AD-~A009 894

ELECTROMAGNETIC DIRECTION FINDING TECHNIQUES

G. A. Thiele

Ohio State University

Prepared for:

Naval Regional Procurement Office

March 1975

DISTRIBUTED BY:

National Technical Inforrhation Service
U. S. DEPARTMENT OF COMMERCE

) _




UNLLASSIFIED

Nl um v n.'.c»,‘x“ M b R R
: REPORT DOCUMENTATION PAGE R
1 FrEonT SLMBe - TR e T T T T T T, T T
& TITLE and Subnitle: L b L Gk memmtoa by ne -
ELECTROMAGNETIC DIRECTION FINDING TECHNIOUES | Finai Report
£ PERFDRMINTG LR REFCRT o are-t
ESL 3735-3
7. AUTHMOR a; £8 CONTRACT ,.;, GRANT NoMdE e

G. A. Thiele Contract N00140-74-C-6017

9 PERFORMING ORGANIZATION NAME AND ADDKESS L 1€ PRGLR AN o _twiaT BEL T ALe
The Ohio State University ElectroScience SRR AT o eee
! Y : . . Project N66604-3-000279
Laboratory, Department of Electrical Engineering, Task D.0. -51
. ] .
Columbus, Chio 43212 ;
1Y, CONTROLLING OFFICE NAME AND ACDRESS i '2 REPOLRY OATE
Naval Regional Procurement Office, Philadelphia f March 1975
Newport Division, Bldg. No. 11, Naval Base T3 NOMBER CF DASES
Newport, Rhode Island 028 O I i
t4 MONITORING AGENCY NAME & ADORESS ! aiflerent from Cantralling Officem) ‘ 'S5 SECURITY CLASS .’-:’ ik reg -
i © Unclassified
TiSa TDET _ASSIFICATION DoWNGRAI NS
SCREDULE .
o L
}:s DISTRISUTION STATEMENT rof this Repor::
i AR
i P e
: .
|
v 1T, DISTRIBUTION STATEMENT 70f tha ahstract enterad in Block o0, 14 different from Repor:,

A
{180 SUPPLEMENTARY NOTES ———
:
;

P19 K EY #CRDS  Continum on reverse side 1f necessary and iden*ifv by black numbes,

Direction Finding Best Available Copy

’ ’ Antennas" Reproduced From
Geometrical theory of di ffraction

25 ABSTRACT ‘Caniinue on reavarye sole i necpssary and sdentifv be ninck snmber,

This final report summarizes research and development addressed to the
problem of electromagnetic direction finding in the UHF frequency range. ‘
Both theoretical and experimental investigations are described under three
topical headings. These include the analysis of slot antennas on a conducting
cylinder, the hardware development of a T-bar fed slot antenna, and the 1
computer aided design of a lossy wire (distributively loaded) circular array. |

The report concludes with recommendations for future investigations and hard-;
viare development.

XY boirmdaend by r - "i' "; e
DD .M., 73 comon: GATIONAL TECHNICAL Fr. S CHA

JNCLASSIT
INFORMA”ON SERVICE 75~ as,urii \)]NE?("M Gan

A € m i

fpnngtale, »n 151
HRER o eraill NI <. .

et e s W ——— wvern i ma— P




. NOTICES

. When Government drawings, specifications, or other datz are
~used for any purpose sther than in connection with a definitely
related Govermment procurement operation, the United Statee
%a#erﬁmeﬁt,thereby?iﬁturS'nc responsibility nor any obligation
‘whatscever, and the fact that the Government may have formulated,
- furnished, or in any way supplied the said drawings, specifications,
- . or other data, is not to be regarded by implication or otherwise as
- in any manner licensing th2 holder or any other person or cerporation,
- ,or conveying any rights or permission to manufacture, use, or sell

- -any patented invention that may in any way be related thereto.

ReP"Odu
ced F
Best Available o>



REPRODUCTION QUALITY NOTICE

This document is the best quality available. The copy furnished
to DTIC contained pages that may have the following quaiity
problems:

* Pages smailer or larger than normai.
» Pages with background coior or light coiored printing.
« Pages with small type or poor printing; and or

! o Pages with continuous tone material or calor
! photographs.

