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ABSTERACT

This thesis presents the results of an experimental
investigation of the finline horn antennas. Both near-field
and far-field measurements were made for boranas with
different physical and electrical parameters. This revealed
the influence of the various parameters on the radiation
pattern and led to a design which appears to be close to tae
optimum with respect to gain and sidelobe levels. The appli-
cation of these horns in a printed circuit monopulise
comparator is also demonstrated.
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2 A. BACKGROUND

Millimeter wvave systems offer many advantages over
microwave systems such as broad bandwidth, higher spatial
and frequency resolution, low prokability of interference or
interception and small component size. The manufacturing
and interfacing of conventional components at these frequen-
cies can lead to tolarence problems. The integrated circuit
approach at wmillimeter uavelengths'offers great advantages
» in terms of design, low insertion losses, compatibility with
o hybride IC devices, <c¢ost and transition to the waveguide
instruments. Meier (Ref. 1] showed that marny conmponents
like a wide bamd SPST switch, balance mixer, an endfire
antenna and a four-port forward coupler could be manufac-
tured using finline technology.

This thesis investigates the possibility of wusing the
near-field antenna testing technique to improve the design
of the finline horn antenna and to optimize the gain. It

also introduces a new coacept, a firnline monopulse compa-
rator and presents the experimental results.

1. [Electromagnetic Horn Aptegpas

- An open-ended waveguide can act as an antenna at
. microwave frequencies with a very wide beam and low gain.

Basically there is an impedance mismatch at the open-end of

the waveguide with respect to free space. 1If the dimensions
- of the waveguide are progressively increased to create a
consideraply larger radiating aperture, a highly directive
radiation pattern can be achieved. This type of antenna is
called an electromagnetic horn.

; AN
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There are w@many types of horn antennas but Pyramid .
and Sectoral are more comaonly used and are shown in Pigure
1.1.

The pyramid horns start from a rectangular vaveguide
and are flared both in the E-plane and in the H-plane. The
width of the radiating aperture in the H-plane is denoted by
wA" , and the height of the radiating aperture in the E-plane

S is denoted by "B". The flared length of the horn in the
5 H-plane is denoted by "Lam™ anéd flared length of the horn in
the E-plane is denoted by "le" as shown in Figure 1. 1(a).
The sectoral horns are a special class of pyraamid
horns. These are flared either in the E-plane or in the

H-plane. The termiaclogy used for pyramid horns is also
applicable to the sectoral horns.

2. Einline Horn Antennas

In finline, a dielectric substrate with metal strips
on one or both sides is suspended in the E-plane of a
rectangular waveguide. Sharma [Ref. 2] classified finline
with metal on one <side of the dielectric as unilateral
finline and that with metal on both sides of the dielectric
as bilateral finline. A bilateral finlirce is shown in Fijure
1.2. If the fins are made MU, the open circuit from the
vaveguide opening should reflect back as a short at the edge
of the fins. Thus, it can be modeled as a ridged wavequide.

According to Meier [Ref. 1], if the dielectric in
the E-plane of the wvaveguide is extended beyond the wave-
guide open end and the metal strip is flared to a
sufficiently large radiating aperture in the E-plane, the
resulting antenna can produce a nice radiating patteran. This
type of antenna nas the potential to mate with MIC's (micro-
wave integrated circuit). Integrating an aantenna wits a
receiver can provide advantages in term of size, weight and
production cost. Such integration is specially desireable,

13
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(a) Pyramidal Horn

REPRODUCED AT GOVERNMENT EXPENSE

(b) Sectral Horn Flared in H-Plane

(ec) Sectral Horn Flared in E-Planre

(S

L T e

Fiqure 1.1 Types of Horn Antennas.
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The quarter wavelength sections ‘
that reflect the opens at the top
and bottom of the dielectric to
apperant shorts across the tips
of the fins (dotted lines).

Figure 1.2 Bilateral Finline.

vhean a large number of antenna / receiver modules are
required, as 1in a pnased array or amultichannei direction
finding systen.

B. BELATED WOEK

1. Near-Field Antemna Testing

Near-field antenna testing has nbpot been very
commonly used in the past to icprove antenna design. At
present only a few near-field measureament ranjes are opera-

tional, oput this technique appears to be heading for an
exponential grovwth in the immediate future.

Harmening [(Ref. 3] presented tne results of nmpear-
field measurement made on the AN/SPY-1 phase array antanna
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at RCA Government System division in 1979. Stubenrauch and -
Nemell [Ref. 4] published the results of some of the near-
field antenna measurements performed at National Bureau of
standards and they particularly meationed the results of
measurements made on a large microstrip phased array for
space born synthetic aperture radar (SAR) applications and
also provided a comparison between far-field patterns
obtained from conventional techniques and those calculated
froa near-field data.

2. Finline Horn Antenna

In the finlinpe structure, longitudinal metal strips
and dielectric layers are suspended in the E-plane of a
rectangular waveguide housing to provide capacitive loading
to the quasi TE10 mode. This loading widens the single mode
bandwidth as in a similar structure, ridged waveguide.
[Ref. 1]

Meier [Ref. 1] demonstrated that by extending the
finline beyond the rectangular waveguide and flaring it in
tae E-plane, a suitable radiation patiezta with sufficient
gain can be achieved. The Ka band finline antenna reported
Ly Meier haad a gain of 13.5 dB. The half power beam widths
vere U4 degqg. in the H-plane, and 27 deg. in the E-plane. A
sinple finline taper between the aperture and the waveguide
feed provided an input VSWR of 1.8 across a 4.0 GHz band
centered at 35.0 GHz.

Musitano (Ref. 5] measured a series of radiation
patterns for finline horans already designed by Prof.
J.B.Kpnorr as shown in Figure 1.3. For different flare
lengths and angles he measured gain and 3 dB beam widths in

the E and H-planes. Most of the radiation patterns were
unsatisfactory and did not have clear main beams and the
side lobes were far too high. The radiation pattern of
E-plane and of H-plane are shown in Figure 1.4 and Figure
1.5 respectively.
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Figure 1.3 Finline Horn Antenna.

C. PURPOSE

The main purpose of this thesis is to perform near-field
. measurements on the finline horm antenna already designed by
. Prof. J.B.Knorr and to highlight the causes for the ursatis-
factory far-field radiation patteran and using the near-field
4 measurement observation, redesign the finline horn antemnna
with a uniform phase front. A secoadary purpose 1is, to
combine two finline horn antennas with a finline magic-tee
to form a @monopulse comparator ana demonstrate sua aand

dif ference radiation patterns.
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Figure 1.4 E-Plane Badiation Pattern of 0ld Finline Horan.
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IX. TIHEQRYX

A. NEAR-FIELD ANTENRA TESTING

1. Near-Field Testing Process

Near-field antenna testing is based on the accurate
characterisaton of the RF field (phase and amplitude) of an
antenna under test over a measuremeat plane parallel to and
displaced a few vavelengths from the antenna aperture plane.
The BRF field is measured by precisely positioning an RF
probe at uniformly spaced points in the aperture plane.
This near-field is then transformed by fast Fourier trans-
form to an E-plane far-field radiation pattern. [Ref. 3]

The area of the measurement plane is finite, and thae
resulting truncation of the measured RF field defines the
paximum angles that will yield an accurate far-field
pattern. A schematic relationship and far-field cutoff angle
criterion for a planer near-field pattern range is shown in
Figure 2.1. Prom Figure 2.1

Qc = té} (Lx—-a) /2D (egqn 2. 1)

C is the wmaximum arngle to which far-field patterms can be
accurately determined.

2. ELror Sources

There are many error sources which contribute to the
iraccuracy of the onear-field measurement. These are

discussed iL the following paragraphs.
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Measurement
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Test
Antenna

Pigure 2.1 Near-Field Pattern Range Geometry.

a. Probte Position Error

REPRODUCED AT GOVERNMENT EXPENSE

The main contribution to tae total fractiomal
far-field error is due to the probe position error. There
are two type of probe positioning error, the first is out of
plane displacement (z-direction) of the RF probe and the
second 1< in plane horizontal (x)direction and / or vertical
(y) direction displacesent of the probe. The probe is aodeled
as peing at a point p+ap on the plane Z = 3 +Az in front of
the test antemnna. There exists an error pattern due to the
difference between the desired pear electric field at the
point (gp,d) and the field actually measured by the probe at
the pcint (ptAr,d+Az) as given by:

21
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The displacement of the probe from a measurement plane at
the instant of measurement will cause an error in phase as
well as in magnitude, which in turn when transforamed to
far~-field pattern will introduce error which is a function
of antenna frequency, aperture size, illumination function
and gain. In the near-field measurement, probe positioning
is so critical that warmeaing [Ref. 6] suggested probe posi-
tioning Ly Lasers for precise pnear-field measurements.

t. Probe Pattern Errors

The probe that measures the near-field of an
antenna possesses a response which weights the field of tae
probe over its volume to produce a net signal and this can
introduce some error when transforming the near-field meas-
urement to the far-field pattern. There are many differeant
wvays to overcome this error. Huss [Ref. 7] sujgested that if
the rrcbe antenna characteristics are known then fgrobe
pattern correction shaould te applied when transforming tae
near~field measurements ir to far-field pattern or the sepa-
ration distance between the peasurement plane and antenna
face should be increased to several wavelengths to avoid any
probe pattern error.

The probe pattern is more important for small
probtes and when the measurement plane is witain 1-2 wavel-
engdths from the antenna face.

