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Abstract

This thesis documents the design, fabrication, and testing of a planar mi-
crowave lens. The lens consists of two planar arrays of light-weight printed circuit
antennas interconnected by microstrip lines whose length varies as a function of po-
sition on the lens. Microwave energy is coupled from one face of the lens to the
other by means of a slot etched in the ground plane. At 8.0 GHz the lens is ten
wavelengths across, is less than 1/8 inch thick, and weighs less than 4 pounds. The
lens can scan a beam over a £30 degree region in both the azimuth and elevation
planes. The overali lens efficiency is 56 percent. a 25 percent increase over previous

planar lens designs.
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Design and Testing of a Lightweight, Planar Microwave Lens

I. Introduction

1.1 General Issue

Microwave lenses are used in applications where high gain and/or wide scan-
ning capabilities are required. The Department of Defense 1s currently using one
or more microwave enses in several of its satellite systems. These systems include
ACTS. MILSTAR and DSCS. One disadvantage in using a microwave lens in a space
application is its extreme weight. A microwave lens can weigh on the order of 100
pounds or more. Methods which attempt to reduce lens weight. such as zoning {11.
also introduce undesirable effects. These eflects include increased sidelobe levels due

to shadowing and reduced bandwidth, hence system perfoimance is degraded.

1.2 Problemn Stalement

A reduction in weight of a microwave lens is required without degradatior of

svstem performance.

1.3 Rescarch Objective

This thesis covers the design and testing of a lightweight planar microwave
fens. A previons lens 12 designed by MeGrath is the foundation for this effort.
Improvements to the MeGrath design are made to increase overall lens efficiency.
Mter the lens was designed and fabricated. the lens was tested for both radiation
characteristics and for overall lens efhiciency. An attempt was made to gquantify all
loss mechanisms encountered in the lens. however. the primarv emphasis was focused

on overall lens efficiency.

1.4 Approach

A planar constrained lens approach is used for the leus architecture. Archi-

tectutes of this type require hoth aperture- and feed-side radiating elements and
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connecting transmission lines. Lightweight microstrip patch antennas are used as
both the aperture- and feed-side radiating elements. Varying lengths of microstrip
transmission lines are then used to feed the patch antennas. A critical element to
the success of this thesis hinged on finding an efficient means of transmitting energy
from one face of the lens to the other. Therefore, design and testing of the lens was
accomplished in two steps. First, a prototype feedthrough was designed and then
tested for insertion loss. Once an efficient feedthrough design was found, the lens
was then designed and tested. This two-step procedure eliminated much of the risk
in trying to design a lens with a high overall efficiency.

1.5 Limitations

The design phase of this effort is “*mited to using existing models that appear
in literature for the characterization of microstrip transmission lines, patch antennas
and feedthroughs. An exact model for the feedthrough design does not appear in the
literature and an approximate model is used to establish a base line design. Final

feedthrough design is based on prototype tests results.

1.6 Materials and Equipment

Dielectric material used for lens fabrication was supplied by Rome Laboratory.
Lens fabrication was also accomplished at Rome Laboratory through an in-place

service contract with Wentworth Industries, Newton, Massachusetts.

Testing of the microwave lens required an antenna measurement range of 45
feet or more. with a rotating pedestal capable of handling weights of approximately
50 pounds. The Rome Laboratory antenna measurement facility at Ipswich, Mas-

sachusetts was used for lens testing.

Prototype feedthrough testing was accomplished at AFIT using an HP 8510

Automatic Network Analvzer located in Building 194.

1.7 Overvicie of the Thesis

Chapter 2 of the thesis is a literature review. The literature review provides
background information on the topic of planar microwave lenses. Also, a brief history
of the constrained lens is presented. Chapter 3 covers the design, fabrication and

testing of the prototype feedthroughs. Chapter 4 describes the design, fabrication
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and testing of the lens. Chapter 5 summarizes the work accomplished, provides

conclusions, and presents recommendations for future research.
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II. Literature Review

2.1 Introduction

This chapter is intended to survey the topic of planar microwave lenses and
identify what others have done in this area. While documentation on the topic of
lenses in general is broad and covers many frequency bands, documentation on the
topic of lenses at microwave frequencies is less abundant. A planar lens further
restricts the topic, since only a few planar lenses have ever been documented. These
few papers will be the subject of this chapter and will form the starting point for this
research. The chapter is divided into two parts. First, some backgiound material
on the microwave lens, its importance, and applications will be presented. Second,
previous work on the planar microwave lens will be discussed as well as the problems
encountered and conclusions of the work.

2.2 Background

A lens in either the optical or the microwave frequency spectrum would work, in
principle, the same way. In each case, rays that travel from some wavefront, through
the lens, to the focal point, must travel an equal path length. Most often, lenses
are shaped or curved in order to provide the equal path length condition needed to
focus the energy. The closer the focal point, the thicker the lens must be. Since
microwave lenses can be as much as several hundred wavelengths across [3], a thick
lens made of standard dielectric material such as Rexolite could weigh as much as
a 100 pounds or more. An alternative to shaping the lens is to constrain energy to
travel along specific lengths of transmission line. These transmission lines could each
be varied in length to accomplish the same result as shaping the lens. A lens that
focuses energy in this way is known as a constrained lens [1]. Figure 2.1 shows the
geomelry of the constrained lens. Here, energy is received on one face of the lens
by an array of antenna elements. Once the energy is received, the energy is then
constrained to follow specific lengths of transmission lines and is then re-radiated by
an array of antenna elements on the other face of the lens.

Constrained lenses have one distinct advantage over shaped or curved lenses
in that they can be flat on both faces of the lens. Not only can the lens be made
flat, but more importantly, the lens can be made thin. Since a thin lens would weigh
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less than a thick lens of the same size and material, a constrained lens would be an
optimum choice for a satellite or other space based system where weight is a primary

concern.

Microwave lenses are generally used in applications where high gain or wide
scanning capabilities are needed. A microwave lens can scan without actually moving
the lens; all that is needed is to move the feed slightly off axis and the beam of the lens
antenna scans proportionally. This feature is again important in space applications
where it is better, for momentum reasons, to move smaller objects than larger ones.

Now that the reader has been introduced to the topic of microwave lenses and
some of its applications, the topic of microwave lenses. and in particular constrained

lenses, will be discussed.

2.3 Microwave Lenses

The idea of a microwave lens has been around at least since 1946 [4]. For the
most part, many of the early design concepts are still valid and would still work well.
The problem with the early designs was their weight; most were made out of metal
waveguide or stacked metal plates. Even today with the use of dielectric materials

such as Rexolite, the lens can be unacceptably heavy.

One method of reducing weight in a lens is using a teclmique known as zoning
[3]. Zoning is based on the fact that electromagnetic waves are 2% periodic. By
zoning a lens, vou could remove some multiple number of wavelengths of material
from the lens and still be able to focus energy as if the lens were not zoned. A zoned
lens would have a stair step appearance across the face of the lens. One problem
with zoning is that it is frequency dependent. By zoning a lens vou have limited its
usable bandwidth. Another problem with a zoned lens is shadowing. which is caused
by nou-uniforin illumination of the lens. Shadowing occurs when the Jens is scanned
off-axis and results in higher sidelobes and filled-in pattern nulls. So. as mentioned
earlier. the optimum choice in terms of weight is the thin flat lens or constrained

lens.

