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ABSTRACT 

For a typical microstrip antenna placing the radiating elements and feed 

lines on one side of the substrate realises the advantages of planar 

fabrication. It can be shown that the currents in many parts of the feeder circuit 

have magnitudes comparable with those in the radiators and make a significant 

contribution to the total radiation. 

In this thesis the radiation from both the radiators and the feed lines will be 

examined. The radiation from microstrip was calculated from the current 

distribution. This method allows the calculation of the radiation from the nominal 

radiators and the feed circuits. Theoretical and experimental results verifying 

this approach will be given for examples of relatively low Q resonators on thick, 

low permittivity substrates required for efficient antennas. 

Unwanted radiation from the feed circuit could be reduced by the use of coaxial 

lines below ground or a multiple-layer strip line assembly, but such 

complications are unattractive. Reduction in unwanted feed line radiation has 

been investigated by the use of a balanced line feeder, combined with a suitable 

balun. 
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CHAPTER 1. 

1. Microstrip Antennas. 

Conventional wire antennas consist of suitably disposed conductors which 

radiate electromagnetic energy. When the antenna is excited, a current 

distribution exists over the conductor surface, dependent on the conductor 

geometry. If the current distribution is known to a fair approximation, the radiation 

from the antenna can be determined. A common practical antenna is the 

centre-fed halfwavelength dipole which has an approximately sinusoidal 

current distribution, and produces a maximum of radiation in the plane normal to 

the axis. 

Much expertise on conventional wire antenna has been accumulated over the last 

100 years, and it is well appreciated that conductors of a variety of cross 

sections may be employed. It was natural to consider antennas fabricated from 

planar conductors supported by a dielectric substrate, once the manufacturing 

process for printed circuit boards had become established. Interest in the 

fabrication of microwave circuits using planar techniques, arose in the 1950's. 

Initially microstrip line-above-ground transmission lines were proposed, but 

were of limited application because of high attenuation due to dielectric loss and 

lack of understanding of the propagation characteristics. In order to overcome 

these problems, the "triplate" transmission line, often referred to as "strip-line" 

received greater attention, and was widely used in the manufacture of lower 

frequency microwave circuits. The triplate transmission line consisted of a flat 

conducting strip located in a symmetrical position between two parallel ground 

planes. The guided wave is close to the ideal t. e. m form, and is fully enclosed and 

shielded. 
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The availability of better materials, improved understanding of the open 

microstrip propagation characteristics, and the need for a circuit media compatible 

with evolving solid state devices caused a renewal of interest in microstrip 

techniques. For circuit applications, unwanted radiation remained a practical 

limitation, but could be kept within acceptable limits by the use of thin, high 

permittivity substrates and effective shielding. 

Conversely, the use of thicker substrates of lower permittivity enhances the 

radiation from a given circuit configuration and operating frequency, and the 

possibility of using the microstrip circuit as the basis of an antenna structure 

attracted attention. The first practical microstrip antennas were developed in the 

early 1970's by Howell [1] and Munson [2]. Various types of flat profile 

printed antenna have been developed such as the microstrip antenna, the triplate 

slot antenna, the cavity backed printed antenna, and the printed dipole antenna. 

Compared with waveguide antennas these new types of printed antenna have 

some advantages in weight, thickness and cost, but still involve complex 

manufacture. 

A continuing attraction of the microstrip circuit and microstrip antennas is that 

the conducting elements together with the feed lines, can be printed onto one 

surface of a single substrate directly backed by a ground plane, which can be 

conformally mounted. The supporting substrate should have as low a value of 

permittivity as possible, while maintaining good thermal and mechanical properties. 

For example, foam has a value of permittivity close to that of free space, but does 

not have the required thermal and mechanical properties. 
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1.1 Radiating Elements. 

The radiation from microstrip li'ie and discontinuities was first calculated 

by Lewin [3], who showed that this radiation is most apparent in microstrip 

circuits involving resonant structures. Using this analysis the effect of radiation 

on the overall Q factor of common microstrip circuit elements such as the 

open-circuit half-wavelength resonator, can be described as a function of resonator 

dimensions, operating frequency, relative dielectric constant and thickness of 

substrate. At microwave frequencies the radiation loss dominated the conductor 

loss for thick, low permittivity substrates. Thus, the open-circuit half-wavelength 

microstrip resonator can be used as an efficient microstrip antenna when 

fabricated on a thick, low permittivity substrate. Since, microstrip circuits and 

discontinuities radiate, it is obvious that the feeder network to the microstrip 

antenna elements will also radiate. 

In order to increase the radiation efficiency of an open-circuit half-wavelength 

microstrip resonator, the width of the resonator was increased to form a resonant, 

rectangular patch. 

