited a power law type
of distance dependence (i.e., an inverse de-

(:} ‘vendence on the number of floors penetrated
through). The attenuation rates (power law)
decreased with frequency in all three cases

}: until the wavelenc¢th became comparable to the

thickness of the ceilings where an increase

in the attenuation rate with frequency was

observed.
® The measurements for transmissions along ele-
1 vator shafts exhibit a waveguide type of
attenuation at the VHF fregquencies and a power

aeniie

law distance dependence at UHF. This is probably
@ due to the fact that elevator shaft dimensions
were smaller compared to the wavelength at VHF
’ : but much larger at UHF.
[ The total attenuation and the attenuation rates
were higher in the above ground flocr to base-

1 ment transmissions than in the transmissions

between above ground floors.
® The attenuation for transmissions along stair-

wells and elevator shafts was lower than the
transmissions between above ground floors.

§
]
;
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However, the converse was true for the
attenuation rates. This implies that for
transmissions through a few floors, the
attenuation is mainly determined by the
obstacles (i.e., walls, ceilings, staircase)
but as the number of floors (distance) in-
creases, the  dimensions of the stairwell, 1
elevator shaft, and room begin to play an
important role in determining the attenuation
rate.

b as e W ad e ke s -

' The conclusions based on the measured data presented A
in this section are qualitative. Before we can give a guanti-
tative description and comparison of the various effects tested
for, we have to take into account the differences in trans-
mitted power and antenna gain at the three fregquencies. This
type of analysis as well as a correlation analysis of the data

is performed in the next section.
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SECTION 3
VHF AND UHF DATA ANALYSIS

3.0 Introduction

In this section presents an analysis of the data
described in Section 2. An estimate is given for the
average path or transmissicn lcss of each of the propa-
gation paths previously described is obtained from the set of
measurements. In addition, we also obtain an estimate of the
correlation between the data taken with colocated whip and loop
antennas at 27 MHz and 49.8 MHz (E-H field correlation) as well
as an estimate of the correlation between measurements taken

at fixed distances (spatial correlation) at 49.8 MHz and 446 MHz.

Trhe average path or transmission loss is a measure of the
average attenuation intrcduced by the envircnment (propagation
medium) independent of the transmitting and receiving apparatus.
As such, in the most general case, it varies with frequercy,
transmitter-receiver separation, and the heights of the transmit
and receive locations. Thus, the purpose of the path loss
analysis is *o determine the dependence of the data on these
three factors. The average path loss is obtained from the
following relatignship between transmitted power, Pt’ average
received power, Pr; and transmit and receive antenna gains,

Gt and Gr respectively:

Pr = Pt + Gt + Gr - L (3.0-1)

where all quantitie§ are in dB and L is the averace path loss.
By defining the path loss in this manner, we have removed all
the effects of the hardware (equipment) on the measured data,
Pr' Ncte however, that the measured received signal, Pr, is not

3-1
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actually equal to the average value but it rather fluctuates

randomly about it. The fluctuations are due to the fading nature
of the transmission medium, the fading being due to the existence
of multiple propagation paths (multipath) between a transmitter

and receiver. The average signal level is thus defined as the ‘

minimum mean-squared error linear fit to a set of measurements {

- -

in dB. Thus, if Py is the instantaneous received signal in Watts,

then the received signal in 4B is given by .

P

v
-

10 log p, = ﬁr + AP (3.0-2) j

where P is the average of the received signal level in ¢B and

LPr is the zero mean fluctuation (in dB) of the received signal
about the average. The average wvalue in Watts, or mean receiwed (ﬂ)

signal level, is related to the dB average through -

L e A g At A m e et - et b e BB

P, = E{exp [P, + apr)/4.34]} (3.0-3)

. ————— e -

where E‘.: denotes ensemble averaging over the fluctuations iP_-

If the fluctuations (in dB} are Gaussian distributed with a
standard deviation <, then the mean received signal level in Watts
is given by

- 5 -2
P, = exp [(2P_ + 57)/8.68],

Q

et s et i Bl e AR - e e

However, since many of the measurements in a given set were made
| at different transmitter and receiver locations, we expect the
averaze received signal level gr’ to exhibit a distance and/or
’ height dependence. Thus it is important to remove the distance
and/or height dependance of the data before performing any averag-
ing of a set of data in order to determine the average path loss.

i The field and spatial correlation coefficients of the data

are a measure of the decrease in the input signal-to-noise

ratio that a communications system employing field or spatial s




diversity will recuire. By this we can mean that a receiving systen
employing two antennas, a whip and a colocated loopr antenna or

two whip antennas separated by at least a half-wavelength, will
require a lower signal-to-noise ratio to achieve the same level

of performance as a system enploying a single receiving antenna.

The improvement is determined by the correlation between tha

signals received with the two diversity antennas, defined g

. EtXlXZI - E{Xlr Etxz}
o2 =2 o .2 —=2.11/2
=3 I - 1 -
[E{Xl X1 E X5 2,] (3.0-4)

41
e

!

fu

s2)

where X and X, are the instantaneous signal (ampilitudes an

>

and E{*} denotes ensemble averaging over the fluctuaticns of 1
and X5 If the two signals are uncorrelated r = 0. On the other
hand if Xl and X2 are perfectly correlated, i.e. they fluctuate

identically, then r = +1. Thus, the range of wvalues of r is
-lzr<1 (3.0-5)

Hence this section will be concerned with obtaining estimates
of the average path l1oss L and the field and spatial correlaticn
coefficients, Ton and r, respectively. Section 3.1 is concerned
with the path or transmission loss analysis of the data while
section 3.2 deals with the correlation analysis of the data. Finally
in Section 3.3 we make use of the results of the path loss analysis

to extend the existing data base.

3.1 Path or Transmission Loss Analysis

In this section w= obtain an estimate of the average path loss

for each of the sets of measurements described in Section 2. The
average path loss is in general dependent on the distance from

transmitter to receiver and/or the relative height between the

- 27 S




transmit and receive locations. Thus part of the analysis of the

data is to determine the distance and/or height dependence. Further-

nore, from physical considerations, the distance and/or height
dependence of the data is assumed to be well behaved (i.e. deter-
ministic), with any deviations of the data from the eupected value
being due to multipath fading and terrain variaticns (including
building density, number of walls penetrated, etc.). The path
loss is thus related to (by Eg. 3.0-1) the average value of the
measured data (in &B), averaged over the Ifluc*uaticns abcout a

-
deterministic distance and/cr height depencent value (the least-
mean-scuared error fit). We may thus express =his mathematically
by writing the average of the received signal level data at th

.ith location as

}-o
[

p, = KE(X,) (3.

A

where Pi is the average of the received sicgnal {in Wat*%s, a<

=
a

distance or height Xi relative to the emitter, K is a proportionality
s

constant which depends on the transmitted power and antenna gains,
and £(-) is a function which describes the type of distance or
height dependence exhibited by the data. If the data exhibits a
power law type of distance or height dependence, then

£(X) = x 10 (3.1-2)

where n is the power law dependence. On the other hand, if the

data exhibits an exponential type of distance or height dependence,
then

£(X) = e (3.1-3)

where 2 is the rate of decay.

Since the distance dependence is assumed to be deterministic,
the actual received signal data, =N {(as opposed to its average

Iy

value ﬁi) should exhibit the same distance dependence. However, the

o




proportionality coqﬁpggt“is»fanﬁdﬁ)éﬁd varies from da%z »oint

to data point S},éi P; = Ky f(Xi)). The.problem of <btaining
—the average path loss is then reduced to finding the —zluecs of the

ggnsféﬂts K and n or a that yield the smallest standars deviation

_ -7 between the measured data {p;} ana {KE(X;) }.

.
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Since the actual gathered data is in dBm, it is convenient
to rewrite (3.1-1) as
Pi = I - SYi ) . (3.1-4) j
where ﬁi = 10 loglO ﬁi'
\ I =10 1OglOK’
10n if power law dependence
| -
lOaloglOe if exponential dependenczs
and
7 log X. 1f power law dependence
y. = 10 i
* Xi if exponential dependence,
"\\

The averé&é path loss is then determined by finding t=z I and S |
which minimize the distance (standard deviation) between the data
i in dBm {P;} and {I-sv,}.

The values of I and S which minimize the mean-sg-ared distance

[§]

between the measured data {Pi} and the best estimate -2, = I-SYi}
-

or average path loss are [Papoulis, 1965].

N N - N
-3 & by, +[§ L PiJ[Elf L Yi} ‘
S = i=1 i=1 i=1 (3.1-3)
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2=
M2

(Pi + SYi) (3.1-6)

i=1

where N is the number of data points. The standard deviation
(or spread) of the data is defined as:

1/1 N ~ 2
G = N E (Pi - Pi) . (3.1-7)

The expressions for the slope, S, and intercept, I, are
valid as long as all the measurements in a given set are made with
the same receiving anten:a. However, the measurements at 27 MHz
and 49.8 MHz were made w h two types of receiving antennas: a
whip and a loop. From pl. ‘:ical considerations, we expect the two
sets of measurements made ith the two antennas to exhibit the
same distance dependence. lowever, sirce the gains of the two
antennas were not necessar .y equal, then the intercept of the
two sets of data must be 4: ferent. In this case, we express the
estimates of the data colle ted with -he two antennas as:

ﬁi(e)

]
H
)
i)

(3.1-8)

H
-
4
)

-Pi(h)

where e and h denote the dat:a obtained with the whip antenna and
loop antenna, respectively. The values of S, Ie' and Ih which
minimize the mean-squared distance between the measured data,
{p,(e)} and {P,(h)}, and the values {I -SY.} and {I,-SY.},

i i e i h i

are given by

1 N [1 N 1 N
= L {P.(e)+P. (h) }Y.~{= ¢ {pP. (e)+P. () }: = Z Y']
L N i=1 i i i |N i=1 1 1 ) N i=1 i
Tt 1 N 2 1 N 2
= LI Y. - (= I Y.) -
N i=1 i N j=1 & (3.1-9)
3~-6
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(3.1-10)

H
]
Zi-
[LI o2 A

. {Pi(e) + syi}

(3.1-11)

—
1]
2|
[

[
kpi(h) + syi}

where N is the number of data points collected with each of

the antennas.

The staadard deviation of the data obtained with each

of the antennas is given by:

N

__l i ; _A 2

Op = /ﬁ iil Pl(e) Pl(e)}

(3.1-12)
. N -

.1 2

= - 7 { - 1
Gh qN iil ‘Pi(h) Pi(h)5 .

The best fit curves presented in Section 2 along with
the data points were obtained using Egs. (3.1-8) to (3.1-11)
for the measurements at 27 MHz and 49.8 MHz; and Egs. (3.1-4)
to (3.1-6) The standard
deviations shown in the legends of the figures were computed
(3.1-12) and (3.1-7)

for the measurements at 446 MHz.

using Egs. respectively.

Once the average of the received signal is obtained,

we determine the average path or transmission loss in dB from
Eq. (3.0-1),

i.e.,

(3.1-13)
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The levels of transmitted power in Watts (1 Watt =
30 dBm) for the measurement systems at 27 MHz, 49.8 MHz,
and 446 MHz are given in Table 2.1-1. The gains of the
respective antenna systems are discussed in Section 2.1-2
and estimates of the effective gains are given in Table 2.1-3.
Since the gains of the antennas could only be estimated, the
variance (sgquare of the standard deviation) of the actual (as
opposed to average) path loss is equal to the sum of the
variance of the received signal plus the variance (uncertainty)

of the estimates of the antenna gains.

A complete analysis of the data involves determining the
frequency and distance and/or height dependence of the path loss
for the street-to-street, street-~to-building, building-to- . CZ,
building, and intrabuilding propagaticn measurements. In
addition, in the analysis of the street-to-street propagation
data we also discuss the effects of urban vs. suburban environ-
ment. Included in this discussion are the effects of building
height as well as the proximity of the transmit (or receive)
location to the buildings. However, this lattler discussion is
more of a qualitative (with some quantitative values given)
nature as there is not enough data to do a statistical analysis.

The analysis of the street-to-building and building-to-building
propagation measurements includes a limited discussion of the

effects of the type of structure in addition to position (dis- ’ €§b
tance and floor level) within the building. Finally, the

analysis of transmission loss for the intrabuilding propagation
measurements includes a discussion of the effects of room

dimensions.

In the remainder of Section 3.1, we present the results
of the average path loss analysis for the street-to-street,
street-to-building, building-to-building, and intrabuilding
propagation measurements. The spread of the data about the

average path loss curves given in tne following sections is shown :
in the legend of the corresponding figure presented in Section 2. ;




3.1.1 Average Path Loss in Street-to-Street Propagation

3.1.1.1 Urban Average Path Loss

The results of the path loss analysis for the urban
street—-to-street propagation measurements described in Section
2.3.1 are shown in Figs. 3.1.1-1 to 3.1.1-3. The solid curves
of Fig. 3.1.1-1 represent the average path loss at the three
frequencies for the case in which the transmit and receive
locations were both on Congress Street. Similar curves for the
case in which the transmit location was at the intersection of
Cambridge Street and New Sudbury Street and the various receive
locations were along Congress Street are shown in Fig. 3.1.1-2.
The curves of Fig. 3.1.1-3 represent the average path loss at the
three test frequencies for the case in which the transmit location
was on Summer Street and the various receive locations were on
different streets in the immediate area on both sides of Summer
Street. The path loss curves were calculated from Egs. (3.1-8)
and (3.1-13).

The dashed lines denoted by Lp represent the path loss
that can be expected for transmissions between two vertically
polarized antennas placed 1.5 meters (~5 f£t) above a perfectly
conducting plane ground (i.e., plane-earth path loss):

h, h,
Lp = ~20 loglO ( 3 ) (3.1.1-1)

d

where hl and h2 are the antenna heights and d is the distance
between the two antennas. Thus, it is seen that in all three
cases, the path loss exceeds the plane-earth paﬁh loss, Lp.

The amount by which the plane earth path loss is exceeded depends
on the frequency and varies from path to path. Furthermore, the
path loss curves (solid lines) of Figs. 3.1.1-1 and 3.1.1-2 are
closely parallel to the blane-earth path loss (dashed line).

This would seem to suggest that the path loss in dB between low
elevation antennas may be expressed as the sum of a term purely
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dependent on the distance and antenna heights but independent

of frequency, plus a term dependent on the frequency and nearby
environment (i.e., building height and density as well as street
orientation) but independent of the distance. However, this is
not always the case as the curves of Fig. 3.1.1-3 show that the
path loss at 49.8 MHz is nearly parallel to the plane~earth path
loss, Lp, but the path losses at 27 MHz and 446 MHz are more
nearly parallel to the free-space path loss defined as:

L, = =20 log,, (753 (3.1.1-2)

A
o 47d
where ) is the wavelength at the operating frequency and 4 is the
distance. The free space loss is thus frequency dependent, so
that the dashed line denoted by Lo in Fig. 3.1.1-3 represents the
free-space loss at 446 MHz. Aside from the frequency dependernce,
the free-space path loss increases with distance at a rate of
20 dB per decade whereas the plane-earth path l1oss increases with
distance at a rate of 40 dB per decade.

Hence, analysis of the urban measurements indicates that
the path loss in dB may be represented in some instances as a
plane-earth loss plus an excess loss due to environmental clutter
or as a free-space loss plus some other excess loss in some other
cases. In order to understand when one type of distance de-
pendence or the other applies, it is helpful to consider a
simplified model of the propagation medium which may not be
accurate in terms of predicting the actual path loss but which
gives a qualitative description of the mechanisms involved in
determining the distance dependence.

The urban propagation problem involves, in general, one
or more obstructions between the transmitting and receiving
antennas. When two or more obstructions are involved, graphical
integration of the obstacles into a single obstacle as shown in
Fig. 3.1.1-4(a) yields a shadow loss which is within a few dB
of the actual loss computed when the various obstacles are con-

sidered ([(Bullington, 1977]. Thus, with no loss in generality

s




N
—
/
/

I / M \\ 1
/ J . \ 0
: R 2 T !
! >—d ‘2
(a) i
|
| f
!
A
J
1
] i
|
o -]
", Y
LIPS P "
.lk_—“z ‘I-_\ﬂol
(b)
! |
LN ”2
hanuniil 1 2
(c)
4
FIGURE 3.1.1-4 1Ideal Profiles Used in Developing Thecry i
of Diffraction over Buildings and Other ‘
Structures §




we assume that the urban propagation problem can be represented

qualitatively by a single knife-edge diffration problem.

Furthermore, when the transmitting and receiving antennas
are not at ground level but rather at some height h, and h,,
respectively, it is necessary to include the effects of waves
reflected from the ground. This results in four paths, nanely,
MOQ, MOQ', M'0Q, and M'0Q' shown in Fig. 3.1.1-4(b) for a single
obstruction. Each of these paths is similar in form to the single
path illustrated by Figure 3.1.1-4(a). The sum of the field
intensities over these four paths, considering both magnitude

and phase, is given by the following eguation:

S Sy _is S, _.

1 Elas g1 - ZZemIerR) | 373 (8%e)  Zdgmabre) (30103
E 1 S S S

o 1 1 1

where,

E is the received field intensity,
Eo is the free-space field intensity,
S1 is the magnitude of the shadow loss over path MOQ,
52 is the magnitude of the shadow loss over path MOQ',
S3 is the magnitude of the shadow loss over path M'0Q,
54 is the magnitude of the shadow loss over path M'0Q',
4 = 4whlh2/k (dl+d2) radians
b is approximately egual to 47h2H/Rd2 rad,
c is approximately equal to 4nth/Rdl rad.

This equation assumes that the reflection coefficient is
-1. This means that the ground reflections are assumed to be
at near grazing angles. The equation fails when either antenna
height approaches zero. The angles b and c are phase angles
associated with the diffraction phenomena and the approximate
values given above assume that H is greater than hl’ or h2.
This assumption permits the shadow losses to be averaged so
that S§,=5,=S,=5,=S. After several algebraic manipulations

1 72 73 74
(3.1.1-3) can be put into the form,

1
$
i
3
%
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|=4S|sin cos bic + 3 (sin2 229 - sin2 b;C )e-jL/Zz

omlm

where S is the average shadow loss for the four paths. This
means that the shadow triangle should be drawn midway between

the location of the actual antenna and the irage antenna as shown
in Fig. 3.1.1-4(c). When the antenna heights are small compared
to dl and d2, the angles (b+c)/4 and (b-c¢c)/4 are small and

E . . é b+C5 _
[E; | =~ 45 |sin 5 COs 5. (3.1.1-5)

The ratio of received power to transmitted power may be
expressed 1n terms of Eg. (3.1.1-3) as:

2
1S lE |
= - e (3.1.1-6)
t (o} t
oy 2 4rdydy, o 4mhhhy a-u Py Py
= (47x) (=5 ) 1sin cos ——(3= * 7).
‘ ~“Hg°d aé - 2 1

where the first term is the free-space loss, the second is the
shadow loss and where d = dl + d2. When the antenna heights
are much smaller than the distance, the sin (-) term can be

replaced by its argument since the angle 47hlh2/kd becomes very

(3.1.1-4)

small and
Pr A g 4Pdidy dThihy 2 47m B2 1
'p"_"( )(22 ) ( ) cos X 'id_+3_‘
t 47x T°H"d rd 172 1,
(3.1.1-7)
: _dragdy ghpl2 oy Jay (M By
{ =73 2] °°s |5 g ta
T H 4 d® | 2
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Let us assume, for simplicity, that the two antenna

heights are nearly equal, i.e., hl = h2 = h. Then, (3.1.1-7)
takes on two different limiting distance dependences when

dl = d2 and when dl >> d2. First consider the case in which
the obstruction is about halfway between transmitter and re-

ceiver, i.e., dl = d2 = d/2. In this case, (3.1.1-7) beccmes:
°r . hi22 ? l% (3.1.1-8)
Pe ‘ a

which indicates that the path loss in this case increacses with
distance at a rate of 30 dB per decade. At the other extreme,

when dl >> d2, dl = d, and (3.1.1-7) becomnes

cos 2 (3.1.1-9)

a | )

<h1h2\2 , 47Hh
which shows that the path loss increases with distance at a rate

equal to the plane-earth path loss rate, 40 &B per decade.

This simplistic model illustrates how variations in dis-
tance dependence from inverse cubic to inverse fourth power law
can be explained in terms of multiple diffraction paths and the

distance from the terminals to the diffraction point.

When the rzflection coefficient is much less
than 1 (not perfectly conducting ground and nongrazing reflection
angle), 52 << Sl’ 33 << Sl’ and S4 << 1, so that most of the
received energy propagates along path MOQ. 1In this case, the
ratio of received to transmitted power is given by

D adod, VoA
5 = ,——%—%— — 2 (3.1.1-10)
t |47 H"d K4wa

where the first term is the shadow loss Sl and the second term
is the free-space loss. When the obstruction is halfway between

JE P




transmitter and receiver, d, = &, = d/2 and

1 2
o C1\2 3
N e (3.1.1-11)
P 87°H a

which indicates an inverse distance dependence for the path loss.

Cn the other hand, wnen dl = g >> dz, (3.1.1-10) becomes

2

b 112 234
(3.1.1-12)

= |
2
Pt \87H, a*
which exhibits an inverse squared distance dependence. These
two results illustrate how variations in distance dependence
frem inverse distance to inverse squared distance dependence may
be explained in terms of a single diffraction path and the dis- <?§

tance from transmitter and receiver to the diffraction point.

We can now use these qualitative results tc understand
the differences in distance dependence between the average path
loss curves of Figures 3.1.1-1, 3.1.1-2, and 3.1.1-3. The
results of Figures 3.1.1-1 and 3.1.1-2 indicate *the presence of
two or more equal strength diffraction paths with the effective
diffraction point being located near the transmit or receive
location. The same conclusion may be reached about the path
loss curve at 49.8 MHz in Fig. 3.1.1-3. However, the excess loss
above the plane~earth loss (due to diffraction effects) is much €>
larger owing to the taller structures found in the area of these
measurements. On the other hand, the path loss curves at 27 MHz
and 446 MHz in Fig. 3.1.1-3 seem to indicate the presence of a
diffraction path which is stronger than the other possible paths
with the diffraction point being close to the transmit or receive
location. The reason for the difference in the distance behavicr
between the path loss at 49.8 MHz and the path lcsses at 27 MHz
and 446 MHz in Fig. 3.1.1-3 is that the transmit locations were
not actually the same at all frecuencies for this situation.
As pointed out in Section 2, the measurements at 27 MHz and

3-18
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446 MHz were made with the transmitter located in the middle of

the street while the measurements at 49.8 MHz were made with the
transmitter located on the sidewalk. By moving to the middle of
the street, it is possible that one of the multiple diffraction

paths is much less attenuated than the others resulting in a

slower rate of attenuation with distance.