The first documentation of a thin constrained lens appears in a paper by Mc-
Grath [5]. Here. an experimental model consisting of two planar arrays of microstrip-
jed patch antennas is proposed. The patch antennas would then be connected by

shorting pins as shown in Figure 2.2. It was concluded that a planar lens using the
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Patch Antennas

Transmission
Lines

Ground Plane Shorting Pin

Figure 2.2. Microstrip Constrained Lens with Shorting Pins; Single Element

microstrip-fed patch antenna architecture would be both lightweight, «nd easy to fab-
ricate using photolithographic techniques. The proposed model was not tested, but
it was concluded that a two-degree-of-freedom lens in which positions of aperture-
and fecd-side elements are different allows substantially better off-axis performance

than the single-degree-of-freedom design.

A later paper [6] by the same author describes the actual des’ ;n and tecting of
the microstrip constrained lens proposed in [5]. In this microstrip lens design, small
holes slightly larger than the diameter of the shorting pins were in the ground plane
of the microstrip. as shown in Figure 2.2. The feedthrough holes were then drilled to
allow for shorting pins to be installed. The shorting pins were then soldered to both
the aperture-side microstrip lines and the feed-side microstrip lines. Since a lens
antenna can have many hundreds of antenna elemeats, this shorting pin design can
be labor intensive. The shorting pin architecture resulted in an overall lens efficiency
of 29%. with the most significant loss mechanism attributed to the feedthrougn pins.
It was concluded that the lens could focus a quality beam (i.e. not much distortion)
to £30 degrees in both azimuth and elevation planes.
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Figure 2.3. Microstrip Constraine« Lens with Slot Coupling

The most recent paper (2] on the micro trip constrained lens again uses the
microstrip patch antenna architecture but with a new feedthrough design as shown
in Figure 2.3. In the new design, energy is electromagnetically coupled from one
side of the lens to the other via a slot shaped aperture in the ground plane of the
microstrip. This eliminates the labor-intensive drilling aud soldering required in the
shorling pin design. The slot coupler design was Lased on some preliminary slot
coupler test results. However, a prototype slot coupler was not designed and tesied
prior to lens fabrication The result was a low efficiency lens. Two lessons that
were learned from the slot coupler design were: 1} o ~ i feedthrough design and
a low-loss dielectric substrate would increase lens efticiency substantially and 2) the
close proximity of microstrip transmission lines to the radiating edge of the patch

needs to be avoided in order to prevent interference between microstrip lines and

patch radiators.




2.4 Conclusion

A thin flat lens design would be an optimum choice in terms of weight. The
slot coupled microstrip constrained lens has the potential to satisfy a thin lens de-
sign criterion. The slot coupled lens would also be lightweight and easy to rabricate
using photolithographic techniques. The s« * a low-loss dielectric substrate would
increase lens efficiency substantially. ¢ - :s determined that the microstrip con-
strained lens can focus quality bcai..- <2 r : ne .iely wide scan angles in both the
azimuth and elevation planes. The close *.. oximity of microstrip trancmission lines
to the radiating edge of the patch needs te e aveided in order to prevent interference

between microstrip lines and patch radia.- - ..




III. Slot Coupler

3.1 Introduvction

This chapter covers the design, fabrication and testing of *he jwolotype slot
coupler used in the lens design. Since finding a slot coupler with minimal insertion
loss was critical to designing a lens with high overali <ificiency, the slot ¢oupler was
designed and tested separate from the lens. In this way, a number of d:¥erent slot
coupl~r desigr:s could be tried at mininal cost in time and material. The slot coupler
desig: that resulted in the sr.ailest insertion loss was then usec in the jens design.
This two step procedure reduced risk of failure in designing & "-igh efficiency lens.
Also. by testing the slot couplers separately, loss mechanism: in the slot coupler

could be measured and evaluated independently from the lens.

An exact model for the slot coupler does not exist in the literature, therefore,
an approximate model is used in the slot coupler design. It should be kept in mind
throughout this chapter that the main goal of using the prototype slot coupler was
to find a slot coup ler design that would result in minimum insertion loss. It i< not a
goal of this thesis to derive a new model for the slot coupler in order to accurately

predict test results.

This chapter is broken u; into four sections. First. an approxiinate modei for
the microstrip-slot-microstrip transition is introduced along with the equation:. used
in the slot coupier design. Each design parameter in the model will be discus-ed.
including the topics of line losses and end effects. Second. fabrication o1 the slot
coupler is covered, including material selection and a brief description of the fabri-
cation process. Third, the testing and results of the prototype slot coupler designs
are liscussed and the results are compared to theory. Finally. the chapter ends with

some conclulding remarks.

3.2 Prototype Design

3.2.1 Model A diagram of the slot coupler is shown in Figure 3.1. The slot
coupler consist= of two low-loss dielectric substrates sharing a common ground plane.
Microstrip transmission lines are etched on both the top and bottom faces of the

substrates and a slot is etched in the ground plane. The coupler works by guiding
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Slot

Ground .
Plane [
\ IR Dielectric
L\ et Substrate

- Microstrip lines

Figure 3.1. Slot Coupler

microwave energy down a specific length of microstrip transmission line, then cou-
pling the energy to a second microstrip transmission line via a slot in the ground
plane. Ideally, all the energy that is received on tlie first microstrip line will be
coupled onto the second line. In reality however, a smail portion of the energy will
be reflected back onto the first line because of an impedance mismatch that occurs
at the slot. The less energy that is reflected back onto the first line. the more effi-
cient the slot design. It is the design of this slot coupler that will be covered in this

section. More discussion on efficiency (or losses) will follow.

The slot coupler is essentially a microstrip-slot-microstrip transition. As al-
ready mentioned, such a transition does not appear in the literaturc. I, however,
this one transition is broken up into two transitions, one would see first a microstrip-
slot transition followed by a second slot-microstii,s wransitian. This helps the situ-
ation, since the microstrip-slot transition does appear in the literature. Also, since
the microstrip siot and slot-microstrip transition are identical. optimization of one
transition will result in the optiniization of the second transition. In the following

development. only the microstrip-slot transition is treated. Two of the slot param-
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Figure 3.2. Microstrip-Slot Transition

eters. however, will be changed in order to account for loading of the slotline by
the second substrate. It is the microstrip-slot transition that forms the basis for

modeling the microstrip-slot-microstrip transition.

A diagram of the microstrip-slot transition is shown in Figure 3.2. The transi-
tion consists of dielectric substrate with a microstrip line etched on one side of the
substrate and a slot line etched on the other side of the substrate. The microstrip
and slot lines cross at right angles to. and extend about a quarter guide wavelength
beyond, each other.

An equivalent circuit for the microstrip-slot iransition is given by Knorr [7].