C. Probe Polarization Error

The probe's output npot only depends upon its
position on the measurement plane but is also a functicn of
its polarization. If the polarization of the probe and the
aptenna are not matched, the probe will not respoud to all

the field present at that point. It is rard to know the
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polarization of the probe and the antenna both before harnd. -
Hammening [Ref. 6] suggested that if it is assumed that the

probe and antenna are not well matched, tvo separate scams

with the probe nmounted in the co-polarized and cross-

polarized confiqgquration should be performed. This wotld

double the scan time and increase data reduction time. Tken

data from both scan polarizations as well as from probe

calibration (if any) should be combined to obktain final

antenna RF performamce.

d. Multiple Eeflections

The determination of test antenca radiatiorn
pattern from near-field measurement assumes that the meas-
ured data does not include multiple reflections from the
near by objects or testing probe etc. Both amplitude and
phase variations arising froa aultiple reflections can mask
the desired field distribution along the scan plane. This is
particularly true for a probe / test antenna separation
distance on the order of one waveleangth and for frequencies
where the probe becomes electrically large. Grimm [Ref. 8)
suggested that error due to nmultiple reflections could be
avoided either by increasing the probe to test antenna sepa-
ratiop distance or 0y averaging several sets of near field
data taken at various multiples of A/8 separation.

€. Instrumentation Errors

4 final scurce of far-field error is due to the
imprecision of the near rield test instruments. As stated by
Grimm [Ref. 8], typical microwave receivers mneasures RF
phase to within 0.05 deg for maximum amplitude input and to
within 0.5 deg when the RF signal amplitude is 20 aB down
trom the maximum. Such a spall phase variation contributes
negligibe errcr to the far-field pattern. However, the

typical receiver's inability to measure RF applitude
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accurately contributes sigaificantly to the far-field-
pattern error.

B. HCRN ANTENNAS

The standard electromagnetic horn can be used either as
a primary antenna or as a reflector feed driven from a wave-
guide. Horns are flared in the E and or H-planes according
to the design requirements. When the energy is transmitted
from the horn there may or may not be a reflection of
energy. A reflected wvave will inevitably disturb the inci-
dent wave and give rise to a standing wave. If this ratio is
equal to 1, there is no reflected energy; i.e all the energy
provided by the waveguide is transmitted into space by the
horn and there is a perfect impedance match of the hcrn with
iree space. From the Reciprocity Theorem, it follows taat
under such circumstances, all the energy arriving from free
space and entering the horn will be passed to the waveguide.
The horn may therefore be considered as a transformer
between wavequide and space.

The mouth of the horn is a radiating aperture and the
the radiation from this aperture would depend upon the
distribution of amplitude and phase in the aperture plane.
In fact, it is more complicated because tue external walls
of the horn <contain currents which influence the far-field
radiation pattern. Therefore it is very difficult 1f not
impossible to make precise calculatioas. For horns with
large aperture, it is the amplitude and phase distribution
of the aperture field waich has the predominating influence
on the radiation pattern. For horns with dimensions which do
not exceed one or two vavelengths the effect of currents
circulating on the external walls becomes appreciable.
{Ref. 9]
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The field viriation across the aperture of an electro-
magnetic horn is similar to the field distributiom of the
TE10 mode across a rectangular waveguide. The field ampli-
tude distribution is wuniform in the E-plane and obeys
approximately a cosine 1law in the H-plane. I1f we consider
the aperture of a horn in the H-plane the field intensity is
maximum at the center of the horn and falls gradually to the
sides and at the side wall of the horn, the field vanishes.
Therefore we can define the aperture of a horn in the
H-plape in apother way; half the radiating aperture (A/2) 1is
equal the distance from the point of maximum field amplitude
to the pcint where tke field amplitude becomes sufficiently
negligifkle.

According to Thourel [Ref, 9], the beam width in the
E-plane and in the H-plane for a regular horn antenna can be
approximated by 51% MB and 69% A/A respectively.
According to Ghandi [Ref. 10: p. 140] for the optimum design
the gain of a pyramid horn can be approximated by
0.5*4Tt * (AB/R), the gain of a sectoral horn flared in the
H- plane can be approximated Ly 0.63*4W *(AB/," ), and the
gain of a sectoral horn flared in the E-plane can be approx-
imated by 0.65%¥4TW =*(AB/N). The constant terms 0.5,0.63
and 0.65 dare illumination factors. Therefore, the gain o:f

any pyramid or sectoral horn can be approximated by
Gain = (constant)*4Tr# (AB/) ) (egn 2.2)

where the constant is the illumination efficiency.

Equation 2.2 can also be written as
Gainm = C * (AB/X) (egn 2. 3)

vhere C = (Illumination efficiency) ¥ 4W.

25




M g6 dgi=a @ aadh Sk adh Sagh Jiafh i c-aien g
............. . TR R T e

1. Finline Horn Antenna

The theory and design considerations for a finline
horn are not altogether different from those for a standard
electromagnetic horn. For the standard electromagnetic horn
the medium of propagation is air , where as in the finline
horn the medium of propagation is partially dielectric
material and partially air.

Basically the fipnline hormn is fed from a slot and
the slot can be transitioned from waveguide, coaxial cable
or from another micrcwave device e.qg. finline magic-tee,
depending upon the design requirements. The width of the
slot is very critical. If it is fed from a coaxial cable it
should match the impedance of the coaxial cable, if it is
fed from another wmicrowave device it should wmatch the
impedance of that device and if it is transitiored from a
waveqguide, then the width of the slot is a variable param-
eter. 7The wavequide can be matched to the desired width of
the slot by taper design as described by Adalbert and Ingo
[Ref. 11].

In addition to the slot width, the height of fins in
the waveguide is also an important factor in the design of
finline horns. For the 1ideal desigrn the height of fins
should be A/2, so that the short from the waveguide wall
should reflect back as a short at the edge of the fimns. Ir
that case the finline can be modeled as a riged waveguide.
The ideal design requirement for the slot width and the fin
height are difficult to meet, but through suitable selection
of dielectric material toth conditions can pe satisfied. TIf
under some circumstances the condition of A/2 for fins can
not te satisfied, then the finline cannot exactly Le modeled
as a ridged waveguide but it can be visualized as two fins
in the waveguide and most of the rfield will concentrate
tetwveen the fins depending upcn the dielectric constant of
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the material. In our experiment, ve will consider finline -
horn driven with different slot widths and discuss the
results obtain from these changes.

For the finline horn, we have physical control of
the flare length, flare angle and radiating aperture in the
E-plane, but we have no physical control on the parameters
in the H-plane. However by using different dielectric
material, ve can control the effective aperture 1length in
the H-plane.

As mentioned in the preceding paragraphs, half of
the radiating aperture (A/2) in the H-plane can ke deiined
from the maximum field strength point to the point where the
field becomes negligible. If we use the higher dielectric
constant material, more field will be conceatrating in the
dielectric and the point of negligible field strength will
move closer to the center, thereby reducing the aperture
size in the H-plane. Therefore, we can control the radi-
ating aperture in the H~plane by using different dielectric
materials. Mathematically we can define the H-plane radi-
ating aperture (A) by tae following eguation,

_ Ke, _ Y '
A =K1=* 1,/ (Er) or A /) = K1 * 1 / (Er) {egn 2.4)

where K1 and K2 are constants.

Now considering the simplified gain equation of 2.3,
we kncw the physical dimensions of B/) of the finline horn
and ve can approximate the dimemsions of A/), from Equation
2.4 . If we substitute the A/) from Equation 2.4 into
Equation 2.3 , we get

Gaimn = C1 * —-gé—--§& (ejn 2.5)

As (&

Where C1 and C2 are constants.




If by some @means we can find the values of the"

constants C1 and C2, then we can approximate the gain of a
finlipe horn aantenna. We will use the experimental approach
to find the wvalues of C1 and C2 in the next chapter.
Similarly the beamwidth in E and H-planes can be approxi-
mated by K1*¥*M/B and K2*(Er§’ respectively and constaant terms
can be found from the experimental results.

2. Design Copsiderations for the Fimline Horn Aptenna

There are many design parameters which need to be
considered for the design of a finline horn antenma. In the
following paragraphs we will discuss each one of then.

Given the gain and beamwidth of the finline aorn
antenna, we need to calculate the flare length (Le}, flare
angle, radiating aperture (B) and Er. The flare length is
normally defined in terms of number of wavelengths in the
dielectric. The Le normally depends upon the gain we want
and how long a horn antenna we can afford to make. A series
of curves for different Le's has been shown by Jasik
[Ref. 12:p. 10-6). These curves are plotted for b/p vs
Ge¥ (asa) . Por a specific le, the Ge¥*(M/a) A increases with
an increase in b/) and reaches an optimum value and any
furt her increase in b/) beyond the optimum value decreases
the Ge* (MNa). As mentioned previously, we have no physical
dinmensions in the H-plane, however we have establisned an
equivalence in terms of dielectric constant. We can still
use these curves but cannot calculate the exact gain. One
might consider taking b/) for the optimum value, tut tnis is
not always the best solution because 1in addition to higa
gain we Dneed a well defined main beam and low side lobes.
Jasik [Ref. 12:p. 10-4] shows the universal radiation
patterns in the E and H-planes. These Figures hLave ceen
replotted in Figyures 2.2 and 2.3. As shown in Figure 2.2,

for lower side 1lobes we need to have a lower value of
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maxiaum phase deviation in vavelength (S), which is defined
by

S = B"/ (8 * A * Le) (egn 2.6)

Where B is radiation aperture in E-plane

Le is flare length in E-flane
and A 1s wavelength in air.
From PFigqure 2.2, ve can see that for a good radiation
pattern, we need to have S < 0.125. A higher value of S will
give a completely distorted radiation pattern. These curves
of Figures 2.2 and 2.3 are for design of regular horn
antenbas. Now the guestion arises as to wether we can use
these curves for a finline hora and if so wether ve should
take the wavelength in air or dielectric. We will show in
our experiment that these curves are still applicable. We
sould use the wavelength in air for calculation of S because
when waves leaves the radiating plane they are im the air.
The Figure 2.3 shows the wuniversal radiation patterns in
the H-plane. These patterns are also functions of maxiaua
phase deviation (in wvavelengths) in the H-plane. Maximun
puase deviaticn in wavelengths (I) is defined by

&
T =4/ (8 * A% Lh) {eqn 2.7)

where A is radiation aperture in H-plane
Lh is flare length in H-fplane

and A is wavelength in air.

