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CHAPTER 1
INTRODUCTION

‘1.1 Motivation of Research Work

Series-fed arrays of printed microstrip patches (shown in Fig. 1.1)
provide a convenient compact configuration for obtaining a fan-shaped radia-
tion pattern with reasonably low side lobe levels. Low values of side lobe level
are obtained by tailoring the amplitude distribution along the array, which
in turn is acheived by adjusting the amount of the power radiated by each
of the individual elements in the array. Rectangular microstrip patches have
been widely used as elements of series-fed arrays [1-4]. For microstrip patches
fed along the radiating edges (shown in Fig 1.1.b), the power radiated is con-
trolled by adjusting the dimension of the radiating edge [1-3]. For rectangular
microstrip patches fed along the non-radiating edges, the power radiated can
be controlled by the locations of the input and output ports [4].

For series-fed arrays with a large number of elements, the first few
elements are required to radiate very small fractions of the input power. Ex-
ample of power distribution for a 19 element series-fed array with -30 dB side
lobe level Taylor distribution is shown in Table 1.1. As shown in T'able 1.1, the
required fraction of power radiated for the first two elements is less than 1%.
For these two elements, the width of the designed patches will be very small
(less than 1 mm). With the commonly used rnic-rostrip fabrication techniques,

accurate etching of patches of dimensions less than 1 mm in a large substrate
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Figure 1.1: Series-fed linear arrays of rectangular microstrip patches
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Table 1.1. Typical power radiated and |S,; | distributions in a 19-element series-
fed linear array

Element # Prad/Pin 1Spq |
1 0.00729 ' 0.9963
2 0.00961 0.9952
3 0.01590 0.9920
4 0.02776 0.9860
5 0.04452 0.9775
6 0.06486 0.9670
7 0.08911 0.9544
8 0.11716 0.9396
9 0.14721 0.9235
10 0.17831 0.9065
11 0.21014 0.8887
12 0.23978 | 0.8719
13 0.26333 0.8583
14 0.27824 0.8496
15 0.41379 0.8503
16 0.24563 0.8685
17 0.18956 0.9002
18 0.14281 0.9258
19 0.12734 0.9342

- Taylor distribution with -30 SLL and NA=S5.
- 5% of input power dissipated in the load.



becomes difficult and this limitation puts restriction on the achievable side lobe
level. Furthermore, the conductor loss associated with narrow patches is very
high and reduces the overall efficiency of the array. In order to avoid these
problems it is desirable to introduce alternative configurations that allow the
percentage of the radiated power to be reduced without reducing drastically

-the width of the patch.

1.2 Proposed Alternative Two-Port Configurations

Figures 1.2 and 1.3 show two proposed configurations which may yield
low values of power radiated without reducing the width of the patch. Figure
1.2 shows a rectangular microstrip patch gap-coupled to a microstrip line. Ex-
ample of series-fed linear array of capacitively-coupled rectangular microstrip
patches with E-plane parallel to the array axis (non-radiating edge coupling)
is reported in [5]. No analysis or design procedure for such arrays has been
reported in the open literature. For the configuration shown in Fig 1.2, the
patch is coupled to the line along the radiating edge because of polarization
requirement. The excitation of the patch is accomplished by the fields fringing
across the gap. The amount of power radiated is controlled by varying the gap
width S (spacing between the patch and the line) and also the patch width &.
A perfect input match is obtained by varying the characteristic impedances of
the input and the output microstrip lines. Since these lines may have different
widths, it is assumed that their edges (at the gap side) are colinear with the
edge of the line coupled to the patch.

Figure 1.3 shows the configuration of a directly-fed one-port rectan-
gular microstrip patch. In this configuration, the power radiated is controlled

by varying the width of the patch b as well as the characteristic impedances of
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Figure 1.2. Two-port rectangular microstrip patch gap-coupled to a microstrip
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Figure 1.3. Two-port rectangular microstrip patch directly-coupled to a mi-
crostrip feed line



the microstrip lines in the power dividing network.

1.3 Organization of the Report .

In Chapter Two, the directly-fed rectangular microstrip patch config-
uration is investigated. We consider the case of microstrip patches on a thin
substra,te (dielectric constant €, and thickness &) with and without a dielectric |
kcover layer. The MNM approach for this structure is presented. Analysis of
this configuration based on the transmission line model for the feed is used to
obtain a first order design.

The configuration of the gap-coupled rectangular microstrip patch is
investigated in details in Chapter Three. We consider also the case of microstrip
patches on a thin substrate (dielectric constant ¢, and thickness h) with and
without any dielectric cover layer. The MNM approach [6] is used to model the
gap in terms of an equivalent network containing inductance and capacitance
. elements. The radiation from the patch and from the gap is modeled in terms
- of the self conductances in the mutual coupling (MCN) network. Computation
of elements of the equivalent gap network by modeling the structure as section
of asymmetric coupled line is also discussed. Analysis of the configuration us-
ing segmentation method to yield the two-port antenna characteristics is also
discussed in Chapter Three. A step by step design procedure and optimiza-
tion of the configuration for input match (for given patch dimensions) is also
presented in this Chapter. Numerical results for a typical gap-coupled patch
based on the MNM approach are also included in Chapter Three. Results given
include scattering parameters, fractional power radiated and plots of both E-
plane and H-plane far-field patterns. A comparison of MNM approach and

moment method and measurement is also given in Chapter 3.
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In Chapter Four, a computer-aided design pakcage based on the MNM
approach has been developed for the design, analysis and sensitivity analysis
of series-fed arrays of gap-coupled patches. A series-fed array is analyzed by
using the concept of unit cells. Each unit cell consists of radiating patch gap-
coupled to a microstrip line and sections of input and output microstrip lines.

- The dielectric and conductor losses are included in the design procedure. The
CAD procedure is used for the design of a sample array without any cover
layer and a sample array with a dielctric cover layer. Sensistivity of the sample
arrays with respect to various design parameters is also included in chapter

Four. Chapter Five contains some concluding remarks.



CHAPTER 2
DIRECTLY-FED RECTANGULAR MICROSTRIP PATCH

2.1 MNM Approach

| An equivalent multiport network for the directly-fed rectangular mi-
crostrip patch configuration shown in Fig. 1.3 is shown in Fig. 2.1. This
model is similar to the MNM model for a microstrip fed patch [4], except for
that the junction of microstrip lines Z;, Z; and Z; is also modeled by three
planar segments as shown. The computation of the elements of the Z-matrices
characterizing different subnetworks is carried out using the analysis technique
reported in [6]. Modeling of the feed network in terms of equivalent planar seg-
ments allows for accounting for the effects of junction discontinuity reactances.
Application of the segmentation method yields the two-port transmission char-

acteristics as well as the radiation characteristics.

2.2 Transmission Line Approach

When the effect of the mutual coupling between the feed network and
the patch is neglected, a first order design of the configuration is obtained by
using the feed line model shown in Fig. 2.2. Z! (shown in the figure) is the
“input impedance of the patch and is computed using the MNM approach for
the patch. At the resonance frequency Z7, is purely real. The design approach
is to find the lengths and the characteristic impedances of the three sections
of transmission lines to achieve S;; = 0 and Sy, equal to a pre-specified value.

Let Z?, denote the equivalent input impedance at reference plane 2’
m q p
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Figure 2.1. Equivalent multiport network model of the directly-fed rectangular

microstrip patch
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Figure 2.2. Equivalent transmission line model of the directly-fed rectangular

microstrip patch
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(looking into branch #2) when port 2 is terminated by a matched resistive
load (Zp=2,). Z2 is a function of Zy, L, and Z,. Let Z2 denote the input
impedance at reference plane 3’ (looking into branch #3). Z3 is a function of
Z!,, Lz and Z;. Then, the input impedance Z;, at reference plane 1’ is given

by

72 73
1 in“in
Zt'n - Z:2n + ngn (21)

To get a match at the input port we require that Z} be real. If we choose

L, = -j} then Z; has to be
| 2y =\2%,2, (2.2)

Let the ratio of power radiated to the input power of an element be denoted

by «
Pra.d
= 2.
a=7 (23)
Then using the equivalent network shown in Fig. 2.2 we have
Z: l1-«a
7 e (2.4)

2.3 Numerical Results

An insight into the perforinahce of the directly-fed patch (shown in
Fig.1.3) can be obtained by using the approximate transmission line approach
discussed in the previous section. To get an idea about the suitability of this
configuration as an element of a series-fed linear array, we consider the case of a
19-element series—fed array (with Taylor distribution for -30 dB sidelobe level,
given in Table 1.1). Table 2.1 shows the variation of the input impedance Z}, of

the patch as a function of the patch width. Table 2.2 shows the computed width
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Table 2.1. Variation of input impedance with patch width for an edge-fed
rectangular patch

Width (mm) Input Impedance (Ohms)
1.0 3081.02
2.0 1477.39
3.0 875.42
5.0 419.70
10.0 138.35
15.0 100.00

Table 2.2. Variation of characteristic impedance of a microstrip line with its

width*

W

Line Width Characteristic Impedanc
(mils) (Ohms)

345 10

155 20
45.5 50
12.6 100

3.7 150

€-=2.2, h=1/64 inch tand =0.0009

t =18um O =4E7 S/m



12

of microstrip line for given values of characteristic impedance. For obtaining
the results of ithese two tables the following parameters have been used: ¢, =
2.2, h=1/64 inch, tané = 0.0009, t=0.5 oz and ¢ = 4 x 10" S/m. Both of
these Tables are needed in the present study. In the present study, we take
Zo = lOOVQ (12.6 mils) to be the maximum impedance for the interconnecting

-lines. As shown in Table 1.1, « for the first array element is
a=729x%x10"3 (2.5)
Inserting this value of ¢ into equation 2.4, we have
Z3 =13712% (2.6)

To be able to satisfy the above equation, it is required that Z3 be as large as
possible and Z? be as small as possible. To acheive these requirements the
following options are available.
Option #1:

To obtain a large value of Z32 , we select the following parameters for

microstrip line section #3

A
Ly = 5 (2.7)
Zs arbitrary (2.8)
The transmission line analysis of branch line #3 yields
zi, =2}, (2.9)

Hence, the values of Z2 can be selected from Table 2.1. To obtain a small

value for Z2,, the length of line section #2 is selected to be

L, = (2.10)

- >
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Using transmission line analysis for branch line #2 and making use of equation

2.4 we have

Zo = /222 (2.11)

= 1|%023, —

l—-a

‘For example, letting ZL, = 30009 (Patch Width = 1 mm) and using Z, =
1002 (12.6 mil wide line) will yield

Zy =~ 47.0Q (Line Width = 1.28 mm) (2.13)

This is an acceptabe value of Z,. However, the space needed for length L3 = 4
will double the dimension of the array in the transverse direction (perpendicular
to the array axis).