1.2 Patch Antennas. 

The rectangular patch antenna was one of the earliest microstrip antenna to be 

developed, the structure and operation being related to that of resonators used in 

circuit design. The antenna consists of an isolated area of rectangular conductor 

on the upper surface of the microstrip substrate, of arbitrary width, with a 

length dimension comparable to one half-wavelength in the microstrip, fig 1.1(a). 

Munson [2] and Howell [1] modelled the patch antenna as a cavity with high 

impedance walls at the sides, with radiation occurring from the open circuit 

discontinuity at each end of the resonator. 
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Further developments by Munson included the idea of wrapping a long rectangular 

antenna around the body of a vehicle or missile. The open circuit ends of the 

microstrip are considered to be thin slot radiators, described by Harrington [4], 

and joined by a low impedance, half-wavelength transmission line. The circular 

patch antenna fig 1.1(b) requires only a single feed line to achieve circularly 

polarised radiated fields. Other patch antennas utilising triangular and pentagonal 

shapes have been fabricated fig 1.1(c). But these patches are difficult to analyse. 

The fields inside these patches can only be determined by the use of numerical 

techniques since boundary conditions cannot be imposed in a simple fashion. 

All these patch antennas can be designed to operate in a dual-frequency mode by 

stacking the patches one above the other with a dielectric layer between the two 

radiators, and a dielectric substrate between the bottom radiator and the ground 

plane. Caver [5] stacked two resonant patches closely spaced. The larger 

radiator acts as a partial ground plane for the smaller radiator, which is resonant 

at a higher frequency. 

1.3 Array Configuration. 

As with conventional wire antennas, characteristics such has high gain, beam 

scanning, or steering capability are only possible when discrete radiators are 

combined to form arrays. Microstrip antennas are ideally suited for conformal 

arrays, since for phased array configurations they have the advantage that all 

ancillary electronics can be incorporated into one integrated board. During the 

1970's series-fed arrays were developed using new low loss substrates for fixed 

beam communications and radar applications due to their lightweight, flat profile 

shape and simple construction, which outweighed the reduced performance 

obtained when compared with conventional antenna. Arrays of resonators with 

integrated printed phase shifters for beam steering were developed during this 

period. 
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Figure 1.1. Triangular and pentagonal patch antenna. 
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1.3.1 Linear Arrays 

A linear array consists of elements located at finite distances along a straight 

line. These linear array elements can be distributed over the surface of the 

substrate to form a linear planar array. 

For microstrip, two types of transmission line array are feasible, the travelling 

wave antenna where the end of the line is terminated in a resistive match, and 

the standing wave antenna where the microstrip line is terminated in an open or 

short circuit. A standing wave antenna usually radiates a broadside beam, while 

travelling wave antennas can be designed to radiate a beam in any direction from 

backfire to endfire. 

1.3.2 Travelling Wave Antennas. 

A series fed microstrip patch antenna has been described by Derneryd [6], which 

consists of an array of cascaded patch elements interconnected by high 

impedance lines. If widely scanned beams are required then halfwave elements are 

unsuitable due to the deep null in the radiation pattern near the ground plane. 

1.4 The Series Feed 

The simplest form of feed system for a linear array is series feeding in which 

the radiating elements are periodically attached to a transmission line, fig 1.2. 

The loading of this transmission line is determined by the radiating element used. 

The spacing between the radiating elements is chosen, so as to produce the 

required phase distribution across the radiating elements. Thus, as the source 

frequency changes a progressive phase shift down the array results, which 

causes the main beam direction to change. 
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feed line 

ground plane 

Figure 1.2. Microstrip antenna with coplanar feed. 
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In order to achieve a broadside directed beam the elements must all be in phase, 

which implies that the radiating elements are spaced at ? intervals. A broadside 

directed beam can also be obtained by offsetting the antenna elements on either 

side of the feed line and feeding each alternative element in antiphase, at ý/2 

intervals. 

For a linear array it can be seen that the mismatch of consecutive radiating 

elements returns to the input in phase, and for a long array produces a high input 

V. S. W. R . For this reason most standing wave arrays operate a few degress 

off broadside. If the radiating elements are spaced at quarterwave length 

intervals and alternate pairs of elements fed in antiphase, this squint in the 

broadside pattern can be suppressed. If the losses in the feeder are significant 

some improvement in the efficiency of the antenna can be- obtained by centre 

feeding the array. 

Series feeding of resonator arrays is possible by capacitive coupling of the 

resonator to the feed line as described by Cashen [7]. The coupling to each 

resonator is controlled by the distance of the element from the line, fig 1.3(a). In the 

resonant form the elements are placed at voltage maxima on the line, and the 

element spacing in either case is one strip-wavelength. 

