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FOREWORD

This document describes the work performed by IIT Research Institute,

Chicago, I11inois, under Contract F33615-76-C-3044, Program Element

40410124, for the Air Force Flight Dynamics Laboratory during the period

November 1975 to February 1976. The work was supported by funds and

technical assistance from the U.S. Army Electronics Command, Fort Monmouth,

New Jersey.

The technical results show convincing evidence that horizontal

and circular system polarizations offer significant potential advantages

over vertically polarized systems in reducing the level of multipath

interference to landing guidance signals in typical airport environments.

The principal IITRI contributors to the program were Dr. T. N. Patton,
L. C. Calhoun and A. E. Brindley (Program Manager). The Air Force
Project Engineer was Mr. Walter Melnick. The Army Project Engineer
was Mr. Paul Demko. The report was submitted by the authors February
1976.

The authors wish to express their appreciation to the U.S. Army
Electronics Command for the support provided during this effort.
Special thanks are due to Mr. Paul Demko whose personal participation
and high level of enthusiasm for the work were a major factor in its
success.

Thanks are also due to the staff of the Air Force Flight Dynamics
Laboratory, notably Mr. Virgil Weinder (AFFDL/FGT) and SSgt Dan Martin
(AFFDL/FGT) whose patience during long hours of field testing was

exemplary.




TABLE OF CONTLNTS

PAGE |
I INTRODUCTION
1.1 Purpose ] %
1.2 Background 2
: 1.3 Summary of Program 3
1.3.1 Summary of Basic Technique 3 :
» | 1.3.2 Measurement of Corrugated Surface Reflections 5 §
1.3.3 Comparison of Short Range Measurements with 6 j
1 Operational Geometry Test
f 1.4 PReport Organization 6
{1. PROGRAM DESCRIPTION
2.1 Technical Considerations and Constraints 7 )
2.1.1 Choice of Experimental Parameters 8
“ 2.1.2 Problem Areas 13 ' ‘
‘7 2.2 Basic Experiments 22 .
2.2.1 Short Range Experiments 23
]‘ 2.2.2 Long Range Experiments 32
ij 2.2.3 Supporting Measurements 37
IIT. EXPERIMENTAL RESULTS - REFLECTION COEFICIENTS VS POLARIZATION 3
: 3.1 Survey Data 39
E 3.2 Reflection Data for Nominally Flat Surfaces 39 :
3.3 Reflection Data for Corrugated Surfaces 58
1‘ 3.3.1 Field Test Data 58
3.3.2 Comparison with Scale Model Measurements n -3
3.4 Results of Long Range Test on Building 206 72 3
i
4 v -




EXPERIMENTAL RESULTS - GROUND ILLUMINATION EFFECTS

4.1 Purpose

4.2 Experimental Technique

4.3 Observations

4.4 Conclusions

CONCLUSIONS AND RECOMMENDATIONS
5.1 Comments on Data
5.2 Summary Conclusions

5.3 Recommendations

REFERENCES
APPENDIX A - Site Surveys

APPENDIX B - Geometric Considerations

Py




LIST OF ILLUSTRATIONS
N Figure No. Title Page
= ] General Experimental Geometry 9
2 Ground Reflection Geometry 11
1 ¥ 3a Surface I1lumination - C Band 14
f 3b Surface ITlumination - Ku Band 15
4 Direct Path View Showing Placement of ECCOSORB 17
: 5 Reflect Path View Showing Placement of ECCOSORB 18 %
.E %
# 6 Basic Instrumentation 24
% 7 Short Range Reflection Loss Measurement 25 ff
f -~ 8 Reflecting Region and Detail Structure of
; Building 1 28
) 9 Reflecting Region and Detail Structure of .
; Building 485 29 A
] ;
. 10 Building 206 - Area C - Wright-Patterson AFB 30 4
1N Reflecting Region and Detail Structure of ;
Building 22 31 ~
12 Antenna Mounts for Measurement of Corrugated g
Surface of Building 22 33 -4
13 Long Range Test Geometry Area C, WPAFB, 5
3 Building 206 35 ¥
1 . R
] . 14 Expanded Test Geometry - Area C, WPAFB 3 .
; - Building 206 36 i
i 15 Site Map - Area B - Long Range Test Geometry 38 2
» l 16 (a-p) Patterns for Scientific-Atlanta Parabolic j if
:w' u Antennas at C and Ku Band 41-57 g
1 17 Photo of C Band Transmitting Antenna 77 3
15 18 Signal Profile With and Without Ground
I I1lumination on Transmit Path 79 2

