CHAPTER

14

MICROSTRIP ANTENNAS

14.1 INTRODUCTION

In high-performance aircraft, spacecraft, satellite and missile applications, where size,
weight, cost, performance, ease of installation, and aerodynamic profile are constraints,
low profile antennas may be required. Presently there are many other government and
commercial applications, such as mobile radio and wireless communications, that
have similar specifications. To meet these requirements, microstrip antennas [ 1]-[38]
can be used. These antennas are low-profile, conformable to planar and nonplanar
surfaces, simple and inexpensive to manufacture using modern printed-circuit tech-
nology, mechanically robust when mounted on rigid surfaces. compatible with MMIC
designs, and when the particular patch shape and mode are selected they are very
versatile in terms of resonant frequency, polarization, pattern and impedance. In
addition, by adding loads between the patch and the ground plane. such as pins and
varactor diodes, adaptive elements with variable resonant frequency, impedance, po-
larization and pattern can be designed [ 8], [39]-[44].

Major operational disadvantages of microstrip antennas are their low efficiency,
low power, high Q (sometimes in excess of 100). poor polarization purity. poor scan
performance, spurious feed radiation and very narrow frequency bandwidth, which is
typically only a fraction of a percent or al most a few percent. In some applications,
such as in government security systems, narrow bandwidths are desirable. However,
there are methods, such by increasing the height of the substrate, that can be used to
extend the efficiency (as large as 90 percent if surface waves are not included) and
bandwidth (up to about 35 percent) [38]. However. as the height increases, surface
waves are introduced which usually are not desirable because they extract power from
the total available for direct radiation (space waves). The surface waves travel within
the substrate and they are scattered at bends and surface discontinuities, such as the
truncation of the dielectric and ground plane [45]-[49], and degrade the antenna
pattern and polarization characteristics. Surface waves can be eliminated, while main-
taining large bandwidths, by using cavities [50], [51]. Stacking, as well as other
methods, of microstrip elements can also be used to increase the bandwidth [13],
[52]-[62]. In addition, microstrip antennas also exhibit large electromagnetic signature
at certain frequencies outside the operating band, are rather large physically at VHF
and possibly UHF frequencies. and in large arrays there is a tradeoff between band-
width and scan volume [63]-]65].
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14.1.1 Basiec Characteristies

Microstrip antennas received considerable attention starting in the 1970s, although
the idea of a microstrip antenna can be traced to 1953 [1] and a patent in 1955 [2].
Microstrip antennas, as shown in Figure 14.1(a), consist of a very thin (1 << Ay where
Ay 18 the free-space wavelength) metallic strip (patch) placed a small fraction of a
wavelength (h << Ay, usually 0.003A; = h = 0.05),) above a ground plane. The
microstrip patch is designed so its pattern maximum is normal to the patch (broadside
radiator). This is accomplished by properly choosing the mode (field configuration)
of excitation beneath the patch. End-fire radiation can also be accomplished by judi-
cious mode selection. For a rectangular patch, the length L of the element is usually
Ag/3 < L < Ay/2. The strip (patch) and the ground plane are separated by a dielectric
sheet (referred to as the substrate), as shown in Figure 14.1(a).

There are numerous substrates that can be used for the design of microstrip
antennas, and their dielectric constants are usually in the range of 2.2 = €, = 12. The
ones that are most desirable for antenna performance are thick substrates whose
dielectric constant is in the lower end of the range because they provide better
efficiency. larger bandwidth. loosely bound fields for radiation into space, but at the
expense of larger element size [38]. Thin substrates with higher dielectric constants
are desirable for microwave circuitry because they require tightly bound fields to
minimize undesired radiation and coupling, and lead to smaller element sizes; how-
ever, because of their greater losses, they are less efficient and have relatively smaller
bandwidths [38]. Since microstrip antennas are often integrated with other microwave
circuitry. a compromise has to be reached between good antenna performance and
circuit design.

Often microstrip antennas are also referred to as parch antennas. The radiating
elements and the feed lines are usually photoetched on the dielectric substrate. The
radiating patch may be square, rectangular, thin strip (dipole). circular, elliptical,
triangular or any other configuration. These and others are illustrated in Figure 14.2.

Radiating Radiating
slot #1 slot #2 ,ff

T s T

Ground plane

&

Ground plang i ;A
(h) Side view {¢) Coordinate system for each radiating sl

Figure 14.1 Microstrip antenna and coordinate system.
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Figure 14.2 Representative shapes of microstrip patch elements.

Square, rectangular, dipole (strip), and circular are the most common because of ease
of analysis and fabrication, and their attractive radiation characteristics, especially
Jow cross-polarization radiation. Microstrip dipoles are attractive because they inher-
ently possess a large bandwidth and occupy less space. which makes them attractive
for arrays [14], [22], [30]. [31]. Linear and circular polarizations can be achieved with
either single elements or arrays of microstrip antennas. Arrays of microstrip elements,
with single or multiple feeds, may also be used to introduce scanning capabilities and
achieve greater directivities. These will be discussed in later sections.

14.1.2 Feeding Methods

There are many configurations that can be vsed to feed microsirip antennas. The four
most popular are the microstrip line, coaxial probe, aperture coupling and proximity
coupling [15], [16]. [30], [35], [38], [66]-[68]. These are displayed in Figure 14.3.
One set of equivalent circuits for each one of these is shown in Figure 14.4. The
microstrip feed line is also a conducting strip, usually of much smaller width compared
to the patch. The microstrip line feed is easy to fabricate, simple to match by con-
trolling the inset position and rather simple to model. However as the substrate
thickness increases surface waves and spurious feed radiation increase, which for
practical designs limit the bandwidth (typically 2-5%).

Coaxial-line feeds, where the inner conductor of the coax is attached to the
radiation patch while the outer conductor is connected to the ground plane, are also
widely used. The coaxial probe feed is also easy to fabricate and match, and it has
low spurious radiation. However, it also has narrow bandwidth and it is more difficult
to model, especially for thick substrates (i = 0.02A;).

Both the microstrip feed line and the probe possess inherent asymmetries which
generate higher order modes which produce cross-polarized radiation. To overcome
some of these problems, noncontacting aperture coupling feeds. as shown in Figures
14.3(c.d), have been introduced. The aperture coupling of Figure 14.3(¢) is the most
difficult of all four to fabricate and it also has narrow bandwidth. However, it is
somewhat easier to model and has moderate spurious radiation. The aperture coupling
consists of two substrates separated by a ground plane. On the bottom side of the
lower substrate there is a microstrip feed line whose energy is coupled to the patch
through a slot on the ground plane separating the two substrates. This arrangement
allows independent optimization of the feed mechanism and the radiating element.
Typically a high dielectric material is used for the bottom substrate, and thick low
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Figure 14.3 Typical feeds for microstrip antennas.

dielectric constant material for the top substrate. The ground plane between the
substrates also isolates the feed from the radiating element and minimizes interference
of spurious radiation for pattern formation and polarization purity. For this design,
the substrate electrical parameters. feed line width, and slot size and position can be
used to optimize the design [38]. Typically matching is performed by controlling the
width of the feed line and the length of the slot. The coupling through the slot can be
modeled using the theory of Bethe [69]. which is also used to account for coupling
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Figure 14.4 Equivalent circuits for typical feeds of Figure 14.3.

through a small aperture in a conducting plane. This theory has been successfully
used to analyze waveguide couplers using coupling through holes [70]. In this theory
the sfot is represented by an equivalent normal efectric dipole to account for the
normal component (to the slot) of the electric field and an equivalent horizontal
magnetic dipole to account for the tangential component (to the slot) magnetic field,
If the slot is centered below the patch, where ideally for the dominant mode the
electric field is zero while the magnetic field is maximum, the magnetic coupling will
dominate. Doing this also leads to good polarization purity and no cross-polarized
radiation in the principal planes [38]. Of the four feeds described here, the proximity
coupling has the largest bandwidth (as high as 13 percent), is somewhat easy to model
and has low spurious radiation. However its fabrication is somewhat more difficult,
The length of the feeding stub and the width-to-line ratio of the patch can be used to
control the match [61].

14.1.3. Methods of Analysis

There are many methods of analysis for microstrip antennas. The most popular models
are the transmission-line [16], [35], eavity [12], [16], [ 18], [35], and full-wave (which
include primarily integral equations/Moment Method) [22], [26]. [71]-[74]. The trans-
mission-line model is the easiest of all. it gives good physical insight, but is less
accurate and it is more difficult to model coupling [75]. Compared to the transmission-
line model, the cavity model is more accurate but at the same time more complex,
However, it also gives good physical insight and is rather difficult to model coupling,
although it has been used successfully [8]. [76].[77]. In general when applied properly,
the full-wave models are very accurate, very versatile, and can treat single elements,
finite and infinite arrays. stacked elements. arbitrary shaped elements, and coupling,
However they are the most complex models and usually give less physical insight. In
this chapter we will cover the transmission-line and cavity models only. However
results and design curves from full-wave models will also be included. Since they are
the most popular and practical, in this chapter the only two patch configurations that
will be considered are the rectangular and circular. Representative radiation charac-
teristics of some other configurations will be included.
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14.2 RECTANGULAR PATCH

The rectangular patch is by far the most widely used configuration. 1t is very easy to
analyze using both the transmission-line and cavity models, which are most accurate
for thin substrates [78]. We begin with the transmission-line model because it is easier
to illustrate.

14.2.1 Transmission-Line Model

It was indicated earlier that the transmission-line model is the easiest of all but it
yields the least accurate results and it lacks the versatility. However, it does shed
some physical insight. As it will be demonstrated in Section 14.2.2 using the cavity
model, a rectangular microstrip antenna can be represented as an array of two radiating
narrow apertures (slots), each of width W and height h, separated by a distance L.
Basically the transmission line model represents the microstrip antenna by two slots.,
separated by a low-impedance Z, transmission line of length L.

A. Fringing Effects

Because the dimensions of the patch are finite along the length and width. the fields
at the edges of the patch undergo fringing. This is illustrated along the length in
Figures I4.1(a,b) for the two radiating slots of the microstrip antenna. The same
applies along the width. The amount of fringing is a function of the dimensions of
the patch and the height of the substrate. For the principal E-plane (xy-plane) fringing
is a function of the ratio of the length of the patch L to the height & of the substrate
(L/h) and the dielectric constant €, of the substrate. Since for microstrip antennas
L/h = 1, fringing is reduced; however, it must be taken into account because it
influences the resonant frequency of the antenna. The same applies for the width.

For a microstrip line shown in Figure 14.5(a), typical electric field lines are shown
in Figure 14.5(b). This is a nonhomogeneous line of two dielectrics: typically the
substrate and air. As can be seen, most of the electric field lines reside in the substrate
and parts ol some lines exist in air. As W/h = | and €, = |, the electric field lines
concentrate mostly in the substrate. Fringing in this case makes the microstrip line
look wider electrically compared to its physical dimensions. Since some of the waves
travel in the substrate and some in air, an effective dielectric constant €, s introduced
to account for fringing and the wave propagation in the line.

To introduce the effective dielectric constant, let us assume that the center con-
ductor of the microstrip line with its original dimensions and height above the ground
plane is embedded into one dielectric, as shown in Figure 14.5(c). The effective
dielectric constant is defined as the dielectric constant of the uniform dielectric
material so that the line of Figure 14.5(c) has identical electrical characteristics,
particularly propagation constant, as the actual line of Figure 14.5(a). For a line
with air above the substrate, the effective dielectric constant has values in the range
of 1 < €. < €. For most applications where the dielectric constant of the substrate
is much greater than unity (e, = 1), the value of €. will be closer to the value of
the actual dielectric constant €, of the substrate. The effective dielectric constant is
also a function of frequency. As the frequency of operation increases. most of the
electric field lines concentrate in the substrate. Therefore the microstrip line behaves
more like a homogeneous line of one dielectric (only the substrate), and the effective
dielectric constant approaches the value of the dielectric constant of the substrate.
Typical variations, as a function of frequency. of the effective dielectric constant for
a microstrip line with three different substrates are shown in Figure 14.6.
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(a) Microstrip line (b Electrie field lines

(¢) Effective dielectric constant
Figure 14.5 Microstrip line and its electric field lines. and effective dielectric constant
geometry.