Another characteristic that can be observed from Figs.
3.1.1-1, 3.1.1-2, and 3.1.1-3 is that for a given transmitter/
receiver location, the path loss increases with freguency.

This effect may also be explained by the simple model described
earlier. From Egs. (3.1.1-7) and (3.1.1-10) we can see that the
smaller the wavelength (higher freguency), the lower the re-
ceived power. Equation (3.1.1-7) also shows that when the dis-
tance dependence varies between inverse third and fourth power
laws, the path loss increases linearly with frequency. Thus,
from the mcdel, the difference in path loss at 27 MHz and

446 MHz should be in the order of 12.2 dB while the difference
in path loss between 49.8 MHz and 446 MHz is around 9.5 dB.
This type of distance dependence and freguency dependence is
exhibited by the non-line-of-sight (diffraction) path curves

of Fig. 3.1.1-2. Equation (3.1.1-10) shows that when the
distance dependence varies between inverse distance and inverse
squared power law the path loss increases with the cube of the
frequency. However, it is difficult to assess from these two
equations what the frequency dependence would be when the dis-
tance dependence varies between inverse squared and inverse
third power law. The 27 MHz and 446 MHz curves of Fig. 3.1.1-3
exhibit distance dependence in this range and the difference

in path loss is in the order of 16 dB. This is, as one might
expect, somewhat in excess of that predicted by linear fre-
quency dependence and somewhat less than that predicted by
cubic frequency dependence.

Finally the curves of Fig. 3.1.1-1 did not exhibit the
frequency dependence predicted by Eq. (3.1.1-7). However, the
differences in path loss between 49.8 MHz and 446 MHz are very

small for this case, which would indicate that there was little




diffraction loss (and therefore no frequency dependence)
along this path. This is not surprising, since both trans-

mitter and receiver were located on the same street.

3.1.1.2 suburban Average Path Loss

The results of the path loss analysis for the suburban
street-to-street propagation measurements described in Section
2.3.1 are shown in Figures 3.1.1-5 and 3.1.1-6. The solid lines
represent the average path loss at the three test frequencies as
calculated from Egs. (3.1-13) and (3.1-8). The dashed line de-
noted Lp in the plane-earth path loss (see Eg. 3.1l.1-1) while
the dashed line denoted L is the free-space loss (Eg. 3.1.1-2)
at 446 MHz. The curves of Fig. 3.1.1-5 represent the path
loss for the case in which the transmit and receive locations
were both on the same street (Waltham Street, Lexington) while c:)
the curves of Fig. 3.1.1-6 represent the path loss for the
case 1in which the transmit location was on Massachusetts Ave.

and the various receive locations were on Waltham Street.

The suburban path loss curves at 27 MHz and 49.8 MHz are
nearly parallel to the plane-earth loss in both cases, i.e., they
exhibit an approximate path loss rate with distance of 40 dB per
decade. In addition, the excess path loss is seen to increase
with frequency. The path loss at 446 MHz exhibits a loss rate
near 40 dB pef decade for the case in which the transmitter and
receiver were located on the same street (Fig. 3.1.1-5) and a
loss rate just over 20 dB per decade for the non-line-of-sight ‘ €:§
case (Fig. 3.1.1-6). Qualitatively the suburban path loss curves
are similar to the urban path loss curves. The reason the path
loss rate at 446 MHz differs from that at 49.8 MHz and 27 MHz is
that a two story (= 10-12 m) building situated in the proximity
of the transmitter was high enough to cause large shadow losses
in all but one of the four possible diffraction paths at 446 MHz
as illustrated in Fig. 3.1.1-4(b) resulting in a near inverse
square distance dependence. However since the wavelengths at
27 MHz (11 m) and 49.8 MHz (~6 m) were of the same order of mag-
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nitude as the building height, the shadow losses were sufficiently
small on two or more of the four diffraction paths to result in

an inverse fourth power distance dependence.

The difference in path loss at 27 MHz and 49.8 MHz is
around 5 db (at d = 1000 m) for the line-of-sight path and 4 aB
(at d = 400 m) for the non-line-of-sight path. Both these values
are slightly higher than the 3.7 dB predicted by Eg. (3.1.1-7).
The path lcss at 446 MHz is, however, 6 to 7 dB lower than that
predicted by the same equation. The differences are not con~-
sidered to be sufficiently different to imply a propagation
mechanism other than that described by the simple model pre-

sented earlier.

Aside from these differences, the path losses in a sub-
urban area appear to be in the same order (if not slightly higher)
as the path losses in an urban area in all cases, other than
the urban measurements at 49.8 MHz. 1In that case the transmit
location was in the midst of high buildings, and the urban
path losses far exceed (by about 20-30 dB) the losses in the

other urban and suburban paths.

Comparing the path losses at 49.8 MHz at a distance of
500 meters, we see that

( 104-106 dB, urban paths that are surrounded
by high buildings
L= é 135 dB ’ urban path amidst high buildings
(transmit location on sidewalk)
 109-113 @B, suburban paths with low buildings

and trees.

These relative values are considered to be representative at lower
VHF, i.e., 30-80 MHz. The reason the suburban path losses are
higher than the losses for urban paths not surrounded by high
buildings might be due to the presence of trees and the hilly

nature of the suburban terrain.




JFOVEI Y

A similar comparison of path losses at 446 MHz at a distance

of 500 meters results in

é ( 109-116 4B, urban paths not sucrounded by high
i buildings
126 dB ' urban path amidst high kuildings
L= 4 (transmit location in middle of
the street)
110 ¢gB ' suburban path (no immediate buildings)
L 129 4B ' suburban path (buildings immediately
in front).

Thus, we see that at UHF even a two story suburban building

tends to have the same effect as high buildings in an urban area.
However, the lower increase in path loss in urban areas at UHF due

to the presence of high buildings is more a result of the fact (:)
that the transmitter was in the middle of the street rather than

4 on the sidewalk. Hence, if the transmitter had been in the middle

} of the street at 49.8 MHz also, the path loss might have been

around 116 dB rather than 135 dB. The 20 dB difference is a

measure of the improvement in signal-to-noise ratio one might

expect by moving from a transmit (or receive) location close to
a building to a more open area like the middle of the street.
At UHF, this increase might be more in the order of 30 dB since
shadow (diffraction) losses increase linearly with the fre-

quency. _ @

The distance and frequency dependence obtained from this
analysis as well as the effects of the environment such as urban
vs. suburban area, building height, proximity to building, and
street orientation are used in Section 3.3 to extend the current
data base in the literature.

3.1.2 Average Transmission Loss in Street-tco-Building Propacaticn

Transmission loss curves obtained from Egs. (3.1-13) ard
(3.1-8) are shown in Figs. 3.1.2-1 and 3.1.2-2 for the street-
to-building propagation measurements. The solid curves represent
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the average transmission loss at the three test frequencies while
the dashed lines represent the free-space loss, i.e., the power
loss that would be incurred between a transmitter and a receiver
located in free space with no obstacles in between. The differ-
ence between the average transmission loss and the free-space

loss is defined as the building penetration loss, L The average

transmission loss as a function of receiver height ?floor lo-
cation) is shown in Fig. 3.1.2-1. The average transmission loss
as a function of distance, i.e., location within a floor in

the building, is shown in Fig. 3.1.2-2. It should be noted that
these two types of measurements were made in two different
buildings so that differences in the penetration losses are
attributable to difference in the structural composition of the
two bu}ldings. The transmission loss measurements as a function
of floor level were made in a reinforced concrete office building.
The measurements of transmission loss as a function of position
within a floor (measured in terms of distance from the trans-
mitter) were made in a building whose outside walls were made of
brick veneer cinder block, and whose inside consisted of a -

wooden frame with gypsum walls.

From Fig. 3.1.2-1 we see that the building penetration loss
for a street-to-basement transmission is

67.5 dB at 27 MHz
LB= 58. dB at 49.8 MHz {3.1.2-1)
52. dB at 446 MHz.

Thus, the 'basement' penetration loss is seen to decrease with
frequency although the total average path loss (which includes the
free-space loss) increases with frequency at freguencies above

50 MHz. This is due to the increase of the free-space loss with
frequency.

Similarly the penetration losses to various other floors
are also seen to decrease with frequency. However, no height gain
is observed but rather the penetration losses varied randomly from




one floor to another. These variations are probably due to
differences in the number of windows or the number of walls
between transmitter and receiver from one floor to another.

The range of values of the building penetration losses above the
free-space losses are:

54 - 80 4B at 27 MHz 1
LB= 54 - 68 4B at 49.8 MHz (3.1.2-2)
38 - 48 dB at 446 MHz.

These numbers indicate that the variance of the median of the

A

penetration loss, a well as the penetration loss itself, de- A
crease with frequency.

The curves of Fig. 3.1.2-2 indicate the rate at which the
penetration loss increases with distance within the building. €:>
The range of values of the penetration loss at various locations

within the ground floor of a wooden frame building are:

61 4B at 27 MHz
LB= 44 - 48 dB at 49.8 MHz (3.1.2-3)
40 - 58 dB at 446 MHz

where the smallest value (at each frequency) corresponds to the
penetration loss in that part of the building closest to the trans-

mit site and the largest value in the penetraticn loss in that

part of the building farthest from the transmit site. :

From Eg. (3.1.2-3) we see that the penetration loss in that
part of the building closest to the transmit site decreases with
frequency. These values represent the loss due to absorption by
the outer wall of the building (cinder block) and are fairly clcse
to the penetration losses measured in the reinforced concrete
building (Eq. 3.1.2-2). The values of the penetration losses _
in that part of the building farthest from the transmit site :
represent the loss due to absorption by the outer wall of the
building as well as the inside walls. At 27 MHz, the penetration

¥
i
:




loss is nearly identical everywhere in the building (61 dB)
so that the inside walls (which are made out of gypsum) are !
not lossy at this frequency. At 49.8 MHz and 446 MHz the |
penetration losses are 4 dB and 18 dB greater at the farthest

end of the building than at the end closest to the transmit

site. This indicat=s that at these frequencies the inside {
walls are somewhat lossy. The losses due to the cinder block
walls may be determined from the difference in the slopes of
the average transmission loss (solid lines) and the slopes of
the free space loss (dashed lines). At 27 MHz, the two slopes A

are equal so that there are no additional losses due to the
inside walls. At 49.8 MHz, the losses due to the inside walls
increase at 20 dB/decade as we move farther away from the
transmit site. Hence, if the penetration losses one meter inside
the building are a certain amount, the penetration losses 10
meters away from the outside wall closest to the transmit site

are 20 dB greater. Note that since the free space losses in-

|
crease at 20 dB/decade also, the total average transmission loss !
10 meters away from the outside wall is 40 dB greater than at
one meter from the outside wall. At 446 MHz, the penetration
losses due to the inside walls increase at a much faster rate ?
(86 dB/decade), the reason being that at this frequency the ﬁ
thickness of the walls (12.7 cm) is in the order of the wave-
length (A = 70 cm at 446 MHz). The total average transmission
loss inside a building (including free space losses) at 446 MHz
‘;> increases at a rate of 106 dB/decade as we move away from the
transmit site, which explains the greater increase in the pene-
tration losses at 446 MHz as indicated by Eqg. (3;1.2-3). The
variability, or equivalently the increase of the penetration
losses along a floor, may also explain some of the variability
of the penetration losses measured in different flocors (Eq.
(3.1.2-2)) since these measurements were made at random locations

within each floor.

-

As a final comment, a penetration loss of 40 dB implies that
when a communications link is set up such that one end of the link

S a s el

is inside a building, the maximum transmitter-receiver range for
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which the signal-to-noise ratio is acceptable will be one order of
magnitude less than if both ends of the link were set up outside

the building.

.1.3 Average Transmission Loss in Building-to-Buildin
C g

Q

Propagation

The average transmission loss for the building-to-building
propagation measurements are shown in Figs. 3.1.3-1 and 3.1.3-2
as a function of the transmit site relative to the receive floor
level. The solid lines represent the average transmission losses
at the three test frequencies, while the dashed lines represent
the free-space losses at equivalent distances. The difference
between the average transmission loss and the free-space loss at
each frequency represents the building-to-building cenetraticn
loss which is a measure of the losses introduced by the two
structures. The curves of Fig. 3.1.3-1 correspond to the averace

transmission (and penetration) losses for a receive site R

1
located in a lobby at the end of the building closest to the
transmit site (see Fig. 2.3-3). The curves of Fig. 3.1.3-2
give the egquivalent information for a receive site R, located

2
in a lobby in that part of the building farthest away from the

transmit site (refer to Fig. 2.3-3;.

The average transmission (and penetration) losses exhibit
little height dependence in all cases except for the average
transmission loss at 27 MHz in the receive site R,. In this
case, the height gain has a power law dependence so that the
transmission loss decreases at a rate of 12.8 dB/decade as the
height of the transmit site increases. The average transmission
losses at 49.8 MHz and 446 MHz in the same receive site (Ry) do
not exhibit any height dependence at all.

By comparing the penetration losses at the two receive
sites, we can get an estimate of the variations of the average
penetration loss within a building. Thus, the range of values

of the average penetration loss in receive site R, are:

1
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84 - 86 dB at 27 MHz
< Lpp= 65 - 69 aB at 49.8 MHz (3.1.3-1)
58 - 63 dB at 446 MHz
while the range of values in receive site R, are:
57.5 - 75.5 dB at 27 MHz
@R2 LBB= 73 - 77 dB at 49.8 MH:z (3.1.3-2)
61 - 64.5 dB at 446 MHz.
We can see from these values that the penetration losses j

in site R, are higher than those in site R, at 49.8 MHz and

446 MHz. 2This is not surprising since recéive site R, was further
away from the transmit site so that the additiocnal losses account
for the effects of the interior of the building. However, the
penetration losses at 27 MHz are lower in receive site Rz. In
addition, we can also see from Eg. (3.1.3-1) that the penetration
losses decreased with frequency in site Rl' This trend is con-
sistent with that obtained from the street-to-building propagatior
measurements. The losses in receive site R, are lower at 27 MHz

2
ard higher at 49.8 MHz.

Pinally, if we compare the bullding-to-building penetration
loss with the stree*-to-building penetration loss we can determine
the effects of the additional building. Thus, if we subtract the
penetration losses of Eg. (3.1.2-2) from those of Eg. (3.1.3-1),

we get,
4 - 32 dB at 27 Miz
LBB - LB= 1 - 15 dB at 49.8 MHz (3.1.3-3)
10 - 25 4B at 446 MHz.

Thus, we see that the losses due to penetration of the additional
building are not as large as the losses due to a single building.
This small increase reflects the fact that the transmit site in
*re high rise building was near a window since it was not possible

- - maxke contact with the receive site from a location further




inside the high rise. Thus, we conclude that the penetration

; © loss=s per building are in the order of those obtained freom the
street-to-building measurements (Eg. 3.1.2-2)

i {or transmit) site is well inside the building. Hocwever, when

; the receive (or transmit) site is near or at a window facing the

‘ transmit (or receive) location, the penetration losses per building

are more closely given by those of Eg. (3.1.3-3). 1

3.1.4 Average Transmission Loss in Intrabuilding Prozacation

The types of intrabuilding measurements made can be

bt it m ke A e A o soh

divided into four groups: a) transmission along corridors; )
b) transmission between above ground floors; ¢) transmission

between a basement and above ground floors; and d) transmission

in stairwells and alcong elevator shafts. Hence, we will con-

sider the average trarsmission loss Zor cach of these cases
separately.

3.1.4.1 Averace Transmission Loss Alonag Corridors

Transmission loss curves for the intrabuiliding
measurements in various corridors are shown in Figs. 3.1.4-1,
3.1.4-2, and 3.1.4-3 as a function of distance along the
corridors. The curves of Figs. 3.1.4-1 and 3.1.4-2 represent
the transmission loss at the three test frequencies in a straight

and a winding corridor in an office building with concrete walls.

| The curves of Fig. 3.1.4-3 represent, on the other hand, the
transmission loss at 27 MHz in four different corridors: A . (:;
and B correspond to the transmission loss in two corridors

with gypsum walls while C and D correspond to the transmission

1 loss in a winding and a straight corridor with cinder block

walls, respectively.

The curves of Figs. 3.1.4-1 and 3.1.4-2 show that the
transmission loss in dB increases linearly with distance. This
indicates that the distance dependence of the average transmission
loss is exponential (as defined in Eq. 3.1-3) which is charac-

teristic of a lossy waveguide type of propagation mechanism. !

:
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The losses are due to the finite conductivity of the walls of
the 'waveguide' (i.e., corridor). The slope of the curves is
defined as the loss rate and is seen to be nearly equal for the
three test frequencies but varies from one corridor to another.
This suggests that the loss rate is determined by the geometry
of the corridor. 1In addition, the transmission loss varies from
one frequency to another which indicates that the loss is also
dependent on the material composition of the walls.

Since the average transmission loss varies linearly with

distance along the corridor, it can be written as

el ar oo AR A B 5 it i B ek chrmah e 1 Tt A e i 8 e U e B ah

L(x) = L, + sX (3.1.4~-1)
] s .
. where S is the transmission loss rate which varies from one
corridor to another and from one frequency to another. From £
| Figs. 3.1.4-1 we see that for the straight corridor k:)
6.9 dB/10 meters at 27 MHz
i S = 6.9 dB/10 meters at 49.8 MHz (3.1.4-2)
5.4 dB/10 meters at 446 MHz
Q and,
50.7 dB at 27 MHz
"ﬂ L, = ( 52.5dsB at 49.8 MHz (3.1.4-3)
41.0 4B at 446 MHz
which shows that both the transmission loss and loss rate are - (:)
? higher at VHF (27 and 49.8 MHz) than at UHF (446 MHz). This is
, most likely due to the fact that the dimensions of the corridor
? (~ 2m by 3m) are in the order of a half-wavelength at the VHF
frequencies (A = 11 m at 27 MHz) but greater than the wavelength
{ at the UHF frequencies. Similarly, from Fig. 3.1.4-2 we see that
for the winding corridor,

M it m
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8.3 dB/10 meters at 27 MHz
S = 9.8 dB/10 meters at 49.8 MHz (3.1.4-4)
10.2 dB/10 meters at 446 MHz

and
50.7 dB at 27 MHz
LO = 52.5 dB . at 49.8 MHz {3.1.4-5)
41.0 4B at 446 MHz

which shows that the loss rate is greater for a winding corridor
than a straight cne as expected. Furthermecre, if we compare the
average transmission losses at a distance of 20 meters we can de-
termine the losses due to a single turn (at approximately 10 meters)
in a corridor. Thus, if LW and L. are the losses at a distance of

S
20 meters in the winding and the straight corridors, then,

" 5.6 dB at 27 MHz
LW - Ls = 1.8 éB at 49.8 MHz (3.1.4-6)
30.7 4B at 446 MHz

which shows that the increase in the losses due to a bend in the
corridor is particularly significant at UHF (446 MHz) and is in
the order of 30 dB compared to 2 to 5 dB at lower VEF (30-50 MHz).

The effects of the material composition of the walls can
pe determined from Fig. 3.1.4-3 which shows the average transmission
loss at 27 MHz for two corridors with gypsum walls (A and B) and
two corridors with cinder block walls covered with plaster (C and
D). We see that at a distance of 20 meters, the transmission
losses of the four corridors are:

108 4B Corridor A

L = 84 dB Corridor B (3.1.4.7)
70 dB Corridor C cet
64 dB Corridor D

where corridors B and D are straight and corridors A and C have

at least one bend (the dimensions are given in Section 2.6.1 and




are approximately of the same order). Thus, we can see that the
losses are much greater in the corridor with gypsum walls due to
the lower conductivity (hence, easier to penetrate) of this
material. The loss rate (slope) is nearly equal for the four

corridors at distances greater than the wavelength.

3.1.4.2 Average Transmissicn Loss Betweer Above Ground Floors

Transmission loss curves for the transmission
measurements between above ground floors are shown in Figure
3.1.4-4 as a function of the number of floors between the

transmit and receive locations. The average transmission lcss

}ae
v

dB is seen to increase linearly with the log of the distance
(number of floors) which indicates that the received signal is

- inversely proportional to'a power of the number of floors trans-
mitted through. The power is determined by the slope of the
transmission loss curves. Thus we can write the average trans-
mission loss in dB as

L = LO + S loglON (3.1.4-8)

where N is the number of floors transmitted through, Lo is the
loss due to transmission through one floor and S is the trans-
mission loss rate in dB/decade. From Fig. 3.1.4-4, we see that

83 dB at 27 and 49.8 MHz
L= { (3.1.4-9)
° 88 dB at 446 MHz
and,
51.3 dB/decade at 27 MHz
S = 25.5 dB/decade at 49.8 MHz ' (3.1.4-10)
30.2 dB/decade at 446 MHz

where a decade is a ten-fold increase in the number of floors
transmitted through. These values indicate that the losses due
to transmission through one floor are 5 4B greater at UHF than

VHF. However, as the number of floors increase, the transmission
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loss increases more rapidly at 27 MHz. This is probably due to
the fact that the distance. between floors (height of the ceiling

~ 5 meters) is in the order of a half-wavelength at 27 MHz

{A = 11 meters). As the frequency increases, the distance
between floors becomes greater than a half-wavelength resulting
‘ in smaller losses at each ceiling (and hence a lower loss rate).
However, as the frequency increases further, the wavelength be-
comes in the order of the thickness of the ceiling (~1-2 feet)
resulting in additional losces at every ceiling and an increase ‘
in the loss rate. It is probably for this reason that the loss *
; rate at 446 MHz is greater than at 49.8 MHz. A

3.1.4.3 Averace Transmission Loss Between Above Ground FTlooar 1

s

)

and Basement

Transmission loss curves for the transmission (:)
measurements between above ground floocrs and the basement are ‘
shown in Fig. 3.1.4-5 as a function of the number of flocors

between the transmit and receive locations. As in the previous
} case, the transmission loss in dB increases linearly with the
log of the distance (number of floors) between the transmit and
receive locations. Thus we may also express the average trans-
mission loss in 4B as in Eq. (3.1.4-8). From Figure 3.1.4-5, we

see that
4
77 4B at 27 MHz
L, = { 83 dB at 49.8 MHz (3.1.4-11) Q
.82 dB at 446 MHz
i and,
56 dB/decade at 27 MHz
s = 44.5 dB/decade at 49.8 MHz (3.1.4-12)
50 dB/decade at 446 MHz

from which we can see that the average transmission lcss from the
o first floor to the basement (Lo) is slightly lower than the A
i transmission loss through one above ground floor (Eg. 3.1.4-9). %
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This could be attributed to the fact that the basement has a much

higher. ceiling than the above ground floors. On the other hand,

the loss rate (S) is higher for above ground floor-to-basement

transmission than for transmission between above cround floors.
The increase in loss rate for above ground flocr-to~-basement

transmission with respect to the loss rate for transmission

. it o —————— e

between above ground floors is

! 4.7 dB/decade at 27 MHz
i AS = 19 dB/decade at 49.8 MHz (3.1.4-13)
' 19.8 dB/decade at 446 MHz

which shows that the increase in loss rate is particularly sig-
nificant at the higher frequencies although the actual loss rate
is still higher at 27 MHz for reasons previously indicated.