The equivalent circuit is shown in Figure 3.3 where
Zy = slot impedance,
04 = electrical length of slot stub,

Xg = reactance of shorted stub.

Zms = microstrip impedance,
3-3
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0 = electrical length of microstrip stub,
C,c = equivalent capacitance of open microstrip.

The transformer ratio, n, is determined from knowledge of slotline field com-

ponents. In the approximate analysis reported by Knorr [7], n is defined as

h
n = cos [Qw;—u] — cot gpsin [27rll—u] (3.1)
AQ /\0
with 0
go = %lfh + tan™[u/v] (3.2)

1/2

u= lﬁr - (f\\f) ] (3.3)
W1
v= [(x) - 1] (34)

where A, is the slov wavelength, h is the thickness and ¢, is the relative dielectric
constant of the su. strate.

From inspection of the circuit in Figure 3.3, it is seen that one can obtain a

perfect match at a given frequency by making

Zoms
Zsl =7 (35)
n
T = (3.6)
Xin=0 (3.7)

where B is the susceptance looking into the shorted slot stub and X} is the

reactance looking into the open-circuited microstrip stub.

With the basic model for the microstrip-slot transition now defined, the follow-
ing subsections will be devoted to determining the parameters Z,.y, Zy. 051. Oms. As.

3.2.2 Microstrip Line Microstrip transmission lines have been well docu-

mented and tested. There are also many computer-aided design packages available
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for determining the correct microstrip line width for a given set of substrate parame-
ters and characteristic impedance. One program that the author has been successful
with, which takes into account such things as conductor thickness and effective di-
electric constant, appears in a Rome Laboratory Technical Report [8]. The program
is written in FORTRAN, and is based on microstrip design equations found in [9].
The equations are repeated here for completeness.

Sh W,
_ on e < .
Z . = 2”\/3:111[ +0.25 h] Wik <1) (3.8)
z =0 [” 1.393 + 0.6671 (4 +1444)]—1 Wih>1)  (3.9)
ms_\/a ]+ i In h (W/h > (3.

where

W, W 125¢ 4rW i
We W, 151 (1 +In T ) (W/h < 1/27) (3.10)
h h = h
W, W 1251 2h
— = — — W/ih>1/2% 3.
h h+ rh(]+lnt) (W/k 2 1/27) (3.11)
&+1 -1 .
tre = —5—+ ——F(W/h) - C (3.12)
in which
-1 t/h
- e (3.13
1.6 viW/h )
FOW/h) = (1 4 120 /W) 12 1 0.04(1 - W/EY? (W/h<t (3.4

FOW/[h) = (1 + 12h/0)12 (Wih>1)  (3.15)




In the above equations, ¢ is the thickness of the conductor, W is the width
of the microstrip line and n = 1207 ohms. The effect of conductor thickness is
insignificant for t/h < 0.005,2 < ¢, < 10 and W/h > 0.1. However, the effect of

conductor thickness is significant on conductor loss in the microstrip line.

Calculation of the microstrip stub length 6,,, is based on the effective dielectric
constant €. computed above.

Ao

Oms = —\/—é-r_; (3.16)
3.2.83 Microstrip Losses One thing that will nave to be accounted for when
calculating the overall loss in the lens design is the loss due to attenuation in the
microstrip line. Microstrip line has two primary types of loss associated with it,
conductor loss o, and dielectric loss ay. The total loss ar is equal to the sum of
the two: ar = o + a4. The dielectric Joss is generally small when compared with
conductor loss on dielectric substrates. Closed form equations for calculating a, and

ag expressed in dB per unit length are given by [9):

hZmns 32+(”’¢/h)2

6.1 x 107° A Beemerz (W, [ 4 RERESL] - (MR 2 1)

ctc —_

{ 1.38A B SOV /W2y < 1)

and

4.34no ==l (W/h <1
ag = 7 ﬁr‘e("-’)g (W/h<1) (3.18)
273;—:155-\/2—%391\%‘- (W/h>1)
where ; 195 9B
2 2
A—1+W;[]+Tln_i_] (3.19)

Ry =\[7f1to] pe (3.20)

{ ho (Wih< L)

and

oW (W/h> L)
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Figure 3.4. Slotline Geometry

In the above equations, p. is the resistivity of the strip conductor, o is the permi-
tivity of free space, ¢ = wege, tan 6 is the conductivity of the dielectric substrate and

tan 6 the loss tangent. The remaining parameters are as before.

3.2.4 Slotline Most papers on the topic of slotline only treat slotline used in
the conventional sense, that is, with the slotline etched on top of the substrate. How-
ever, in the microstrip-slot-microstrip transition. the slotline is sandwiched between
two substrates. The geometry for the sandwiched slotline is shown in Figure 3.4.
Here, two conducting strips of width W are separated by slot width S, and are

embedded hetween two dielectric substrates of thickness 7.

A recent paper by Lee [10] that treats sandwiched slotline and is general in
nature was the foundation for the calculation of the slot parameters Z,; and A,. The
paper first solves the Green’s function for a pair of filament sources embedded in
a dielectric substrate. The Green’s function was then used to construct the total
potential arising from two conducting strips embedded in a substrate. Then the

surface charge density on the conducting strips is found by using a moment method
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and imposing the source condition (equal potential) on the conductors. Using Lee’s
equations, the total charge @ is then

Q=) ¢=) > CsV (3.22)
i=1 j=li=t
where
[Cii} = [P,]! (3.23)
p 1 . T+ x| e [ sin kyz; sin kzx;
YU e aj =] medo k(€ — e2em2ksT)
[epe2eTw0) 4 9¢ o=2kT | ¢ o= 2ksvoldf:, (3.24)

With @ determined, the unit capacitance of the slotline is computed by

) Q lN N
C'=35=53%.Cy (3.25)

The factor 2 accounts for the fact that the two strips are charged to plus and
minus V volts with a difference of 21 volts. From this capacitance the characteristic

impedance, wavelength and effective dielectric constant can be computed by

Zy = (Co/CH?Z, (3.26)
)\31 = (Co/(")]/z/\() (327)
eess = C'/Co (3.28)

where Zy and (g are the characteristic impedance and unit capacitance of the slotline
when there is no dielectric loading of the substrate, and Zp = (coCp)~?, with co being

the speed of light in {ree space. In the moment method above. delta functions are
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used as the basis and test functions. For prototype calculations, the strip was divided
into 60 segments, and the integral was truncated at a finite point. It was found that
a wavenumber of 8000 for k, is more than adequate to yeild an accurate solution.
When ¢ = j in the above equations, it is necessary to offset z; slightly to avoid

the singularity in the logarithmic term. The author used an offset of 1um for slot
calculations.

3.2.5 End Effects Because an open-ended microstrip line has fringing fields
that extend beyond the conductor itself, a length extension is required to account for
the apparent increase in electrical length due to an open-ended stub. Hammerstad
gives a good approximation for the apparent length extension as [11]:

(re +0.3) (W/h +0.264)
| = 0.412}
A= 0412 = 558) (W/h 1 0.9)

(3.29)

With all the microstrip parameters Zps,0ns and length extension Al deter-
mined, the next step is to look at losses in the microstrip line.