vii




Figure No. Title Page
Al Initial Set Up Geometry 120
A2 Site Survey Geometry : 121
A3 Area B Site Map 122
4 A4 Building 1 Site Contour 123
AS Building 1 Plan 124
' A6 Building 1 Front Elevation 125
" A7 Building 6 Site Contour 126
% A8 Building 6 Plan 127
j A9 Building 6 Front Elevation 128
] A10 Building 22 Site Contour 129
; AN Building 22 Plan 130
3 A12 Building 22 Front Elevation 131
Al13 Building 22 Site Contour 132
Al4 Section Through Building 22 133
Al5 Building 485 Site Contour 134
Al6 Building 485 Section Characteristics 135
A7 "Ghost" Site Contour at end of

Area B runway 136

A18 "Ghost" Site Contour Between Buildings
1 and 485 137
A19 Building 206 Site Contour 138
B1 Spot and Fresnel Zone Bounds (FT) 148

viii




O il E I S tinss o

St T e e

LIST OF TABLES E
Table No. Title Page il
~ 1 Table of Polorization Combinations 26 § _
bi 2 Summary of Experimental Configurations -
i : Short Range 27
f 3 Reflection Coefficients in db below zero 40
i 4 Recorded Data Bldg 1 C Band 20° 59
!E' 5 Recorded Data Bldg 1 C Band 30° 59
1 6 Recorded Data Bldg 1 C Band 40° 60 ¥
i 7 Recorded Data Bldg 1 Ku Band 20° 60 i
: 8 Recorded Data Bldg 206 C Band 35° 61 !
9 Recorded Data Bldg 206 Ku Band 35° 61
10 Recorded Data Bldg 486 C Band 10° 62
n Recorded Data Bldg 485 C Band 20° 62
12 Recorded Data Bldg 485 C Band 30° 63 '
13 Recorded Data B1dg 485 C Band 40° 63 =
14 Recorded Data Bldg 485 Ku Band 10° 64
. 15 Recorded Data Bidg 485 Ku Band 20° 64 1
16 Recorded Data Bldg 485 Ku Band 30° 65 ,
| : 17 Recorded Data Bldg 485 Ku Band 40° 65 y
,t 18 B1dg 22 Data Summary C Band 66 4
& 19 B1dg 22 Data Summary Ku Band 67
13 ; 20 Recorded Data Bldg 22 C Band 40° (Specular) 69
{I 21 Recorded Data B1dg 22 C Band 40°
(Space Harmonic 57°) 69 :
&L 22 Recorded Data Bldg 22 Ku Band 40° (Specular) 70 ]
. ix ,




6k anir et bR

Table No. Title Page
? 23 Recorded Data Bldg 22 Ku Band 40°
(Space Harmonic 52°) 70 E
24 Recorded Data Bldg 22 Ground I1lymination !
Test 78
Al Building 1 Survey Data 101
A2 Building 1 Height and Range 102
A3 Building 6 Survey Data 103
A4 Building 6 Height and Range 104
A5 Building 22 (Concrete) Survey Data 105
A6 Building 22 (concrete) Height and Range 106 ;~?
A7 Building 22 (Corrugated) Survey Data 107
A8 Building 22 (Corrugated) Height and Range 108
A9 Building 485 Survey Data 109-110
Al0 Building 485 Site Height and Range M
ATl First "Ghost" Site Survey Data 112
Al2 First "Ghost" Site Height and Range 13
A13 Second "Ghost" Site Survey Data 114 .y
Al4 Second “Ghost” Height and Range ns j
Al5 Building 206 Site Survey Data 116

Al6 Building 206 Height and Range 117 :




I.