By rotating the resonators by 900 and directly coupling one end to the feed line, a 

comb array, is formed, fig 1.3(b). The resonators or stubs are spaced at one 

wavelength intervals along the feed line, so as to radiate in phase. The radiation 

conductance across the feed line is directly governed by the stub width. The 

power radiated per unit wavelength can be increased by placing halfwave-length 

spaced stubs on alternate sides of the feed line, fig 1.3(c). 
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The resonant array is advantageous in that no matched load is required, but is 

counter balanced by higher values of stub loss, and the bandwidth of the array 

decreases steeply as the number of stubs increases. James [8] proposed that the 

beam scan of the comb array could be increased by placing slits in the 

resonators, fig 1.3(d). However, the close spacing of the resonant elements 

suggests that undesirable coupling between resonant elements may be set up within 

the array. 

A particular problem with centre feeding the antenna is that each half-section of the 

array has a different squint angle which will severely limit the bandwidth obtained 

for this arrangement. The bandwidth of the end-fed array is limited by the 

degradation of the sidelobes by the feed system, and the transmitted power falls 

off as the beam scans away from the desired direction. 

Beam squint with frequency is a particular disadvantage of travelling wave arrays. 

In principle this squint can be eliminated by equalising the path length between the 

input and each radiating element. Such an arrangement is the series compensated 

feed system proposed by Rodgers [9]. By ensuring that there is an equal path 

length to each radiating element and tapering the power distribution down the feeder 

structure. 
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1.5 The Corporate feed. 

The corporate feed system is a feed arrangement in which the power is split 

between n output ports with a pre-determined power and phase distribution. This 

may take the form of a series of multiple power splitters. 

By using two-way power splitters combined with broadband impedance 

transformers etc, this feed is capable of wide band operation, limited mainly by the 

matching to the radiating elements. The corporate feed array in planar form will 

occupy a large area and cannot be stacked to form a three dimensional array. 

An example of a novel corporate feed system is outlined by Williams [10,11] 

using a diagonally connected array of microstrip elements, fig 1.4. This technique 

allows for a compact packing density on low permittivity substrates (Ei=2.55). 

This allows the antenna elements to be spaced at 1X2 intervals, while feeding the 

elements with 1X feed line sections to produce a co-phase array. Side lobe 

radiation control is accomplished by centre feeding the array. 

1.6 General features of planar antennas. 

In many applications the advantages of microstrip antenna far outweigh their 

disadvantages, so that they could be used to replace conventional antenna. Some 

of the principle advantages of microstrip antenna compared to conventional 

antenna are : 

a) They are lightweight, low volume, low profile planar configurations 

which can be made conformal. 

b) The fabrication costs are low and the structures produced are 

amenable to mass production using p. c. b production techniques 

c) They may be mounted on missiles, rockets and satellites. 

d) Linear polarisation and circular polarisations is possible. 

e) Dual frequency antennas may be made and no cavity backing is 

required. 
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Figure 1.4. Cross-fed antenna by Williams. 
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f) The microstrip antenna is compatible with modular design and 

solid state devices can be added directly to the antenna substrate 

board. The feed lines and matching networks can be fabricated 

simultaneously with the antenna structure. 

However, microstrip antenna also have some disadvantages : 

a) There are practical limitations on the maximum gain obtainable by 

microstrip antenna due to feeder losses. 

b) There is poor isolation between the feed and the radiating 

elements, with the radiation from the feeder affecting the desired 

radiation pattern. 

c) These antenna have a narrow bandwidth. 

d) These antenna have poor endfire radiation performance, and there 

is a possibility that surface waves can be generated. 

f) These antennas have low power handling capability. 

Some system applications for which microstrip antennas have been developed 

include : 

a) Satellite communication 

b) Doppler radars and radio altimeters. 

c) Command and control with missile telemetry. 

d) Feed elements in complex antennas. 

e) Satellite navigation receiver, etc 
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CHAPTER 2. 

2. Calculation of Resonator Radiation. 

The simplest radiating current element, that can be considered is the short 

oscillating electric dipole consisting of a filament of elemental length al carrying 

a complex time varying current I. From the retarded vector potential, using 

spherical polar co-ordinates it can be shown that [1] : 

to al 
a 

ý 4a e -Jkr ýk 
+1 I_ ý rr 1 

ýý' ýaý 
sinn (2.1) 

Er 
I0ýý81 

e 
jkr 22 +23 cos 8 (2.2) 

r jtýer 

E© 
I40 

n81 e 
jkr Jý 

+13+R2 sin9 (2.3) 
r jwer r 

where 

'" _ýý 120n 
ý Eý ° Hr = Hg= 0 (2.4) 

and 

ö1 is elemental length. a1= adz 

X is the free space wavelength. 1(t) = Re (I0 a 
jwt ) 

ýIi0I Is the r. m. s current. 