In equation 2.7, most of the terms are unknown in tne case
of a finline horn. #We can see from Figure 2.3 that for this
case also a lower value of T is desireable. However, a
higher value of T will not seriously distort the pattern,
vput will give a wide pattern, vhich can be controlled by

suitatle choise of dielectric material.
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From the above paragraphs we <c¢an concluded that
radiating aperture (B), flare length (Le), flare angle and
Er are interrelated and they need to be carefully selected
according to the design requirements.

3. Uniform phase Front Finline Horn Antenna

The radiation from an aperture is governed by the
distribution of the fields om it. A reflector may be consid-
ered as an aperture, and its radiation pattern is governed
by its illumination. In the most general case this illumirna-
tion 1is supplied by the horn radiating towards the
reflector. The distribution of the field at the aperture
thus depends upon the shape of the horn's radiating plane.

The field distribution at the aperture of a regular
hora antenna is quite 1ifficult to change. However, some
aetLods have been discussed by Thoural [Ref. 9]. In the
case of a finline horn antenna, the £field distribution at
the radiating aperture can very effectively be varied.

Onder normal circumstances the field distribution at
the aperture bhas a semicirclar shape and the direction of
propagation is perpendicular to the field. If we visualize,
we have a daiverging field. To achieve a uniform phase front
at the radiating aperture, then the fieid must bpe
propagating parallel to the z-direction. In the following
paragraphs, we will Jdiscuss a uwmethod to opbtain a uniform
phase front on a1 finline hLormn antenna. ,

Por a uniform pnase front, basically what we want is
to slow down the {ield in the center or make the field at
tne edges to go fast, so that at the horn aoutn, all the
wave elements hnhave the same phase. This can Le done iz
several vays. Jne of the methcds we considered was to drill
noles in the dielectric edges to make the wave move faster
on the edges and gradually slow down in tke center. This
concefpt is quite difficult to implement because it is hard
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g to calculate the exact size, puanbers and position of the.

holes. The second method we considered was to extend the

dielectric beyond the horn mouth in a particular shape, so

. that the waves in center should keep on moving at the speed

in the dielectric and at the edges the wvave should move at

: the sreed in the air and in some plane in front of the horn
antenna, the field will have a uniform phase front.

2
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Figure 2.4 Pinline Horm Antenna with Upiforam Phase Front.

The finline hcrn antenna with extended dielectric is
shown in Figqure 2.4. Where plane acb is the aperture plane,
the curve adb is a constant phase surface, and curve aeb is
the extended dielectric shape to produce a uniform phase
front at an imaginary plane xey. If we carefully visualize
the Figure 2.4, we are intrcducing a coanvergiang lens in
front of the aperture plane.
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The lens theory is not a new concept. It has peen
previously considered by FPradin [Ref. 13], but he put a
particular shape of dielectric in tae mouth of the regular
born antenna im order to change the phase front in a desired
way. In that method the wave was transitioning from air to
dielectric and back to air. 1In the finline horn antenna, vwe
are extending the dielectric and it is the shape of the
dielectric which produces the uniform phase fromnt at an
imaginary plane. In the following section we will derive the
equation to calculate the precise length of extended dielec-
tric beycnd the aperture.

Figure 2.5 Geometry of Unifora Phase Front.
The finline bhorn antenna 1is symmetrical atout its

center axis, therefore we will only consider half as shown
in Figure 2.5. Yere L is the flare length froa origin to the
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constant phase surface, is the <flare angle, ey 1is the-
uniform phase surface, P is the lenygth of the extenced
dielectric at the center, (Q is tae racial length froo edge
of bhorn to the uniform phase front ard b is the raiial
length of the extended dielectric at amn angle .
We need to calculate thne radial extension (p) in
terms of augle rrom the origin. In order to oktain a
uciform phase front at plane ¢y as shown in Figure 2.5, we

need to make the distances P, Q and a + b electrically the

DS 3 R |

same. It was assumed during these calculations that inci-
dent field at the edge of dielectric is perpendicular to tae
aielectric shape, therefore reflection can be neglected.

Q = EBEJcr = a ¢+ b JEr {egn 2.3)

Froa triaagle oye of Figure 2.5,

oA oV E Rt T

L +2 = (L + () * CCS(&) (egqn 2.9)

HEPRODUICE

Substituting P ip term of Q from Eguation 2.8 in Equation
2.9.

L #pP= (L + 2JEr) * cos(N (egn <. 10)

Prom Equation 2. 10,

P @ ecocmmmmmmmms » L (egn 2.11)
(JErCOSA -1)

This will give us the maxiaum height of dielectric 4t the
center, In order to calculate the heigat "“L" in term of
angle® Fron triangle oze of Figure 2.5,

(L +P) = (L ¢#a+b) *cCcs(p) (eqn 2. 12)

wnere 1 P
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from Figure 2.5, when @= 0
R=L ¢#P or b=2P

and when P=dA
R =1L or b =20

From Equation 2.12,

L(1-cosB) + P o
a+ b= (egqn 2.13)
cos B

From Equation 2.8, we know that
a + b|5r = PJZLC (egn <. 14)
Solving siwmultaneously tae Equation 2.13 and Equatica 2. 14,

we get

Lct-cas By + PC1-[ErCOSP)
- ——— {egn <£.15)
cosP (1- [Erd

s6o0stitdtiag valae ¢ 2 £from Zguatioa 2.11 into Iguation
2.15,

b =

(1- [ErCOS P)(1-COSA )
(1-COSPB) + --—[_-— --------------

b @ e e e — e e L (92 Z. 10)
cosp (1-JEr)

This iformula for "t" can obe evaluated 3in Soae
computer, which <can drav tne exact shape of the extended
dielectric for the uniform pnase tront.

C. MONOPULSE EADAR AKTENNAS

The typical Bonofulse radar d4ntewna systew coLsists of
four identical reiflector Ieeds, interconnected with three or

more magic-tees. Tone sijnals to and rrok tne four feeds are
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added and subtracted in various combinations to produce
three outputs.

All four of the feeds are sumamed together im phaase to
produce the sum channel. This signal is connected to the
radar via a traditional T/R (transmit/receive) device.

The two difference channels provide the tracking infor-
mation. Tae elevation port developes the difference of the
upper and lower feeds, while the azimuth port produces the
difference petween the left and rijht elements. If a mono-
pulse antenna is pointing exactly at a target there will be
a strcng signal in the sum channel acd apsolutely no signal
in either tae elevation or azimuth channels. The null in the

frrv-ivrvv‘v‘

difference channels is the result of shifting two identicai

signals 180 degrees from each other, and then adding thenm
togetber. The phase sbifting and addition is accozpiished in
the magic-tees.

The radar return from a target that is slightly left of
the mconofpulse antenna extended center 1line will reach the
left elcments of tue antenna before it reaches the riyht
elements. This will produce a slight phase shift between the
two returning pulses in the azimuth channel.

With this alignment, there will not be complete cancel-
lation after the two signals are shifted by 180 degrees and
then added. The resulting "difference" signal will increase
in amplitude and shift in phase as the target gets farther
away from the antenna boresight. There will also be a 189
degree phase shift in the difference channel as a target
crosses the antenna Lboresight. [Ref. 14]

Since the null in the difference port can oaly occur
with exact target/ antenrna alignmeant, 1t signifies the exact
center of bLoth the sum and difference antenna patterns.

When this information is ccambined with range data, the
target's location cac be limited to an arc on the plane that

tisects the two halves of the antenna. The point where tue
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elevation and azimuth arcs cross, 1is directly in front of

the antenna. The line between the monopulse antenna and tanis

point is commonly referred to as the boresigat of tne

antenna.

If the outputs of the difference channels are monitored

while a target is within the main bheaa of the sum pattern;

the target can be

classified as exactly centered, a little

left, a little right, a little 1low, a little high, oI a
compination of these directions.

As defined by Skolinik [Ref. W], both amplitude and

phase comparison
difference signal
target is on. The
tive amplitude of
sum chanpnel) to

monopuilse Systems use the phase of tae
to deterwmine which siade of Loresigant tae
anplitude comparison systea uses the rela-
the difference channel (as compared to the
determine hovw far a target 1is from tae

extended center line, while the phase comparison systeun

obtains this information from the exact phase of the differ-

ence chaonel.

These techniques were 1nitially called simultaneous

lobing, since all four lobes are sampled during each and

every returniny
conmplete tracking

the current designation of "Monopulse". [Ref. 14]

Earlier tracking radars such as conical scanning ané
lobe switching systems required numerous pulses to obtz2in
tae same information, The accuracy of these older systeas
was often degraded by tne pulse to pulse aumnplitude varia-

tions. Monopulse systems, which are free of distorticr, have

achieved tracking

Two popular

antenna systems are illustrated in figiares 2.6 and 2.7.
{Ref. 14)

forms of amgplitude comparison wmonogpulse

radar echo. The trait of obtairning a
solution in only one pulse, finally lei to

accuracies of 0.003 deqrees. [Ref. 14]
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III. EXPERIMENT

A. NEAB-FIELD ANTENNA TESYING

For the near-field antenna testing, the first thing
required is some sort of mechanism to hold the test antenna
in a fixed position and to position and move the measurement
probe precisely in steps, parallel to the antenna aperture
plane. 1The test-bench made for this purpose is shown in
Figure 3.1. This test-bench wvas made mostly of wood, except
the slotted line , which was used for positioning the meas-
urement probe. During measurement, the test-benca was
completely covered with echosorb to avoid any reflection
from nearby objects , instruments.