3.1.4.4 Average Transmission Loss in Stairwells and Year
Elevatocr Shafts

Transmission loss curves for the transmission
measurements in a stairwell and near elevator shafts are shown

in Figs. 3.1.4-6 and 3.1.4-7, respectively, as a function of the

number of floors between the transmit and receive locations.

The average transmission loss in dB in a stairwell is seen to

’ vary linearly with distance (number of floors) at all three

frequencies. This implies that the loss can be expressed as in

the previous two situations by means of Eq. (3.1.4-8). From i C:}
Fig. 3.1.4-6 we see that in a stairwell,

/’40 dB at 27 MHz
Lo = 45.6 dB at 49.8 MHz (3.1.4-14)
.59.4 4B at 446 MHz
and,

‘ 60 dB/decade at 27 MHz ;
1 S = 27.5 dB/decade at 49.8 MHz (3.1.4-15) §
38 dB/decade at 446 MHz. ;
¥
i
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Thus, the loss due to transmission through one floor (Lo) is much
lower when both transmitter and receiver ‘are in a stairwell (by

a factor of a half at VHF and two thirds at UHF). However, the
loss rate (S) in a stairwell is higher than when both trans-
mitter and receiver are inside the building away from the stair-
well. The reason for the higher loss rate in a stairwell
especially at 27 MHz is that the cross-sectional dimensions of
the stairwell are smaller than the length and width of the
floors. The increase in the loss rate in a stairwell with
respect to the loss rate in the floor-to-floor transmissions

is
8.7 dB at 27 MHz
AS = 2 dB at 49.8 MHz (3.1.4-16)
8.2 dB at 446 MHz.

It should be noted, however, that the losses in a stairwell are
still far less than the losses in the floor-to-floor trans-
missions and do not become comparable until the transmission

distance is well in excess of 50 floors.

The transmission loss (in dB) at VHF when both trans-
mitter and receiver are located near elevator shafts is seen to
vary linearly with the number of floors separat;ng the trans-
mitter and receiver (or exponentially with the log N) while at
UHF it varies with the log of the distance. The reason for this
fundamental difference in the distance dependence is that at VHF
the dimensions of the elevator shaft are much smaller than the
wavelength so that the elevator shaft acts as an undersized
waveguide. Thus, the propagating signal decays exponentially
(linearly in dB). At UHF, however, the dimensions of the
elevator shaft are greater than the wavelength so that the

elevator shaft affects the signal in the same manner as a stair- ,
well.

RATSPTSEe
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The transmission loss at 446 MHz may again be repre-
sented by Eq. (3.1.4-8) with

L 52. dB

© (3.1.4-17)

S

52.6 dB/decade

which shows that the loss at 446 MHz due to transmission through
one floor (Lo) is smaller near elevator shafts than in a stair-

well and much smaller than when there are no elevator shafts

or stairwells. However, the loss rate is much greater owing to

the smaller dimensions of the elevator shafts.

At VHF, the transmission loss near elevator shafts may
be expressed as,

L = LS + SN {3.1.4-18)

where S is the loss rate in dB/floor, N is the number of floors,
and Ls + S = LO is the transmission loss through one floor.
From Fig. 3.1.4-7, we see that

61 dB at 27 MHz
LO = (3.1.4-18)
692 4B at 49.8 MHz
and
3.4 dB/floor at 27 MHz
S = (3.1.4-19)
4.3 dB/floor at 49.8 MHz

which shows that both the loss rate and loss due to transmission
through one floor increase with frequency.

Although the loss rate near elevator shafts is greater
than the floor-to-floor transmission loss rate (Eg. 3.1.4-10),
the average transmission loss near elevator shafts is, up to
transmissions through 20 floors, still well below both the trans-
mission loss between above ground floors and above ground floors
to basement.
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3.2 Correlation Analysis

In this section, we obtain estimates of the correlation
between the data obtained with diversity antennas. The types
of diversity reception investigated were field diversity at
27 MHz and 49.8 MHz and space diversity at 49.8 MHz and 446 MHz.
The correlation coefficient for a narrow band Gaussian pro-
cess (which is the model of the received signal in an urban
or suburban environment) is a complex number of magnitude
|r| and phase 0. The measured data were the received power,

a real number. Thus, we can only determine the real corre-
lation coefficient, ¢, between the envelopes (or amplitudes)
of the two received signals. However, ¢ is approximately
equal to the square of the correlation between the two com-
plex signals (amplitude and phase) defined as r in the intro-
duction [e.g., Jakes, 1974]. The exact and o = rz approxi-
mations are plotted in Figure 3.2-1.

The envelope correlation, o, of two random variables,
x and y, is similar to that defined in Eg. (3.0-4) where x and
y now represent only the amplitude of the two received signals.
When a sufficiently large number of samples of each random
variable is available, the ensemble averaging may be replaced
by an average over the set of samples {xi} and {yi}. Thu.',

if we define

(xy) = & (L, Ly (3.2-1)
cov (x,y) =5 T x,¥y. == I x = V. . . 2=
N ;- 171 \N i \N i,
N N
var (x) = % z xl2 - (% z Xy 2 (3.2-2)
i=1 i=1
N N
1 2 (1 2
var (y) = = Ty, - (— L y.> (3.2-3)
Nog=p 7 Noie1 Tt
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then an estimate of the envelope correlation coefficient, o,
of the two random variables is given by

cov (x,y) 2
b= - 17 % (3.2.4)
’ \var(x) . var(y)’

i
where r is the amplitude and pha:éﬁcorrelation coefficient.
The accuracy of the estimate improves as the number of

samples in the set, N, increases.

The definition of the (envelope) correlation ccefficient
by Eg. (3.2-4) 1is used in this section to determine the field
and space (envelope) correlation fecr each of the sets (paths)
of measurements described in Section 2. Since many of the sets
of data were obtained in the same propagation environment (e.g.,
urban, suburban, street-to-building, etc.) but with different
transmit and receive locations, we define the average corre-
lation coefficient for a particular propagation environment as
a weighted sum of the correlation coefficients for each par-
ticular path (set of measurements). Thus,

(3.2-5)

where M is the number of paths (runs) tested in each environ-
ment, the Py are the correlation coefficients for each path,
and the Wy, are the weights. Since each set of measurements is
independent from the other, the weights should depend on the
number of points in each data set and the variance of each data
set only. Thus, each weighting factor is given by

1/2
ny [vax:k (x) - var, (y)]

M 1/2 M 1/2
Z n, ° var, (x) Z n, var (ya
[x=1 k k ] [k=l k Tk




where n, is the number of data points in the k'th set. Note
that when the variances of all the data sets (paths) are equal,
the weights become ' ,

w = e = — (3.2-7)

Furthermore, if the covariances of all data sets are also

.equal, (i.e., Py = P for all k), then the average value of the
correlation coefficient is equé% Fo that of each path as might
be expected. H

In the remainder of this section we present values of
the correlationr coefficients (in tabulated form) for each data
set in a given propagation environment, as well as an average (:}
correlation coefficient for the combined paths in that environ-

ment.

Furthermore, since many of the data points in each data
set were taken at different transmitter-receiver separations,
it was necessary to compencate for distance effects by defining
the correlation coefficient in terms of the normalized data.
The normalization was effected by assuming each data pair to be
of the form

Pi(e,d)

]
]
»
rh
[o9)
| d

(3.2-8)
pi(h,d)

]
o
e}
oY)

where the {pi(e,d)} and {pi(h,d)} are the measured received
signal levels (in Watts or milliwatts) with the whip and loop
antennas, respectively, for the field diversity case at a
distance di from the emitier. The fqnctions f(-) and g(-) de-
scribe the distance dependence of the data obtained with each
diversity antenna. The sets {ei} and {hi} represent the

normalized values of the envelope of the received signal. Thus




D

in the field diversity case the correlation coefficient is de-

et e e

fined as the correlation between sets {ei} and ‘h,: , i.e.,
'S

! cov (e,h) _ cov (e,h) _
‘f eh 5 . (3.2-9)

.
-

[var(e) . var(h)] 172 e "h

A similar definition applies to the space diversity case.

In order to determine the effect of the normalization
on the correlation coefficient, we considered various types of
distance dependence. The most ceneral case considered ({(Case I)

4 . was one in which the distance dependence of the data obtained

with each diversity antenna was determined indepencently (Eq.
9 (3.1-5) and (3.1-6)) so that f£(-)=g(+). However, from physical

considerations we would expect the distance dependence of two
diversity antenna outputs to be identical (Case II) sc that
£(-)=g(+), (Eq. (3.1-9), (3.1-10), and (3.1-11)). Finally,

in the case of the street-to-street propagation cother types

of known distance dependence such as inverse fourth power

law or inverse square law were investigated (Clase III) where
appropriate. The actual distance dependence for each case

is indicated in the tables.

The tables of correlation coefficients for the field
e diversity measurements at 27 MHz and 49.8 MHz are presented
in Section 3.2.1. Similar tables for the space diversity
measurements at 49.8 MHz and 446 MHz are given in Section 3.2.2.
The implications of the correlation of the data on power and

signal-to-noise ratio gains which may be realized by using
diversity reception in a MOBA environment are discussed in
Section 3.2.3,
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3.2.1 Field Correlation

Values of the field correlation coefficients at 27 MHz
and 49.8 MHz for the street-to-street, street-to-building,
building-to-building, and intrabuilding propagation measure-
ments are given in Tables 3.2-1, 3.2-2, 3.2-3, and 3.2-4, re-
spectively.

From Table 3.2-1 we see that the field correlation co-
efficient in a suburban area (Lexington) varies from .52 to .74
at 27 MHz and from .07 to .54 at 49.8 MHz depending on the pro-
pagation path. Weighted average values for the field corre-
lation coefficient in Lexington are .58 at 27 MHz and .26 at
49.8 MHz.

Similarly, we can also see from Table 3.2-1 that £field
correlation coefficients in an urban area (Boston) range from (:)
.14 to .90 at 27 MHz and from .61 to .86 at 49.8 MHz depending
on the propagation path. The weighted average values are .76
at 27 MHz and .73 at 49.8 MHz. These values are greater than

the suburban average values which is somewhat surprising.
Finally, if we combine the urban and suburban data we obtain a

weighted average correlation coefficient of .74 at 27 MHz and
.61 at 49.8 MHz.

The field correlation coefficients in a street-to-
‘building propagation environment (Table 3.2-2) can be seen to
vary from .37 to .79 at 27 MHz and from .63 to .90 at 49.8 MHz
in a concrete wall building, and are around .87 at 27 MHz and <:)
.32 at 49.8 MHz in a cinder-block building. Weighted average
values for the reinforced concrete building are .56 at 27 MHz
and .89 at 49.8 MHz. Weighted average values for the two types
of buildings afe .79 at 27 MHz and .87 at 49.8 MHz. The values
of the correlation coefficients for the street-to-building pro-
pagation measurements are seen to be larger than for the street-
to-street propagation measurements which indicates that fewer
reflections occur in the street-to-building environment. This

is not surprising since the propagation paths are much shorter.
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From Table 3.2-3, we can see that the field correlation
coefficient for the building—to-building‘propagation measurements
ranges from .62 to .67 at 27 MHz and from .12 to .68 at 49.8 Miz
depending on the path. Weighted average values of the field
correlation are around .63 at 27 MHz and .48 at 49.8 MHz. These
values indicate a stronger decorrelation of the electric and
magnetic field components than in the previous two types of

measurements.

The field correlation coefficients for the intrabuilding
measurements are given in Table 3.2-4. We see that in the case
of the measurements made along corridors, it varies from -.02
to .63 at 27 MHz and from .48 to .68 at 49.8 MHz. In the case
of the measurements between above ground floors, it varies from
.50 to .58 at 27 MHz and from .64 to .68 at 49.8 MHz. 1In the
case of the measurements between above ground floors, it varies
from .50 to .58 at 27 MHz and from .64 to .68 at 49.8 MHz.
Similarly, for the measurements between above ground floors and
the basement, it varies from .83 to .84 at 27 MHz and from
.67 to .73 at 49.8 MHz while in a stairway, it varies from .22
to .30 at 27 MHz and from .42 to .46 at 49.8 MHz. Weighted
average values of all these coefficients are .39 at 27 MHz
and .65 at 49.8 MHz which indicate that there is significant
field decorrelation inside buildings on the average.

In conclusion, the average field diversity coefficient
in the various MOBA environments ranges from .4 to .8 at both
27 MHz and 49.8 MHz.

3.2.2 Spatial Correlation

Values of the spatial correlation coefficient (at varying
distances) at 49.8 MHz and 446 MHz are given in Tables 3.2-5
to 3.2-11 for the various types of propagation measurements de-
scribed in Section 2.

Values of the correlation coefficient at 49.8 MHz for
two antennas 3 meters apart in the street-to-street propagation

e A e
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TABLE 1.2-9 1
Spatial Correlaticn at 446 MHz in 3uilding-=c-3uilding Prepazaticn
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TABLE 3.2-11
Spatial Correlation at 446 MHz in Intrabuilding Propagation
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environment are given in Table 3.2-5. The spatial correlation
coefficient at this distance is seen to vary from .00 to .71

in a suburban area (Lexington) and from .10 to .74 in an urban
area (Boston). Average values of the correlation coefficient
in Lexington and Boston are .35 and .36, respectively while the

average value for all locations is .35.

Similar values for the spatial correlation coefficient
at 446 MHz for two antennas separated by distances of 50 cm
and 100 cm are given in Table 3.2-6. At distances of 50 cm,
they are seen to range from .12 to .64 in a suburban area
(Lexington) and from .27 to .79 in an urban area (Boston).
Average valaes in Lexington and Boston are .43 and .54 respec-
tively while the average value for all locations is .52. At
distances of 100 cm, the spatial correlation ccefficient ranges
from .00 to .28 in Lexington and from .1l to .71 in Boston. (:)
Average values in Lexington and Boston are .02 and .34 re-
spectively while the average value for all locations is .27.

Values for the spatial correlation at 446 MHz in the
case of street-to-building propagation and for antennas 50 cm
and 100 cm apart are given in Table 3.2-7. The spatial corre-
lation at distances of 50 cm is seen to vary from -.13 to .54
with an average value of .25. At a correlation distance of
100 cm, the correlation coefficient is -.01 which indicates
complete decorrelation. Street-to-building spatial correlation
measurements at 49.8 MHz were not made. ‘:}

Table 3.2-8 gives values of the spatial correlation at
49.8 MHz of two receiving antennas located 4.5 meters apart for
the case of building-to-building propagation. The correlation
coefficient is seen to vary from -.04 to .33 with an average
value of .19 for all locations and types of receiving antennas.
Similarly, Table 2.2-9 gives values of the spatial correlaticn
at 446 MHz for diversity antennas located 50 cm and 350 cm
apart for the case of builainq-to-building transmission. At
distances of 50 c¢m, the correlation coefficient is seen to
range from -.02 to .62 with an average value for "all locations

é
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of .33, while at distances of 350 c¢cm, it varies from -.1%6 to

.38 with an average value of .20 for all locations.

Spatial correlation values at 49.8 Mz for diversity
antennas located 4.5 m apart are given in Table 23.2-10 for the
intrabuilding measurements. These values range from .10 to .41
for the transmissions between above ground floors with an average
value of .25. For the basement-to-above ground transmissions,
it ranges from .66 to .73 with an average value of .69. The
average value for all intrabuilding transmissions is .32. The
corresponding correlation values at 446 MHz for diversity
antennas 50 cm and 100 cm apart are given in Table 3.2-11. At

.32
\

to .68 for transmissions between above-cround flcors; freom .36

a correlation distance of 50 cm, these values rancge fro

»>

to .71 for transmissions frcm a basement to abcve-cground £floors;
from .16 to .40 for transmissions near elevator shafts; and from
.10 to .37 in corridors. The average value for all these measure-
ments is .29. Similarly, at correlation distances of 100 cm,

the correlation coefficient for measurements between above-ground

floors range £rom =-.19 to .55 with an average value of .20.

In conclusion, the average spatial correlation coefficient
at 446 MHz for diversity antennas 50 cm apart ranges from .25
to .5 for the various MOBA envircnments, and f£rom .00 to .30
for diversity antennas 100 cm apart. Similar correlation values
at 49.8 MHz are cbtained at correlation distances of 3 and 4.5
meters. The implications of the correlation values determined

in this section are discussed in the remainder of Section 3.2.

3.2.3 Diversity Gain vs. Correlation

Having determined the correlation between the outputs
of radio receivers employing field (VHF) and spatial (VHF/UHF:
dual diversity, we now discuss the gains that may be realized by
using such a system. The improvement (gain) may be explained
in terms of the minimum average signal-to-noise ratio required
to achieve a certain level of performance. For a fixed trans-
mitted power, the average signal-to-noise ratio at the receiver

decreases with transmitter-receiver separation so that the




a local (short term) mean signal level, so' These amplitude
fluctuations have been shown to be closely approximated by the
Rayleigh distribution ([Clarke, 1968 and Gans 1972]. Further-
more, examination of the strip-chart recordings also shows that
the local mean signal level, So’ varies at a slower rate over
larger distances and hence longer periods. These large area
variations in the mean have been found to be lognormally dis-~
tributed about a 'global' mean, also kncwn as the median signal
level, §o {Longley, 1976 and Okumura, l1968]. We have used this
statistical description of the signal amplitude, /2S5, and its
mean level, So’ to derive the probability that the output of a
dual selection diversity receiver 1s below Fhreshold (see Appen-
dix III), i.e., P(S<ST
normalized Eo the median signal level in a single diversity

), as a function of the threshold level

W

branch, ST/SO, and for various values ©f the correlation, r,
between the rsignals in the two diversity branches. Note that
the ratio éO/ST is the median (or glokal average) signal-to-
noise ratio in each diversity branch. In deriving these results
it was assumed that the median signal-to-noise ratio in the two
diversity branches is the same. This is a reasonable assumption
in an environment dominated by ambient noise even if the two

antenna gains are not egual.

Plots of the probability that the received signal be
below threshold for various correlation values are shown in

Figures 3.2-2 and 3.2.3. The curves of Figure 3.2-2 correspond-

CE

to the case in which the local mean signal level in each branch
is constant, i.e., So=§o (pure Rayleigh fading), while the curves
of Fiqure 3.2-3 are for the case in which the local mean signal
level in each branch varies according to the lognormal dis-
tribution with a standard deviation 5 = 8 dB (typical of MOBA
environments). A correlation value of r = 1 corresponds to the
case of perfect correlation or no diversity reception.

If we define the desired level of performance as
P(S<ST) < 10-2, then we can see from Figure 3.2-2 that for pure
Rayleigh fading, the minimum median signal-to-noise ratio,

3-71
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TIGURE 3.2~2 Probability that Received Signal Level is Belcw
the Threshold Level, S,,, for Correlated Dual
Selection Diversity in Pure Rayleigh Fading
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FIGURE 3.2-3 Probability *hat Received Signal Level is Below
the Threshold Level, S_, for Correlated Dual Selecticn
Diversity in Rayleigh-iLognormal Fading
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éo/ST, required when no diversity is used (r=1) is 20 dB. A
system using dual selection diversity will require 10.2 dB

lower median signal-to-noise ratio (i.e., §O/ST = 9.8 dB), if
the two branches are uncorrelated (r=0) and 8.8 dB lower signal-
to-noise ratio (i.e., §O/ST = 11.2 dB) if the correlation be-
tween the branches is .7. This implies that if the path loss
increases with distance at a rate of 40 dB/decade, then the
range of a system employing dual selection diversity will
increase by a factor of 1.8 if the two branches are uncorrelated
and by a factor of 1.66 if the correlation between the branches
is .7. If the path loss increases at a rate of 20 dB/decade,
the range wil. increase by a factor of 3.2 (r=0) and 2.75

(r=.7) respectively. The increase in range due to the diversity
gain is shown in Fig. 3.2-4 as a function of the rate of in-

crease of the path less and for various correlation values.

When the mean signal level varies randomly (5 = 8 dB)
the required median signal-to-noise ratios for a performance
level of P(8<S;) < 1077 are 27 dB (r=1), 21.2 (r=.7), and
20.2 (r=0) for the no diversity, correlated diversity, and un-
correlated diversity receivers, respectively. The increase in
the range is in the order of 1.4 (r=.7) to 1.48 (¥=0) if the
path loss increases at a rate of 40 dB/decade, and in the order
of 1.95 (r=.7) to 2.2 (r=0) if the path loss increases at a rate
of 20 dB/decade (see Fig. 3.2-4).