In the far field as r -> oo only the "1/r" terms are significant and approximate 

locally to a uniform plane wave. At great distances from the source, any portion 

of a spherical wave surface is essentially a plane wave, with Ee and Ii(P are 

in time phase, related by Tj 

H ._ 
Jk I. al e'Jkr sin 6 

9 

E= j W}. 1 Io a1 e"Jkr sin 6 
0 41Tr 

417r 

(2.5) 

(2.6) 
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EE) and Hý are in time phase, related by 11, and at right angles to each other and 

the direction of propagation. The Poynting vector is then completely in the radial 
direction The time average PI for a short dipole, calculated from the peak values 

of Eg and HH using Poyntings theorem :- 

Pav =2I Re (Ex H). dS 

and 
Js 

P= 
av 71 nI3X1 

ýl)2 
(2.8) 

(2.7) 

2 

ý 40 it 2 lIa12 IaII (watts) 

This power corresponds to an effective radiation resistance given by :- 

2 Pav 
2öl2 Rrad -12= 80 

IA ( 
(i2) (2.9) 

l ol 

2.1 I idiation from Microstrip Structures. 

Any physical circuit or antenna structure carrying current may be modelled as a 

distribution of elements. In principle the electromagnetic field of such an 

antenna may be calculated. In practice precise knowledge of the current 

distribution may not be available, however an approximate current distribution 

can often be assumed. Interest is usually centred on calculating the far field 

radiation and in these circumstances the following assumptions may be justified 

in order to simplify the calculation of radiated power from the antenna, fig 2.1 :- 

a) Differences in radius vector to different points of the radiator are 

absolutely unimportant in their relative effect on magnitude. 

b) All field components decreasing with distance faster than 11r are 

completely negligible compared with those decreasing as l/r. 

C). Differences in radius vector r" relative to r' for the purpose of finding 

phase difference are taken as r'cos4, where r' is the radius to the 

radiating element from the origin, 4J the angle between r' and r, r is the 

radius from the origin to the distant point P(r, e, (p) at which the field is 

calculated. 
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The calculation of power radiated from the system follows a systematic application 

of the Poynting vector as described by Schelkunoff [2]. The radiated field in any 

direction (A, (p) may be determined in terms of a radiation vector : dN for any current 

element J dV as 

N= 
JJ e(jkr'coso) dV (A. m) 

v 
(2.10) 

where k= 2T1/X0 and cos) for an element with angular co-ordinates 

(g', cp') is given by (page 589, reference 1) ; 

cosh = cos(e) cos(09) + sin(g) sin(9') cos(O - 4') (2.11) 

This integral is taken over all the current elements in the system. The 

components NA, N(p of the radiation vector are then used to evaluate the total 

average power radiated over a hemisphere above the ground plane (page 588, reference 1): 

ný 

(2.12) Pr = gýa 2 [INeI2 + INJ6 I2ýsin(0) 80 80 
0 o-o 

2.2 Narrow Microslrip lines 

For microstrip circuit applications the effect of unwanted radiation can be reduced 

to acceptable levels by the use of thin, high permittivity substrates and 

appropriate shielding. This radiation is most apparent in microstrip circuits, 

involving resonant structures, due to the relatively high currents set up in the 

resonator. In particular the open circuit halfwave resonator has a standing wave 

pattern which enhances the radiation from the microstrip line. This resonator is 

easy to fabricate and is often used as a radiating element in antenna arrays. 
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Lewin [3] gave the first analysis of radiation from microstrip lines and 

discontinuities in microstrip circuits, by modelling the strip current across narrow 

width microstrip lines as a single current filament, with an 'effective polarisation 

current' to account for the effect of the substrate permittivity on the resonator. 

This analysis can be used to calculate the far field radiation from an open circuit 

half-wavelength resonator by utilising the following simplifications :- 

1) The dimension of the cross section of the microstrip is small compared to 

the free space wavelength. Quasi-T. E. M propagation can be assumed 

and dispersion neglected. 

2) It follows that if the width of the strip is small when compared to the free 

space wavelength, then the current distribution across the microstrip 

line can be assumed to be concentrated along the centre line of the strip. 

3) Similarly the dielectric polarisation current is considered to be 

concentrated on a plane normal to the ground plane and containing the 

axis of the strip. The radiation. from components of polarisation current 

. normal to this plane is considered to be negligible. 

4) Sinusoidal distribution of current along the strip is assumed. End 

effects are thereby neglected, but may taken into account by the use of 

an effective length (X 12), rather than the physical length of the resonator. 

I=I cos(k'z) 
m 

where 

_. 
2 ir k" _ x5 

(2.13) 

(2.14) 



From the two filaments corresponding to y= +h and y= -h 

N 
S 

r 

A 
29 

II cos(k'z) e(jkz cosA + jkh sin(e)sin(yp)) - a mz 

-a 29 
+ 

dz 

A 
29 

I cos(k'z) e(jkz 
cosO - jkh sin(A)sin(p)) ä dz Jm z 

-A 
29 
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For the system shown in fig 2.2 the strip currents will give rise to elements : 

I dz =I cos(k'z) dz 
z  

for 
ýaa ý<z <2 

x= 
2 1[ . 