The following test equipment was used to complete the
near-field test set-utg.

1« HP 9845B Computer with 11863E software.
2. HP B8409C Vector Network Apalyzer.
3. Designed Test-Eeuch.

The complete set-up is shcwn in Figure 3. 2. The aost
inportant piece in the set-up 1is the network analyzer. Tte
network anaiyzer measures the reflected and / or traanszitted
power and displays it as the S-parameters of a 2-port
network. Tnis equipaent is controled by the HP 94453
conmputer using 11863E software.

The finline horn antenna shown in Figure 1.3 was [fix=<
on tne test bench as shown in figure 3.1, such that its
ZI-plarne was parallel to tae ground 3and to the 3-tand slo:t-
.ine used for probe positionirg. A very small locp ant=rnnz
was used as a weasurement prokte, wnica was consider=d tac
sest possisle choice, The antenna was conktected o tae

Net WOLK analyzZer unkncwn port and - the measuraazent prooe wis
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Figure 3.1 Near-Field Measurement Test-Bench.

connected to the transmission port as shown 1in Figure 3.2.
The systen was calibrated to measure 521, the transaission
coefficient at the particular Frope position.

For near-field measurement, the aumber of zeasureaents,
sten size for &measurement and the separatior distance
tetveen tne test antenna and m@measurszaeat tlape are Very
iaportant., Wwhen transformirg from near-rield measureaents to
the far-fiesd pattern, the nunkber 2f aeasured saaplzs snould

fover orf 2 and 1f the nuloer Jf sazples is not a goser

10

o

a
2 , 1t should be rpadded up wit

oL h zero's to aaxe the total
sannles equal to tihe rejuired nunier. The nyeasurezents wel2
dzge at 10.0 GHz, whica gives tue Waivelenogth o 329 -—zx.  I.

our sSet-up tae size of the proce ¥as Guaite szail ani 9=

(=g i ar oB ol 2 - o il S o Aea g




REPRODUCED AT GOVERNMENT EXPENSE
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FPigure 3.2 Rear-FPield Measurement Set-up.
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decided to chose a separation distance of 5 am, which was .

. 7
SR

much smaller than the wavelength. When N discrete near-
i field measurements are transformed to obtain the far-rfield
pattern, it gives N discrete .points of the far-field, and
these points are converted to far-field pattern with the
following equation,

Sn® | _

——————— {eqa 3.1)

A T N =SS
where Q is the beam angle,
N is total pnumber of near-field measuremernts,
n is the far-field discrete poiat number,

and &S is the step size.
The visible limits for any far-field pattern are % 90

2] deg., if we want far-field pattern up to visible limits ,
) then n =N,/ 2 and Q = 90 deg., if we substitute taese in
Equation 3.1, we get SS { A/ 2. The test antenna used ror
near-field measurements had an aperture of 100 @mm, we
: elected to use 5 mm step size in order to have enough mneas-

urements to transform.

The slotted line used for probe positioning was
accurately positioned parallel to the antenna apertur-. 16
measuremnents were taken on either side of the anternua center
with a step size of 5 mm apart, which gave a total scan
plane of 160 mm. Substituting tkese values in the Equation
2.1, gives the far-field limits of ¥80.2 deg.

During near-field antenna testing, to avoid any probe
pattern and / or probe polarization error, we decided to
take the same measuresents ty turning the probe at four
different positions, two in the co-polarizaticn plane and
two in the cross-polarization rlane. Throughout this thesis
“loop 0 deg." is the probe in the co-polarization plane ind
"loop 180 deg." is also the probe in the co-polarization
;f plane but 180 deg. shifted from "loop 0 deg." measurement
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position. Similarly the “loop 90 deg." is the

cross—-polarization plane and "loop -90 deg." 1is also the

loop in the

probe in the cross-polarization but 180 deg. shifted fronm
the "loop 90 deg."™ measurement position. "Loop O deg." and
"loop 180 deg." measurements are vectorally added to compen-
sate for any probe pattern error. “"Loop 90 deg." and "loop
-90 deg." measurements are vectorally added to the "loop O
deg." and "loop 180 deg." to compensate for any probe
polarization error.

The near-field data (phase and amplitude) from eack of
the fcur scans was then input to a program written for IBHN
main frame computer, which calculates the resultant from the
neasured data. It also normalizes the phase and amagnitude

with respect to the highest value, and performs the fast
Fourier transform on the resultant in order to ottain the
far-field pattern. 7The 1listing of the computer program is
included as Appendix C.

Toe normalized magnitude of measured and resultaant field
1S shown in Figure 3.3 aand the phase of the @mpeasured and
resultant field is shown in Figure 3.4. From Figure 3.3 it
can be seen that resultant field is mainly function of the
field in  the co-polarization plane and the cross-
polarization field contributes negligibly to the resuitant,
therefore for the calculation of the resultant field, the
cross-polarization measurements need not be considered. If
we carefully visualize the magnitude of the “"loop O dey."
and "loop 180 deg." measurements in Figure 3.3, it can be
seen that the "loop 0 deg." measuremeat are mirror image oOf
the "“loop 180 deg." measurements, but their Feaks are not
aligned and are not symmetrical about origin. It can also
pe seen from Figure 3.4, that there is a phase shift betwesern
the measurements. Since the test antenna is symmetrical and
.we expect to have symmetrical field distribution about the
origin, it will be more reasonable to take only one
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Reasurement in the co-polarization plane and then add the
mirror image of the same measurement oy aliganing the [Feaks

of the magnitude. This procedure will be more accurate and
will eliminate any probe pattern error. The roramalized
mnagnitude of measured and resultant field obtained with tais
procedure is shown in Figure 3.5. The measured, Tesultant
and theoretical phase of an electromagnetic anorn as
explained by Jordan and Balmain [Ref. 15] is shown ir Figure
3.6.

B. OBSERVATION OF NEAR FIELD MEASUREMENT

It was observed during the near~-field measurement that a
slight movement on tlke top or bottom of the antenna greatly
changes the amplitude of the field, which clearly shows the
fact that field was also radiating from the top arnd bottom

of the dielectric.

Ccmparing the resultapt phase with the theoretical phase
shown 1n the Figure 3.6, it <can be seen tnat theoretical
phase shifts parabolically to the sides, whereas the rassul-
tant measurea phase only approximates this shape. The phase
deviations across the aperture contribute to loss of main
beam gain aand an increase in sidelobe levels.

Fourier transfora of the near-fieid measurements was

- L ann s cau aee o I -
B D) PR
. . P A

converted to a far-field pattern using the Eguaticr 3.1.

Far-field pattern was not very accurate because it was was

being predicted with only 11 points, therefore it 4id rot
have the resolutioa.

C. REDESIGN OF FPINLINE HORN

In this section, we will improve upon the design of the
finline horn antenna and discuss the different parameters
which can effect the performance of the finline horc. As a
first step to stop the radiation from the top and vottom of

46




g S el Mgl e e e i

Z::._LO. AHOUA VNNAINY
091 O0FL o0Z1 o001 o048 .Lr o o,.N 00 0= k- 09- 0R- 00I- 0TI~ 0FI-0'9I-
1 . < . &
T E—
U \ _ INVERSEIY | - @
- - N -Avlﬁ? B L T R I-I 24 06- J0OT - =
> M| / L_ \ H 944 06 JooT © <
. L o0dd ot Joor > =
— AT P IV - 1o |z
3 | | j FTo D40 0 00T 2 | 2
o | \ _ JN K 1o cINADAL !
_ SN SN SN U SN PR P SN  JUANL. | N 0 2 (P O S M A I 4
D [ f Vo , 5
. \
Fol AL /LN .l
B R e e P e e e S EE HEES B :
L _— { ; €=
q ‘ N f f\v ,\ { b =
SIS0 (1 N GG N U, W A O O 1=
| o ._ \ Ao o4 c 7
4150 52O
—t_ 4. & % \, R
~— N
\ \ \ | ,\k\ -~ K’A A
< T \ VA | 2E
- \ y P \ 4 /K ,\ ‘ e =
h 4 _\ / - 4 0 4 a RS '
LT 2/ S e O N O AN P S 9 SO I
N B 5 L - 18
a & Jw/ ] ) \O Q n \ _ﬁ nM// o . \1 1,
\ n N . X ¥ - - { P bk —_}__d©
"N [ I ' s C(Lw\ K 4 . i a/le
' ,./»r/ P g 1 gl A4 </ )
o ) — R —— — ——- \\w\! o
y &R ) Ak
L 1. &
o 4 °
.v.y\
o
[=]

VNNALNY NAOH ANFINIA
AANLINDVIN (RISTTVINYION

ISN3dAX3 LNFWNHIAOD 1V Q31DNA0Hd3IY

Near-FPield Normalized Magnitude.

Figure 3.3

47




)i-i; e
NOLLISOd AHOM VNNALNY
[ ozl og ot 00 0F- 0f- [ 098
: . g
\ Il T X a n(m..
R e . b
) INVEIOSH v _ a °
Y B 01 00T .
ST N S SRR B X (1 VIR TS TO A R I S D R
UNADA'T _ A
<

. d’

T
]
|
1
|
!

1

i

|

i

|

]

]

|

t
|

{

|

j

|

I

i

9

0 06t~

Near—-FPield Measured Phase.

\ 8] ” = N

\ / — ‘e
9- rn\ ~_o o . 4
_—_ oy e e e oo e
: ok BN 7 g7

) D o= .
. p

O. L (8] \W WH @ i
\ p =5 e s
o . 0 g g ;mw s -
Q —th Pt g e g T

v i ¢

\ u 0 / ;
: 0o . F © iy

) .

