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FOREWORD

The papers presented in this report were submitted for the
Seventh Symposium on Electromagnetic Windows held at The Ohio
State University, Columbus, Ohio, 2, 3, and 4 June 1964. They
were compiled by Alan I. Slonim of The Ohio State University

under Air Force Contract AF 33(615)-1081 administered by The
Research and Technology Division, Air Force Systems Command,
Wright-Patterson Air Force Base, Ohio with Richard A. Ireland

serving as Task Engineer.
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Session III - Electrical Design
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HIGH TEMPERATURE TELEMETRY

ANTENNAS FOR ASSET

by

J. W. Krah
Senior Engineer, Electronics

Missile and Space Engineering Division
MCDONNELL AIRCRAFT CORPORATION

ST. LOUIS, MISSOURI

INTRODUCTION

The severe aerodynamic heating encountered by re-entry vehicles has
required the design of antennas capable of withstanding high surface temperatures.
For hypersonic glide re-entry vehicles the time duration of the high
temperature environment is much longer than that associated with typical
ballistic re-entry vehicles. This paper describes the development of two
antennas used on ASSET, a hypersonic glide re-entry vehicle. These are
(1) the flush mounted dielectric loaded U sl., configuration shown in Figure 1
for the VHF telemetry band and (2) the pressurized "open ended" waveguide
X-Band antenna shown in Figure 2. This work was accomplished, in part, on
Contract No. AF33(616)-8106 for Project ASSET.

While the final VHF antemna performance did not fully meet the design
objectives, it has proved to be adequate for satisfying the data transmission
requirements of the ASSET. The X-Band antenna completely satisfied the
design objectives4.

DESIGN OBJECTIVES:

The -verall design objective was to supply telemetry data from a
hypersonic glide re-entry vehicle constructed of non-ablative material; i.e.,
the structure was radiation cooled. Surface temperatures in excess of
20000 F were predicted for the VHF antenna configuration.

The mission profile was such that a hemispherical radiation pattern
with coverage tV, the right of the test vehicle would be required for
satisfactory telemetry system performance. This was based on the flight
profile for a launch at the ETR (Eastern Test Range, formerly Atlantic
Missile Range).

The antenna electrical performance criteria necessary to satisfy the
mission objectives are comparable to those for similar payloads. However,
the vehicle shape and flight trajectory are such that shock induced
ionization is expected to cause VHF blackout over a portion of the flight.
To provide telemetry during this VHF blackout interval, X-Band telemetry
was employed, thus the requirement for an X-Band antenna.



The power leve3 required to cause voltage breakdown (arc over) at the
antenna surface in the presence of the shock induced ionization was computed1

and the proposed system outout power was well below that reouired for
breakdown across the aperture of the final design. However, the spacing
between some elements internal to the VHF antenna was less than the aperture
dimension and suitable design precautions were observed particularly in the
connector and the feed point. The X-Band wavoguide was pressurized and
required a pressure window on the antenna which takes the very simple form of
an open-ended wavegulbde.

The physical environments to which the antennas ;ere designed are
very typical cf missile booster environments in all areas except temperatuae.
It was recogr.ized that specifying ma:imim operating tomperatures, even with
time intervals, did not represent a realistic approac, for establishing the
design criteria. Extensive wind tunnel tests on the ASSET vehicle configuration
provided heat transfer data in the area of the antenna location. From this
data and the expected flight trajectory, the temperature environments for
the VHF and X-Band antennas were calculated. For the small X-Band antenna,
the fore to aft surface temperature gradicnt is not significant; however,
for the VHF antenna, with a large surface area, these temperature gradients
must be considered in the selection of materials and in testing of the
hardware.

THERMAL TEST METHODS

The development of the high temperature antenna requires realistic
thermal testing as well as realistic specification of the thermal
environment. A considerable part of this development effort was expended
in developing suitable test criteria and test methods.

Although the actual flight antennas encounter an aerodynamic heating
environment, the thermal testing of the antennas was conducted in a radiant
heat lamp facility. The major objective of these tests was to simulate as
accurately as possible the same temperature profile as predicted for the
flight hardware. Since the initial test article was the antenna dielectric
and not the complete antenna system, a means for accurately controlling the
radiant energy from the lamps was needed. Attaching the control thermocouples
directly to the dielectric was found to be unsuitable due to the low material
thermal conductivity. Control thermocouples attached to the antenna mounting
structure also were unsuitable because the structure itself would heat up
faster than the dielectric, causing the lamp bank to go off prematurely. A
calorimetric method of controlling the lamp banks was finally selected.
This method was derived by computing the thickness of metallic blocks (to
which thermocoupler could easily be attached) which would produce the same
surface temperature as the antenna dielectric under the flight heating
environment. Thermocouples were then attached to these blocks to ccntrol

1 C. A. Hinrichs, "Ionization Enhanced Antenna Voltage Breakdown",
McDonnell Aircraft Report No. 9111.
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the 464UU .... t to th. lamps. Mhe fore to alt temperature gradient expected
on the flight antenna was simulated by dividing the heat source into three
banks of lamps and controlling each of these banks with the calculated
temperature history for three control locations, as illustrated in Figure 3.

The test specimen and control blocks are painted black to obtain a
uniform high emissivity which is necessary in order to absorb the energr
radiated from the lamps. Thermocouples are attached to the test specimen
and the output recorded for comparison to the predicted time-temperature
history thus providing the information necessary to prove test validity.

In order to obtain the required heating rates, it was necessary to
place a metal reflector ov;er the quartz lamp bank. However, the metallic
sheet in the near field of the antenna proved very unsatisfactory for making
measurements. The electrical characteristics were measured with the
reflector in place and were monitored for change during the thermal testing.
The results are not as accurate or as conclusive as is desired but have
proved to be indicative and acceptable for the present program.

This does iAot alleviate the necessity for more suitable and adequate
test facilities for future program support.

VHF ANTENA DEVELOPMENT

As stated previously, the radiation pattern required for the ASSET
telemetry systems was essentially hemispheric on the right side of the
vehicle. The system parameters required an essentially high radiator efficiency
and low VSWR. Flush mounting of the antenna with minimum antenna t ickness
was desired to keep peak surface temperatures as low as possible.

Consideration was given to a linear slot and a notch excited surface
to fulfill these objectives for the VHF system. However, their size and
required location for installation produced many problems in integrating
these designs into the airframe of the ASSET vehicle,. The linear slot would
necessarily have been much to large to mount without seriously affecting
the structural integrity of the vehicle. The notch excited surface had.
its limitations, in that, the areas in which it could be located. were areas
where temperatures were extremely high (e.g. wing leading and trailing edges).

The cavity-backed U-Slot antenna design wos chosen because of its extremely
low profile, thus its adaptability into the airframe. Althouch Jts length
and widtL were large for this application, it was felt that by
dielectrically loading the cavity the dimensions could be controlled within
reason and the smallest possible flush mounted antenna could be realized.

Material studies were initiated to find a dielectric material
suitable for this application. A high temperature dielectrometer was
utilized to measure dielectric constant and loss tangents of materials at
temperatures up to 30000 F. Tests were conducted on fused quartz, boron
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nitride, beryllium oxida, pyroceram and aluminum oxide (alumina). Samples
of nickel, silver, platinum, and gold platings on some of the above
materials were subjected to the high temperature in an oven. The capability
of the platings to withstand the temperature in an oxidizing atmosphere was
of prime concern. Nickel plating over a molybdenum-_.nganese base on AlhmU-inum
oxide appeared to be superior in surviving the environment.

Alumina was therefove selected as the best material for this application.
Alumina's dielectric constant of 9.5 (Room temperature) and low loss tangent
together with the availability of proven methods of metallizing its surface
were deciding factors in the selection.

Electrical prototypes were constructed to experimentally determine the
slot width and length, location of the feed point and minimum cavity size.
The electrical properties of alumina were reproduced in a Stycast material
which was used as the cavity dielectric in all electrical developmert
testing. Optimum performance of the antenna was achieved at 237.8 megacycles
with a cavity size of 7 inches X 6.75 inches X 0.5 inches. The slot length
and width required were 12 inches and 1.5 inches respe lively.

The antenna location was governed by the required radiation pattern
and maximum surface temperatures on the vehicle. It was possible to locate
it on the vehicle at a point where surface temperatures were minimized.
It was also desired to locate it on a flat surface since flat ceramic bodies
are more easily fabricated than ones with complex curvatures.

The final location was determined by radiation pattern measurement on
a 1/4 scale model of the vehicle. A location on the right side of the
vehicle above the wing and toward the rear was chosen.

The mechanical installation of the antenna on a structure designed to
expand and contract proved to be another problem area. The difference in
thermal coefficients of expansion of the alumina and the vel icle structural
material caused concern over excessive mechanical stresses being induced
into the antenna by the structure. The same problem existeo between any
metal antenna mounting flange and the ceramic body. Although metal to ceramic
seals have been made successfully in the past, an expansion Joint was
required in this antenna design. Both of these problems led to a design of
mounting the metallized ceramic body clamped between two surfaces as shown
in Figure 4.

Since the antenna was to operate at surface temperatures approaching
20000 F a suitable connector and coaxial cable were required. The connector
and cable chosen were designed and fabricated by Electronic Secialty Co.
A cross-section of the antenna connector is also shown in Figure 4. The
connector shell and center-conductor are made of KOVAR, a nickel-alloy steel,
whose thermal expansion characteristics approximate those of alumina. The
center conductor is brazed to the metallized outer surface of the cavity
(slot-side) with a high temperature braze material. An expansion joint is
effected between the thin wall of the center-conductor and the alumina. The
connector shell and alumina dielectric is also brazed to the metallized alumina
body.
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The connector was silver-plated and a flash of rhodium added to give
protection from oxidation at temperature. A high temperature metal to metal
seal is incorporated for a seal with the mating connector.

The mating connector is fabricated of KOVAR and attached to a cable
manufactured by McGraw-Edison Co. The cable assembly is shown in Figure 5-
The inner and outer conductors are of OFHC copper. A powdered silica is
used as the dielectric. The outer conductor is sheathed within a AISI 347
stainless steel jacket. The cable used has a diameter of .170 inch
although larger cables with smaller attenuation are available.

Before the VHF antenna design could be finalized, the capability of
the alumina block to withstand the high heating rates and consequent large
thenr al gradients had to be demonstrated. A number of blocks were subjected
to what was thought to be the required environment with numerous failures.
Due to the low thermal conductivity of the test specimen, problems were
encountered in attempting to control the heat flux inputs by measuring the
surface temperature of the dielectric with thermocouples. Consequently,
surface temperatures higher than those desired were attained and caused
failures of the ceramic bodies due to excessive temperature gradients
(thermal shock). The calorimetric control system described earlier
was utilized and the alumina body survived the required environment.

The black paint, used during thermal tests to enhance absorption of
energy from the radiant heat lamps, was also applied to the flight hardware.
The emissivity of nickel and alumina is approximately 0.3 while for the
black paint it is 0.8. According to theory, the increase in emissivity will
allow more heat to be radiated from the antennas during flight and result in
reductd surface temperatures.

An engineering model of the antenna was then subjected to the radiant
heat test and electrical measurements were made. The results indicated that
a very definite lowering of resonant frequency at elevated temperatures had
occurred. It was determined after the test that a significant part of the
shift was due to a change in position of the metal reflector required for
the quartz lamps. The change in physical size of the cavity and the slot
also contributed. Another contributing factor was the change in dielectric
constant of the alumina at elevated temperature.

The curve of Figure 6 exhibits the narrow-band characteristic of the
antenna at room temperature. Although the dielectric constant change with
temperatuv was anticipated, it was felt that the magnitude of the shift
would not affect the antenna tuning. Obviously, this assumption was not
valid for the U-Slot antenna. Possibly a more wideband antenna type would
have given much better performance. The frequency shift was in the range of
5 megacycles and possibly with additional bandwidth the frequency shift could
be tolerated.
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At this time, it was decided to attempt to limit the antenna temperature
to a point where the telemetry system signal margins could absorb the mismatch
loss due to the frequency change. A number of tests were conducted to
detehmine the shift in frequency with temperature. A quartz window and
insulation were placed over the basic radiator to decrease its maximum
temperature from about 20000 F to less than 10000 F.

A typical cross-section is shown in Figure 7. The quartz window is
0.125 inches thick and is painted with the black ceramic paint to increase
its emissivity. Beneath the window is a 0.125 inch layer of H. I. Thompson's
A-100 Fibrous insulation. A layer of CS 1000 insulation is clamped between
the vehicle skin and the vehicle structure to eliminate a direct heat "short"
at the edges of the antenna. The antenna is mounted in its retainer on a
layer of Refrasil Clcth which is also wrapped around the sides of the antenna.

This configuration reduced the antenna temperatures to a maximum of
7000 F as shown in the temperature history of Figure 8. The anLezina if
tuned to a resonant frequency higher than the transmitter frequency at room
temperature. The resulting mismatch loss is absorbed by the excessive system
signal margin present when the vehicle is "on the pad". The amount of
de-tuning is obtained by predicting the antenna temperature history and by
knowing its characteristic change in resonant frequency with temperature,
the magnitude of the de-tuning is determined. The average detuning on ASSET
antennas has been about 3 megacycles.

Since this antenna configuration satisfied the ASSET telemetry system
requirement, no further development effort was undertaken.

X-BAND ANTENNA DEVEL0PIOP2T

The radiation pattern required for the X-Band telemetry was identical
to that required for the VHF system. An antenna capable of flush mounting
and withstanding one atmosphere of differential pressure was required. The
open-ended waveguide antenna was chosen because of its adequate radiation
pattern and relative simple mechanical design.

All material studies, fabrication techniques and experience were applicable
to the develorment of the X-Band antenna. Alumina was chosen as the window
material for this reason. A window was fabricated of a Stycast material and
used to determine the window thickness. The thickness of the alumina window
for minimum VSWR at 9320 megacycles was determined to be .215 inches. A
VSWR vs. frequency plot is shown in Figure 9.