_. - 

x` -0 

ý 
9 

v'= h 

and from the image in the ground plane: 

iZ dz =-I. cos(k'z)dz 

x I= 0 Y'= "i1 

Substituting into equation (2.10) 

N 
s 

I 
IN 4' 

(2.15) 

(2.16) 

= 2j Iý sin(kh sin© sino) I 

-a 

cos(k'z) exp(jkz cose), dz (2.17) 
J 

ýo 
X= 0, ya0 

Roberts [4] integrated this equation to obtain a closed form expression for the 
ý 

radiation Ns due to the strip current :- 

4j 
  

r 
Im sin(kh sing sin#) cos cos(h) In1 k (c-cos0) 2 17 -cc 

AX (2.18) 

CA., ný 
a is a unit vector in the z direction. 

z 
Since the current in the radiating system flows only along one axis :- 

Ne=-N sin 
ý Afq5 ýo 

k (ý- cos e) L2 %f -CC 

(2.19) 

where, E. is the effective dielectric constant {= (Ao RXg)21 



- 22 

Figure 2.2. Resonant antenna coordinates for 
radiated field calculation. 
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If it can be assumed that all the electric flux lines eventually pass through the 

dielectric giving rise to polarisation currents, the dielectric polarisation currents for 

the system can be derived :- 

i= 2h jcU C1-1V (A) 
Er 

where, 
2 

i polarisation current xk unit length of strip. 
6I= -j w Caz V 

T hcrefore 

c-1 
i =-2h r 

e 
r 

8I 

oz 

(2.20) 

(A) (2.21) 

So, that the dielectric polarisation current has current elements given by :- 

e-1 
ly dz ý- 2h rE I k' sln(k'z) dz 

r 

And, substituting into equation (2.10) : 
A 
AV 

(2.22) 

N f, 2h cr -i Im k' 
Jsln(k'z) 

exp(dkzcos0) äy äx (2.23) P ýr 

a. is a unit vector in the z direction. 

Roberts then showed that the radiation, Np due to the dielectric polarisation 

current (with its image) is given by :- 

Ic1ý, 
4J h Iý � eý LrL cos(0) cos n CO ay (2.24) 

P 

where, (c cos 2 0) 2i (A. m) 

iy is a unit vector in the y direction. 

E. is the effective dielectric constant (E. = (1ýý/1ýg)2) 

(er - 1) 

c 
r 

C 
I. 

-1 
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The components of Np in the directions 8 and q are given by :- 

Ne = Np cos 0 sin cp äg ; Hy = Np coscp T. (2.25) 

It is possible to calculate the power radiated by the strip, and polarisation currents 

by substituting the values of Ne , I'ip into the following equation to give the 

total power radiated, into the half-hemisphere above the ground plane, for 

-n/2<cp<n/2 : -r 

ý 

T 

f ýýol 
(2.26) 

o J-ýL J (w)` 
This integral was evaluated using a numerical programme based on Simpsons rule 

for double integrals. This theoretical study can be further simplified and a simple 

closed form formula derived for the radiation loss. For higher values of dielectric 

constant the following approximations are made : 
{(Er - 1)/Er) x1 and sin(k'z) = k'z, z< Xg14 

Easter [101 showed that the radiation from the resonator could be approximated by a 

small loop antenna in the plane containing the strip axis and its image which has a 

current area product of h Xg Im2 (Amý It follows that the power radiated above 

the ground plane is given by 
rjk4- 

Pr = 24 Tt 
is (current-area product) 2 (w) (2.28) 

The radiated power fraction [10] is given by : - 

Pr = 64 11 Tt h2 (2.29) 
Pi 3 Ee ZO X0 

where, Pi =8ý Iml 2 ZO is the power incident at each end of the resonator. 

From equation 2.29 it can be seen that the radiated power from the resonator is a 

complex function of the substrate height, strip width and permittivity of the 

substrate, fig 2.4. By increasing the substrate height the radiation from the strip 

is increased. While increasing the substrate permittivity reduces the radiated 

power. A computer programme (appendix 1) based on the above expressions was 

written so as to calculate the total power radiated by a resonator of known 

substrate height and permittivity. The validity of this programme is confirmed by 

experimental measurements in chapter 4 



26 

power 

0 

nl /2 rad i 

-49- 
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Since the radiated power Pr and the incident power Pi can be calculated, the 
radiation efficiency can be determined for the half-wavelength resonator. 
Graphs were then plotted of the antenna efficiency as a function of line width, 
substrate height and permittivity. 

Fig 2.5 shows the calculated radiation efficiency of the resonator as a function of 

the effective dielectric constant for %0 3cm, zo = 50c2 and -h =1.6mm. 

Fig 2.6 shows the calculated radiation efficiency as a function of characteristic 

impedance for a substrate of permittivity 2.55 and a thickness of 1.6mm. 