Due to various output media avaiiable these conditions may or
may not cause poor iegibility in the microfiche or hardcopy output
you receive.

If this block is checked, the copy furnished to DTIC
1 contained pages with color printing, that when reproduced in
Black and White, may change detaii of the original copy.

—————— e ———



CONTENTS

I.  INTRODUCTION

II. GTD ANALYSIS OF A CYLINDRICAL SLOT ARRAY

II1. EXPERIMENTAL DEVELOPMENT OF A T-BAR SLOT ANTENNA

Planar T-Bar Slot Antenna

Conclusions Regarding the Planar Model
Cylindrical T-Bar Slot Antenna

Conclusions Regarding the Cylindrical Model

OO >

IV, LOSSY ‘WIRE ARRAY
The Antenna Array
Single Active Element
Two Active Elements
Conclusion

OO WX ol

V. AN ALTERNATIVE LOW FREQUENCY ARRAY
VI. SUMMARY AND CONCLUSIONS

" REFERENCES

Page

23
24
35
36
40
4
41
44

47
49

53

68

70



I.  INTRODUCTION

During the course of the research and development effort under-
taken on Contract N000140-74-C-6017, several different investigations,
both experimental and theoretical, have been addressed to the
general problem of direction finding (DF) from an antenna system
configured on a cylinder. Over the frequency range of interest, the
cylinder diameter varies from one-sixth wavelength to 25 wavelengths.
The lower portion of this frequency range is the more difficult
portion to attain DF information, especially if one used only amplitude
comparison techniques. Therefore, the emphasis in this final report is
in that portion of the frequency range where the cylinder diameter
varies from one-sixth wavelength to approximately 6 wavelengths. Both
orthogonal polarizations are considered.

The general problem of arriving at a DF antenna system can be
divided into two main aspects. The first aspect concerns itself with
how many elements are needed for a specified accuracy and how they
should be oriented on the cylinder. Section II answers these
questions for all but the very lowest frequencies while Sections IV
and V dwell mostly upon the Towest frequencies.

The second aspect of the problem is concerned with the physical
realization of the necessary antenna elements for use on the cylindrical
configuration. This forms the subject of Section III and part of
Section IV. 3Section III describes an experimental effort to develop
a T-bar fed siot antenna for use on a cylinder. Section IV describes
a computer study which resulted in the design of a lossy wire array
for possible use at the lower frequencies.

Section V discusses some of the problems and limitations inherent
at the lower frequencies whereas Section VI summarizes the results of
the first five sections. While some conclusions are drawn in Section
VI, some questions remain unanswered and await the results of work to
be done on a following program.



IT. GTD ANALYSIS OF A CYLINDRICAL SLOT ARRAY

This section deals with the analysis of a conformal antenna ar-ay
which consists of rectangular slots in a perfectly-conducting circular
cylinder. In the present study, one is interested in ascertaining the
% complex voltages received at each of the slot antenna terminals when

an electromagnetic plane wave is incident on the array. The object of
this study is to determine the feasibility of employing such a slot
array for the purposes of direction finding; the feasibility of the
array 1s to be determined from a knowledge of the variations in
voltages received at the slot antenna terminals as a function of the
direction (in azimuth) of the incoming signal. -

: In this initial study, the DF antenna array is modelled by an

y infinitely long perfectly-conducting circular cylinder perforated
with three or four identical, thin, small rectangular slots wnich are
] placed uniformly along the circumference of the cylinder. Since the
: cylinder is assumed to be infinitely long, and only a single array is
3 considered, the present study neglects the effects of truncation
arising from the finiteness of the actual cylinder, and it also
neglects the presence of any other vertically stacked arrays (for ‘
the different frequency bands). The effects of the former may be §
neglected if one assumes that the cylinder is sufficiently long in 3
comparison with the slot dimensions such that the interactions

between the slots and the ends of the cylinder is not significant.