Option #2

To obtain a large value of Z32

s We select the following values for mi-

crostrip line section #3

L3 = -:1\. (2.14)
Zz = 1009 (2.15)
Hence, we have
z 2
73 = (Z;) (2.16)

For Z3, to be as large as possible, we need Z}, to be as small as possible. The
smallest value of Zf, (from Table 2.1) is 138Q (Patch Width = 10 mm). This
maximum value of patch width is limited by the inter-element spacing which

is taken to be

Ao
5 =11.5mm (2.17)
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Even at these extreme values, the maximum value of Z3 which can be used is

1639Q2. This value yields
Zz = 10.95Q (Line Width = 7.93 mm) (2.18)

Such a line width is of the same order as the patch width and hence is not

.practical to work with.

Option #3

In this case we select the following values for the parameters of the

microstrip line section #3

Zs = 2¢F (2.19)

Ly arbitrary (2.20)
The maximum achievable value of Z2 in this case will be

Z3 =23 = Z;, = 1000 (2.21)

L]

This value is lower than the 163 obtained in option #2 which leads to an

even smaller value for Z,. Hence, this option is not also useful.

2.4 Discussion

To acheive a small value for fractional of power radiated, the ap-
proximate transmission line analysis carried out in Section 2.3 presents three
different options. Numerical example for the case of a 19-element array shows
that only one option may be acceptabe. Even this option requires an increase
in the array dimension in the E-plane. This configuration may be suitable
for smaller arrays, but is not very useful for large arrays when the required

fractional power radiated from the first few elements is very small.



CHAPTER 3
GAP-COUPLED RECTANGULAR MICROSTRIP PATCH

‘3.1 MNM Approach

An equivalent multiport network model for the configuration of the
gap-coupled rectangular microstrip patch shown in Fig. 1.2 is shown in Fig. 3.1.
As in the MNM approach for other configurations of radiating microstrip
patches [6], the fields underneath the patch, the external fields and the fields
underneath the microstrip feed lines are modeled separately in terms of mul-
tiport subnetworks. As shown in Fig. 3.1, the antenna structure is divided
into eight subnetworks. The fields on the two sides of an interface between
any two subnetworks are matched at discrete nuﬁlber of points by subdividing
the common continuous interface into a number of sections (or ports). Various
multiport subnetworks are characterized in terms of either Z- or Y-matrices.
Descriptions of the internal field networks (PATCH, TLI, TLG and TLO) as
well as the edge admittance networks (EANP and EANL) are summarized in
the following subsections. Modeling of the gap in terms of an equivalent net-
work and a detailed derivation of the elements of the Y-matrix characterizing
the gap is given in Section 3.2. The elements of the Y-matrix are derived by
modeling the structure as a pair of asymmetric coupled line section. The ra-
diation from the patch and the coupling section of line as well as the mutual
coupling among them are modeled in terms of an MCN network. Description

of this network and derivation of the Y-matrix characterizing this network are
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_ |
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/ TLG TLO 0 2

Figure 3.1. Equivalent multiport network model for the gap-coupled rectangu-
lar microstrip patch shown in Fig. 1.3
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given in Section 3.3.

Segmentation analysis of the configuration, by combining various sub-
networks modeling the structure, is discussed in Section 3.4. The segmentation
anaiysis of the structure yields its two-port transmission characteristics as well
as its radiation performance. A step-by-step design of a two-port patch for
‘input match and a prescribed value of Sy is given in Section 3.5. The CAD
methodology, based on the MNM approach, is used for the design and anal-
ysis of sample gap-coupled patches with and without a dielectric cover layer.
Comparisons of MNM approach, moment method and experimental results are
given for sample gap-coupled patches.

3.1.1 Internal Field Networks In most applications of mi-
crostrip antennas, the thickness A of the substrate is small compared to the op-
erating wavelength (koh << 1). For this cases the solution for the electromag-
netic fields in the region between the patch and the ground plane (denoted by
PATCH in Fig 3.1) is obtained by considering this region as a two-dimensional
structure. The z-varying fields along the non-radiating edges (of dimension a)
are included in modeling of PATCH, by defining an equivalent width and an
effective dielectric constant for the two-dimensional PATCH component. The
method for computing effective width and effective dielectric constant for a
microstrip line without a cover layer is given in [9]. Expressions for computing
effective width and effective dielectric constant with a cover layer arev given in
[13]. The z-varying fields at the inner radiating edge (dimension &) at the gap
side is included in the modeling of the GAP and the MCN networks. On the
other hand, the z-varying fields at the outer radiating edges of the patch and
the feed line are included in the modeling of the EANP and MCN networks.
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The elements of the Z-matrix characterizing the PATCH network are derived

from the Green’s function as follows [6]:

1

Zijj = W,

/w.- /w, G(zi, yilz;, y;)dsids; (3.1)

where (z;,y;) and (z;,y;) denote the locations of the ports of widths W; and
. W; respectively (as shown in Fig. 3.1). The two line integrals afe along the |
- widths of the ports i and j. As shown in Fig. 3.1, The PATCH network has
N2 ports connected simultaneously to the EANP and MCN networks, N1 ports
connected simultaneously to the GAP and MCN networks and 2 ports on either
side of the N1 ports connected to the GAP network only. The N1 and N2 ports
(connected to the MCN network) are conﬁned only to the physical width b.

The electromagnetic fields in the region underneatch the microstrip
lines are also obtained by modeling these lines as two-dimensional components.
The TLG network shown in Fig. 3.1 is considered as a two dimensional compo-
nent of width W (physical width of line) and length & (width of the patch) and
filled with the dielectric constant €,. The z-varying fields along the length of
the line are included in the EANL, GAP and MCN networks as discussed later.
The elements of the Z-matrix characterizing this network are also obtained by
using equation 3.1. The TLG network has N1 ports connected simultaneously
to the GAP and MCN networks, N1 ports connected simultaneously to the
EANL and MCN networks, ND ports connected to the TLI network and ND
ports connected to the TLO network.

The z-varying fields along the length of the input and output line
sections (denoted by TLI and TLO in Fig. 3.1) are included by using effective
widths and effective dielectric constants for the two-dimensional components

modeling these lines. The length of the input and the output lines should
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be long enough (> A/8, where X is the wavelength in the microstrip line),
so that only the dominant mode is present at the external ports of the lines
(not connected to the GAP network). Hence, only one port is taken at those
ends of the lines. At the other ends of both TLI and TLO networks, there
are ND ports connected to the TLG network, 1 port connected to the GAP
. ‘network and another port connected to the EANL network. The two ports
connected to the EANL and the GAP networks are required for continuity of
edge current flowing tangential to the feed lines. The input and the output feed
lines shown in Fig. 1.3 consist of one section only. If these lines contain more
than one section (of different widths), additional sections are also modeled as
two-dimensional components. |

The effect of dielectric losses, associated with the internal fields, is in-
corporafed by considering ¢, and ¢,, to be a complex quantities. The imaginary
part of these quantities, denoted by tané,, accounts for the dielectric losses.
Conductor losses are also included in an approximate manner by adding to

tanéq an equivalent loss tangent tané, given by
P
tand, = —tandy, (3.2)
Py

where P, is the power dissipation because of the conductor loss and P, is the
power dissipation in the dielectric substrate. In the case of magnetic wall
boundary, tané, is independent of the component geometry [7] and is equal to
\/2/(—1.0;(;5 /h, where ¢ is the conductivity of the patch metalization.

3.1.2 Edge Field Networks The edge field. networks account
for the stored energy in the fringing electric and magnetic fields. The EANP
network, shown in Fig. 3.1, accounts for the energy stored in the fringing

electric fields at the outer radiating edge of the patch. The elements of the
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Y-matrix characterizing this network are all zero except the diagonal terms
which are equal to the total edge susceptance divided by the number of ports
(N2). The radiation from this edge is included in the MCN network described
in Section 3.3. Evaluation of edge capacitance based on [17] has been used in
this work (for the cases with and without cover layer).

The EANL network connected to the outer edge of the section of line
coupled to the patch accounts for both the fringing electric and magnetic fields
at that edge. Addition of inductances to account for fringing magnetic fields
becomes necessary because, unlike for EANP, voltage is not constant along the
outer edge of TLG. As shown in Fig. 3.2, the EANL network consists of the
parallel combinations of capacitances and inductances.

If the effective width of the coupling line W is larger than the width
of the inpﬁt line Wy, then one port is used to connect the EANL network to the
TLI network. Also, if W§ is larger than the width of the output line Wy then -
one port is used to connect the EANL network to the TLO network. These
connections assure the continuity of the tangential component of the current
flowing along the outer edge of the microstrip feed line.

