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Chapter 1

INTRODUCTION

In recent years extensive research and developient in microstrip antennas has led to
a more thorough understanding of the application potential of microstrip radiators.
This has also established the microstrip antenna as a special topic by itself in the
field of microwave radiators. The idea of using a printed conductor on a substrate as
a radiating element came from the microst-ip transmission lines that were developed
much earlier. The trend to miniaturize and integrate electronic systemns has created
a positive demand for this new generation of antennas. Over the vears the many
advantages offered by microstrip antennas have been used with good results. The
main advantages are hght weight, low cost, planar configuration and compatability
with integrated circuits {1]. Microstrip antennas can be loaded reactively to change
the electric field distribution between the patch and the ground plane. By an
appropriate choice of the type and location of the reactive loads a number of antenna
parameters can be altered. For exariple, the resonant frequency can be shifred. dual
bands of variable band separation can be made (2], the polarization can be altered

(3] and modes producing completely different radiation patterns can be made to




resonate at the same frequency [4. The reactive loads can be as omphicated as
resonant structures such as open-cirented or <hort cirenired teananission lines or
varactor diodes, or as simple as a short Greunt (perhaps implemented as o PIN
diode). The purpose of this work was to study the feasibility of ising movable
short-circuit loads to keep the elements matched 11 a scanncd microstrip antenna
array.

In the first part »f this report such reactively loaded antennas are studied
both theoretically and experimentally. Measurements were made on microstzip
radiators with reactive loads positioned at various points on the patch.  These
experiments were done to verify the theory developed for el loaded elemen:ts at
the Applied Electromagnetics Laboratory. Departinent of Electrical Engineering at
the University of Houston [51 The reactive loading wis provided by short cireuit
loads { PIN diodes can also be nsed) and the radiation partern and input resistance
and reactance were measured.

The second part of the report is the simulation of a4 finite microstrip anteana
array and the computation of the mutnal coupling. This has been done for many
aifferent edge to edge separations of a pair of rectangular microstrip radiators; and
the variation of the mmtual impedance with distance for both the E-plane and the
H-plane was computed and measured. Also, the variation of the mutual impedance
i a hinear array with more than two elenments has hecn studied; and both computed
and measured result: have been obtained.

The effect on the active nput impedance of electronie seanning by changing




the progressive phase shift angle between the array elements has also heen con
puted. This change in element nupedance is due to the mntual covnling hetween
the elements of the array. The change 1n active impedance of microstrin cienients
in a scanned array causes power to be reflected back into the feed. The use of
microstrip antenna elements with movable short circuit loads in order to match the
microstrip antenna elements i a scanned array is studied. This could mmprove the
array performance. A preliminary study of the feasibility of doing this 1s the main
focus of this work. Belore discussing the details of this study. a brief overview of

microstrip elements is given in Section 1.1 and 1.2.

1.1 The microstrip antenna

A microstrip antenna is illustrated i Figure 1.1 in 1ts simplest form. It has @
radiating patch which is nsually made of copper and a ground plane searated from:
the radiator by a dielectric substrate. The dielectric constant e, most popularly
used 1s usually i the range of 2.0 to 10.0 . The actual choice of this depends
on the speafic application. For example, low frequency applications require high
dielectric constants to keep the size small. Substrate choice and evaluation are
an essential part of the design procedure of the microstrip antenna. The specific
substrate properties of importance are the dielectric constant, the loss tangent.
and the variation of both with temperature. Other factors include homogeneity.
isotropicity, and dimensional stability [1]. The radiation from a microstrip antenna
can. as an approxnnation. be attributed to the fringing field between the edge of

the antenna and the ground plane. This is illustrated in Fiegure 1.2 Additional




information can be found in reference (1],

Microstrip antennas have many advantages and disadsansaves compared oarh
othier standard antennas operatimg i their fregaeney range. Eletnents can be valt
having a center frequency which can range from 100 MHz to above 50 GHz 11). They
are typically low in cost and licht in weight. They can be used to generate both
linear and circular polarization. Dual frequency microstrip antennas can be casly
made so that they can be used at different transmit and receive frequencies 6.
Also, the feed lines required for the antenna can be easily fabricated together with
the antenna using the well-developed ctehing techniques used for making printed
circuit boards.