The use of diversity not only increases the range of a

fixed power transmitter but also reduces the average duration
of the fades, i.e., the fraction of time that the received sig-
nal is below threshold. Note that the average faée duration has
“he dimension of time and is not the same as the probability of
: received signal being below threshold. However, they are both
‘.zted as shown in Appendix III. The corresponding curves

“%2 product of the average fade duration, T_., and the fade

< -
.

DI

radians per second, 2wa, for the case of pure Rayleigh
*+ and Rayleigh-lognormal fading (with ¢ = 8 'dB) are shown
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in Figures 3.2-5 ar’ 3.2-6 as a function of the correlation,

r=v/ o, and the median signal-to-noise ratio, go/ST' The fading
rate, fD' depends on the frequency and the velocity at which
the receiver is moving relative to the transmitter and is

given by [Jakes, 1974]

= _Y. = X -
b = 3 f c (3.2-10)

where X is the wavelength and ¢ is the speed of light. Note
that if the transmitter and receiver are stationary, the fade
rate is zerc and the average fade duration is either zero or
infinite depending on whether the received signal level is

above or below threshold.

Thus, in a fixed power link with median signal-to-noise
ratio, éo/sT’ of 20 dB, the fade durations are reduced by a
factor of 2 when dual selection diversity with correlation
between the branches as high as .9 is used and the fading is
pure Rayleigh. When the mean signal level also fades (o = 8 4B),
the fade duration is reduced by a factor of 1.5 if the corre-
lation between the branches is .7 and by a factor of 1.6 if the

branches are uncorrelated (r=0).
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3.3 Extension of Existing Path Loss Model

In this section we make use of the results of our measure-
ments described in earlier sections to extend the current data
base in the literature. A number of prediction methods for
estimating the propagation path loss at VHF and UHF over
irregular terrain have been reported in the literature. These
may be broadly classified as empirical, [Egli, 1957] and
[Okumura, 1968], and semitheoretical [Edwards and Durkin, 1969]
and [Blomgquist and Ladell, 1974]. Path loss predicticon tech-
niques for receivers located in urban and suburban areas are
not well documented however. Of the previously mentiocned tech-
nigues, only Okumura's [1968] model, which is empirical in
nature, is, in our opinion, useful as a propagation predicticn
technique for receivers located in urban and suburban areas.
This model is intended for use with tall (base station) antennas
far from the receiver. The basic method involves the reading
of values from numerous correction curves and adéding or sub-
tracting these, depending upon the éontext, to the free space
propagation loss. The methods of determining the various
correction factors are limited to applications involving radio
links operating at frequencies above 150 MHz and over ranges
greater than approximately 1) Km. Thus we will use the results
of our measurements and Okumura's curves to derive new extended -
curves to predict path loss between low elevation antennas (2
meters) at frequencies between 30 MHz and 1000 MHz and for
distances ranging from 100 meters to several kilometers.

The Okumura model basically predicts path loss according

to the formula

L(f,d) = Lo(f,d) + Am(f,d) - H (ht,d) - Hm(hr,f)

b

- (3.3-1)
- Kie T Kgo
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where all quantities are in dB, and

o m ma e e Bt - oo

Lo(f,d) is the free space propagation loss as
defined in Eq. (3.1.1-2).

Am(f,d) is the median attenuation relative to free
space in an urban area where the effective {

base station antenna height, ht’ is 200 meters

bt - —cb——e -

and the receiver antenna height, hr, is 3

meters. These values are expressed as a

function of distance and frequency and can

ok —— —

; be obtained from Fig. 3.3-1.

Hb(ht,d) is the base station height-gain factor ex-
pressed in decibels relative to a 200-meter-
high base station antenna in an urban area. <:>
This function is dependent upon range and

has been plotted in Fig. 3.3-2.

Hm(hr,f) is the mobile height~gain factor expressed
in decibels relative to a 3~-meter-high
mobile antenna. This factor is dependent
upon frequency and has been plotted in

e o e AN dlpa ot S S o+ e Al e SN vt A - e

Fig. 3.3-3.
K ac is "the along or across street correction
(ai) factor" for urban areas. This factor is
dependent upon range and is plotted in G;’
Fig. 3.3-4.
l Kso is the correction factor for suburban and

open terrain which is plotted in Figs.
3.3-5a and 3.3-5b.

In order to determine whether Okumura's prediction curves
can be extended to shorter distances, lower frequencies and
lower elevation antennas, we need to first compare his pre-
diction curves with our results at a common point, e.g., at
a frequency of 446 MHz, distance of 1 Km, and between 2 m high
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antennas. Since Qkumura's curves give the median path loss

for all locations at a given distance and frequency, we have
averaged the path loss for all five urban and suburban 'runs'
described in Section 3.1 and in Figures 3.1.1-1 to 3.1.1-6.
The path loss averaged over all locations is shown in Figure

.~6 at the three test frequencies. Thus, we can see from
Fig. 3.3-6 that the average path loss at 446 Miz at a distance
of 1 km is 131 dB (or 45.6 dB above the free space loss).

From Okumura's curves we get that Am = 17.8 dB, Hb = 27.2 4B
(by extrapolating curve for ¢ = 1 Km to a base station antenna
height of 2 m), and Hm = -2.0 dB, so that the path loss pre-

dicted by Okumura's model is 47.0 dB above the free space
loss. Thus, our path loss curve at 446 Miz is well in agree-
ment with Okumura's prediction. At frequencies below 150 MHz,
the curves of Okumura give a constant attenuation above the
e space loss. This implies that the path loss decreases

with the square of the frequency (see Eg. (3.1.1-2)), or in dB
at a rate of 20 dB/decade, so that the difference in path loss
at 400 MHz and 40 MHz is 20 dB. Our results do not exhibit
such marked frequency dependence but a rather weak one. The
reason for the discrepancy is the difference in antenna heights
' ween our measurements and those of Okumura. When the base
station antenna height is much greater than the wavelength
(as is the case in Okumura's curves) and the distance is short
~enough, the path loss is more likely to be equal to the free
space loss plus some additional diffraction loss due to the
presence of buildings around the receiving (mobile) antenna.
However, as the base station antenna height decreases to a
he{%ht below that of the immediate surroundings, then there
is likely to be more than one diffraction path between the
base station and the receiving antenna resulting in a path
loss which exhibits weak frequency dependence and a 40 dB/

¢ ade increase in path loss with distance as exhibited by

our measurements.
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From these arguments, we have concluded that the path
loss in urban and suburban areas between low elevation antennas
is better approximated by the formula

L= Lp(d) + LD(f) - Ht(ht,f) - Hr(hr,f) (3.3-2)

+ Ku,s(f'd) + LB(f)

where all quantities are in dB and,

Lp(d) is the plane-earth path loss between two
antennas each 2 m high and which is defined
by Eq. (3.1.1-1). |

LD(f) is an environmental clutter factor which
varies with frequency and accounts for the (:>
average effect of the buildings and trees.

‘ Our estimate of this factor from our data is

shown in Fig. 3.3-7. X

Ht(ht,f) and Hr(hr’f) are the transmitting and receiving
antenna height gain factors expressed in dB
relative to 2 meter transmitting and receiving
antenna heights, ht and hr respectively.

These factors also depend on the frequency

and are shown in Fig. 3.3-8.

K (f,d) is a highly-built-up area (urban) or medium- ea
built-up area (suburban or along street urban
transmission) correction factor. The highly-
built-up area correction factor Ku is inde-
pendent of frequency but varies depending on
whether both the transmit and receive location
are on a sidewalk or not. The medium-built-ug
area correction factor KS also applies to the
case of transmission along urban streets and
varies with frequency. These correction factors
have been obtained from our data and are shown é

in Fig. 3.3-9.
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LB(f) is a correction factor for the case in which
the transmitter_or receiver is located inside
a building and accounts for the building pene-
tration loss. Itvaries with frequency and is
given by Eq. (3.1.2-1) when the transmitter
(or receiver) is in a basement; Eqg. (3.1.2-2)
when it is in an above-ground floor but not
near a window; and by Eg. (3.1.3-3) when it is

in an above-ground flcor close to a window.

The distance dependence of the path loss is essentially
the plane earth path loss, L_(d), which is 40 dB/decade
with some minor corrections introduced by the urban and sub-~
urban correction factors, K, and K respectively. The basic
path loss above the plane-earth loss has been derived from the {f)
‘ta in Fig. 3.3-6 and is cgiven by the environmental clutter
ractor, LD(f). This factor is seen to be constant (30 dB) in
the 70 to 300 MHz range. Above 300 MHz, it increases at a 10 dB/
decade rate because at these frequencies the terrain variations,
tree heights, and mean building heights in the area become
much larger than the wavelength and diffraction due to these
stacles becomes significant. At frequencies below 60 MHz,
wne clutter factor decreases significantly with freguency.
The reason for this effect is that at these frequencies there
is a surface or ground wave which propagates along the ground
and whose attenuation increases with frequency. At lower VHF c)
and lower frequencies, this wave 1is stronger (or less attenu-
ated) than the waves diffracted over and around buildings.

This is the main reason for the difference in the path losses
at 27 MHz, 49.8 MHz, and 446 MHz shown by Fig. 3.3-6. The
effects of changing the antenna height are determined from
Fig. 3.3-8. These curves have not been derived from our data
t we have used theoretical considerations as well as the
data of Okumura to determine them. The height gain is basically -
20 dB/decade and is the same as that exhibited by the plane %
3
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earth path loss (theoretical consideration). The frequency
dependence is due to the presence of the surface or ground

wave and its height gain effects have been discussed in a
previous report [Ehrman and Parl, 1977]. Finally, the urban

and suburban correction factors have been derived from our

data and account for the difference in the path losses en-
countered between the three urban and two suburban paths where
we made our measurements. The suburban correction factor also
applies to urban paths where both transmitter and receiver are
on a radial distance along the same street. The urban correction
factor applies to the case where both transmitter and receiver
are surrounded by structures (buildings) many wavelengths high.
At lower VHF, this condition implies that the buildings nust

be on the average at least 5 to 6 stories high, where as at
lower UHF the buildings need only average two to three s+ories
for the condition to be met. Thus, this condition may also be
met by some suburban areas at lower UHF. This model is very
much similar to that proposed by Allsebrook and Parsons ([1977)
but it is more complete in the sense that it includes correction
factors for the different environments. A more detailed dis-
cussion of the Allsebrook-Parsons model is given in the literature
update presented in Section 4.

As a iast remark, it should be added that these prediction
curves only apply when both antenna heights are below the top
of the buildings and other structures in the area. Thus, a
practical limit to the antenna height is 10 to 20 meters.
When one of the antenna heights is greater than this limit, the
curves of Okumura may be extrapolated to obtain a prediction
of the path loss.

3.4 Summary

Summarizing the results presented in this section, we
have analyzed the data presented in Section 2 and determined

the path or transmission loss (in dB) for the various types 1




of propagation conditions investigated. The path or transmission
loss was determined by obtaining a least-squares-fit to the
received signal data (in dBm) and then subtracting the effects
of the antenna gains and transmitted power. 1In addition to the

th or transmission loss, we also have done a correlation
analysis of the data and determined the field correlation co-
efficient (whip vs. loop correlation) at 27 MHz and 49.8 MHz as
well as the spatial correlation coefficient at 49.8 MHz (at
distances of 3 m and 4.5 m) and at 446 MHz (at distances of
50 cm and 100 cm).

The path losses for each of the street-to-street pro-

pagation paths tested are given in Figures 3.1.1-1 through
3.1.1-6. These path loss curves exhibit the following features:

® The path loss for the various locations tested €:>
exhibits distance dependence ranging from 20 dB/
decade to 47 dB/decade. The distance dependence
for the average path loss (over all locations)
. is 40 dB/decade at the three test freguencies
(see Figure 3.3-6).

® The path loss in general increases with frequency
at all locations tested. The difference between
-path losses at 27 MHz and 49.8 MHz ranges from
2 to 12 4B, with the average path loss difference"
being 8 dB (Fig. 3.3-6). Similarly, the difference €:’
between the path losses at 27 MHz and 446 MHz
ranges from 3 to 27 4B, with the average path
loss difference being 12 dB. The difference
between path losses at 49.8 MHz ranges Ircm 0 to
27.5 dB, with the average path loss dilZsrance

being 4 dB (Fig. 3.3-6 and Fig. 3.3=7)."
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® The difference in path loss between a medium-
built-up area and a highly-built-up area ranges
from 2.5 to 30 dB with the smallest difference
occurring at distances greater than 1 Km and thu
largest at distances less than 100 meters (see {
Fig. 3.3-9).

® When both transmitter and receiver are in a
highly-built-up area and are surrounded by tall
buildings, the path loss can be up to 20 dB A
greater if both transmitter and receiver are on
the sidewalk (i.e., near a high wall) rather
than if either transmitter or receiver is moval
away from the wall to the middle of the street
(see Fig. 3.3-9).

® Raising the antenna height above the ground
results in a decrease in the path loss. The
height gain is 6 dB/octave (i.e., 20 dB/decade)
as shown in Fig. 3.3-8.

® All these trends and effects have been used in

deriving a path loss prediction model in
Section 3.3.

The transmission losses for the street-to-building measu..,._
ments are given in Figures 3.1.2-1 and 3.1.2-2. The differeu...
between the transmission loss curves and the free space loss
in dB is defined as the building penetration loss. The folluw g,
conclusions about the penetration losses are reached from thea..

curves:

P N

® The building penetration losses in general deci.. ,. .
as the frequency increases. However, since the .
free space loss increases with frequency, the t.. . ;
street-to-building transmission loss has a miniw, !

at a frequency estimated to be around 50 MHz.




® The building penetration losses vary from floor
to floor (i.e., receiver floor location) in a
random manner so that no height gain (decrease
in the penetration loss as the receiver floor
level increases) is observed.

® The street-to-basement penetration loss in a
concrete wall building is 67.5 dB at 27 MHz,
58 dB at 49.8 MHz, and 52 dB at 446 MHz.

® The street-to-above-ground-floor penetration loss
in a concrete wall building ranges from 54 4B to
80 dB at 27 MHz, from 54 4B to 68 4B at 49.8 MHz,
and from 38 to 48 dB at 446 MHz.

® The building penetration loss is greater the

farther the receiver is inside the building.

® For a building with outer cinder block walls and
inner gypsum walls, the penetration loss is 61 dB
at 27 MHz, 44 to 48 dB at 49.8 MHz, and 40 to
58 dB at 446 MHz. The rate of increase in the

path loss as the receiver location inside the

building is farther away from the transmitter is

0 dB/decade at 27 MHz (i.e., there is no additional

loss due to inside walls), 20 dB/decade at 49.8 MHiz,

and 80 dB/decade at 446 MHz. ‘D

The transmission losses for the building-to-building
Tw:isurements are given in Figures 3.1.3-1 and 3.1.3-2. Defining
*he two~building penetration loss as the difference between the

-.iing-to-building transmission loss and the free space loss
‘2, we reach the following conclusions: ,




The two-building penetration loss exhibits no
height dependence, i.e., on the average it i.
independent of the difference in Zloor levels
at the transmitting and receivipg ends.

The two—bﬁilding penetration lcss ranges from
57.5 to 86 dB at 27 MHz, from 65 to 77 4B at
49.8 MHz, and from 58 to 64.5 dB at 446 MHz.

Since the transmit location in one of the buildings
was near a window we can get an estimate of the
(one building) penetration loss when the receiver
(or transmitter) is near a window by subtracting
the (one) building penetration loss (for the con-
crete wall building) from the two-building zene-
tration loss. We find that it ranges from 4 to

32 dB at 27 MHz, from 1 to 15 dB at 49.8 MHz, and
from 10 to 25 dB at 446 MHz.

The transmission losses for the various intrabuilding

measurements are given in Figures 3.1.4-1 to 3.1.4-7. From these

curves we reach the following conclusions:

The transmission 1o§s (in dB) along corridors
varies linearly with distance. The rate of in-
crease in the transmission loss with distance
varies with the dimensions of the corridor, whether
the corridor is straight or not, the material com~
position of the corridor walls, and also the trans-

mission frequency.

The transmission losses for various corridors at

27 MHz and at a distance of 20 meters are: 108 dB
for a corridor with one turn {(at a distance of

15 meters) and gypsum walls, 84 dB for a straight:
corridor with gypsum walls, 70 dB for a corridor
with a turn (at a distance of 10 meters) and cinder
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block walls, and 64 4B for a straight corridor
with cinder block walls.

The transmission losses and the loss rate decrease
with frequency when the corridor has one or more
turns. However, the converse is true when the
corridor is straight. Comparing the transmission
losses at a distance of 20 meters for a straight
corridor (A) and a winding corridor (B), both with
cinder block walls, we find: a transmission loss
of 64.5 dB for corridor A and 70 dB for corridor

B at 27 MHz:; a transmission loss of 63 dB for
corridor A and 68.1 dB for corridor B at 49.8 MHz;
and a transmission loss of 51.8 dB for corridor A
and 82.5 dB for corridor B at 446 MHz. At longer
distances the transmission loss iTcreases at the
following rates: 6.9 dB/10 meters in corridor A
and 8.3 ¢EB/10 meters in corridor B at 27 MHz;

6.9 dB/10 meters in corridor A and 9.8 dB/10 meters
in corridor B at 49.8 MHz; and 5.4 dB/l0 meters

in corridor A and 10.2 &éB/1l0 meters in corridor B
at 446 MHz.

" The transmission loss (in dB) betw&en above-ground

floors increases linearly with the log of the
number of floors transmitted through. The loss
due to transmission through one floor is 83 dB
at 27 and 49.8 MHz and 88 dB at 446 MHz. For
transmissions through a greater number of flecors,
the transmission loss increases at a rate of

51.3 dB/decade at 27 MHz, 25.5 dB/decade at

49.8 MHz, and 30.2 dB/decade at 446 MHz, where a
decade is a ten-fold increase in the number cof

floors transmitted through.
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The transmission loss (in dB) between above-
ground floors and the basement also increases
linearly with the log of the number of floors
transmitted through. The loss due to transmission
from the first floor to the basement is 77 dB at
27 MHz, 83 dB at 49.8 MHz, and 82 dB at 446 MHz.
For transmissions to or from higher floors, the
transmission loss increases at a rate of 56 dB/
decade at 27 MHz, 44.5 dB/decade at 49.8 MHz, and
50 dB/decade at 446 MHz. These rates are higher
than those for transmissicns between above-ground

floors.

The transmission loss (in dB) in stairwells
increases linearly with the log of the number of
floors transmitted through. The loss due to
transmission from one floor to the next in the
stairwell is 40 dB at 27 Mz, 45.6 dB at 49.8 MHz,
and 59.4 4B at 446 MHz. Thesé losses are about
half of the transmission loss throuch one floor
at VHF and two thirds at UHF. For transmissions
to or from higher floors, =he loss increases at
a rate of 60 dB/decade at 27 MHz, 27.5 dB/decade
at 49.8 MHz, and 38 dB/decade at 446 MHz. Sur-
prisingly, the loss rates are higher for trans-
mission in stairwells compared to transmissions

through the floors.

The transmission loss between £flcors and near

elevator shafts increases linearly with the number
of floors transmitted through at VHF (i.e., 27 MHz
and 49.8 MHz) and linearly with the log of the

number of floors transmitted throuch at UHF (446 MHz).
The loss due to transmission throuch one £loor is
64.4 dB at 27 MHz, 73.3 at 49.8 MHz, and 52 dB at
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446 MHz. For transmission through a greater number
of floors, the loss increases at a rate of 3.4 dB/
floor at 27 MHz, 4.3 dB/floor at 49.8 MHz, and

52.6 dB/decade (ten-fold increase in numpber of
floors) at 446 MHz.

® Thus we conclude that transmissions between floors
are best when both transmitter and receiver are in
a stairwell and worst if neither transmitter nor

receiver is near a stairwell or an elevator shaft.

Having summarized the results of our path or transmission
loss analysis, we now give the results of our correlation analysis.
The correlation analysis ig divided into €ield ccrrelaticn (whip
vs. loop receiving antenna correlation or equivalently E~Field

vs. H-Field correlation) analysis at 27 MHz and 49.8 Mz, and

spatial correlation analysis at 49.8 MHz and 446 MHz.

The field correlaticn coefficients for the various tygpes
of prcpagation conditions tested for are given in Tables 3.2-1

through 3.2-4. From these we conclude the following:

® The field correlation coefficient in urban and sub-
urban street-to-street propagation has an average
value of .74 at 27 MHz and .61 at 49.8 MHz.

® In the case of street-to-building propagation,
the field correlation coefficient has an average
value of .79 at 27 MHz and .87 at 49.8 MHz.

® For the building-to-building propagation measure-
ments the average value of the field correlation
coefficient is .63 at 27 MHz and .48 at 49.8 MHz.

® The lowest field correlation coefficients are those
of the intrabuilding propagation measurements
which have an average value of .39 at 27 MHz and
.65 at 49.8 MHz.
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The spatial correlation coefficients for the variocus types

of propagation are given in Tables 3.2--5 through 3.2-11.

From

these tables, we conclude the following:

In the case of the street-tc-street provagation
measurements, the spatial corrclation at 49.28 MiHz
has an average value of .35 for antennas 3 meters
apart. At 446 MHz, the spatial correlation has
an average value of .52 for antennas 50 cm apart

and .27 for antennas 100 cm apart.

In the case of the street-to-building grorzagation
measurements, the spatial correlation of
has an average value of .25 for antennas 30 cm

apart and -.01 for antennas 100 cm apart.

In the case of the building-to-building propagation
measurements, the spatial correlation at 49.8 MHz
for antennas 4.5 meters has an average value of
.19. Similarly the spatial correlation at 446 MHZz
has an average of .33 for antennas 50 cm apart, and

.20 for antennas 3.5 meters apart.

Finally in the case of the intrabuilding measure-
ments, the spatial correlarion at 49.8 MHz for
antennas 4.5 meters apart has an average value of
.32. Similarly, the spatial correlation at 446 MHz
has an average value of .29 for antennas 50 cm

apart and .20 for antennas 100 cm apart.