The problem of maintaining one atmosphere of differential pressure inside
the waveguide during elevated temperatures was considered a major one. An
effective seal between the alumina window and the waveguide walls had to be
accomplished. it cross-section of the antenna is shown in Figure 10 to illustrate
how this was accomplished. The antenna mounting flange was fabricated of
KOVAR. Although the thermal expansion characteristics of alumina and KOVAR
are similar, it was decided to add an expansion joint between the window and
the mounting flange. This expansion joint is accomplished by brazing the
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alumina window inside a .010 inch thick KOVAR expansion sleeve whose inside
dimensions are that of standard MS 90035-52 waveguide. The expansion sleeve
is approximately twice as long as the thickness of the window. The sleeve
is then brazed to the mounting flange. The mounting flange has been machined
to dimensions to allow a small gap around the expansion sleeve. All stresses
induced by differences in thermal expansion characteristics between the
alumina and the KOVAR moutwing flange are then relieved in the thin expansion
sleeve. Behind the expansion sleeve, a length of standard MS-90035-52
wavoguid. and a MS90058-40B waveguide flsnge are brazed.

The braze materials used are shown in Figure 11. It should be noted
that various braze materials were used. This is possible because temperatures
throughout the antenna vary as shown in the temperature history of Figure 12.
The use of different braze materials allowed the brazing to be accomplished
in three separate steps. Maximum precision in positioning the parts was
therefore obtained.

Oxidation of the basic materials at slevated temperatures was another
problem area. A highly conductive plating or coating was required to allow
the antenna to operate efficiently. A silver plating with a rhodium flash
was used.

Temperature tests, of this antenna were conducted using the quartz lamp
radiant heat facility. The antenna VSWR varied slightly during thermal
tests but the change was insignificant. The one atmosphere of pressure
differential inside the waveguide was maintained throughout the test. The
pressure differential increased slightly due to expansion of the air inside
waveguide as its temperature was increased.

CONCLUSIONS

The antennas described were developed to satisfy a particular program
and requirement. The VHF antenna does not meet the design expectations and
is far from optimum in thermal performance; however it does satisfy the
prese.t program requirements.

Problems were encountered in testing antenna electrical characteristics
at high temperature. Improvements in testing methods were required and
were partially achieved. Improvement in test facilities is still required.

Specification of maximum steady-state temperatures for antennas is
not a realistic description of the environment encountered in transient
heating. The heat flux and/or the temperature history should be specified.

The fabrication technique used for the X-Band antenna has been satisfactory.

The fabrication technique for the VHF antenna leaves something to be
desired in the areas of producibility and dielectric characteristics. Additives
to alumina may provide a material with improved thermal stability of dielectric
constant. The manufacturing technique can be improved and should be suitable
for large quantity production.
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by

R. L. HALLSE
Staff Scientest

and

R. A. FORTAIN
Design Engineer

GENERAL DYNAMICS/POMONA

Pomona, California

This program was funded under Contract No. Now 62-1087 #35 TOO

INTRODUCTION

Slip cast fused silica is currently being considered for missile radome
applications. One of the major questions regarding this material's use as a
radome has been its ability to withstand rain erosion or rain impact. For this
reason rain environment tests were conducted at the Naval Ordnance Test Station
(U.S. NOTS), China Lake, California, to determine the capability of the material
to withstand rain environments when traveling at supersonic velocities.

PURPOSE

There are a number of factors that influence the rain erosion or rain impact
resistance of a radome in a specified environment. The most important of these
are: (1) Strength of material, (2) Hardness of material, (3) Surface finish,
(4) Shape of radome, (5) Missile velocity, (6) Rain drop size, (7) Rain rate, and
(8) Length of rain field. The objectives of this series of tests were (a) to
determine the effectiveness of a plasma glazed surface as a protective coating
on slip cast fused silica, (b) to compare tit differences of a rounded nose vs. a
pointed nose radome, and (c) to determine what effect a metal tip has on the ability
of slip cast fused silica to withstand a rain environment. Thus the first four
faotors mentioned above were varied during the tests and the remaining four, which
are a function of the particular test facility, were essentially held constant.

TEST FACILITY

The Supersonic Naval Ordnance Research Track (SNORT) at NOTS runs in a
northerly direction for 21,500 feet. The first 2,000 feet is used for the sled
acceleration phase, the next 2,500 feet is exposed to simulated rain fall while
the remaining 17,000 feet are required to slow the vehicle to a stop. Plastic
water bags are taped on the last 1,500 feet of the track to provide the necessary
energy exchange to stop the sled completely. The curvature of the earth is taken
into consideration by raising the track at one end by several inches. Earth's
rotational effect i negligible and therefore omitted.
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Artificial rain is created by sprinkler heads located five feet above &"-A-
on the west side of the track. Sampling of the rain field area showed that the
drop dintrl-'b,•,An vas the s-... o .er t .. ", ar ..
occurring in two inches per hour of natural rainfall (See Figure 1). Since the
track area is exposed to wind, test:3 are cancelled if there is a crosswind of five
knots or more. Sandia Corporation has concluded that the average drop size in
an average rain storm is 1.5 millimeters with a rate of fall of half inch per hour
(227 drops per cubic foot). The artificial rainfall for these tests had an
average drop size of 2.0 millimeters at a rate of 2 inches per hour.

The sled mounts two radomes and consists of streamline fairings back of the
radomes. This providea aerodynamic stability and mounts a telemetering pack with
a stub antenna. The sled is powered by two Cajun Rockets, each delivering 8,000
povnds of thrust. The test specimens are mounted at a zero angle of attack.

& dumny run was made on March 5, 1963 to obtain velocity curves for this
series of tests (See Figure 2).

TEST SAMPES

Four runs, consisting of two radomes each, were made during this series of
tests. Six different radomes, all approximately 13 inches in length and 5.5 inches
in diameter, were tested. Of the six radomes tested, fire were fabricated as a
joint project of the Ceramics Branch, Engineering Ebcperiment Station, Georgia
Institute of Technology, and General Dynamics/Pomona. Two of these radomes were
run twice in order to determine the effect of a prolonged rain environment. Tht
attachment method for these radomes consisted of a slotted aluminum ring having a
60 taper bonded into the radome by means of a room temperature cure epoxy adhesive
(Shell 901/B1). Fiberglass insulation was then wrapped around the exposed aluminum
in order to minimize the temperature of the attachment. This design is shown in
Figure 3. The sixth radome was of high purity fused silica and was manufactured
by Corning Glass Works, Corning, Now York. The attachment consisted of a bonded
nylon-phenolic ring overwrapped with fiberglass.

The results of the four sled runs are summarized below:

Run #1 - (EAST) The test specimen was a rounded nose (1.12 inch diameter) radome in
the "as cast* condition with a 0.350 inch wall. The thickness through the
nose was 1.01 inches before the run. Approximately 0.40 inch of material
was removed from the tip by the rain drops.

(WEST) The test specimen was a rounded nose radome that had been arc plasma
glazed. The thickness through the nose was 0.87 inch before the test. The
tip eroded back approximately 0.45 inch during the test.

Run #2 - (EAST) The test specimen was a pointed radome having a 0.350 inch wall and
approximately a 1.5 inch thick nose. The entire surface was arc plasma
glazed. The radome failed after traveling 200 feet through the rain field.

(WEST) The test specimen was a pointed "as cast" radome having a 0.350 inch
wall and 1.50 inch tip. The tip eroded 0.60 inch during the run with minor
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damage being evidenced to a point 4.5 inches aft of the tip. The radome
was returned to GD/P where a steel tip, 0.90 inch in length and 0.70 inch
in diameter was bonded to the radome.

Run #3 - (EAST) The test specimen was the reworked radome from Run #2 with the steel
tip. The only visual damage was a very small increase in erosion aft of
steel tip.

(WEST) The test specimen was a pointed radome that had its forward end
plasma glazed. This item was 0.350 inch thick and had a 1.50 inch nose.
There was no significant erosion on the test piece. The tip had eroded
0.10 inch with a few pits from 3 to 6 inches aft.

Run #4 - (EAST) The test specimen was a Coming Glass Works Multiform Fused Silica
#7941 with a very deep glaze and wall of 0.250 inch. The radome failed
in 1,000 feet of rain (station 3,000). Pieces were found at station
3,175.

(WEST) The test specimen was a pointed partially glazed radome that had
survived run #3. Erosion was increased by 0.25 inch, resulting in total
erosion for the two runs of 0.45 inch.

Photographs of the fused silica radomes before and after exposure to the rain field
are shown in Figures 4 through 23, together with synchroballistic camera shots
taken at 1975', 3175t and 4500', which are stations immediately before the rain
field, approximately in the center of the rain field, and Just past the rain field,
respectively.

These photographs, together with the location along the track where debris vas
found, give a good indication as to where radome failure occurred. They also pro-
vide an insight into the rate of material erosion. For example, careful inspec-
tion of Figure 5 shows that most of the total erosion took place between 3175' and
4500'. This indicates that when erosion once starts it progresses quite rapidly.
Figure 10 shows a similar effect with the pointed unglased radome and also shows
that the pointed glazed radome failed in the first half of the rain field. Figure
20 again demonstrates that most of the erosion occurs during the last half of the
runs and also shows that the Coruing radome failed in the rain field prior to 31751.

DISCUSSION

In general, the rain erosion results on slip cast fused silica were quite
encouraging. The effects of two important parameters, namely glazing and specimen
geometry, were determined. In addition, the tests proved that the =aterial is
structurally adequate to withstand high vibrations (up to approximately lOg's)
and that the bonded attachment used is satisfactory*

Perhaps the most significant factor learned from the tests was the great
importance of specimen geomtry. Both radomes on run #1 had rounded noses and
both encountered considerable erosion in the nose area. Approximately 0.50 inch
of material was eroded from the nose of each radome irrespective of the surface
finish (glazed or unglazed).

Significant improvement was found with the pointed radomes and in this came
the surface condition did appear to be important. Whereas the pointed unglazed
radome eroded back to a 0.50 inch diameter, the glazed radome underwent erosion of
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less than 0.12 inch on the tip. When run for a second timej, the -tter radome
eroded back to a nZ37 inch di~aetar. T'"1 demonstrated again that a point is very
desirable from a rain erosion standpoint.

The unglazed pointed radome from run #2 was run again in run #3 after a steel
tip had been added to it. The radome itself vas prepared for the addition of the
tip by sawing off the partially eroded tip at a diameter of 0.70 inch. The steel
tip, having a base diameter of 0.70 inch and a height of 0.875 inch was bondsd to
the radome by means of an epoxy (Shell 901/B1). Very little, if any, additional
erosion took place during the second run. It appears therefore that the addition
of a metal or dense ceramic tip to a slip cast fused silica radome could be quite
helpful, although not necessary, from a rain erosion standpoint.

Another interesting fact that was determined as a result of these tests is
that unlike most brittle ceramic materials, slip cast fused silica can undergo
considerable erosion without failing catastrophically. It is felt that the reaso;
for this is the 10 - 14% porosity present in the fused silica. This porosity
provides a means of stopping a crack that is propagating through the material as
a result of rain impact. In a ceramic material of essentially theovetical density
there is no provision to inhibit crack propagation once a crack &As been initiated#
and catastrophic failure results. The inher nt porosity of slip cast fused silica
is thus seen as a benefit from the standpoint of impact resistance.

CE&LUSIONS

As a result of these tests several conclusions can be drawn regarding the

behavior of slip cast fused silica in a rain environment.

I. Slip cast fused silica will erode without undergoing catastrophic failure.

S 2. Glazing improves the rain erosion resistance of pointed slip cast fused
silica radomes.

3. The erosion rate is affected greatly by specimen geometry, with pointed
radomes showing the least erosion.

g 4. Erosion can be minimized by the use of a small metal or dense ceramic tip.

5. Slip cast fused silica has sufficient strength to withstand the vibration,
accelerations and accoustics of a missile flight and launch.
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ADVANTAGES OF DUAL WALL RADOME CONSTRUCTION

FOR TACTICAL RADAR SYSTEMS

WILLIAM M. FOSTER
SECTION HEAD
RADIATION DIVISION
SPERRY GYROSCOPE COMPANY

WPS-34+ RADOME



INTRODUCTION

The dual wall air inflated structure has been developed to

satisfy a need for a structure with capabilities that were not

available in rigid structures or in the single wall air supported

structures. The required capabilities were evolved from the needs

of transportable, field equipment. The dual wall construction has

been used both on shelters and radomes and provides the fast and

easy erection, lightweight, minimum transport volume common to

all air inflated or supported structures. The electrical character-

istics of dual wall radomes are covered in the paper, "Transmission

Characteristics of Ground Based Radomes)*. This paper will present

the general structural aspects, with detail reference to the

radome used with the TPS-34 Radar System.

General:

Description of the Dual Wall Air Inflated Structure

This type of radome consists of a rigidized wall structure

where air is used to provide structural stiffness to the walls,

rather than providing direct support as in single wall air

supported structure design. It is this basic difference in con-

struction that provides many of the desirable features of this

design approach.

There have been a number of shelters and radomes built

using this principle with the following common characteristics.

The air pressure is contained in a member with inner and

outer walls which are prevented from billowing out by tie

connections with a width set to achieve the required wall

* OSU Radome Symposium 1961 - J. D'Agostino - F. 'ouffy
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thickness. The structural member may be shaped to be flat or

curved as required. The overall structure can be made as a

composite of dual wall air inflated members and cloth or metal

sections. The dual wall members can be considered as air beams

rather than as sections of a membrane as with single wall con.

struction. The following advantages are common to this type of

construction:

1. The inside work area does not have to be pressurized as in

single wall construction.