On the other hand microstrip antennas have a narrow bandwidth, Also. the
end fire performance (parallel to the plane of the pateh) s very poor and they tave
a low power handling capacity [1]. There are al<o possibilities of the excitation of
surface modes which lead to the loss of radiated power.

Microstrip antennas have a wide arca of zpplication  They can be used 1n
Doppler radar systems, satellite communication, nnssile telemetry, feed elennts
in complex antennas and biomedical applications. The areas of applications are
continuing to grow as the awarcness of their use mereases.

Microstrip antennas are modelled in many different wavs with each model Lav-
ing its own advantages and disadvantages. The most popular models are the trans-
mission line model [1], the cavity model (Lo ot al) [4] the wire grid model {Agarwal
and Bailey) (1], and the modal expansion model (Carver and Coffey) [1]. There are

several other models which have been developed, information on which can be found




in [1].
1.2 Design procedure

A general overview of the design of rectangular microstrip antennas is given and the
relevant design expressions are stated. The first step in the design is to choose an
appropriate dielectric constant. As mentioned before the frequency of operation has
an important role to play in this selection. Some of the substrates that have been
largely used are [1] rexolite (¢, = 2.6), duroid (¢, = 2.32) and alumina (e, = 9.8).
For a dielectric substrate with a thickness of &, it has been shown by Schroeder {6]

that the practical width for an efficient radiator is

W= 2;, (f'jl) (1.1)

=

The expression for the element length is

C
L =
2f/e

where f, is the desired resonant frequency, ¢, is the relative permittivity, ¢ is the

—2Al (1.2)

speed of light and Al is given by
(€e +0.3)(W/h + 0.264)

Al =0.412} (1.3
‘(e. Z0.238)(W/k + 0.8) (1.3)
where €, is the effective dielectric constant given by
C+1) (e -1 12n\ 71/
eez(ez )+(69 )<1+W> (1.4)

in which W is the width of the antenna (see Figure 1.1).
Several authors have suggested different expressions for the radiation pattern of
the rectangular microstrip radiator {1]. Richards et al. [7] have found good agree-

ment between theoretically predicted values of input impedance and experimentally




obtained values using the cavity model approach. Expressions for other factors such

as radiation resistance, quality factor, bandwidth, can be tound in reference [1].
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Chapter 2

LOADED MICROSTRIP
ANTENNAS

By loading the microstrip antenna with shorting pins from the radiating surface
to the ground plane the input impedance and resenant frequency can be changed

over a wide range without affecting its radiation pattern. It is possible to change

shorts along a properly chosen locus of points on the antenna patch. Both single
and dual loads can be used to vary the input impedance. bLui as is shown in the
experimental results. using dual loads yields a wider range of input impedance
variation. Also, dual loads produce lower cross-polarization levels than single loads.
The main purpose of this work was the study of using movable loads in a microstrip
antenna array to control the input impedance variation of the individual elements
as phase scanning takes place. The theory of these loaded microstrip elements is

given here and is followed by experimental results.




2.1 Theory of loaded microstrip antennas

A brief overview is given in this section of the expressions developed by Ricliards
[5] which are based on the cavity model analysis. The results that were obtained
theoretically were verified by the author experimentally with excellent agreement.

In a microstrip antenna the existence of a source-free ficld at resonance imnplies
the existence of a non-zero feed current. Kirchoff’s voltage law applied to the
lumped circuit model of Figure 2.1, which is a source-free microstrip cavity loaded

at a single point with load reactance X, implies
J(AXL + X))l =0, (2.1)

where Ij, is the load current and X, is the input reactance of the loaded cavity.