The correlation coefficients yielded by the VHF measure-

ments indicate that there is

sufficient decorrelation between

the E-Field and H-Field components of the received signal to

warrant the implementation of a field diversity VHF receiving

system.

Similarly, the spatial correlation coefficients yielded

by the UHF measurements warrant the implementation of a

spatial diversity UHF receiving system.

The gains that may be

expected by implementing such systems are:
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@ Increase in the transmitter range by at leas:
factor of 1.4 and up to a factor of 1.8 times <-2
range of a no-diversity system.

® And a reduction in the fade duration by a :o

of 1.5 to 2 times that of a no-diversity systar-.

While no field diversity measurements were made at 447 ™z,

o
b
D

would expect that field diversity would also be applicat-z

Al
Wt

UHF. As a 50 cm space~diversity antenna separation migh=

P

o
W

awkward for a manpack radio, a practical UHF diversity re-

O
i

-ver might also be implemented using a loop antenna.

oy O i
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SECTION 4
MOBA/COBA DATA - BASE UPDATE

4.0 Introduction

This section is basically independent from Sections 2
and 3. However, the topics covered are related to the MOBA/
COBA communications problem and together with the VHF/UHF
propagation measurcments and the data-base analysis performed
in a previous report [Ehrman and Parl, 1977) present a complete
picture of the present state of VHF/UHF communications in

pbuilt-up areas and the potential for improvement.

The topics covered are diverse and have been divided into
three sub-sections: Section 4.1 is a summary of a series of
meetings held with European researchers during the week of
October 24 - October 31, 1978 with the purpose of incorporating
their findings into the MOBA/COBA data-base; Section 4.2
summarizes the recent work which has appeared in the literature
(since our previous report) and which is related to the problem
at hand; and Section 4.3 is concerned with the design of an

active loop antenna for the implementation of a VHF field
diversity system.

‘Among the recently published work are the results of
propagation measurcments made in British cities by a group of
British workers [Allsebrook and Parsons, 1977] at frequencies
in the VHF and UHF range using medium elevation antennas (20
to 50 meters). Their measurements exhibit the same distance
dependence as ours (inverse fourth power law) and further
reinforce our prediction model. In addition we also report

on some man-~made (ignition) noise ﬁeasurements made by the
same group of workers [Parsons and Sheikh, 1978]. The other
work reported on deals with the analysis of the performance of




a two-branch equal-gain combining diversity racsoiver (as opposed
to selection diversity) with ajpplications to m s te communi-
cations [Lee, 1978].

Our active antenna 'vlork wis motivatcd i:-_

vavt by the
auccess which a group of Germauw scientists hawves =ad in applying
. to mobile diversity (spatial) reception [rlz.-nenecker, 1978].

But the most important reason is that an active Loop antenna

offers several advantages over s multi-turn lccy (MTL) antenna.

One is that active antennas in yeneral can be Zesigned to be
very broadband (and thus requiie no tunina) whi'c a multi-turn

loop antenna is inherently very narrow band and :cguires auto-

matic tuning. The automatic tuning makes the . 1i-turn loop

antenna extremely bulky and heasy for use with “.au-pack radios.

This further emphasizes another advantage Nf 2% sective antenna, (:)
namely its low profile (much Je- than a quarts: wave antenna)

3 small size and weight.

4.1 MOBA Communications Meet 1ngs with Eurcpvea: Roesearchers

4.1.1 Introduction

The measurements reported in Section 2 an

2 and snalys=ed in
Section 3 as well as our Interim Report, Communtcations Data
se Analysis for Military Ope:ations in a Bailt -up Area (MOBA/
COBA) by Dr. L. Ehrman and Dr. :. Parl (Report T.068.1, 9 Dec :
1977), have been part of an eti..t to improve tihe knowledge of | :i
urban communications. In additi.n, contacts have been made
with European researchers in thix field, in ords: to incorporate
their findings into the data base. In Octuber 2§, Dr. Leonard
Ehrman of SIGNATRON met with rencarchers in Grea: 3vitain,
sweden, and Germany to discuss their latest resc.a:ches. ,
The remainder of thi: sect..n Jdocumenzs UL made 29 H

‘-ur research groups.




4.1.2 Summary of Results

Visits were made to four organizations. The principal
contact, and the name of each organization, follows:

1. Dr. P. R. M, Whittlestone
Tl Division
Royal Signals and Radar Establishment
Malverne, Worcs., England

2. Mr. J. D. Parsons
Department of Electronics and Electrical
Engineering
The University of Birmingham
P.0. Box 363
Birmingham B15 2TT England

3. Mr. GOsta Carlson
National Defense Research Institute
Department 3
Communications Laboratory
Box 1165
581 11 Linkdping, Sweden

4. Dr. G. Flachenecker
Hoshschule der Bundeswehr Munchen
Fachbereich Elektrotechnic,
Hochfrequenztechnik
Werner~Heisenberg-wWeg 39
8014 Neubiberg
Munich, Germany

All of the experiments which have been performed in
Europe show that the received signal level (RSL) in &an urban
environment follows an inverse fourth-power distance law,

i.e., if the transmitter-receiver separation doubles, the

RSL decreases by 1/24, or by 12 dB. They also have found

that over small areas the received signal will fade, with

the envelope having a Rayleigh probability distribution.

The Birmingham and Munich groups are both working on diversity
combiners for use with mobile radios, as they believe diversity
is a practical and inexpensive means of improving performance :
in Rayleigh fading. The Swedish researchers are not working

on diversity at this time, although they are well aware of it.




The researchers at Birmingham, NDRI Linkdping, and Munich all
believe tactical VHF communications utilizing low height, low
power radios would be extremely range limited in an urban
environment. All of these, plus RSRE, consider UHF would be
unusable due to range limitations.

RSRE takes the viewpoint that tactical urban radio communi-

cations can be maintained by one of two means. The first would
employ elevated antennas, with field wire being used to connect
a remotely located user's hand set to the radio; all the British
VHF and UHF radios are designed for this mode of operation. ‘
The second means is to employ HF, instead of VHF, in urban
communications. RSRE considers groundwave propagation in the

low HF band (1.5 - 5 MHz) to be suited for short range MOBA use,
although it might be excessively noisy. At this low a fre- €3
quency, however, they expect there would be little or no fading,

hich might be a mitigating factor. RSRE considers the high HF
band (20 -~ 30 MHzf, to be an alternative, although the frequency
usage would have to vary diurnally with the MUF.

All researchers agree that care should be used in extrapo-
lating either U.S. or European measurements to a MOUT (Military
“perations in Urban Terrain) environment. All consider auto-
.obiles and other vehicular traffic to be the prime source of
VHF RF noise. European cities are considered to have a noise
level 10 to 20 dB below U.S. cities, but military vehicles are (\3
claimed to produce significantly more radio noise than do
civilian vehicles. 1In addition, it is expected that in a battle
environment there will be a significant amount of both co-channel
and adjacent-channel interference from other radio nets. As

a result,urban range is expected to be reduced by factors of

2 or 4 below that measured in a peacetime environment.




Of the four groups listed above, only Dr. Flachenecker's
is working in the field of active antennas. Active antenna
research and development have been going on in Germany since
the mid 1960's, and active whip antennas fcr cars are now
commercially available products in Germany in both whip and
windshield configurations. If active loop antennas were to
be used with man-pack radios, as either low-profile receiving
antennas or field diversity (H-field) antennas, a development
effort would be required.

All of the groups visited are doing significant work, and
liaison with their researchers should be maintained. With the
exception of RSRE, all of the groups visited have mobile labora-
tories which they use for performing their propagation research,
and recording their data. The experimental data are then
reduced off-line on digital computers. The start-up expense
is undoubtedly high, and software development is probably a
never-ending project, but these facilities enable them to run

large scale experiments in an efficient manner.

4.2 Literature Study

4.2.1 Allsebrook-Parsons VHF/UHF Path Loss Prediction Model

A path loss prediction model for VHF and UHF propagation
in urban areas has recently been proposed by Allsebrook and

Parsons [1977]. The model is based on measurements of the.
received signal envelope magnitude at frequencies of 85 MHz,
167 MHz, and 441 MHz. 1In all cases, unmodulated carrier waves
were radiated from antennas atop tall buildings or prominent
terrain features and detected using a vehicle mounted receiver.
The effective height of the antennas at the three frequencies
were 35 m, 20 m, and 50 m above local ground for the cities

of Birmingham, Bath, and Bradford, England, respectively.
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The path loss prediction model proposed by Allsebrook and
Parsons is based on the following equation for the path loss
in dB:
- _ 2 2 ,1/2
L LF(f,d) + {[Lp(ht,hr,d) LF(f,d)] + LDF}
(4.2-1)
+ LFC + y(£f)
where all quantities are in dB
LF(f,d) is the free-space loss as defined by

Eq. (3.1.1-2).

Lp(ht,hr,d) is the plane-earth path loss which

DF

FC

y(£)

From the
terms Le + {...

depends on the transmitting and receiving
antenna height and range and is given
by Eq. (3.1.1-1).

is the diffraction loss over terrain
obstacles such aggridges and hills.

is the flat-city correction factor which
accounts for the loss due to diffraction
over the buildings nearest to the re-

ceiver.

is a UHF correction factor to LFC and 1is

plotted in Figure 4.2-1.

definition of the path loss, L, we see that the
}1/2 in (4.2-1) represent a modified loss for

hilly terrain where the modification to the free-space loss,

LF' is the rms
i.e., Lp -‘LF,
obstacles such

When the

heights of the
to

value of the loss due to a ground reflection,
and the loss due to diffraction over terrain

as mountains or ridges, LDF'

terrain is relatively flat compared to the

buildings, L is negligible and (4.2-1) reduces

DF
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L = Lp(ht.hr,d) + LFC + v (f) (4.2-2)

which Allsebrook and Parsons [1977] refer to as the flat-city |

~odel as opposed to the hilly-city prediction model described {
by (4.2-1).

Note that the flat-city model is similar to the model which
we have proposed (Eg. (3.3-2)) if we set the Allsebrook-Parsons
correction factors, LFC + v, equal to urban clutter correction j
factor, LD’ proposed by us. The flat-city correction factor
rroposed by Allsebrook and Parsons [1977] is based on single-
xnife-edge diffraction theory, so that

h - h O
Lpe = 20 log), (27 —C’—:£> (4.2-3)
Ado

where do is the distance from the closest building to the mobile
receiver and ho is the height of the building. This was found
tc be a good approximation to the excess loss above free-space
‘css at the two VHF frequencies but not at the UHF f;equehcy,
~-robably as a result of ignoring the thickness of the buildings,
which at UHF is many wavelengths.

The flat-city correction factor defined in (4.2-3) was 9
apgropriate for the Allsebrook-Parsons measurements because
thelir transmitting (base-station) antennas were mounted on
rccf tops so that the only significant obstacles were those
rearest to the receiver. However, when the height of the
transmitting antenna is well below the top of the buildings, ‘ ‘
“he single-knife-edge diffraction theory may not be appropriate,
at least if ho and do are taken to be the actual height and
istance to the nearest obstacle. Our factor, Kus(f,d) is

an empirical term which implicitly includes the parameters

-t
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of importance in L but is more oriented to the use of man-

FC’

pack radios with low elevation antennas than is LFC'

J




4.2.2 Man-Made Noise in Urban and Suburban Areas at 80 MHz

The results of man-made noise measurements in British
urban and suburban areas at a frequency in the low VHF band
ave recently appeared in a report by J.D. Parsons and A.U.H.
Sheikh [1978]. The sources of the noise measured were primarily
vehicle ignition noise and to a lesser extent power line noise
and industrial noise. 1In order to fully characterize the noise,
experiments were conducted to measure the following four para-

meters:

a. Amplitude Probability Distribution (APD)

b. Average Crossing Rate (ACR) at various threshold
levels.

c. Time of Arrival Statistics or Pulse Interval Dis- (:}
tribution (PID)

d. Pulse Width Distribution (PWD).

Measurements of these four parameters in a 20 kHz band-

width are presented in graphical form for different locations

(streets) typical of British urban and suburban areas: New
Street (urban); Bristol Road South (suburban); an expressway

5; and other locations. We have reproduced these results in
Figures 4.2-2 through 4.2-13. These curves and others given

in the original report indicate that both traffic density (in
the units of vehicles/minute) and traffic pattern {(stop and @
go city driving vs. expressway traffic) have an effect on the
shape of the Amplitude Probability Distribution (APD) curve
as well as Average Crossing Rate (ACR). The high probability
(cbackground) noise levels range from a few dB above thermal

’kTOB) in light traffic to as much as 20 dB above thermal in ‘
™27y urban (New Street) traffic. The low probability, high
*“rlitude, impulsive (ignition) noise occurs at lower noise
"2ls the heavier the traffic as one might expect.

. -
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The pulse width distributions show the spread of pulse-
widths which occur at any threshold level. The important point
on the vertical axis is 50 usecs, which represents the recip-
rocal of the post-detector bandwidth (20 kHz). If there were
no overlapping of noise impulses, then pulse widths greater
than 50 usecs would not occur, and the extent of their occurrence
is a measure of the amount of overlapping which exists. The
pulse interval distributions (PID) also indicate the existence
of overlapping noise impulses by the fact that the PID's for
different levels cross each other.

Although these measurements were made at a single fre-
guency, 80 MHz, we may extrapclate the median noise level
(i.e., APD < 50%) by using the following empirically derived
frequency dependence of man-made noise in the Birmingham,

England, area [Bailey, 1976]:
N = 67 ~ 28 loglo £ (4.2-4)

where the units of N are dB above kTOB and f is the measurement
frequency in MHz. At 80 MHz, the median level for all locations
is about 13.7 dB above kToB. The values predicted by (4.2-4)
are about 10 dB lower than those measured in the USA [CCIR,
1974]).

4.2.3 Two-Branch Equal Gain Diversity Combining Receiver

The theoretical performance of a two-branch equal gain
diversity combining receiver with correlated signals has
recently been described in the literature [Lee, 1978]. The
performance is analyzed from the cumulative probability dis-
tributions of the output of the diversity combiner as well as
the level crossing rates and duration of the fades. Lee shows
that the probability that the instantaneous carrier-to-noise
ratio, y, at the output of a two branch equal-gain combiner
is below the threshold level, x, in a pure Rayleigh fading
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environment is given by

(l"‘ )/E) e—Zax/f‘ - !
P(y < x) =1 + (4.2-5) ]
: 2 Yo ‘

where [ is the average carrier-to-noise ratio in each branch, {

s ehmre e ——

2 1s the correlation between the two branches, and a and b are
constants which vary with o. Figure 4.2-14 shows how the i

diversity gain of the two-branch combined signal varies as a

e i ¢ e Bt o o

function of the correlation between the two branches. These y
curves, when compared with those we have derived for a two-

branch selection diversity combiner (Figure 3.3-1), show that

the equal-gain combiner is slightly supericr to the selection : i:}
combiner. For instance, for a desired performance level
2

4 P(y < x) = 10~ “, the reguired average CNR with an egual gain
} compbiner is 11.2 dB below that of a single channel receiver
compared to 10.2 4B for a selection diversity receiver (from
Figure 3.3-1) when the branches are uncorrelated (g = 0).
This cdifference disappears as correlation increases. If the
branches have correlation ¢ = .7, then the diversity gain
is 8.75 dB with an eqgual gain combiner, compared to 8.7 with

a selection diversity combiner.

oy
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FIGURE 4.2-14 Cumulative Probabili* Distribution of a
Two-Branch Equal-Gai mbiner in Pure
Rayleigh Fading [From L. , 1978]
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4.3 Active Antenna for Field Diversity !(~.l~rentation

4.3.1 Background and Scove

This analysis is intended to support !'he “Zesign, construc-
tion, and testing of an active loop antennia. Together with
the existing design for a vertical whip antrnna, the active
loop could be used to implement a prototype Jiversity receiver
for mobile communication in the 30 to 80 Mil» portion of the

VHF band.

Appendix IV contains the initial investiaation of the
subject of active antennas. Itgivesabrecal overview of their
published properties and summarizes in a :systematic manner
the rationale motivating their use and the :.2lient features
of the performance parameters., The two ma’or areas of applica-
tion that were encountered and the princiral Icatures of artive

antenna performance are:

e Single Element (Peceive Only)

’

By integrating the antenna direc:ly into the matching
network of the preamplifier transistor, ch—.: 1Cisses, system
noise temperature, and gain lcss are minir::ci as are the de-
tuning effects encountered when attemptins :: 2chieve inherently

narrowpand matching to a £J or 75 ohm catl:s "zt connects to a

A

remote preamplifier. System signal-to-nciss rzzio and bandwidth
are major performance parameters. The un:l:::ril property ol
“Ye transistor provides decoupling of the :-::2n2 Irom the feel
iine. This is important at frequencies wi:- 172 2ntenna is elec-
r1-ally small ané is parameterized by ths .-s::ved match (T,
in

;. nandwidth achieved bw the transistor:.. ::.2: in the active

e W
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pormene

'y Array

Active antennas reduce mutual coupling effects 1in

vt
pe

transmit and receive arrays bLecause of the reverse isclation

or unilateral buffering the transistor can provide as an active
davice. Increased bandwidth and improved impedance matching
as well as improved SNR for receive only applications are real-
ized and are the quantitative measure of performance. Because
of the unilateral property, distinct active antenna designs

and elements are regquired for transmit and receive. Receive

cnly applications appear to have been the arca of most interest.

In this report, the factors pertinent to the single
receive only element are addressed to a level of detail apprcach-
ing that which is necessary for the design of an active loop

antenna. Specific items are:

. Preliminary Transistor Selection

Table 4.3-1 gives a preliminary summary of th
bipolar - FET tradeoff considerations.

. Quantitative characterization of the S-parameters and
noise figure for a specific transistor (2N5943).

. Quantitative characterization of the electrically
small loop antenna for impedance, efficiency, and
antenna noise temperature.

. Performance caliculations for the transistor . /looz

Stabilizty

Gain

Noise Ficure ané Noise Temperacture
System signal-tc-noise ratic (SXR).

The apprcach enatles these rarameters tC be plotted
aF circular contours (cverlaved) cn the Smith Char:
imzedance coordinatas. This facilizates the matching
network specification ané design as well as providing
zimple yet comprehonsive display that accommolstes

2 wide range of zntenna and matching netwdrk varia-
tione.

4-27
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! The analysis outlined above provides us with a well defined,
repeatable, quantitative approach for the design of an active

antenna. Modification for an active whip antenna would be
i straightforward. Active whip antennas for recention have

been designed, tested, and produced ([Meinke,1977] with atten-

tion given to optimal SNR. The analysis offered here for the
per formance calculations and the optimal design of the active

loop is believed to be a new application. One prior investiga-

- a— e b o ue

tion of active loops of which the authors are aware was restrict-
ed to impedance matching and power gain consideraticns TRamsdale,

19717.

Design level topics that have not yet been addressed at

: this time are:

. Matching network design for the input and ocutput
Circuits
» Measurement and instrumentation aspects of transistor/

matching network selection and design

S-parameters (match and gain)
1 Noise Figure
‘:; Experimental Optimization.

. More comprehensive transistor selection.

The following numerical results and discussion are for a
specific transistor which is the low noise, low power model
(2N5439) given in the first entry of Table 4.3-1. Although
some effort was expended to select a transistor with suitable
characteristics for performance calculation purposes, this
should be considered only as the current baseline candidate

against which future choices may be compared.

TV T - - ’ 5 i
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4.3.2 Summary

The objective of the calculations 1is to relate the measured
characteristics of a transistor (S-parameters and noise figure

rameters F to the
para mln'Rn'YO) e

. Stability

e Gain

Noise Figure/Temperature

e System SNR

as a function of the impedance of the input and output matching
networks in which it is embedded. The approach and concepts C)
are essentially the same as those that have been developed for

RF amplifiers. The distinctive feature of the active antenna

is that thé antenna is an integral part of the matching net-

work circuitry. The S-parameter/Smith Chart display approach

chosen here facilitates the display of the complete range of

per formance levels using readily constructed circular contours

on the Smith Chart whose coordinates represent the load or

source impedance of the embedding circuitry of the transistor.

This simple yet elegant geometrical construction as shown in <:>

Figure 4.3-1 enables the effect and sensitivity of the embedding
circuitry to be determined readily. The design goal for an
active antenna is to achieve an SNR that is but minimally de-
graded from that obtained with a lossless n = 1, noiseless
Fn = 1, receiver,which is SNRMX = DSO/KTAB. This measure is
represented by a parameter which is independent of the system
bandwidth [Radjy and Hansen, 1979]

SNR  _ Tan :

SNRy o TN + To(Fn~n)
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Table 4.3-2 summarizes the results of the detailed calcula-
tions for the active loop synthesized with a 2N5943 bipolar
NPN transistor in Section 4.3.3. The most significant parameter
is y which is entered in the bottom lines. In a very noisy en-
vironment the external antenna noise contribution is so great
that the -27 to -14 dB ohmic losses in the antenna and matching
network are of no consequence. The SNR performance is the
same as if the antenna and network were lossless and the re-
ceiver was noiseless (n = 1 and Ap, = 0). In a moderate (sub-
urban) noise scenafio these inefficiencies begin to afiect the
performance. In a very quiet noise scenario where the only
antenna noise contribution is from that of the galactic back- <:>

ground, the antenna and matching network ohmic losses begin to

introduce appreciable degradation.

The performance levels of Table 4.3-2 are realized over
the entire band without any adjustments. The 129o constant
phase shift network that has been assumed to achieve the per-
formance discussed above is not unique for implementation.
Although the effects of its finite losses have been estimated

it has not been designed. These results are_ intended as a base- Q

line for future design effort.
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Tﬁis section presents the performance contours that were
computed for the stability, gain, noiée figure, and SNR of an 8"
active loop antenna in the 30 to 80 Miz band. The transistor
chesen to obtain these results is a bipolar KPN, low-noise,
low power model (2NS943) that, to the extent initial calcula-

! tions indicate, appears to be suitable.

i Its catalog description indicates low noise, low intermodula-
! tion distortion for broadband use in CATV applications. These

same features appear appropriate for a broadband active loop.

The impedance level of this transistor also appears to be con- .

mensurate with that of the loop antenna. Other transistors had a

much higher impedance at low frequencies.