Also, 1t must be assumed that the arrays for the different frequency E
bands are stacked sufficiently far apart on the cylinder so that the ’
effects of their interaction (coupling) are negligible. 1
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The geometrical configuration of the conformal array under study _
is 11lustrated in Fig. 2-1, The array is 11luminated by an arbitrarily ‘
polarized plane electromagnetic wave which is incident from an !
arbitrary direction in azimuth and elevation; however, in the present :
DF application, the elevation angle of the incoming wave will generally i
be within 30° of the hurizon. The elevation angle, 0 and the azimuthal
angle, ¢ associated with the direction of the incident wave are in-
dicated in Fig. 1; the inclination of the slot axis with respect to
che z-direction, which is denoted by the angle 0qg, is also indicated in
the same figure.
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The array configuration of Fig. 2-1 is analyzed via a short
circuit admittance matrix formulation which is presented in Reference
2; in this formulation, the voltayes received at the array slot
terminals* are expressed in terms of the slot mutual admittances, and

L Rl el cona e

| .
| *Each of the siots is assumed to be connected to waveguides such that i
‘ the end walls of the waveguides form the circular cylindrical surface !
E of the array; the slot terminals at the reference plane within each

| waveguide is then taken to be the dominant mode a half wavelength (for

E the suke ot definiteness) from the slot aperture.
|
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the short circuit currents induced in the slots by the incident electro-
magnetic plane wave. The induced short circuit currents and the mutual
admittances are calculated by the Geometrical Theory of Diffraction (GTD).

INFINITELY LONG
PERFECTLY — CONDUCTING

/ CIRCULAR CYLINDER
DIRECTION OF

g; THE INCIDENT

ELECTROMAGNETIC
PLANE WAVE

SMALL THIN
RECTANGULAR SLOTS

D SLOT AXIS

-®

0° FOR AXIAL SLOTS
6o 45‘: FOR 45°SLO1S
90° FOR CIRCUMFERENTIAL SLOTS

Fig. 2-1. An array of rectangular slots in a perfectly
conducting circular cylinder.

Some of the numerical results based on the analysis of Reference
2 are presented in the following paragraphs for the voltages received
by the slot array in a circular cylinder as a function of the azimuthal
angle, ¢4, of the incoming wave. The cylinder size is varied from ka=3
to ka=48; here k and "a" refer to the free space wave number and the
radius of the cylinder, respectively. Although the GTD solution
employed here is valid for kasino»>1, it is expected to yield accurate
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results for circular cylinders as small as ka=3 (and 6>30°); this
estimate of accuracy is based on previous experience with related
problems analyzed by the GTD.

Three different slot array configurations are considered; these
are the axial slot array, the circumferential slot array, and the
inclined (60=45° in Fig. 2-1) slot array, respectively. Referring to
Fig. 1, it is seen that the electric ficld associated with the in-
¢ident electromagnetic plane wave may be dec?mposed into it's o and
¢ directed components which are denoted by E9 and E‘, respectively.
The axial slot array is receptive only to Eg (this *act may be verified .
via reciprocity, since an axial slot in a cylindrical surface radiates
only a ¢ directed electric field); on the other hand, the circumfer-
ential and 45° slot arrays are receptive to both E; and E} (except
for o = ¥ 1/2 when the circumferential slot in a cylinder is receptive
only to the Eg component). Consequently, the circumferential or the
45° slot arrays are to be preferred for certain applications. From
the numerical results obtained, it appears that a three or four
element slot array on a circular cylinder can be effectively employed
for DF purposes.
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The voltages Vi{j = 1,2,3 +-+ N) received at the jth slot when
the array (of Fig. 2-1) is illuminated by an electromagnetic plane
wave are found in terms of ISC and Yips the short-circuit current
and N-port admittance matrix respectively (see Fig. 2). In the
present applications, N is either three or four. One notes that
there 1s a directional ambiguity present in the N=2 case; consequently
this case 1s not very useful for direction finding applications. The
polarization angle* 5, and the elevation (o) and azimuthal (4) angles,
respectively, specify the polarization and angle of arrival of the
incident plane wave. The amplitude of the incident plane wave is taken
to be unity. Three types of slot arrays are considered, namely, the
axial, circumferential, and the inclined (45°E slot arrays. The
values of ka selected in the calculations in [2] are ka = 3,6,12,
and 48, respectively. The slots are assumed to be open circuited.