Richards [5] showed that Xj, may be represented as
X, = Xy + X, (22)

where Xp is feed reactance, ., is the input reactance at the load point of an
unloaded microstrip cavity.

All these reactances are functions of frequency and the roots are the resonant
frequencies of the loaded element. The resonant mode usually used in microstrip
antennas is the (0.1) mode. The normalized voltage distribution at the observation

point (z,y) on the antenna for this mode 1s given by

Ty .
Virc.y) = (‘os<—]—> (2.3)
)

where the element dimensions are a x b. This is zero on the center line y = /2

of the patch. This line of zero field is called the node line. The addition of loads :
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on the microstrip antenna moves this nodal line closer to or further away from the
feed point. The closer the nodal line is to the feed point the lower is the input
impedance of the antenna and vice versa.
Multiple loads require the roots of
(Zn+ ZY + Zy . Zaw

Zyy (Zyy + Zi)') VA
det Lo .

L =0 (2.4)
Zix Zan . (Zan+ 2

where Z;; is the z-parameter between the :*" and the 7'M port of a multiple port

microstrip cavity, and Z} is the load impedance connected to the i*" port. One can

solve these characteristic equations numerically for the resonant frequency. The

input impedance, voltage distribution and the radiation pattern can then be found

as described in [7]. Additional information can be found in reference {3].

2.2 Computed and measured results

For short circuit reactive loads we have X = 0. Extensive experiments were per-
formed to study the cffect of short circuit loading on the characteristics of a mi-
crostrip antenna. All experiments were done using 3M Corporation’s CuClad 230
glass reinforced double clad PTFE with a dielectric constant of ¢, = 2.43. Obser-
vation was made of the change in input impedance, resonant frequency and the

radiation patteru of the microstrip antenna for different positions of reactive loads.

2.2.1 Single loaded microstrip antennas

Extensive experiments were done on microstrip antennas and the results were com-

pared with those evaluated numerically. The experimental results for the microstrip

11




antenna with single short-civcuit loads will b discussed first. The patch size was
6 cm by 4 cm and the antenna was fed at a point (1.0.1.0) with a co-axial (SMA)
connecting probe from the ground plane as is shown i the Figure 1.1, The resonant
frequency that was predicted was 2.465 GHz. The variation of input impedance with
frequency is shown on Smith charts in Figures 2.2 to 2.5 where the short-circuit load
1s at a different position on the patch for each case. The magnetic current distri-
bution, which is equivalent to the voltage distribution, was plotted along the patch
edges for each of the cases cousidered using the cavity model There are four sep-
arate plots corresponding to the four edges of the radiator. The positive direction
of the axis of these magnetic current plots points away from the patch edge in cach
case. These distributions are illustrated in Figures 2.2 to 2.3,

The theoretical prediction of the resonant frequency [3]. was verified experimen-
tallv. The experimental results for input impedance agreed exceptionally well with
the theoretically predicted ones in all the cases except for those shown in Figures
2.5. This could be due to experimental error and not due to error in the theoretical
model. It was also shown experimentally that if the short cireuit load is placed on
the locus of poiuts as predicted theoretically by Richards [5] the resonant frequency
was almost unchanged. This locus of points is illustrated for the case of a single load
in Figure 2.6. The variation of the input impedance as the loads are moved along
this locus is illustrated in Figure 2.7. Measurements were also made of the radiation
pattern both in the E-plane and the H-plane and for the cross polarized component.
These are illustrated in Figures 2.8 to 2.13. An important application of loaded mi-

crostrip antennas, as mentioned before, is coutrol of the active impedance of the




array elements as the array is scanned. Switching between these loads can keep
the active impedance within reasonable levels of impedance mismatch while at the

same time keeping the resonant frequency constant.