0’06~

3.4

R >

AR A ]
2 Gl q\w@u“

-

0°0S

Figure

VNNALNY NAOH INIINIA _.“._
ASVIIA (RIS VN

e o e . I T .-.

ASNIAX I LNINWNM

D 1v d352NAQ0¥HdIY

L.



e .
NOLLISOd 2104 d ¥NNIAINV 3
00! o 09 [\ 4 (L2 o0 0c- OF- 09- 08- 001- 01— OFI-0'91- 3
: J . & +
= Ha
b e =]
A o
o g "
PR R RNA g PRI Y SR | RS SRR AR SURY SRR SUST BL B =
HAA 081 JOOT S ; P o
DN 0 JOOT o K ) m
ANADAT -
. |
B'lll - - e T - - - I'»’LJ —— 1 ” a Tt
‘ (=] m .U-L
. ¥ o
. . fe) «
! W = .xu
o _— e} ——d — OMQ N ISUENUSG SUS—— M ._I n.\u ~ -.- 4
.P m , phe h ~4 ...l
o | .o 7. a n : 1°3 o Lo
b U. ’ h 0 IR : — -l -
. o, J & I . =] By fs ) -
, | y " o ‘ , M ! pA o
4 SSURNEPUU ISPPUREDVEI-Y GRS (HUN SO y - pr———— -} © I d A
d R Q@ ' o ' o > te
Frol o Tetsl A 1y g :
PN o | [N . ! =
I _ N o ) ) 14 ! AW ; . 9 "
a : /,ﬁ\ \ N N ' N 2 P el -
,,,& R \\ v \ i w .
b . .._ \\ ; _-..)
,_u o/ B - ' Q .U
Lo —_— %] .
o’ 0 o = R
R
n
. 8 o L ]
VNNALNV NUOH ANUINIA ° o
7 r eyr
JANLINDVIN (HISTTVINION 5 ]
o
-
[
— o4
'
By
....4
...-‘
iy

ASNIdX 1 LNIWHNHYHIAOD 1v AIdNA0UdIY

5 e AT W W TS N £ d A 4




v., ' ' ' '
1
e
W.
&
p
b
g S R T e e o m e Ig
NOLLISOd J00Md VNNHLNV
O.mw— ot oe O,.? 00 0'%- 0g- or- 0'9l-

. T

CUSVHI TVOLLRIOAITL ¢ i

— O INVIIST v A S S
; 940 001 JOOT o o

DA 0 JOOT o o
(INCRKY! e B A

e T Yv Ty

0°0GE- 0°D6GE~ 0'0LGE- N OOEH DGY-

il/ R e S DR xH -
N |

ID4a) ISVHI

50

.
[y

(11

Modified Near-Field Phase.

0001~ 0051- nonS-~

A\S
/m_// P .\ t
b, S L }Z 0
AN e P P -
Q . ~% B/
S0P TR + 0 g )
:,{m‘.wbﬁ.!yltl.lf\_w\‘\u\ i S — 4
- o J
{/ﬁ/ | e o -~
o e
(=]

VNNALNV NHOH ANFINIA
ASVITd (IMRINSVAIN

ASNIIXI INIWNUIAOD 1Y A3DNAO0HdIY .




N N R R R e I w— r,-'.‘F_W'."".'f."

ve decided to make the
metallic flared strip throughout of uniform width. The strip

the antenna through the dielectric,

width can be made A/4, so that the open from the edge of
the fins should reflect back as a short or it can bLe made
A2 in which case we put a copper tape on the outer edge of
the fins so that the short at the outer edge reflects back
as a short at the fins inner edge.

The new design of finline horn antenna with some of the
variatle parameters is shown in Figure 3.7. In addition to
the parameters shown in Figure 3.7, the dielectric constant
of the wmaterial and the maximum phase deviation in wavel-
engths, (S), also influences the far-field radiation
pattern. For the initial design, we selected Er = 2.54. 4ith
this dielectric constant it was not possiple to obtain a £in
height of A/2, as explained in preceding section, taerefore
we had choice of selecting the different slot width and to
find the optimum size of slot from experimental results.
Toe slot was matched to the waveguide by a taper design.

A computer ©program was writtem on HP 9845B coamputer,
which draws the outline of finline horn antennas with tae
specified parameters and uniform phase front on a HP 9872C
plotter. This drawing can then further be used for etching
of the horn antenna on the sulkstrate. The 1listing of the
program is included as Appendix E. A finlipe horn antenna
with test tfixture is shown in Figure 3.3.

The tecanique of optimization by trial and error was
used to find the best design of the finline horn aantenna,
The different designs of finline horns fabricated and tested
are listed in table I with their parameters and some of tae
finline horn antennas tested are shown in Figure 3.9.

A Microline 56X1 regular standard gain horn was used as
a reference, to compare the shape of the radiation pattern
ard calculate the gain of the finline hormns. Most of our
radiation patterns were taken at 10.0 GHz, the Microline

56X1 had a gain of 16.2 dB at this fregquency.
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Figure 3.8 FPinline Horm . atenna with Iest Fixtur=.

D. RBRESULTS FOR FINLIANE HORN ANTENNAS

In tnis section, we Will discuss the results oI the

ot

far-tield rcadiation patterns obtained from the Airfi<Z-i

deslgns of rinilne horn actennas and to fiad out tie Silec

-

o Jdifrerert parameters over the gperrormance o0rf the I[L..l.=
Lulh arntenna.

Before consideriny the rauiatioz pattern, 1t is i1.3C-
tant to aAcption a few possille =zactors whicr Lo.lus
contrifuyte to the asyametry of the measured Dittlerll.

The layout or tue raciaticn chaaber 15 S3LOWR in 71 l.e
3.10. It can be seen that the chauiler 1s not synaetricali 44
pacrticularly, at +3c¢ degyree peam, tue test antenia ig:s 2

541Cp Ccocrner apd at -3b dejre2 bean, the test antenria fices
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TABLE I
DIFFERENT DESIGN OF FINLINE HORN ABTENNAS
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- a straight wall. Therefore at this angle, there will be
: asyametry in the measured radiation pattern. Secondly the
absorber used to avoid reflections from the chamber walls is
of very poor quality and when the test antenna is facing
toward the side walls, it receives a high reflection which
results in false side lobes.

Tranemitting
fintenna.

\

Test Antenna.

REPRODUCED AT GOVERMNMENT EXPENSE

Figure 3.10 Layout of Radiation Chaaber.

The X-band slotted line used as a shield for the feed to
the finline horn antennas is also not symmetrical.
Therefore, it might contribute to some extent to the asym-
metry of the measured radiation patterns of the finlimne horn
antennas.

The far-field radiation patterns of tinline horn
antennas and the return 1loss of some of the antennas are
included in Appendix A.
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Figure A.1 shows the E-plane radiation pattern of the
finline horn "A" with uniform phase design. It had a gain
of 12.2 dB and E-plane beam width of 22.0 degrees but it haa
high shoulders. Figure A.2 shows the E-plane radiation
pattern of finline horm "A" without uniform phase design. It
had a gain of 1.2 dB and E-plane beam width of 24.0
degrees. It <can be seen from these two Figures that the

Yh S AN

uniform phase design increases the gain by several dBs and
narrows down the bean in E-plane- The amount of increase in
gain depends upon the radiating aperture and is not a fixed
number.
The Figure A.3 shows the radiation pattern of finline
‘ antenna "B", the far-field pattern of finline horn antenna
. "B® had very high side lobes as compared to the radiatiorn
' pattern of finline horn antenna "“A". This is due to the fact
that finline horn “"B" had a large aperture and a aigher
value of S as compared to the finline horn antenna "“A".
i‘ The radiatior pattern of finline hormn “C" is shown in
Figure A.4, its sidelobes are also Juite high as compared to
the finline horn "A". The finline horn "C" and "D" had same
parameters except that the finline horn "DY had a wide feed
Line slot width as compared to the finline hora "C". It can
be seen from tae radiation pattern shown in Figqure A.5, that
the side lobes are even higher then the wmain beanm. By
inserting a piece of echosorb in the opening of the wave-
guide feed the sidelobes can te reduced as shown in Figure
A.6. Tkis indicates that wvide feed line slots cause pattern
degradation due to secondary radiation from the end of the
feed lineshield. By inserting the echosorb in the moutn of
the waveguide, the radiation from this source was stopped
and the radiation pattern achieved with this confriguration

was deterained only by tne finline horr antenna. But the
finlire horn "C"® still had a tetter pattern as compared to

the finline horn “D",
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The finline horn "E" had the same parameters as finline
horn "D" except that the horm "D" had a flare strip width of
4 and the horn "E" had a strip width of A/2 and copper tape
on the outer edge to create an electrical short. The finline
horn “EY also had a wide slot width. The radiation patteras
of fipline horn “E" with and without the echosorb in the
vaveguide are shown in Figqures A.7 and A.8 respectively.
Comparing the patterns of finline horn *D" and “E", it can
be seen that finline horn "E"™ had better radiation pattern
as compared to the finline horn "D",

Suamarizing the results of the far-field patteranas of
finlipe horns 4,B,C,D and E, for lower side lobes, a lower
value of S is desired, orf the order of 0.1 or less. A slot
width of 2.5mm gives Letter results as compared to a slot
width of 5.0mm because the field concentrates in the slot. A
flare strip of A/2 works better than a flare strip of A/4
because it provides a positive short at the outer edge and
reduced radiation leakage from the edges of the hormn.