Representative plots of the magnitude of the induced short circuit
current, I2C¢ are shown in Figs. 2-3 to 2-7 for ka = 12 as a function of
the azimutﬁa1 variation ¢ of the incoming plane waves. Different elevation
angles (o), slot orientation angles (og) and polarization are considered.
The variation of IEC is directly proportional to the voltage induced in
the pth slot in the absence of all the other slots. ~igures 2-3 to 2-7
are essentially self-explanatory. However, several things should be
pointed out. First, the circumferential slot will respond to a phi-
polarized signal if the direction of arrival is not normal to the cylinder
axis (i.e., o X n/2). This is illustrated in Fig. 2-5. The effect is
even more pronounced at lower frequencies. Secondly, the 45° slot which,

*s=n/2 corresponds to L, , whereas 6=0 corresponds to E;.
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of course, responds to both polarizations exhibits a strong asynmetry
for the phi-polarization when o % n/2. This effect is demonstrated in
Fig, 2-7a.
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/"¥~—N ELEMENT SLOT ARRAY IN
A PERFECTLY CONDUCTING
SURFACE

X

Fig. 2-2. An N-elenent passive slot array
i1luminated by a test antenna.

Figure 2-8 indicates the voltages received by an axial slot array

as a function of ¢, for given 0, and slot dimensions. The received

voltage scale is labeled VNORM and ¢ is labeled PHI (v is plotted in
degrees). Only the range 0° < 4 - 150° is considered as thc received
voltages at the different s]ots interchange roles so that their
behavior in the range 180 < p < 360° may be readily extrapolated
from the plots for 0° < ¢ < 180°, Since the axial slots are
receptive to only a ¢- directed incident electric field (E}), the
axial slot array is receptive to only a linearly po]ar\zea in-
cident plane wave. In general, the voltage variations (at any
g1ven port) increase with increase irn frequency (i.e., with
increase in cylinder size or ka). These variations are smooth
except for angles of arrival (4) which are in the deep shadow
region of the slots where the corresponding received voltages in-
dicate a ripple (fluctuation) which is more pronounced at the
higher frequencies.
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The voltage plot (for N = 3 case) indicates voltage amplitude
crossovers at ¢ = 0°, 60°, 120° and 180°; these crossovers provide
useful information for direction finding. It is seen from the plot
in Fig. 2-8, that there are in general at least two ports at which
the voltages differ by 6-8 dB, for any ¢.

Figures 2-9a and 2-9b indicate the voltages received by a cir-
cunferential slot array; these plots are labeled similar to those in
Fig. 2-8. When o = 90°, (i.e., along the horizon) the circumferential

slot array receives only a o-directed incident electric field._ However,

for ¢ # 90°, the circumferential sTots are receptive to both, o and ¢
directed incident electric fields. Thus, the circumferential slat
array 1s receptive to elliptically polarized incident plane waves for
o # 90° as seen in Figs. 2-9a and 2-9b.

The 45° slots have the characteristics of both the axial, and
circumferential slots, respectively. The 45° slots would thus be
receptive to elliptically polarized incident plane waves even for
g = 90° (along the horizon) as shown in Figs. 2-10a and 2-10b, except
when the 45° slots are in the deep shadow region of the field incident
on the configuration where the slots are receptive to almost linearly
polarized incident plane waves. The received voltage patterns for
the 45° slot array in general exhibit smoother variations than
those for the circumferential slot array. The voltage variations
of course increase with increase in frequency (or ka? for axial,
circumferential and 45° slot arrays as may be predicted from GTD
considerations. Additional results for axial, circumferential and
45° slots may be found in Reference 2.