As in the case of an open-ended microstrip line, a shorted slotline also requires
a length correction due to currents that flow around the end of the slot. The result is
stored magnetic energy just beyond the termination which give rise to an inductive
reactauce. The end effect is significant and the electrical length 8 of the slot can be
as much as 0.1, greater than the physical length of the slot [12]. Since a slot coupler
has two shorted ends this effect is doubled. While there are no analytical results [9]
for evaluating the shorted discontinuity, there is a limited amount of experimental
results available [12]. Parametric curves of {12] are used to determine the slot length
extension Aly. Once Al is determined, the following equation is used to determine
the physical slot length SL.

- 2Aly (3.30)

3.3 Fabrication

%.3.1 Fabrication Process Slot coupler fabrication consists of a three-step
process. First, a computer pen-plot is generated of the circuit layout. A liquid
ink pen plotter with a paper handling capability that is at least twice the size of

the circuit is preferred. Often, a pen-plot is generated that is two to four times
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larger than the actual circuit. The pen-plot will later be photographically reduced
to desired size. This method helps reduce errors ir the plot due to inaccuracies of the
plotter itself. Second, the pen-plot is taken to the photolab, where a photographic
negative is taken of the plot. The negative produced (also known as the mask) should
be reduced to the desired size. Finally, the mask and a piece of copper-cladded
substrate are sent out to a foundry where portions of the copper are chemically
removed from the substrate. Etching was accomplished at Wentworth Industries,
Newton MA, through a service contract with Rome Laboratory.

The slot coupler is a multiple layer design with a single ground plane (which
contains the slots) sandwiched between two substrates. Generally, substrates are
purchased with copper cladding on both sides of the substrate. In order to make
alignment of the layers simpler, one substrate has its copper cladding totally removed
from one of its faces during fabrica.ion. The layers are then epoxied together using
a two part conducting epoxy that cures at room temperature. The brand of epoxy
used for both the prototype slot couplers and the lens was a silver-based conducting-
epoxy made by Epoxy Technology Inc., Billerica MA, part number H20E. The epoxy
was spread thinly using a razor blade and was allowed to cure for ten days at room
temperature.

3.3.2  Prototype Slot Coupler Layout The substrate used for both slot coupler
designs and lens fabrication was 0.05 inch thick RT Duroid with 1/2 ounce copper
cladding. The substrate has a relative dielectric constant ¢, = 6.0 and a loss tangent
tand = 0.0027. The substrate was available in 20 by 20 inch sheets. This substrate
was selected for both its low-loss properties, its relatively high dielectric constant
and its availability. Choosing a substrate with a higher dielectric constant means
both smaller microstrip line widths and patch antenna dimensions as compared to a
more common ¢, = 2.5 material. These smaller dimensions will be important later
when laying out the lens, as patch antennas, slot couplers and microstrip lines all
compete for the same area on the surface of the substiate. For the reason of reduced
line width, an 80£ microstrip line will be used to feed patch antennas in the lens
rather than the standard 509 line. For example, an 80§ line has a width of 0.0235
inches on the mentioned substrate. This is about 1/3 the microstrip line width used

in previous lens designs (2], [6].

Fight prototype slot couplers were designed and fabricated. Each slot coupler

consisted of two, 2 by 2.5 inch substrates. Each substrate had a 30 microstrip
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line etched on one surface of them, and as already mentioned, one of the substrates
had its ground plane totally removed. The other substrate had a slot etched into
its ground plane. Flange mount jack-tab connectors were then soldered to one end
of the microstrip line in order to provide the interface beiween microstrip line and
test equipment. Since an SMA jack-tab connector has an impedance of 5082, a 63§
quarterwave traasformer was then used to match the jack-tab connector to the 8052
microstrip line. The jack-tab connectors have a tab width of 0.02 inches and can
be purchased through Omni Spectra, P/N 2052-5636-00. Microstrip line dimensions
were exactly the same for all eight slot couplers, the only difference between tue eight

candidates were the dimensions of the slots which will be listed in Section 3.4.2.

3.4 Testing

3.4.1 Calibration and Set-up It was not possible to calibrate the HP 8510
Automatic Network Analyzer up to the SMA jack-tab connectors. Since only a Tmm
calibration kit was available, calibration was only possible to the ends of the 7Tmm
test cables. Four adapters (two on each port) were then required to mate the female
SMA jack-tab connectors on the unit under test to the Tmm test cables. Because of
this, the actual insertion loss will be less than what was measured. The test set up

is shown in Figure 3.5.

3.4.2 Measurements The slot couplers were then tested for insertion loss in
the 7.5 to 8.5 GHz frequency band. A time-domain measurement was also made to
see, on a relative scale, where major reflections were coming from. The slot coupler
with the lowest insertion loss was then chosen for the lens design. All insertion loss
measurements were made on an HP 8510 Automatic Networh Analyzer. Figure 3.6
shows the insertion loss measurement for the slot coupler that was chosen foi the lens
design. The slot has a length of 0.346 inches and a width of 0.03 inches. It can be
seen in Figure 3.6 that the insertion loss varies between 1.2 and 1.9 dB over the 7.5
to 8.5 GHz band, with about 1.6 dB insertion loss at the 8.0 GHz design frequency.
Keep in mind that this measurement includes both losses due to attenuation in the
microstrip line, and the extra hardware used in the calibration. A theoretical plot
generated from the model developed in Section 3.2.1 is shown in Figure 3.7. The
model predicts an insertion loss of about 0.93 dB at the 8.0 GlIz des:gn frequency.

If we take into account that more insertion loss will be added to this value because
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Figure 3.5. Setup for Testing the Prototype Slot Couplers
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Candidate | Siot Length | Slot Width | Theory | Measured
# SL(inches) | SW(inches) | (dB) (dB)
1 0.346 0.03 0.9 1.6
2 0.390 0.03 0.7 2.3
3 0.433 .03 1.2 3.1
4 0.425 0.02 1.6 3.4
5 0.340 0.02 1.8 1.6
6 0.412 0.02 2.5 2.8
7 0.371 0.01 2.5 2.2
8 0.330 0.01 3.0 1.8

Table 3.1. Measured Insertion Loss vs Theory on Candidate Slot Couplers at 8.0
GH:z

of line loss and xtra hardware, the model seems to reasonably predict measured
results for candidate #1 slot. In Table 3.1 we see that the model does fall apart
somewhat on some of the other candidate slots. For example, the difference between
the theoretical and measured insertion loss for caudidate slot #3 is 1.9 dB.

One thing that did stand out about the measured data was that the slots with
shorter physical lengths (and hence shorter electrical lengths) had lower measured
insertion losses than the slots with longer physical lengths. The slots with the low-
est measured insertion loss (candidates #1, #5. and #8) all had electrical lengths
(including fringing) in the 0.400), - 0.440A, range, while the slots with the highest
insertion losses (such as candidates #3. #4 and #6) bad electrical lengths in the
0.494A; — 0.528), range. Hence. future slot coupler designs should have slots whose
electrical lengths fall in the 0.400A, — 0.440), range.