Edge Capacitance. The edge capacitance networks accounts for the
energy stored in the fringing electric fields at the outer edges (inside and out-b
side) of the microstrip line. The edge capacitance is divided uniformly along
the N1 ports. The edge capacitance per unit length C, (shown in Fig. 3.2) is
equal to the fringing capacitance per unit length C; of an isolated microstrip
line given by

Cr=(Cr—Cn)f2 (3.3)

where Cy, is the parallel plate capacitance associated with the physical width



per unit length of the line
Cm = €€, W5 /h, (3.4)

and the total capacitance per unit length of the line Cr is given by

Cr = o€, e W5 /b, (3.5)

" where W§ = noh/(Zo\/ec) (Where 7o is the free space impedance). Values of
effective dielectric constant e,. and characteristic impedance Zy are given in [9]
for a microstrip line without a cover layer and the method in [13] is used for a
microstrip line with a cover layer.

Edge Inductance. The edge inductance accounts for the energy stored
in the fringing magnetic fields along the outer edge of the line. As in the case
of edge capacitance, the edge inductance is also distributed uniformly over the
N1 ports and is computed from the fringing inductance per unit length of an
isolated microstrip line. The edge inductance per unit length L. (shown in

Fig. 3.2) is equal to the fringing inductance L s per unit length given by

2L, Lt
Lj = Z;——TT (36)

where Lt is the total inductance per unit length of the line

Ly = poh/ W (3.7)
and L,, is the inductance per unit length of the line is given by:

Ly = poh/We (3.8)

The elements of the Y-matrix [Y] characterizing the EANL network

are computed from the equivalent circuit shown in Fig. 3.2. The [Y] matrix is _
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Figure 3.2. Elements of the edge admittance network EANL at the outer edge
of the feed line :



symmetrical, with:

Y(1,1) = Y(N1+2,N1+2) = 2/};; (3.9)
Y(1,2) = Y(N1+2,N1+1) = —2/X, (3.10)
Y(2,2) = Y(N1+1,N1+1) = B.+3/X. (3.11)
Y(2,3) = Y(N1+1,N1) = —1/X. (3.12)
Y(,i) = B.+2/X., i=3,N1 (3.13)
Y(E,i+1) = —1/X., i=3,N1 (3.14)

where X, = jwW, L, and B, = jwW,C, (where W, = b/N1 is the width of the
ports and b is the width of the patch).  All other terms in the Y-matrix are

ZEeros.

3.2 Modeling of the GAP network

A model for the gap region in the gap-coupled rectangular microstrip
patch antenna configuration shown in Fig. 1.2 is developed in this section.
When a TEM wave is propagating along the microstrip feed line, fringing
fields (both electric and magnetic) are set up along the edges of the line. If
the width of the gap (denoted by S in Fig. 1.2) is small (less than few times
the substrate thickness h) the fringing fields will extend to the patch thereby
exciting the patch. The configuration of the patch and the feed line can be
considered as a section of an asymmetric coupled line. An asymmetric coupled
line can be described in terms of a (2 x 2) capacitance matrix [C] and a (2 x 2)-
inductance matrix [L]. The microstrip line is considered as conductor #1 and
the patch is considered as conductor #2. A two-dimensional planar-lumped
model of an asymmetric coupled line is shown in F tg. 3.3. Based on this

model, an equivalent multiport network of the gap is shown in Fig. 3.4. Also
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shown in Fig 3.4, is the numbering of ports, where the ports along the feed
line side are numbered first. As shown in Fig. 3.4, the GAP network consists
of the parallel combination of a capacitive network and an inductance network.

The two-dimensional planar segment SEGP accounts for the capacitance and

inductance associated with fields underneath the patch and the fringing fields

‘at the outer edge of the patch. The two-dimensional planar component SEGL

accounts for the capacitance and the inductance associated with the fields
underneath the feed line and the fringing fields at the outer edge of the feed
line.

The various parameters modeling the gap (as shown in Fig 3.4) are
evaluated such that the capacitance and inductance matrices of the configura-
tion (shown in Fig. 3.3) are identical to [C] and [L] matrices of the asymmetric
coupled line.

3.2.1 Modeling of the Capacitive Part The capacitive part
of the GAP network accounts for the fringing electric fields at the inner edge
of the patch (modeled by the mutual capacitance C7) and at the inner edge of
the feed line (in terms of C}) and the interaction between them (modeled by
the mutual capacitance C,). The capacitive part of the two-dimensional model
shown in Fig. 3.3 is shown in Fig. 3.5. Capacitances C? and C’; (shown in

Fig. 3.5) are computed from the patch and the line dimensions respectively as

follows:
¢ €olere(We)WE + €, W3]
C, = 57 (3.15)
_ Elére(a)at + €,a
Cr = 57 (3.16)

where €..(W¢) and €,.(a) are the effective dielectric constant of microstrip lines

of width Wg and a respectively. Capacitances C}, C% and C, are obtained by
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Figure 3.4: Multiport network model of the gap region
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equating the elements of the [C]-matrix computed from Fig. 3.5 with those of

the [C]-matrix of the asymmetrical coupled line as follows:

Cn = CL4Ci+C, (3.17)

Ca = CP+CP+C, (3.18)

Ciz = Cy=-C, (3.19)
Therefore, we have

C; = Cu+Cr—Ct (3.20)

Ch = Cp+Cn—CF (3.21)

C, = —Cu (3.22)

From the equivalent multiport network of the gap (shown in Fig. 3.4), the

elements of the Y-matrix [Y7] of the capacitive part of the gap are given by

0 0
ct -,

9

[Y7] = juW, ‘ (3.23)

where

W, = Port Width, (3.24)
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Figure 3.5: Capacitive part of the two-dimensional model shown in F 9. 3.3



C, = Cj+C,, (3.25)

9

Cr = Ci+C,. | (3.26)

Elements of the matrix [Y;] which are not given explicitely in equation (3.23)
are equal to zero. |

3.2.2 Modeling of the Inductive Part. The inductive part of
the gap model (shown in Fig. 3.4) accounts for the fringing magnetic fields
at the inner edge of the patch (in terms of L%) and at the inner edge of the
feed line (in terms of L%) and the interaction between them (in terms of the
mutual inductance M). The inductive part of the two-dimensional model of
the asymmetrical coupled line (composed of patch and feedline) is shown in
Fig. 3.6. Inductances L! and L? (shown in Fig. 3.6) associated with the fields

underneath the planar waveguides of widths a? and Wg are given by

¥4
LY = LLLY(LE + LY (3.27)

I? = IPIP/(LP. + L?) (3.28)

4

where L? and Lf, are the main inductances per unit length of the patch and

line respectively

oh
r = ”a (3.20)
¢ _ b
I = 57 (3.30)

and L? and L! are the edge inductances per unit length at the outer edge of

the patch and the feed line respectively:

2ok
e _ <Ko
Lt = W o (3.31)
2ok
r = = (3.32)

at — a
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Figure 3.6: Inductive part of the two-dimensional model shown in Fig. 3.3
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The inductances per unit length, L, L% and M are computed from the equiv-

alent lumped circuit shown in Fig. 3.6. Let us denote

Aol = Vi-VE, (3.33)

p
Avj

" "where superscript £ denotes the (N1+42) ports along the feed line side and su-
perscript p denotes the (N1+2) ports along the patch side. values of subscripts
¢ and j vary from 2 to (N1+42). The ¢ = k port in Fig. 3.6 corresponds to
a k port in Fig. 3.4, however the j = k port in Fig. 3.6 corresponds to the
(N1+ 2+ k) port in Fig. 3.4. From the equivalent circuit shown in Fig. 3.6

we have
Avy = juW,LiJ; + jwW,MJ} (3.35)
Avy = juW,MJ{ + joW,L%J} (3.36)
where J{ and JJ are the currents flowing from port k to port (k — 1) along

inductances L; and L% respectively and W, is the width of ports. Also from

Fig. 3.6, we have

Avt = jwW, L]  (337)
Avp = jwW,LPJ? (3.38)

where Jif and J;” are the currents flowing flowing from ports k to (k—1) along
the inductances Lf, and L? respectively. In matrix form, the above relations

can be expressed as

-1
J} 1 LY M Avf
= - (3.39)
J? Wl moLp Av?




-1

Jit Lt o Avf
o= lw ? ¢ (3.40)
JE Ol 0 Lp Av}

The current (Z{)T and (I7)7, flowing from port k to port (k —1) along Ly; and

L,; as shown in Fig. 3.7, are related to Av,‘c'and Av} by

-1

IHT J} | JE Ly, L Avf
(1% _ | Uk N IW 11 Li2 k (3.41)
(I:)T J,}: J}:p JWWp Lg] L22 A'l)z
Using the above relations we get
-1 -1 -1
¢
L? M _ Ly, Ly, B L, 0 (3.42)
M L} Ly Ly 0 P
Hence,
L§ = (Lu —-A/LY)/DEN (3.43)
L} = (Lp-A/L.)/DEN (3.44)
M = Ly/DEN (3.45)
where
DEN = 1-Ly/L)—Ly/LE+A/LPLE - (346)
A = L11L22 —L21L12 (347)

Admittance matrix (inductance part for the gap) [Y/]: From Figs. 3.4 and

3.6, we have

Ll
VEVE = juW,ldi+ s, 2y (3.48)

VE—Vi, = joW,LJ! + jwW,MJE, 2 <k < (NL+1)(3.49)
) Lt . M
V1511+2 - V161+1 = Jpr'2_fJ1lV1+2 +J“‘JWP7JKH+2 (3.50)
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Figure 3.7. Equivalent lumped network for L-parameters of an asymmetric
coupled line :
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Similar expressions are derived for the ports along the patch side by inter-

changing superscripts £ and p and replacing Lf( by L%. In matrix form we can

write

Jz
J3

Ji
JE

{4
JN1+2

14
JN1+2

=
2 2
CjW, | M il
2 2
_ 2 Ly -M
Al Mo
1| oo
-
| -M L
2 Ly -M
AMlm 1t

-1

V=W
vi-W

V;cp - Vkp—l

ol L

- o

£ £
VN1+2 - VN1+1

14 |4
VN1+2 - ‘/Nl-l-l

where subscript k is such that 2 < k¥ < (N1 + 1) and

A = juW,(L4LE — M?)