For low frequencies the effective dielectric constant is essentially constant. At
intermediate frequencies its values begin to monotonically increase and eventually
approach the values of the dielectric constant of the substrate. The initial values (at
low frequencies) of the effective dielectric constant are referred to as the static values,
and they are given by [79]

W/h > 1

. . — | 1
Exer = _ 42 [1 + 12 ‘—V] (14-1)

2 2

B. Effective Length, Resonant Frequency, and Effective Width
Because of the fringing effects, electrically the patch of the microstrip antenna looks
greater than its physical dimensions. For the principal E-plane (xy-plane), this i§

1 — g, =102 W=0I125"=03175cm
——— g, =680 h=0050"=0.1270 cm

- s E,= 102
g‘_. 10 -
g
2 8
3 £,=6.80
3 6 ’,f’
tr] [
g
2 4
g )
o £,=233
o 2.-_--_»‘.”_‘_____..--—n—-t-’--- ------- -

0 ! I |

Y 10 Ll 12 13

Log frequency
Figure 14.6 Effective diclectric constant versus frequency for typical substrates,
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demonstrated in Figure 14.7 where the dimensions of the patch along its length have
been extended on each end by a distance AL, which is a function of the effective
dielectric constant €. and the width-to-height ratio (W/h). A very popular and prac-
tical approximate relation for the normalized extension of the length is [80]

‘.emff -+ 03)(% + 0264)

— = 0412 (14-2)
qw

(€t — 0.258'}(I 4 0.8)

Since the length of the patch has been extended by AL on each side. the effective
length of the patch is now (L = M2 for dominant TM;;, mode with no fringing)

Ly =L + 2AL (14-3)

For the dominant TMj,;, mode. the resonant frequency of the microstrip antenna
is a function of its length. Usually it is given by

Uy

|
2N e Nt 2L\,

where vy, is the speed of light in free space. Since (14-4) does not account for fringing,
it must be modified to include edge effects and should be computed using

. 1 l
(Fredoro = 7= B vV
Tredoro i\ . o€ 2L + 2ALYV €tV 1ot

(Sdoro = (14-4)

Uy

! .
= qZL\/E_r\/#afn — (]2[,\/_6,. (14-5)
where
(Sredoro
= (14-5a)
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(u) Top view

Patch

(h) Side view
Figure 14.7 Physical and effective lengths of rectangular microstrip patch.
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The ¢ factor i$ referred to as the fringe factor (length reduction factor), As the substrate
height increases. fringing also increases and leads to larger separations between the
radiating edges and lower resonant frequencies.

C. Design

Based on the simplified formulation that has been described, a design procedure is
outlined which leads to practical designs of rectangular microstrip antennas. The
procedure assumes that the specified information includes the dielectric constant of
the substrate (€,), the resonant frequency ( f,). and the height of the substrate . The
procedure is as follows:

Specify:
€. [, (in Hz), and h
Determine:
W, L
Design procedure:

1. For an efficient radiator, a practical width that leads to good radiation efficiencies

is [[5]
b 2w [ 2 ..
2/ NV e\ & + 1 T

where vy is the free-space velocity of light.

2. Determine the effective dielectric constant of the microstrip antenna using (14-1),

3. Once W is found using (14-6), determine the extension of the length AL using
(14-2).

4. The actual length of the patch can now be determined by solving (14-5) for L, or

1
— 2AL (14-7
2fr\/erc‘ff \ M€y )

Example 14.1

Design a rectangular microstrip antenna using a substrate (RT/duroid 5880) with
dielectric constant of 2.2, A = 0.1588 c¢m (0.0625 inches) so as to resonate at 1)
GHz.

SOLUTION
Using (14-6), the width W of the patch is

30 %
T 210N 22 + 1

= 1.186 cm (0.467 in)
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The effective dielectric constant of the patch is found using (14-1), or

22+1 221 0.1588) " '*
Ereff — > s > (1 -+ IZW) = 1.972
The extended incremental length of the patch AL is, using (14-2)
1.186
(1972 + 0'3)(0.1588' + 0.264)
AL = 0.1588(0.412)
(1.972 — 0.258) Lsl 0 + 08
’ T 0.1588 '

= 0.081 ¢m (0.032 in)
The actual length L of the patch is found using (14-3), or
L= . 1 2A

30
L=—""+++
2 2(10\/1.972

Finally the effective length is

— 2(0.081) = 0.906 cm (0.357 in)

L,=L+ 2AL = % = 1.068 em (0.421 in)

D. Conductance

Each radiating slot is represented by a parallel equivalent admittance Y (with conduc-
tance G and susceptance B). This is shown in Figure 14.8. The slots are labeled as
#1 and #2. The equivalent admittance of slot #1, based on an infinitely wide, uniform
slot, is derived in Example 12.8 of Chapter 12. and it is given by [81]

Y, = G, + jB, (14-8)
where for a slot of finite width W
W | A h |

Gy = ——| 1 — —(koh)? — L 14-

' 120)«(,[ 24 %o )] X 10 Lian
w h 1

B = ——[1 — 06361 : Lot 3

| 120)(“{! 0.636 In (kyh)] Ao< 5 (14-8b)

i
B G B €y
yc-
O +
(a) Rectangulur patch (b) Transmission model equivalent

Figure 14.8 Rectangular microstrip patch and its equivalent circuit transmission model.
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Since slot #2 is identical to siot #1, its equivalent admittance is
Y,=Y, Gy =G. By=B5 (14.9)

The conductance of a single slot can also be obtained by using the field expression
derived by the cavity model. In general, the conductance is defined as

. 2P, racl

G =1-7m
: [Val*

(14-10)

Using the electric field of (14-41), the radiated power is written as
sin(ku—w cos 0
7 2

Vol® J
P = s
! 2amy 0 cos 0

sin® 6 d6 (14-11)

Therefore the conductance of (14-10) can be expressed as

G, = 12072 (14-12)
where
W 2
sin(%— cos )
[ = - :' 3
| J’n e d sin” 0 do
sin( X
e (14-124)
Asymptotic values of (14-12) and (14-12a) are
1wy
aa(g) W (14-13)
REY ¢ 1y
s B W =
120(;\0) Ao

The values of (14-13) for W = A, are identical to those given by (14-8a) for
h << Ag. A plot of G as a function of W/A is shown in Figure 14.9.

E. Resonant fnput Resistance

The total admittance at slot #1 (input admittance) is obtained by transferring the
admittance of slot #2 from the output terminals to input terminals using the admittance
transformation equation of transmission lines [16], [70], [79]. Ideally the two slots
should be separated by A/2 where A is the wavelength in the dielectic (substrate),
However, because of fringing the length of the patch is electrically longer than the
actual length. Therefore the actual separation of the two slots is slightly less than A/2.
If the reduction of the length is properly chosen using (14-2) (typically 0.48A < L <
0.49A), the transformed admittance of slot #2 becomes

¥» = G + jB, = G, — jB, (14-14)
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or
G, = G, (14-14a)
B, = —B, (14-14b)
Therefore the total resonant input admittance is real and is given by
Yo=Y, + ¥5 = 2G, (14-15)
Since the total input admittance is real, the resonant input impedance is also real, or
1 1
Zn = Y. =Ry = G, (14-16)

The resonant input resistance, as given by (14-16), does not take into account
mutual effects between the slots. This can be accomplished by modifying (14-16)
to 8]

Ry=r7—7 (14-17)
"2AG £ G)
where the plus (+) sign is used for modes with odd (antisymmetric) resonant voltage
distribution beneath the patch and between the slots while the minus ( —) sign is used
for modes with even (symmetric) resonant voltage distribution. The mutual conduc-
tance is defined. in terms of the far-zone fields, as

Gy = ReJ’ E, x Hf - ds (14-18)
© 7 v '
where E, is the electric field radiated by slot #1, H, is the magnetic field radiated by

slot #2. Vj, is the voltage across the slot, and the integration is performed over a
sphere of large radius. It can be shown that G,, can be calculated using [8]. [34]

koW s
Sin(“— Cos E-})
T 2

Gz = - Jy (koL sin 6) sin® 6 46 (14-18a)
1207 Jo cos
| T T TT T T T
1“—| ;' 1
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Figure 14.9 Slot conductance as a function of slot width,
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where J, is the Bessel tunction of the first kind of order zera. For typical microstrip
antennas, the mutual conductance obtained using (14-18a) is small compared to the
self conductance Gy ol (14-8a) or (14-12).

As shown by (14-8a) and (14-17), the input resistance is not strongly dependent
upon the substrate height A. In fact for very small values of A, such that ksh << 1, the
input resistance is not dependent on h. Modal-expansion analysis also reveals that the
input resistance is not strongly influenced by the substrate height A. It is apparent
from (14-8a) and (14-17) that the resonant input resistance can be decreased by
increasing the width W of the patch, This is acceptable as long as the ratio of W/L
does not exceed 2 because the aperture efficiency of a single patch begins to drop. as
WAL increases beyond 2.

The resonant input resistance, as caleulated by (14-17), is referenced at slot #1,
However, it has been shown that the resonant input resistance can be changed by
using an inset feed, recessed a distance yq from slot #1, as shown in Figure 14.10(a).
This technique can be used effectively to match the patch antenna using a microstrip-
line feed whose characteristic impedance is given by [79]

60 8h W, We
——n|— + —2|, 0= (14-19%)
V Ereir [Wu 4h ] i (
W,
Ve [Tﬂ + 1.393 + 0.667 In (% + 1.444;}
1

where W, is the width of the microstrip line, as shown in Figure 14,10, Using modal-
expansion analysis, the input resistance for the inset-feed is given approximately by
[8]. [16]

+Mqin2 E:)_ﬂ.mz_Tf ) (14-20
5 L_')() Y 5 I yn. -20)

o

where ¥, = 1/Z,. Since for most typical microstrips G/¥, << 1 and B/Y, < |,

[}

(14-20) reduces to

%)
8
+

. | 5 [
Rin(y = yo) = —“m cos” (E_vu)
= Ry(y = 0) cos® (‘L?I_‘Po) (14-20a)

A plot of the normalized value of (14-20a) is shown in Figure 14.10(b).

The values obtained using (14-20) agree fairly well with experimental data;
However, the inset feed introduces a physical notch, which in turn introduces a
junction capacitance. The physical notch and its corresponding junction capacitance
influence slightly the resonance frequency, which typically may vary by about 1%, It
is apparent from (14-20a) and Figure 14.10(b) that the maximum value occurs at the
edge of the slot (y, = ) where the voltage is maximum and the current is minimum;
typical values are in the 150-300 ohms. The minimum value (zero) occurs at the
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Figure 14.10 Recessed microstrip-line feed and variation of normalized input resistance.

center of the patch (v, = L/2) where the voltage is zero and the current is maximum.
As the inset feed-point moves from the edge toward the center of the patch the resonant
input impedance decreases monotonically and reaches zero at the center. When the
value of the inset feed-point approaches the center of the patch (y, = L/2), the
cos’(vy/L) function varies very rapidly; therefore the input resistance also changes
rapidly with the position of the feed point. To maintain very accurate values, a close
folerance must be preserved.

Example 14.2

A microstrip antenna with overall dimensions of L = 0.906 c¢m (0.357 inches) and
W = 1.186 cm (0.467 inches), substrate with height & = 0.1588 c¢m (0.0625 inches)
and dielectric constant of €, = 2.2, is operating at 10 GHz. Find:

a.  The input impedance.

b. The position of the inset feed-point where the input impedance is 50 ohms.
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SOLUTION

L
1.!_1

0= 3cm

Using (14-12) and (14-12a)
G, = 0.00157 siemens

which compares with G| = 0.00328 using (14-8a). Using (14-18a)
G = 6.1683 x 107°

Using (14-17) with the (4 ) sign because of the odd field distribution between the
radiating stots for the dominant T, mode

Ry, = 228.3508 ohms.

Since the input impedance at the leading radiating edge of the patch is 228.3508 ohms
while the desired impedance is 50 ohms, the inset feet-point distance y, is obtained
using (14-20a). Thus

50 = 228.3508 cos? (f_m)

or

vo = 0.3126 cm (0.123 inches)

14.2.2 Cavity Model

Microstrip antennas resemble dielectric loaded cavities, and they exhibit higher order
resonances. The normalized fields within the dielectric substrate (between the patch
and the ground plane) can be found more accurately by treating that region as a cavity
bounded by electric conductors (above and below it) and by magnetic walls (to
simulate an open circuit) along the perimeter of the patch. This is an approximate
model, which in principle leads to a reactive input impedance (of zero or infinite valug
of resonance), and it does not radiate any power. However, assuming that the actual
fields are approximate to those generated by such a model. the computed pattern,
input admittance. and resonant frequencies compare well with measurements [12],
[16], [18]. This is an accepted approach, and it is similar to the perturbation methods
which have been very successful in the analysis of waveguides, cavities, and radiators
[81].