1.1 Purpose

The purpose of the technical effort described here is the measurement
of the reflectivity at microwave frequencies of structural surfaces found

at typical airports. Although reflection coefficient measurements have been

made by a number of experimenters (See references), the work described here
is believed to be unique insofar as it includes
® Measurement at the same site(s) of reflection coefficients for
vertical, horizontal and circular polarizations and
® Measurements at the same site(s) of reflection coefficients for

both 5 GHz and 15 GHz (C-Band and Ku-Band) signals at each .

s Gakai v Bhea sl -

polarization.

The choice of frequencies was predicated upon the use of these bands

for future microwave landing guidance systems. The MLS currently under

development by FAA will operate at C-Band for instance; the Marine Remote

Area Advanced Landing System (MRAALS) and the Tactical Landing SYstem (TLS)

are both designed for Ku-Band.

The choice of polarization for this experimental work was likewise

based upon those which are likely candidates for future landing-guidance

systems. There are two principal technical issues which affect the choice

of polarization. i

R GAR E e,

1. Which polarization offers the greatest protection to the integrity

of the guidance signal by virtue of minimizing interference from multipath

reflections?




2. Does the choice of system polarization allow the implementation
of airborne antennas having adequate coverage volume?

The second of these issues is being addressed by several technical
bodies such as NASA/Langley, the U.S. Army and Chio State University, through
theoretical studies and measurements on both full scale and small scale
models. It is the potential multipath advantage available through proper
choice of polarization which is the motivation for the effort described

here.

1.2 Background

Previous experimental work(ﬁ’g) conducted for the Air Force Flight

Dynamics Laboratory by IIT Research Institute has revealed a number of
interesting features concerning multipath at C-Band with vertically polarized
equipment. This work was conducted at Wright-Patterson AFB, Ohio, an instal-
lation exhibiting flight-line features not untypical of many airports. The
previous work was aimed at exploring the general characteristics of multi-
path reflections in rather a broad way, primarily to compare reflections

from actual structures with reflections from flat screen reflectors. The
present study is more specific in that it addresses the polarization and
wavelength dependencies of the reflections from real structures. Even

within that narrow mandate the resources available for the effort allowed
only limited cases to be studied, namely four building types, two frequencies,
three polarizations and four or five angles of incidence. The results
obtained here represent the result of lTess than five man-months of contractual

effort.




1.3 Summary of Program

1.3.1 Summary of Basic Technique

The basic experimental technique employed in this effort was a bi-
static measurement using pure CW transmissions at C-Band and Ku-Band between
narrow beam antennas mounted on adjustable ground-based tripods.

The transmitter for C-Band was the exciter portion of the Doppler
hardware used previously by AFFDL and IITRI (Ref 6.9). The transmitter was
capable of at least 40 dbm output. At Ku the transmitter was an H-P 628
signal generator capable of at least +10 dbm output. The narrow beam
antennas were Scientific-Atlanta dishes equipped with switchable polarizers

permitting rapid changes from linear to either left hand or right hand

circularly polarized radiation. The mounting tripods provided a capability

to aim the dishes very precisely in azimuth and elevation, as well as
providing height adjustment and the capability to rotate the antennas about
their boresight axis to facilitate the change from vertical to horizontal
polarization.

Prior to measurement at any one location a survey was conducted to
determine the terrain profile in front of the structure under investigation.
A suitable point on the reflecting surface was nominated as the desired
specular reflection point and a series of points spaced every 10° was located
on a semicircle of radius 190 feet in front of the building. Appendix A
describes this procedure in greater detail. It is estimated that these
ground Tocations are accurate to within one inch in range and angles better

than six minutes of arc.
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Knowledge of the terrain profile allowed the heights of the transmit
and receive antennas to be computed so that their phase centers and the
point of specular reflection lay in a horizontal plane for each set of measure-
ments. The tilts of the building surfaces were also measured to determine
the allowance to be made for skewing of the reflected ray due to this effect.
The four-foot diameter C-Band dishes were provided with peep-sites
which were aligned with the optical boresights using the sun as a source