2. There is no need to provide a seal between the inside work

areas and the radome exterior. This eliminates the need for

keeping door areas small, the need for rapid opening and closing

of doors, and the use of air locks.

There is no need to make the seams between sections air-tight.

Therefore the section joints can be simple and can be designed

for optimum structur.l efficiency.

3. Since the air is completely contained in a cell the air

leakage rate is very low. Inflation blowers need only be run

for a small percentage of the operating time, which increases

their life and reliability of operation and decreases the electric

power consumption. Small capacity blowers can be used. This

factor is extremely important where the only source of electrical

power supply is a large generator, which at times may be required

only to provide power for the radome. Occasional operation of the

generators reduces fuel consumption, and wear on the generators.
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In the event of an electrical power failure or air supply

failure the leakage rate determines how long the air inflated

structure will maintain its structural capability. The low

leakage rate of the dual wall construction may provide hours of

standing time as compared to minutes for a single wall air

supported structii es.

4. The air beam construction permits a wide variety of shapes

in order to best suit the system requirements. A single wall

membrane structure must have a basic spherical shape with a

possible partial cylindrical shape between spherical ends. On

large structures with a height to diameter ratio greater than

.75, the floor area is greatly reduced due to the curved in

portions of the sphere. This limitation does not hold for the

dual wall air beam, structure which may have cylindrical walls

or if needed for added floor space, a connical shape.

5. The dual wall structure is composed of a number of separate

air beams. Just as in a rigid structure, the design can provide

for the removal of members, at least one at a time, without a

serious loss in structural strength. This capability which is

not present in single wall design, presents a number of attractive

features, one of the most important is that failure of an individual

member will not cause failure of the whole structure. Air inflated

structures, particularly those used in field installations are

subject to damage from accidents caused by operating personnel,

flying debris, improper handling and poor maintenance, age or a
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manufaeturing defect. it is most probable that a failure caused

by one of these conditions will occur when the winds are high.

Loss of the radome may then result in complete loss of the system.

These possible failures can be predicted and an added margin of

safety incorporated in the design of the other beam members that

will have to support the added load*

6. As part of the system installation it may be necessary to

handle a large sized unit or during the course of operation a

large sized unit may be added or replaced. In order to accommo-

date this situation, sections of the dual wall air beam structure

may be deflated and removed or pulled back to achieve the required

opening, and then resecured.

7, For system erection Jn inclement weather it is easier,

faster, and safer to erect the equipment under shelter. In order

to do this with a single wall shelter, the equipment must be piled

up, the shelter cloth draped over, fastened and inflated. This

procedure may be difficult and hazardous to the equipment and

the radome. The alternative is a large airlock which is objection-

able. In contrast the air beam structure can be erected without

the system equipment insideg and may be erected, evrn before the

equipment arrives at the site. A convenient opening may then be

made by deflating certain sections to provide a sufficiently large

opening for a truckv 'ork lift9 crane car. On some installations

it has been found that by providing a sufficiently deep opening,

the equipment could be lifted by a crane off the truck, directly

into position, without difficulty, risk or special erection equip-

ment.
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8. The repair of a beam section can be readily made in place

if the damage is not extensive. ahis can be done because the

damaged section can be deflated, removing the tension in the

fabric, allowing proper curing of the bond.

If the section cannot be repaired in place, or not at ally

the section can be removed and replaced without disassembly of

the radome or the system equipment.

9. The dual wall area provides a high degree of thermal

insulation. This is important in that high operating temperatures

due to solar heating can be minimized, and that the interior can

be easily and efficiently heated in cold climates.

The principles and advantages of dual wall construction

were applied in the development of a radome for the TPS-34.

Transportable Search and Height Finding Radar Systemwhich was

developed by Sperry for use by the Marine Corps.

The TPS-31+ radome is a dual wall air inflated structure

cylindrical in shape with a hemispherical shaped top. The inside

diameter is 45 foot and the inside height to the crown is 414 foot.

The structure is divided radially into 8 similar sections for con-

venient handling of the individual sections. Each section is a

separate beam structure in itself. The section shape is a

section of a cylinder for a length of 19 feet which blends into

a sector of a hemispherical cap. When inflated the section is

approximately 18 feet wide. The inner and outer walls are

connected by fabric ribs spaced every I j feet for a total of 12

per section. The ribs are vertical and aid in resisting the
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bending moments in a manner similar to that of ribs in metal

beam structures.

The ribs are 30 inches wide in order to provide a section

adequate beam strength and stiffness.

The radome was designed to provide a weather tight enclosure

and resist wInds in excess of 90 mph. This capability was

adequately tested by being in the path of hurricane winds with

a speed of over 100 mph.

The unique properties of the dual wall structure were

utilized for tactical advantages in the TPS-3 1+ system, as follows:

1. The antenna size dictated the need for a minimum inside

diameter of 1+5 feet and a minimum inside height of 1-lj feet.

With a single wall spherical radome the base diameter would be

24 feet. This would be inadequate for structural stability,

installation, and maintenance of the system equipment, Enlarg-

ing the radome diameter sufficiently to obtain sufficient space

would have been uneconomical and added other problems. With the

air beam construction, there is no limitation on the shape of the

radome from the top hemisphere to the ground. A cylindrical

shape was chosen as providing adequate groupd space. If it were

needed, a connical base could have been used.

With one section deflated and opened, a 18 foot opening is

created which has been used to drive in with a truck and a crane

car. The air beam construction provides sufficient structural

rigidity with one section missing, to withstand winds over 60 mph.
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oinc the sections do not have to be seali relative to each

other, a simple fastener, spaced every 18 iiches is used to join

the sections together. This fastener can easily and quic'"ly be

connected and is relatively foolproof. The fasteners are part of

a catenary rope assembly which is fastened to each side of the

radome. The fastener connections serve as steps for climbing the

radome. Unlike snherical radomes which have back slopes the IS-34

has vertical walls, which are easy and safe to climb.

The inflation equipment is designed for rapid inflation

during erection. Two blowers are used for increased reliability

and more flexible operation. For the inflation during installa-

tion, both blowers are used in parallel in order to obtain a

maximum flow rate to minimize the elapsed time. Approximately

20 minutes are required betweenthe time the blowers are started

and the radome is fully erected. After the radome is erected

the leakage rate is so low that the blower need only be operated

for less than five (5) minutes in every four (4+) hour period.

This extends the life of the blower equipment almost indefinitely.

The original blower assembly has been in use six (6) years without

any replacement. In order to stiffen the radome to resist the

higher wind speed dynamic loads, the inflation pressure is

increased by coupling the blowers in series by operating a

connecting valve.

Since the lift forces are not excessive and a seal to the

ground does not have to be attained, the ground anchorage is

simple. The radome is anchored direct to the ground without

recourse to rings or other supplemental structures. A steel
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caternary cable is connected tc the base of *he radc'me by imbedd:nr

I it in a fabric assembly which in turn is bcnded tc the radome

section. Arrow head type ground anchors, spaced every 3 feet

around the circumference of the radome base and connected to the

caternary cable through hooks which are clamped to the ground

anchor.

The radome has proved to be an excellent insulator. During

cold weather test periods a 50,000 BTU/Hr heater was adequate

I for comfortable efficient work environment.

For hot weather operation with all equipment operating a vent

was provided in the cop. This vent with the assist of a small

blower kept the temperatures down to an acceptable level.

The system is designed for installation without power equip-

I merit. All units are hoisted and positioned using simple block

and tackle. The air beam construction allows connection of the

block and tackle not only tc the top center• but to any point

I along any section Jcint. The tackle is conneted into the section

fasteners. For most lifts a single block and tackle is adequate

I but for heavy lifts two and three are used together to share the

load. Over 2000# lifts have been made with this arrangement.

I The prototype of this radome was developed and built by Bird

I Air Structures of Buffalo, N.Y. This radome was used to develope

erection techniques, evaluate the system, and function as a radome

3 enclosure for a continuous period of over six (6) years. It is

still in use 'ith no indication of a limitation in its useful life.

I hDaring the six (6) years of its operation, this radome has been used

I in a number of different sites in the continental U.S. with a wide

3-8-



variety of environment conditions inc3uding two hurricanes.

In general dual wall construction is heavier and more

expensive than single wall, due to the double walls and the

interconnecting ribs, even though the individual walls are

lighter than for a single wall. The added thickness of

:Iaterial may affect the electrical performance to a greater

extent than single wall construction$ when the structure

is used as a radomeo

TYPICAL DUAL WALL CONSTRUCTION



Micruwave Fields Near a Hollow Dielectric Wedge

and Dielectric Slab

G. Tricoles and E. Rope

General Dynamics-Electronics, San Diego

i. INTRODUCTION

For some time there has been interest in predicting radorne boresight errors, and,
because practical antenna and radome configurations are not such that boundary conditions
can be fitted, approximate methods have been devised. These methods can be put into two
classes, scattering methods and ray tracing met'•:d•is. It might be expected that the scat--
tering methods would be more accurate because they appear to be more rigorously formu-
lated; however, computational approximations made in the scattering procedures may limit
their utility to idealized configurations. I On the other hand, a ray tracing method has
lead to reasonable results for a radome enclosing an antenna of diameter sixteen wave-
lengths. 2 In this method the r&aome was approximated as 9cally plane. It is possible of
course to make various approximations which would then give rise to other forms of ray
tracing methods. Describing the radome as locally plane would seem to be more valid
for larger radomes than for smaller radomes. In fact results for a radome of base dia-
meter six wavelengths support this reasonable expectatior " Therefore it seems that
consideration should be given to modifying ray tracing appioacues to include more realis-
tic descriptions of scattering mechanisms aot contained in straigutforward ray tracing. 4

In this paper a description is given of measurements nu ue on the fields propagated
through a hollow dielectric wedge. These measurements were made to test the existence
of a vertex scattered wave and of waves guided by the ditAectric wall. Such waves are
the sort of modification to ray tracing mentioned earlier.



II. APPAR Tt S AND PROCEDt RE

A micvo%%ave itoerferometer ý,.s used .*(,r the rnz.asurem),_, ts. A klystron generated

microwaves at 9, 40u Gc. The usual arringement xas used and ý -. shown m Figure 1.

-'recision of measurements is 0. I db for pu)er and --I in phase Spacing %as such that

the 2D 2 /, criterion was well exceeded.

Measurements were made with the pr..be moved parallel to the walls of the dielectric

wedge. Probing paths are shown as dotted lines in Figure 1. A set of parallel paths was

used, each path being a fixed distance from the wall Several different probes were used

so as to find what effects might be caused by the probe. An open end waveguide, a

balanced monopole, and a dipole with a reflector were used.

The dielectric wedge was made from two plexiglas sheets 18" square, and . 250"

=010" thick. An edge ol each sheet %as L1 .elled so as to form a sharp point at the vertex.

The Lwo sheets were g-ued together. Included angle Aas 600. The wedge was placed with

its axis of symmetry along the direction of propagation of the incident wNave, which was

polarized with the E vector along the vertex-

III. RESULTS OF MEASUREMENT

For a dipole probe spaced 0. 125'" from the walls of the wedge, measured results
are shown in Figure 2. Data are shown for the probe behind the wedge and for the wedge

absent. The probe was moved parallel to one wall and then parallel to the other. The y

coordinate is that shown in Figure 1.

Measurements were repeated with the same probe at the same spacing after re-

moving one of the walls of the wedge. A smooth surface resulted on separating the edges

which had been glued together.

The single slab, which was one of the walIs of the wedge, was turned about so that

"a square edge was placed at the original vertex region. Measurements were made using

"a monopole probe and are shown in Figure 4. The probe was set at %arious distances

from the wall. The x coordinate is that shown in I ,ure 1.



IV. DISC USSION
I

The deep -41%4- obaerved behind the wedge and behind the single slab seem to bej Interference minima. These are interpreted as arising from interference of two
waves. The first of these is transmitted through the sheet and travels in the direction
ol the incident wave. This wave can be described by refracted rays which emerge
through the sheet. The second wave is guided along the cielectric surface. This wave
would be a correction to ray tracing.

Note that the extrema are more pronounced behind the single slab than behind the
complete wedge. However, spacing of minima is nearly the same in both cases. The
notion of a guided wave is supported further by the rapid decrease of depth of minima
w'i4 increasing distance from the sheet, as in Figure 4.

As a test of the preceding interpretation, a prediction can be made of spacing of
the minima. Let the directly transmitted wave be described by a plane wave transmission
coefficient T. For the wave guided by a dielectric wall let k. be the propagation constant.
For an infinitely long slab a propagation constant for a guided wave can be calculated from
well known theory by solving some transcendental equations arising from matching
boundary conditions. We use this value for the present slab of finite width. 5 For an
incident wave of amplitude one, the field behind the wedge is then taken to be

E = Te ikox + Ae iksx/a

where x is cos Oc, 4)c being half of the angle included by the wedge. A is the amplitude
of the guided wave. An estimate can be made of A by comparing both the depths of
minima and heights of maxima to the incident field. One obtains A = 0.4 or 0.5 for
these cases. Spaclig of minima follows from the condition that (ko - ks/a) x ts equal
to a multiple of ir. For a wall thickness of 0.250" and for ple.'dglass,measured and
computed spacings of minima are shown in Figure 5. Spacings are given in terms of the
wavelength at 9400Mc, •,. This value is 1.255". A dielectric constant of 2.6 was
assumed.

The moderately good agreement of measured nnd computed spacings seems to
support the preceding hypothesis,

Additional measurements have been mado with hollow cones. These show repults
similar to the preceding.
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A description was given of the effects of finite dielectric , abs on propagation of
nearly plane microwaves. Measurements showed a very deep minima behind the slab.
Without the slab, the field was nearly uniform. It was assumed that the minima were
produced by interference of a plane wave transmitted through the sheet and a guided
wave propagated along the slab. Quantitativc predictions were made of spacings of
minima by using the propagation constants appropriate for a slab of infinite extent.
Even with this idealization, measured and computed spacings agreed within a few per-
cent.