2.2.2 Dual loaded microstrip antennas

Similar experiments were performed for the dual-loaded microstrip antennas and the
results obtained again agreed well with the theoretically predicted values. Here also
the loads were short circuits. The results obtained are illustrated in Figures 2.14 to
2.21. The input 1mpedance of the microstrip antenna could be varied over a wide
range with the change in the position of the short circuit load. It was observed that
the cross polarized fields were reduced slightly for the dual-loaded case compared to
the single-loaded case. The locus of load placement to keep the resonant frequency
constant as illustrated in Figure 2.14 was predicted theoretically and was verified
experiment: 'ly. The variation of the input impedance as the loads are moved along
this locus is illustrated in Figure 2.15. As can be seen in the figure, the locus of

points where the load can be placed is symmetric about the center line or the nodal

line of the unloaded patch.
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Figure 2.2 The computed and measurcd input impedance variation and magnetic current distribu-
tion of the single loaded microstrip antenna. Patch size 6 x 4 cm ; load position (175 .1.04 ) ; feed
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Figure 2.3: The computed and measured input impedance vanation and magnetic cerrent distnibu-
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position (1,1 ) ; resonant frequency = 2.465 GHz
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Figure 2.4 The computed and measured input impedance variation and magnetic current distribu-
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position (1,1); resonant frequency = 2.465 GHz
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taken from the constant resonant frequency locus for a fixed feed at (1,1) ; resonant frequency =
2.465 GHz
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Figure 2 18- The mcasured input iinpedance variation of the dual loaded microstrip antenna (Patch
size 6 x 4 an. | load positions (3.0,1.23) and (3.0,2.77 ) ; feed position (1,1} ; resonant {requency =
2.465 GHz
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Chapter 3

MUTUAL IMPEDANCE
BETWEEN MICROSTRIP
ANTENNAS

An expression for the mutual impedance between rectangular microstrip patche
can be obtained by the use of the reciprocity principle, in particular the Rumse;
reaction formula, and the use of the formula for the radiation from a unit magnet:

dipole.

3.1 Radiation from a unit dipole

We shall use an expression for the field from an infinitesimal current element o
dipole and then use the duality principle and the reaction formula to develop a:
expression for the mutual impedance. The expression for the electric field in spher
ical coordinates due to a unit dipole in the 7 direction as shown in Figure 3.1 ca:

be written as (8]

i {ik, | ki, | )
E= L (Jk +l> e-J“o'coser‘+—J‘C_(_o_]__—l>eﬂk°r5i“99 (3.1

27k, \ r? rd




where 7 is a unit vector in the x-y plane, k, = w./i.€, i1s the wave number or
propagation constant in free space and (, = ()uc,/e(,)ll2 is the intrinsic impedance of
free space. We make use of the duality principle to obtain the expression for the
H-field. For this we substitute 1/{, for {, and get the following expression for the
H-field

_.J .ko 1 —ikar R . kg .ko _1 B . X
H= Conk. (]r2 + 13) e ke cosgr+4ro-]7rko (_ R 1 e 7% sin 60 (32)

An expression for the H-field can be obtained in rectangular co-ordinates by

using the following conversion factors.

(z; —z) 2+ (y, —vi)Y)

r= =73 (3.3)
(2 = 20 + (g — )"

G _Eizz)i—(y -yl)fm (3.4)
((z; = 2)* + (v — v))

~ (z; —z)2 -

e = 7 (3.5)
(25 = 2)* + (4; — w)?) /

7, = (y; — i)y (3.6)

(2 = 2 + (5 = w)))"”"

In the above equations the subscript j represents the coordinates at the observation
point and the subscript ¢ represents the coordinates at the source point. For the

case of the microstrip antennas shown in Figure 3.2 we have the unit tangents along
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the z and the y co-ordinates to be

. (1:(.'+1) - :zt.‘) z - (3.7)
((z; = =) + (v, = w)*)
o (e Zu)s 7 (3.8)

((z; = =) + (v, = w)°)
Using these unit tangents, the cosine of the angle 8 shown in Figure 3.2 can be
represented as