The port currents I* are related to the J* currents as follows

£ _ £
Il - - Jl
¢ _ £ £
Ik = Jk - Jk«}-lv
£ _ ¢
IN1+2 = JN1+2

2<k<(N1+1)

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)
(3.57)

(3.58)

Using the above relations, the port currents at the transmission line side are

obtained as

SR
H

1

, |
SISV = Vi) = M(VE = V)]

L3 (3VE -2V — Vi) = M(3VE = 2VF = V7))

1
'&[L’}(kal - V;cl—l - sz+1) - M(QVZ’ - V;cp—l - Vkp+1 )]

(3.59)
(3.60)

(3.61)
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1

IfV1+1 = "AT[L’}(3V161+1 - 2V/\lI1+2 - V]\lfl) - M(3V11\,'1+1 - 2V1{371+2 - V@-}J?)
2
If\r1+2 = “A‘,[L?‘(Vlfll-:-z - V1€'1+1)." M(V151+2 - V151+1)] (3-63)

Similarly the port currents at the patch side are obtained as

2

B o= LY = VE) - MV - V)] (364
o= LBV 20 V)~ MOVE — 2V - V)] (3.65)
B o= SUSVE - Vi~ W) - MOV Vi ~ Vi) (366)
Bunr = LSOV = 2Wnsa = Vi) = M(3Viras — 2V — VERKT)
I§1+2 = Z27[L§(V151+2 - V151+1) - M(VIf}1+2 - V161+1)] (3-68)

In matrix form, the port currents and port voltages are related by

1| A B
[Yge] = — (3.69)

Alc D

where

-1% 2% -I*
A= (3.70)

~I% 2I% I’
-I% 3L% -2I”
—2I% 2I”




36

o} -2L}
—2L% L% -ILf
~I% oI -Lt
D= e e (3.71)
~L% 2Lt —If
~L% 3L{ -2If

-2L%  2L% |
[ oM oM
2M -3M M
M -2M M
B=C= (3.72)
M —2M M
M -3M 2M
2M  —-2M |

Note that A, B,C and D are all tri-diagonal sub-matrices.
The admittance matrix [Y;], characterizing the GAP network, is the

sum of [Y;] and [Y]] matrices obtained above:

V=Y +¥g (3.73)

g

3.3 Modeling of MCN Network

The mutual coupling network (denoted by MCN in F'ig. 3.1) accounts
for the power radiated (in free space and through surface waves) from the edges
of the patch and the coupling section of feed line a.s well as the mutual coupling

among these edges. The MCN network is characterized by an admittance
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matrix which is constructed as follow

REAL(Yn) REAL(Y:;) REAL(Y:;) Yia
REAL(Ya) REAL(Yz;) REAL(Y:s) Ya4
[Ymen = (3.74)
REAL(Ys;) REAL(Ys;) REAL(Yas) Yaa

Ya Yar Yoo REAL(Y) |

- In the above expression, subscript 1 denotes the outer edge of the feed line
(which is divided into N1 ports), subscript 2 denotes the inner edge of the
feedline (divided into N1 ports), subscript 3 denotes the inner edge of the
patch (divided into' N1 ports) and subscript 4 denotes the outer edge of the
patch (divided into N2 ports). The submatrices REAL(Y11), REAL(Y:,),
REAL(Ys3) and REAL(Yy) account for the radiation from the edges of the
feed line and the patch respectively. The energy stored in the near fields at
those édges has been included in the edge networks and the gap network as
discussed in the previous sections. Other submatrices account for the mutual
coupling among the various edges. In the evaluation of mutual couplings among
edges 1, 2 and 3 only the real part of the mutual admittance is considered
since the imaginary (reactive) part of this coupling gets included in the GAP
network.

Evaluation of Elements of [Y]pycn : For microstrip antennas on elec-

trically thin substrates (as is the case in this work) and without any cover
layer, the radiation from an edge and mutual coupling between two edges may
be evaluated by representing the edge fields by line sources of equivalent mag-
netic currents and their images with respect to the ground plane [10]. This
approximation ignores the effects of surface waves along the dielectric sub-
strate. Experimental results of Jedlicka [11] have shown that surface waves

have negligible effects on mutual coupling when the substrate is electrically
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thin. The magnetic current line source at each edge is divided into a number
of small sections (equal to the number of ports considered in the modeling of

internal networks). The self radiation conductance G, of each section is
G. = W2/(90)) (3.75)

:For the evaluation of the mutual coupling between any two sections, each
section is subdivided into smaller subsections, so that each subsection can be
modeled as a magnetic current element. Typically we consider 4 subsections
per section. Amplitudes M of the magnetic currents elements are equal to
the voltages at the corresponding ports of the edge. Hence, the computation
of the various elements of the MCN network requires the evaluation of the
mutual admittances among various subsections (e.g subsections i and j shown
in F'ig. 38) belonging to two distinct sections p and q. The mutual admittance
Y;; between subsections i and j is evaluated considering the two correspondingly
located magnetic current elements as shown in the figure. The magnetic current
element i, located at (z;,y;) in the z=0 plane, produces magnetic field at the

location of the current element j (located at (z;,y;) at the z=0 plane) given by

_ L ko(2ViW)) sin(6 + o) 1 1 e-ikoR
Hy = —j yp— (1+ TR (koR)2) 7= (376)
ko(2ViW;) cos(6 + o), 1 1 e-ikoR
Ho= = 5~ a7
J 2710 jkoR (koR)2) R (3.77)

where W, = W, /4, j = \/(——1), R = \/(:v, - z;)2 4+ (3 —y;)% 0 = tan™[(z; —
z;)/(y;—y:)] and ; is the angle between the normal 7; to the edge at (z;,y;) and
the X-axis. The angle o; is positive when measured from the X-axis towards
the normal in the anticlockwise direction. The current density J; induced in

the jth subsection because of the magnetic fields generated by the ith current
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Figure 3.8. Coordinate definition for the computation of mutual coupling be-
tween two magnetic current elements



40

element is

Jj = —(@; x H).(7;) (3.78)

In the x-y-z coordinates, 7i; can be expressed as
- - — .
fi; = @, cosa; + @ysinq; (3.79)

" Using the above expressions, J; is then

J;=H,cosa; — H,sinaq; (3.80)
where

H, = H.sinf + Hgcos¥b (3.81)

H, = H.cos§ — Hysinf (3.82)

Since the width W; = W, /4 of the jth subsection is taken to be very small,
the surface current density is considered to be uniform over W;. So, the line

current flowing in the jth subsection is
I, = J;W; (3.83)
The mutual admittance Y;; between the ith and jth subsections is
Yij = J;W;/Vi (3.84)

It may be pointed out that, since J; is linearly proportional to V;, the value
of V; is not needed for the computation of ¥;;. The mutual admittance Y,
between elements p and q is obtained from the mutual admittances among

subsections i and j

q4 p4
Yo = Z Z Y (3.85)

J=ql i=pl



4]

where pl, ..., p4 and ql, ..., ¢4 denote the four elements of sections p and q
respectively.

For microstrip patches on thin substrate with a thick cover layer, the
elefnents of the Ypcn matrix are computed in a similar manner as the case
without cover layer. However, the radiation conductance G, and the magnetic

-field components are now evaluated in the presence of the cover layer. An
approach based on the spectral domain for computing these quantities is given

in [14].

3.4 Analysis Technique for the Patch

In this section we discuss how the MNM approach is to be used to
compute the scattering parameters of the two-port gap-coupled patch and the
voltage distributions at the edges of the patch and of the coupling line. The
segmentation method [6] is used to combine the eigth sub-networks shown in
Frg. 3.1. This is done by constructing two networks; an internal network and
an external network. These networks are combined using Kirchhoff’s voltage
and current laws. The results of this computational step is the Z-matrix of
the two-port patch and the voltages at the edges of the patch and the feedline.
From the Z-matrix, the S-matrix can be easily obtained. From the knowledge
of the edge voltages the radiation characteristics of the patch aré obtained.

Z-matrix of Internal Network: The internal network includes TLI,

TLG, TLO and PATCH networks. The Z-matrix characterizing this internal
network is obtained as follow; i) first the TLO and TLG networks are combined,
ii) the resulting network is then combined with the TLI netWork, iii) the ports of
this resulting network are renumbered so that the input and the output ports

are numbered first, iv) this resulting network is combined with the PATCH



network. The internal network has N2+3N1+8 ports.

Z-matrix of the External Network: The external network consists of
EANL, GAP, EANP and MCN netw.orks. The Z-matrix of this network is
obtained by inverting the admittance matrix [Y]gxr obtained by combining
these netwbrks. The Y-matrix charaterizing the external network is obtained
- as follows; 1) A network is constructed by combining EANL, EANP and GAP

networks. The Y-matrix [Y]; characterizing this network is expressed as

’ [Y]eants 0 0 ‘ |
V1] = 0 [Y]ar 0 (3.86)
0 0 [Y]ganp |

The admittance matrix [Y']; has (3N1+N2+6) rows because submatrix [Y]ganz
has (N1+42) rows, submatrix [Y]gap has (2N144) rows and submatrix [Y]ganp
has N2 rows. ii) The MCN network is added to the resulting network to form
the external network. Since the adrnittaﬁce matrix [Y]mcn characterizing the
MCN network has only (N24+3N1) rows and since [Y}; has (N2+3N1+6) ports,
the size of the MCN network is increased by 6 ports so that the Y-matrices
characterizing the two networks can be added up. The elements of the [Y],
matrix charaterizing the new MCN network are obtained from [Y]MCN by

proper renumbering of the ports. Hence, the Y-matrix [Y]gxr characterizing

the external network is given by
Yexr = [Y] + [Y] (3.87)

3.5 Design Methodology for the Patch
In this section we discuss a CAD procedure for the design of the gap-

coupled rectangular microstrip patch to achieve a specified value of S, as well
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as to get 511 = 0 (input match). For example, specified values of Sy are
required to achieve given amplitude distribution in a series-fed linear array of
such patches. Furthermore, series-fed array elements are designed for S, = 0,
so the radiation is controlled by the power incident on the input port and not
by the power incident at the output port which is the power reflected from the
‘next array elements.