For a holl )w wedge formed by two slabs, similar minima were found; however,
effect-s were less than for a single slab.

Very similar experimental and theoretical results have been found in more recent
work on hollow dielectric cones,
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Figure 1. Microwave Interferometer. Probing Paths are Shown as Dotted Lines
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APLLdA"JUi UOF A RUAY "LACNG.l METHOUDJ FUO,

PREDICTING RAME ERRORS TO
A SMALL RADOME

G. Tricoles and D. Gelman

General Dynamics-Electronics, San Diego and

General Dynamics, Pomona

1. INTRODUCTION

A description is given of application of a radome error prediction method to cal-

culating the performance of a missile radome of diameter 6 wavelengths and length 12

wavelengths. These results are compared with measurements.

The theoretical basis for this work is approximate, being based on ray tracing and

on aperture fields, This same method has been applied to - ign and correction of ra-

1 2
domes for an interceptor , and in a less practical case, to a hollow dielectric wedge

Theory is given in References 1 and 2; however, a short review of the theory

will be given in the second section of this paper. In the third section, ray tracing is

described. Radome error calculations based on approximating the radome as locally

plane, will be described in section 4. Measurements are described in section 5. Addi-

tional calculations are described in section 6 assuming the radome vertex scatters

energy.

An approximate description is used because the antenna dimensions were of the

"mame order of magnitude as the wavelength. This theory is based on Schelkunoff's in-

1
duction and equivalence theorems . The basic calculation is of the complex valued



electric field received by an antenna in a hollow shell for a fixed incident direction of a

plane wave. A ray tracing procedure is used to describe propagation of the incident

wave through the shell. A ray is traced through the shell to some typical point near

the aperture, using Snell's law, the multiple reflections in the curved shell are approxi-

mated by those In an infinite flat sheet. A transmission coefficient is evaluated, at the

typical point, for an incident plane wave and a flat sheet. Parameters of this sheet are

chosen so that the optical path of the rays in the fiat sheet are the same as, or a multi-

ple of, the optical path of the ray traced through the curved shell. This latter ray being

that transmitted directly, i.e. not multiply reflected. This approximation was made so

as to consider a wave incident at a general angle. Calculations have been made only

for the normal to the incident wave being in the horizontal or vertical plane through the

axis of symmetry of the shell. Moreover the aperture plane is rotated about an axis

which can be in either of the two planes.

The electric vector of the incident field can be elliptically polarized in the theory

but calculations are presented only for linear polarization. The dielectric shell pro-

duces ellipticity of polarization of the field propagated through it. An approximate de-

scription of this ellipticity is included. It is assumed that the antenna senses only the

field lying along a single direction which is parallel to the aperture plane but otherwise

arbitrary. Thus while depolarization is described, only the field components In a given

direction are detected. This is in fact an approximation.

2



2. THEORY

Calculations are made in two steps. First for a linearly polarized plane wave,

incident on the outside of the rdAome, the field propagated through the raduie is fowid

approm.d'nately. Then this field is coupled into the antenna. This second step can be

made using an experimental approximation to the field produced, in the antenna trans-

mission line, by a secondary radiator, a Huygens source, is called an aper;ure response

function. Such a procedure has been used earlier. 1,2 In the present work a theoreti-

cally determined response function was used. This funotion was that used in designing

the radar antenna and yields accurate diffraction patterns in Kirchoff integral calcula-

tions.

The radome antenna considered was a slot array consisting of foir quadrants with

10 slots per quadrant. It is significant for understanding the calculations later that the

quantities observed are the differences in the RF phase of the fields produced in opposite

quadrants of the antenna. The difference between these phase values can lead to a

guidance error in the presence of the radome. It is assumed this error is negligible

in the absence of the radome.

For angular displacement of the antenna in the horizontal or the vertical planes,

phase error is symmetric between two pairs of quadrants. These planes coincide with

extremes of linear ralarization relative to the plane of antenna displacement.

3



For receiving operation of the antenna assume an incident field in the form of a

linearly polarized plane wave. Within the region bounded hy the radome, the field is

described through the complex valued transmission coefficients Te described later.

Field computations are made for certain points on a plane near the antenna and perpen-

dicular to its axis, which in general does not coincide with the axis of the shell. This

field is then considered a planar array of equivalent sources. Relative, complex

valued field at a detector connected to the antenna is computed by integrating antenna

response to each equivalent source over the plane. Antenna response to each equiva-

lent source is obtained by first finding response to a known source as a function of posi-

tion. This function is the aperture response function mentioned earlier. Antenna

response to any equivalent source in the wave is then the product of the aperture function

and the strength of the source at corresponding points; similarly, antenna response to

the entire incident wave is then the integral of the product over the significant part of

the wove front.

A basic computation is of the complex field corresponding to a fixed direction ol

the incident plane wave. For another wave propagation direction, the procedure is

repeated. A new field is calculated and an integration is done over these new sources,

using by assumption, the same response function as before.

Consider a plane wave incident on a radome housing an antenna, as in Figure 1. *

In the region bounded by the radome, the field is computed at a point on a portion of a

4
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plane near the antenna and perpendicular to the antenna axis. At a typical point, Ps

the field produced by the incident wave will be approximated as that which would result

if the radome were replaced by an infinitely broad flat sheet chosen in the manner de-

scribed below. Reradiation by the antenna will be ignored; in effect, scatterirg by an

isolated dielectric object is being considered.

From P , in Figure 1, a ray is traced in the direction of 1 R9 a unit vector along

the rayto Pi, and then to P .

The incident electric field at a point P is

I-iwt ik - (P)
EI(P) = Ee *e (1)

0 I•

Where

E is the scalar amplitude of the linearly polarized plane wave,
0

w is the angular frequency,

i is 7-

k is the propagation constant,

k is a unit vector in the direction of propagation,

ri P) is the position vector to P,

is a unit vector in the directiou of the electric field.

* All figures are collected at the end of this report.

5
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At P the field is resolved into cornnnnf... nnrnllel nn,d -erp d.... ar to "he plane of
O

incidence which contains the ray and normal to the surface at P . Let I and 1, be unit
0

vectors perpendicular and parallel respectively to the plane of incidence. Let e • 1.

be a and •, be p. Therefore, at P the incident field i.
a

I I

EI(Po) = I(Po) a 1, + EI(Po) / 1
## 00 0 P

It is now assumed that the field at P can be described by rep cing the curved radomes

by a flat sheet. This assumption is probably the most approximate in the procedure.

Selection of the approximating flat sheet is made as follows. A ray is traced from a

point on the anttenna in a direction parallel to the incident wave. Note that the ray

tracing is done from inside out now. This is done for convenience in numerical calcu-

lation and is an approximation. A ray is traced from P. to P using the normal to the1 0

surface and Snell's law, assuming small absorption. The distance "?. to P is then

calculated by solving simultaneously the equations of the refracted ray and outer radome

3
surface. Now the approximating plane sheet is chosen to have the same ray path as the

distance P. P . Its thickmess is P. P cos r where r is the angle of refraction calcu-

lated using the dielectric constant of the shell and normal to the surface at P..
1

It must be emphasized that this approximation is physical and clearly is not rigor-

ous, for the multiple reflections in the flat sheet and in the curved shell will not be

identical. For shells of sufficiently large radii of curvature t•his may be an acceptable

approximation.

6



TV A 4AA L4AO LAC FlkJL - - -*c' - - -

ER(P.) E aI r(P) e ] + EI(P) IT Ie (2)

T• is a complex valued transmission coefficient for plane waves incident on infinitely

broad plane sheets for perpendicular polarization.

In fact for a single layer

a.
T = 'T le* AA

where T t t [1-r2 ei (2 ko Sd)]-1 ikoSd

100110

and

k (S - cos, 0) d
4. 0 1

Here k is the free space propagation constant, d is the thickness of the dielectric sheet,o

0 1 is the angle of incidence, Kc is the relative dielectric constant. Further, t0 1 , r1 0 '

and t1 0 are Fresnel coefficients. Finally,

S2 .2
S = K-sin 0.

1

Tt is defined similarly for parallel polarization.

Next, an assumption is introduced concerning polarization properties of the receiv-

ing antenna. Cross polarization effects depend on the symmetry of the antenna and on

the symmetry of the polarization of the field propagation through the shell. Assume the

receiving antenna responds only to a single, linear electric field component and let this

7



direction be parallel to that of a vector 1 Then the electric field component of the

incident wave transmitted through the radome and in the direction of 1 is^OD

i (arg Te)

D = 'Te (3)

with

ITel 2IT a6) + (ITm P6 + 21TJ IT.Jap66"cos ,y (4)

where
6is - D 6 is 1M1

and

- = argT -argT .

Furthermore,

arg T. +tan- 1 1Tj a6 siny{ITe - (IT I a6sin)(5)/2]

At P the field propagated through the shell and parallel to 1D is, using Figure 2,s

RI
ED R(P = Te EI (Ps) (e ID) 1D (6)

The ray tracing procedure described above is approximz- e also because the ray was

traced from inside out. The angle of incidence is evaluated at P.. It would seem thati

this should be done at P , but at P the tangent plane is not parallel to the tangent planeo 0

at Pi. For small radii of curvature this procedure seems inaccurate. It seems more

serious than this approximation that an exact ray tracing procedure is not used. The

actual, finite sum of multiple reflections which would occur in the shell is approxi-

mated by an infinite series which would arise for the flat sheet. However, the series

8



is a geometric series in the square of the Fresnel reflection coefficients; rapid con-

vergence is expected because the Fresnel coefficients are mostly less than about 3/4.

While the replacement with flat sheets is quentionable in principle, experimental re-

suits obtained earlier are acceptable for certain radome applications.

It should be noted that the present formalism permits variation of the direction of

polarization of the receiving antenna independently of the incident linear polarization.

Hence depolarization can be described.

Thus an approximation has been made to the field before the receiving aperture.

It remains to describe coupling of this field into the antenna and transmission line.

The procedure for doing this is again approximate. It has been described previously,

2
but will be summarized briefly for convenience.

A wavefront can be considered as an array of secondary sources. By Schelkunoff's

induction theorem, each secondary source is a combination of electric and magnetic

current elements the moments of which are proportional respectively to the magnetic

and ele•i/c intensities tangential to the wavefront. For a wave in a homogeneous

medium, the induction theorem becomes the equivalence theorem, and the densities of

muanetic current M and electric current J are

M= EIXn

and

J = nxH'

where EI and HI are respectively the electric and magnetic intensities of the incident

plane wave, and n is a unit vector normal to the wavefront. For a linearly polarized

9



wave with rectangular components E and H , ea i element of area dA on the wave-x y

front is an elementary source, a Huygen's source.

For a wavefront propagated through the radome, in the volume bounded by the ra-

dome, each element of area is considered as an elementary source and, thus, is equiva-

lent to an electric current J and a magnetic current J , where

Jc•H

and

J aEM ^,

Here E and H are respectively the electric and magnetic intensities tangential to the

wavefront. Let the field components in the transmission line of the receiving antenna

at P', due to an element of unit strength at a point P, be

dE = F(P,P')E dA (7)

where ER is given by Eq. (3). The point P here is a general point, not necessarily

P (x s, ys). The field component sensed by the antenna due to the entire incident wave

is

E = ff F (P,P') ED (P) dA
G aperture

Power patterns are obtained from IEG 12. The integral is over a region such that F 0.

It is assumed that a reasonably accurate approximation to F cau be obtained from

the design distribution. Call this approximation F . In practice, a sum is madem

EG = F (P,P)ER (P) (8)
j1k

10



3. RAY TRACING

Evaluation of the transmission coefficients described in the preceding section re-

quires evaluation of path lengths of the rays. These path lengths are found by solving

equations of straight lines, the rays, and the equation of a surface of revolution, the

radome wall.

First, the outside surface of the radome is a surface of revolution, in a rectangular

coordinate system wit), coordinates (t, y, z),

2~ 2  2
y + z = p (t).

The function p (t) defines the von Karman ogive which specifies the radome shape.

Specifically

p = a((-P sin 2 p)1/2/V/ , (9)

where

= cos-1 ( _1

here a is the radius at the base and L is the outer length of the dome. Now a ray is

traced from a point, at which a slot would be located, on the antenna through the shell.

Thus an equation is necessary for the inside surface of the radome. Let d be the wall

thickness. Then the inward pointing unit normal to the shell is in the t, p plane

2-1/2 A -1/2

nin p"( 1 (1+p")

Here p' is dp/dt.

11



Thus the inner surface is given as

y2 + z2 = r 2 (x) (10)

where

x = t + p'd(1+p' )2 (11)

and

,2 -1/2
r = p - d(1+ p' ).

Here d can be the variable sum of several thicknesses, should a multi-layer dome be

under consideration, Finally

(" aqsin2 ( 1P 6) 2 -)1/2.-

where

p -2L1 {1 -[(2t/L)- 11-1/2

Next a ray is specified, because

x-x y-y z-z
aR bR ClR

(x , y p, z p) is a typical point and (aR9 bR, cR) are direction cosines of the ray.

The simultaneous solution of equations 10 and 12 is required for the point of Inter-

section of ray and radome. We have

[ bR [ t 'E p (1 I2 )1/2] - 2 [,c [ + P d + P2 )-1/2] . X2Z

1/ 2

[a-IFCos-' ( 1) -sin [2 Cos-(2t) - d(+p 2 )-1/2] (13)

12



I
This equation is solved numerically for t. From t. x is found from equation 11. Next

I y and z are found from equations 12.