of parallel light rays. At Ku-Band the feed waveguide on the two-foot

diameter dishes were found to be a reliable sight for aiming. i;i
At each test location the transmit and receive antennas were set up
at the predetermined locations for specular reflection, the operators

adjusting height, level and aiming anglies to ensure specular geometry. The

et e (# o
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transmitter power was adjusted to the desired level and the reflected signal
level measured on either a power meter or sensitive calibrated receiver
connected directly to the reciving dish feedline. Measurements were
repeated with the polarization set at vertical, circular and horizontal

by switching the polarizers and rotating the dishes about their boresight

axes. Ground reflections were reduced to negligible levels by (a) the

choice of measurement geometry so that ground illumination through eleva-
tion sidelobes was at least 16 db down on the boresight signal and (b) the
placement of vertical sheets of RF absorbing material on the ground at the
ground reflection points.

Following the measurement of the reflected signal the dishes were
aimed towards each other and the direct path signal level was measured for

each polarization in turn.
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This basic procedure was repeated for grazing angles of 10, 20, 30,
and 40 degrees wherever physically possible. Since the illuminated spot
size was arranged to be of the order of the size of the first Fresnel zone,
the difference in the direct and reflected signals (appropriately compensated
for the range difference) provides a good estimate of the effective reflec-
tion coefficient of the surface under test.

1.3.2 Measurement of Corrugated Surface Reflections

Considerable interest has been aroused in the technical community
concerning reflections from corrugated surfaces. An FAA survey of ten
civilian airports revealed that such surfaces are quite common. The U.S.

Army has conducted a number of theoretical and practical studies of RF
scattering from such surfaces. Experiments were conducted during this

effort to (a) compare the reflection coefficients of corrugated surfaces at
VP, HP and CP in the specular region at C and Ku Band and (b) spot-check

the Army's theoretical model for selected non-specular reflections. The
corrugated surface of Building 22 at Wright-Patterson AFB unfortunately begins
at a height of about five feet from the ground, necessitating that the

antenna tripods be elevated some 4-5 feet in order to maintain useable

geometric conditions. This was accomplished by conducting the experiments
from the back of stake trucks at the receiver and transmitter sites. The
non-rigid nature of the truck beds presented some challenging experimental
problems in maintaining aiming angles of the narrow beam antennas and a

recommendation is offered to would-be workers in this type of experiment to

avoid such techniques. Despite these problems a very good match of predicted

and measured signal levels was made at C-Band. The match of predicted and
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measured signal levels at Ku-Band was less satisfying but may be attributable
to the fact that some experimental parameters lay outside the areas of
validity of the Army's theoretical model. Further work on this is proceeding
at USAECOM. The measured signal levels at Ku-Band did, however, agree
within better than one to three db with measurements made by the Army on a
scale model surface machined to model the dimensions of the Building 22
corrugations for illumination in a laboratory set-up at 70 GHz. Thus, an
excellent match of scale and real 1ife measurements appears to exist (see
Paragraph 3.3.2).

1.3.3 Comparison of Short Range Measurements with Operational Geometry Test

In the previous testing of the Doppler MLS at Wright-Patterson AFB
(Ref 6, 9) strong multipath reflections from a large hangar (Building 206)
were experienced in the vicinity of the touchdown point on Runway 23, (C-Band,
VP guidance signal). Tests were run on this hangar, first using the basic
CW technique for short range measurements for a grazing angle of 35 degrees
(the actual angle pertaining to a guidance transmitter located on the
overrun to Runway 23). The transmitting test equipment was then relocated
to the overrun and signals beamed at Building 206. A pickup truck carrying
a receiver and wide beam horn was then used to probe the reflected signal
in the vicinity of the expected specular region on the runway. This test
was repeated for the direct path signal. Both C and Ku were tested with
VP and HP signals.
1.4 Report QOrganization

Section II of the report contains a full explanation of the test

philosophy and implementation, descriptions of the structures studied and

gt A o \
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some of the experimental difficulties which had to be overcome.