The design specifications of a gap-coupled rectangular patch include:
i) substrate and cover layer parameters ii) frequency at which the patch is
to resonate. The design parameters of the patch are: i) rectangular patch
dimensions (width and length), ii) gap width, iii) characteristic impedances of
the input line(s), of the section of line coupled to the patch and of the output
line(s), iv) lengths of input and output line(s). As shown in Fig. 3.9, more
than oﬁe section may be used at the input and the output endé.

The patch width and the gap width are the two main parameters
which can be varied to obtain wide range of Sy, values. However, values of
S21 are not very sensitive to the value of characteristic impedance ZS of sec-
tion of line coupled to the patch. For given patch width, the gap width, the
impedance Z§ and the length of the patch are adjusted to achieve resonance
at the specified frequency. The resonant length is defined as the length which
maximizes the power radiated from the patch (not necessarily S;;=0). Lower
values of patch width b (high S;) are limited by etching tolerance (usually
b > 1 mm) and high values of patch width (low Sz;) are limited by available
spacing between array elements. Low values of gap width § (low S,;) are lim-
ited by etching tolerance (usually S > 5 mil) a‘nd high values of S (high Sy)

result in very small coupling. The input and the output line sections are used
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to achieve an input match (S1; = 0).

For the design of the gap-coupled patch for specified value of S5, and
S11 = 0, there are two approaches. In the first approach, the patch and the feed
network are modeled using the MNM approach as discussed earlier. The design
parameters of the patch are systematically varied until the specifications are
- met. This can be done using a multidimensional optimization program. This
approach is very time consuming and can be used only when designing few
patches. However, when a large number of patches need to be designed (e.g.
when designing a series-fed linear array), this approach is not efficient. An
alternative approach is to use the MNM approach for the patch and the section
of coupled line (denoted by region B in Fig. 3.9) and to use a transmission
line analysis for the input and output sections (denoted by regions A and C
in Fig. 3.9). An equivalent transmission line model for the gap-coupled patch
is shown in Fig. 3.10. Look-up tables are then generated for region B for
discrete values of the gap width and the patch width. A flow chart depicting
various steps involved in generating the look-up tables for the second approach
is shown in Fig. 3.11.

As shown in the flow chart, starting from the design specifications
(substrate parameters and frequency) and selected values of patch width b,
gap width S and characteristic impedance Z$, the program computes the res-
onant patch length which maximizes the power radiated from the patch. This
resonant patch length is computed using an optimization routine based on
Brent’s algorithm [15]. Look-up tables for [L] and [C] matrices of the asym-
metric coupled line (consisting of patch and feed l.ine) are generated for discrete

values of a. These look-up tables are necessary since numerical evaluation of

o,
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B 3 ___J——]
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Figure 3.9. Gap-coupled patch with two sections of line connected at the input
and the ouptut sides of the gap

[L] and [C] is computationaly intensive and their values depend on the patch
length. -

In the computation of the resonant length, additional sections of lines
need to be connected to the input and the output of region B to account for feed
junction reactances. The characteristic impedances of these extra sections are
equal to Z§ and their lengths should be long enough so higher order modes will
decay at the ends of these sections. Once the Z-matrix of the configuration is
obtained, the S-matrix with respect to the input and the output extra sections
of lines is computed. Then, the S-matrix with respect to the input and the
ouput planes (1’ and 2’ shown in Fig. 3.9) is evaluated. The Z-matrix with

respect to these planes is obtained from the S-matrix. The look-up tables _
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-
-

out

Figure 3.10. Equivalent transmission line model for computation of the input
impedance of the patch at reference plane 1’

are generated for region B for various gap width and patch width and are
independent of the parameters of input and the output regions (A and C).

The characteristic impedances and the lengths of the input and the
output line sections are computed by using the equivalent lumped network
shown in Fig. 3.10. The (2 x 2) Z-matrix (computed using MNM approach
as discussed above) characterizes region B shown in Fig. 3.9. Impedance Z,,;,
| shown in the figure, is the equivalent input impedance of region C. The input
impedance of the combination of regions B and C is equal to

ZI2ZQI

—_— 3.88
Zout + 222 ( )

Zin - le -

Z,ut 1s selected such that Z;, is purely real.

If the output line consists of one section only, the characteristic impedance
of this section ZOO should be equal to Z,,; to make Z;, real. If the character-
istic impedance Zé’ of the output line is chosen to be different than Z,,: a
quarter-wave section is inserted between the output line and the patch. The
characteristic impedance of this quarter-wave section is equal to \/Z,,.ZS. If
the input line consists of one section only, the characteristic impedance of this

section should be equal to Z;,. If the characteristic impedance of the input
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line is chosen to be different from Z;,, a quarter-wave matching section need

to be included between the patch and the input line.

3.6 Design and Analysis of Sample Patch:

As an example of the implementation of the CAD methodology, we
consider a two-port gap-coupled patch with the following design parameters:
substrate thickness h=1/64 inch (0.381 mm), dielectric constant ¢, = 2.2,
loss tangent tané = 9 x 10™*, metalization thickness ¢ = 18um, metalization
conductivity o = 5.8 x 10" S/m, surface roughness=1um, operating frequency
f=13 GHz and without any cover layer. The characteristic impedance Z§ of
the microstrip feed line is 50 £ (line width =1.165 mm).

3.6.1 [L] and [C] Matrices: The asymmetric coupled line pa-
rameters [L] and [C] are evaluated using the software package based on quasi-
static moment method approach [12]. [L] is the matrix of line inductances per
unit length (in H/m), [C] is the matrix of line electrostatic induction coeffi-
cients per unit length (in F/m). Matrices [L] and [C] are computed for the
case of an infinite ground plane with finite conductor thickness (t=18 ym) and
finite conductivity (¢ = 5 x 107 S/m). The microstrip feed line is denoted
as conductor #1 and the patch as conductor #2. Tables 4.1 to 4.8 show the
elements of matrices [L] and [C] as a function of patch length a (width of con-
ductor #2) varying from 6.8 mm to 8 mm. The discrete values of length a are
selected such that the resonant length of the patch (for f=13 GHz) is within
minimum (6.8 mm) and maximum (8.0 mm) values. These minimum and max-
imum values are 8% lower and higher than the compute;i resonant length of
the unloaded patch (7.4 mm). The line parameters are computed for every 0.2

mm step. The discrete values of gap width 5, 10, 20 and 40 mils are selected
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Freq., Dielectric Paramet
Zo, S11=0 & Specified 52/

[Gap width /

[L] & [C] Tables for
various values of 'a'

/ Patch width/

Computation of "a" for
maximum radiation at
resonance frequency

'

[S], Power

Other
values ?
of S

Design Tables for various
values of b and S

Y

Determination of z01 & Cubic spline to computs
702 for Input Match ——= patch dimensions for

given value of S21

Figure 3.11. Flow chart for design procedure of gap-coupled rectangular mi-
crostrip patch
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Table 3.1: Elements of capacitance matrix [C] for gap width S = 5 mils

amm) C11 C12=C21 C22
6.8 98.43 -19.725 394.7
7.0 98.43 -19.670 405.0
7.2 98.43 -19.680 415.4
7.4 98.43 -19.675 425.8
7.6 98.43 -19.705 436.2
7.8 98.42 -19.680 453.8
8.0 98.42 -19.705 456.9

All capacitances are in PEF/m.

to obtain a wide range of power radiated from the patch. The configuration of
the designed patch is shown in Fig. 3.14.

3.6.2 Evaluation of resonant length:  As depicted in the flow
chart shown in Figure 3.11, the first part of the design procedure consists of
evaluating the length of the patch a which maximizes the power radiation from
the patch. Using the first program of the software (program DESIGN ), Figure
3.12 shows the fractional power radiated from the patch as a function of the
patch length @ from 7.2 mm to 7.6 mm. The patch width is selected to be 5
mm and the gap width is selected to be 40 mil. As shown in the figure, the

maximum power radiated is 4.38 % and corresponds to a patch length a=7.52

mim.



Table 3.2: Elements of inductance matrix [L] for gap width S = 5 mils

a (mm) L1g L12=L2q Lo2

6.8 206.2 16.53 58.46
7.0 206.1 16.13 57.02
7.2 206.0 15.76 55.65
7.4 205.9 15.40 54.35
7.6 1 205.9 15.06 53.11
7.8 205.8 14.73 51.92
8.0 205.7 14.41 50.79

All inductances are nH/m.

Table 3.3: Elements of capacitance matrix [C] for gap width S = 10 mils

a (mm) Ci11 C12=C21 Coo

6.8 94.42 -13.315 390.6
7.0 94.42 -13.315 401.0
7.2 94.42 -13.320 411.4
7.4 94.42 -13.340 421.7
7.6 94.42 -13.340 432.1
7.8 94.42 -13.345 442.4
8.0 94.42 -13.365 .453.8

All capacitances are in pF/m.



Table 3.4: Elements of inductance matrix [L] for gap width S = 10 mils

a (mm) L11 Li2=L21 L22

6.8 216.2 12.69 58.84
7.0 216.2 12.39 57.39
7.2 216.1 12.11 56.00
7.4 216.1 11.83 54.68
7.6 216.0 11.57 53.42
7.8 216.0 11.32 52.22
8.0 215.9 11.08 51.08

All inductances are nH/m.