So far a point has been found. At this point the normal to the surface is found, a

i right handed coordinate system is formed with two axis in the plane of incidence and a

third perpendicular so that the incident electric field can be analyzed into parallel and

perpendicular components. In fact for direction cosines of the normal we have

I aN = -PP (p2 + p2 "2p 1 )

2 1/2 2 -1/2
CN = G aN) [1 + (y/z)_

bN = YCN-/Z,

f where all quantities are evaluated with the value of t found from equation 13. The ray

and the normal to the surface define a third vector (a , b, c) perpendicular to the

[ plane of incidence. Thus the polarization angle is found because

cos X = sinnA= a a + bE + c .

r
Specific orientations of antenna and radome will be described later through the

E coordinate system of Figure 3.

[
I
I
I

13
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4. CALCULATIONS BASED ON THE FLAT SHEET APPROXIMATION

Calculations were made, using the theory described in section 2, of the RF phase

difference between diagonally opposed quadrants of the antenna by first tracing rays to

each of the slots in each quadrant. The result was a complex valued RF field for each

quadrant. The phase of this field for a given quadrant was compared with the phase for

a diagonally opposed quadrant. The response function for each quadrant is given in

4
Table I. All line lengths of slots were assumed equal.

Table I Aperture Response Function

Slot # Response Function

1 1.00

2 .751

3 .246

4 .924

5 .704

6 .268

7 .773

8 .545

9 .296

10 .240

Calculations were made for the antenna displaced, relative to the radome, both

horizontally and vertically. These displacements are called azimuth and elevation

14



S.ib.allincr h ri-eforh. s--cul 6,.n were done at augies of 8%, i2%, and 18' between the

I radome and antenna axes for each plane of motion. Radome thickness was varied from

0. 2269 Ao to 0. 2394A , t. being the free space wavelength at the center of the frequency

I and of interest. Incident wavelength was also varied 5% above and 5% below the mid-

band wavelength. In Figure 4 are shown computed values of the phase difference between

quadrants for the three frequencies as well as the average difference, averaging being

over the three frequencies.

i
It should be explained here that these calculations were made, for a particular

I gimbal angle, by assuming one plane wave incident along the axis of the antenna. No

[ spread of angles was used as is done in calculating boresight error from antenna

2
patterns.

Now considering Figure 4, it can be seen that frequency averaging results in lower

errors than the values computed for the extremes of the frequency band. This is quite

[I reasonable since, near a good design thickness, errors reverse in sign through the band.

Somewhat more interesting is that the mean error is lower in most cases than the error

at the center of the band.

In addition to the phase difference between quadrants, the c•alculatlon of the resultant

field leads to a calculation of the fraction of incident energy received by the radome, i. c-,

I, its transmission efficiency.

1
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5
5. MEASUREMENTS

Measurements were of two kinds. The first was of transmission percentage.

Apparatus consisted of a klystron source energizing an antenna which illuminated the

antenna housed by the radome. Without the radome in place a reference level was set

on received power. With the radome over the antemia, power received in a quadrant

was recorded continuously.

First for a radome of thickness 0.2346 A, o 0 being the thickness at the center

of the frequency band of interest, measured and computed power is shown in Figure 5.

Most striking is the reception of over 100% of the incident power for a range of

angles in both azimuth and elevation. Note the polarization dependence,with much more

pronounced excess for elevation or predominantly parallel polarization than for azimuth.

The assymmetry with angle seems caused by the fact that each quadrant is displaced

from the radome axis. Calculations agree with measurements to within 5% for azimuth.

For elevation, calculations and measurements differ more, by about 10%. In general,

the form of the measured and computed curves agree. The measurements were made

at the mid-band wavelength X0o

16



Such ,measurements were made again with a thicker radome, mechanical thickness

being 0.23941 A4 . These measurements were made at the low end of the band so that the

radome thickness was 0.228 A. with A,, being the test frequency. Recall in the previous

case the well thickness was 0.235 A., A, being the test frequency. This second radome

presents a smaller thickness in terms of incident wavelength.

Results obtained are shown in Figure 6, These results are similar to those in

Figure 7. Again, greater variations exist for elevation gimballing. Measurements

are shown for two quadrants in the elevation case. By symmetry identical results

should have been obtained, but for the region such that transmission exceeded 100%,

precision seems to be only to ±10%. Generally computed and measured results agree,

but no prediction of over 100% is possible with the theory of section 2.

There seems to be quantitative evidence here for an inadequacy in the theory of

section 2; however, because of the results in Figure 6 no entirely clear indication exists.

A description will be given next of phase difference measurements which support the

view that this ray theory is not completely adequate for radomes of dimensions about

6 wavelengths at the base. Note that each quadrant is a collecting aperture of only

about 2 wavelengths on a side.

In Figure 7 are shown measured and computed phase differences between quad-

rants for azimuth gimballing. It can be seen from Figure 7 that the form of the

nmeasured resulte agrees with that computed. Magnitudes of measured phase differences

Indicate discrepancies with computed phase differences of about 50%; however, the

17



szu,, nagri -"ude of U, effect is at urse lowcr limit of accuracy of the measurement method.

Here a precision phase shifter was used to compare phase of the two quadrants so that

an accuracy of 2° in phase is all that can be claimed.

In Figure 8 there are shown measured phase differences between quadrants

for elevation gimballing. Note the large values observed for gimbal angles of 18%.

These measured curves agree for small gimbal angies with those computed with the

theory of section 2, but disagree for larger angles. Such measured behaviour seems

to be a fact having been found some years ago in an entirely different radome design

at another frequency band. 6

18



6. CALCULATIONS BASED ON A VERTEX SCATTERED WAVE

In these measurements two nearly equal signals are compared using a microwave

hybrid junction. The difference of these signals is observed. If a hypothesis is made

that there exists a relatively small signal in addition to that described by the theory of

section 2, reduced discrepancies can bx obtained. Such a hypothesis, motivated

physically, is that the vertex scatters energy. Total internal reflection, producing

surface waves which reradiate seems a reasonable means for supplying and removing

energy. While the mechanism is not established it seems that the fields can be described

as though a vertex wave exists. In fact, using such a wave, reduced discrepancies have

been found between measured and computed patterns of a horn in a hollow wedge radome. 2

Suppose the vertex scatters a ,wave of amplitude -0. 052. Then for a quadrant of

the antenna, add such a field to that computed for a quadrant by tracing rays as In

section 2, taking into account the p•dh from the vertex to the phase center of each

quadrant. The resulting phase differýLncx is computed and. shown In Figure 8 . It can

be seen that this last curve agrees qualitatively with the result. The vertex wave was

assumed independent of angle. A more realistic form might produce even smaller

discrepancies. However, it seems that a more realistic description of plrformanoe

19



in this radome is produced by adding a vertex wave to the fields computed with the flat

zsn ~ ~ ~ ~ rt -- A %htiy Th'a V.~u "&PitaV~s ~~

described in References 6 and 6. Notes that this is of the order of magnitude of the

fraction of antenna area shadowed by the common volume of the radome walls at the

vertex.
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7. SUMMARY

A ray tracing method has been developed for application to radomes which are sur-

faces of revolution defined by von Karman ogive curves. An approximate description

was made assuming the radome to be locally plane.

For single layefr radomes, computed and measured aransmission agreed moderately

well. Discrepancies were polarization dependent, being abou.t 5% for displacement of

the antenna in azimuth and by 10% for elevation. Measured transmittance exceeded

1.00 for some angles for elevation displacements. Measured and computed boresight

error agreed moderately well for azimuth. For elevation discrepancies were large,

and measured results and computed results were qualitatively different. By intro-

ducing the hypothesis of a vertex scitered wave d1sorepancies were reduced, and

correct qualitative agreement was obtained between measured aud computed boresight

error. Transmittance discrepancies were rduced Walo. While discrepancies are

reduced by sumin the field to be a plane wave on which is superimposed a spharical

wave of small magnitle, t& deacriptico does not provide justification for a

sat&ering mechanism. urface wave ezltat~on and propagation may be the most

reamonable ezplauation.
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ABSTRACT

This paper describes and reviews radomes used for commercialraicrowave relay antennas. The technical requirements an6 re-lated electrical and mechaaical parameters are reviewed for avariety of radome types. Included are a summary of the designcriteria and decisions with which the rsadome designer must be-come involved, together with tests, both electrical and mechani-cal, which are used to evaluate the material and the finishedconfiguration. Attention in the paper includes loss, effect on•YSiR, and effect on the radiation pattern of various radoine con-figurations, materials, and material variations. With regard tomechanical aspects, wind, snow and falling ice are considered.The radomes considered range in size up to 15 ft. in diameterand are designed for frequencies from 2 GC to 12 GC.



1. INTRODUCTION

6oue of the least esoteric forms of electromagnetic
windows are radomes used in connection with microwave
communication systems. Because of the commerical nature
and relatively long history of this type of radome, a
state of relative design stability has been reached.
Current research and development for such radomes is
concerned with improved electrical and/or mechanical
performance, increased sizes, higher frequencies, and
manufacturing costs. The question here is not can it
be done, but rather what is the best way to do the job.

A radome is a shelter used to protect an antenna from
the environment while allowing the antenna to operate.
In the case of microwave radome, this environment is the
relatively modest zonditions associated with being out-
of-doorse Consideri~tion herein will be limited to radomes
used on parabolic antennas which protect the feed and all
or part of the antenna surface.

Specifically excluded from consideration are the larger
bubble or space frame which encloses the entire antenna
system. The information contained in this paper is appli-
cable to this latter type of rademe, but the specific de-
tails are different. Attention in this paper is therefore
devoted to radomes which attach to the parabola and cover
the antenna surface and feed. Figures 1-1 and 1-2 show
examples of such radomes.

A radome for microwave application must resist conditions
which would be encountered in actual service. Since we
are considering a commerci.al product the design philosophy
is to provide with a single design for the full range of
likely or specified conditions. The actual design is a
compromise of electrical performance, mechanical require-
ments, and cost. The final selection of the parameters
for which a radome is designed depends on this compromise
and obviously can vary substantially depending on the
system requirements, customer, salesman, and other factors.

It is interesting to note that even the decision to use a
radome is the basis of- an optimization and compromises by
the system engineer. Alternates in use include no pro-
tection, heated feeds, and heated dishes. As a matter of
fact radomes are used on only about one-third of the micro-
wave antennas. In the remainder of this introduction a
tabulation of some of the design parameters effecting
radomes will be made including a limited comment on each.
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Windloads

O01ne 0-of the environmental conditions which must be resisted
is the wind. Various wind velocities can be used for dp-
sign with 100 mph being a reasonable level for most of tht
continental United States. It is interesting to point out
that the presence of a radome on an antenna reduces the
net force on the antenna due to wind and hence may red•,ce
tower requirements and costs.

Ice and Snow

Accumulation of snow and/or ice on an antenna or radome
causes a degrading of the signal. The presence of a rado'ne
minimizes this problem since it provides a shape less like-
ly to accumulate ice or snow than an unprotected antenna.
In addition, radomes may be heated to provide deicing or
anticing protection or may be made flexible to discourage
ice formation.

Falling Ice

For horizontally mounted antennas, ice falling on the radome
can be a serious design input. Protection may be provided
by the radome or an extra ice screen may be provided.

Accumulated Debris

Unprotected antennas, particularly those oriented horizontal-
ly, can serve as collectors for debris. Old newspapers,
leaves, etc. may collect in the dish. Radomes minimize this
possibility.

VSWR

Presence of the radome tends to reflect radiated energy
from the antenna back into the antenna or by reciprocity,
energy that might have been received by the antenna back
into space. Its effect is to increase (degrade) the voltage
standing wave ratio. To reduce this effect the radome must
be designed so as to reflect as small amount of the electro-
magnetic energy impinging upon it as possible.

RIadiation Patterns

The presence of the radome tends to reflect, scatter and
absorb electromagnetin energy. Depending upon the sever-
ity of its effect, the radiation pattern of the antenna-
radome combination will be altered. The design of the
radome must be accomplished, therefore, to make it as trans-
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parent or "invisible" as possible to the spectrum of
electromagnetic energy being transmitted or rP'eeivedu
by the antenna.

Gain

This parameter is tied in with both the VSWR and the
radiation pattern of the antenna-radome combination.
The gain of an antenna is a function, in general, of
its ability to radiate electromagnetic energy into space
in as narrow a beam consistent with its aperture size as
possible. The tendency of the radome to reflect, scatter
and absorb a portion of this electromagnetic energy causes
a degradation of the gain. Again, it behooves the antenna
designer to make the radome as invisible as possible while
retaining mechanical adequacy to satisfy the environmental
parameters. He must effect these appropriate comprovises
of conflicting requirements within the framework of eco-
nomic feasibility.

This paper is divided into six sections. Section II dis-
cusses various types of microwave radomes. Section III
describes electrical parameters and Section IV discusses
electrical tests. Section V considers mechanical tests,
including using examples. Finally, Section VI summarizes
the state-of-the-art regarding microwave radomes. The
Bibliography is collected at the end of the paper.
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Membrane Type (Flatl.) Radome

Fig. 1-2
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II. RADONE TYPES

It is convenient for the purposes of discussion to con-
sider three aam'' ý'Z-Se-c of ra-2 ruesý ii;ilxbe=- - -_.. _ý ".. . . . Qo A• "0 . rigid; fiexibie,
and semi-rigid. Many types are in fact some combination
or subclassification of these three. Under each classi-j fication some of the possible variations will be mentioned.

Rigid Radome

Figure 1-1 is an example of a rigid radome. By rigid,
reference is made to construction which is self-supporting
and which carries the full load. The radome picture in
Fig. 1-1 is sprayed-up Fiberglas. This type of con-
struction depends on radomes made of low loss materials
which have sufficient strength and stiffness to carry the
loads. Obviously, the larger the antenna the more diffi-
cult it is to 2arry the load and hence the thicker the
radome must be if the same material is used and therefore
the greater the loss. There is obviously no limitation,
other than strength, electrical characteristics and en-
vironmental requirements to the materials which can be
used for the radome. In practice, Fiberglas sprayed-up
or hand layed-up has been more common with other dense
plastic also being used and more recently radomes being
made of foamed plastics.