Note the theoretical insertion loss column of Table 3.1 suggests a slot o/ width
0.03 inches should have a lower insertion loss than a slot of width 0.01 inches. Also,
the inscrtion loss should not be strongly dependent on slot length. A slot of width
0.03 inches was in fact chosen for the lens design, however, measured data supports

a stronger dependence on slot length than slot width.

The remaining seven measurements are all similar to Figure 3.6 varying only
in relative amplitude. The reader is referred to Appendix A for the remaining seven
insertion loss measurements. One characteristic common to all seven plots was the

slow oscillation of insertion loss between its maximum and minirnum value. In all
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seven plots, minimum insertion loss occurred around 7.5 GHz and the maximum
insertion loss occurred around 8.2 GHz. Since the only difference between the eight
measurements were the dimensions of the slot, moving the minimum insertion loss
level from the 7.5 GHz to the 8 GHz design frequency might be possible by changing
the microstrip stub length, since slot dimensions seemed to have no effect on shifting
the minimum insertion loss position. It is also possible that the slow oscillation
is an interference pattern caused by three dominant reflection points. These three

reflection points are shown in the time domain measurement.

A time-domain reflection measurement was performed on the slot with dimen-
sions SL = 0.346 inches and SW = 0.03 inches; the results are shown in Figure 3.8.
Since reflection measurements require only one port, the second port was terminated

with a 509 load.

Significant points in Figure 3.8 are as follows. Point 1 is where a tiansition is
made from the 509 jack-tab to microstrip line. Point 2 is where the microstrip-slot-
microstrip transition is made. Point 3 is where the microstrip to jack-tab connection
is made and terminated with a 50€) load. Points 1 and 3 were precisely identified
by loosening the connector slightly and observing the rise in reflection at that point.
By comparing the relative amplitudes of the three points we sce that the microstrip-
slot-miciostrip transition is only slightly worse than the two microstrip-jack tab
transitions. It has heen the authors experience that a well soldered jack-tab typically

has an insertion loss i1 the neighborhood of 0.3 dB.

2.5 Conclusion

A prototype slot coupler was successfully designed. fabiicated. and tested.
Total insertion loss through the slot coupler. including attenuation in the miciostrip
fine and come extra calibration hardware. was 1.6 dB at the 8.0 GHz design frequency.
It was determined that more optimization may be possible by changing the microstrip
stub length. Also. a slot with an electrical length (including fringing) in the 0,100 -
010N 1ange seems to be optimum in terms of insertion loss for the microstrip-<lot

microstrip transition.

This was the firct time that a model for the microstrip-slot-microstiip transition
has heen documented. This model was useful in predicting measuied insettion loss

resalis, The model sceemed to work reasonably well for some slots that were testd
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but was off by as much as 1.9 dB on one other slot that was tested. For this reason,

1t is suggested that the model be used only in baseline designs until a more accurate

madel is found.




IV. Lens

4.1 Introduction

This chapter covers the design and testing of the planar microwave lens. The
chapter is divided into four sections. The first section discusses the design equations
used in determining the patch antenna dimensions and transmission line lengths.
The second section discusses the fabrication of the lens. This discussion includes
the strategy for laying out the patch antennas and the transmission lines. as well as
a strategy for selecting a polarization for aperture- and feed-side antenna elements.
The third section covers the testing of the lens design. Here. both on-axis radiation
patterns of the lens will be presented. along with radiation patterns taken with the
feed moved to various scan angles. The third section ends with a determination of

overall lens efficiency. Finally. the chapter ends with some concluding remarks.

4.2 Lens Design

4.2.1 Patch Anfennas Patch antennas were used as the radiating elements
of the microwave lens because they are light in weight. highly efficient and casy to
fabricate. They have stmmetric cos # radiation patterns and are eas’iv arraved. One
disadvantaze of using the patch antenna is its nairow bandwidth. which is typically
on the order of a few percent. This will not be a problem for this thesis. but could

be a limiting factor in some lens applications requiring a wider bandwidth.

Two things were decided upon early in the lens design. First was the resonant
frequency of the pateh. For this thesis. an 3.0 GHz patch was used so that lens
performance could be campared to the previons lens designs of 27 and "6 Second
wax the input impedance to the patch. For reasons that will be explained iater. an

1

T, . . ) . : i
SO feed ine was aned. The following paragiaphs describe the desdgn equations ased

~*

in determining the patch dimensions.

Feeding a pate® antenna is not as easy as simply attaching a transmi<sion line
to the edge of the patch. This is because the input impedance of a rectangnlar pateh
antenna an be as high as 30092 when fed {from the edze. Thus in order to match
the edae impedance of the pateh to o transmission line. a quarterwas e transforme:

is typicall: useds An alternative 1o nsing a transformer is to move the feed point

41
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Figure 4.1. Taset Feed Patch Antenna

on a pat  antenna in toward the center of the patch, where a much lower input
impedance can be obtained. This is the idea behind the inset feed patch antenna.
An inset feed rectangular patch antenna is shown in Figure 4.1. The rectangular
patch has length b and width «. Note that the feed point has been moved inward
from the patch edge by etching two slots, of length d and width s, parallel to the
microstrip {ecd Jine. With the use of the inset feed patch antenna we can connect
the microstrip line of width w directly to the rectangular patch without the use of a

quarterwave transformer.

A simple but accurate transmission line model [13] is then used to determine
the imput impedance of an inset feed patch antenna. In the transmission line model,
the radiating edges of the patch are modeled as two slots, radiating into free space,
separated by a section of microstrip line. By determining the impedance of the slots
and then referring the slot impedances back to the feed point. we can determinc
the input impedance of the patch antenna. The transmission line model is shown in
Figure 4.2. Since the following equations involve a parallel network, it is simpler to
work with slot admittances rather than slot impedances. The transmission line mode}
has front slot ad:*ttance Y;; and rear slot admittance Y,;. The slot admittances Y5,
and Y, are located at distances d and (b — d) respectively from the feed point. By

adding the two referred adinittances Y3 and )3, the following expression for input




Figure 4.2. Transmission Line Model {or the Patch Antenna




admittance Y;, is obtained:

Ym = }/1 + Y’z (41)
where , T e
e Ty 1&" Zy ,
Y= m)’; 1=1,2 (4.2)
Y- Yy _
P,‘ = Y¢+ Ym_ = 1,2 (43)
with -1
Y, = Vn‘“ [‘% +1.393 + 0.6671n (% + 1.444)] (4.4)
0

et

. w(e—2w) [ (kh)z] .a— 2w ( h )
o= —— 1= + 3.135 — 2In (kh — <01 (45
=T, (W), jec By (ki) (45)

i Ta (kR)*] . a h
= o 3.135 — 21n (k/ 2 <o .
Ys2 py [l N ] +J>\0770 [3.135 — 21n (kA))] (/\0 <0 1) (4.6)
)5 9

U, = a + ﬂ [1 +In (H—h-)] (a > —é—) (4.7)

i t 27"
1 = kd\/€,e + kAl (4.8)
2o = k(b= d)\/ere + kAl (4.9)

The parameters Al g, he t, and ¢, were defined in Chapter 3, and & =
27 [Ao. To determine the correct patch dimensions for a given resonant {requency,

the following procedure is used {13]:

a. Compute an approximate patch length b for the desired resonant frequency
using b = 0.49A¢/\/¢;. Choose a patch width a = 0.65)/\/€;. Choosing these
patch dimensions will yield an aspect ratio of /b =~ 1.3, which will help suppress
higher order modes in the patch and will produce a patch that radiates with almost

100 percent efficiency. The parameter s is chosen to equal w/2 simply for practical

reasons and does not appear explicitly in the model.