—

cosf =Ty Tgp + Ty Ty (3.9)
3.2 Mutual impedance using reciprocity principles

The reciprocity principle is used in electromagnetics and especially in antenna the-
ory in deriving the relations between the receiving and transmitting properties of
an antenna. Consider Figure 3.3 where a volume V is bounded by a surface S
containing two sets of a-c sources, J,, M, and Jy,, M. Using Maxwell’s equations
and the divergence theorem we can easily derive an expression relating the fields
and the currents on the two surfaces. We denote the electric and magnetic fields
produced by source a to be E, and H, and that produced by the source b to be
Ep and Hy, respectively. The reaction concept for the fields of source a on source b

and vice versa can be stated as

<ab>=<b,a> (3.10)
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where
<ab >=///(E,on~H,,-ML.)dv (3.11)

Equation 3.10 can be rewritten as

[ ][ s-tomdv= [ [ [By- = to-M)dy  (312)

For the case of the two microstrip antennas of Figure 3.2, M, and J, are zero.

Therefore the mutual impedance can be expressed as

1
L1,

Zap = }i Hy - M,dS (3.13)

where I, and I, are the feeding currents of antennas a and b.

The magnetic current distribution around the microstrip patch is obtained by
using the cavity model [5]. The magnetic current values are obtained at discreet
points along the patch edges. The expression for the H fieid due to the radiation
from an infinitesimally small magnetic current source is used in the above expression
for computing the mutual impedance between any two microstrip antennas. The
currents I, and [, are assumed to be unity in the numerical evaluation of the above
integral. The samples of magnetic currents along the patch edges are considered
as infinitesimal current sources and the contribution of all such sources is used to
compute the mutual impedance.

In practice, at microwave frequencies the scattering parameters [S] are gener-
ally used rather than the impedance parameters. Applying the well-known matrix

relation [9]

[S1= ({2] - (2] + (1)~ (3.14)
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an n x n [Z] matrix is converted to an [S] matrix of the same order. Here since

n =2 8, =S, and S;, = 53, the equation for Sy, is
Sa =220 /((Z0 + 1)? - 23 (3.13)

where Z.” and Z.;»l are the normalized self impedance, and mutual impedance re-

spectively.
3.3 Application to arrays

The computation of the mutual impedance in an array with more than two elements
can be done by using the same procedure as above. In this case mutual coupling
between each pair of elements must be calculated. A linear array of microstrip
antennas is illustrated in Figure 3.4. Here the mutual impedance can be calculated
by taking into acrount the mutnal coupling duc to all individual elements. This
can be generalized for the case of a planar array which is illustrated in Figure 3.5.
The relation between the voltages and the currents flowing in the microstrip an-

tennas, which can be modelled as loads, is illustrated in matrix form as shown below

Vi VATVAVRRRRRE Z\N I
V2 _ Z'IIZ'Z'Z """ Z'ZN I2
Va IniZng - ZNN In

Therefore, we can write the equations relating the voltage and currents as

Vi=2ul+ Zy I+ + ZinIN (3.16)
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Assuming In = 1 €N where ¢n is a specified phase shift angle, one obtains the

expression

Zactive = le + Z12~8J(¢2~m) +--+ ZIN'CJ(¢N-'§1) (317)

In the above expression Z,y can be calculated using equation 3.13 and therefore,
we can calculate the active impedance of every element in either a linear array or a
planar array. As stated earlier the input impedance of loaded microstrip antennas
can be varied by reactive loading while keeping the resonant frequency and pattern
constant. As the array is scanned the varying active impedance of the array elements
produce an impedance mismatch which can possibly be minimized by loading the
microstrip antenna elements and switching the loads accordingly as the array is

scanned. The performance of the array may thus be improved. This is considered

in the next chapter.
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3.4 Computed and measured results