Table 3.5: Elements of capacitance matrix [C] for gap width S = 20 mils

a (mm) Ci1 C12=C21 C22
6.8 92.29 -7.8595 388.3
7.0 92.29 -7.8695 398.7
7.2 92.29 -7.8425 409.1
7.4 92.29 ~ =7.9070 419.4
7.6 92.29 -7.8770 429.8
7.8 92.29 -7.9060 440.2
8.0 92.29 -7.9105 450.6

All capacitances are in pF/m.



Table 3.6: Elements of inductance matrix [L] for gap width S = 20 mils

a (mm) L1q L12=L21 Loo
6.8 222.8 8.7100 59.07
7.0 222.7 8.5085 57.61
7.2 222.7 8.3165 56.21
7.4 222.7 8.1335 54.88
7.6 222.7 7.9580 53.61
7.8 222.6 7.7900 52.41
8.0 222.6 7.6295 51.25

All inductances are nH/m.

Table 3.7: Elements of capacitance matrix [C] for gap width S = 40 mils

a (mm) Cia C12=C21 C22
6.8 91.58 -3.9505 387.5
7.0 91.58 '=3.9730 397.8
7.2 91.58 -3.9705 408.2
7.4 91.58 -3.9915 418.6
7.6 91.58 -3.9940 429.0
7.8 91.58 -4.0145 439.3
8.0 91.58 -4.0280  449.7

All capacitances are in pF/m.
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Figure 3.12. Variation of fractional power radiated as a function of the length
of gap-coupled rectangular microstrip patch
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Table 3.8: Elements of inductance matrix [L] for gap width S = 40 mils

a (mm) Lip L12=Lpq L22

6.8 225.5 5.1580. 59.16
7.0 225.5 5.0450 57.69
7.2 225.5 4.9365 56.29
7.4 225.5 4.8330 54.96
7.6 225.5 4.7335 53.69
7.8 225.5 4.6380 52.47
8.0 225.5 4.5465 51.32

All inductances are nH/m.

3.6.3 Design of input and output feed lines: As shown in
the flow chart of Figure 3.11, the second part of the design of the patch is the
determination of the load impedance Z,, which should appear at the ouput
port to achieve an input match. Figure 3.13 shows the variation of the input
impedance as a function of the load impedance Z,,; (shown in Figure 3.10).
As shown in Figure 3.13, the input impedance at port 1’ is purely real (=54.98
Q) when Z,,; = 44.75 Q. Hence, to realize an input match at port 1, we
use one section of characteristic impedance = Z,,, (line Qidth =1.358 mm) at
the output side. Furthermore, we use one section of characteristic impedance
=54.98 1 (line width=0.9931 mm) at the input side. The configuration of the
designed patch is shown in Fig. 3.14.

3.6.4 Performance of the designed patch: In this section
we present the performance of the patch designed above. These results are
obtained using the analysis part of the software (program ANALYZE). Figure

3.15 shows the variation of input reflection coefficient S1; (after matching) as
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Figure 3.14. Configuration of the designed gap-coupled rectangular microstrip
patch
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a function of frequency from 12.5 GHz to 13.5 GHz. The reflection coefficient
S11 (after matching) is normalized to 44.75Q at the output and to 54.98Q
at the input. Shown also on Fig. 3.15 are the corresponding values of Sy
(before matching and normalized to 500 at both input and the output ports)
of region B shown in Fig. 3.9. In the range of frequency considered, S;;
- (before matching) remains better than -28 dB. Figures 3.16 and 3.17 show the
magnitude and the phase of the transmission coefficient S,; respectively (after
matching). The magnitude of S,; is minimum at the resonance frequency 13.5
GHz. The values of phase of S5, are with respect to reference planes 1’ and 2’
(shown in Fig. 3.9). The variation in the values of phase of Sy, is less than 8°
over the frequency range.

Figure 3.18 shows the variation of the fractional power radiated (rela-
tive to the input power) and the fractional power loss (dielectric and conductor)
as a function of frequency (after matching). As shown in the figure, the frac-
tional power radiated is still maximum at =13 GHz and is equal to 4.46%.
As shown in the figure the power loss increases slightly at resonance. Figures
3.19 and 3.20 show the H-plane and the E-plane far field patterns of the patch
respectively. The beamwidth in the H-plane is 86° and is 110° in the E-plane.
The computed directivity of the patch (from the integration of far-field pattern)
is 6.8 dB.

3.7 Results for a patch without a cover layer

To check the accuracy of the MNM approach for gap-coupled patches,
a two-port patch without a cover layer has been fabricated and tested. The
patch is etched on a dielectric substrate with following specifications: substrate

thickness h=1/32 inch (0.79 mm), dielectric constant ¢, = 2.2, loss tangent
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tané = 9 x 10™*, metalization thickness ¢t = 18um, metalization conductivity
o = 5.8 X 107 S/m, surface roughness=1um. The dimensions of the patch are:
a=32.84 mm, b=40 mm, s=20 mil and W; = Wy = Wg = 2.44 mm.

Figure 3.21 shows a comparison between the measured and the cal-
culated results for |Sy;| from 2.9 GHz to 3.1 GHz. The measurement was done
-on the HP 8510 Network Analyzer using a TRL calibration. The discrepancy
between the measured and caclulated resonance frequencies is very small. How-
ever, the measured values of |Sy;| are 3 dB lower than the calculated values.
This may be due to inaccuracy in the modeling of line losses in the MNM ap-
proach. Also shown on Fig 3.21, are the results based on the full wave analysis
code (PMESH) [18].

Figure 3.22 shows a comparison among MNM, PMESH and measure-
ment for the magnitude of the transmission coefficient |Sy;|. The calculated
minimum value of |S;;, based on the MNM approach, is 0.55 dB lower than
the measured value. However, the calculted value based on PMESH is 0.3 dB
higher than the measured value.

Figure 3.23 shows a comparison among MNM, PMESH and measure-
ment for the phase of S3; from2.9 GHz to 3.1 GHz. The calculated and mea-
sured values are within 2 degrees. The agreement between the measurement
an the calculated results using MNM approach is very good.

A fairly good agreement between the MNM approach, the full-wave
method and experiment is obatined and this proves the accuracy of the MNM

approach for gap-coupled rectangular patches.



Jofe] 19400 jnoyjim yoyed pajdnoo-ded rejn8uejoax
© ® Jo |'lg| 10] sonfea poinsesur pue pasjenofeo jo uostredwio)) “yg'g oInfiy

ZliE1 000000001 "E cills
ZllE) 200000006 "¢ lyvis

pajgnojey’ -y N,

painseayy — T~ 4/ N nsS4Hti)

II/ o/ \\.u\ .
Nwoz = RN // I - e
. N . /t. e e e A .f-it\h [, fwﬂuq\l,“..-
SN RS = =
. , Il \\ \*s\
ww ygee = - 14v114a = pootS— S 2 - —
vaze=u WY O £
(15 08) ww ppg = p vl-y-
wwgg=y
ge="h

219 {00 " {-
A R=EN IS4

iy

ar veoe-oe-- >

/ap 0°g
ap @ 02~ -m

i
|



66

palenogeg -g -

——

painsvapy

Hwuog=s
ww gp = q

Wil pg'ge =0

(U 0g) ww ppg = M
i 92080 = :

ge="H

Iofe] 19400 Jnoy}im yoyed pajdnoo-del reinguejoor
® Jo |'¢g| 10j sonea painsesws pue pajenofed jo uosuedwo)) ‘gg'g 2Indig

Zl i) 000000001 “E cdiils
Zl k) OB2200006 "2 lyvis




] Iofe[ 10400 Jnoyjim yojed pajdnoo-ded renSueloa: e
Jo 'tg jo aseyd 10j sonjea painsesur pue pajeno[ed jo uostreduio)) ‘gg'e 2Iniyg

67

(2119) A9NINDIY4
BOY 90¢ vOE ¢0¢ O0E W6C 96C ¥6C 26T 06C
4]..';‘.{ i 02Z—
) -Glz-
g -01Z-
- G0Z-
Hsau)
oz =s - Y IRy | —— - 002 -
S N P kN e
| oy Sy = - G61-
i pygge =0 _ i//?
| " 1 061 -
(5 0g) W pp'g = m
wugo=y - GOl -
ge=" - 081 -
TN 02 0RNSYIN -V -
: W oz avinowy — [ S¢
*llilL —i.lF — — 0/ .




63

3.8 Results for a patch with a cover layer:

In this section we compare the results based on the MNM approach
and the full-wave analysis for a gap-coupled patch with a thick cover layer. The
pat;:h is etched on a dielectric substrate with following specifications: substrate
thickness h=1/32 inch (0.79 mm), dielectric constant e, = 2.2, loss tangent
‘tan § = 9x10~*, metalization thickness ¢t = 17.78um, metalization conductivity
o =58 x107 S/m, surface roughness=1um. The cover layer parameters are:
thickness h=1/10 inch (2.54 mm), dielectric constant €, = 2.2. The dimensions
of the patch are: a=31.891 mm, b=20 mm, s=1 mm and W; = Wy, = W5 =
2.156 mm.

Figure 3.24 shows a comparison between the measured and the cal-
culated results for |S;;| from 2.5 GHz to 3.5 GHz. The calculated resonance
frequency (corresponding to maximum |S;;|) using MNM approach is 3. GHz.
The corresponding calculated value based on PMESH is 3.03 GHz (1% higher
than MNM). Figure 3.25 shows a comparison between MNM approach and
full-wave method for the magnitude of the transmission coefficient |S;|. The
calculated minimum value of |S;;, based on the MNM approach, is 0.8 dB lower
than the full-wave value. Figure 3.26 shows a comparison between MNM and
full-wave results for the phase of S;; from 2.5 GHz to 3.5 GHz. The calculated
results using MNM approach are in good agreement with calculated results
using the full-wave method.