Parameter | Dimension
(inches)

0.382
0.278
0.098
0.024

w QT e

Table 4.1. Patch Antenna Dimensions

b. Make an initial guess at the real part of the patch edge impedance. This
will be the same value as the impedance of the microstrip line feeding the patch.

Compute the admittance of the main patch section Y.
c. Compute Al and slot admittances ¥4 .

d. Equation 4.1 is then iterated with successive values of b and d until the imag-
inary part of the input impedance is zero, and the real part of the input impedance

is equal to the impedance of the microstrip {feed line.

Table 4.1 lists the patch antenna dimensions used in the lens design. With the
design of the patch antennas complete, the next step is to determine the path length

equations for the lens.

4.2.2  Path Length Equations The geometry for a two-dimensional lens is
shown in Figure 4.3. The lens has focal length F and arbitrary thickness Wy. Note
that apertiure antenna elements are displaced a distance » from the focal axis = and
the feed antenna elements are displaced a distance p, where » and p are not necessarily
the same distance. The feed- and aperture-side elements are connected by a transmis-
sion line of electrical length W', The following equations werc derived for the general
casc of when the focal points are located at points (y,z) = (= F cos g, £ F'sin ) off
the focal axis [14]. The location of the feed side elements in terms of the aperture

side- elements is given by:

(4.10)




>\ Wavefront
K

A4

Focal
Surface

Lens

Figure 4.3. Geometry for the 2-D lens
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The expression for the electrical line length W is then:

]1/2

1 1/2
W=F+W,- 3 F? 40 —2pFsiny| - % [F2+p2+2stin()0] / (4.11)

This particular lens design uses two geometric degrees of freedom: the first in
the length of transmission line connecting feed- and aperture-side elements; and the
second in the different radial displacement of the aperture- and feed-side antenna
elements. The second degree of freedom is applied in order to give the lens good
wide angle focusing [6)].

For a three dimensional lens design, Equations 4.10 and 4.11 remain the same,
but r and p are now the radial coordinates for the aperture and feed sides respectively.
In the 2-D case, » and p were the radial displacement along a lincar axis, whereas
in the 3-D case, they are the radial displacement throughout a plane. It is pointed
out in [6] that for a three-dimensional lens design. the best choice for the focal angle
is 0o = 0, which will form a single on axis focal point. McGrath [2] states that this
choice of focal angle will yield the largest scan region for any given maximum path
length error. Path length erior is a common indicator of the scanning performance

of the Jens. Therefore. a single on-axis focal point was chosen for the lens design.

4.3 Lens Fabrication

Lens fabrication followed the same three step proceduie outlined in Chapter
3 for the prototype slot coupler fabrication. The only difference is that now we are
working with hundieds of slot couplers, miciostrip lines. and patch antennas. low
we chioose to lay out all these elements on the substiate will be an important part
of the lens design process. One of the first things to decide in laving ont a lens is
choosing the array lattice for the aperture-side antenna elements. On one hand. we
wonld like as wide an inter-element spacing as possible to help ease in the layvout of
patch antennas. microstrip transmission lines and slot couplers. However, since our
lens will be scanned ont to £30 degrees. grating lobes could be a problem if the inter-
element spacing is too wide. Fo' the leus design an equilateral triangular Litiice with
inter-element spacing of 0.74A¢ was selected for the aperture-side antenna clements.
Thix was the spacing used in [2]. and happens to be the lattice that vielde.l the widest
inter-element spacing without the appeatrance of grating lobes in the £30 degree

region. Feed-side antenna elements will then be a function of p as in Equation 1.10.
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There are a total of 199 patch antennas on both the aperture and the feed sides of

the lens.

Overall diameter of the aperture side of the lens was 15.4 inches as measured
to the centers of the outermost elements. The diameter of the feed side array will
be closer to 16.0 inches since feed-side elements are radially displaced outward from
the aperture-side elements. The maximum size mask that could be generated at the
photo lab was 17.0 inches and was the limiting value in the overall lens diameter. But
even without this mask constraint, lens diameter was constrained to be less than 20
inches since the substrate selected was only available in 20 by 20 inch sheets. Overall,

the lens is 0.10 inch thick and weighs about 4 pounds.

One significant change in this lens design over the two previous designs [2], [6] is
the layout of the aperture-side elements relative to the feed-side elements. In [2] and
[6] an aperture-side patch antenna would be connected to a feed-side patch which was
located almost directly behind it (see Figures 2.2 and 2.3). This architecture resulted
in several problems. First. microstrip lines were running too close to the radiating
edge of the patch antennas, causing mutual coupling and interference between patch
antennas and microstrip lines. Second. because of the cramped area in which to
layout microstrip lines, slot couplers were crossing underneath microstrip lines at

more than one point along the line.

In the new lens design, instead of an aperture-side element being connected
to a feed-side element which is located directly behind it (refer to Figures 2.2 and
2.3), an aperture-side element is connected to a feed-side element that is located
diagonally to it. The result is less competition for the same arca in the tavout of

patch antennas. slot couplers. and microstrip lines.

Iigure 4.4 shows how the new lens architecture would look. The drawing
is shown to scale and represents how a typical aperture/feed-side antenna clement
is positioned on the lens. one patch antenna relative to the other. Also shown is
the microstrip feed lines and slot coupler. Aperture- and feed-side patch antennas
dimensions are histed in Table 4.1, The feed through slot is 0.03 by 0.346 inches.
Keep in mind that the location of feed-side antenna elements and microstrip line
lengths are a function of position on the lens. so that the relative distance between

the patch anteanas shown in Figure 1.4 will vary somewhat with each pair of autenna

clements on the lens,
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Figure 4 4. New Lens Architecture
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In general. slots were located hall way between the aperture-side and the con-
necting feed-side antenna element in the horizontal direction and about 0.3 inches
above the feed-side elements in the vertical direction. The majority of the differential
path length used in focusing the energy is accomplished in the microstrip lines on the
aperture-side of the lens. Microstrip lines on the feed-side were almost of identical

length, varying only enough to extend past the changing slot location.