3.4.1 Computed results

A Fortran program was written by the author to evaluate the mutual impedance
effects in a rectangular patch array. The program enables one to simulate the array
on the basis of the model developed previously in Section 3.2 and to compute the
active impedance of each element of a linear array with any patch size, edge to edge
separation, resonant frequency, number of sample points considered along the edges
where the magnetic currents have been computed, and any progressive phase shift
angle. The run time of the program depends on the number of sample points of
magnetic currents used in the computations. The program can be used for both
the E-plane and the H-plane scan. Here the plane perpendicular to the patch and
parallel to the electric field is called the E-plane, and that parallel to the magnetic
field is called the H-plane. The magnetic current samples were obtained by using
the cavity model. These magnetic current samples are evaluated at the resonant
frequency found from the program written by Dr. W. F. Richards of the Department
of Electrical Engineering of the University of Houston. The two programs have been
integrated together for the purpose of obtaining these computed results.

The various computed results are shown in the figures that follow. The variation
of the magnitude of mutual coupling was computed as a function of distance between
the patches. This is shown in Figure 3.6 for varying distance in the H-plane. In
Figure 3.7 we see the variation of mutual coupling with distance in the E-plane. The
change in mutual coupling with distance is observed to be less for the E-planc case

than for the H-plane. The mutual coupling is represented in Figures 3.8 and 3.9 in
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decibels. The results obtained are approximate due to the approximate model used
for their computation. It may be stated here that for the purpose of examining the
feasibility of the use of loaded elements in an array for unproved performance, the

app. »ximate model is sufficient.

3.4.2 Mutual impedance measurements

Extensive experiments were performed to mecasure the mutual impedance between
antenna patches with varying separation. The patches were made on printed circuit
board manufactured by 3M having a substrate of relative permittivity ¢, = 2.45
and substrate thickness of 0.152 c¢cm. The patches were fed with a coaxial SMA
connector. All measurements were made on the HP 8510 network analyzer with an
absorbing chamber around the antenna. The frequency was varied from 1.65 to 3.15
GHz. Some of the results that were obtained are represented in the Figures 3.10
to 3.19. In the case where there are more than two patches present in an array the
effect of an open-circuited patch on the mutual coupling of any other two patches
was studied. It was found that this effect was niore pronounced in the H-plane
than in the E-plane. A possible explanation for this could be the effect of surface
waves being more predominant in the H-plane than in the E-plane. Figures 3.10 and
3.11 illustrate this effect which contributes to the error in computation of mutual
impedance using the classical reaction formula. A correction to this is proposed in

the paper to be published [10] by D.R. Jackson, W.F. Richards and the author.
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3.4.3 Mutual coupling for loaded patches

Measurements doue for loaded patches are shown in Figures 3.20 to 3.28. In these
experiments two patches were studied in a linear array environment both in the
E-plane and in the H-plane. The HP 8510 network analyzer was used to make all
measurements. It was noted that significant error was introduced in all the mutual
coupling measurements from the reflections from the roof and other objects in the
laboratory. Therefore an absorbing chamber was made around the antenna and
measurements taken were then found to be very repeatable. The loads. as in the
previous cases of individual loaded antennas, were short circuits. The position of
the load was found to be critical in order to keep the resonant frequency unchanged.
Measurements were made for both single and double loads. The load position on
one patch was fixed and the load on the second patch was moved along the locus
(to keep the resonant frequency constant) and the effect on mutual coupling and
the active input impedance of both the patches was studied. It can be seen from
these results that the mutual coupling and also the active input impedance of the

patches can be varied with changes in load positioning.
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Figure 3.3: The iHustration of the reaiprocity prnaple using the bounded volumes
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Figure 3.12. The measured S, of a four patch linear array in the H-plane. Patch size 6 x 4 cm;
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and its magnetic current distribution. Load positions: Patchl (2.0,1.0) ; Patch? (2.5,0.91). patch
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Chapter 4

USE OF REACTIVE LOADS
FOR MAINTAINING
IMPEDANCE MATCH IN
SCANNED ARRAYS

It has been found that in an eiectronically scanned array of microstrip antennas
the active driving point impedance of eacli element varies significantly when the
array is scaaned by either varying the progressive phase shifi angle or by changing
the frequency [11]. When this happens, the transmission feed lines that are usu-
ally matched to the array elements for maximum power transfer will expericnce a
mismatch and consequently a large amount of powcr will be reflected back 1nstead
of radiating out. This reflected power is usnally redirected by the circulator at the
feed point and is coupled to an absorbing load to prevent it from going back to the
transmitter. But this loss of nower means loss of accuracy and range in a radar
system.