From the numerical results above, it is seen that the variations
in the voltages received at the array ports (as a function of the
angle of arrival of an incoming signa1§ are such that they could be
used for the purposes of direction finding. However, the practical
effectiveness of such a DF configuration would be limited by the
dynamic range of the receiver, the sensitivity of the receiver aver
the dynamic range, and the effects of the environment surrounding the
OF configuratiun. If an amplitude comparison DF scheme is employed,
with a three element array (N=3), then certainly the minimum azimuthal
resolution can be estimated on the basis of the maximum and minimum
differences in the received voltage amplitudes at any two of the
three antenna ports. These maximum and minimum amplitude differences
occur periodically (in ¢) for different azimuthal (4) angles. Ad-
ditional information on the DF resolution may be obtained from a
knowledge of the order or sequence in which the received voltages
at the N ports are increasing or decreasing in each of the four
azimuthal quadrants; the plots in Reference 2 provide the necessary
details. The four slot array, of course, provides additional DF
information over the three slot array case; consequently, a four
slot array could improve DF resolution. In general, one would
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expect the DF resolution to improve with increase in frequency of
the incoming wave primarily due to the larger variations in the
received voltages at higher frequencies.,

Since the phase variations of the received voltages at the
various ports are a function of the azimuthal direction of the
incoming signal, and since these phase variations are not as rapid
at the lower frequencies as they are at the higher freguencies, one
could use the phase information along with the amplitude information
for the received voltages for a higher azimuthal resolution at the
lower frequencies, if desired. One also could use two different
three element slot arrays for a given frequency band in which the
slots are interlaced in an echelon fashion, e.g., the three slots
in the first array are separated 120° apart in the same plane,
whereas the three slots of the other array are configured similarly
except they are in a plane which is vertically displaced from the
plane containing the first three sints; furthermore, the slots in
the lower plane are shifted by 60° in azimuth with respect to the
slots in the upper plane, or vice versa. The two arrays could also
employ different slot types. This configuration if used to DF in-
dependently with each of the two slot arrays (corresponding to the
lower and the upper plane locations, respectively) would provide
additional Took angles and hence more DF information on the incoming
wave. The echelon arraying of the slots would avoid crowding the six
elements in one plane along the circumference of the cylinder.

In conclusion, the relative merits of the axial, circumferential
and 45° slot arrays in cylinders for the purposes of direction finding
may be evaluated from the results and discussions in parts A, B and C of
Section III of Reference 2. It is noted from Section IIl that the
45° slot arrays have the characteristics of both the axial and the
circumferential slot arrays: furthermore, the 45° slot arrays yield
s1ightly smoother variations in the received voltages as a function
of the azimuth of the incoming wave than the circumferential slot
arrays. For o < 90" (i.e., above the horizon), the voltages received
by a 45° slot array exhibit asymmetries (i.e., the values far 0%<y<180°
are different from the values for 180"«::360°) which are the same for
e¢azh slot. One may be able to employ this property of the 45° slot
array to advantage for direction finding.
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| Fig. 2-4a. |I3¢| vs u for a circumferential slot.
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5 for a circumferential slot.)

10

et @GEM EES ©OmS o

R :: i tean

. .




ost-

09%& ocg O0% oL

3SVHd

ozel

2i= o\ 7

x922 0* HioIiM L01S
X 1o 0=HIONIT 1018

1078 Y1 LNFEIINAOUD
(06 =8) 13 O 3nal a1}

o8l




¢ 2— 0" | 15| buE TO EL, (8- 60°)
—
CIRCUMFERENTIAL SLOT
J SLOT LENGTH » 0.51 A
i N SLOT VIDTH » 0.226 A
dB N . ka=|12
°
60 =20
A
~30 l
/
\
. \
90 ~ 2700
XN \

. 180°

Fig. 2-5a. IISCJ vs ¢ for a circumferential slot.
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ITI. EXPERIMENTAL DEVELOPMENT OF A T-BAR SLOT ANTZNNA

One possible antenna element for use in a direction finding
array on 1 cylindrical surface is a slot antenna. Most slot
antennas require a quarter wavelength from the backwall to the
aperture plane which, for the cylindrical application here, is a
prohibitively large distance. However, it has been found during
the course of this investigation that a T-bar fed slot antenna can
be designed over a large (i.e., 4:1) frequency range such that
the distance from the backwall to the aperture is considerably less
than a quarter wavelength over most of the bandwidth. The final
configuration of the T-bar antenna is shown in Fig. 3-1.