Figure 4.3~2 reproduces the catalog S-parameter and noise
figure data [Motorola, 1978]. from which the calculated results
were derived. Since the S-parameter data is given for fre-
quencies only down to 100 MHz (probablyv because of the 1imit of the
particular model of Automatic Network Analyzer used) the procedure

used to obtain the 30 to 80 MHz data for the band of interest

here was to plot the available 100 to 1000 Mz data and ex:tra-

polate. Table 4.3-3 gives the approximating algorithms used egb_
to implement this and the values calculated in the extrapolated.
region. These algorithms and the values determined from them

were used in a program coied for 2 large scale digital ccmputer

tc obtain the results that are discussed in the following sub-

sections.

)

+ R.,» 2nad G. = REY _~ were

The noise figure parameters X o Yo

“min

determina23 Irom the three values of the noise ficure in “he craph
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Table 4.3-3

‘Approximating Algorithms and Extrapolated Values

BIFOLAR NFN 2NI943

FMIN=1,96 FRN=8. FKG0O=33.

R11(X>=23,1+0.%X

S X11(X)=-1200./X+.021%X

R22(X)=92.,~-SART(X/1000.)%x70,
X22(X)=-27.5-X/100. _
AS21(X)=28.,-9.%AL0OG10(X)
FS21(X)=(97.2-.072%X)*ORAD
AS12(X)=.,04%(X/100,)%%.8
FS12(X)=(60,+.0%X)X[RAD

N _— i m——— c- -_— .

S-FARAMETERS S50 OHMSs POLAR FORM-AMF/LEG
F-MHZ Si1 §22 s21 512
10. 0.8757 -44., 0.323/ -27. 12.000/ 96, 0.00&/
20. 0.6%94/ =75, 0.3147 -29. 16,291/ & 0.011/
30. 0.5746/ -96. 0.307/ -31., 14,7067 95, 0.015/
40. 0.506/-111. 0.302/ -33. 13,281/ ¢4, 0.019/
50, 0.463/-122. C.297/ -34. 2,709/ 94, 0.023/
60. 0.436/~-131., 0.293/ -3¢. 11.99727 93, 0277
70. 0.418/-1328. 0.2%90/ -37. 11.39247 92, u 020/
80. 0.406/7-143. 0.287/ -39. 10.872/7 91, SOZ3Y
20, 0.297/-148. 0.284/ -40. 10,412/ 91, O.G:Tﬁ
100, 0.390/-152. 282/ -42 10.000/ 90, Colair
110, 0.3384/-15¢., 280/ -43. .627/7 BY. el
12G. 0.382/-159. 0.278/ =45, ©.287/ &9, Oevans
120, 0,379/-161. 0.277/ -4é. 5.9757 88, 0.0y
244G, 0.377/-144 0.276/ —-47. £.4857 &7, Caouys
(S0, 0.373/-14%6. 0.275/7 -4%. £.4915/ Bes. Vel
1460, C.274/-148. C.2724/7 -50,. .13, &.a. L. 0B,
1T 0.373/-170. 0.274/ =351, T.928/s  CT, C.lul
180, 0.372/-172, 2747 -53. 7272037 Ca. Covaan’
iec. 6.2721/-172. 0.274/ -ta4. 7.4%17  Ca. y.u,,
Zi0. ¢.371/-173, 2747 -S0. 7.291 32, (Y
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-the experimentally measured

of Figure 4.3-2 for Ic = 35 mAdc. By assuming different values
of Gy and pleotting F versus X' = X(1000) = ;GS—GO}Z/GS(mU) in
Figure 4.3-3, it was determined that the best straigh<t line

fit of the three experimental points to the IRE Standard Ncise

Figure Representation [1960] obtains for G0 = 30mU. The values of

the intercept (Fmin)’ slope (RV)' and RO are given in the lower
&
right hand corner of figure. Since no experimental data was

given for B, = Im [YOI, the calculations of this report assumed

0

as a first approximation that B, is the power gain conjugate

0
match admittance. This conjecture is supported by inspection of
‘0
data for a microwave FET transistor [Hewlett-Packard, 197

and power gain conjugate natch

7]
The optimal noise figure reflection coefficient had a smaller
. . o , . .
amplitude and lagged in phase about 20~ behind the vower cain

conjugate match reflection coefficient.

4.3.3.1 Stability

Figure 4.3-4 plots the magnitude of the stability parameters
for the source impedance (S) and the load impedance (L) and
composite. The following features of the calculations are dis-
cussed in detail.

1) Unlike gain and noise figure calculations, the
potential for instability and therefore the analysis, is not
limited to inband frequencies (30 to 80 MHz). The range of
10 to 1000 MHz is analyzed.

2) Below 140 MHz the stability parameters all exceecd unity
and are unconditicnally stable. Between 140 and 950 MHz the
stability parameter decreases below unity indicating that the
potential exists for instability with certain phases of T that
exceed a minimal, threshold value. -
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3) The minimal value of 0.85 for all three curves in
Figure 4.3-4 suggests that so long as the magnitude of the
coefficient is everywhere less than 0.85, then instability

i s e s e i

will be avoided under any circumstances. This is the basis
; for the IFLI = 0.85 and 12.3:1 VSWR limit shown in the TI'-plane
1 interpretation of Figure 4.3-5. This leads to the conclusion

that if the matching networks at the input and output port of
the transistor can everywhere ensure a VSWR of less than 10:1,

then no instabilities will occur. However, reflections whose

o+ Uk ot b

SNR's exceed 10:1 can also produce stable amplification provided
they are of the appropriate phase.

4) Inspection of Figure 4.3-4 indicates there may also
be a potential for instability below 10 MHz. However, this
region represents over one decade of extrapolation below the <:3
i 100 MHz measurement limit and should be verified by calcula-
; tions using directly measured S-parameter data.

‘ 1 5) In the process of verifying the values of some of the
1 machine calculations, it was found that apparently small
deviations in the values of the S-parameters used had considerable
; ] effect on the magnitudes of the stability parameters. This

' sensitivity spggeéts that stability may change appreciably

from transistor to transistor because of the normal dispersion

of values encountered in any production sample. ) E:}
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Figure 4.3-5 Stability contours of 2N5943 on the Smith Chart

t 4-41




4.3.3.2 Gain

Figure 4.3-6 shows the gain loss of the 2N5943 that is
inherent with increcasing frequency. This analysis will address
the gain'at three discrete frequencies 30,55,and 80 MHz. In
order to achieve a gain that is flat across the band the
relative gains of the matching networks GMi nust be -3, -1,
and 0 dB at the design frequencies. Inspection of Table 4.3-3
is essentially constant

22

at 0.3 across the band with GM2= 0.4 dB. The input reflection

coefficient has much greater variation. Therefore the gain

indicates that the magnitude of S

flatness compensation will be designed into the input match-

ing networXk.

O

We shall first consider the case shown in Figure 4.3-7 that
produces a gain that is very nearly maximal by allowing 1 dB
(.794) of gain loss from each the matching networks at the
input and output at the high edge of the band at 80 MHz. From
the S-parameter data of Table 4.3-3 we compute [Carson, 1975;

Hewlett-Packard, 1968 and 1972].

794 \ (10.87)2 . 794

1-(.406) 1-(.287)

[}
1

G (80) 4,3-2)

2

(.951) (118.16) (.865) : Q

= 97,23 (19.9 4B)

The 80 MHz contour inFigure 4.3-7 is labelec -1 dB. RAdditional
calculations not reproduced here indicate unilateral gains

of 20.2 and 20.4 dnr at 55 and 30 MHz for the -2 and -4 dB
contours for a nominal wideband gain'of +20 éB. Also shown

in the upper right hand quadrant of the Smith chart is the

impedance locus of the 8" loop over the band. The matching
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network design goal is to transform the 30, 55, and 80 Mz points
onto the appropriate contours. Temporarily bypassing the ques-
tion of physical realizability in a strict mathematical sense

or practical engineering sense, possible lociiare AA' along

the r = 0.2 contour and BB' along r = 1.1. Neither of these

-appear practically feasible at first glance. The AA' locus re-

quires a counterclockwise frequency variation that is directly
opposite to clockwise variation that occurs naturally with in-
creasing freguency. The BB' locus requires a large resistive
component that would appear impossible to achieve with acceptable
efficiency from the high Q loop that is essentially a pure in-

ductive reactance.

Figures 4.3-8 and -9 plot the countours for a nominal 19
and 16 dB gain. At the expense of a 4 4B gain loss, the latter
cace appears to offer reasonable matching potential for a high

Q input reactance. When the 8" loop locus is unifcrmlv shifted

by adding .338X\ = 129° of all pass phase delay across the bang,

the new locus is given by the dashed line in the upper left
hand guadrant. If the network were perfectly lossless, the
transformed.locus would still be on the outer limit with a
vanishingly small resistive component. However, ohmic loss;s
associated with the finite QM of the matching network will in-
crease the resistive component. This can be estimated once
the Q and the electrical length are specified by an approxima-

tion [Schelkunoff, 1943, p.85] relating the attenuation constant

¢ and propagation constant £ in a low loss (high Q) medium

LSy e wele X o
ST 2 e Tae 2 20 7 4033
. 1
) = Q -,
.. Q1 (84) 20
4-45




- - - - - - —— -~ - - - . -

C Q
m
Y b
¥ o 5
Qe —a
o N
o.m, ﬂz
/Zm nmm
? I .l\k
Gy =]
6o
o
(o]
m.t
Ho
)3
*le
l..n
4
)
=
f.%
vo
U3
! ‘s m4 o
3 .- oW '
z -
g 08
; - o
13 cd
_M - .lt
| g
f . Vg
gy
.T m.l
[ " >
. Y
{ . a3 &
a o,
u c®
4 - -
Xw
- ©
]
- ~
-r
[ [

v

e b e e epiaims maa o meee  me —— . — .
T Y — e T v - e —_— e




e v g - AeRab I S e

A~
gain

2k

Impee

{

el 16 dB
R

for nomin
30 to 80 MHz band

(Sll*)

4-47

R

SuROR IR N I8 TINOUCTANCE

A Sramcy

Input matching contours f
with the 2N5943 over the
hane

[




[ A L. TR & 3287

ge 1t L~ 60°0-  OZZPL'0 ¥BZOO°0 E£2IFT*0 ‘v 5Z1°'0 ‘002 “
18°01 £8°b=  T1°0-  T1E9ZL'0 LLT00'0 OSLOY*0 ‘v 5210 ‘041
bC*OT CL'S=  CLT'0-  46862°0 04T00°'0 £U980°0 ‘b GZT0 ‘0Bt
(96 98°5~  9T'0-  /BYPT*0 ZIT00'0 LL890°0 ‘v 5210 ‘041
016 FY*9=  0C*0~  09BEZ*0 V5200°0 94£50'0 Vv G210 ‘091
ve'g €l*L~ 52°0~  9BYIZ*0 9VZ00'0 BFTY0'0 ‘v 5210 *05T {
L6°¢L 98°L-  IL£°0-  GELET*0 B£200°'0 £91£0°0 ‘¢ 5Z1'0 ‘0TI
ov*L 69°'8~  0V*0-  9LLLI*O 4TZO0'0 TSEZ0O'0 ‘v 5C1'0 *0f1
£8°9 09°6~  £5°0~  GBSGY*0 0Z200°'0 L0LT10°0 ‘v S2Y*0 *0¢
9Z*9 E£7°0T- 04°0-  9E£6ET*0 1IZ00'0 S0Z10°0 'V GTYI*0 ‘017
693 BL*TT~ 56'0-  90vZT*'0 10Z00°'0 £2800°'0 *v SCT'0 ‘001
: ci's BO*LI~- IL°T1-  vL607°0 16100°0 OV500°0 ‘v 210 *06
oqQ 55 ¢ S5'vI- 9B°I-  TZ940°0 0BI00°0 LL££00°0 ‘b 5210 ‘08
Leos g6t S5C*91=-  L9°T- £L£B0*0 BRI00°0 B46100°0 ‘¢ 5Z1'0 *0¢L ﬁ
Loer g £2°8T- T4°€~  T60L0°0 95700°0 LOY00'0 *V 5210 *09 s
LLEI ggez 85°02- 945~ VBBR0°0 Zr100°0 15000°'0 ‘v SCI'0 05 o }
/hsr gEeE BY L2~ LV*B-~  TOLKO*0 LZT00'0 1Z000°'0 °*V 5210 *Ov 3
TOM 1241 VC*LT~ EV*ZI- IEEE0°0 0TT00°0 £0000'0 ‘v 5210 ‘0 <
viel 55°'CE~  OV*BI~ L9E£Z0*0 06000°0 10000°0 ‘v G210 ‘02
(5°0 v9*1v— 8B'8¢- ZOZI0'0 ¥9000°0 00000°0 *v 521'0 ‘071
o) X A0-243 40-143 101y WHOM avyy q v Hd

S3HONI 3JYv SNOISNIWIA VW

SHHO 05 OL A3ZITWWYON SIINVAIIWI 1

gxojsurIRg euuazuy dool .8

b-. v @1qes v

Ca o o e

p—" Ve - A - R N
-y PR Y e e
J D o LI LR ) g "




WA sbilbidilinle ssiny il LW e @A IS L Wk Ll ettt il el dal [ TR Y Yy b T

work since the losses ¢& in equation (4.3-3) increase in direct

proportion to the electrical length 24.

Table 4.3-5 compares the gains of a passive and active
8" loop that correspond to the efficiencies calculated above.
It is assumed that the passive loop can be narrow band matched
to 50 ohms with the same efficiency fz that was calculated for
the transistor matching network. Because of the tremendous

variation of the matching network efficiency = minor variations

2'
of a dB or so in the transistor gain (because of imperfect matching

network realization)do not appear to be particularly significant.

Table 4.3-5

Estimated 8" Loop Antenna Gains (dB)

Narrow-

Lossless* " Band* G Active
f-rHz 1,ooOD 2 Passive Loob T Looo
30 1.8 -27 -25 +16 -9
55 1.8 =19 . =17 +16 -1
80 1.8 =15 -13 +16 +3

R X
No mismatch loss included.

The transformed locus achieved by 129o of uniform delav
acress the band when the losses are included very nearly coin-
cices with contours reguired for a2 uniform 16 4B cain in Figure
4.3-9. The design of a constant phase shift network is

a
classical network synthesis problem that has been analyvtically




et el .

PV SRR

i

formulated [Storer, 1957]. &2nother apprcach coula pe cLaseu Lk
numerical network synthesis algorithms programmed for a large
scale digital computer., However, this design aspect will not
be addressed here, The following calculations will proceed

assuming that the transformed impedances shown in Figure 4,3-9

g:ﬂgg z = r + 4%
30 .04 + j 0.15
55 .04 + j 0.39
80 .04 + j 0.50

can be realized with the stated matching efficiency for a tran-
sistor gain of 16 dB. It is reiterated that the choice of the
locus in Fig. 4.3-9 is in no way unique. A comparable level
of gain flatness could be achieved in principle by a limitless
number of transformations. It is only by trial and error in
the actual matching network design that potential candidates

can be verified as practically realizable.

Although the proposed matching network locus of Figure
4.3-9 represents a high VSWR (32:1) that exceeds the 10:1
limit in the stability discussion, it occurs in the porticn
of the band below 140 MHz where the transistor is unconditionally
stable. t is necessary to satisfy the 10:1 limit only above

140 MHz wnhen the source phasing is sunch that the reflection cc-
chart. 10:1 VSWR's

ot
o

efficient is in the critical rart of Smi
outside that critical region may exist without initiatinc an
instability.

It is noted that the same reactance locus of tae 128° cor-

stant phase shifted 8" loop in Ficure 4.3-9 coulé also >oe

A




achieved by reducing the loop diameter and reactance ky a factor
of 8. However, this would increase the Q by 83= 512 and wonuld
decrease the efficiency by 27 dB. This is not acceptable. In-
creasing the loop diameter to 10" would decrease the Q by 1/2

and increase the efficiency by about 3 d&B.

Figure 4.3-10 shows -1 dB relative gain contcurs for the
output matching network at 30, 55, and 80 MHz. 3All nearly
coincide, and enclose the origin (50Q) of the Smith chart. This
indicates that the output of the 2N5943 can be directly connected
to a reasonably well matched 500 cable (VSWR < 1.47:1) ané still
maintain its gain within the 1 dB matching loss assumed in the
calculation of equation 4.3-2. A transformation to 750 would

provide an improved match but may not be worth the effort. CD

Figure 4.3-11 gives the input matching network contours
for a noise figure that exceeds Fmin = 1,96 (=3 4B) by 1 &s.
The transformed loop locus will result in a noise figure that
exceeds this since it is outside the contours. The performance
measure that is more significant than noise figure for the
active antenna is the relative SNR ratio v = SNR/SNRMX. This

is related to the receiver noise figure Fn by the antenna noise

temperature and efficiency : <:)
AT = T v(v’l-l) + T (1-7)
I 0 A 4.3-8)
AT
F=""+1
n
TO

irovicded that AT 2 ATmin of the transistor. Figured.3-12 gives

B
Al
b]
ot
)
£
't
7]
rn

or the matching network that provide the relative SNR's

dtle 4.3-6. The relative SNR value is seen to depend creatly

4-52
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Inpvut matching contours for v
4 dB noise figure of 2N5943
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on the noise environment. In a very noisy environment the
degradation to the SNR is entirely negliéible.to that which
would be obtained with a perfectly matched, noiseless receiver.
In a modest suburban environment, the degradation for the
matched 8" loop is only -1.5 4B at 55 and 80 MHz and -3.0 dB

at 30. Only in a very gquiet galactic noise background does

the inefficiency of the loop and matching network seriously
degrade the SNR. Per the values of Table 4.3-6 these degracda-
tions are -17, =13, and -13 dB at the design freguencies. TwoO

contours (-- and —) are given for the 30 MHz freguency in

Figure 5?3:T7T-——~____~‘__
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SECTION 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The following conclusions are based on the results

of our propagation research.
l. Communications Range

The communications range in an urban or sub-
urban environment is limited. If both the transmitter and
receiver are located on a sidewalk, the VHF range may be
less than 500 feet in highly-built-up areas (average building
height of 5 stories or more), while UHF is unusable. If
both the transmitter and receiver are in the center of
the street, the range may be as great as one mile for both
VHF and UHF. The urban area has a shorter communications
range than the suburban area. For a given transmitter
power, the communication range can be extended by a factor

of approximately 1.4 to 1.8 if diversity reception is used.
2. Communications Between and Within Buildings

Cormunications within a building are possible
at both VHF and UHF, with the communications range being
dependent on the corridor structure, building material,
and number of floors separating the transmitter and re-
ceiver. Communications between the street and a building
are possible at VHF and UHF, although the attenuation
increases rapidly at UHF when one terminal moves into the
interior of the building. Communications between two adja-
cent buildings is not possible unless one terminal is near a

window. Communications inside a building along a straight
corridor is better at UHF than at VHF, but the converse
is true when the corridor has turns. Communications be-

A




tween floors is enhanced at both VHF and UHF if within

e e e ¢ ena e cave - it

i a stairwell or near an elevator.
3. Path Loss Prediction Model

] When low elevation antennas are used, our
experimental data indicate that the path loss in dB can
be approximated by Eg. (3.3-2):

L = Lp(d) + LD(f) - He(ht'f) - Hr(ht,f) (3.3-2) j

+ Ku,s(f’d) + Lb(f)
where LD is the plane-earth path loss for 2-meter antenna L
height and separation d; LD(f) is a frzyuency-dependent

environmental clutter factor: Ht and Hr are antenna

height-gain factors; Ku,s(f’d) is a frequency and distance

dependent urban/suburban clutter factor; and Lb(f) is a

frequency dependent building penetration loss, applicable

when one terminal is within a building and the other is

1 in the street. This model is in excellent agreement with

that of Okumura at 446 MHz, but shows less of a frequency ;
* dependence than his at VHF. It is similar to the Allsebrook
and Parsons model, but more complete in the inclusion of €:>

Ku'S and Lb.

3 4, Propagation Phenomenoclogical Model

The path loss measured in urban and suburban
; environments showed distance relations from inverse sguare-
law to inverse fourth-power law. The inverse square-law
is associated with a single predominant diffraction path, ‘
and the inverse fourth-power is associated with (near)
2qual strength multiple reflected (or diffracted) signals.
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The single diffraction path is important when a terminal

is located on the sidewalk, next to a building; however,
the diffraction loss may be so great that the received sig-
nal is unusable. The multiple~reflected (or diffracted)
signal case, which 1s the more reliable means of communi-
cation, requires that one of the terminals be away from

the building.

5. Selection of MOBA Radioc Operating Freguency

The measurements show, and the mocdeling explains,
that communicaticons are best when the building heizhts are
small compared to a wavelength. This implies <hat urban
communications would be better, from a path-los: point of
view, at HF than at VHF. It further implies that UHF
should not be considered for MOBA use by the Army in highly
built-up areas as it reguires that radio cperators be in
exposed positions. However, use of UHF in suburban areas
(average building height of two stories or less) may be
more desirable than VHF if antenna profile (height) is a
factor.

6. Fading and Correlation Properties of the
Received Signal

The received signal has been shown by our
measurements, as well as by the measurements made by
numerous other researchers, to be a fading signal. Thus,
improved performance can best be achieved by diversity re-
ception. Our correlation measurements show that both
field diversity, using collocated loop and whip antennas,
and space diversity, using two whip antennas spaced approxi-
mately one-half wavelength apart, are possible. From a
practical point of view, only the field diversity approach
is feasible for a manpack VHF radio.

e e
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7.

Antenna Developments

Active antennas appe- toc have significant

application to military radios. First, because they are

broadbandg,

they can be used as auxiliary receiving antennas

in diversity receivers without reguiring additional tuning

sections.

Secondly, because they are physically small, they

have good low-profile capabilities. Third, because they are

decoupled from their environment by the unilateral transistors,

they do not require ground planes and, when used in arrays,

they do not cross-couple. An active loop antenna would be

a practical means of implementing an appliqué for a
diversity VHF receiver. <z>

5.2

Recommendations

The following recommendations are based on

the conclusions of this study.

1.