To shed some insight into the cavity model, let us attempt to present a physical
interpretation into the formation of the fields within the cavity and radiation through
its side walls. When the microstrip patch is energized, a charge distribution is estab-
lished on the upper and lower surfaces of the patch, as well as on the surface of the
ground plane, as shown in Figure 14.11. The charge distribution is controlled by two
mechanisms: an attractive and a repulsive mechanism [34]. The attractive mechanism
is between the corresponding opposite charges on the bottom side of the patch and
the ground plane, which tends to maintain the charge concentration on the bottom of
the patch. The repulsive mechanism is between like charges on the bottom surface of -
the patch. which tends to push some charges from the bottom of the patch, around its
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Figure 14.11 Charge distribution and current density creation on microstrip patch,

edges, to its top surface. The movement of these charges creates corresponding current
densities J, and J,. at the bottom and top surfaces of the patch, respectively. as shown
in Figure 14.11. Since tor most practical microstrips the height-to-width ratio is very
small, the attractive mechanism dominates and most of the charge concentration and
current flow remain underneath the patch. A small amount of current flows around
the edges of the patch to its top surface. However, this current flow decreases as the
height-to-width ratio decreases, In the limit. the current flow to the top would be zero,
which ideally would not create any tangential magnetic field components to the edges
of the patch. This would allow the four side walls to be modelled by perfect magnetic
conducting surfaces which ideally would not disturb the magnetic field and, in turn,
the electric field distributions beneath the patch. Since in practice there is a finite
height-to-width ratio, although small, the tangential magnetic fields at the edges would
not be exactly zero. However, since they will be small, a good approximation to the
cavity model is to treat the side walls as perfectly magnetic conducting. This model
produces good normalized electric and magnetic field distributions (modes) beneath
the patch.

If the microstrip antenna were treated only as a cavity, it would not be sufficient
to find the absolute amplitudes of the electric and magnetic fields. In fact by treating
the walls of the cavity, as well as the material within it as lossless, the cavity would
not radiate and its input impedance would be purely reactive. Also the function
representing the impedance would only have real poles. To account for radiation, a
loss mechanism has to be introduced. In Figure 2.21 of Chapter 2, this was taken into
account by the radiation resistance R, and loss resistance R;. These two resistances
allow the input impedance to be complex and for its function to have complex poles:
the imaginary poles representing, through R, and R, . the radiation and conduction-
dielectric losses. To make the microsurip lossy using the cavity model, which would
then represent an antenna, the loss is taken into account by introducing an effective
loss tangent 8. The effective loss tangent is chosen appropriately to represent the
loss mechanism of the cavity, which now behaves as an antenna and is taken as the
reciprocal of the antenna quality factor Q (3. = 1/Q).

Because the thickness of the microstrip is usually very small, the waves generated
within the dielectric substrate (between the patch and the ground plane) undergo
considerable reflections when they arrive at the edge of the patch. Therefore only a
small fraction of the incident energy is radiated: thus the antenna is considered to be
very inefficient. The fields beneath the patch form standing waves that can be repre-
sented by cosinusoidal wave functions. Since the height of the substrate is very small
(h << A where A is the wavelength within the dielectric), the field variations along
the height will be considered constant. In addition. because of the very small substrate
height, the fringing of the fields along the edges of the patch are also very small
whereby the electric field is nearly normal to the surface of the patch. Therefore only
TM* field configurations will be considered within the cavity. While the top and
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bottom walls of the cavity are perfectly electric conducting. the four side walls will
be modeled as perfectly conducting magnetic walls (tangential magnetic fields vanish
along those four walls).

A. Field Configurations (modes)—TM"
The field configurations within the cavity can be found using the vector potential
approach described in detail in Chapter 8 of [79]. Referring to Figure 14.12. the
volume beneath the patch can be treated as a rectangular cavity loaded with a dielectric
material with dielectric constant €,.. The dielectric material of the substrate is assumed
1o be truncated and not extended beyond the edges of the patch. The vector potential
A, must satisfy the homogeneous wave equation of
VA, + KA, =0 (14-21)

whose solution is written in general, using the separation of variables, as [79]

A, = |A; costk,.x) + By sin(k,x)][A; cos(k,y) + B sin(k,y)] (14-22)
- [Az cos(k.z) + Bj sin(k.z)]

where k.. k, and k. are the wavenumbers along the x, y and z directions, respectively.
These will be determined subject to the boundary conditions. The electric and mag-
netic fields within the cavity are related to the vector potential A, by [79]

I [ 3
E,\'= I .-7+k" A,t szo
wjLe \x~
1 @A, q
oo g & JENE By = B (14-23)
: WHLE Axdy N
.1 @A, 1 9A,
By 6 rgje—— ot By el
WLE Axdz nody

subject to the boundary conditions of

E}.{'.r' =00=y=L0=7=W
=Ex' =h0=sy sLO==W)

H0=x=ho0=y =sLz =0 (14-24)
=HO=x=h0=y=L7Z=W) =0

HO=x=hy =0,0=7 =W)
=HO=x=<hy=LO0<zZ=W)=0

[
o

The primed coordinates x', ¥', z' are used to represent the fields within the cavity.
Applying the boundary conditions Ey(x" = 0.0 =y =L 0= =W) =10
and Ej(x" = h, 0=y =L 0= = W) = 0, it can be shown that B, = 0 and
mar
k.c = -};—, B T i (]4-25)
Similarly, applying the boundary conditions Hy (0 = x' = h 0=y =L ' = 0) =
Dand HO=4"=h 0= y =Lz = W) = 0,it can be shown that B; = 0 and

_pw

B=p

p=01,2 ... (14-26)
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W -

¥
."I
Figure 14.12 Rectangular microstrip patch geometry
Finally, applying the boundary conditions H.(0 =x" = h, v' = 0.0 = = W) =
OQand H(O=x"=h v = L 0=z = W) = 0, it can be shown that B, = 0 and
b=t = B L D (14-27)
L
Thus the final form for the vector potential A, within the cavity is
A €08k, x") cos(k,y') cos (k.z') (14-28)

A =
where A,,,,, represents the amplitude coefficients of each mnp mode. The wavenumbers

k., k. k. are equal to
nar
ke = (—h—), =0k R s
nar
k_\.=(L), == 1.2, m=n=p+#0 (14-29)
Pﬂ,p=&hz“.

k=1—
- ( W
where m, n, p represent. respectively, the number of half-cycle field variations along

the x, y, z directions.
Since the wavenumbers k., k,, and k. are subject to the constraint equation
2 2 2
- o 9 mar nir P 5 2 ’
+ ks + k= — — + =] =k = L 14-
P . S
the resonant frequencies for the cavity are given by
na\’ par ?
+ Ve 14-31
L ) ( W) : :

m'ﬂ‘
(.fr)mﬂp = 2’11"\/_\/
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Substituting (14-28) into (14-23). the electric and magnetic fields within the cavity
are written as

By = —jL—"] A €08(kx") costkyy') cos (k.2')
WLE

k:ks . ’ (o ’ ’

E\' = e Anmp Sln(k.rx ) SID(.‘I(“_}? ) CDS(.{(‘__Z )
WILE ;

) Kk . . . ; :

E. = —j—— A, sin(k,x") cos(k,y") sin(k.z") (14-32)

WJLE

H. =10

k.
Hy = ——= Apyp cos(kyx") cos(kyy”) sin(k.2")
o

I

k, j
H. ;‘Am,,,, cos(k,x") sin(k,y') cos (k.z")

To determine the dominant mode with the lowest resonance, we need to examine
the resonant frequencies. The mode with the lowest order resonant frequency is
referred to as the dominant mode. Placing the resonant frequencies in ascending order
determines the order of the modes of operation. For all microstrip antennas / << L
and h << W. It L > W > h, the mode with the lowest frequency (dominant mode) is
the TM{,, whose resonant frequency is given by

. - 1 Yy
U‘ﬂmn 21_,‘\/;5 ?_L‘\/E,

where vy is the speed of light in free space. If in addition L > W > £/2 > j, the next
higher order (second) mode is the TMjy,, whose resonant frequency is given by

(14-33)

Vg

1
(fi oo = ZW\/E = ZW\/E

If, however, L = L/2 > W = h, the second order mode is the TMiq. instead of the
TMiy. whose resonant frequency is given by

(14-34)

_ | W
(f F)UZU = L ‘\/ﬁ' L ‘\/E_r

It W= L > h, the dominant mode is the TMg,; whose resonant [requency is
given by (14-34) while if W > W/2 = L > h the second order mode is the TMjj.
Based upon (14-32), the distribution of the tangential electric field along the side
walls of the cavity for the TMg, TM{y;, TMig and TM, is as shown, respectively,
in Figure 14.13.

In all of the preceding discussion, it was assumed that there is no fringing of the
fields along the edges of the cavity. This is not totally valid, but it is a good assumption.
However, fringing effects and their influence were discussed previously. and they
should be taken into account in determining the resonant frequency. This was done
in (14-3) for the dominant TMj};, mode.

(14-35)
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Figure 14.13 Field configurations (modes) for rectangular microstrip patch.

B. Equivalent Current Densities

It has been shown using the cavity model that the microstrip antenna can be modeled
reasonably well by a dielectric-loaded cavity with two perfectly conducting electric
walls (top and bottom), and four perfectly conducting magnetic walls (sidewalls). It
is assumed that the material of the substrate is truncated and does not extend beyond
the edges of the patch. The four sidewalls represent four narrow apertures (siots)
through which radiation takes place. Using the Field Equivalence Principle (Huygens’
Principle) of Section 12.2 of Chapter 12, the microstrip patch is represented by an
equivalent electric current density J, at the top surface of the patch to account for the
presence of the patch (there is also a current density J, at the bottom of the patch
which is not needed for this model). The four side slots are represented by the
equivalent electric current density J; and equivalent magnetic current density M, as
shown in Figure 14.14(a), each represented by

J, = i x H, (14-36)
and
M,=—-fAxE, (14-37)

where E, and H,, represent, respectively, the electric and magnetic fields at the slots.

Because it was shown that for microstrip antennas with very small height-to-
width ratio the current density J, at the top of the patch is much smaller than the
current density J,, at the bottom of the patch, it will be assumed it is negligible here
and it will be set to zero. Also it was argued that the tangential magnetic fields along
the edges of the patch are very small, ideally zero. Therefore the corresponding
equivalent electric current density J, will be very small (ideally zero), and it will be
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(b) J, =0, M, with zround plane (¢) M, with no ground plane

Figure 14.14 Equivalent current densities on four sides of rectangular microstrip patch.

set to zero here. Thus the only nonzero current density is the equivalent magnetic
current density M, of (14-37) along the side periphery of the cavity radiating in the
presence of the ground plane, as shown in Figure 14.14(b). The presence of the ground
plane can be taken into account by image theory which will double the equivalent
magnetic current density of (14-37). Therefore the final equivalent is a magnetic
current density of twice (14-37) or

M, = -2i x E, (14-38)

around the side periphery of the patch radiating into free space. as shown in Figure
14.14(c).

[t was shown, using the (ransmission-line model, that the microstrip antenna can
be represented by two radiating slots along the length of the patch (each of width W
and height h). Similarly it will be shown here also that while there are a total of four
slots representing the microstrip antenna, only two (the radiating slots) account for
most of the radiation; the fields radiated by the other two, which are separated by the
width W of the patch, cancel along the principal planes. Therefore the same two slots,
separated by the length of the patch, are referred to here also as radiating slots. The
slots are separated by a very low impedance parallel-plate transmission line of length
L, which acts as a transformer. The length of the transmission line is approximately
A2, where A is the guide wavelength in the substrate, in order for the fields at the
aperture of the two slots to have opposite polarization. This is illustrated in Figures
14.1(a) and 14.13(a). The two slots form a two-element array with a spacing of A2
between the elements. It will be shown here that in a direction perpendicular to the
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ground plane the components of the field add in phase and give a maximum radiation
normal to the patch: thus broadside antenna.

Assuming that the dominant mode within the cavity is the TMy,, mode, the
electric and magnetic field components reduce from (14-32) to

E, = Ejcos (Ey’)

L
[
H, = Hy sin (Zy’) (14-39)
B, =E, = H.=H,~
where Ey = —jw Agipand Hy = (7/pl) Ay The electric field structure within the

substrate and between the radiating element and the ground plane is sketched in
Figures 14.1(a.b) and 14.13(a). It undergoes a phase reversal along the length but it
is uniform along its width. The phase reversal along the length is necessary for the
antenna to have broadside radiation characteristics.

Using the equivalence principle of Section 12.3, each slot radiates the same fields
as a magnetic dipole with current density M, equal to (14-38). By referring to Figures
14.15 the equivalent magnetic current densities along the two slots, each of width W
and height ., are both of the same magnitude and of the same phase. Therefore these
two slots form a two-element array with the sources (current densities) of the same
magnitude and phase, and separated by L. Thus these two sources will add in a
direction normal to the patch and ground plane forming a broadside pattern. This is
illustrated in Figures 14.16(a) where the normalized radiation pattern ol each slot in
the principal E-plane is sketched individually along with the total pattern of the two.
In the H-plane. the normalized pattern of each slot and of the two together is the
same, as shown in Figure 14.16(b).