The conical shape as illustrated by Fig. II-1 has been
commonly used although there is no fundamental limitation.
Hemispherical radomes as sketched on Fig. 11-2 have also
been used. Current development on high performance an-
tennas is also considering the use of a flat plate rigid
radome as sketched on Fig. 11-3. Radomes normally cover
the entire antenna, but occasional use has been made of
radomes covering only a portion of the surface, see
Fig. 11-4. This technique may be particularly useful
for larger antennas althouh the configuration has some
of the disadvnntages of the unprotected antennas, e.g.
wind forces and pockets for the accumulation of snow or
debris.

Flexible Radomes

By flexible radomes, reference here is made to membrane-
like material, e.g., Hypalon. The classical example of
such radomes are the large air-inflated used to protect
entire antenna systems. This concept has been discussed
for microwave applications, i.e., an air inflated bubble
covering the antenna surface but to the best of the
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authors' knowledge has never been used. The reasons
for this lack of use include the need for a continu-
ally running blower and the OXit .. jualfugcLion

due to relative modest damage to the radome. Since
many microwave antennas are located at remote sites
these features make the reliability questionable, and
hence have been the basis for rejecting this approach.
A membrane-type radome which has been used on a large
number of antennas is shown on Fig. 1-2 and sketch on
Fig. 11-3. The membrane here is a flat membrane placed
over a shrouded high performance antenna. The wind load
is taken here by deflections of the membrane and no in-
ternal pressure is required.

Semi-Rigid Radome

Both rigid and flexible radomes depend on making the
entire radome of a dielectric material suitable for
electrical transmission. Particularly, for large an-
tennas and/or extreme environments the structural re-
quirements are inconsistent with the electric requirement.
In these instances, a supporting structure which hold
suitable dielectric material can be used--this is referred
to as semi-rigid. The actual construction can use a metal
or plastic frame to which membrane or suitable rigid plastic
sheets are attached. Fi,. 11-5 shows a picture of a 15 it.
antenna with a tept- type Hypalon radome. The Hypalon is
supported on eight aluminumn struts. Alternate approaches
can make use of three dimensional space frames to support
the dielectric material. The actual material in the
supporting structure can be aluminum, steel, or dielectric.
One other approach which has been used when improved elec-
trical performance is required is to use a rigid radome as
shown in Fig. 1-1, remove segment of this radome and cover
the holes with a membrane type material.
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III. ELECTRICAL PARAMETERS

An i.ea I .. woud be one which was invisible to the
electromagoetic energy incident upon it. The ideal radoi;
is, of course, not realizable because of Its tendency to
reflect (scatter), refract, and absorb a portiLon of the
energy incident upon it. The radome designer -iust, by
ineans of techniques and materials available to hia, *.ini-
mize the reflection, refraction and absorption to effect
maximum transmission with the least perturbation of an-
tenna pattern. He minimizes the reflection by proper
choice of dielectric constant and thickness oJ the radomuv
wall. He minimizes absorption by a choice of ,naterial

ýwork which has a low conductivity or loss tangent at the fre-
quency of operation. The refraction and pattern pertur-
bation is kept to a minimum by the use of a configuration
of uniform thickness which keeps the angle of incidence
near normal incidence. The effect of these factors, viz.,
reflection, refractiou and absorption, is to reduce the
gain of the antenna. The goodness or merit of a radome
is usually expressed, therefore, in terms of loss in db
it imposes o% the antenna it protects.

The literature 1 ' 2 contains many techniques and approxi-
mations for the relation'ziLp of the reflection and trans-
mission coefficients of t:,• radome wall to the complex
dielectiic constant of the mr.terial of which the radome
is fabricated. These basic relationships will be summar-
ized and their relevancy discussed in the next few para-
graphs.

Loss Due to Reflection

The reflection coefficient is a aeasure of the ratio of
field strength reflected to the field strength incident
on a given surface or discontinuity. In the case of the
wave travelin', from free Epace or air and impinging on an
infinite slab of dielectric, see Fig. III-la, the reflec-
tion coefficients for the cases of the electric vector
being perpendicular to tVe plane of incidence and parallel
to the plane of incidenc- may he expressed:

Et cos i - k* - sin2

El ý_os i + Ck, - sin2
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E. k. cos i - - n2

Ei =R 11 -

,k. cos i + I, - sin" _

where

k1, -o -i
to Weo

ko M I1

a - conductivity in shos/meter

0 - 8.85 x 0- 12 farads/meter

S- 2rf

f - frequency in cycles/second.

The magnitudes of these coefficients are plotted in
Fig. III-lb for various values of k*, where k -
for an ideal dielectric, c- o. to

For normal incidence the expressions above simplify to:

At normal incidence the reflection coefficient for a
field parallel to the plane of incidence becomes the same
as for the expression for the electric field perpendicular
to t-he plane of incidence. The apparent ambiguity in sign
can be resolved by examining the geometry. Fig. 111-3 is
a plot of the reflection coefficient of a semi-infinite
dielectric at normal incidence assuming a loss tangent of
0 (ort= 0), and various dielectric constants.

In the case of the radome wall the electromagnetic energy
must travel from free space or air into the dielectric and
then from the dielectric into free space again. In its
journey it meets two interfaces or discontinuities as shown
in Fig. 111-2. The derivation of the expression which
yields the reflection coefficient of the total reflected
field to the incident field may be handled ap a boundary
value problem or a transmission line analogyS. At normal
incidence it is:



R(T) /2R12 [I-o

1 - RI12  2[cos JA -
21

L A J

Assuming symmetry, i.e., the reflections at the inter-
faces are equal; referring to Fig. 111-2:

RI - Ell IT2
TEI- ' ETlI

R(T) IERI

This particul; expression relates the total reflection
coefficient Rt-) to the thickness of the radome wall and
the reflection coefficient at the interfaces. It is
plotted in Fig. 111-4.

Fig. 111-6 is a plot of the loss in db imposed by a radoine
wall at normal incidence, assuming a dielectric constant
of ;.5 and a loss tangent of 0 for 6 GC and 12 GC, two
common carrier bands.

Loss Due to Absorption

So far we have considered the loss due to reflection at
or near normal incidence and not taking into account the
absorption of the energy during its journey through the
radome wall. To illustrate the effect of such absorption
for various thicknesses of radome wall at normal incidence,
Fig. 111-5 has been plotted which graphs the percent trans-
mission vs. the thickness of the radome wall in wavelengths
for various values of the loss tangent. Note t':at for low
loss materials it may be desirable to use a radome wall
which is one-half wavelength in thickness. At 6 GC this
would result in a wall thickness of about one-half inch
which would je rather heavy and expensive; however, at
frequencies of 12 GC and higher the thickness would be
of the order of one-quarter inch or less, which might make
it economically feasible. An obvious disadvantage of this
technique is that it renders the radome more sensitive to
frequency.
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Loss Due to Refractinn nr DPattern Pertv+rbna.

For a rad•uGe wall Of uniform thickness and uniLorm di-
electric properties, the angle of arrival of an incident
wave will equal to the angle of dcparture of that same
wave after it has been transmitted through the radome.
The effect of nonuniformity in wall thickness will be
somewhat like that of a lens which, by virtue of its
effect on phase, may send the energy off into unwanted
directions. Care must be taken to maintain uniform thick-
ness in the material used for the radome wall so that this
does not happen.

Another source of error introduced by the phase shift is
the multiple reflactions occurring between the interfaces
of the dielectric . This error becomes more severe with
increasing angle of incidence, as does the magnitude of
the over-all reflection coefficient. The radome engineer
strives, therefore, to maintain angles of incidence as
close to normal as possible. A reasonable criterion is
i 5 300. On the other hand, for severe requirements the
voltage standing wave ratio of the antenna, exact normal
incidence is to be avoided because the reflected energy
is sent directly back into the feed.

Other Configurations

So far we have considered radome walls consisting of a
single layer of dielectric material. The limitations

"r using such a configuration are that the dielectric con-
stant, loss tangent, and thickness must be considered
very carefully so that the combination will yield a
structure which is mechanically adequate and yet be of
minimal loss. Other techniques to reduce the reflection
coefficient without a severe limitation on thickness are
feasible electrically and mechanically and have been used
in many applications w re cost is not one of the primary
considerations. Two of these special configurations are
sandwich type radomes and foam type radomes. As the tech-
nology of materials advances and techniques of bonding
become available to the microwave radome designer, he
will incorporate these configurations to microwave radores
for commercial applications.

I
1 -17-

I



Air (k.)

Dlelectric (k*)

Ir

El cos i -k,- sin i
- R - ,Cos i + -sn

Ellk, cos i -qk, sin 2i

Ell Rk cos i +÷ ,-ini

where

k o Ikc0 -l

a- conductivity in mhos/meter

to 8.85 x lo-12 farads/meter

w" 2rf

f - frequency in cycles per second

Reflection from Semi-Infinite Slab of Dielectric

Fig. III-la
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IV. ELECTRICAL TESTb

that he have at his disposal a method of measuring the
complex dielectric constant of the radome material as
well as a technique for evaluating its total performance
such as degradation of gain and effect on antenna pattern.

Many techniques for the measurement of the complex di-
electric consta ntof low loss materials are contained in
the literature4  . The one employed at Andrew Corpor-
ation is illustrated in Fig. IV-1. Xt consists of measur-
ing one or riore thicknesses of the radome material in the
end of a shorted waveguide section. If sufficient care
is used in the preparation and mounting of the sample,
accuracies of the order of ± 1% can be obtained for di-
electric constant values and accuracies of the order of
± 5% or ± .0005 (whichever is greater), can be obtained
for loss tangent values.

To measure the effective loss in db a given radome imposes
on an antenna, Andrew Corporation employs a direct measure-
ment technique as illustrated in Fig, IV-2. Using this
setup the source antenna and test antenna are aligned for
maximum signal together with a monitor antenna am shown.
Before the radome is placed in position on the test an-
tenna the ratio meter and attenuator is set for a zero
reading. The radome is then placed on the test antenna
and the attenuation read directly in db on the ratio meter.
This procedure is repeated a number of times to insure con-
sistency of results.

In cases where the antenna and radome specifications impose
severe requirements on the sidelobe and the wide angle radi-
ation structure of the antenna pattern, the antenna pattern
is measured with and without the radome in place. This
measurement may be correlated with the loss measurement
described in the preceding paragraph by integrating the
gain from the patterns taken with and without the radome.
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V. MECHANICAL CIIAAioT1EiI,•TIL.' AND TETJ

The most reai!xtic tust of the mechanical perlormance of
microwave radoines i- tieir ieid performance. Unfortun-
ately, nature it not very cooperative and a radowae or
group of radomes may not see the design environment lor
many years. Microwave sites are often remote and even
when extreme environments occur they are usually not docu-
mented adequately to provide meaningful test data. The
problem then is to s,-nulate the design environments under
controlled conditions. Field reports then serve as a
check on the laboratory work and provide inlormation re-
lating to possible weak links and associated design im-
provements.

The effects of weatheri,.g, i.e., tE.mperature cycles, sun-
light, moisture, chemical action, etc., are fatrly well
known and documented. Ordinarily the material supplier
has availa)'le caetailed inlormation regarding actual field
tests and prescribed speeded-up environmental tests. The
final radomes, as required, can be subjected to environ-
mental tests to evaluate their adequacy. There are nurier-
our tests for simulation environment conditions, including
salt spray, heat cycles, humidity cycles, and rain tests.
Specific details o! these tests can vary but in essence
they all aim for the same objective--introducing more

severe laboratory conditions to simulate in a relatively
short time the long time effects of nature.

Whenever a radome is made in any way differing from those
in use for many years, the engineer must evaluate the effect
of the change in weathering. The Engineering and Quality
Control decisions relating to the extent of testing re-
quired to evaluate weathering depends on many factors,
e.g., data available, quantity invoived, and class of
materials. Obviously not every such decision will be
correct. Recently, Andrew replaced two laminated plastic
radomes which were delaminating, after only two years of
service. The difficulty is attributable to limitation
in the manufacturing art, although the original design
and construction followed recommended practice and should
have resulted in a weatherproof product. It must also be
recognized that certain locations are unique--a radome
construction which has years of usage in many parts of
the world may fail in weeks at a particular location due
to atmospheric contamination unique to that location.
If this were known originally it could be avoided, but
such prior knowledge is rare.
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Str,,ttr ally -adoume5 must wi tlistanct tthe forceb caused by
the wind. It is convenient %o consider two ahuects ot
this problem: wind forces and structui'al response. In
certain instances the forces and response are coupled
dynamically, but for thp purposes of this paper it is
adequate to consider them separately. Depending on the
shape and orientation of an object placed in the wind
(or in a wind tunnel) the pressure distribution over its
surface can vary substantially. When interest is in the
gross loads, e.g., in designing towers, these variations
are not important and only the total force is significant.
For the r;dome itself the nonuniformity of the load is of
primary importance. General discussions of wind force•
can be foung in many sources including the ASCE report
an`< Hoerne_ ° Wind tunnel tests have been conducted with
various shapes of interest. A typical example is the
spherical segment with isobars shown on Fig. IV-1 9 . The
complexity of the pressure distribution is obvious from
this figure.

Deternir,.tion of the response of a •he~l type structure
to complex loading is a difficult problem eithe: experi-
mentally or theoretically. A theoretical approach which
must be based on idealization regarding material and initial
conditions, requires a complex numerical solution using a
high speed digital computer. An experimental approach also
is complex due to the load distribution required. The load-
ing show n in Fig. V-1 was the basis for one such experinient-
al study-O. This particular zxample is mentioned here
primarily to illustrate the complexity which can be involved.
For other shapes, e.g., the flat radomes, the variations in
pressure are much less violent and an assumption of uniform
distribution is reasonable.