The finline horn #F% was made with the optimum parame-
ters obtained from the preceding results, with S$=0.1, slot
width of 2.5am and flare strip width of A/2 with copper tape
on the outer edge and flare length of 150.6mam (Le=8%*A4d),
which gives a radiating aperture of 47.6mm. The E-plane and
H-plape radiation patterns are showa in Figures A.9 and A.10
respectively. It can be seen from these Figures that the
finline horn "F* had a very clear radiation pattern with a
vell defined main beam, gain of 10.7 dB and E-plane bearn
width of 26.0 degrees. H-plane beam width of 36.0 degrees.
Side lobes were approximatly 13 dB below the main beaa in
the B-plane and 9-10 dB below the main beam in the H-plane.

Tc further improve the gain of a finlime horno , we
increased the flare length to 188.2mm (Le=10*Ad) to achieve
a vwider aperture while keeping the other parameters the same
as for finline horn "“fFn, The E-plane and H-plane radiation
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patterns of finline horn "G*" are shown in Pigures A.11 and
A.12 respectively. It can be seea from Figure A.12 that it
bad gain of 13.04dB in the H-plane but only 11.0 dB in the
E-plane. This discrefpancy might ke due to the fact that the
finline antenna in the E-plane might not be pointing exactly
at the transmitting antenna center and may be tilted down
due to its extra length. The finline horan "G" had a bean
width of 22.0 degrees in the E-plane and 36.0 degree in the
H-plare. We vere able to obtain the higher gain by
iocreasing the width of the radiating aperture, but with the
available dielectric material and under these lakoratory
conditions, it was not possible to make large antennas.

Next we considered improving the gain by <£further
reducing the slot width. The finline horn "H1" had the sanme
parameters of finline horn Y“F® but the slot width was
reduced to 1.6mnm. The E-plane and H-plane radiatiomn patterns
of finline horn "H1" are shown in Figures A.13 and A.14
respectively. The finline horm "H1" had a gain of 12.2 4B
and beanwidths of 25 deg. and 40 deg. in the £ and H-planes,
respectively. The side lobes at 36 deg. were approximatly
9 dB lower than the main pbpeam. It can be seen from Figure W
A.13 that E-plane side lobes are nigher on one side as
compared to the other side. This is ©probably due to the
shape cf the radiation chamber and multi path refliections
fron the corners of the chamber. The finline hormn "H1" had
1.5db higher gain as compared to the finline horn "F". This
shows, that a slot width of 1.6mm gives better results as
compared to a slot width of 2.5mam. Therefore, for other
experiments ve used a slot width of 1.6mm.

The finline horn "H1" had a flare angle of 18.2 degrees.
We made two more antennas with tae same parameters as
finlipe horn "H1" but with different flare angles. The
finlige horn "H2" had a flare angle of 20.2 deg. and finline
horn "H3" had a flare angle of 22.2 deg. The finline horn




"H2" had a gain of 13.3 dB. Beam widths were 23.0 deg. and-
36.0 deg. in the E-plane and the H-plane, respectively. The

E-plane side 1lobes were 12.0 dB 1lower than the main beanm.
The radiation pattern of horn"H2" in the E-plane and in the
H-plane are shown in Pigures A.15 and A.16 respectively.
The finline horn "H3" had a gain of 12.0 dB and the bean
widths were 22.0 deg. and 40.0 dege in the E-plane and the
H-plane respectively. The sidelobes were 10.0 - 12.0 4B
lower than the @main bean. The radiation patterns of
horn"H3" in the E-plane and the H-plane are shown in Figures
A.18 and A.19 respectively.

The gain of finline horn antennas "H1","H2" and "H3"
were measured for a frequency range of 8.2 GHz to 12.4 GHz
and are shown in Pigure 3.11. The reflected power of finline
horn antennas "H1","H2% and "H3" were measured on the vector
network analyzer from 8.0 GHz to 12.4 GHz. The reflected
power vs frequency of finline antennas "H1", “WH2" apnd Y“H3"
is shown in Figures A.24,A.25 and A.26 respectively. It can
Le seen from Figure 3.11 that finline horn "H1" and "H2" had
a steady gain over a band of frequency Lut the finline horn
"H3" had a very oscillating gain. The finline hor- antenna
“H1" had a gain of 12.75%0.25 dB over a band of 9.8 GHz to
11.6 GHz with a VSWR of 1.67. The finline horn antenna "H2"
had a gain of 14.00% 0.75 dB over a band of 9.8 GHz to 12.2
GHz with a VSWER of 1.43.

Ur to this point all the finline horns were designed for
a uniform phase front. If ve extend the dielectric furtaer,
we cabh make a coaverging lemns. In order to see the effect of
this extra 1lens beyond the lens already extended for the
uniform phase froat, we extended the dielectric of finline
horn "H2" in a half circle shape and measured the gain for a
frequency range of 5.2 GHz to 12.4 GHz. The E-plan radiatioa
pattern of finiine horn "H2" with converging lens is shown
in Figqure A.17. It can be seen from the radiation pattern
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Figure 3. 11

Gain of Finline Horn H1, H2, and H3.
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that it had a gain of 13.0 dB , 20.0 deg. beam width in the
E-plane and the side laobes were 12.0 db lower than the main

beam. The gain of finline horm "H2" with uniform phase lens

and "“H2" with converging lens is shown in Pigure 3.12. It

can ke seen that finline horn "H2" with uniform phase lens

had an overall higher gain as compared to the finline horn

"H{2" with converging leas.

i In the preceding paragraphs, we have considered the
{ effect of the different parameters like "“s&, slot width,
i strip width, lens effect, flare length(Le) and flare angle.
% Io the following paragraphs we will consider the effect of
3 the dielectric coanstant (Er).

We made a finline hormn "I" with Er=10.2, the slot was

transitioned fron the coaxial cable and tne width of the
slot was match to the impedance of the <coaxial cakle. The
parameters are shown in Table I. The E-plaae and the H-plane
radiaticn patterns are shown in Figures A.20 and A.21
respectively. This horn nad a gain of 4.0 iB. The bean
widths in the E-plane and the H-plane were 36.0 deg. and
96.0 deg. respectively. The side lobes were 14.0 4B lower
than the maia beam in the E-plane. Tnis horn was used for
the design of the monopulse comparator.

In order to see the effect of Jielectric constant (Er)
over a wide radiating aperture, we made thne finline hora "Jn
with tne same dimensions as fialine horn M"MH2" , but ou an
3r=12.0 substrate. The radiation patterns of tais horm in
the E and d-planes are shown in Figures A.22 and A.23,
respectively. The reflected fpower is shown in the Figure
A.27. It had a gain of 4.6 dB ,28.0 deg. and 100 deg. beam
widths in the E and H-planes respectively and the E-plane
side lobes were 16 dB down. It had a VSWR of 1.67 over the
same frequency range as finline horn “H2%.

It can also be seen that the main beam pattern of
inlipe horn "“Jy* was not smooth, this was proktably due to
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the fact that the wavelength in dielectric for this horn is

much smaller as compared to the finline horn "H2" made on a

lower Er material. Therefore due to the shorter vavelength

the slight rough edges on the antenna will cause phase
distortion.

. ) In sumkary, the higher dielectric constant reduces the
overall gain of the antenna, does not change the beam width
in E~fplane much, but increases the beam width in H-plane by
a large amount.

Before concluding the results of the finline horn
antennas of different designs, we would like to derive an
approximate gain equation from these results.,

The finline horn "H1" had a aperture of 47.6mm, gain of
12.24dE at 10.0 GHz and was made with Er=2.54, sukstituting
these values in Equation 2.5 gives

416 Q. (egqn 3.2)

12.2dB = C1%
2004 (2SW)

Finline horn "I® had a aperture of 23.8mm, gain of 4.0 4B at
10.3 GHz and was made with Er=10.2. Substituting, these
values in Equation 2.5 gives

5.8

29.\5n Qo.a,,f"

(egn 3.3)

Simultaneously solving the Eguations 3.2 and 3.3 gives the
N value of constants C1= 23,77 and C2= (.88, substituting
- these values 1in Equatioan 2.5, gives an approximate gain
: equation for finlipe horm antennas,

Gaipm = (23.77) * ~ITTTTTITAR (egqn 3.4)

The calculated gain from Equation 3.4 and the measured 3jail
are shown in Table II.
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TABLE 11
CALCULATED AND MEASURED GAIN

Finline Horn Measured Gain Calculated Gain
F 10.7 dB 12.2 4B
G 12.7 dB 13.0 4B
H1 12.2 4B 12.2 4B
H2 13.3 4B 12.7 4B
H3 12.0 4B 13.1 dB
i I 4.0 dB 4.0 dB
J 4.6 dB 6.7 1E

It can Le seen from Table II, tnat the calculated gain
is clcse to the measured gain but we do not consider that
the value of constants are exact , Lecause the finline horn
antennas used for the derivation were being optimized by the
experimental results and only two finline horns were tested
on different dielectric constant substrate. However, it can
be seen that the theoretical aspect explaimed in Chapter 2
works and the exact gain equation can be derived by the
optimum designed finline horn antenna tested in an ideal
conditions and with Jifferent type of substrate. In a
similar wvay, the equation for beam widths «can also be
derived.

The summary of all the finline horns tested is as
folloss.

The gain of the finline horn is directly proportioaal to
the radiating aperture in the E-plane and decreases with
increasing value of dielectric constant, Sr. The dielectric
constant controls the beam width in the H-plane and the bpean
widtb in the E-plane is mostly controlied by the aperture
size. The E-plane beamnwidth has very little dependence on

dielectric constant.
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The shape of the radiation pattern mostly depends upon -
the phase deviation in the E-plane (S) and the phase devia-~
tion in the H-plane (T). For a neat radiation pattern witkh
clear main beam and low side lobes in the E-plane the valve
of "S" needs to be less than 0.1 and for a neiat radiation
pattern in the H-plane the value of T also needs to be lov.
However, a high value T does not distort the H-plane pattern
but will give a wide Leanwidth. )

The slot width needs to be narrow. As we saw for
Er=2.%4, a slot width orf 1.6am gave nice results. A further
reduction in the slot width wmight improve the gain sligatly.