The equivalent current densities for the other two slots, each of length L and
height h, are shown in Figure 14.17. Since the current densities on each wall are of
the same magnitude but of opposite direction, the fields radiated by these two slots
cancel each other in the principal H-plane. Also since corresponding slots on opposite
walls are 180 out of phase. the corresponding radiations cancel each other in the
principal E-plane. This will be shown analytically. The radiation from these two side
walls in nonprincipal planes is small compared to the other two side walls. Therefore
these two slots are usually referred to as nonradiating slots.

Figure 14.15 Rectangular microstrip patch radiating slots and equivalent magnetic current
densities.
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#1,#2, Total

==

(a) E-planc (b} H-plane

Figure 14.16 Typical E- and H-plane patterns of each microstrip patch slot, and of the two
together.

C. Fields Radiated—TMp, 4 Mode

To find the fields radiated by each slot, we follow a procedure similar to that used to
analyze the aperture in Section 12.5.1. The total field is the sum of the two-element
array with each element representing one of the slots. Since the slots are identical,
this is accomplished by using an array factor for the two slots.

Radiating Stots Following a procedure similar to that used to analyze the aperiure in
Section 12.5.1, the far-zone electric fields radiated by each slot, using the equivalent
current densities of (14-38), are written as

E,=E;=0 (14-40a)
,k”hW Eg]é'_ﬂmr . Siﬂ(X) Sin(ZJ |
= 4+ : sin 14
By J S sin 60—, 7 (14-40b)
where
X= &;ﬁ sin 6 cos ¢ (14-40¢)
kyW
Z="-cos 0 (14-40d)

2
For very small heights (ksh << 1), (14-40b) reduces to

in Gt cos f
sin|—— cos
Ve o e & (14-41)
; in 0

r el cos 0

where VU = hEru.
According to the theory of Chapter 6. the array factor for the two elements, of
the same magnitude and phase. separated by a distance L, along the y direction is

(AF), = 2 cos (%3 sin @ sin gb) (14-42)

where L, is the effective length of (14-3). Thus, the total electric field for the two
slots (also for the microstrip antenna) is
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Figure 14.17 Current densities on nonradiating slots of rectangular microstrip patch.

£ - +J,kr,h.w Eye ik {sin p SinCX) sin(Z)} |
wr X z (14-43)
L
X cos (&2—5 gin 6 sin cf))
where
koh .
X= — sin #cos ¢ (14-43a)
koW
= UT'cos t (14-43b)
For small values of & (koht << 1), (14-43) reduces to
p (k{,w _ )
‘ §in —2—cos f
2Vpe " 3 | koL. . :
Bjes +]T sin HT cos (T sin @ sin d:) (14-44)

where V,, = hE, is the voltage across the slot.

E-Plane (0 = 90° 0° = ¢ = 90° and 270° = ¢ = 360°)
For the microstrip antenna, the x-y plane (# = 90% 0° = ¢ = 90° and 270° =
¢ = 360°) is the principal E-plane. For this plane. the expressions for the radiated
fields of (14-43)~(14-43b) reduce to

) (kﬂh )
) Sin TCOS
o WVe M i
+

Tr koh
‘T’ cos ¢h

| koL
E} = cos ( “2  sin qb) (14-45)

H-Plane (¢ = 0°,0° = 0 = 180°)
The principal H-plane of the microstrip antenna is the x-z plane (¢ = 0°, 0° =
f = 180°), and the expressions for the fields radiated of (14-43)—(14-43b) reduce to
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y sin(ﬁg—h sin 9) sin (E‘;i/ cos 9)
£ » —JRur
o O OROE T g (14-46)
i Mons Wese
5 sin -

To illustrate the modeling of the microstrip using the cavity model, the principal
E- and H-plane patterns have been computed at f, = 1t GHz for the rectangular
microstrip of Example 14.1 with e, = 2.2, 4 = 0.1588 cm, L = 0.906 cm and L, =
1.068 cm. These are displayed in Figure 14.18(a) for the E-plane and Figure 14.18(b)
for the H-plane where they are compared with measurements. A good agreement is
indicated. However there are some differences in the E-plane primarily near grazing
and in the region below the ground plane. The differences near grazing in the E-plane
are primarily because the theory assumes the dielectric material of the substrate is
truncated and does not cover the ground plane beyond the edges of the patch while
those in the back region are because the theory assumes an infinite ground plane. The
shape of the H-plane patterns are not affected significantly by the dielectric cover or
the edges. Edge effects can be taken into account using diffraction theory [48]. [79].

)

300°

L \
adVZ (RN

A

—30

20 dR 240

=10 diy

0 dB 210°
1807

Measured
— =+ Moment methoed (Courtesy D, Pozar)
—-— Cavity model

ta) E-plane (6 = 90%)
Figure 14.18 Predicted and measured E- and H-plane patterns of rectangular microstrip

patch (L = 0.906 cm, W = 186 cm, # = 0.1588 cm, »y = 03126 cm, €, = 2.2.f, = 10
GHz).
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The noted asymmetry in the measured and Moment Method computed patterns is due
to the feed which is not symmetrically positioned along the E-plane. The Moment
Method analysis accounts for the position of the feed, while the cavity model does
not account for it. The pattern for 0° = ¢ = 1807 [left half in Figure 14,18(a)]
corresponds to observation angles which lie on the same side of the patch as does the
feed probe.

The presence of the dielectric-covered ground plane modifies the reflection co-
efficient, which influences the magnitude and phase of the image. This is similar to
the ground effects discussed in Section 4.8 of Chapter 4. To account for the dielectric,
the reflection coefficient for vertical polarization of + 1 must be replaced by the
reflection coefficient of (4-125) while the reflection coefficient for horizontal polari-
zation of — 1 must be replaced by the reflection coefficient of (4-129). Basically the
introduction of the reflection coefficients of (4-125) and (4-129) to account for the
dielectric cover of the ground plane is to modify the boundary conditions of the
perfect conductor to one with an impedance surface. The result is for (4-125) to
modify the shape of the pattern in the E-plane of the microstrip antenna, primarily
for observation angles near grazing (near the ground plane), as was done in Figure
4.28 for the lossy earth. Similar changes are expected for the microstrip antenna. The
changes in the pattern near grazing come from the fact that for the perfect conductor
the reflection coefficient for vertical polarization is +1 for all observation angles.

90°

1507

ne

T T

1507 3"

— Measured
——=- Moment method (Courtesy D, Pozar)
— = Cavity model
(b) H-plane (b = 07)
Figure 14.18 (Continued)
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However for the dielectric-covered ground plane (impedance surface), the reflection
coelficient of (4-129) is nearly + | for observation angles far away from grazing but
begins to change very rapidly near grazing and becomes — | at grazing [79]; thus the
formation of an ideal null at grazing.

Similarly the reflection coefficient of (4-129) should basically control the pattern
primarily in the H-plane. However, because the reflection coefficient for horizontal
polarization for a perfect conductor is — | for all observation angles while that of
(4-129) for the dielectric covered ground plane is nearly — I for all observation angles,
the shape of the pattern in the H-plane is basically unaltered by the presence of the
dielectric cover [79]. This is illustrated in Figure 4,30 for the earth. The pattern also
exhibits a null along the ground plane. Similar changes are expected for the microstrip
antenna.

Nonradiating Slots The fields radiated by the so-called nonradiating slots, each of
effective length L, and height 4. are found using the same procedure as for the two
radiating slots. Using the fields of (14-39). the equivalent magnetic current density of
one of the nonradiating slots facing the +z axis is

M, = —2f x E, = 8,2E cos (LE)") (14-47)

and it is sketched in Figure 14.17. A similar one is facing the —z axis. Using the
same procedure as for the radiating slots. the normalized far-zone electric field com-
ponents radiated by each slot are given by

kohL, Ege =™ | sin X cos Y ;
T = ——— <Y 008 — = _J(X+ ¥} 14-4
Eo 27 S O 0 — (2R ¢ bt
kohL Eoe _sinX  cosY R
g, = Jy.eos 98in ¢ . el N (144
i i cos 6 sin ¢ X (VP — (72 e ( 8h)
where
koh
X = == sin cos ¢ (14-48¢)
koL,
Y = = sin 0sin ¢ (14-48d)

Since the two nonradiating slots form an array of two elements, of the same
magnitude but of opposite phase, separated along the z axis by a distance W, the array
factor is

(AF). = 2j sin (%; cos f)‘) (14-49)

Therefore the total far-zone electric field is given by the product of each of (14-48a)
and (14-48b) with the array factor of (14-49).

In the H-plane (¢ = 0° 0° = 6 = 180°), (14-48a) and (14-48b) are zero because
the fields radiated by each quarter cycle of each slot are cancelled by the fields radiated
by the other quarter. Similarly in the E-plane (6§ = 90° 0° = ¢ = 90° and 270° = ¢
= 360°) the total fields are also zero because (14-49) vanishes. This implies that the
fields radiated by each slot are cancelled by the fields radiated by the other. The
nonradiation in the principal planes by these two slots was discussed earlier and
demonstrated by the current densities in Figure 14.17. However, these two slots do
radiate away from the principal planes, but their field intensity in these other planes
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is small compared to that radiated by the two radiating slots such that it is usually
neglected. Therefore they are referred to as nonradiating slots.

14.2.3 Directivity

As for every other antenna. the directivity is one ol the most important figures-of-
merit whose definition is given by (2-16a) or
Upnax 47 U
Dy = <28 o S0 14-50
4 U(l Pmcl \ :
Single Slot (kyh < 1) Using the electric field of (14-41), the maximum radiation
intensity and radiated power can be written, respectively, as

|VH|2 ‘?TW 4
ety [ 14-51
gy \ Xy [ ‘
koW 4
| " sin(-nz— cos 0
VI}[ F T,
Py = sin” 6 do 14-52
“ 2mpm Jo cos 6 e ( )
Therefore, the directivity of a single slot can be expressed as
20w\ 1
D(; = (L) = (14'53]
Ao ]

where

2

. kﬂw
sin|—— cos @
qm( 5 Cos

s f 3
1 J: " sin” 6 df
) sin(X)
= | =2 + cos(X) + XS(X) + Y (14-53a)
X = kW (14-53b)
Asymptotically the values of (14-53) vary as
3.3 (dimensionless) = 5.2 dB W< Ay
= (14-54)
D[) 4(%) W = )l{_}
0

The directivity of a single slot can be computed using (14-53) and (14-53a). In
addition, it can also be computed using (14-41) and the computer program DIREC-
TIVITY at the end of Chapter 2. Since both are based on the same formulas, they
should give the same results. Plots of the directivity of a single slot for & = 0.01 A,
and 0.05 A, as a function of the width of the slot are shown in Figure 14.19. It is
evident that the directivity of a single slot is not influenced strongly by the height of
the substrate, as long as it is maintained electrically small.

Two Slots (kyh << 1) For two slots, using (14-44), the directivity can be written as

2aWN\2 9 W 2
D, = " _ w "
2 ( )\[j n’: 15G (;\”) ( 4 55)

raid




750 Chapter 14 Microstrip Antennas
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Figure 14.19 Computed directivity of one and two slots as a function of the slot width.

where G, 18 the radiation conductance and

. (kuw ) .
sinf—— cos #
Jw s 2 k
]

I = sin” 0 cos” (—%I—'E sin 6 sin ti)) dft d¢p  (14-55a)

0 cos 0

The total broadside directivity D, for the two radiating slots, separated by the
dominant TMj;; mode field (antisymmetric voltage distribution), can also be written
as | 8], [82]

2.
Dy = DyDyp = Dy (14-56)
1 + 812
2 pz=l
Dy = Y= '3 (14-562)

where
Dy = directivity of single slot [as given by (14-53) and (14-53a)]

D4 = directivity of array factor AF

[AF = cos (% sin @ sin qb)]

g12 = normalized mutual conductance = G,,/G,

This can also be justified using the array theory of Chapter 6. The normalized mutual
conductance g, can be obtained using (14-12), (14-12a), and (14-18a). Computed
values based on (14-18a) show that usually g, <€ 1: thus (14-56a) is usually a good
approximation to (14-56).
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Asymptotically the directivity of two slots (microstrip antenna) can be expressed

as
6.6 (dimensionless) = 8.2 dB W= Ay
= (14-57)
e 8 (ﬂ) W= A,
Ay

The directivity of the microstrip antenna can now be computed using (14-55) and ( 14-
55a). In addition, it can also be computed using (14-44) and the computer program
DIRECTIVITY at the end of Chapter 2. Since they are based on the same formulas,
they should give the same results. Plots of directivity of a microstrip antenna. modeled
by two slots, for i = 0.01 A, and 0.05A, are shown plotted as a function of the width
of the patch (W/Ay) in Figure 14.19. It is evident that the directivity is not a strong
function of the height, as long as the height is maintained electrically small. A typical
plot of the directivity of a patch for a fixed resonant frequency as a function of the
substrate height (/) for twa different dietectrics. (s shown in Figure 14.20.