A final change to the architectures of (2], [6] is the polarization of the lens. In
the previous designs, both the aperture and feed side patch antennas were polarized
in the same direction. This meant that the unfocused energy that was spilled over
the lers was interfering with the focused energy coming through the lens. The result
was a degradation in the radiation pattern. In the new design, feed-side antenna
clements are cross-polarized to the aperture-side elements. the result is a better

focused beam.

All microstrip lines were 0.0235 inches wide and a 90 degree bend of radius=
0.10 inches was used in the routing of all microstrip lines. Exactly three of these
90 degiee bends (two on the aperture-side and one on the feed-side) were used
throughout the lens in connecting cach apeiinre/feed-side pair.

4.f Testing

Lens testing was accomplished over a five dav period at the Rome Laboratory
antenna measurement facility, Ipswich MA. The facility has a 1/2-mile range with a
0O foot dish used as the transmitting antenna. The lens was mounted in the fixture
shown in Figuie 150 The fixture allows for the lens to he mounted solidly to the
1otating positioner turntable, while the feed can be scanned up to £30 degices off
the axis of the lens, The feed can be also moved along the boom support to change
focal length. During all pattern measurements. a shroud (lined with absorber) was
placed o er the 1egion between the feed horn and the lens to prevent spillover and

stray radiation that might corrupt pattern measuremenns.

d-4.1 Pattern Culs The first measurements made on the lens were Foplane
pattern culs, It was discovered, after the E-plane patterns were taken. that the
feed side aitenna anav elements were not mounted predisely in the center of the
leas mounting fixture  This caused the feed horn to be positioned slightly off the

focal point of the lens. resulting in a slightly defocused beam. This problem was
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Figure 4.5. Lens Mounting Fixture
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corrected before the H-plane measurements were made but there was not enough
time to retake the E-plane patterns. Changing the set up between the E- and H-
plane pattern cuts required removing the shroud, removing the lens from the fixture,
rotating the lens, rotating the transmitter dish and then reassembling everything.
All pattern cuts including the off-axis patterns were made with the feed located 40
inches from the lens. In other words, there was no refocusing of the feed as the feed
was moved off-axis.

Figure 4.6 shows the measured E-plane pattern of the lens. The pattern is
reasonably well focused as evidenced by the well shaped main beam, the depth
of the first nulls and the symmetry of the first side lobes. A theoretical antenna
pattern is shown in Figure 4.7 for comparison. The theoretical pattern was based on
an array of 199 uniformly illuminated elements placed in a equilateral triangular grid
with 0.74)p spacing. From this figure, it is seen that the array should have a half
power beam width (HPBW) of 5.2 degrees and should have side lobe levels around
-17 dB. The measured HPBW was 6.0 degrees and side lobe levels are in the 12-15
dB range. Broadening of the main beam is partially due to the edge taper and the
de-focusing caused by the misalignment of the feed horn. E-plane patterns of the
previous lens design are shown in Figure 4.8 for comparison. Keep in mind that a
different feed horn (one with a higher gain) was used in the previous lens design so
side lobe levels will be lower for the previous lens design. By comparing Figure 1.6
to Figure LS80 it is seen that the radiation patterns are much more symmetiic in the
new lens design than in the previous lens design. First side lobe levels are about 3
dB apart in the new lens design. whereas they are about 16 dB apart in the previous
lens design. As the beam is scanned off-axis in the previous design. even the main
beam starts to become distorted. It should be pointed out that in the previous lens
testing. the lens was refocused as the feed was moved to the various scan angles and
should result in a better focused pattern than a lens that was not refocused. In the
following radiation patterns the lens was not refocused at the different scan angles
but still achieved as good a pattern as the previous lens design with refocusing,.
It is felt that the improved patterns are due to the increased spacing between the
microstrip transmission lines and the radiating edge of the patch antennas. Also. by
increasing the efficiency of the feedthrough. there is most likely result in less stray

radiation cianating the feedthrough point.

Figure< 1.9, 1.10. and 111 show the E-plane cuts of the lens with the feed
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moved off-axis by 10, 20 and 30 degrees respectively. Note there is a slight decrease
in antenna gain and a slight broadening of the main beam as the feed is scanned.
The usual cosf scanning loss is contributing to this gain decrease. In Figures 4.9
and 4.10 it can be seen that the main beam remains well shaped and that first nulls
remain deep. First side lobe levels remain about 3 dB apart, the same as the on-axis
pattern. In the 30 degree scan shown in Figure 4.11, the main beam remains well
shaped, but one of the first nulls is smeared out by the first side lobe. This can be
expected since the feed was not refocused as in [2] and [6]. It should be noted that
a lens that is not refocused will exhibit a pattern that becomes progressively more
defocused as the feed is moved away from the focal point. The result is a pattern
with filled in pattern nulls and asymmetric side lobes. Also with the feed moved
to the 30 degree position, the feed horn was getting close to the shroud wall, which
may be interfering somewhat with the pattern. It will be seen later in the H-plane
patterns that this problem was corrected when the shroud was reassembled for the
H-plane cuts.

An on-axis H-plane pattern cut is shown in Figure 4.12. Here it is seen that
the main beam is well shaped, the first nulls are deep. and the first side lobes
are symmetric. Note also that the HPBW is about 5.2 degrees which, as already
mentioned, was expected for an array of this size. Overall, the beam is better focused
than in the E-plane. First side lobes are however higher than expected and far out
nulls and side lobes are filled in and smeared. It is not known for sure what is
causing the high side lobes. Some possibilities are: 1) a non-uniformly illuminated
array, resulting from incorrect phasing/weighting to the array elements, and 2) stray
radiation from sources other than antenna cleinents (such as slot couplers or open-
ended microstrip lines). Further testing would be required to isolate if the cause
of the higher side lobes were from stray radiation from slot couplers, open-ended
microstrip lines or the incorrect phasing of antenna elements. H-plane patterns of

the previous lens design are shown in Figure 4.13 for direct comparison.

H-plane patterns for the lens scanned to 10, 20 and 30 degrees are shown in
Figures 4.14, 4.15 and 4.16 respectively. For all scan angles. the main beam remains
well formed and the first nulls remain deep. Side lobe levels do not seem to follow
any particular pattern as the beam is scanned. On-axis. the side lobes are fairly even
and svmmetric. The side lobes then become uneven and asymmetric at the 10 and

20 degree scans and are then again even and symmetric at the 30 degree scan. Again
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there is a gain decrease as the beam is scanned. Also note that the degradation seen
in Figure 4.11, which was thought to be caused by the shroud, is not present in the
30 degree scan since the shroud was moved further away from the feed horn for the
H-plane patterns cuts.

4.4.2 Lens Efficiency Lens efficiency was calculated using the following meth-
od. First, a maximum theoretical aperture gain was determined based on a uniformly
illuminated array with the same diameter as the lens. In this case the lens diame-
ter is 15.4 inches. Second, spillover loss was subtracted from this gain value since
spill over energy represents energy that the lens cannot focus. Taper loss is also
subtracted since the lens is not uniformly illuminated. The result of these first few
steps is then the maximum theoretical gain that the lens could achieve if it were
100 percent efficient. The diflerence between this maximum theoretical gain and the

actual measured gain represents loss in the lens.