2.3 Radiation from a Medium Width Microstrip Resonator. 

To produce theoretical predictions applicable to all microstrip configurations, the 

analysis must allow for the spreading of radiation sources as the strip width 

increases. For medium width microstrip lines where the line width is greater than 

X/16, the simplifying assumptions outlined by Lewin, are no longer valid, since 

the current distribution across the strip cannot be assumed to be concentrated along 

the centre line of the strip. The differences in radius vector to different parts of the 

radiator is no longer unimportant since it affect the magnitude of the far field 

radiation. 

For a non-rigorous approximation in order to calculate the far field radiation the 

current distribution can be split into two symmetrical line charges spaced, either 

side of the centre line of the strip. The far field Poynting vector due to the 

two line charges can then be calculated using systematic approximations outlined by 

Schelkunoff. A more exact numerical technique using the moment method was 

developed by Agrawal [5] et al, who represented the antenna as a fine wire grid 

immersed in a dielectric medium. 
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Richmonds reaction formulation is then used to evaluate the piecewise sinusoidal 

current as a set of n overlapping dipoles to give a set of n simultaneous equations. 

Solving these n unknown equations leads to the segment currents and hence 

gain, input impedance, efficiency and far field radiation. This approach However, 

is tedious to implement and requires considerable computational time. 

2.4 Radiation calculated from the aperture field. 

For wire antennas it is natural to assume a current distribution over the antenna, 

and to consider the current elements as the source of radiation. For other types of 

antenna such as the electromagnetic horn antenna it is more natural to think of the 

antenna as an aperture and to consider the aperture fields as radiation sources 

using Huygens principle. 

Thus a knowledge of the field distribution over the aperture should yield the far 

field radiation by summing the contributions of the huygen sources distributed over 

the aperture. While, for microstrip antennas there are fields and currents on the 

surface of the conductor, together with a polarisation current contained within the 

substrate. However, if the microstrip line is relatively wide it can be 

considered as a conventional aperture. Since, the aperture gain is large, the 

relative effect of the neglected fields outside the aperture is small, and can be 

neglected. Kompa [6] has pointed out that a very wide open circuited microstrip 

line, will tend to behave as a semi-infinite dielectric loaded waveguide with 

radiation occurring from the narrow slot aperture formed by the fringing field 

between the conducting sheet and the ground plane at the open circuit discontinuity. 
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Munson [7] modelled the rectangular patch antenna as two electrically thin slots 

spaced A/2 apart excited in phase, and radiating into the half-space above the 

ground plane, fig 2.7 . The electric fields in the slots can be resolved into vertical 

and horizontal components, with the horizontal component extending a length 

equal to the ground plane spacing, from the edge of the slot. The far field radiation 

is then obtained by summing the radiation fields in the horizontal and vertical 

directions. The admittance of a thin slot aperture in a ground plane was derived 

by Harrington [8], who showed that for a/& < .1: 

2 
GL. 

0 
vs a7171 

`24) 
(2.30) 

B tt 
3.135 -2 log(ka) (2.31) 

4. Äg/A: 
1 

M, 1/ 

where, 

k is the wave number, Gt is the radiation conductance/ unit length of the slot aperture. 

and a is the slot height, Bt is the radiation susceptance/ unit length of the slot aperture. 

In most microstrip applications, the conductance simplifies to :- 
GL=.. 

ýn ( 11-'ý M"') (2.32) 

Thus, the resistance of the slot is given by : - 
r 

°` 
= 120 

L 

where, L is in wavelengths. 

ra is the resistance of the slot aperture. 

(2.33) 

Since, the electric field in the slot can be resolved into vertical and horizontal 

components, Derneyd [9] like Munson [7] assumed that the horizontal component 

extends a length equal to the height of the substrate above the ground plane, 

fig 2.8 .A far-field approximation for the radiation from the two slots spaced 

A/2 apart, gives only a cp directed component of the electric field. 

R 
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Figure 2.7. Microstrip patch antenna. 
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Figure 2.8. Geometry of radiating slot. 
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The input admittance of the radiating elements is found by transforming the slots 

through the low impedance to give : 

G, J(Bý+ Y tan(3L)) 
Ytn G,, + JB" + Yc Y-B tan(13L) + JC (. n ý) (2.34): Z 

where 

P is the propagation constant, 

L is the length of the transmission line, 

Y. is the characteristic admittance. 

G. is the radiation conductance of the slot aperture. a: ' 

Ba is the radiation susceptance of the slot aperture.. W 

At resonance the imaginary part of the input admittance is zero. This occurs when : 

tan ßL 
2Y B4L 

G. 2 +Bý-Yý 

(2.35) 

Practical values of the parameters give a resonant length slightly shorter than a 

half-wavelength, and the input admittance at resonance is given by : 

YIn 22 GA 

2.5 Conclusions. 

(.,. -I) (2.36) 

The analysis of the microstrip open circuited half-wavelength resonator 

enables the design limitations of microstrip antenna arrays to be assessed. This 

study gives qualified approval to the current method outlined by Lewin for 

microstrip radiation calculations. Fringe field effects to the extent that they affect 

directly the radiation process have not been evaluated, but are most likely to be 

unimportant for very narrow microstrip lines. 
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For much broader microstrip lines the distortion at certain discontinuities may be 

of considerable importance. These reservations apart, the "current method" can be 

applied to a number of microstrip discontinuities and can be used to calculate feeder 

radiation. It will be shown in chapter 3 that the feeder current is comparable in 

magnitude to the resonator current. If the strip is wide it is tempting to consider the 

microstrip line as a conventional aperture since the relative effects of fringing fields 

along the line can be ignored. 
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Chapter 3. 