Fig. 3-1. A cavity backed T-bar fed, planar, slot antenna
with top of cavity removed for viewing purpose-.
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Some of the highlights of the experimentation that led to tlis
development are described below and in [3] for both the planar and
cylindrical cases.

A. _Planar T-Bar Slot Antenna

In a previous study of T-bar fed slot antennas, E.H. Newman
of The Ohio State University concluded that T-bars of thin rectangular
cross sections exhibited essentially the same input impedance as T-bars
of circular cross section and that the T-bar geometry is one of the
important parameters in determining bandwidth. Thus, the first antenna
parameter optimized over the desired four to one bandwidth during this
investigation was the T-bar geometry.

Newman, in his study, considered bandwidth as that frequency range
where the VSWR of the antenna remains below 2,0. However, other important
performance parameters such as efficiency, gain, and radiation patterns
(not necessarily independent of each other) may also be expressed in
terms of bandwidth. Investigating each of the performance parameters
over a four to one frequency range with the design of an optimum T-bar
slot antenna as the final goal would indeed be a lengtny process when
ore considers all possible combinations of the T-bar antenna variables
such as cavity depth, T-bar depth, cavity tuning and dielectric loading.
Therefare, an experimental system which would sample each of the
performance parameters simultaneously as the antenna parameters were
varied and would quickly describe the interrelationship of the antenna
parameters was needed. A swept frequency insertion loss measurement
provided such information., A block diagram of this experimental procedure
is shown in Fig. 3-2. Measuring the forward or reverse transmission coef-
ficient (S12 or S21) at the scattering parameters device, the ratio of
power received to power transmitted is obtained. It is apparent that
measurements over a swept frequency range contain information about the
radiation pattern in a narrow region broadside to the antenna and also
the gain of the antenna which in turn is related tc efficiency, direc-
tivity, and antenna mismatch. Substituting a reference antenna of
comparable bandwidth for the test ante na, the insertion loss measure-
ment provides a method to quickly check the cummulative effect uf these
important performance parameters while investigating different combinations
of the antenna variables. The S-parameter device used in these ex-
perimental investigations will also measure the return loss at
the antenna port which gives the VSWR of the antenna.

Using the insertion loss and VSWR measurement system, the
T-bar geometry was varied in a successful attenpt to optimize the
T-bar as described in the following paragraphs.

One method to expand the bandwidth of a wavequide is the
application of a single or double ridge. The ridge expands the
bandwidth of a wavegquide by decreasing the lower-cutoff frequency
and increasing the cutoff frequency of the higher order modes.
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The T-bar antenna (whose cavity exhibits waveguide characteristics)
was altered as shown (Fig. 3-3) and a ridge of dimensions 4.88 «x
5.08 cm, was installed corresponding to a bandwidth of 2.74 for

a waveguide of similar dimensions. Experimental investigations

of the ridged T-bar antenna showed an improvement in insertion loss
performance over the nonridged case. However, attempts to improve
performance still further with different T-bar geometries and ridge
sizes, showed that the best results were ultimately obtained when (1)
the ridge was removed, (2) the notch in the T-bar was terminated
resulting in rectangular slot in the T-bar, and (3) the peaked feed
point of the T-bar replaced with a gradual slope as shown in Fig. 3-4.

P

This investigation also showed an eight to twelve dB increase
in insertion loss which occurred at approximately 1500 MHz, thus
limiting the bandwidth performance. Resorting to another waveguide .
matching technique, tuning stubs of various sizes were positioned 1
about in the cavity while measuring the insertion loss. The spike b
at 1500 MHz can be effectively reduced using this procedure without
any loss elsewhere in the bandwidth 1f the stubs are located on the
bottom of the cavity in the vicinity of the T-bar and are shorter
than the distance between the T-bar and cavity bottom. The best
performance was achieved when the tuning stubs were located =10 cm
from the center of the aperture which corresponds to a spacing of one
wavelength at the troublesome frequency of 1500 MHz.