The previous .tudy of loaded microstrip antennas has revealed that the input

impedance of an antenna can be changed by placing reactive loads at specific points




on the antenna so that the resonant frequency remains unaltered. It was the purpose
of this study to see whether mutual coupling and the active impedance between
microstrip antenna elements can be changed by positioning loads properly on the
microstrip antenna. A program was writ‘en by the author to compute the mutual
coupling using the loaded elements for a finite array. An approximate theory is
used to compute mutual impedance between elements which did not consider the
effect of other patch elements when computing the mutual coupling between any
two elements. An exact expression should be used for accurate results as in [12; and
[13]. For the purpose of the feasibility study the approximate model that was used
was sufficient. The computed results were close to experimentally obtained values
in most of the cases considered. The results, indicated that the mutual coupling and
the input active impedance in an array cun be varied by using loaded elerments. This
was verified experimentally and the results obtained are shown ir Figures 3.23 to
3.28 of the previons chapter. A comparison of the computed and picasured resnlts
1s shown in Figure 4.1 for the E-plane linear array and Figure 4.2 for tiie H-plane
linear array. A comparison of the computed and measured active impedance of two
loaded patches in a lincar array environment is shown in Figures 4.3 ana 4.4.

The position of the reactive load on the antenna was computed to match the
antenna elements at various scan angles as shown in Figure 4.5. The process 1s
iterative because if one clement is matched by changing its load position. then
other elements of the array become mismatched. This requires changing the load
position iteratively until a reasonable match i1s obtained for all the array elements.

A test case of a five-patch linear array was considered. It was initially assumed




that the array was matched when all port currents were in phase. As the progressive
phase shift angle or the difference in phase angle between adjacent port currents is
changed to 22.5°, 45° and 60°, the angle that the main beam makes with the broad-
side direction also changes. The load positions are changed to reduce mismatch.
These load positions and the change in the magnitude of reflection coefficient are
shown in Figure 4.5.

How much the performance of an array can be umproved remains to be secn as
this study con*inues, but from these results it does seem that an impedance match
of array elements can be maintained within reasonable limits as beam scanning

takes place.




MUTUAL COUPLING OF A TWQO PATCH LINEAR ARRAY WITH
LOADED FATCHES
E-Plane Dual Loads:

Load Positions:

Paich 1 oadl (3.0 ,1.23) ; Loadz (3.0,
Patch 2: dl (1 ,0.81) : Load? (1. 5 C C@)
COMPUTED SAZ- 693 dBS ; MEASURELD 521:=-19.676 dz=s

Loac Posiiions:

Patch 1: Loadl (3.0,1.23) ; Load? {30 ,2.77)

Patch 2. Loadl (25 1. 72) : Load? (2.5 ,2.88)
COMZITET 722015411 éBS ) MEASURED S21=-20 885 2z <
Loea Pos:uons:

Patch 1 Loadl (3.0,123); Loadz {30 2 7
Paich 20 Loadl (30,1.23) - Load? (20 7)

COMPUTED S21=-13.79 dBS ; MEASURED 521=-20.973 dBS

Figure 4.1. Table showing computed and measured values of the mutual coupling of two loaded
patches in a linear array environnient for the E-plane. Patch size 6 x 4 cmy; edge separation = lcam:
fe " nosition (1,1)




MUTUAL COUPLING OF A TWO PATCH LINEAR ARRAY WITH
LOADED PATCHES
H-Plane Dua! Loads:

Load Positions:
Patch 1.1 oadl (3.0,1.23) ; Load? {3.0,27)
FPatch 2 Loadl (2.0 ,1.21) © Load?2 (2.0 ,2.79)
COMPUTHL S21=-223.513 dBS ; MEASURED S21==-21.217 ABS

Lond ?i’osiiion“

rateh 1o Loadl (5001.23) ; Load2 /3.0 2.77)
Paicn o Loedl (v.86,1.12) ¢ Load? (25,2 88)
CTONTUTED S21=-24 447 dRS  NIEASURDT, 01 12 L2F “BS
Loac Pouton:
Patca 1t Loadl (2.0 1.22) 5 Load2 (5.0 ,2.77)
Patch 20 Loedl (3.0,1.23) © Load2 (2.0 ,2.77)
CONMPUTED §21=-19 164 dBS | ‘\ E,’\E,”F“‘L S21=-16 407 AR
Figure 4 2 Tzble showing computed and measured values of the mutual coupling of two lneied

patches in a linear array environment for the H-plane Patch size 6 x 4 cm; edge separation — °
feed position (1.1)




ACTIVE IMPEDANCE OF A TWO PATCE LINFAR ARRAY WITH
LOADED FATCHIS
H{-Plane Dual Loads

Load Fositions
Patch 1. Loadl (30,1.23), Load2 (3.0 2.7
Patch 20 Loadl (2.0 ,1.21) Loadz (20 27¢
MBASURED Zaei. = 75336 -11.5172

Load Positions.

Patch | Loadl (3.0 ,1.23) , Loza? (3.0 277
Paich 2 Loadl (25,1 72) LoadZ? (23 7388
VBASTIRELD Py, - 5000 30 60
Load Posiuons
Patch 1 Loadi (3.0 123) Load2 (30 277
Patch 2° Loadl (3.0 122) Loacz (20 277
MEASURED Z.ciy, == 75157 +30.65

Figure 4.3: Table showing measured values of active impedance of two loaded patches .n a hnear
array environment for the H-plane Patch size 6 x 4 cmi; edge separation = lem: feed position (1,1}




ACTIVE IMPEDANCE OF A TWO PAPCH LINEAR ARRAY V/ITH
LOADED PATCHES

Io-Plane single Loads.

Load Positions:
Patch 1: Loadl (2.0, 1 U;

Patch 2: Loadl (1.6, 107
NMEASURED Zoipe = 78 934 4 30 446

Loazd Positions:
Patch 10 Loadl (2.0, 10)

Patch 2 Leadl (2.0, 1.0)
VBASURED Z,.00 == 40461 2 30006527

Louad Fositions:
Patch 1: Loadl (2.0, 1.0}
Patch 2: Loadl (2.5, 0.91)
ABASURED Zg . = 51 66 + 0 5527

Figure 3.4: Talle showing measured values of active imypedance of two loaded patches i a hnear
array environment for the E-plane. Patch size 6 x 4 cmn; edge separation = lem, feed positicn (1,1,
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Chapter 5

CONCLUSIONS

The experimental study of loaded microstrip antennas showed that the properties of
microstrip antennas can be changed quite easily to suit a given set of applications.
By placing reactive loads on the microstrip antenna one can change 1ts resonant
frequency and input impedance. If these loads are placed appropriately, then it 1s
possible to change only the input impedance of the antenna without changing the
resonant frequency.

The theoretical and experimental study of microstrip antenna arrays showed
that the active impedance of an array element is affected significantly by the mu-
tual coupling effects of surrounding elements. This active impedance was found
to vary with scan angle in phase scanned arrays. This causes an impedance mis-
match at the feed point of array elements resulting in a loss of radiated power cu-
to reflections. The feasibility study on the use of loaded microstrip antennas to
reduce the mismatch of these elements 1n a scanned array showed that dynamic
controlling of input impedance of array elements is possible. This can be achieved

by appropriately changing the reactive load position as phase scanning takes place.

RO




The reactive loads could be short circuits for which PIN diodes can be used allowing

switching appropriately from a computer during phase scanning.
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