3. Feed lines for Microstrip Antennas. 

A linearly polarised microstrip antenna consist of surface mounted patches 

connected by a coplanar feed network to fully realise the advantages of planar 

fabrication. The radiation from the feed lines of this type of structure can make a 

significant unwanted contribution to the side lobe and cross polarisation radiation 

of the antenna, since the feed line currents are comparable in magnitude to the 

currents in the radiating elements. An example of the feed radiation affecting the 

radiation pattern can be observed by examining the cross-fed printed antenna as 

described by Williams [1]. This design uses an ingenious arrangement of feed 

lines at 450 to the radiating elements to give good gain and radiation efficiency. 

From the symmetry of the dipole arrangement the two radiation patterns obtained 

at ± 450 to the normal orientation of the antenna should be similar. But the 

measured radiation patterns at ± 450 orientation to the normal are dissimilar, 

fig 3.1 . The differences in the two radiation patterns must therefore be due to 

feeder radiation. 

3.1 Theoretical evaluation of feed line radiation. 

The simplest form of feed system for a linear array is series feeding in which the 

radiating elements are directly attached to the feed line. In order to produce 

co-phase radiation the radiating elements are spaced at % intervals along the feed 

line. 
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Figure 3.1. Cross fed array due to Williams and its characteristics. 
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For a broadside array the travelling wave component of the current decreases as 

the feed current progresses down the array and the impedance mismatch between 

the radiating elements and the feed line increases. Thus a standing wave current 

distribution is set up along the feed line, fig 3.2. 

It can be shown that the peak current in each section of the feed line remains 

constant. In the absence of loss, the voltage at each load point is Vt. The current 

at the load points is given by :- 

I_ 
_- 

x. Vl 
xN. Zr ( a) 

where, 

Lis the current at load point x. 

N is the total number of radiating elements. 

Zr is the resistive load. 

The standing wave in each section is given by :- 

S 
x 

where, 

NZ 
r 

Z 
of 

(3.1) 

(3.2) 

Zo f is the characteristic impedance of the feed line. 
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The load points and current minima are resistive. Current maxima Imax occur at a 

distance X/4 and 3X/4 from the load. 

I=IS 
max xx 

(A) 

substituting into equations (3.1) and (3.2) gives 

I= 
max 

x Vl N Zr = V1 

NZxZZ 
r of of 

(3.3) 

ý Aý (3.4) 

Thus, the maximum current in each X feeder section remains constant. 

The maximum current Ir in the resonator is given by : - 
V 

Ir Zi " 
(A) 

or 

(3.5) 

where, 

Zo, is the characteristic impedance of the resonator. 

Thus, it can be seen from equations 3.4 and 3.5 that the feed line current is 

comparable in magnitude to the current in the radiating element. 

The simplifying assumptions outlined by Lewin [2] and Roberts [3] in chapter 2. 

for a half-wavelength resonator can be used to calculate the far field radiation 

from aX resonator or feed line. The strip radiation vector fora X resonator is 

given by :- 

N= 
S 

-4V cý Iý sin(kh sin(0) sin#) 0 
sin it cos 

k (ce cos 0)Z 
4x (3.6) 

Ca. ý) 
ä is a unit vector in the z direction. 

z 
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Since the current in the radiating system flows only along one axis :- 

N© - NB sin 0 Ä. 
e 

(3.7) 

The simplifying assumptions which were used to calculate the polarisation 
radiation for a X/2 resonator in Chapter 2 can be used to calculate the polarisation 
radiation Np for aX feed line section. 

N=-4hI� eIL 

(Er - 1) 
sin 

cos © 
. 
0. 

y 
(3.8) 

p °° Er 2 VT'-L / A. 
M` 

ay is a unit vector in the z direction. 

The components of Rp in the 6 and q directions are given by :- 

N 
e = Np cos©sino o. e N10 = NP cosO 0.. 

pf 
(3.9) 

It is possible to calculate the power radiated by the strip and polarisation currents 

by substituting the value of N9, N0 into equation 2.26 to calculate the power 

radiated. This integral was then evaluated using a numerical integration program 

based on Simpsons rule for double integrals. 