Following the discovery of the slot within the T-bar as a
useful tuning aid, the next investigation was to determine what effect
the length, width, shape of such a slot, and its position in the T-bar
has on the overall performance of the antenna. Investigation of the
slot length initiated with a small circular hole in the center of
the region where the slot was previously located in the T-bar. This
hole was then lengthened symmetrically in incremental steps recording
the insertion loss after each increase, The best performance was
achieved when the slot length was 7.5 cm which corresponds to 0.5
wavelength at the highest frequency of the desired bandwidth (7.5 cm),
and decreases when the length is increased above 7.5 cm. The slot only
affects the bandwidth above 1500 MHz and the insertion loss shows greatest
improvement (10 dB above the no slot case) at 2000 MHz. The slot con=
figuration is depicted in Fig. 3-1,

After establishing the length of the slot within the T-bar, the
next investigation was to determine the effects of the width of such
a slot. Following the sane procedure as before, the width of a 7.5
cm slot was increased incrementally with no substantial changes in
previous performance.

26



I i i Ll T o PRy SR I ]

FRONT VIEW
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) Fig. 3-3. a) Front view of the original planar T-bar
i slot antenna.

FRONT VIEW / APERTURE

| 7N

XN
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¥
—,l ‘4— 4.88¢cm
SIDE VIEW
, 3
/'h L 3.08cm
APERTURE + L
RIDGE
; Fig. 3-3. b) The planar T-bar slot antenna with

single ridge.
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The position of the slot was investigated by constructing
T-bars with the slot incrementally moved from 1 cm above the bottom
of the T-bar up to 5.0 cm. The insertion loss performance improved
in each case un to a distance of 4.0 cm. Above 4,0 cm the insertion
loss remained essentially the same. This T-bar with slot length 7.5
cm, slot width 0.8 cm, and distance from slot to T-bar bottom 4.0 cm
;? hegezfter termed T-bar D. This is the T-bar that is shown in

g- “S.

FRONT VIEW APERTURE

4___———"""J"--“‘-—-

—p §.2cm [d—

Fig. 3-4, The front view of the planar T-bar slot antenna
showing the slotted T-bar which resulted from
the ridge investigation.

The remaining questions about the T-bar geometry regard the
shape of such a slot and the actual shape and size of the T-bar.
After an experimental study of the triangular, square, and rectangular
shapes, it was concluded that the original narrow rectangular slot
with rounded corners was optimal. Various feed angles and T-bar
wid%hg weBe also investigated but did not give comparable performance
to T-bar D.

The next measurements were made to determine the effects of
cavity depth on bandwidth performance, The best VSWR-impedance
bandwidth should occur when the distance from the T-bar probe feed
to the back wall of the cavity is a quarter wavelength at mid-
frequency. Therefore, it is desirable to determine what tradeoffs
exist between bandwidth and cavity depth in terms of insertion loss
and VSWR. Using T-bar D, the air filled T-bar fed slot was investi-
gated while varying cavity depth from 2.25 inches to 1.25 inches in
0.12% inch steps. The experimental results showed that from 500 to
1500 MHz the insertion loss increases as cavity depth is decreased.
However, above 1500 MHz it decreases, The 1imit of the insertion
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loss decrease occurs at a cavity depth of 1.5 inches, but at the
lower end of the bandwidth the insertion loss continues to increase
as cavity depth decreases. This result should be expected since

the cavity depth approaches a quarter wavelength for the upper limit
of the bandwidth and greatly decreases from a quarter wavelength at
the lower frequency as it decreases to 1.50 inches ()/4 for

2000 MHz = 1.47 inches). The VSWR measurements for the same experi-
ment indicate that as cavity depth decreases, the VSWR of the antenna
increases from 500 to 1500 MHz but decreases from 1500 to 2000 MHz
until a cavity depth of 1.5 inches is reached., This is illustrated
in Fig. 3-5. This agrees with the insertion loss measurements because
the ratio of power transferred should increase as the VSWR decreases
and 1ikewise decrease as the VSWR increases. This fact 1s also
apparent in the results of the absolute gai. measurements of the
T-bar antenna shown in Fig. 3-6.