In evaluating tie wind load resistanLe of various radomes,
it is important that these complexities be kept in mind.
For the flat membrane radome (see Fig. 11-3) uniform load-
ing is adequate. Load tests have been performed using dead
weight, sand bags and subsequently sand, and more recently
vacuum. The use of sand (or sand L 8s) introduces certain
limitations since the arching of the sand causes nonuniform
load and hence neceptive results. Apply.ng a vacuum to the
interior of the antenna produces a uniform load on the
radome. The load deflection curve for -ne such vacuum
test is shown on Fig. V-2.

For the rigid conical radome, as sij.wn in Fig. 11-1, the
loading would be more complex, The shape reduces the gross
loading, but introduces pressure var 4 ations over the surface.
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As an approximation lor the actual l. ;di ng, it ha! been
assumed that b) taking no advantage u! the load reductions,.
due to stiape, would balance off again>< the use of sym-
met.ical load. This assumption makes z possible to test
this type of radome using internal vacuum. Fig. '-J slhows
a !0 ft. radome under such vacuum load--:.t Ls interesting
to note that even this gross buckling was not permanent.
When thc vacuum was released the radome r-.turned to its
initial position although there were cracks in the Fiber-
glas material along the break lines. Based on vacuum
tests on Fiberglas, sprayed-up and hand layod-up, radomes,
the following empirical formula has been developed to re-
late the pressure which can be resisted to the properties
of the radome.

271E

(r/a)
2

where p = press,'e (psf)
E = Young'., Modulus (psi)
r = radius of antenna (in)
a = minimum thickness of radome (in)

It should be pointed out that this is an approximate
formula and that the constant, i.e., 271 may vary by
as much as 25%.

Snow and ice are of little consequence with regard to
loading and are assumed to be covered with.,ii the speci-
fied pressure. k Falling ice is one exception. No quanti-
tative data on falling ice is known to the writers. Some
experiments involving dropping ice and simulated ice, i.e.,
aluminum and wood, have been conducted, but the results
are at best qualitative. It is possible to compare radomes
of different construction. It is also possible to observe
the significance of "ice" shape on damage. It is obvious
that "ice" from a sufficient height will damage all radomes.
The system designer has a choice of accepting this risk or
providing the ice screen to stop or break up the ice before
it reaches the radome.
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VI. STATE OF THE ART

This paper has been considered in a relatively general
fashion, radomes used in connection with microwave an-
tennas. The current knowledge of these radomes is far
from complete, but they do work with relative success.
This is not an area in which any "break throughs" are
to be expected, but rather improvements and modifications
to the n-esent approaches.

The cla...,ical solution has been Fiberglas radomes. This
solution is limited by the relatively high losses which
are particularly significant at higher frequencies.
Structurally, the adequacy of rigid Fiberglas radon's
is limited to perhaps 12 ft. diameter. It should be noted
here that higher frequencies and/or higher performance an-
tennas mitigate for thinner radomes which are structurally
inadequate.

Undoubtedly, Fiberglas radomes will be with us for most
standard applications. At least, at the present, they
represent the most economical solution. It is obvious,
however, that the new radome construction will be used in
ever increasing numbers. For high performance, i.e.,
shrouded antenna, the membrane represents a relative in-
expensive and electrically excellent radome. This Lech-
nique has been used on antennas up to 12 ft. in diameter.
Certain trade-offs are being considered, e.g., a tripod
to support the membrane at the center to minimize the
effect of deflection, thicker membranes to minimize de-
flection or longer shrouds to permit use of thinner mem-
branes; reinforced membranes to minimize deflections;
introductions of internal pressure to reduce deflection.

Where a shroud is required for electrical reasons the
above class of solutions is clearly optimum in terms of
both electrical performance and cosc. For other appli-
cations, the semi-rigid approach appears to be the most
advantageous. To date this approach has seen only limited
use and yet it is suitable for high frequency, low loss
application, and large diameters. There are problems re-
lating to aperture blockage, surface inclination, and
other factors, but these are at most details.

Other methods of radome construction have advocates and
undoubtedly have certain advantages. Some of these have
been mentioned such as sandwich type walls and thick foam
of low density but so far they have not been made economi-
cally feasible. Inflated radomes, although economically
feasible, still present certain problems in field usage.
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The accompanying table summarizes the attributes of
several radome types for comparison purposes. It i6,
perhaps, over-generalized and the data presented are
intended to be typical rather than specific.
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Introduction

The exigency of integrating the design of the antenna-radome system
for aerospace vehicles became apparent when the possible benefits to be
derived were recognized. It was realized several years ago that systems
which were better electrically, mechanically, and aerodynamically and
which made more efficient use of available space might be obtained through
this approach. 1

As the speed and perf-irmance of modern aircraft and missiles has
increased a need has developed for more sophisticated electronic control.
With this need comes the requirement for more efficient use of the total
volume of the vehicle so that the necessary additional electronic stores
can be accommodated.

The most common geometry for the antenna-radome combination is
the dielectric nose cone covering a parabolic reflector antenna. There is
a considerable volume between the reflector and the radome which might
be used for electronic stores if the antenna could be moved closer to the
radome.

One antenna structure which can be visualized as being located quite
near to the radome is the traveling-wave structure. This concept is
pictured in Fig. 1. To do this the antenna geometry should be made to

1



c...............y as pUOUle Lo the radome shape wnich is in turn deter-
mined by aerodynamic and thermal requirements. In any event the antenna
will probably be curved in at least one direction and it is important to
know how this curvature affects the electric and magnetic fields immedi-
ately above the antenna surface since this will determine the manner in
which the energy is coupled to the radome and therefore the character-
istics of the combined antenna-radome radiating system. Z

The traveling wave structure could also be integrated into a single
unit on the surface of the vehicle. This concept is also pictured in Fig. 1.
Again the antenna would likely have one or more degrees of curvature to

satisfy the aerodynamic needs of the design. The manner in which curva-
ture affects the radiating properties of the integrated structure are then
of interest.

The fact that a traveling-wave structure might present solutions to
other radome problems such as structural attachment, mechanical strength,
and the need to manufacture large continuous dielectric structures in ad- I
dition to space saving potential make the use of such structures more ap-
pealing in applications where they may have to be placed on curved surfaces.

With these facts in mind the effects of curvature on traveling-wave
structures are investigated. The investigation ib carried out by studying
the effects of curvature in the direction of propagation on the wave number I
of an electromagnetic field propagating over a cylindrical traveling-wave
surface. Calculated and experimental data are presented which show the

effects of curvature on the wave number and on .,,e electric and magnetic I
field intensity variations as a function of distance normal to the curved
surface. Data are shown graphically for two specific antenna structures,

the dielectric clad metal cylinder and the corrugated metal cylinder. I
Because of the simplicity of the expressions used, other types of struc-

tures may easily be studied either analytically or experimentally and
calculations carried out with a minimum of effort on a desk calculator.

r
Analysis 4

To simplify the analysis that follows, it is assumed that conductor
and dielectric losses are negligible. For purposes of design, a lossless

traveling-wave structure is sufficiently characterized by either one or
two parameters: either the guide wavelength or the leakage attenuation
and the guide-wavelength. In the case of slow-wave structures in the
absence of surface modulation or curvature, the wavelength along the

structure is sufficient design information. In the case of leaky-wave
structures both parameters must be specified.

2



The A.a.. Ls carried outL using the coordinate transformation shown
in Fig. 2. This transformation starts with the cylindrical coordinate system
(r,4,z') and sets X = r - R and y' = z' and s=-R4 where R is the radius of
curvature of the surface being investigated. The analysis of an arbitrary
field is made in terms of a superposition of the solutions for a TE and a
TM field. The y' component is thus of prime interest. By using the trans-
formation of Fig. 2 in the Helrnholtz equations expressed in cylindrical
coordinates and assuming no propagation in the y' direction the wave
equation for the y' component of a vector field in the (X, y', s) system is
found to be

e e e
m m e m

(1) (R + X)2 k + FR + _) y m 8=Fy,
ax 2  ax y a

____ ( +X)+ (R +X)ZkZ Fy + = 0;

kZ = w~Z •I.

e
m

Here Fy, represents the y' directed component of the electric field in the
TE or m case or the magnetic field in the TM or e case. The quantity

K = I/R is the curvature of the surface and since the s-coordinate cor-
responds to the z-coordinate when the curvature becomes zero a separable
solution of the form

e
e e mm m J

(2) FyI (Y s) = F (X) eI
is sought. Substitution of Eq. (2) into Eq. (1) and some algebraic manipu-
lation gives

,•e e e

zK dFm m m e
(3) -+ + kz Fm . 0.

d I 2 + KX dX (+ KX)2

The total derivatives arise because of the assumption that F is independent
of the other variables: F = F(X) .

A solution of Eq. (3) in powers of K would be of the form

e e e e
(4) Fr(X) = A[Fm'(X) + Fm(X)K + FMn(X)KZ + ''']

e e e e()mz- m m2
(5) (Mr)( 2 = (kim ) [1 + a1 K + a2 K 4....]
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W
e

for the field intensity and wave number respectively. The quantity k'm is

the wave number ý )rmal to the surface for the limiting case of K = 0.

On substituting Eqs. (4) and (5) into Eq. (3) and equating powers of U
K after recalling that Fo is the solution for the plane structure the following
relation is found for

ee e e e

kz + (,m)2 m X k al, + k m X(6) F,(X)=- ee + e xe

e e
The quantity M jk is the wave number in the x direction Žr limitingI
case K = 0, i.e., the plane structure.

Equation (6) has one undetermined constant, aI . An equation for
determining this constant is obtained by noting the requirement of the
continuity of the tangential components of the electric and magnetic field
intensities at a surface, From this, the requirement that the impedance
in a direction normal to the surface be continuous, is obtained. The con-

stant aF2n is determined from the impedance boundary condition. In order
to apply this boundary condition, two separate cases, that of TM excitation
and that of TE excitation, must be considered.

Using Maxwell's equations with the curl expressed in the proper form
for the coordinate system of Fig. 2 the s-component of the field may be
written in terms of the derivative with respect to x of the y' component. I
The requirement of continuity of the impedance in a direction normal to
the surface then leads to

(7) dFm Fm
C, ., Zm I

for TE excitation and

(8) dFe =J, EZeFe

e
for TM excitation. Now Zm, the surface impedance of the radiating
structure, may depend on curvature, K',and is therefore written

e e e e
(9) Zm = Z7 [I +Z K + Z K2 +j

I
~I



e
m

where Z. is the surface impedance for the plane .ftru_,ctre.

If Eqs. (4) and (9) are substituted into Eqs. (7) and (S) and, after
collecting coefficients of Kuse is made of Eq. (6), then some algebraic
manipulation will give for the important special case of a surface-wave
stru'.ture

(10) a 
k

k('% F'C v, ~ )

Iande3
(11) a e TIC__ ___) _

e)e1 + k+(ee

Here ilc is the characteristic impedance of the ambient meium in which
the propagation velocity is v and k = .j/v. The quantity Xs is the surface
reactance of the plane structure.

e

m
An expres3sion for Z may often be obtained from an expression for

the surface impedance in cylindrical coordinates. 3 For large radii of curva-
ture Z, for the corrugated metal cylinder is

e 1
(12) Z - 2 (depth of corrugation)

and for the dielectric clad metal cylinder

e
(13) Z 1 " 0 0.

Good agreement with the boundary value soluton and with experiment
is obtained even for relatively small radii of curvature by using the first
two terms irP the series of Eq. (5) and by approximating the square root by
the first two terms in its binomial expansion:

e

e e 1rn -
m m Ka

(14) Y -k 1 I
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The results of substituting Eq. (11) into Eq. (14) and using Eqs. (12)
and (1 3) are compared with the boundary value solutions and experiment in I
Figs. 3 and 4 respectively.

An igteresting consequence of this analysis is that if the impedance

function Z is intrinsically real, as in the case of surface wave structures,
then the curvature does not produce attenuation in the form of Eq. (5). An

expression for the attenuation may be obtained by another approach such as
a determination of the change in total transverse impedance as a function
of wave number. 3 This indicates that radiation is a second order effect of

curvature. Figure 5 shows calculations of the radiation attenuation due
to curvature of a corrugated surface.

The effects of curvature on the electric and magnetic field intensity
variation as a function of distance normal to the curved surfaces can be
calculated using the first two terms of the series of Eq. (4) and good agree-
ment is obtained with experimental data as can be seen in Fig. 6.

Conclusions I
This analysis, which utilizes prior knowledge of the properties of 3

the plane version of a curved structure, has yielded simplified e-'pressions
through which other types of structures may easily be studied !,,ner

analytically or experimentally and calculations may be carried out with aU
rrinimum of effort on a desk calculator.

In many cases of interest k' is already well k own. For those cases 3
where k' is known but an analytic expr sion for a1 cannot be obtained,
a single measurement will determine a , through Eq. (14). The quantity

k' may also be determined experimentally. Thus this method of analysis I
may easily be applied to many structures without the necessity of a tedious
analytical solution. I

6
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ERROR AND LIMITATION ANALYSIS ON THE
MEASbREUE.14JNT OF DIELECTRIC FROPERTIES BY
USE OF THE SHORTED WAVEGUIDE REFLECTION

THEORY AT HIGH TEMPERATURES

by Russell W. Johnston
Electromagnetic Radiation Laboratory

Douglas Aircraft Co..,pany, Inc.
Santa Monica, California

The development of microwave radomes and similar structures wherein

the low loss transmission of electromagnetic energy is desired re-

quires the determination of the dielectric constant and loss tangent

as basic information. It is the intent here to examine the various

major sources of errors and limitations of the shorted waveguide

method which has been used over the past decade for this determina-

tion. Although the existence of other methods such as that of

cavity resonance 1 or pure reflection2 is acknowledged, the desire

here is to restrict discussion to the shorted guide approach.