A fairly good agreement between the MNM approach, the full-wave
method and experiment is obtained and this proves the accuracy of the MNM

approach for gap-coupled rectangular patches with a thick cover layer.
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CHAPTER 4
- MNM APPROACH FOR SERIES-FED ARRAYS

In this chapter, we discuss the extension of the MNM approach to the
design and the analysis of linear arrays of gap-coupled rectangular microstrip
patches. A configuration of a linear series-fed array of two-port gap-coupled
patches is shown in Fig 4.1. In this configuration, the power is fed to the array
at one end. A fraction of this input power is radiated by the first element, the
remaining (less losses) is transmitted to the next element and so on. The power
remaining at the far end of the array end is dissipated in a matched load. This
array can be considered as a cascade of unit cells. Each unit cell (shown in Fig
4.2) consists of a rectangular microstrip patch gap-coupled to a section of a
microstrip line and sections of lines connected to the input and output ports. In
Section 1, a design methodology for series-fed arrays with and without cover
layer is presented. The effects of array losses (dielectric and conductor) are
included in the design. However, the effects of mutual coupling among array
elements are neglected. Array analysis technique is given in Section 2. The
design and analysis of a sample linear array without any cover layer is given in

Section 3.

4.1 Array Design Methodology
A flow chart depicting the various steps involved in the design of
the series-fed array is shown in Fig 4.3. This flow chart is identicial to the

one used for series-fed arrays of directly-fed two-port patches [14]. Starting
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Figure 4.2: Typical unit cell in a series-fed array of F igure 4.1
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Figure 4.3. Flow chart for the CAD of series-fed linear arrays of gap-coupled
rectangular patches
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from the array specifications, the user selects the substrate parameters and the
array amplitude (Taylor, Tchebyshev, etc..) and phase distributions. From
the amplitude distribution, the required transmission coefficients for each of
the two-port unit cells are computed. A method for computing the required
transmission coefficients from the specified amplitude distribution of various ‘
~units cells without considering array losses is discussed in [14].

The array losses are included in an iterative manner. Starting from
the lossless case, unit cells are designed to meet the |S21] distribution. The
losses associated with these unit cells are computed using the MNM approach.
These losses are then used for computing the new |S21] distribution. Unit cells
which satisfy the new |S;,| distribution are designed and associated losses are
computed. The process is repeated until the difference between the required
and acheived values of S| has been minimized. A flow chart for design of
unit cells when array losses are included is shown in Fig 4.4. A method for
computing the required transmission coefficient of array unit cells from the
amplitude distribution and including array losses is given in [14].

The CAD procedure for design of series-fed arrays of gap-coupled
patches without cover layer is implemented in program ARSYNT. For the
design of the series-fed array of gap-coupled patches, the program makes use
of a look-up table containing the dimensions and computed losses of selected
two-port patches. The look-up table contains a set of two-port patches having
same feed line and patch widths but different values of gap width. A cubic
spline interpolation is then used to find the dimensions of- the unit cells for
desired values of |Sy;|. The CAD procedure for design of series-fed arrays of

gap-coupled patches with a cover layer is implemented in program ARSYNTC.
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Figure 4.4: Flow chart for the design of unit cells when losses are included
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For arrays with a cover layer, we need look-up table containing the values of
mutual admittance between two magnetic current eiements as a function of

their spacing.

4.2 Array Analysis

_ Once the dimensions of the unit cells which yields the required array
.,a,mp]jtude and phase distributions are obtained, the MNM approach is used to
compute the Z-matrices of various unit cells. Then the segmentation method is
used to combine these Z-matrices of the various unit cells to obtain the (2x2)
Z-matrix characterization of the array as well as the inpuf and the output
currents at the input and output ports of various unit cells. These currents are
needed for computing the voltage distribution along the radiating edges of the
patches. The voltage distribution, thus evaluated, is used for the computation
of the radiation characteristics of the array. The array analysis approach is
similar to that for arrays with directly fed patches given in [14].

To obtain the currents and also the voltages at the ports of the unit
cells, the external ports (input ports of the first unit cell and the output port
of the last unit cell) and the connected ports (remaining ports) are grouped
separately [14]. Using Kirchhoff’s voltage and current laws for the connected
ports, interconnection matrices for the voltages and the currents are obtained.'
Then, the application of the segmentation method yields the currents at the
connected ports (in terms of currents at the external ports) as well as the
Z-matrix charac;cerization of the array with respect to the extern-i ports.

The values of currents at the input and the output ports of the various
unit cells are used to related the voltage distributions at the edges of the patches

to the currents at the external ports of the array. The radiation characteristics
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are obtained from this voltage distribution. This array analysis procedure is
implemented in program ARRAY for the arrays without cover layer and in

program ARRAYC for arrays with a thick cover layer.

4.3 Design Example and Computational Details

As an example of the use of the array design and analysis procedures
4described in the previous sections, we consider a 19-element series-fed array
with a Taylor distribution. The side lobe levels are to be below -30 dB and the
direction of the main beam is to be 30 degrees off-broadside. The operating
frequency is 13 GHz. The substrate parameters for the array are: €, = 2.2,
h=1/64 inch, and tané = 9 x 10~* and without any cover layer. The array
is terminated in a matched load with 5% of the input power fed to the array
being dissipated in this load.

In this sample array, we select the patches to have the same width
(b=3 mm). The width of the interconnecting lines is 0.588 mm (75 Ohms).
In order to design the antennas we generate look-up tables for [L] and [C]
parameters. The feed line is considered as conductor # 1 and the patch as
conductor # 2 of width equal to the length of the patch. In each look-up table,
the gap width is kept constant and [L] and [C] parameters are computed for
discrete values of patch length ’a’ ranging from 6.8 mm to 8.0 mm. Program
DESIGN is then used to design sample two-port patches for every value of
gap width from 15 mil to 175 mils. The design objective is to calculate (dsing
optimization subroutine) the patch length which maximize the radiation from
the patch. Then, the program computes the required load impedance at the
output port which yields a real input impedance. Program DESIGN is also

used to compute the losses in the patch.
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The design of the linear series-fed array (using ARSYNT program)
of two-port gap-coupled patches requires generating a look-up table containing
the design dimensions and computed performance of sample two-port patches
for various values of gap width. The design dimensions are: patch width, patch
length, gap width, width of the coupling line. The required computed perfor-
-mance are: dielectric and conductor losses, magnitude and phase of transmis-
sion coeflicient, required load at the output port for input match and corre-
sponding value of input impedance. Starting from the amplitude distribution,
program ARSYNT computes iteratively (including array losses) the required
design dimensions of unit cells and required load impedances and correspond-
ing input impedance of each patch. The interconnecting line is made of two
sections of lines of different width. For example, the characteristic impedance
of the first line section of interconnecting line between elements i and i+1 is se-
lected to be equal to the load impedance at the output port of element #i. The
second line section is a quarter-wave transformer to match the input impedance
at element #(i+1) to the required load impedance at output of element #i.
The length of the second section of interconnecting lines is a quarter wave at
the center freqﬁency. The length of the second section is adjusted to yield the
required phase distribution.

- A layout of the designed linear series-fed array is shown in Figures 4.5
to 4.7. Figure 4.5 shows a layout of the first element and the input matching
network. The dimensions of the gap and the width and length of various
sections of the matching network are also shown in the figure. The input line
section is a 50 Ohms line. Figure 4.6 shows a layout and the dimensions of the

last a,n"a,y element. Figure 4.7 shows a layout of two adjacent array elements.
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The interconnecting lines are bend in order to accomodate then in the available
spacing (half free space wavelength) between adjacent array elements. Values
of various parameters shown in Fig. 4.7 are given in Tables 4.1-4.4.
Figures 4.8 and 4.9 show the computed E-plane and H-plane (parallel
to the array axis) far-field patterns of the designed array using program AR-
-RAY. The achieved SLL is -28.7 dB (compared to the specified value of -30 dB)
and the beam direction is 29.5 degrees off-broadside (compared to the speci-
fied value of 30 degrees). The discrepancy between the specified and computed
performance may be due to the effect of the element pattern in the H-plane on
the linear array pattern.
The computed H-plane far-field patterns of the sample linear array
from 12.6 GHz to 13.4 GHz are shown in Figs 4.10 to 4.15. Table 4.5 shows a
summary of the computed array performance from 12.6 GHz to 13.4 GHz (6%
bandwidth). From the results shown in Table 4.5 we note: i) The reflection
coefficient at the input port of the array remains less than -32.77 dB over the
frequency range. ii) The scan of the main beam over 3 % bandwidth (12.8-13.2
GHz) is only 3 degrees. iii) The 3% power dissipated in the load (square of
|S21]) iﬁcreases rapidly as we move away from resonance. This means that
the power being radiated by the array is decreasing as we move away from
resonance (lower array efficiency). This is consistent with the results for single

gap-coupled patches discussed in Chapter Three.