The test results themselves are presented in Sections III & IV
with both detailed breakdowns of the individual measurements and summary
sheets showing the overall situation in a few concise tables.

The conclucions and a number of recommendations are to be found in
Section V.

Two Appendices are included. Appendix A contains a description of
the sites and the details of the surveys. Appendix B contains a
mathematical discussion of the geometrical aspects of the test procedure.

I1. PROGRAM DESCRIPTION

2.1 Technical Considerations and Constraints

The intent of the present experiments was to obtain estimates of the
magnitude of reflection coefficients of typical airport building surfaces
at Wright-Patterson AFB. This means, of course, that reflections must be
obtained, as nearly as possible, from homogeneous segments of the surfaces
of real buildings in a practical experimental environment - that of the
Area B flight line. Ideally, one would make such measurements on an
infinite plane reflecting surface, of uniform composition, in the absence
of a ground plane, and of physical obstructions to transmission. In
practice, one is confronted by buildings (having relatively small sections
of uniform composition) situated on a ground surface which is not necessarily
planar and which is used for both vehicular traffic and parking. The
experimental problem was to make some reasonable use of this real environment

to estimate the magnitude of the desired reflection coefficients. This

problem is discussed
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briefly, in the paragraphs which follow, in terms of general experimental
technique and of a specific set of experiments. The originally projected
experiments fall into three general categories. These included: (1)
supporting measurement, (2) short range static measurements, and (3) long

range operational-like measurements. Resource limitations precluded completion
of all projected experiments.

The reflection from a building can be considered in terms of the size
of the first Fresnel zone (i.e., the zone within which specular path length
differentials will be less than one half wavelength) at the building
reflecting surface. Assuming purely specular reflection with unity
reflection coefficient, the ratio of reflected signal voltage to incident
signal voltage is approximately equal to one if both the semi-major and
semi-minor axes of the Fresnel ellipse are less than the corresponding
dimensions of the reflecting surface. (See Figure 1).

Hence, if H>F and W>> F_ the desired condition is met. This is
essential, of course, since oiggrsise the estimate of reflection coefficient
would be influenced by building dimensions as well as material. It is not
the only consideration, however.

2.1.1 Choice of Experimental Parameters

The experimental arrangements are intended to assure that: (1) a
sufficiently large* homogeneous surface is available as reflector, (2) this
reflector is in the nominal far field of the transmitting antenna, (3) the
incident energy is concerntrated in the homogeneous portion of the surface

(i.e. primarily within the first Fresnel zone), and (4) the interference

*"Large" is meant in the sense that the dimensions of the homogeneous portion
of the surface are comparable to {he dimensions of the first Fresnel zone,

8
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effects of ground reflections are minimized, For a given set of antennas,
then, the parameters to be controlled are spot size, Fresnel zone size, and
ground lobing, It is assumed that, with reasonable Fresnel zone size,
sufficiently large homogeneous surfaces can be found. The parameters which
may be adjusted include antenna heights, aim angles, distances, aim points,
and, of course, general experimental geometry.

These basic elements are shown in Figure 2. The nominal "far field
range" for the antennas depends on frequency band. For C Band it is approxi-
mately 167 feet and for Ku-Band it is approximately 126 feet. A basic
range of 190 feet was chosen for the legs of the transmission path. This
range provides assurance that the reflector is well into the far field
region of the two antennas; and also provides that, for the desired antenna
height of about 7 feet, pertinent ground illumination will be attenuated ~3
(due to antenna pattern) by about 16 db with respect to the direct path
signal.

Restriction of ground illumination in this fashion is of considerable
importance if the ideal experimental situation is to be approximated at

all. For, if signals reflected from the ground surface are permitted to

) interfere on both the incident and reflected paths, non-uniform illumination

Such non-uniformity, a pattern of maxima and minima in the vertical

direction, is inevitable in the presence of ground reflection, but may be

\
E
|
patterns result at both the reflecting surface and the receiving antenna. i
!
|

reduced if care is taken in the experimental setup. The lobing pattern

itself exhibits extrema for alternate values of n when

10 [
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R is distance between the antennas, and

A is the wave length.