The directivity of the slots also can be approximated by Kraus's. (2-26). and Tai
& Pereira’s. (2-30a). formulas in terms of the £- and H-plane beamwidths, which can
be approximated by [36]

. 7.03A5
@, = 5 ! o —— -5
g = 2 COo8 \/4('31,; Py T (14-58)

("DH = 2 ¢cos : fﬁv (14-59)
(1

The values of the directivities obtained using (14-58) and (14-59) along with either
(2-26) or (2-30a) will not be very accurate since the beamwidths, especially in the
E-plane, are very large. However, they can serve as guidelines.

1000 T T T T T T T T T
S0 + -
£ =155

g 600t £=102 .

>

z - =

=

E 4.00 - =
200 m
.00 L L L I I I i I I

0.00 01 02 03 R 08

Substrate height M,
Figure 14.20 Directivity variations as a function of substrate height for a square microstrip
patch antenna. (Courtesy of D. M. Pozar)
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Example 14.3

For the rectangular microstrip antenna of Examples 14.1 and 14.2, with overall di-
mensions ol L = 0.906 cm and W = 1.186 cm, substrate height & = 0.1588 cm, and
dielectric constant of €, = 2.2, cenler frequency of [0 GHz. find the directivity based
on (14-56) and (14-56a). Compare with the values obtained using (14-55) and
(14-55a).

SOLUTION
From the solution of Example 14.2
G, = 0.00157 Siemens
Gi» = 6.1683 X 10 * Siemens
gix = G1/G, = 0.3921
Using (14-56a)
3

| + g 1+ 03921
Using (14-53) and (14-53a)

Dy = = 1.4367 = 1.5736 dB

I, = 1.863
20w 1
Dy = [—=] == 3312 = 5201 dB
. ( Ay ) 1 e 2

According to (14-56)

D, = DyD,y = 3.312(1.4367) = 4.7584 = 6.7746 dB
Using (14-55a)

1, = 3.59801

Finally, using (14-55)

9 7
D = (%V) T — 53878 = 7314 4B
1] 2

14.3 CIRCULAR PATCH

Other than the rectangular patch, the next most popular configuration is the circular
patch or disk, as shown in Figure 14.21. It also has received a lot of attention not
only as a single element [6], [[0], [13], [46]. [47]. [S], but also in arrays [65] and
[74]. The modes supported by the circular patch antenna can be found by treating the
patch. ground plane, and the material between the two as a circular cavity. As with
the rectangular patch, the modes that are supported primarily by a circular microstrip
antenna whose substrate height is small (h << A) are TM" where z is taken perpen-
dicular to the patch. As far as the dimensions of the patch, there are two degrees of
freedom to control (length and width} for the rectangular microstrip antenna. Therefore
the order of the modes can be changed by changing the relative dimensions of the
width and length of the patch (width-to-length ratio). However, for the circular patch
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Figure 14.21 Geometry of circular microstrip patch antenna.

there is only one degree of freedom to control (radius of the patch). Doing this does
not change the order of the modes; however, it does change the absolute value of the
resonant frequency of each [79].

Other than using full-wave analysis [51], [65], [74], the circular patch antenna
can only be analyzed conveniently using the cavity model [10], [46], [47]. This can
be accomplished using a procedure similar to that for the rectangular patch but now
using cylindrical coordinates [79]. The cavity is composed of two perfect electric
conductors at the top and bottom to represent the patch and the ground plane, and by
a cylindrical perfect magnetic conductor around the circular periphery of the cavity.
The dielectric material of the substrate is assumed to be truncated beyond the extent
of the patch.

14.3.1 Electric and Magnetic Fields—TMz,,

To find the fields within the cavity, we use the vector potential approach. For TM*
we need to first find the magnetic vector potential A., which must satisfy, in cylindrical
coordinates, the homogeneous wave equation of

VA.(p, b, 2) + K Adp, b, z) = 0. (14-60)

It can be shown that for TM® modes, whose electric and magnetic fields are related
to the vector potential A. by [79]

g = L Ph g - L1,
# Jwy,eapaz P o
1 1 &A, 1 0A,
Ey= —fj———= Hy= ——— 14-61
# jwuepaqﬁ&z g e dp : )
B s a—2+k2 A H,=0
- ';prE 3.;."2 < ¥ =

subject to the boundary conditions of
EO0=p' =a0=¢'=27z7=0=0
E0=p' =a,0=¢'=2m7 =h) =0
Hy(p =0, 0=¢'=2m,0=z'=h) =0 (14-62)
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the magnetic vector potential A, reduces to [79]
A. = By, Jutk,p Az cosimd’) + B, sin(md')] cos(k.z") (14-63)
with the constraint equation of
(k)* + (k) = k; = wipe (14-63a)

The primed cylindrical coordinates p', ¢', ¢’ are used to represent the fields within
the cavity while J/,,(x] is the Bessel function of the first kind of order mr, and

k, = Xmnla (14-63b)
g, =ET (14-63¢)

h
m=012... (14-63d)
p= 1230 (14-63e)
p=10, 1,2, .. (14-63f)

In (14-63b) x,. represents the zeroes of the derivative of the Bessel function
Ju(x), and they determine the order of the resonant frequencies. The first four values
ol . in ascending order, are

X = 1.8412
Xo = 3.0542
Xor = 3.8318 (14-64)
Xi = 4.2012

14.3.2 Resonant Frequencies

The resonant frequencies of the cavity, and thus of the microstrip antenna. are found
using (14-63a)-(14-631), Since for most typical microstrip antennas the substrate
height /1 is very small (typically /r << (L.05Ag), the fields along 7 are essentially constant
and are presented in (14-63f) by p = 0 and in (14-63¢) by k, = 0. Therefore the
resonant frequencies for the TM;,,, modes can be written using (14-63a) as

L (X .
rhin = 14-65
eo = ) S

Based on the values of (14-64), the first four modes, in ascending order, are TMjq.
TMS, 0, TM§ 0, and TM3, . The dominant mode is the TMj, whose resonant frequency
is

' 1.8412 1.841 2w,
Niior= = 14-66;
(S0 Bodue | 2amye (14-66)

where vy is the speed of light in free space.

The resonant frequency of (14-66) does not take into account fringing. As was
shown for the rectangular patch, and illustrated in Figure 14.7. fringing makes the
patch look electrically larger and it was taken into account by introducing a length
correction factor given by (14-2). Similarly for the circular patch a correction is
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introduced by using an effective radius a,, to replace the actual radius a, given

by [6]
9 12
a, = a{l e [ln (ﬂ) + 1.??26]} (14-67)
TTUE, 2h

Therefore the resonant frequency of (14-66) for the dominant TMj,, should be mod-
ified by using (14-67) and expressed as

1.8412v,

(S = m

(14-68)

14.3.3 Design

Based on the cavity model formulation, a design procedure is outlined which leads to
practical designs of circular microstrip antennas for the dominant TM7,, mode. The
procedure assumes that the specified information includes the dielectric constant of
the substrate (€, ), the resonant frequency (f,) and the height of the substrate /. The
procedure is as follows:
Specify

€,, /,(in Hz), and /1 (in cm)
Determine The actual radius a of the patch.

Design Procedure A first-order approximation to the solution of (14-67) for a is to
find @, using (14-68) and (o substitute that into (14-67) for a, and for a in the
logarithmic function. Doing this leads to

¥
a= (14-69)

2 aF "
1 W) Y
{ e, ['“(Zh) 6]}

_ 8791 x 10’
Ve

Remember that h in (14-69) must be in cm,

where

F (14-69a)

Example 14.4

Design a circular microstrip antenna using a substrate (RT/duroid 5880) with a di-
electric constant of 2.2, A = 0.1588 em (0.0625 in.) so as to resonate at 10 GHz.

SOLUTION
Using (14-69a)

]
e BTLRAE
10 X 10/2.2
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Therefore using (14-69)

a = z = 0.525 cm (0.207 in.)

142
{1 o I [ln(“—F) + l.'?726]}
e, I 2h

14.3.4 Equivalent Current Densities and Fields Radiated

As was done for the rectangular patch using the cavity model, the fields radiated by
the circular patch can be found by using the Equivalence Principle whereby the
circumferential wall of the cavity is replaced by an equivalent magnetic current density
of (14-38) as shown in Figure 14.22. Based on (14-61)—(14-63) and assuming a
TMji,; mode field distribution beneath the patch, the normalized electric and magnetic
fields within the cavity for the cosine azimuthal variations can be written as

E,=Ey=H,=0 (14-70a)
E. = EyJ (kp') cos ¢ (14-70b)
Ep | ,
H, = j—— = Jy(kp") sin ¢’ (14-70¢
Bt emipe 4 b )
Hy = jﬂ.f}(kp"} cos ¢’ (14-70d)
T Wiy

where ' = d/dp and ¢’ is the azimuthal angle along the perimeter of the patch.
Based on (14-70b) evaluated at the electrical equivalent edge of the disk
(p' = a,), the magnetic current density of (14-38) can be written as

M, = —2f x B, —, = 8,42/ (ka,) cos ¢/ (14-71)

Since the height of the substrate i1s very small and the current density of (14-7]) is
uniform along the z direction, we can approximate (14-71) by a filamentary magnetic
current of

L, = WM, = a,2hEy Ji(ka,) cos ¢' = 4,2V, cos ¢' (14-71a)

where Vy = hEyJ (ka.) at ¢' = Q.

Using (14-71a) the microstrip antenna can be treated as a circular loop. Referring
to Chapter 5 for the loop and using the radiation equations of Sections 12.3 and 12.6,
we can write that [10], [83]

E =0 (14-728)
1. Vi o~k r
by = = .@L;:__{COS oot (14-72b)
koa, Ve o
Ey=1J %“— {cos 6 sin ¢ Joo} (14-72c)
Joo = Jolkoat. sin @) — Ja(koa, sin 0) (14-72d)

Jﬂz e Ju(k{)ﬂe Sin 6) + Jz(kua,, Sit‘l 8) (14~72e}
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Figure 14.22 Cavity model and equivalent magnetic current density for circular microstrip
patch antenna,

where a, is the effective radius as given by (14-67). The fields in the principal planes
reduce to:

E-plane (¢ = 0°, 180°, 0° = 0 = 90°)

_ kot Vi e Hhor

Ey 5, Ll (14-73a)
i
Ey=10 (14-73b)
H-plane (¢p = 90°, 270° 0° = # = 90°)
E)=0 (14-742)
‘Jkﬂf'
Ey=1J % [cos 6 Jool (14-74b)

Patterns have been computed for the circular patch of Example 14.4 based on
(14-73a)—(14-74b). and they are shown in Figure 14.23 where they are compared with
measurements and Moment Method computed patterns. The noted asymmetry in the
measured and Moment Method computed patterns is due to the feed which is not
symmetrically positioned along the E-plane. The Moment Method analysis accounts
for the position of the feed, while the cavity model does not account for it. The pattern
for the left half of Figure 14.23(a) corresponds to observation angles which lie on the
same side of the patch as does the feed probe.

14.3.5 Conductance and Directivity

The conductance due to the radiated power and directivity of the circular microstrip
patch antenna can be computed using their respective definitions of (14-10) and
(14-50). For each we need the radiated power, which based on the fields of (14-72b)
and (14-72¢) of the cavity model can be expressed as

s (ko)

Pua = |V 960

2
fu [J3 + cos® 0J%,] sin 0 d6 (14-75)
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—— Measured
——- Moment method (Courtesy J. Aberle)
= Cavity model

(a) E-plane (¢ = 0%, 180%)
Figure 14.23 Measured and computed (based on moment method and cavity models)
[- and H-plane patterns of circular microstrip patch antenna (¢ = 0.525 em, a, = (.598 cm,
pr=00cm e =22 h= 01588 em, fy = 10 GHz, A, = 3 em).