I. THEORY OF MEASUREMENT

The method itself is based on the phenomena that if measurements

are made on the standing wave pattern within a shorted waveguide,

the pattern will shift position and broaden at the null with the

insertion of a sample material against the short. (Figures 1

and 2.) The rigorous mathematical theory is contained in sev-

eral sources and will not be dealt with here except for the pres-

entation of working equations. 3 ' 4' 5, 6

Determination of 7 for all materials high and low loss, may be

done with equation (4). However, for low loss materials (tan B
less than .1) equation (4) may be simplified to equation (4A).

Equation (4A) results by equating the real parts of equation (4)
7

for the low loss case.

The magnitude of error introduced by the use of equation (4),

however, is about ±1 per cent, but then the evaluation of the

cumbersome transcendental, tanh x/x, is eliminated. 8

1



The neces-ýRry relations are as follows:

K (( )EQUATION 1

tan AVd*+Vd AanX'

tank 
Y Id + Yd* tan2Yd*-tanYd*

EQUATION 2

og N d x2- x) Where N = l,2, 3...so that o<!-g<.5 IAg 2 Ag XAg Ag

EQUATION 3

2

•. - •o ,* ,



Emin. j tan 2 1rX 0

tanh Yd* Emax. Xg Ag EQUATION 4'd* 1 mn f ~ d*
1--J Emin. tan 27rXo i 2 r

Emax. Ag

A9  tan 2 irX0 _ tan 7d* EQUATION 4A

2 ird* Ag d*

E =ax. VSWR Ag EQUATION 5
Emin. WA xn

"where: (and with reference to Figures 1 and 2)

(X 2 - X0) = shift in position of null of VSWR pattern due to
insertion of sample material into guide

AX = AX 2 - AX broadening of null at double power or 3 db
points due to insertion of sample material
in guide

d*= sample dimension parallel to guide axis corrected fbr tem-
perature at which measurements are taken

a* = width of guide perpendicular to guide axis corrected for
temperature at which measurements are taken

i,,g = guide wavelength Ac cut off wavelength

A= free space wavelength
Xo distance from sample surface to first null of standing wave

0° pattern (see Figure 2)

V = propagation constant within sample under test

K = dielectric constant tan 6 = loss tangent

3



A method for determining the value of the VSWR is provided by

equation (5) where AX is measured with a slotted section as

the distance between the double power or 3 db points of the |
9

standing wave pattern. The AX method is used when measuring

VSWR values above approximately 10 as conventional means become

inaccurate. This is easily seen when one considers that in

order to determine a voltage minimum accurately at a VSWR I
greater than 10, probe coupling must be increased. Increasing

probe depth, however, can effect a deformation of the VSWR pat-

tern and in addition cause a change in detector characteristics I
due to a change in RF level.

Concerning radome development within the microwave range, fre-

quencies between C and K band with high temperatures ap-

proaching 1650 0 C will be the primary ranges of interest that

are to be considered here. A typical simplified measurement

arrangement is illustrated in Figure 3 and the following analy- I
sis will be based on this system.

II. TECHNICAL DISCUSSION I
A. YSWR

The best mechanical readout systems that can be adapted to

a slotted line, such as the Gaertner M342, have a readout

capability of ±10-4 cm. The following analysis will serve I
to illustrate that, with the above condition, a VSWR in

excess of 200 at the slotted section is necessary in order
4

that any reasonable degree of accuracy be associated with

the loss tangent measurement of low loss materials.

Consider that an empty waveguide system has a VSWR of 200.

The return loss due to the guide only will be: (assuming

the line is terminated with a perfect short)

db return loss = 20 log SWR+l - 20 log 201 = .0864dbSWR-l 199

4



Further consider that a sample whose dielectric constant

and loss tangent are to be determined when inserted into

the guide as in Figure 2 causes an additional .01 db return

loss. (From Figure 5, a typical low loss sample approxi-

mately .4 cm thick at a wavelength of 3 cm and with a die-

lectric constant of about 3.0 will yield a loss tangent of

.0008.)

.01 db + .0864db = .0964db = 20 log SWR-I or SWR = 180.4

The value of AX corresponding to the above condition may

now be obtained through the use of equation (5).

AXn Xg let \9g 3cm A4X 2 -- AX 1 = .0520. 10 2cm
7rSWR

A X,. 3 .4777. 102 CM
f 200

3 -2
,A X 2 .5297.10 cm

ff 180.4

With the readout capability of ±10-4 cm, an error of approx-

imately 20 per cent would be resultant in the calculation

of the loss tangent regardless of other sources of error

(since AXectanb by equation (2) ). A further calculation

starting with a VSWR = 50 in empty guide and the same .01

db return loss through the inserted sample will result in a

value of .00022 for AX. With the same readout capability

as in the former case, this value of AX would imply an

error approaching 50 per cent in the loss tangent. From

these two cases, it would appear that a VSWR higher than

200 is required in order to determine AX by a conventional

mechanical readout system.

5



i

However, it is not possible. at K band fn" example, to i

obtain a VSWR of over 160 on a 10" section of waveguide as

the following consideration illustrates: (on an oven i
capable of maintaining 1600*C, 10" could be about the mini-

mum length of guide from short to slotted section as in

Figure 3).

Assume a distance of 10" between short and slotted line.

Let the guide be of pure silver (.1db attn./ft.). 1 0 TheI

return loss from the guide would be:

10" x • x .1db x 2 = .16667 db return loss

then: .16667db = 20 log SWR+- or SWRP-97

As a VSWR approaching 200 is then unattainable in the prac- I
tical case, the only alternative would be to increase the

sample size in the direction of the guide axis (d* in

Figure 2) which would in turn increase AX. However, sample

materials from existing radomes under development are

necessarily less than a quarter guide wavelength thick at

any given frequency. At K band, this obtainable sample

size necessitates a VSWR higher than that theoretically 3
obtainable.

The high error will not always be had, particularly when I
one has an exceptionally lossy sample, in which case AX

will increase to a value such that the error could go as 3
low as 1 per cent. However, with the low loss materials

that are desired in radome or electromagnetic window appli- I
cations, AX will remain small and the lower the loss, the

higher the empty guide VSWR must be in order to determine I
the loss tangent with any reasonable degree of accuracy.

B. Residual ysWA I
The residual VSWR of a system arises from one or more low

loss discontinuities such as flanged joints and slots in

slotted sections.

6
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This residua• Yowv, can be calibrated from the system if

one has a movable short which duplicates that of the

shorted sample holder. The sample holding short however,

must be designed and constructed for the highest VSWR

attainable as has been shown to be necessary. Construction

I of a sliding short to duplicate this condition over a wide

linear range would be impractical, in particular sinceI "sliding" implies that the short may not be even a good one

electrically.

IThe residual VSWR of a slotted line is given as 1 +-?g
Xg

where A is the peak to peak linear error of the slotted

line. 1 1 That is, if a short is moved away from the end of

a slotted line, a null position on the line will vary in

amplitude as a sine wave. A is then the peak to peak value

of this sine wave or the tracking error.

I With a residual VSWR of 1.01 (typical of the best commer-

cial slotted sections), A can vary between .010 cm and .003

3 cm for frequencies between C and K band respectively. From

the example presented earlier in this paper, AX may be on

I the order of magnitude of A. If then, calibration of the

particulaV system utilized here is impractical, the

3 tracking error may cause un error in the loss tangent as

high as 50 per cent.

The errors in linear measured quantities are not only appli-

cable to the loss tangent, but to the determination of the

dielectric constant, K, as well. Consider the case where

the dielectric constant of a material is 4.00, and a sample

is made with its length equal to a quarter guide wavelength.

By use of the relation:

1

A = fJ1 where for good dielelectrics

I I = , it can be shown that the standing wave shift,

(X2 -X1 ) in equation (3), will be a quarter guide wavelength.

I
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Any error introduced in meauring th±s q- t.Ity is ne..g.- I

ble. Consider further however, the case where the dielec-

tric constant is 9.00. Here there will be no null shift.

It is then theoretically possible to have a null shift that

can only be measured to a very high degree of error even

with ±+10-4 cm capability. From equation (3), a shift this I
small, though, would produce little error in the value of

X and hence little in the determined value of K. I
Also, the magnitude of error in measuring AX will appear in I
equation (4) where values of VSWR are required. The error

will appear in the propagation constant, V, of the material

and in turn in K. This will be the case if equation (4)

instead of (4A) is used when precise solution for Y is re-

quired (i.e., when, as a minimum, ±1 per cent error can be

tolerable in determining K).

C. Sources of Various Other Errors

1. Attenuation

When determining AX, the 3 db level is found by using N

a precision attentuator. The best commercial units

available specify a readout tolerance of .1 db or 2 per I
cent, whichever is greater. A simple analysis will re-

veal that with this tolerance, the error in determining

the 3 db points will give a linear deviation in AX of I
approximately 11.10-7 cm. Assuming that a VSWR of 50 I

1
8



i
or 34 db is obtained and that the SWR pattern has the

form y = A sin"0 where A is a constant then:

34 db =10 logy

"'A db 1 10 log (A sin 20)

@0 = 900, sin20 = 1 and A = 25000

y in db = 10 log 25000 sin2 0 (1)

differentiating: a = 20 (log e) (cos 0) (2)

@ y = 3 db, sine and cos 0 are determined

from (1) and substituting in (2) results in

Aydb = 970. When Ay = .1 db,

0= 1.032.10-40 which at X band gives a linear

deviation of 11.10-7 'm.

This figure will increase with lower values of VSWR,

however it has been shown that a VSWR well above 50 is

required. A value of VSWR of 50 though is easily

attained and as the deviation of 11.10- cm is far

smaller than a readout capability of ±10-4 cm, the

error introduced here is seen to be far less than that

of other sources and in the practical case may be con-

sidered negligible.

2. Error Related to Frequency Stability and Modulation

Frequency instability will have the effect of causing

an increase in measured values of AX.12 The loss

tangent would then contain a further error from this

effect. The effect, however, may be made minimal by

the addition of 1000 cycle amplitude modulation of the

carrier signal by utilizing a waveguide crystal

switching circuit. With the further addition of an

oscillator synchronizer, frequency stability of the

klystron can then be expected to be wit,,in 10-4 per

cent per week or 10-6 per cent per day.

9
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3. Multiple Reflections I
U

multiple reflections, caused by the existence of

higher modes of transmission within the sample under j
test, may cause a serious error in all measurements at

the slotted section and as a result negates the use of

large samples.

The precise effect of this phenomenon, however, has not

been determined and it must suffice to say that care

must be taken to see that the sample dimensions are not

quarter or half wavelength multiples of these higher I
13

modes.

4. Temperature I
As measurements on materials for radomes are often done

at high temperatures, there will enter expansion errors. I
The error effects of thermal expansion of the microwave

system can be divided into two types: measurable and

indeterminant. The measurable errors are primarily

those involving determination of lengths and the prob-

lem of fits.

If standard waveguide is utilized, that is with toler-

ances of ±.003" at X band and ±.002" at K band, an

empiracal fit correction must be applied to the I
measured value of K:14  See Figure 4.

K true = (Kmeasured-1) ( ) 1 +

The exact value of a given dielectric is not known, j
therefore, it can only be said that the value of K is

shifted to a more correct value but that a percentage i
error will still remain. For example, if a material

has a dielectric constant of 8.637 exactly and the

measured value is 8.5b, within 3 per cent, the fit cor- I
rection may yield 8.620 but still with the initially

associated error.

10
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The indeterminant error lies in the temperature jif-

ference between the slotted line and the heated sample.

The configuration illustrated in Figure 3 might have a

10" to 12" distance between slotted section and short

with a temperature difference of 1600 0 C. As the guide

inner dimensions will not be the same over this dis-

tance neither will the field configuration remain

unaffected.

The magnitude of the standing wave within tae guide

will change with position as attenuation of the walls

will vary with the temperature gradient from sample to

slotted line. The problem here is compounded by a

temperature stability of approximately ±10 to 150C at

best when taking measurements at 16000C. As a result,

measured linear quantities would not be the same at the

slotted section as directly in front of the slotted

line. Considering the nonlinearities in the change of

the standing wave pattern in the sample contrasted to

the change of the pattern in empty guide with a change

in temperature, the error introduced here would be

j fairly difficult to determine.

5. Mechanically Introduced Error and Repetition
The slotted line probe can produce an error by dis-

turbing the standing waves within the guide, but if the

penetration of the probe is set such that at maximum

VSWR meter sensitivity, vertical movement of the probe

causes very little or no change in AX or the null shift,

this error is effectively eliminated. 1 5

On a side drive slotted line however, gimballing of the

probe can result from the effects of the drive upon the

ways of the probe carriage. At high values of YSWR,

this effect has in practice shown to produce incorrect

data. Variations in ambient temperature can tighten

11



I
or loosen the fit of the drive to the carriage nand

in turn cause a change in the verticality of the

probe with an error resulting in all linear I
measurement.

Concerning repetition, it has been determined experi- j
mentally that if the slotted line has a linear read-

out capability of 10-4 cm or smaller, determination of I
a linear position cannot be made repetitively as the

VSWR meter null readings are not quite sharp enough

and utilization of the slotted line's readout capabili-

ty is then lost.

III. CONCLUSION

The produced error is seen to arise from many sources and will

vary particularly with the precision of mechanical readout.

The error contained in the determination of tand may be quite

high as has been shown. Also, the accuracy of determining

tan6 will depend on the loss characteristics and chosen widths

of samples and a precise prediction of error will not be I
attempted.

The dielectric constant may be determined to a higher degree I
of accuracy than the loss tangent as the linear measurement

necessary, (X 2 - X 1 ) is not in direct proportion to K and it

has been shown that when the quantity becomes so small as to

be measured only with high error, no major error is contrib-

uted to the value of K.

A figure of within 5 per cent may be considered to be typical

but may increase depending on the precision of equipment

utilized and care expended in achieving high stability of both

frequency and temperature.
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