A development program be started to
build and test a VHF diversity receiver
using an active loop antenna as the

auxiliary antenna.

A research program be started to de-
termine means of extending the range
£ MOBA radio communications. This 0
should include both consideration of
relay techniques and the use of other

frequencies, most notably HF.

Consideration should be given to ex-
ternally deployed antennas £for use

with radios in the interior of a

building.
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APPENDIX I

IF Detector Circuit Diagram
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APPENTUINX I

IF Detector Circuiz Diagram

the AN/PRC—77 and the KENWOOD TR~8300 to make the measure-
rents at 49.8 MHz and 446 MHz. The circuit diagram of the
detector "is shown in Figure I-1. The input to the detec

is the IF signal from the radio and the cutput is a DC

bl

voltage which can be read with a vcltmeter. The IF fre-
guency of the PRC-77 was 11.5 MHz as shown in Figure I
However, the first IF frequency c¢f the XENWOOD TR-8300 was
10.7 MHz. Hence the detector of Figure I-1 was modified
to accomrmodate such an IF freguency by replacing the

11.5 MHz bandpass f£ilters of Figure I-1 with the 10.3 ¥Hz
bandpass filters of Ficure I-2. In either case, the de-
tector has two 40 dB ranges: a high input (IF)} signal

40 &B rzange cdenoted by pcint A in Figure I-1 and a low

input signal 40 dB range denoted by point B.
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APPENDIX II

Multiturn Loop Antenna Design for VHF Radio
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APPENDIX II
MULTITURN LOOP ANTENNA DESIGN FOR VHF RADIO

1. Introduction

i In this appendix, we will be concerned with the design

of a multiturn loop antenna (MTL) for VHF communications in

the 20-80 MHz band. Thus, the appendix will be divided into

two subsections. In Section 2 we give a general description

of the MTL antenna and in Section 3 we give the specific

design of the MTL antenna used to make the propagation

measurements at 27 MHz and 49.8 MHz. G

o
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2. The Multiturn Loop Antenna

An overview of the important characteristics of the multi-
turn loop antenna (MTL) as they apply to design for VHF mobile
communications is presented here. Although the antenna is an
electrically small element with régard to its volumetric dimen-
sions, it uses about a quarter to a half wavelength of con-
ductor. The antenna is mounted on an aluminum disk to help

isolate the antenna from its surroundings as shown in Figure 1.

The basic schematic representation of the MTL antenna
over a ground plane is shown in Figure 2(a) [l]. From the
tuning standpoint the MTL may be considered as a lumped
inductance. Using the configuration shown belcw, where the
conductoxr in the antenna is always less than »/2 in length,
the antenna has inductive input impedance. This allows the

use of low loss capacitive matching elements, C, and CT.

M
The capacitor CT is used to bring the tank circuit to the

desired frequency of operation and CM matches this combination

to the feed cable (50 Q, for example). 1If the leakage capa-
citance CL between each antenna loop and the ground plane is
sufficiently small, the input impedance of the MTL plus tuning
and matching elements may be determined from the circuit
schematic of Figure 2(b) where R is equal to the radiation

, of the MTL

ac
and L is the inductance of the MTL. It can readily be de-

resistance, Rr’ plus the skin resistance, R

termined that

= . .1
zin(w) Rloop(w) * 3 x100p(w) -3 wCyy (1)
where
_ R
Rloop(w) 2 2 2 2 (2)
1 ..-L + __B-. ¢
2 u)L 2
wr wr

e A







MTL,

- -GROUND

N
' S A /A

FIGURE 2(a) Schematic Representation of MTL Antennas and |
Tuning and Matching Network ‘

O |

C
C 1%7.
e—lc '
Iy |
.——-A\AN\-_(‘OTA’)_._
° 2"lv\"_’ R L

FIGURE 2(b) Simplified Circuit Description of MTL Input
Impedance Including Matching Elements
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er
x,. (w) = wk (3)
1oop (1 _ 592 2 ( R \2 UJZ
2 [1H] L/ 2
Wy r
1
wo = LCT = 2ﬁfr (4)

A typical MTL characteristic input impedance is shown in
Fig. 3 as a function of frequency. For fixed values of CT and
L, the highest frequency of operation for the MTL will be

restricted to the lowest-resonant frequency, fr, as defined in
Eq. (4). The actual frequency of operation will always be less
than fr as shown in Fig. 3. By increasing or decreasing the
parallel capacitance, CT' one can adjust the resonant frequency,
fr' so that the real part of the input impedance is, say, 50
ohms at a desired operating frequency. The ratio of the cperat-
ing frequency, fo' to the required resonant freguency, fr' so

that Rlo = 50 ohms, say, is plotted in Fig. 4 as a func-

op(fo)

tion of the ratio R/R (fo) for various parametric values of

loop
R/anoL. The values fo/fr = 1 are attained when the desired

input loop resistance, (f ), is equal to resistance of

RlOOp o

— [} Y
the circuit at resonance, Rl (f ) w_ L /R as shown in

Fig. 3.

The matching capacitance, C can then be selacted so that

1

M'

() = — . (5)
OCM

x100p o w

+ e v ———n

St = ey ot - pmam—a v —— -



FIGURE 3 Typicgl Input Impedance of MTL Antenna
' 11-7
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Equations {(3) and (5) have been combined to plot, in Fig. 5,
the normalized matching capacitance, wozLCM, as a function of
the ratio fo/fr for various parametric values R/woL° Hence
having kxnowledge of£ the tank circuit resistance, R, inductance,
L, and operating frequency, fo' one can dgtermine the required

values of CT and CM from Figs. 4 and S5 (and Eg. (4)), respectively.

The resistance, R, and inductance, L, are determined by
the physical dimensions of the MTL. The total resistance is
equal to the sum of the radiation resistance and skin resistance

of the antenna [2].
The radiation resistance is given by (3]

R_ = zorf"r:z(i"fg)4 (6)

where b is the radius of each loop and N is the number of loocps.

The ohmic or skin resistance is approximately given by [4]

2afu 1L R
= Nb 7 "o\% _p .
Rac a \ 20 ) (1 + R°> (71

where a is the radius of the wire, ¢ is its conductivity, Ug
is the permeability of free space, and Rp/Ro is a correction
term due to proximity effects between each loop. When the

turn spacing, d, is d > 8a, then the proximity effect

Rp‘Ro << 1 [3]. Plots of the skin resistance when RpiRo << 1
for a copper conductor are shown in Fig. 6 as a function of
frequency for various antenna dimensions, N, b and a. Plots

of the total normalized resistance R/Rac =1 + Rr/Rac are shown

in Fig. 7 as a function of frequency for various MTL dimensions.

Hence we can determine the total resistance of a MTL antenna
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FIGURE 7 Total Loop Resistance, R, as a Function of Operating
Frequency
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from knowledge of the wire radius, a, loop radius, b, and number
of turns, N from Figs. 6 and 7, provided the turn spacing, d,

satisfies 4 > 8a.

The inductance of the MTL in microhenries is given by5

2
2bN
L= 5061, (8)

where the length of the MTL antenna, La' and b are in inches.

A plot of L/2bN2 as a function of 8b/4,a is shown in Fig. 8.

The optimum dimensions of the MTL antenna are selected so
as to maximize the efficiency of the antenna. The efficiency of

the antenna may be expressed as

r
E_ = R (9)
r ac

Hence from (6), (7) and (9), the theoretical efficiency of the

MTL antenna is found to be given by

-10
8.48 x 107" [ . ¢ R -1
MHz £ (1 + —E\] (10)

- G’ 6) CN

where g is the ratio of the conductivity of the loop wire to

that of copper and fMHz is the operating frequency in MHz. Eq.
(10) has been plotted in Fig. 9 as a function of frequency Zcx
various loop dimensions and serves as the basis for the design

of the MTL antenna.

Thus it is possible to maximize the efficiency of the

antenna at a chosen frequency by selecting thé parameter Nb3a

II-13
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Frequency for Various Antenna Sizes
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from Fig. 9. The tuning and matching capacitances may then
theoretically be obtained from Figs. 4 - 8. However, it should
be kept in mind that the analysis leading up to Figs. 4 and B
was done assuming an infinite ground plane. When the ground
plane is less than about %/2 in diameter reduced efficiencies
should be expected.

3. MTL Antenna Design for Use at 27 MHz -~ 80 MHz

Since the efficiency of the MTL for a given physical
size increases with fregquency we selected the dimensions of
the MTL so that a minimum efficiency of 10% would be acceptabie
at 30 MHz. Then, from Fig. 9 we have that the minimum size
of the antenna must be N b3 a > 10 in4. Furthermore, 1if we
select 1/2" copper tubing (i.e., 2a = 1/2") for the antenna, (:}
pick loop diameters of 5.6" and 3" we can compare two antenna

designs having the following dimensional parameters:

a b N La Nb3a Nb/a Ea at 30 VHz
Design 1  1/4" 2.8" 5 8" 27.44 in? 56 20%
Design 2 1/4" 2.5" 4 6"  15.63 in” 40 122

From Fig. 8 we find that the inductances of Design 1 and g

Design 2 are Ll = 1.862 poh and L2 = 1.212 uh, respectively. e

The tank circuit resistance values and tuning and matching

capacitances for each design for operating frequencies in the

30 - 80 MHz band are found from Figs. 4 to 8 and are summarized
in Table 1 for the desired input resistance Rloop = 50 ohms.

The actual dimensions used to build the MTL antenna used in
the 27 MHz measurements were those of Design 1. The MTL antenna
used to make the measurements at 49.8 MHz was a 3 turn loop
antenna (of equal diameter and copper tubing size) developed by
Ohio State for the AN/PRC-77 and described in Reference (1l].
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(1)

(2)

(3)

(4)

i (5)
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APPENDIX ITT

PERFORMANCE OF A DUAL-DIVERSITY SELECTION COMBINER
IN CORRELATED RAYLEIGH-LOCNORMAL FADING

In this Appendix we investigatc the effects of the
variability of the mean signal level in each branch of a
correlated dual-diversity selection combiner on the per-
formance of the combiner. The performance of the combiner
is primarily determined by the diversity gain'which is
generally defined as the difference between the average
signal-to-noise ratio (in dB) requirced to achieve a certain
'grade of service' with the diversity system compared to
the average signal-to-noise ratio (in dB) required to achieve
the same level of performance when no diversity is used.
This diversity gain can be determined from the cumulative
probability distribution function of the output of the
combiner. The cumulative probability distribution function
of the output of a dual-diversity selection combiner is
well known for the case in which the signals in the two
diversity branches are Rayleigh fading and correlated.
However, signals in urban and suburban areas have been
found to exhibit rapid fluctuations (Rayleigh fading)
about a mean signal level which is also varying (but much
more slowly). Thus, we will be primarily concerned with
determining the effect of variations in the mean signal
level (in each branch) on the diversity gain of a dual-
diversity selection combiner.

In addition we will also determine the effect of
correlation between the branches on the diversity :ain and

the average fade duration at the output of the combiner.

e
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The effects of correlation between the branches 1s -~-zortant
when the antenna spacing (in a space diversity situz=<icn)

is less than a wavelength or when the antenna heigh=z are
well above the buildings and other obstacles in the .~mediate
surroundings [Lee, 1977). The antenna spacing in a ~cbile

communications link will necessarily be less than 2 wave-

length when the frequency is in the lower VHF range '20-80 MHz)

or lower, while the antenna height will be above the sur-
rounding obstacles when diversity is used at the base-

station.

1. Cumulative Probability Distribution

The cumulative probability distribution is defired as
the probability that the signal level at the outpu% =ZZ the
selection combiner, S, is below some threshold level, ST.
In an environment dominated by ambient (atmospheric or man-
made) noise such as urban and suburban areas at VHF and
lower UHF, the threshold level is usually defined as the
average ambient noise level. 1In this case, the averacge
signal-to-noise (SNR) ratio in each diversity branch is
independent of the receiving antenna gain as long as the
received signal level at the antenna input port remains
above the receiver thermal noise level. Furthermore, if
that is the case, then we can assume that the mean signral
levels in the two diversity branches are the same.

When the envelopes of the signals in the two diversity
branches are correlated and each is Rayleigh distributed
with equal mean power (i.e., mean-squared amplitude) level
So, the cumulative distribution of the output of the

selection combiner is given by [Schwartz, Bennett and
Stein, 1966]

R W O )




P(S<S./5,) = 1 - exp(~8,/8 ) [1-Q(a,ca) - Q(:za,a) (1)

where
ST 1/2
a = —_— {2)
2
So(l-o )
and Q(a,b) is the Marcum Q-function defined as
® a2 + x2 '
Qla,b) = [ exp {- ¥——=-} I (ax) x dx. (3)
b 2 °

When the transmitting and receiving stations are both
fixed or moving within a small area, the mean signal power
level is constant (and known). Then the cumulative dis-
tribution of the output of the selection combiner is exactly
that given by (l1). However, when either the transmitting
and/or receiving stations are moving within an area of
radius greater than a few wavelengths, then the mean signal
level tends to fluctuate randomly due to variations in the
shadow losses caused by the buildings and trees in the area.
In this case, an additional averaging over the variability
of the mean signal level is required when computing the
(mean) cumulative distribution. Thus, the (mean) cumulative
distribution is better defined as

x

P(SsSp) = [ P(SsS,/S ) P(S)) ds g (4)

-

where p(so) is the probability density function of the mean
signal level, So.
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The large area variations in the mean signal level,
, have been found to be lognormally distributed about

S

o
a 'global' mean also known as the median signal level,
S

o

Longley, 1976, and Okumura, 1968]. Hence,
10 log, e s \2

p(SO) = 10 exp (- (10 loglo :9¥ /20;5, Sozo (5)
Y2m G SO \ So) Y

where o is the standard deviation ¢f the mean signal level

about the median in dB.

If we substitute equations (1) and (5) in Eag. (4),
we can then solve for the cumulative distribution numerically.
Plots of P(SiST
lation values ¢ and standard deviations o = 0 dB and

) as a function of ST/So for various corre-

o = 8 dB are given in Section 3 (Figs. 3.2-1 and 3.2-2).

The case 0 = 0 corresponds to a situation in which trans-
mitter and receiver are fixed and the mean signal level is
constant and knowi: (pure Rayleigh fading). A variability

of 0 = 8 B is, on the other hand, more typical for a mobile

urban radio link.

2. Diversity Gain

E3 The diversity gain as defined in the introduction, may
be interpreted as a reduction in the transmitted power re-

quired to achieve a certain 'grade of service',6 e.qg.,

P(S<S.) < 10"%. Thus, in a 'pure' Rayleigh fading (- = 0 &B,
situation we can see (Fig. 3.2-1) that a system using dual
selection diversity will require (for P(S<S;) = 10 ) a

median SNR, §O/ST, that is 10.2 dB lower than that required
when no diversity is used (o = 1), if the two branches are
uncorxelated (¢ = 0), and 8.8 4B lower SNR (or transmitted

I1I-5
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power) if the correlation between the branches is .7. When
the variability in the mean signal level is 8 dB (i.e.,

o = 8 dB), the diversity gain is 6.8 dB if the branches

are uncorrelated (¢ = 0) and 5.8 dB if the correlation
between the branches is 0,7. The effect of the variability
of the mean signal level is then to reduce the diversity
gain (by about 3 dB). However, the diversity gain is still
significant even if the correlation between the branches is
0.7.

The diversity gain may be interpreted as an increase
in the range of the transmitter for a given transmitter
power. The reasocon is that the median SNR at the receiver,
§O/ST, decreases with transmitter-receiver seraration so <:>
that the minimum acceptable median SNR corresponds to the
maximum allowable transmitter-receiver separation (range).
Thus a decrease in the minimum acceptable SNR (due to di-
versity gain) corresponds to an increase in the range of
the transmitter. The increase in range due to the diversity
gain is shown in Fig. 3.2-3 as a function c¢f the rate of
increase of the path loss and for various correlation
values and variability in the mean signal level. When
the path loss increases at a rate of 40 dB/decade, the range
of a system employing dual selection diversity will increase
by a factor of 1.8 if the two branches are uncorrelated and G:)
by a factor of 1.66 if the correlation is .7 provided there
is no variability in the mean signal level (c = 0 4B).
When the variability is 8 dB, the increase in range is in
the order of 1.4 (p = 0.7) to 1.48 (o = 0).

3. Average Fade Duration and Level Crossing Rate

The average duration of fades below a threshold level

3 o= ST has been shown to be given by [Jakes, 1974]

III-6
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where N(ST) is the average level crossing rate defined as the

expected rate at which the envelope of the output of the

selection combiner crosses the specified threshold level, 1
ST' in the positive direction. In general, it is given by

[Rice, 1948]

N(r) = [ rp (r,r) dr (7) A

where r = 2S5 is the amplitude of the envelope at fthe ouk-

put of the combiner, r is its rate of chancge, and »(r,r)
is the ijoint prcbability density of the envelcope and its
rate of change.

The joint probability diversity zi{z,r) for a dual-
diversity selecticn combiner can be obtained frcm its

joint distribution £function

F(z,n) = P(rz<g, r<n)

= P(r,>ry) P(r;<&, ri<n/ry>r,) (8)

+ P(r

since

('

where r1 and r2 are the envelopes in the two branches.
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Hence, using (8) and (9) in (7) we find that the
average level crossing rate for a dual-diversity selection
combiner is given by

r
= IO I r p(r1=r1r21r1=r) dr2 ér

© r . . .
+ f f r p(rl,r2=r,r2=r) drl dr. (10)
2 9

Based on a theoretical mcéel zf the urban channe
[Jakes, 1974], Lee [1978] has shown that the envelopes
and their deri—atives in each of the oranches are irde-
pendent, i.e., p(rl,rz,rl,rz) = p(bl,r2 plr 1'% ). Hence,
it follcws that
)

p(rllrzrrl) = p(rl,rz) :J(rl

(1)

p(rlrrzlrz) = p(rl,rz) p(r2)

where p(rl,rz) is the joint density of the enveloces in the
two correlated diversity branches, and p(rl) and pfrz) are

the densities of their time derivatives.

When the two envelopes are Rayleigh fading with equal

mean signal level, So' and are also correlated, their Zoint

density function is given by (e.g., [Jakes, 1974)])
/ -~
rlr2 + 2 y
r,,r,/S_) = exp ; (12)
17727 % Si(lo) 28 2)

A
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Furthermore, since the two diversity signals have been assumed
to have equal mean power, So’ they are identically distri-

buted and so are their derivatives [Jakes, 1974}. Thus,

. . | - exp{—;2/2 So(kv)z}
p(r /S ) = p(r,/S ) = p(r/s ) = — (13)
1""0 2’7o © /275, (kv)

where k = 27/X, X is the wavelength and v is the velocity
of the receiver relative to the transmitter. The ratio

v/)\ is the fading rate.

- Since the joint density p(rl,rz) is symmetric in the

two variables and p(rl) = p(rz), then (10) may be written

qbr as

oo

N(r/s ) = pl(x/s ) jo r p(r/s ) dr (14)

where:

2r r r rl2 + rZ“B

2 2
So (1-p )' o So (l-0 )J
(15)
o] r r 2r - 2
. I, [ =2 | — " *% n-oa,an,
D 1-02 s s
o o
and where:
r
a’ = e, (16)
/ o2
v (1=p )So
III-9




Substituting (13} and (15) in (14), we find that the
average level crossing rate for a given mean signal level,
So, 1s

2 kvr -r2/25

N(r/so) = = e o [1-Q(pa”,a”)}. (17)

va2ns
(o]

When the mean signal level is also fluctuating ran-

domly, the average level crossing rate is given by

N(r) = [ N(r/s)) p(s,) ds_. : (18)
o}

If the desired level is the threshold level, ST’ _
then we set r = /7§; in (18) and a” = a in (16). Then, <:)
the average duration of the fades below ST can be obtained
from a numerical evaluation of the cumulative distribution
and the average level crossing rate N(r = /55;). Plots

‘ of Ehe average fade duration TD(ST) as a function of

ST/SO for various correlation values p and standard de-
viations ¢ = 0 dB and 0 = 8 dB are given in Section 3
(Figs. 3.2-4 and 3.2-5). The case ¢ = 0 dB corresponds

to a situation in which the mean signal level is constant
(pure Rayleigh fading). From these curves (Fig. 3.2-4)

we see that even a small amount of decorrelation (¢ = .9) <:>
reduces the average fade duration significantly provided
the median signal-to-noise ratio §O/ST is greater than

10 dB. When the two signals are uncorrelated (p = 0),

the averaged fade duration is half of what it would be if
no diversity were used (o = l). From the curves of Fig.
3.2~5 we see that variations in the mean signal level in-
crease the average fade duration for a given median signal-
to-noise ratic, éo/sr’ as one might ekpect. In either
case, the average fade duration decreases as the fading

III-10
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rate, v/X, increases. Note that as the relative velocity
of the receiver approaches zero so does the fading rate,
and the average fade duration becomes indeterminate. In

this limiting case the fade duration is either zero or

infinite depending on whether the received signal level is

above or below threshold.

4. Conclusions

We have shown in this appendix that dual-diversity
reception in an urban channel using a selection combiner
results in a significant diversity gain even when the
correlation between the branches is as large as o = .7.
The diversity gain, in the form of a lower power reguire-
ment or range increase, decreases as the variability
{standard deviation ¢) in the mean signal level, So’
increases. The maximum tolerable variability for a
diversity gain greater than 5 dB with correlation ¢ = .7
and grade of service P(SiST) = lO-2 is in the order of
g = 10 dB. Similarly, we have also shown that diversity
reception reduces the average fade duration by a factor
of 2 when there is no variability in the mean signal
level (0 = 0 dB) and by a factor of 1.3 (p = .7) to 1.4
(0 = 0) when the variability in the mean signal level is
6 = 8 dB.
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1.0 Introduction

In order to assess the potential for active antennas in
mobile communication systems, the subject is reviewed with the
objective of identifying the;r major performance and design
parameters. Active antennas have been reported in the litera-
ture for a number of applications:

1) Extremely wideband optimization of system signal-

to-noise ratio (SNR) in the VHF frequency range
and lower,

2) Reduction of mutual coupling effectsg in arrays for

transmit and receive. This implies an increased

bandwidth. ()
3) Increased bandwidth of transmit and receive antennas.