Therefore the conductance across the gap between the patch and the ground plane
at ¢’ = 07 based on (14-10) and (14-75) can be written as

 (kea,)’
il 480
A plot of the conductance of (14-76) for the TMj,, mode is shown in Figure 14.24,
While the conductance of (14-76) accounts for the losses due to radiation, it does not
take into account losses due to conduction (ohmic) and dielectric losses, which each
can be expressed as [10]

i
J: Ui+ cos® 03] sin 0o (14-76)

Emuﬂ-( ﬂ-lu‘ﬂ.f;‘) i 2 7 ;
0, = 4!?2\/5_ [(ka.)* — m”] (14-77)
€,, tan & .
G, = ———(ka,)* — m?] (14-78
' dpeohf, [ ) )

where €, = 2 form = 0, ¢,, = 1 form # 0, and f, represents the resonant frequency
ol the mn0 mode. Thus, the total conductance can be written as

Gr = Gm{l + Gt‘ + G,_,r (]4‘79)
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180°
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— —- Moment method (Courtesy 1, Aberle)
== Cavily model

() H-plane (¢ = 907, 2707)
Figure 14.23 (continued)

Based on (14-50), (14-72b), (14-72¢), (14-75) and (14-76), the directivity for the
slot at # = 0° can be expressed as

- {klﬂe)z

= 14-8
120G,w it

0

A plot of the directivity of the dominant TMj,, mode as a function of the radius of
the disk is shown plotted in Figure 14.25. For very small values of the radius the
directivity approaches 3 (4.8 dB), which is equivalent of that of a slot above a ground
plane and it agrees with the value of (14-54) for W << A,,.

14.3.6 Resonant Input Resistance

As was the case for the rectangular patch antenna, the input impedance of a circular
patch at resonance is real. The input power is independent of the feed point position
along the circumference. Taken the reference of the feed at ¢' = 0° the input re-
sistance at any radial distance p’ = py from the center of the patch can be written as

(14-81)
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Figure 14.24 Radiation conductance versus effective radius for circular microstrip patch

operating in dominant TMj,, mode.

where G, is the total conductance due to radiation, conduction (ohmic) and dielectric
losses, as given by (14-79). As was the case with the rectangular patch, the resonant
input resistance of a circular patch with an inset feed, which is usually a probe, can
be written as

. Ik
Ry (p" = py) = R, (p' = au)ﬁ(—;”—)) (14-82)
where
Ru(p' = a,) = GL, (14-82a)

This is analogous to (14-20a) for the rectangular patch.

14.4 QUALITY FACTOR, BANDWIDTH AND
EFFICIENCY

The quality factor, bandwidth. and efficiency are antenna figures-of-merit, which are
interrelated, and there is no complete freedom to independently optimize each one.
Therefore there is always a tradeoff between them in arriving at an optimum antenna
performance. Often, however, there is a desire to optimize one of them while reducing
the performance of the other.

The quality factor is a figure-of-merit that is representative of the antenna losses.
Typically there are radiation, conduction (ohmic), dielectric and surface wave losses.
Therefore the total quality factor Q, is influenced by all of these losses and is, in
general, written as [16]

[ i | 1 [ " |
Qr ind Qc Qd' Q.\'M'

(14-83),

where
O, = total quality factor
0,0 = quality factor due to radiation (space wave) losses
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Figure 14.25 Directivity versus effective radius for circular microstrip patch antenna oper-
ating in dominant TMj,, mode.

0, = quality factor due to conduction (ohmic) losses
O, = quality factor due to dielectric losses
Q.. = quality factor due to surface waves

For very thin substrates. the losses due to surface waves are very small and can be
neglected. However, for thicker substrates they need to be taken into account [84].
These losses can also be eliminated by using cavities [50] and [51].

For very thin substrates (I << Ay) of arbitrary shapes (including rectangular and
circular), there are approximate formulas to represent the quality factors of the various
losses [16]. [85]. These can be expressed as

Q. = W wfpo (14-84)

Qy = B (14-85)
2we, .
Qina = m (14-86)

where tan & is the loss tangent of the substrate material, o is the conductivity of the
conductors associated with the patch and ground plane, G,/f is the total conductance
per unit length of the radiating aperture and

_ el EP dA

ols (14-86a)
ﬁpm’mucr |E i2 dl
For a rectangular aperture operating in the dominant TMg{;, mode
L
B 3 (14-87a)
4
e Grnd )
G =y (14-87h)

The Q.. as represented by (14-86) is inversely proportional to the height of the
substrate, and for very thin substrates is usually the dominant factor.
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The fractional bandwidth of the antenna is inversely proportional to the ¢, of the
antenna, and it is defined by (11-36) or
Af 1
T (14-88)
fo @
However, (14-88) may not be as useful because it does not take into account impe-
dance matching at the input terminals of the antenna. A more meaningful definition
of the fractional bandwidth is over a band of frequencies where the VSWR at the
input terminals is equal to or less than a desired maximum value, assuming that the
VSWR is unity at the design frequency. A modified form of (14-88) that takes into
account the impedance matching is [16]
S oas — | (14-88a)
T o e -00ad
Jo O \/VSWR
In general it is proportional to the volume, which for a rectangular microstrip
antenna at a constant resonant frequency can be expressed as

BW ~ volume = area * height = length - width * height

1 1 |
~ ==\ = —= 14-89
\/E\/e_\/e_ Ve, e

Therefore the bandwidth is inversely proportional to the square root of the dielectric
constant of the substrate. A typical variation of the bandwidth for a microstrip antenna
as a function of the normalized height of the substrate, for two different substrates, is
shown in Figure 14.26. It is evident that the bandwidth increases as the substrate
height increases.

The radiation efficiency of an antenna is expressed by (2-90). and it is defined as
the power radiated over the input power. It can also be expressed in terms of the
quality factors, which for a microstrip antenna can be written as

170
Codse = IQ - e _QJ_ (14-90)

”Qr de
where Q, is given by (14-83). Typical variations of the efficiency as a function of the

substrate height for a microstrip antenna, with two different substrates, are shown in
Figure 14.26.

14.5 INPUT IMPEDANCE

In the previous sections of this chapter, we derived approximate expressions for the
resonant input resistance for both rectangular and circular microstrip antennas. Also,
approximate expressions were stated which describe the variation of the resonant
input resistance as a function of the inset feed position, which can be used effectively
to match the antenna element to the input transmission line. In general. the input
impedance is complex and it includes both a resonant and a nonresonant part which
is usually reactive. Both the real and imaginary parts of the impedance vary as a
function of frequency. and a typical variation is shown in Figure 14.27. Ideally both
the resistance and reactance exhibit symmetry about the resonant frequency, and the
reactance at resonance is equal to the average of sum of its maximum value (which
is positive) and its minimum vafue (which is negative).
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Figure 14.26 Efficiency and bandwidth versus substrate height at constant resonant fre-
quency for rectangular microstrip patch for two different substrates (SOURCE: D. M. Po-
zar, “*Microstrip Antennas,”” Proc. [EEE, Vol. 80, No. 1, January 1992, © 1992 [EEE).

Typically the feed reactance is very small, compared to the resonant resistance,
for very thin substrates. However, for thick elements the reactance may be significant
and needs to be taken into account in impedance matching and in determining the
resonant frequency of a loaded element [34]. The variations of the feed reactance as
a function of position can be intuitively explained by considering the cavity model
for a rectangular patch with its four side perfect magnetic conducting walls [34]. |85].

Resistance, reactance (ohms)

40 T T T T T T T T
= | Peak resonant -
Resistance, R : resistance
- ' N
|
] -
|
20 \‘ ! -
y ! Xnax a
\
lf _
k [}
i X; \ -
0 1\ i
\ ¥
\ rmin
= Reactanee, X\ //’ =
-
X Xy,
= X = feed reactance = "'"‘-_: L .
1 | | | | | | | I | 1
1,200 1,225 1,250
Frequency {MHz)

Figure 14.27 Typical variation of resistance and reactance of rectangular microstrip an-
tenna versus frequency (Electromagnerics. Vol. 3. Nos. 3 and 4, p. 33, W, F. Richards, J, R.
Zinecker, and R. D. Clark, Taylor & Francis, Washington, D.C. Reproduced by permission.

All rights reserved).
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As far as the impedance is concerned, the magnetic walls can be taken into account
by introducing multiple images with current flow in the same direction as the actual
feed. When the feed point is far away from one of the edges. the magnetic field
assoctated with the images and that of the actual feed do not overlap strongly. There-
fore the inductance associated with the magnetic energy density stored within a small
testing volume near the feed will be primarily due to the current of the actual feed.
However, when the feed is at one of the edges, the feed and one of the images. which
accounts for the magnetic wall at that edge, coincide, Thus. the associated magnetic
field stored energy of the equivalent circuit doubles while the respective stored mag-
netic energy density quadruples. However, because the volume in the testing region
of the patch is only half from that when the feed was far removed from the edge, the
net stored magnetic density is only double of that of the feed alone. Thus. the
associated inductance and reactance, when the feed is at the edge, is twice that when
the feed is far removed from the edge. When the feed is at a corner. there will be
three images in the testing volume of the patch, in addition to the actual feed. to take
into account the edges that form the corner. Using the same argument as above. the
associated inductance and reactance for a feed at a corner is four times that when the
feed 18 removed from an edge or a corner. Thus, the largest reactance (about a factor
of four larger) is when the feed is at or near a corner while the smallest is when the
feed is far removed from an edge or a corner,

Although such an argument predicts the relative variations (trends) of the reac-
tance as a function of position, they do predict very accurately the absolute values
especially when the feed is at or very near an edge. In fact it overestimates the values
for feeds right on the edge; the actual values predicted by the cavity model with
perfect magnetic conducting walls are smaller [34]. A formula that has been suggested
to approximate the feed reactance, which does not take into account any images, is

nkh kd . _
X == — '2_‘JT []n (E + 0.577 (14-91)

where d is the diameter of the feed probe. More accurate predictions of the input
impedance, based on full wave models, have been made for circular patches where
an attachment current mode i8 introduced to match the current distribution of the
probe to that of the patch [74].

14.6 COUPLING

The coupling between two or more microstrip antenna elements can be taken into
account easily using full-wave analyses. However, it is more difficult to do using the
transmission-line and cavity models, although successful attempts have been made
using the transmission-line model [75] and the cavity model [76], [77]. It can be
shown that coupling between two patches. as is coupling between two aperture or
two wire antennas, i$ a function of the position of one element relative to the other.
This has been demonstrated in Figures 4.20 for a vertical half-wavelength dipole
above a ground plane and in Figure 4.27 for a horizontal half-wavelength dipole above
a ground plane. From these two, the ground effects are more pronounced for the
horizontal dipole. Also, mutual effects have been discussed in Chapter 8 for the three
different arrangements of dipoles. as shown in Figure 8.20 whose side-by-side ar-
rangement exhibits the largest variations of mutual impedance.

For two rectangular microstrip patches the coupling for two side-by-side elements
is a function of the relative alignment. When the elements are positioned collinearly
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Figure 14.28 E- and H-plane arrangements of microstrip patch antennas.

along the L-plane, this arrangement is referred to as the E-plane, as shown in Figure
14.28(a); when the elements are positioned collinearly along the H-plane, this arrange-
ment is referred to as the H-plane, as shown in Figure 14.28(b). For an edge-to-edge
separation of s. the E-plane exhibits the smallest coupling isolation for very small
spacing (typically s < 0.10A,) while the H-plane exhibits the smallest coupling for
large spacing (typically s > 0.10A,). The spacing at which one plane coupling over-
takes the other one depends on the electrical properties and geometrical dimensions
of the microstrip antenna. Typical variations are shown in Figure 14.29.

In general, mutual coupling is primarily attributed to the fields that exist along
the air-dielectric interface. The fields can be decomposed to space waves (with 1/p
radial variations), higher order waves (with h’,o2 radial variations), surface waves
(with 1/p'? radial variations), and leaky waves [with exp(— Ap)/p'” radial variations]
[23]. [86]. Because of the spherical radial variation, space (1/p) and higher order
waves (1/p’) are most dominant for very small spacing while surface waves, because

I-—w

H-plane

o o o Measured—Carver [9]
— Calculated—Pozar [27]

|82 (dB)

3N

0 535 050 075 ) 135

§tAy
Figure 14.29 Measured and calculated mutual coupling between two coax-fed microstrip
antennas, for both E-plane and H-plane coupling, (W = 10.57 cm, L = 6.55 cm,
h = 0.1588 cm. €, = 2.55. f, = 1410 MHz). (sourcE: D. M. Pozar, *‘Input Impedance
and Mutual Coupling of Rectangular Microstrip Antennas,”” IEEE Trans. Antennas Propa-
gat., Vol. AP-30, No. 6, November 1982, © 1982 I[EEE)
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of their 1/p'"? radial variations are dominant for large separations. Surface waves exist

and propagate within the dielectric. and their excitation is a function of the thickness
of the substrate [79]. In a given direction, the lowest order (dominant) surface wave
mode is TM(odd) with zero cutoff frequency followed by a TE(even), and alternatively
by TM(odd) and TE(even) modes, For a rectangular microstrip patch, the fields are
TM in a direction of progagation along the E-plane and TE in a direction of propa-
gation along the H-plane. Since for the E-plane arrangement of Figure 14.28(a) the
elements are placed collinearly along the E-plane where the fields in the space between
the elements are primarily TM, there is a stronger surface wave excitation (based on
a single dominant surface wave mode) between the elements. and the coupling is
larger. However for the H-plane arrangement of Figure 14.28(b), the fields in the
space between the elements are primarily TE and there is not as a strong dominant
mode surface wave excitation: therefore there is less coupling between the elements,
This does change as the thickness of the substrate increases which allows higher order
TE surface wave excitation.