For the present case, h] =7' and R = 190'. Also, at the C Band frequency,

C

Band, occur at spacings of about 2.6 feet while those at Ku Band occur at
spacing of about 0.9 feet. Maxima occur halfway between the minima.

of extrema for all values of h.l employed throughout the experiments are

given in the following table.

] is height of transmitting antenna,

2 is height of receiving antenna or point on reflecting surface,

= 5.8 cm; and at Ku Band, Ak = 1.9 cm. This means the minima, at C

Spacing of Extrema in Feet

h] (ft) C Band Ku Band
5.5 3.31 1.10
6.0 3.04 1.01
7.0 2.60 0.86

12.0 1.52 0.50

Additional means of limiting ground reflection phenomena are discussed in

a subsequent section.

Spot size, the remaining item to be controlied, is nicely managed at
190 feet too. If the spot is defined as being bounded by the cone on which
antenna gain is down 3 db, then the spot would be very nearly circular at

normal incidence and would have radius S.

S = R tan BW
=

12
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The Fresnel zone dimensions may also be calculated to provide a
complete picture of the situation at the reflecting surface. At normal
incidence these zones are also circular with radius F.

F=2RR :
R.| + R2 . "
A is wave length

R] and R2 are the lengths of the legs on the reflected path.
In this case R] = R2 = 190 feet.

Band Wavelength » (ft)  Fresnel Radius (ft)
c 0.192 4.3
Ku 0.064 2.5
These items, ground lobespacing, spot size, and Fresnel zone size, R

are shown together in Figure 3 for a transmitting antenna height of 7',

and, of course, normal incidence. In practice, no measurements were planned
for normal incidence. A1l measurements were taken at grazing angles less
than or equal to 40°. At shallow grazing angles the horizontal axes of

both Fresnel zone and illumination spot become elongated. Also there is

a shift in the center of the intersection between the 3 db cone and the

TR 2o - &

reflecting surface. At all of the angles used, however, the Fresnel zone
remains roughly centered and within the illumination spot.

2.1.2 Problem Areas

It was not possible to fully realize ideal experimental conditions.

AT .

The buildings were not, for example, situated on a horizontal, plane ground.

13
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Also, at some angles, the desired transmission paths were obstructed. And,
even with the pencil beam antennas, ground reflection phenomena were
measurable. Building 22 presented a unique problem in that the bottom of
the desired surface was elevated by roughly five feet above the ground.

0f these various problems the most potentially serious was that of
ground reflections. To determine its severity the C Band transmitting
antenna was set at a height of seven feet, and a standard gain horn was
used to probe the vertical pattern at a range of 190 feet over a paved
surface. A peak to null ratio of 8 db was observed. This was considered
to be unacceptable; and an ECCOSORB barrier ten feet wide and two feet
high was set up at the halfway point of the ground path. The probe was
then repeated. This time the signal strength variations observed were
about + 1db. This amounts to about a nine to one signal strength advantage
on the direct path; and was considered acceptable. A second ECCOSORB
barrier of the same dimensions was obtained. A1l subsequent measurements
were made with these barriers in place halfway between each antenna and the
reflector; no further vertical probes were made at C Band. The two foot
barrier is almost of perfect height to block all specular ground paths from
antenna center to the Fresnel zone. A higher barrier would tend to cut
down still further on interfering rays outside the Fresnel zone, but it
also begins to cut down on direct path transmission to the wall,

Figures 4 and 5 show the ECCOSORB placement for the direct path and
reflected path measurements respectively. It has also been noted that not

all ground surfaces emp.oyed were planar and horizontal over the whole

16
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§ experimental range. They generally tended to be convex upward and to fall f

as one moved away from the reflecting surfaces. They did, however, tend

more closely to the horizontal planar as the reflecting surface was
approached. Time did not permit probes of illumination function at all
reflecting surfaces. However, the 2 db max to min ratio alluded to earlier,

is believed to be representative. Building 485 presented the greatest

31 difficulty of all the reflecting surfaces because of ground irregularities.
For this surface, it wa