Therefore, the tradeoffs involved seem to balance out since the
loss at the low end of the bandwidth is counterbalanced by an almost
equal increase in performance on the high end. Furthermore, these
variations are caused primarily by variations in the VSWR (which can
be compensated with wide band matching) rather than efficicncy losses.
It is concluded that the cavity depth of the air filled T-bar antenna
may be decreased to 1.5 inches with only a slight decrease inh overall
performance.

Dielectrically loading the T-bar fed siot with a Jow loss
dielectric material should produce similar results to the air case
with the air cavity size reduced approximately by 1/ . Experiments
were conducted to investigate this expectation by varying the cavity
depth and filling the distance between the T-bar and back wall with
1716" thick sheets of polystyrene. Then the experiments were repeated
with the area in front of the T-bar filled with polystyrene. For a
shorter bandwidth the performance is improved with the addition of
dielectric materials behind the T-bar but if a 4:1 bandwidth is required,
the better of the two cases was found to be the air filled cavity.

At cavity depths of 1.5 and 1.25 inches the normalized far field
patterns (H-p1ane$ were recorded with and without dielectric loading
behind the T-bar. The far field patterns are broadbeam until 1500 MHz
where lobing occurs for the air filled cavity. This result should be
expected since the aperture is 1.5 wavelengths long at 1500 MHz, and
the TE30 mode is excited. With dielectric loading behind the T-bar,
the antenna exhibits a less broad pattern and lobing occurs at a Tower
frequency (1300 MHz)., The TEjg mode is excited at a lower frequency
with the addition of dielectric, thus causing the lobing to occur at
1300 MHz.

Tha general shape of the patterns was unchanged with various
cavity depths for the air case. However measured power levels
decreased with cavity depth as predicted by the insertion loss
measurements. Normalized patterns of the air filled case are Shown
in Fig. 3-7.
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Fig. 3-5. VSWR measurements recorded as the
cavity depth was varied.

It is desirable that the T-bar fed antenna exhibit a broad beam
pattern over the entire specified bandwidth. To accomplish this
goal, the antenna's electrical length must remain less than
three-halves wavelength over the entire bandwidth or the higher
order modes must be suppressed. Choosing the latter method to extend
the pattern bandwidth, resistive tuning techniques were applied to
the aperture. Resistive tuning stubs were constructed from narrow
20 ohm resistance cards to tit the width of the aperture. With a
cavity depth of 1.5 inches and polystyrene dielectric behind the
T-bar, the resistive tuning stubs' positions were varied in the
aperture while measuring the insertion loss. Comparing the results
to the dielectric case it was found that the insertion loss was
increased over most of the bandwidth by approximately 5 dB, how-
ever it slignily decreased above 1700 MHz. Since resistance has been

introduced to the aperture, the possibility of decreasing antenna ef-
ficiency exists.
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Absolute gain of T-bar slot compared to isotropic.

3

TRV faom e

e

b e il M

o



I N e i o o L At gt e o s mt e

S3Ydul G°| SL swiayjed paunseaw 3sayy J04 yi1dsp A1Aed
: L ! palllj-4le @
tuudjue Jeq-] Jeueid syz jo (sueid-4) swiayjed piayy ey _umN.:mEh#

ZHW 0011

ZHW 000t

“L-g i

32




3

N y
g n

g z 1

— A

{

1

:

o

Fig. 3-7. (Continued).
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Fig. 3-7. (Continued).
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With resistive tuning the VSWR was better across the entire
bandwidth than either the air or dielectric loaded case and further-
more, the peak at 1500 MHz was suppressed. Therefore, the higher order
modes have been tuned out at the expense of efficiency in the antenna
as indicated by the insertion loss measurement. To further verify this
conclusion, normalized far field patterns were recorded for the resistive
tuied cavity with resistance cards located at 2.75 inches from each side
wall of the cavity directly in front of the T-bar. The patterns showed
that the TE,, mode was suppressed since the T-bar exhibited a 4:1 pattern
bandwidth,

Since the cavity depth of 1.5 inches was still larger than
desired, the tradeoffs between T-bar depth from the aperture and
bandwidth performance wa