4.4 Array Sensitivity Analysis
Program ARRAY has also been used for the calculation of the sen-
sitivities of the array performance with respect to various design parameters

such as: dielectric constant, elements dimensions, etc. The method consists
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Table 4.1: Design dimensions of gap-coupled rectangular patches

Patch # Length (mm) | Width (mm) Gap Width (mm) | Feed Line
Width (mm)
1 - 7.661 3.0 2.540 0.588
2 7.662 3.0 2.263 0.588
3 7.662 3.0 1.834 0.588
4 7.661 3.0 1.462 0.588
5 7.660 3.0 1.186 0.588
6 7.659 3.0 1.008 0.588
7 7.658 3.0 0.883 0.588
8 7.658 3.0 0.767 0.588
9 7.656 3.0 _ 0.681 0.588
10 7.652 3.0 0.619 0.588
11 7.650 3.0 0.5705 0.588
12 7.649 3.0 0.533 0.588
13 7.648 3.0 0.5077 0.588
14 7.647 3.0 0.4945 0.588
15 7.647 3.0 0.4993 0.588
16 7.649 3.0 0.5378 0.588
17 7.652 3.0 0.6191 0.588
18 7.657 3.0 0.7152 0.588
19 7.658 3.0 0.7617 0.588




Table 4.2: Design dimensions of interconnecting lines (dimensions are in mm)

Interconnecting Width #1 Width #2 Radius
Line #
1 - 2 0.5793 0.5824 2.6465
2 - 3 0.5769 0.5847 2.6531
3 - 4 0.5701 0.5881 2.6506
4 - 5 0.5582 0.5914 2.6475
5 - 6 0.5379 0.5924 2.6414
6 - 7 0.5155 0.5937 2.6388
7 - 8 0.4862 0.5950 2.6318
8 - 9 0.4549 0.5947 2.6328
9 - 10 0.4200 0.5905 2.6205
10 - 11 0.3832 0.5851 2.6094
11 - 12 0.3463 0.5764 2.5977
12 - 13 0.3135 0.5651 2.5865
13 - 14 0.2888 0.5537 2.5773
14 - 15 0.2756 0.5412 2.5715
15 - 16 0.2806 0.5775 2.5721
16 - 17 0.3181 0.5250 2.5847
17 - 18 0.3826 0.5432 2.606
18 - 19 0.4359 0.5668 2.622
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Table 4.3. Values of coordinates of origin of curved séctions of interconnecting

lines

Element # (x1, y1) mm (x2, y2) mm (x3, y3) mm

1 - 2 (3.00 , 0.183) (7.369 , -3.169) (11.538 , 0.092)
2 - 3 (3.00 , 0.101) (7.426 , -2.826) (11.538 , 0.527)
3 - 4 (3.00 , 0.532) (7.402 , -2.421) (11.53% , 0.895)
4 - 5 (3.00 , 0.906) (7.364 , -2.092) (11.535 , 1.165)
5 - 6 (3.00 , 1.186) (7.324 , -1.848) (11.538 , 1.337)
6 - 7 (3.00 , 1.373) (7.301 , 1.686) (11.538 , 1.459)
7 - 8 (3.00 , 1.506) (7.291 , -1.542) (11.538 , 1.567)
8 -9 | (3.00 , 1.633) (7.275 , -1.424) (11.538 , 1.649)
9 - 10 (3.00 , 1.729) (7.261 , -1.323) (11.538 , 1.705)
10 - 11 (3.00 , 1.798) (7.251 , -1.229) (11.538 , 1.746)
11 - 12 (3.00 , 1.854) (7.242 , -1.145) (11.538 , 1.777)
12 - 13 (3.00 , 1.897) (7.235 , -1.074) (11.538 , 1.796)
13 - 14 (3.00 , 1.925) (7.229 , -1.022) (11.538 1.806)
14 - 15 (3.00 , 1.939) (7.232 , -0.996) (11.538 , 1.802)
15 - 16 (3.00 , 1.932) (7.215 , -1.017) (11.538 , 1.771)
16 - 17 (3.00 , 1.888) (7.206 , -1.117) (11.538 , 1.703)
17 - 18 (3.00 , 1.796) (7.208 , -1.280) (11.538 , 1.649)
18 - 19 (3.00 , 1.689) (7.229 , -1.412) (11.538 , 1.577)




Table 4.4: Values of angles of curved sections of interconnecting lines

Interconnectin ° o o o
“Line# | O | 0 03 0
1 - 2 55.65 66.29 41.31 51.96
2 - 3 56.52 65.11 42.22 50.81
3 - 4 56.14 65.60 41.81 51.28
4 - 5 55.51 66.38 41.16 52.03
5 - 6 54.94 67.36 40.49 52.92
6 - 7 54.58 67.92 40.08 53.42
7 - 8 54.61 66.47 39.94 53.79
8 - 9 54.43 68.97 39.67 54.20
9 - 10 54.38 69.64 39.45 54.71
10 - 11 54.54 70.43 39.35 55.24
11 - 12 54.74 71.25 39.27 55.78
12 - 13 54.95 72.03 39.22 56.30
13 - 14 55.13 72.67 39.18 56.73
14 - 15 55.20 73.09 39.15 57.04
15 - 16 55.02 73.16 39.04 57.19
16 - 17 54.45 72.55 38.84 56.93
17 - 18 53.831 71.32 38.71 56.19
18 - 19 53.75 70.46 38.96 55.25

87
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~ Table 4.5. Summary of calculated performance of the 19-element series-fed
array of gap-coupled rectangular patches

F IS11] Beam SLL SLL* 1S21]
(GHz) (dB) Direction | (dB) (dB) (dB)
12.60 -32.77 -33.5° -25.0 -17.0 -1.53
12.80 -36.54 -31.0° -26.0 -19.0 -2.45
12.90 -38.78 -30.0° -27.0 220 | -4.97
13.00 -44.88 -29.5° -29.0 — -13.0
13.10 -40.35 -29.0° -23.0 -20.0 -5.04
13.20 ~40.00 -28.0° -26.0 -19.0 -2.45
13.40 -34.00 -26.0° -26.0 -18.0 -1.55

* Close-in side lobe has emerged with main beam.
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of evaluations of the array performance when the nominal values are slightly
modified. A summary of normal array performance is given in Table 4.5.

4.4.1 Uncertainty in diel;actric constant:  Because of the nar-
row bandwidth of series-fed arrays of gap-coupled patches, the value of the
substrate dielectric constant is a critical parameter in the design. Table 4.6

-shows the effect of 1% increase in the value of dielectric constant on the array
performance. The main effect is an increase in SLL and a shift in beam direc-
tion. It may be pointed out that a 1% increase in dielectric constant will cause
the resonance frequency of patches to decrease by 0.5 % which should shift the
center frequency of the array from 13 GHz to 12.935 GHz.

4.4.2 Uncertainty in elements dimensions: The measured
dimensions of the array after fabrication are usually different from the designed
dimensions. Table 4.7 shows the effect of 0.5 mil under-etching (1 mil increase
in patch widths, patch lengths and widths of interconnecting lines and 1 mil
decrease in gaps widths). As shown in Table 4.7, the effect conmsists of an
increase in the side lobe level to -25 dB and a shift of main beam direction
to -29 degrees. Again, a 1 mil increase in patch length lowers the resonance
frequencies of the patches.

4.4.3 Uncertainty in [L] and [C] parameters: In the MNM
approach, discussed in Chapter Three, the gap region between the feed lines and
the patch is modeled in terms of a gap network. This network is characterized in
terms of an admittance matrix. The admittance matrix consists of a capacitive
part which accounts for the coupling due to the electric fields and an inductive
part which accounts for the coupling due to the magnetic fields. The elements

of the capacitive and inductive parts are computed from [C] and [L] parameters
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Table 4.6. Effect of a 1% increase in dielectric constant on the performance of
the 19-element array

Frequency IS111 1S21] SLL .Beam
(GHZ) (dB) (dB) (dB) Direction
12.8 -35.2 -2.08 -18.0 -31.5°
13.0 -49.6 -9.37 -235.0 -28.0°
132 | -40.4 -324 | -185 | -280°

of the corresponding coupled line configuration. Table 4.8 shows the effect of a

5 % increase in [C] parameters and 5 % decrease in [L] parameters. As shown

in this table, this results in increases in SLL and the values of |S11] and |Sy|.
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Table 4.7. Effect of a 1 mil increase in arrays dimensions and 1 mil decrease

in gaps widths

Frequency 1S11] 1S21] SLL ‘BeaT
(GH2) (dB) (dB) (dB) Direction
12.8 -39.84 -3.33 -18.0 -30.0°
13.0 -40.93 -10.1 -25.0 -29.0°
13.2 -453 -2.14 -18.0 -27.0°

Table 4.8. Effect of a 5% increase in [C] and 5% decrease in [L] on the perfor-

mance of the 19-element array

Frequency IS11] 1S21] SLL Beam
(GHz) (dB) (dB) (dB) Direction
12.8 -33.57 -1.63 -18.0 -32.0°
13.0 -26.40 -1.37 -18.0 -30.0°
13.2 -35.49 -1.29 -18.5 -28.0°




CHAPTER 5
CONCLUDING REMARKS

A summary of the work described in this report is presented in this

chapter.

5.1 Directly-Fed Patch

The analysis and the design of the directly-fed patch (shown in Figure
1.3) can be carried out using the MNM approach already developed in [6]. An
approximate transmission line model has been presented in Chapter 2. Based
on this model, computed performance of the patch is given. Results show that
this configuration is not very suitable for array elements with very small values

of fractional radiated power.

5.2 Gap-Coupled Patch

The multiport network model [6] has been extended to the analysis
and design of gap-coupled patch shown in Fig. 1.2. Details of this modeling
approach are given in Chapter 3. The modeling of the gap in terms of a
multiport network model consisting of inductive and capacitive parts has been
presented. The elements of the gap network are computed by modeling the
gap-coupled configuration in terms of an asymmetric coupled line. [L] and
[C] matrices of the asymmetric coupled line are evaluated using the software

package in [12]. A flow chart depicting a step-by-step design approach for the
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patch has also been given. A good agreement among MNM approach, full-
wave method and experiment for a gap-coupled rectangular microstrip patch
without a cover layer was obtained. A good agreement has also been obtained
between MNM and full-wave analysis for a gap-coupled patch with a cover

layer.

| 5.3 Series-fed arrays of gap-coupled patches
In Chapter Four, a computer-aided design and analysis procedure for
linear series-fed arrays of gap-coupled patches (with and without a cover layer)
has been described. The approach is similar to t.hat used for series-fed arrays of
directly-fed patches discussed in [14]. A software package for series-fed arrays,
based on MNM approach, has been implemented on VAX. The software has
been used for the design of a sample array of gap-coupled patches without a

cover layer.
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