The width of the flare strip, can be A/4 or M2 with
copper tape on the outer edge. However, in the later experi-
ments, we concentrated on the A/2 configuration, because it
seens to reduce the field radiated from the top and botton
edges of the antenna through the dielectric.

The extended shape of dielectric to produce a unifora
phase front at an imaginary plane increases the gain but the
use of a converging lens decreased the overall gain of the
one finline horn antenna which was tested.
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This part of thesis was jointly done by the autaor and
Rowley [Ref., 16], who was working on the finline magic-tee.

A. DESIGN OF MONOPULSE COMPARATOR

Two finline horns joined with a finline magic-tee made
on a single substrate can form a single channel of monopulse

_ comparator.
& port 1 and port 2 of the finline nmagic-tee [Ref. 16)

- were flared to a radiating aperture to make a finline horn
on either port. The finline horns had the same physical
dimensions as finline horn antenna "I" previously described.
The layout of the twc finline horn antennas joined with a
finlire magic-tee 1is shown in Figure 4.2. The monopulse
comparator with fixture is shown in Figure 4.1. The outputs

Z; froa the sum and difference pcrts were fed through micros-

% trip to coaxial <cable as explained by Rowley [Ref. 16] and

as shown in Figure 4.2. The comparator was etched on a

dielectric constant of 10.2 substrate with a thickress of

0.03125 inches. The comparator was designed at 10.3 GHz

center frequency, because at this frequency the fin's aeight

wvas made A/2, so that the short from the waveguide wall
would reflect back as a short at the inner edge of the slot.

The width of the slot was matched to the microstrip and

subsequently to the co-axial cable impedance.

The parameters of individual finline horn antennas are
determined by tne gain, beamwidth and sidelobe requirements.
The distance between the horns 1is also very important
because the final shape of the pattern can be controlled by

: the distance between the individual elements. For the sunm

b6
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Figure 4.1 Picture of Monopulse Comparator with Fixture.

pattern the =la2ment patterz is multiplied Ly the rorzalise:
cosine ‘urncticn and for the difference gattern tuae cacudedl
pattern is multiplied by the pornalisei sine functiou. lh=
cistarce between the nulls of the sine or cosine funcIion
depenis upon the Jistance Dbetweens the element 1n vwavel-
vigths. For this design the distance between the horns 1S

actcltrarily conosen.

B. PERFORMANCE OF MONOPULSE CCMPARATOR

~he a@icroliue 56X1 staadari jain noCL antenaa was 'lsel
ioC reserence patterrs. [Ine E-plane sum Dittelr 1S Sadva 1@
figure 4.3, 1t had a jJain of 8.0d3 anc oean widta 075 2+.9y
iejrees. frrom heCe, 1t can Le calculated tnit tne eleacnt

sittern bad a gaig of 5.¢:d3, waich 1s 1.0a3 Alghar tnan as

seasured jain 2f the finline hern aitenna "IM. The I-=nlin
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difference pattern is shown in Pigure 4.4, it shows a nice.
null at the center. The E-plane sum and difference patterns
are shown togather in Figure 4.5. The amplified sum and
difference patterns are shown in the Figure 4.6, which shows
that the null depth in the difference pattern was greater
than 40 dB from the peak of the sum pattern. The H-plane
radiation patterns are shown in Figures 4.7, 4.8 and 4.9. In
the H-plane the comparator had the same gain as in the
E~-plane. The sum pattern had a very wide beam width and
there was almost no power in the difference pattern.

The sum and difference port reflected power is shown in
Figures 4.10 and 4.11 respectively. It <can be seen from
these Fiqures that there was high reflected power on both
ports. Most of the reflection was caused by the microstrip
to coaxial cable transition because the dielectric used was
very soft. The connectors center condauctor were not making a
stronge contact with the microstrips and vere finally sold-
ered for continuity. It can also be seen that it had less
reflected pover at the higher frequencies.

The two of these single plane comparators orthogonal to
each cther with one more magic-tee or two of these parailel
to each other with two magic-tees can form a dual plane
finline nornopulse comparator system. This type of 1light
weigant, integrated monopulse feed system has great possibil-
ities for military and space applications in future.
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4. CONCLUSIONS

This thesis mainly coucentrated on the optimization of a
finline horn antenna and shoved its application in a mono-
pulse comparator. A summary of the results is as follows:

1. 1The gain of the finline horn antenna is directly
gﬁoportional to the size of the radiating aperture 1
e E-plane.

2. A higher dielectric constant decreases the gain of_a
f1nl%net horn antenna if other parameters are held
constant.

3. 7The slot width need to be narrow to preveat secondary
radiation from the end of the antenra feed line. Fol
Er=21%u a slot width of 1.6am gave satistactory
resuits.

4. For the lower side lobes_ the maximum phase deviation
in wavelengtas, fs ¢ heeds to be lower than 1,8, This
felpih in “calculating the flare angle and flare

ergth.

5. The beam width in the E-plane is mainly controlled by
the size of the radiating aperture and the Leam widta
in the H-plane is _ccntrolled by the dielectric
constant of the material. ‘

6. A uniform phase front design increases the overall
ain of the finline horn antemnna, We also saw that
urther extension of  the  dielectric beyornd the

uniform phase froant design in _a half circle shape to
form a converging lens, adversly affects tane perform-
ance of the antenna.

7. An approximate gain _equation for the finline &aorn
antenna can be déerived "from the experimental results
obtained for properly desiqmned antennas wita optimum

alg and fabricated on ifferent dielectric surns-
rates.

8. Two _finline Lormn antenpnas can be integrated wita a
finline magic~-tee to form a monofulsé comparator.
Very nice sum and difference patterns were obtained.

79

.................. e e e T T

........... . L e, .

----- Wttt et e - o b
2

S
DPLPE PP S




...........

B. RECOMAENDATIONS

In view of the differeat observations made during
testing, follow up work is recommended as inicated below:

W 1. A better fixture for holding the finline horn antenna
sould be designed for further experimentation.

2. The effect of different parameters on the performance
on the finline horn antehna has been noted. Howvever,
the thickness of the dielectric was npot considered.
It mlgh; be intesting to see the effect of tae
dielec rlc_thzckness.bi testing the same horn fabri-

- cated on different dielectric “thickness material but
. with the same dielectric constant.

3. The material_ used for the monopulse comparator was
very thin and soft. FPor better results the comparator
should _be fabricated and tested using a hard
material. A better fixture for the monopilse compa-
rator is also required for any further testing.

4. It might be intersting to,tr{ making four finline
horn antennas and foul magic-tees on"a single soft
substrate_and bendlng it in a U shape to form a dual
plane finiipe monopulse systea.

. 5. It _might_ be intersting to measure near-field (pnase
. and ampl;tudeL of the optimized finlipne horn and
compare with the regular horn antenrae.
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Figure A.1 E-Plane Radiation Pattern of Finline Horn ™aA®.
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H-Plane Radiation Pattern of Finline Horn ®Iv.
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H-Plane Radiation Pattern of Finline Horn "J®".
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" APPENDIX B
o COMPUTER PROGRAM TO DRAW PINLINE HORN ON HP9845B PLOTTER
RS 10 ! FIN LIN HORN DESIGN ' *
. 20 ! BY '
i 30 LCDR MUMTAZ UL HAQ ,
42 ! '
A sSe !
L 69 | MSEE THESIS WORK
b 70 ' NAVAL POSTGRADURTE SCHOOL !
! -1 ! (WRITTEN ON HP-9845B USING AN HP-9872C PLOTTER) !
.. 990 i
. tee !
P 11
by W 128
0
bd 138 ! MISC. PROGRAMING INFO:
W 140 !
a 150 ! "MSCALE" ACCURATELY 3CALES THE PLOTYEP IN MILLIMETEFS,
5 160 ' BY USING "MSCRLE, ALL UNITS IN THIZ PROGRAM HEE 1N mm,
1? !
- 188 ! MSCALE 200,142.5 CENTEFS DISFLAY ON FULL SIZE PAFER !
pd 190 ! MSCALE 115.576,91.77 CENTERS DISPLAY ON SMARLL PAPER !
W 209 ! )
= 218 CLIP -102,140,-40,30 ! WHEN USED LIMITS PEN TRAVEL RS SHOWN.
s 220 { FRAME ' WHEN USED DRAWS R BORDER AT CLIP LIMITS
fod 239 '
W 2480 !
> 2358 !
Q 269 PLOTTER IS "9372R" 'COCORDINATES COMPUTER AND FPLOTTEP
(6] 279 DEG 'ALL ANGLEZ RRE LISTED IN DEGREES
[ 280 !
< 299 '
300 Xcenter=139% ICENTER QF DPAUWING ON PAGE IN mm FROM LOWER LEFT,
8 310 Ycerter=120 'CENTER OF DRAWING ON PAGE IN mm FFCM LOWER LEFT,
3) 229 MSCALE Xcentar,Vcenter 'UNITS ARE mm FROM STARTED ORGIN LUCATION
339 '
g 348 Pen=, 3S 'THIS 5 THE PEN THICKMESS, AND IT I3 CORFECTED
0 350 ' FOR RUTOMATICALLY IN THME DPRUWING.
x 369 Scale=] 'ENTIPE DRAWING I3 3CALED TO THIS FRCTOR
a 370 '
[} 380 Mm=Scale ISCALES ALL LISTED mm VALUES
[+ 4 390 In=a2S,d4+5¢cale CONVERTS AND SCALEZ ALL LISTED i1nches VRLUES
400 !
419 Linenumbersa] tFIPST DIGIT OF LINE TYPE CODE
429 Segmentsizesd 'SECOND DIGIT OF LINE TYPE CODE
430 ! .
440 '
459 '
462 U THE FOLLOWING VARIABLES DEBCRIBE THE ENTIRE DRRAWING. THE PEST OF THE
470 ! PROGRAM USES THESE VALUES EXCLUSIVELY TO LONSTRULCT THE DRAWINGS.
4508 ! ANY CHANGE IN THE3E YARIABLES WILL RPESULT IN ALL ASSQOCIATED PRPAMETERS
499 ' IN THE DRAWING BEIMNG ADJUSTED RUTOMATICALLY. RDJLUSTING THEZE “ALUES
500 ' AND EVRLUATING THE PE3SULTS I3 A LIMITED U3E OF CAD "COMPUTEP AIDED
St12 ! DESIGN).
520 !
T3 !
549 ! USER DEFINED VRARIABLES:
350 !
560 N=8 Determines the length of Horn, !
379 P=2 Determines the width oY strip, ! .
380 M=3 Determines the length for transition, !