The mutual conductance between two rectangular microstrip patches has also
been found using the basic definition of conductance given by (14-18), the far fields
based on the cavity model, and the array theory of Chapter 6. For the E-plane
arrangement of Figure 14.28(a) and for the odd mode field distribution beneath the
patch. which is representative of the dominant mode. the mutual conductance is [§]

2

Hll‘l — Loa 2]
¥
= sin® 4 2 2
e \/7J‘U cos  cos @ o { Ju()ln R ﬁ)
¥ — L ;
En _}0( 7'11' sin f)) + h,( ) 247 sin ﬂ)}ﬂ'ﬂ (14-92)
0 0

where Y is the center-to-center separation between the slots and J, is the Bessel
function of the first kind of order zero. The first term in (14-92) represents the mutual
conductance of two slots separated by a distance X along the E-plane while the second
and third terms represent, respectively, the conductances of two slots separated along
the E-plane by distances Y + L and ¥ — L. Typical normalized results are shown by
the solid curve in Figure 14.30.

For the H-plane arrangement of Figure 14.28(b) and for the odd mode field
distribution beneath the patch, which is representative of the dominant mode, the
mutual conductance is [3]

2

sm e = L()b 6)
J sin’ ¢ cos(Z 2 0
sin” ¢ — 247 cos
 cosf Ay

{l + Jy (An27r sin H)} df (14-93)

where Z is the center-to-center separation between the slots and J;, is the Bessel
function of the first kind of order zero. The first term in (14-93) represents twice the
mutual conductance of two slots separated along the H-plane by a distance Z while
the second term represents twice the conductance between two slots separated along
the E-plane by a distance L and along the H-plane by a distance Z. Typical normalized
results are shown by the dotted curve in Figure 14.30. By comparing the results of
Figures 14.30 it is clear that the mutual conductance for the H-plane arrangement, as
expected, decreases with distance faster than that of the E-plane. Also it is observed
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Figure 14.30 E- and H-plane mutual conductance versus patch separation for rectangular
microstrip patch antennas (W = 1186 cm, L = 0.906 cm, €, = 2.2, A; = 3 cm).

that the mutual conductance for the E-plane arrangement is higher for wider elements
while it is lower for wider elements for the H-plane arrangement.

14.7 CIRCULAR POLARIZATION

The patch elements that we discussed so far, both the rectangular and the circular,
radiate primarily linearly polarized waves if conventional feeds are used with no
modifications. However, circular and elliptical polarizations can be obtained using
various feed arrangements or slight modifications made to the elements. We will
discuss here some of these arrangements.

Circular polarization can be obtained if two orthogonal modes are excited with a
907 time-phase difference between them. This can be accomplished by adjusting the
physical dimensions of the patch and using either single, or two or more feeds. There
have been some suggestions made and reported in the literature using single patches.
For a square patch element, the easiest way to excite ideally circular polarization is
o feed the element at two adjacent edges, as shown in Figures 14.31(ab), to excite
the two orthogonal modes; the TMy;, with the feed at one edge and the TMJ,, with
the feed at the other edge. The quadrature phase difference is obtained by feeding the
element with a 90° power divider or 90° hybrid. Examples of arrays of linear elements
that generate circular polarization are discussed in [87].

For a circular patch, circular polarization for the TMj,, mode is achieved by
using two feeds with proper angular separation. An example is shown in Figure
14.31(c) using two coax feeds separated by 90° which generate fields that are orthog-
onal to each other under the patch, as well as outside the patch. Also with this (wo-
probe arrangement, each probe is always positioned at a point where the field gener-
ated by the other probe exhibits a null; therefore there is very little mutual coupling
between the two probes. To achieve circular polarization, it is also required that the
two feeds are fed in such a manner that there is 90° time-phase difference between
the fields of the two; this is achieved through the use of a 90° hybrid, as shown in
Figure 14.31(c). The shorting pin is placed at the center of the patch to ground the
patch to the ground plane which is not necessary for circular polarization but is used
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Power
divider

Sequare
. patch

() Square patch driven at adjacent (b Square patch driven at adjaeent
sides through a power divider sides through a 90° hybrid

Conxial connector

Center off
. disk grounded to
Coaxial connector ground plane

(¢} Circular pateh fed with coax

™0

(d} Cireular patch feed arrangements for TM, , and higher order modes
(Source: J. Huang, “Circularly Polarized Conical Patterns from Circular Microstrip Antennas,” TEEE Trans. Antennas
Propagat., Vol, AP-32, No. 9, Sepr. 1984, @ 1984 IHEE.)

Figure 14.31 Rectangular and circular patch arrangements for circular polarization.

to suppress modes with no ¢ variations and also may improve the guality of circular
polarization.

For higher order modes. the spacing between the two feeds to achieve circular
polarization is different. This is illustrated in Figure 14.31(d) and tabulated in Table
14.1, for the TMj,; [same as in Figure 14.31(c)], TM3,y, TMjy. and TMj,, modes
[88]. However to preserve symmetry and minimize cross polarization, especially for
relatively thick substrates, two additional feed probes located diametrically opposite
of the original poles are usually recommended. The additional probes are used to
suppress the neighboring (adjacent) modes which usually have the next highest mag-
nitudes [88]. For the even modes (TM3,, and TM3,q). the four feed probes should
have phases of 0°, 90°, 0° and 90° while the odd modes (TMj,, and TMj,,) should
have phases of 0°, 90°, 180° and 270°, as shown in Figure 14.31(d} [88].

To overcome the complexities inherent in dual-feed arrangements, circular polar-
ization can also be achieved with a single feed. One way to accomplish this is to feed
the patch at a single point to excite two orthogonal degenerate modes (of some
resonant frequency) of ideally equal amplitudes. By introducing then a proper asym-
metry in the cavity, the degeneracy can be removed with one mode increasing with
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Table 14.1 FEED PROBE ANGULAR SPACING OF DIFFERENT MODES FOR
CIRCULAR POLARIZATION (after [88])

TM,y TMyy TMyy TMyy TMsy0 TMgp

45° 30° 22.5% 18°, 54° 15%, 457
iy 9()” ar or or or or
135° 90° 67.5° 90° 75"

frequency while the orthogonal mode will be decreasing with frequency by the same
amount. Since the two modes will have slightly different frequencies. by proper design
the field of one mode can lead by 45° while that of the other can lag by 45° resulting
in a 90° phase difference necessary for circular polarization [16]. To achieve this,
several arrangements have been suggested.

To illustrate the procedure, let us consider a square patch, as shown in Figure
14.32(a) [34]. Initially assume that the dimensions L and W are nearly the same such
that the resonant frequencies of the TMj,, and TMygy, overlap significantly. In the
broadside direction to the patch, the TMg,o mode produces an electric far-field E,
which is linearly polarized in the y direction while the TM{, mode produces an
electric far-field £. which is linearly polarized in the z direction. These fields can be

expressed as
cin(lr .
: Ly

TR —jig) — ()

E, (14-94a)

Nearly
S syuare patch

w ~

{b) Left-hand circular (LHC) (¢} Right-hand cireular (RHC)

Figure 14.32 Single-feed arrangements for circular polarization of rectangular microstrip
patches.
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where ¢ (a proportionality constant) and Q, (Q, = l/tan d.y) are identical
broadside direction for both polarizations. If the feed point (y', 2') is selec
the diagonal so that
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then the axial ratio at broadside of the £, to the E. field can be expressed as
E, _ k1 — j20) — k;
E: k(1 — ﬂZQJ i k:

To achieve circular polarization, the magnitude of the axial ratio must be uni
the phase must be +90° This is achieved when the two phasors representi
numerator and denominator are of equal magnitude and 90° out of phase, Tt
occur when [34] '

k
By — k. =—
' o
and the operating frequency is selected at the midpoint between the resonant
cies of the TMg,;, and TM§,; modes. The condition of (14-97) is satisfied w.

|
B 0] T s
(+J

Based on (14-98) the resonant frequencies f; and f, of the bandwidth of (14
associated with the two lengths L and W of a rectangular microstrip are [89]

o
f /1 + /0,
=l V1 + /G

where f; is the center frequency.

Feeding the element along the diagonal starting at the lower left corn
the upper right corner, shown dashed in Figure 14.32(b). yields ideally lef
circular polarization at broadside. Right-hand circular polarization can be achis
by feeding along the opposite diagonal, which starts at the lower right comn
proceeds toward the upper left corner, shown dashed tn Figure 14.32(¢), Ing
moving the feed point each time to change the modes in order to change the
circular polarization, varactor diodes can be used to adjust the capacitance a
which effectively shifts by electrical means the apparent physical location of the
point.

This type of a feed to achieve circular polarization at broadside has been
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experimentally to extend to a larger angular region [18]. However, the bandwidth
over which circular polarization is maintained, even at broadside, is very narrow. An
empirical formula of the percent bandwidth is [34]

BW (percent) = 12ﬁ (14-100)
¢
where the axial ratio is specified in dB. The design formulas of (14-98) and (14-100)
yield good results for @ values as low as 10. Better designs are achieved for values
of O much greater than 10,
Circular polarization can also be achieved by feeding the element off the main
diagonals. This can be accomplished if the dimensions of the rectangular patch are
related by

!

A+ E
=W - 14-101
L =W\l 20, ( )
where
Cos ﬂ"’—'
L
A =S —— (14-101a)

COS('JTW)

There are some other practical ways of achieving nearly circular polarization. For
a square patch, this can be accomplished by cutting very thin slots as shown in Figures
14.33(a.b) with dimensions

(14-102a)

(14-102b)

An alternative way is to trim the ends of two opposite corners of a square patch and
feed at points 1 or 3, as shown in Figure 14.34(a). Circular polarization can also be

(i) Right-hand (b Left-hand

Figure 14.33 Circular polarization for square patch with thin slots on patch (¢ = W/2.72
= LR272, d = /10 = W27.2 = L27.2).
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(o) Trimmed square (L= W) (b) Elliptical with rabs

Figure 14.34 Circular polarization by trimming opposite corners of a square patch and by
making circular-patch slightly elliptical and adding tabs.

achieved with a circular patch by making it slightly elliptical or by adding tabs, as
shown in Figure 14.34(b).

Example 14.5

The fractional bandwidth at a center frequency of 10 GHz of a rectangular patch
antenna whose substrate is RT/duroid 5880 (e, = 2.2) with height i = 0.1588 ¢m is
about 5% for a VSWR of 2:1. Within that bandwidth, find resonant frequencies
associated with the two lengths of the rectangular patch antenna, and the relative ratio
of the two lengths.

SOLUTION
The total quality factor Q, of the patch antenna is found using (14-88a) or
1
0.05N/2
Using (14-99a) and (14-99b)
10 x 107
f = 77—
V1 + 1/14.14
£ =10 x 10°\/1 + 1/14.14 = 10.348 GHz
The relative ratio of the two lengths according to (14-98) is
Z = +é=1+ﬁ= 107

which makes the patch nearly square.

0, = = 14.14

= 0.664 GHz

14.8 ARRAYS AND FEED NETWORKS

Microstrip antennas are used not only as single elements but are very popular in arrays
[17], [23]. [30], [31]. [50], [51], [54], [63]-[65]. and [74]-[77]. As discussed in
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(1) Series feed

(h) Corporate feed
Figure 14.35 Feed arrangements for microstrip patch arrays,

Chapter 6. arrays are very versatile and are used, among other things, to synthesize a
required pattern that cannot be achieved with a single element. In addition, they are
used to scan the beam of an antenna system, increase the directivity, and perform
various other functions which would be difficult with any one single element. The
elements can be fed by a single line, as shown in Figure 14.35(a), or by multiple lines
in a feed network arrangement, as shown in Figure 14.35(b). The first is referred to
as a series-feed network while the second is referred to as a corporate-feed network.