The results summarized in this introduction emphasize the
wideband receive SNR optimization of item 1) that has applica-
tion to mobile communications in the 30 to 80 MHz band. Addi-
tional technical details in supportdgf this item and the other
items cited above will be subsequently addressed. The articles
on the subject' of active antennas that have been published are
0f a restricted scope and use varying notational conventions.

For that reason an overall summary is developed before discussing- €D

carticular publications in the last section.

The elements in the block diagram of Fig. 1 represent a
~rontional receive communication system. Optimal operation
iires that the svstem noise temperature be kept minimal. The
“inctive features of the configuration are the remoteness of

m~enna and tuning network from the first amplifier stage

‘e intervening 50 ohm cable. Conseguently the antenna and

Iv=-2
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tuning network must be matched into 50 ohms. For electrically
small antennas that often occur in the lower part of the VHF
band and at lower frequencies, this results in high Q, narrow-
band matching in order to maintain acceptable efficiencies.
Even when the preamp is brought right up . to the base of the
antenna, 50 ohm matching at the interface still imposes narrow-
band operation. Wideband operation exceeding a few percent is
achieved only at the expense of manval or mechanized switching

or variation of the tuning network.

The system noise temperature of the configuration in
Fig. 1 depends on the external or antenna noise temperatpre TA'
the efficiency n of the antenna and matching network, and the ()
receiver noise figure FN as shown by the equation in the lower
part of the figure. Since TO/‘I‘A is often very much less than
unity, a certain amount of inefficiency can be tolerated with
little degradation to system performance. Usually the system
cannot tolerate the additional mismatch losses incurred over
wide bandwidths without retuning. The effect of any
intervening transmission line between the antenna and match -
ing network is to amplify the frequency variation of the antenna
impedance and mismatch. This is demonstrated by the loci on (J
the three Smith charts a), b), and c¢) of Fig. 2. 1In a) the locus
is that of a one foot monopole cbserved at its base (Ll = 0)
when the frequency is increased from f1 to f2 (30 to 80 MHz).
For the electrically small antenna as occurs here, the reactance
ratio xl/x2 is in direct proportion to fz/fl' In the case of b),
one eighth wavelength of 80 MHz line has been added. The reactance
ratio xl/x2 = 3.2/.85 = 3,76 now exceeds fz/f1 = 80/30 = 2.67.
In case c¢) where one half wavelength of 80 MHz line has been

added, the impedance variation has become quite complex,going

V-4 :
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from capacitive to inductive and back to capacitive as the

frequency is increased from fl to f2.

The basic idea behind the active antenna as a receiving

element shown in the block diagram of Fig. 3 is that the anten-

na element can be intégrated directly into the input matching

network {(Ml) of the transistor. This eliminates the 50 ohm

interface requirement that had been the major cause of the nar-

rowband limitation previously encountered. For this circuit

integration, the electrically short antenna is representable

by a series capacitance CA and a frequency dependent resistance

R.. These and related parameters are summarized in Table I for

A

an arbitrary monopole electrical height (koh) and for the particu-

lar case of a 12 inch monopole at 30 and 80 MH=z,
Table I

Short Monopole Impedance Parameters

= 3 X 108 m/s = 11.8 x 109 in/s

Vo
| h=12"

Parameter . x h = 2=ih | 30MHz |  soMuz |
0 \Y i [ :
0 | | :
in 1 [ t
- .0. .0 .
c, - pfd 85 h'"/z,, 4 } 4.0

| Zgam © 60(tn h/a-1) 255 255

X, -0 I S z_ /% h -1327 -500

A * . wC or” "0
: A

h) > 0.37 2.61
RA - C 10(k0 ) . - |
— 2 |
| o = |x,|/R S 3586 191 |
5 ALA 10 (k,h) !
- -

G
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The design objectives for the output matching network M2
in Fig. 3 are the most straightforward. The conjugate match
reflection 81?2 = f(sgz) that M2 presents to the active element
output is derived from gain and gain flatness considerations.
However, the design of the input matching network Ml is consider-
ably more constrained. Three conditions must be simultaneously
satisfied in order to maximize the system signal-to-noise ratio.

The design is a comprcmise between:

1) Minimizing the active element noise figure F _ by

N

adjusting the source resistance RS to minimize the
combined thermal noise (CIRS) and shot noise (CZRS-I)

of the transistor.

2) Obtaining some power gain by adjusting the reflection
M1
22
the maximum power, conjugate match value. While maxi-

s s T .
coefficient S _ = f(Sll*) as nearly as possible to
mum gain of the active element is not the primary
design goal, sufficient gain is required of the first
amplifier to eliminate subsegquent contributions to
the front end noise figure since
(Fy22)
N2
= + —
(2) Fe = Fn G + e
1
3) Maximizing the efficiency n of the antenna and match-

ing network.

There is no unique solution in practice to these multiple re-
quirements. The general condition that must be satisfied Zfor
near optimal system signal-to-noise performance is that the de-
gradation factor v cited in Fig.l must be as near unity as re-

quired. When = 1s much less than unity this reguires

Iv-8
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) (3) =2y
FN

7|3

Values of the margin factor M are related to the degradation ‘

Z Y in Table II.

Table II ' 1

Noise Figure Degradation vy (
versus
Margin Factor M :

vy-dB Loss M |
0.5 8.20 A
1.0 ! 3.86 ‘
2.0 1.71
O 3.0 f 1.00
5.0 0.46 |
10.0 i 0.11 |

There are two distinctive features to the low freguency
behavior of electrically small (monopole) antennas and anten-
na noise that have in préctice enabled extremely wideband,near
optimal integration into the transistor matching network. The

‘:’ first is that over the entire low frequency range where the
monopole ic less than A/12, the reactive portion of the mono-

! pole impedance is representable by a well-defined, frequency-

independent capacitance. Therefore, its reactive behavior

in the eguivalent circuit of the matching network is simple

and amenable to wideband integration. The seconé feature is
that the cubic law decrease 9f the antenna ¢ with frequency and
increase in untuned efficiency are compensated in part by the de-

q crease in the external or antenna noise temperature which is nearly

Iv-9
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square law at 20 dB per decade. Thus the terms on both sides
of equation (3), n/FN and TO/TA decrease in roughly the same
proportion over an extremely wide frequency range because the

active element noise figqure FN usually decreases with freqguency.

Because of the large reactance that the electrically small
antenna presents to the transistor input, FET's with their very
high input impedance have been found to be the most suitable

for receive active antennas.

The design of the matching networks M1 and M2 for the case
of the active transmit antenna as shown in Fig. 4 is much less
constrained. The only active element parameter to be optimized
is the gain. The matching networks Ml and M2 are derived solely CD
from conjugate match considerations for power gain and gain flat-
ness. The interface of Ml to the input signal must be matched
to 50 ohms, Common emitter silicon bipolar transistors have
been found to be compatible with the moderate 50 ohm input and
high ocutput impedance level regquirements for active transmit

antennas.

2.0 RF Transistor Amplifier Desian

This section reviews some standard design procedures for ' ()

optimizing the low noise and low power gain of RF transistor
amplifiers. The assumption is that the desicn of an active
receiving antenna, for example, is a low noise amplifier design
with the additional constraint that the input matchinc circuit
that normally assumes a 50 ohm source must now be Jesigned to
accormmodate the highly reactive, low resistance source that is
presented by an electrically small antenna. The to:tal design

is a trzde-off between the net gain, noise figure, ané antenna

Iv-10
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efficiency. Such a design is not unique and depends on the
ambient noise temperature which at a single frequency can

change by as much as 40 dB from electrically quiet to noisy

environments.

The left hand side of Fig. 5 gives an idealized low fre-
quency ﬁodel of a junction transistor in the common base and
common emitter configurations [1,10]. The common emitter form
is perhaps the most often used because it has both voltage and
current gain and input and output impedances that are more
nearly compatible for cascading similar stages. The common base

configuration has a very low input impedance and high output

impedance with nearly unity current gain.

At RF frequencies, the effect of all the parasitic lead

inductances, contact resistance, and mutual capacitances must
be included. An example of an RF transistor equivalent circuit
with all the parasitics included is shown on the right hand side
of Fig. 5 [2]. A viable method for dealing with these unavoid-
able parasitics in the design of RF amplifiers is to characterize
the transistor by a complete set of experimental data. 1In
particular, S-parameters have proved to be best suited for RF
measurements of transistors because all of the parameters are C?

/

obtained with matched sources and terminations. This eliminates

the possibility of spuriously induced oscillations [37.

The diagram and equations of Fig. 6 define the incident
and reflected wave variables (a,b) that are the basis for the
S-parameter representation. The matched condition requirement
for the measurement of Sll' for example, follows from the fact
that a, = 0 implies that port 2 is perfectly terminated. No

2
reflection of the transmitted wave bz occurs to reenter the

Iv-12
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Two scts of parameters, (a,, b,) and (as, by), rep-
resent the incident and refiected waves for the two-
port nchwork at terminals 1-1° and 2-2° respectively.

8 = '—;‘("\“)L!“z: +\/Zoln)
b= (S - V)

b] Y /7
Aa=3(7z+\zolx)

1 Ve =
bz 7(—-\7?—\/2012)

The scattering parameters for the two-port network
are given by T

b = su 8, + 58,

by = &n 8, + =8y O

b b
S = '-'ai S2 = -
1la: =0 8s e, =0
Bija: =0 8 ja, = 0
1| 12
—————— 1o 2 n
+ . v
— Y ———— s
P :‘ cz
3, v, 1W0-PORT v,
1 N KETwORK ‘ 2
1 t, c
Y t——eay. ——
—— 1" o e = *2. o

Scattering parameters are defined by this representation of a two port networh. Two sets of incident and reflected
parameters (s, b)) and (3. b:) appear at terminals 1-1° and 2 2° respectively

Fig. 6 [3°

Iv-14




network and perturb bl/a1 = 8§ The relation of the wave

11°
variables (a,b) to the circuit parameters (V,I) is also given

in Fig. 6.

Figure 7 presents the measured S-parameters of a small
signal, low power, low noise transistor [4]. It is observed
that at the low end of the frequency band (100 MHz) the input
resistance is slightly less than 50 ohms and has a capacitive
reactance. The output impedance level is much higher for both
the real and reactive parts. The corresponding forward trans-
mission coefficient 321 is around 8. The’reverse transmission
coefficient 812 is about 0.03. The extent to which |812821[ <<1
for a transistor represents the unilateral approximation. This
simplifies the amplifier design procedure and enables the trans-

istor to buffer impedance mismatches.

Power Gain Design (3]

Appendix A summarizes the S-parameter relaticnships that
have been developed for the design of RF transistor amplifiers.

The major features of that summary are:

° Unilateral Approximation
. Unilateral Figure of Merit - U
° Unilateral Transducer Power Gain.

This is valid to the extent U is small.
When it is valid one has

GTU = GMl GT GMZ
(4) _ Ty o2 Y Tyo!
T .. .2 '“21 T. ,2 °
12837 | 11 -85 o
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. Constant Gain Circles on the Smith Chart
'3 Stability Conditions

° Source and Load for Simultaneous Match.

It is noted that the unilateral power gain as defined by Eq. (4)

can exceed the gain of the transistor into a 50 ohm load

2 . o
GT = ISzll e When Ml and M2 are conjugate matches one ‘has
Max GT
(5) CE— (1-[sT |2)(1- T2 >> G, .
11 ! 22l

An amplifier designed with a transistor of the 821 characteristics
shown in Fig. 7 could have a low frequency power gain that ex-

ceeds 82 = 64 (18 dB).

The unilateral gain for the characteristics of the tran-
sistor displayed in the upper part of Fig. 8 monotonically de-
crease from a low frequency maximum of 29 dB to 0 4B at 10 GHz.
It represents the maximum power that could be obtained when the
proper conjugate match impedance is provided at each frequency.
Often it is desired to obtain a uniform gain across a frequency
band rather than the maximum possible, but monotonically de-
creasing,gain with frequency. 1In this case the matching network
impedance locus is determined by inspection of the constant gain
contours of the conjugate match impedances. The concept of deter-
mining the impedance locus from parametric contours on the Smith
Chart has been generalized by Meinke et al [97 for noise figure

performance and will be reviewed in Section 5.

R
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L.ow Noise Design

The noise performance of a junction transistor has been

modeled by Neilson [4]. The expression for the noise figure is

r J R +r +r’ - 2

e 5 \'s §-)

(6) F=l+o *® 1 ( 28 ; r ) 1 +(SOH‘)(ff> )
S S 0O s'e _ ab

The noise figure has been shown to be essentially the same for
common base and common emitter configurations [6]. It depends
on the emitter and base resistances re and rb'and the source
resistance Rg in addition to the current gain eo and the fre-
quency relative to the common base cut-off frequency f/fab.
Equation (6) represents the effects of two different sources of
noise. The first is thermally generated (Jochnson) noise that

is proportional to an effective resistance

(7) e = J4KTRB

and a shot or recombination noise that is proportional to the

dc current (and is inversely proportional to R)

(8) i = 4J2q1

n ch °

Thus as shown by the graph in the lcwer part of Fig. 8, there
is a value of source resistance that minimizes the total noise
generated. For the 105 MHz family of curves shown the source
resistance for minimum noise is 250 ohms. The other graph shows
the frequency dependent increase that becomes evident at around

200 MHz.
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Tﬁis section will summarize selected characteristics of
electrically small, low frequency antennas‘that are peftinent
to the design of active antennas. These characteristics are
the self-impedance of electric and magnetic dipoles, mutual
coupling effects for transmit and receive arrays, and the an-

tenna noise temperature.

3.1 Electric Monopole Impedance

For electrically short heights koh, the series impedance
of an electric monopole is represented by a frequency dependent

resistance Ry and a capacitive reactance XA[S]

= + 3
(9) ZA RA JX%
R = 10(k.h)>
A 0
VA
B oA _ 1
XA - ZOA cot koh % - T n glr=
0 A
in
8
(10) C, =T 5 -+ C,lpfd) = gh
Yo“on oA
h
Zo, = 60 (Ln - - 1)
8 o .
vo = 3 x 10 m/s = 11.8 x 10~ in/s .

For monopoles of heights of 1 to 3 feet and diameters (2a) of

[

/16 to 1/8 inch the characteristic impedance Z is tvpically

O
-%0 to 350 ohms. The capacitive reactance XA is adecuately

Iv-20
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modeled by a capacitance CA that is of the order of 4 to 3 pfgd
per foot of length. The short monopole parameters presented in
Table I of the Introduction follow from equations (9) and (10)
directly. For a dipole antenna R, X , 2

A A (0):1
the corresponding monopole value.

and l/qA are double

-Any antenna illuminated by an incident electric field "¢
develops an open circuit voltage that is proportional to its
c in

effective length voC = g€ Le where for short dipoles L= h/2,

3.2 Magnetic Dipole Impedance

A single turn loop antenna ©of diameter.2R and conductor

diameter 2a has a series impedance

_ 4
(11) RA = 200 (koR)

X, Tu R“‘o(l‘“%’ 2) = 2o (koR) ZOL=nO({'n _855 - 2)‘

o .
The voltage developed by a small loop antenna isV c==nR(koR)E1n

For small electric and magnetic dipoles the untuned e:f-

ficiency n is inversely proportional to the Q and is cubic law

dependent
R
(12) " = A _ RA -2
L o
n 200 3 D 10 3
A = z (kOR) : N = z (koh) .
oL 0).3

Both types of dipoles appear to have the same potential Zcor
broadband active antennas although the proportionality Zfactor

0f =~ differs somewhat.

(o

g
i
i




3.3 Mutual Coupling

The mutual coupling properties of antennas will be analyzed
in terms of the S-parameters of the System 1 two element array
and System 2 remote probe shown in Fig. 9. 1In particular the
effect of mutual excitations will be explicitly modeled and the
equivalence of the transmit and receive impedance verified. 1In
Fig. 9, it is noted that the parameters Sij are measured in the
array environment. Thus S11 represents the self impedance of
antenna 1 in the presence of 2. It is not necessarily identical
to S_, when 2 is removed and the measurement is repeated for the

11
isolated element.

Transmit Imoedance

Let System 1 with antennas 1 and 2 be the transmit system.
The input impedance is to be determined for the condition that

the excitations are related by a complex constant

(13) 3 " Va1 2y .
The remote probe antenna is well terminated so that aj = 0. It
follows directly from the eguation in Fig. 9 that
bl
= —— = +
(14) fir T3, T % TP o
27 a, 22 V21

- 2 =

O
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The mutual coupling coefficienty n?l =5, and the relative
- 1

excitation strengths Yoy influen s the input impedance as well

as S,,. Had there been N elements in the array of System 1,

11
the procedure outlined here for 1. elements could be extend.d

in a straightforward manner with.uit any significant change in

the approaéh or concept.

Receive Impedance

If System 1 is now receivin\) a Signal transmitted from

the remote probe, then 33 is an inJependent variable and
(16) a, =T, b, i-1,2.

is

(17) z, =z, = - - .

—

For an open CirC\Jit ri =1 and r.., a short circuit T°. = - l.
’ 1

For antenna 1 we obtain

(18)
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80 MHz frequency band, t
ceiver noise from as 1lit
It is noted that all the
20 dB per decade as the

When the antenna 1is
equals the ambient noise

with an efficiency n the

(20) T ' =nT

A A

If the ambient noise temperature is very high and is the dominant

source of noise, then th

the noise as well as the

4.0 Svstem Noise Temper

he external noise can exceed the re-
tle as 1 to 2 d8B to as much as 45 dB.
noise curves increase approximately

frequency is decreased.

. lossless, the antenna noise temperature
temperature. When the antenna is lossy

effective antenna temperature is
+ 1" T .
(1-n) T,
e inefficiency of the antenna lessens
signal.

ature [5]

When an antenna of

ncise temperature ?A and efficiency =

is connected to a receiver with a front end noise temperature

R

(21) T nTA +

SYS

]

T = (FN—l) TO the system noise temperature is

- + -
1 '1)T0 (FN l)T0

+ - .
nTy (FN ﬁ)TO

The system signal-to-noise ratio is

(22) S = GS0 = DSoﬁ
= KToysP
s _ DS0 TAﬁ
- -+ { - °
N KTAB TA“ TO‘FN =)

—

Degradation

Iv=-27




So long as lkﬂ 2 Toer-n) Tle sysStell slynal=—Lu—1ivise racaw
will not be appreciably degraded beyond the fundamental limit

imposed by the external noise,

5.0 Review of Selected Literature

It appeafs that the earliest publications of antennas as
an integral part of a transistor preamplifier are due to J.R.
Copeland. The references cited in his 1964 paper on antenna-
fier arrays (7] begin in 1960. 1In the 1964 publication, the

advantages of integrating the antenna into the transistor in-

put matching circuitry to optimize the receive signal-to-noise

ratio were discussed in very general terms such as eliminating

losses and extra circuit elements. The extremely wideband €9
potential of the integrated antenna transistor network in terms

of similar antenna efficiency and external noise characteristics

is not explicitly mentioned. Some experimental data is present-

ed for the noise figure of an individual element and a four

element array. Pattern measurements were made over a 25% band-

width. Noise temperature data was presented only for freguencies

in the band center near 150 MHz.

Since 1968 an extensive and continuous effort by H.Meinke
and H.Lindenmeier of the Technical University of Munich has <:,
been in progress. They have systematically analvzed and reduced
to practice the optimum wideband SNR potential of active anten-
nas [8,9). The distinctive feature of their analytical publica-
cions on the topic has been the use of contours (circles) of
normalized power and SNR in the antenna impedance plane. The
case of the constant power curves can be derived rather simply

and will be presented as an introduction to their approach. For

Iv-28
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the equivalent circuit on the left hand side of Fig.11l, the
power available to the locad impedance Z from the source of

impedance Zs is

Vv V¥ R
(23) P =
+ *
(Z+ZS)(Z ZS)
- V_V* R
2 2 *
+
(R RS) + (x+xs)
When 2 = Z = 7 * the maximum power is P = VV*/4R_ . Thus
opt 0] 0
(24) " VYR
p  VV* 2 2
(R+R0) + (X-XO)

-' l L
2
1+ |z-2,]

4R0R

The 3 dB half power contour occurs when the second term in the

@ denominator is unity.

_ 2 2
(25) 4RR = (R-Ry)“ + (X-X)© .

Solving eguation (25) when X = XO vields the maximum and minimum

resistance of the contour.

R, (3 +.,8)

(26) R 0

R =R, (3 -,8)

0

A - -

1v-29
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! : The normalized diameter of the contour is

f (27) 3 =-5—%—3— =3+,/8-3+,B=4,2.
P 0

This enables the 3 dB power contour on the right hand side of
Fig. 11 to be constructed. In a similar manner Lindenmeier (8]
has constructed contours of SNR using the fact that the tran-

sistor noise temperature can be represented by

: ' 2
2 _ + IZ - Zol
(28) Tp = Tpin ¥ 71 TR Ry .

The result comparable to equation (24) for the power contour

is
(29) SNR _ 1
' SNR |z -z |2
1+—"_._O_
| ~ §RRg
+
£ _-1 TA/Tmin
: Ty /T in

The normalized diameter of the 3 dB contour is
- -1
= -+ -
(30) bN £ A 4g

Additional results have been derived to include the effects of

loss in the antenna and matching network.

The formulation of Hansen [5) which defined the degracdation
factor v introduced in Fig. 1 and eguation (22) was found to be

conceptually helpful. His article written from a system point

Iv-31
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of view is brief, but lucid and self-contained. It doces not,
howevef, address any of the concepts pertinent to an actual

design of the matching network or transistor characterizaticn.

Anderson et al [10,11] appear to be the first to publish
a common representation of the transistor and antenna character-
istics rz parameters] which can analytically demonstrate the
buffering or mutual impedance reduction for active elements in
transmit and receive arrays. Experimental results have been
published to substantiate the improved bandwidth obtained by
the use of active elements for the separate cases of transmit :

and receive configurations.

o

Results have also been reported using active elements with
loop antennas [12]). The effort was limited to analysis and ex-
perimental measurements of the impedance and radiation properties.

Noise figure performance was not addressed.
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