690 Eral, 54 Dielecitric Constant, !

1
)
t
598 Hanjle=10,1 ' Halfé angle of finline Horn antenna.
1
610 Freqs=1.99€E10 ' Operating Frequency, !

1

629 Hwa=1,23¢Mn Half width of slat, ! -
630 !

648 ' DIMENSION3 OF FINTURE:

6%0 !

659 Hub=3, 2 eMm ' Half of Insi 24 Jimenzion 3F wacegu e, !
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- ) Huds4+Mm ! Extented flange of waveguidge. !
680 Hib=66. 1S+Mm ! Length of f1in 1nsi1de the waveguide. !
690 Hlgm?7.isMn ! Length of fin for transition., !
700 '
710 !
720 ! FOLLOWING VRRIABLES ARE COMBINRTION OF USER DEFINED VARIABLE,
730 ! AND DEFINE THE WHOLE DRRWING,
749 !
fe-1-) !
760 Lambdazeros3.0E{1+Mm Freq ! Wavelength 1n air, !
770 Landad=Lambdazero/SQR(Er) ! Wavelength 1n drelectric, !
789 HlesN#L amaad ! Length of Horn flare from center, !
790 Hws=_amdag /P ' With of Morn strip, !
800 Hl azHle-Hua- SINC(Hangle) ! Length of Horn flare ¢rom mouth, !
810 HlaxsHlarCOS(Hangl e ' Hori1zontal length of Horn flare,
d 820 HlaysHla*SINC(Hangle) ' Half of Horn slot. !
n 8390 Husxsrnws*SIN(Hangle) ! Lateral orfset distance at end of Horn, !
5 840 HusvsHus+C0S(Hangle) t Vertical offset distance at end of MHorn, !
a 830 ' .
x 860 !
[N 978 XQ=@ i Set location of drawing with respect to,
- 889 t the or1g@ion. !
z 899 Xa=xX0~H)lax~Hwsx ! Quter edge of Horn opening., !
Wd 90e XbsX@-H1 ax ! Upper edege of Horn opening, !
b 910 XcmX0~Husx ! Horn mouth, !
Pl 920 XdwX@+H1b ! Lengtn of slot inside waveguide. !
o~ 932 XemX@+HIb+H1C ! Length of transition, !
o 940 !
> $%0 '
0 360 Yo=9 ! Set locatiron of drawing with respect o,
(] 979 ! the ori1gion. !
- kd-1-) YasY@+Hua ' Width of 1nside 3lot, !
< 990 YbayYd+Huwd ' Inner edge of waveguide. !
1000 VYec=YR+HwatHusy ! Upper edge cof Horn flare at mouth, !
2 1818 YgavbeHud ! Upper ed3e of tansition.
W 1020 Yewv@+Hwa+H! ay ' Hei1gth of outer edge of Horn, !
; 1830 rf=vesHusy ! Hei1gth of upper outer edge of Horn. !
1948 !
2 iese !
0 106@ FOR WFill=l TO S STEP 2 ! Fill 1n the Horn. !
E 1870 PennsPenwHf 111
W 1088 wanglel=45-Hangle ' Uesed to determined the offset at the,
x 1990 ! end of Horn. ! ‘
1100 Hanglel=(180~-Hangle)> 2 ! Used to Jerermine offsci at the mouth of Horn
. ! '
1119 Hangleb=ATN((Hwb-Hwa’s-Hle) ' Used to determines N+¥fset at the *ransition, !
1120 Penoffsetih=Fenn/2+C0S Hangle!l ) »#SQR.2: ! Correct point 2 1n x direction,
1130 ! ang point 2 1n y Jdirection, !
1142 Penoffset2h=Penn/2¢31H(Hanglel)>#+3QR(2) ' Correct point 2 in v direction,
1150 ! and point 3 1n x Jdrrection, !
1160 Penoffset3n=Penn/2/TAN(Hangle2) I Correct point | 'n x direction, !
1179 Penoffsetdn=Penn /2¢4TAN(Hangleb-2) ' Correct point 1@ in x direction. !
1188 PenoffsetIh=Penn /2/TAN(4S+Hanglieb/2) ! Correct point 9 1n y direction, !
1130 Penoffsetéh=Penn -2 - TAN(4S+Hangle 2> ! Correct point 4 1n y drrection. !
1200
1210 ¢}
122 ' FOLLOMWING LINE> DEFIMES THME X CO-ORDINATE OF HUPN POINT BY POINT, 1
1230 !
1240 ¢
12830 XKinhsxXc+Penoffset3h
1268 X2nsra+*Penorffietih
1479 X3hsxb+Penoffset2h
1280 X4hsxo-Penn-2
1228 XShsxo-Penns2
1288 xXBhaxd+Penns2
1319 A?haxd+Panns2
1320 <8h=xe-Penn-2
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[
]
N
LS
.
hY
' 1330
. 1340
K 1350
[N 1360
[N 13790
Y 1360
\ 1390
1400
i 1410
¢ 1420
, 1430
K 1440
. 1450
. 1463
- 1470
1480
1490
13580
1510
1520
1530
1540
1550
1560
1370
1588
1599
1630
1610
1829
1638
1642
1650
1689
1679
1669
1650
1709
1710
1720
1730
1749
17359
1759
1770
1780
173990
1809
1810
1820
1830
1349
1859
1869
1870
. 1829
h 1999
o 1900
. 1910
1920
1930

REPRODUCED AT GOVERNMENT EXPENSE

1940
1950
. 1963
[ 1970

Nt B et S il i i Bt et g i Bl i

X9haXe-Penn/2

X10hsxXd-Penoffset4h

t

1

v FOLLOWING LINES DEFINES THE Y CO-ORDINRTE OF HWORN POINT BY POINT. 1!
[] .
'

YihsYasPenns2

Y2huve+sPenoffset2h

Y3h=Yf-Penoffsetlh

Y4haYc-Penotfsatéh

YShsYpb-Penn/2

YéhsYb~-Penns/2

Y?hayd-Penn-2

Y8hayYd-Penn/2

Y9nh=YbePenoffsetSh

Yidhaya+Penn-2

+

]

' FOLLOWING LINES DPAW THE HORN FOR LARGE FI.TUFE. !

]

t

FOR Image=d TO 2 STEP 2

LINE TYPE Linenumber,Segmentsize ! Plotter select 3ntted line with,
! overlap to draw Horn, !

Imai-Image

MOYE Xih,Ylh¢lIm

DRAW X2h,72h+Im

DRAW X3h,Y3helm

DRAW X4h,Yd4helm

DRAW XSh,vSn*1m

DRAW Xéh, r5h+im

DRAW X7?h,r?hxlm

DRAW X8h, (B8helm

DRAW X9h,v9nelm

DRAW X10h, 710h+Im

DRAW Xih,Yihelm

IF Hfy11>1 THEN GOTO 1998

XBarc=xc+Hua TANC(Hangl @)

YarcavYd

LINE TYPE 4,.4+¢5cale | Select 'inetvpe to draw phase front

' transttion cutline. !
FOR Beta=Qd TO HMangle STEP 2
1

and,

' FALLOWING LIMNES RRE THE EQUATIONS THrT DEFINE PARALLEL PHAIE FRONT,
' LENSE OUTLINES. !
ARarc=]1-C0S(Beta)
Barcei1-CO0S(Hangle?
Carces{/SQR(Er,»-C0S<(Beta)
Darc=C0S(Hangle>-1/3QR‘Er>
Earc=(C0S(Beta ¢ 1-SQR(ErO)
B=Hlee¢cRarc+barc+Carc ‘Darc /Earc
Hrag=Hle+B+Pen

Thickness of lens, |

Radius from center of f'are to0 edge,
of lens., !

W Pazitaion of
¢ Poszrtion of

XarceX@arc-Hrad+*C0S(DPeta’
YarcsY@arc-Hrad+SIH Ber a:

IF Berta=9 THEN MOVE -<arc,r’arc
DRAW Xarc,rarcelme-] ! Draws outline for lens, |

NEXT Beta b
'

arc., |}
arz. !t

' FOLLOWING LIMHES DRAW QUTLINE FOR TRANMSITION FROM WAVEGUIDE TO ZLOTLINE.

]

XbhaxeeMeL amdad
YDa=v0-.0leLamaad
MOVE Xe, 'belm
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1988 DRAW Xbh,Ybaelm

1998 NEXT Image

2009 NEXT Hfi1l1

2018 !

2020 !

2030 LINE TYPE 1

2040 !

2050 Xheading=X@-32In

2069 YheadingsYe+.35#[n

2879 CSIZE .1+ln

2900 MOVE Xheading,Yheading .
2098 LABEL “FINLINE HORN by LCDP MUMTAZ UL HAQ"
210@ PEN O

2118 MOVE 35009, 300

2120 END
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