The corporate-feed network is used to provide power splits of 2" (i.e.,n = 2, 4,
8, 16, 32, etc.). This is accomplished by using either tapered lines, as shown in Figure
14.36(a), to match 100-ohm patch elements to a 50-ohm input or using quarter-
wavelength impedance transformers, as shown in Figure 14.36(b) [3]. The design of

(1000 100 0082 1000

50€2 input

ta) Tapered lines

100 2

5042 7002 100 £ 70£ 5042

S0£2 input

(b1 A4 ramgformers
Figure 14.36 Tapered and A/4 impedance transformer lines to match 100-ohm patches to a
50-0hm line. (Source: R. E. Munson. **Conformal Microstrip Antennas and Microstrip Phased
Arrays.”” [EEE Trans. Antennas Propagat., Vol. AP-22, No. |, January 1974. © 1974 IEEE)
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R . S|

be—— 20— ——d, ——

() Top view

{h) Side view

Figure 14.37 Infinite array of circular patches backed by circular cavities. (Courtesy J. T,
Aberle and F. Zavosh)

single- and multiple-section quarter-wavelength impedance transformers is discussed
in Section 9.8.

Series-fed arrays can be conveniently fabricated using photolithography for both
the radiating elements and the feed network. However, this technique is limited to
arrays with a fixed beam or those which are scanned by varying the frequency, but it
can be applied to linear and planar arrays with single or dual polarization. Also any
changes in one of the elements or feed lines affects the performance of the others,
Therefore in a design it is important to be able to take into account these and other
effects, such as mutual coupling, and internal reflections.

Corporate-fed arrays are general and versatile. With this method the designer has
more control of the feed of each element (amplitude and phase) and it is ideal for
scanning phased arrays, multibeam arrays, or shaped-beam arrays. As discussed in
Chapter 6, the phase of each element can be controlled using phase shifters while the
amplitude can be adjusted using either amplifiers or attenuators.

Those who have been designing and testing microstrip arrays indicate that radi-
ation from the feed line, using either a series or corporate feed network, is a serious
problem that limits the cross-polarization and side lobe level of the arrays [38]. Both
cross-polarization and side lobe levels can be improved by isolating the feed network
from the radiating face of the array. This can be accomplished using either probe
feeds or aperture coupling.

Arrays can be analyzed using the theory of Chapter 6. However, such an approach
does not take into account mutual coupling effects, which for microstrip patches can
be significant. Therefore for more accurate results, full-wave solutions must be per-
formed. In microstrip arrays [63], as in any other array [90]. mutual coupling between
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Figure 14.38 E- and H-plane broadside-matched input reflection coefficient versus scan
angle for infinite array of circular microstrip patches with and without cavities. (Courtesy
J. T. Aberle and F. Zavosh)

elements can introduce scan blindness which limits, for a certain maximum reflection
coefficient, the angular volume over which the arrays can be scanned. For microstrip
antennas, this scan limitation is strongly influenced by surface waves within the
substrate. This scan angular volume can be extended by eliminating surface waves.
One way to do this is to use cavities in conjunction with microstrip elements [50],
[51]. Figure 14.37 shows an array of circular patches backed by either circular or
rectangular cavities, It has been shown that the presence of cavities, either circular or
rectangular, can have a pronounced enhancement in the E-plane scan volume, espe-
cially for thicker substrates [51]. The H-plane scan volume is not strongly enhanced.
However the shape of the cavity, circular or rectangular, does not strongly influence
the results. Typical results for broadside-matched reflection coefficient infinite array
of circular patches, with a substrate 0.08A, thick and backed by circular and rectan-
gular cavities, are shown in Figure 14.38 for the E-plane and H-plane. The broadside-
matched reflection coefficient I'(8, ¢) is defined as

Zil0. &) — 7,0, 0)
Z,(0, d) + Z3,0, 0)

o, ¢) = (14-103)
where Z,.(6. ¢) is the input impedance when the main beam is scanned toward an
angle (0. ¢). The results are compared with those of a conventional cavity (noncavity
backed). It is apparent that there is a significant scan enhancement for the E-plane,
especially for a VSWR of about 2:1. H-plane enhancement occurs for reflection
coefficients greater than about (0.60. For the conventional array, the E-plane response
exhibits a large reflection coefficient. which approaches unity, near a scan angle of
hy = 72.5° This is evidence of scan blindness which ideally occurs when the reflection
coefficient is unity, and it is attributed to the coupling between the array elements due
to leaky waves [63], Scan blindness occurs for both the £- and H-planes at grazing
incidence (6, = 90°).
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PROBLEMS

[4.1. A microstrip line is used as a feed line to a microstrip patch. The substrate of the line

is alumina (e, = 10) while the dimensions of the line are w/h = 1.2 and t/h = 0.
Determine the effective dielectric constant and characteristic impedance of the line.
Compare the computed characteristic impedance to that of a 50-ohm line.

4.2, A microstrip transmission line of beryllium oxide (e, = 6.8) has a width-to-height

ratio ol w/h = 1.5, Assuming that the thickness-to-height ratio is ¢4 = 0. determine:
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14.3,

144,

14.5.

14.6.

14.7.

14.8,

14.9.

14.10.

14.11.

4.12.

(a) effective dielectric constant

(b) characteristic impedance of the line

Cellular and mobile telephony, using earth-based repeaters, has received wide accep-

tance and has become an essential means of communication for business, even for the

household. Cellular telephony by satellites is the wave of the future and communication

systems are being designed for that purpose. The present allocated frequency band for

satellites is at L-band (= 1.6 GHz). Various antennas are being examined lor that

purpose; one candidate is the microstrip patch antenna. Design a rectangular microstrip

patch antenna, based on the dominant mode. that can be mounted on the roof of a car

to be used for satellite cellular telephone. The designed center frequency is 1.6 GHz,

the dielectric constant of the substrate is 10.2 (i.e., RT/duroid), and the thickness of

the substrate is 0,127 em. Determine the

{a) dimensions of the rectangular patch (in cm)

(b) resonant input impedance, assuming no coupling between the two radiating slots

(¢) mutual conductance between the two radiating slots of the patch

(d) resonant input impedance, taking into account coupling

(e} position of the teed to mateh the antenna patch to a 75-chm line

Repeat the design of Problem 14.3 using a substrate with a dielectric constant of 2.2

(i.e., RT/duroid 5880) and with a height of 0.1575 cm. Are the new dimensions of the

patch realistic for the roof of a personal car?

Design a rectangular microstrip patch with dimensions W and L, over a single substrate,

whose center frequency is 10 GHz. The dielectric constant of the substrate is 10.2 and

the height of the substrate is 0.127 em (0.050 in.). Determine the physical dimensions

W and L (in cm) of the patch. taking into account field fringing,

Using the transmission line model of Figure 14.8(b), derive (14-14)-(14-15).

To take into account coupling between the two radiating sfots of a rectangular mi-

crostrip patch, the resonant inpult resistance is represented by (14-17). Justify, explain,

and/or show why the plus (+) sign is used for modes with odd (antisymmetric)

resonant voltage distribution beneath the patch while the minus ( —) sign is used for

modes with even (symmetric) resonant voltage distribution.

Show that for typical rectangular microstrip patches G /Y, << | and B,/Y, =< | so thal

(14-20) reduces to (14-20a),

A rectangular microstrip patch antenna operating at 10 GHz with a substrate  with

dimensions of length L = 04097 cm, width W = 0.634 ecm, and substrate height i =

0.127 em. It is desired to feed the patch using a probe feed. Neglecting mutual coupling,

calculate:

(a) What is the input impedance of the patch at one of the radiating edges based on
the transmission-line model?

(by At what distance y, (in cm) from one of the radiating edges should the coax feed
be placed so that the input impedance is 50 ohms?

A rectangular microstrip patch antenna, whose input impedance is 152,44 ohms at its

leading radiating edge, is fed by a microstrip line as shown in Figure 14,10. Assum-

ing the width of the feeding line is W, = 0.2984 cm, the height of the substrate is

0.1575 c¢m and the diclectric constant of the substrate is 2.2, at what distance y;

should the microstrip patch antenna be fed so as to have a perfect match between

the line and the radiating element? The overall microstrip patch element length is

0.9068 cm.

The rectangular microstrip patch of Example 14.2 is fed by a microstrip transmission

line of Figure 14.5. In order to reduce reflections at the inset feed point between the

line and the patch element, design the microstrip line that its characteristic impedance

matches that of the radiating element.

Repeat the design of Example 14.2 so that the input impedance of the radiating patch

at the feed point is:

(a) 75 ohms

(b) 100 ohms




14.13.

14.14.

14.16.
14.17.

14.18.

14.19.

14.20.
14,21,
14.22,
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Then, assuming the feed line is a microstrip line. determine the dimensions of the line
50 that its characteristic impedance matches that of the radiating patch.

A rectangular microstrip patch antenna has dimensions of L = 0.906 cm, W = 1.186
cm, and i = (.1575 cm. The dielectric constant of the substrate is €, = 2.2, Using
the geometry of Figure 14.12 and assuming no fringing. determine the resonant fre-
quency of the first 4 TM?y,, modes. in order of ascending resonant frequency.
Derive the TMZ,M], field configurations (modes) for the rectangular microstrip patch
based on the geometry of Figure P14.14. Determine the:

(a) eigenvalues

(b} resonant frequency (£, for the map mode.

(¢) dominant mode il L > W = )

(d) resonant frequency of the dominant mode.

Derive the array (actor of (14-42),

Assuming the coordinate system lor the rectangular microstrip patch is that of Problem
14.14 (Fig. P14.14), derive based on the cavity model the

(a) lar-zone electric lield radiated by one of the radiating slots of the patch

(b} array lactor for the two radiating slots ol the patch

(¢) far-zone total electric field radiated by both of the radiating slots

Repeal Problem 14.17 for the rectangular patch geometry of Problem [4.15 (Fig.
P14.15).

Determine the directivity (in dB) of the rectangular microstrip patch of Example 14.3
using

(a) Kraus’ approximate formula

(h) Tai & Pereira’s approximate formula

Derive the directivity (in dB) of the rectangular microstrip patch of Problem 14.3.
Derive the directivity (in dB) of the rectangular microstrip patch of Problem 14.4.
For a cireular microstrip patch antenna operating in the dominant TM?,,, mode, derive
the far-zone cleciric fields radiated by the patch based on the cavity model.

Using the cavity model. derive the TMzmnp resonant frequencies for a microstrip patch
whose shape is that of a half of a circular patch (semicirele).
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14,24, Repeat Problem [4.23 for a 90° circular dise (angular sector of 907) microstrip patch.
14.25.  Repeat Problem 14.23 for the circular sector microstrip patch antenna whose geometry
is shown in Figure P14.25.

A}

Top view Side view

14,26, Repeat Problem 14.23 for the annular microstrip patch antenna whose geometry is
shown in Figure P14.26,

Top view

Side view

14.27.  Repeat Problem 14.23 for the annular sector microstrip patch antenna whose geometry
is shown in Figure P14.27.

¥

3

Top view

Side view
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14.29,

14.31.
14.32.
14.33.

1434,
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Repeat the design of Problem 14.3 for a circular microsteip patch antenna operating
in the dominant TM*, |, mode.

Repeat the design of Problem 14.4 for a circular microstrip patch antenna operating
in the dominant TM”,, mode.

For ground-based cellular telephony. the desired pattern coverage is omnidirectional
and similar to that of a monopole (with a null toward zenith). This can be accomplished
using circular microstrip patch antennas operating in higher order modes, such as the
TM% 0, TMZy 1, TM%,0, etc. Assuming that the desired resonant frequency is 900
MHz. design a circular microstrip patch antenna operating in the TM%,,, mode. As-
suming a substrate with a dielectric constant of 10.2 and a height of 0.127 ¢m:

(a) Derive an expression for the resonant frequency.

(b Determine the vadius of the circular patch, Neglect fringing.

(¢) Derive expressions for the far-zone radiated fields.

(d) Plot the normalized £- and H-plane amplitude patterns (in dB).

(e) Plot the normalized azimuthal (xy plane) amplitude pattern (in dB).

(I) Determine the directivity (in dB) using the DIRECTIVITY computer program at
the end of Chapter 2.

Repeat Problem 14.30 for the TM%;,, mode.

Repeat Problem 14.30 for the TMZ,,, mode.

The diameter of a typical probe feed for a microstrip patch antenna is d = 0.1 cm,

AL f = 10 GHz, determine the feed reactance assuming a substrate with a dielectric

constant of 2.2 and height of 0,1575 cm.

Determine the impedance of a single-section guarter-wavelength impedance trans-

former to match a 100-ohm patch element to a 50-ohm microstrip line, Determine the

dimensions of the line assuming a substrate with a dielectric constant of 2.2 and a

height of 0.1575 cm.

Repeat the design of Problem 14.34 using a two-section binomial transformer. Deter-

mine the dimensions of each section of the transformer,

Repeat the design of Problem 14.34 using a two-section TschebyschefT transformer,

Determine the dimensions of each section of the transformer.