Using the above procedure, the maximum theoretical aperture gain is then:
G=dr— (4.12)

or 31.6 dB for a 15.4 inch aperture at 8.0 GHz. Spillover loss was determined by
integrating over the feed horn patterns which are shown in Figures 4.17 and 4.18.
The feed horn had a 2.125 by 2.875 inch rectangular aperture with a parabolic shaped
flare to it. To make integration easier. the feed horn patterns were approximated as
a rotationally symmetric cos'® @ pattern. The following equations were used in the

calculation of spillover [1]):

gh
Plapert) = -z,—./o Pi(0)sin 0d0 (4.13)
~[2
P(spill) = 2= A Py (6)sin 0d0 (4.14)
: P(spull) x 100
¢ - =
%(spillover) = Plaperture) + P(spilD (4.15)

where 8, is the angle subtended from the lens axis to the edge of the aperture with

its vertex at the focal point. The result of this calculation was a spillover loss of 6.0
dB.
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Radial Distance | Weight
(wavelengths)
center 1.000
0-0.74 0.994

0.75-1.48 | 0.978
1.47-2.21 0.950
2.22.296 | 0.914
297-3.70 | 0.869
3.71-4.44 0.818 |
445522 | 0.795

Table 4.2. Array Element Weighting

Taper loss was determined by plotting the array pattern for a 199 element
weighted planar array and noting the decrease in gain as compared with that of
a uniformly illuminated array. A 0.74) spacing was used in the array. Table 4.2
shows the weighting of each element according to radial distance from the center of

the array in free space wavelengths.

The result was a 0.8 d%3 taper loss. Maximum theoretical gain for the lens
is then 24.8 dB. Actual mecasured gain for the lens was 22.3 dB. Therefore. the
lens has 2.5 dB of loss associated with it, which vields an overall lens efficiency of 56
percent. Since it is known from the insertion loss measurements of Chapter 3 that the
maximum insertion loss through the slot coupler and microstrip line is less than 1.6
dB. there must be at least 0.9 dB of surface reflection in the lens. Surface reflection
is a result of microwave energy being reflected at the kons/free space boundary. In
future lens designs. the reduction of surface reflection should be one means explored

to further improve lens efficiency.

A lens efficiency of 56 percent is a substantial increase over the previous lens
designs {2]. [6] which had efficienciesin the range of 15-31 percent. Two major factors
acconnt for the improved efficiency. First. a low-loss substrate was used instead of
the lossy epoxy-fiberglass material used in [2], [6]. The result is reduced attenuation
in the microstrip transmission lines. Second. an improved feedthrough slot coupler
design resulted in less reflected energy at the microstrip-slot-microstrip transition

point.

4.26
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Figure 4.17. E-Plane Cut. §.0 GHz, Feed Horn
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4.5 Conclusion

A lightweight, planar microwave lens was successfully designed, fabricated and
tested. Testing of the lens demonstrated that the lens could scan a beam out to +30
degrees in both the azimuth and elevation planes with acceptable pattern degra-
dation. Lens patterns were then compared to previous lens designs where it was
determined that the new lens architecture resulted in improved pattern cuts. It is
felt that the improved patterns were due primarily to the reduction of stray radi-
ation emanating from the feedthrough points and less interference between patch

antennas, slot couplers, and microstrip lives.

Overall lens efficiency was demonstrated to be 56 percent. This is a 25 per-
cent increase over previous planar lens designs. Two major factors account for the
improved efficiency. First, a low-loss substrate was used which reduced the atten-
uation in the microstrip transmission lines. Second. an improved feedthrough slot
coupler design resulted in less reflected energy at the microstrip-slot-microstrip tran-
sition point. Future lens designs may be able to achieve even higher lens efficiencices
through the reduction of surface reflections which accounted for at least 0.9 dB of

the loss in the Jens.




V. Conclusions and Recommendations

5.1 Conclusions

A lightweight, planar microwave lens was successfully designed, fabricated,
and tested. An 8.0 GHz, ten wavelength lens was only 0.1 inch thick and weighed
less than 4 pounds. The lens should find many applications where a 1eduction in
weight is of prime importance. It was demonstrated that the lens could scan a beam
over a £30 degree region in both the azimuth and elevation planes with acceptable
pattern degradation. Overall, lens efficiency was measured at 56 percent. This is
a 25 percent improvement over previous lens designs. Two factors contributed to
the improved efficiency. The first factor was an improved slot coupler design. By
reducing the reflections at the microstrip-slot-microstrip transition, more energy is
being coupled to the second microstrip line, resulting in higher efficiency and less
stray radiation from the feedthrough point. The second factor was the use of a
low-loss dielectric substrate material in lens fabrication. Using a low-loss substrate
resulted in reduced attenuation in the microstrip line. It was determined that surface

reflection accounted for at least 0.9 dB of the loss in the lens.

A new lens architecture was used in this thesis in which aperture- and feed-side
antenna elements were located diagonal to each other. The result was a lavount in
which lens elements such as patch anteunas, slot couplers and microstrip lines were
not spaced as closely together on the substrate as in previous lens designs. When
these zlements are placed close together, as in previous designs, interference takes
place and a degradation in radiation pattern results. A notable improvement in beam

quality v-as evident with the new architecture as a result of the increased spacing.

This is the first time that a model for the microstrip-slot-microstrip transitior
has been documented. The model worked well for some slot couplers that were
fabricated but was off by as much as 1.9 dB on one other slot coupler that was
tested. It was concluded that the model should be used in base linc designs only
until a better model is found Measurements on the slot couplers suggest that a slot
with an electrical length of 0.400A; — 0.440); seems to be the optimum choice in

terms of insertion loss for a microstrip-slot-microstrip transition.
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5.2 Recommendations

A better model for the microstrip-slot-microstrip transition is needed. Loss in
the slot coupler could be reduced with either a better slot coupler model or second
iteration prototype testing

Future lens designs should take into account surface reflections as one means
to achieve a higher lens efficiency. This can be accomplished by actively matching

the patch antennas in an array environment.

Further testing of the lens would be required to determine if the higher sidelobes
observed in the radiation patterns were caused by incorrect phasing to the aperture
antenna elements or stray radiation emanating from slot couplers and open-ended

microstrip lines.




Appendix A.

This appendix contains the insertion loss measurements from the prototype
slot couplers fabricated in Chapter 3.
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Figure A.1. Insertion Loss, SL=0.390 Inches, SW=0.03 Inches
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Figure A.2. Insertion Loss, S1.=0.433 Inches, SW=0.03 Inches
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Figure A.3. Insertion Loss, SL=0.425 Inches, SW=0.02 Inches
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Figure A.4. Insertion Loss, SL=0.340 Inches, SW=0.02 Inches
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Figure A.5. Insertion Loss, SL=0.412 Inches, SW=0.01 Inches
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Figure A.6. Insertion Loss. SL=0.371 Inches, SW=0.01 Inches
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