3.2 Radiation from a linear feed. 

Since the maximum current in each section of the feed line are equal the 

contribution to the radiation from each feed line section will add in phase. Since 

the feed line is long compared to the wavelength the phase contribution from 

various elements will change rapidly with angular displacement from the normal, 

given by the space factor of the array. Since the radiation pattern of a% 

resonator consists of two lobes either side of the normal, the radiation pattern of set 

of X resonators can be calculated. 
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From equations 3.4 the maximum current in each X/2 open circuit resonator is 
given by Ir = V1/Z, , while the maximum current in the X feed line is given by 
Imax = V1/Zof " Where, Ir is the maximum current in the resonator, Imax is the 
maximum current in each X feed line section, Zor is the characteristic impedance of 
the resonator, Zof is the characteristic impedance of the feeder. 

For a microstrip antenna comprising of 6 radiating elements fig 3.2, each having 
a radiation impedance of 180012 fed by a microstrip feeder of characteristic 
impedance 10092 fabricated on a substrate of thickness 16mm and permittivity 2.55, 
the maximum current in the radiating elements and the feed line sections are equal. 

By applying the equations detailed in Section 2.1 the radiation from the X/2 
radiating elements is calculated. Similarly, by applying the equations detailed in 
Section 3.1 the cross polar radiation from the X feed sections is calculated. 
The power radiated by the feed line sections is only 8 dB below the power radiated 
by the radiating elements of the system. 

3.3 Feed line radiation from corporate antennas. 

Combining patch antennas to form a two dimensional composite array is a 

natural progression from a single feed. A two-dimensional array of patch resonators 

has been described by Derneryd [4], fig 3.3. A4x4 element planar array was 

formed by feeding four linear arrays in parallel. This construction allows two 

orthogonal feeding networks to be used to obtain horizontal or vertical polarisation. 

A high gain modular antenna was designed by Murphy [5] for the SEASAT 

satellite. This antenna consisted of groups of radiating elements arranged into 

sub-groups. A2X2 patch array is a sub group of a4X4 array which in turn 

forms part of a larger group. This modular design approach may be used to design 

large antenna arrays. 

By selecting a four element group from the composite array, the directive gain and 

radiation impedance of the patches can be calculated. A reasonable approximation to 

the magnitude of the feeder radiation can be achieved by separating the feed 

network into orthogonal segments and calculating the radiated power from each 

segment. 
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Each segment feeder segment is then analysed as a loss free centre-fed 

transmission line, matched at both ends, which supports a travelling wave current 

from the centre of the feed line to the left and right patches. The current 

distribution along the feed line is assumed to be concentrated along the centre of the 

strip. The power radiated from the segment is then calculated from this 

approximate current distribution by a systematic application of the Poynting vector. 

For a modular patch antenna fed by 1000 microstrip feed lines the cross polar 

radiation is only 8db down on the main lobe radiation. While, for the same 

patch antenna fed by 2000 feed lines the cross polar radiation is 11db less than the 

main lobe. However, 2000 feed lines are difficult to fabricate and greatly 

increase the ohmic losses within the array. 

3.4 Methods of reducing feeder radiation. 

It was shown in chapter 2 that the radiated power from a microstrip line is 

directly proportional to the substrate height and inversely proportional to the 

substrate permittivity and characteristic impedance. 

Thus, the radiating elements should be fabricated on a thick, low permittivity 

substrate to maximise radiation, while conversely an above-ground feeder needs to 

be fabricated on a thin, high permittivity substrate to minimise feeder radiation. 

However, the use of thin, high impedance feed lines leads to greatly increased 

feeder losses. 
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One method of reducing the feeder radiation is to embed the feed line in a multilayer 

substrate and to capacitively couple the feed line to the radiating element, fig 3.4. 

By using a multilayer structure the height of the microstrip feeder is substantially 

less than that of a conventional coplanar feed and results in greatly reduced feeder 

radiation, at the cost of greatly increased complexity during fabrication. A major 

problem with this type of array is the difficulty in calculating the antenna 

characteristics of the array. 

3.5 Balanced line feeders 

In order to fabricate the radiating elements and a coplanar feed network on a single 

substrate of uniform thickness an alternative feed arrangement leading to a 

cancellation of feeder radiation is required. For a microstrip feed line, it can be seen 

that the curreDt in the strip, and its image are in anti-phase, and this leads to some 

cancellation of the radiation from the microstrip line. However, better cancellation 

will occur if two strip lines are configured as a balanced line with an earth plane, 

and operated in the odd mode, fig 3.5. 

The "coupled line" configuration consists of two transmission lines placed parallel 

to each other, in close proximity. In such cases there is a continuous coupling 

between the electromagnetic fields of the two lines. Because of the coupling of 

electromagnetic fields, a pair of coupled lines can support independent modes 

of propagation. These modes generally have different characteristic impedances and 

phase velocities. A good balun is required to selectively excite odd mode 

propagation along the line. The current distribution across the balanced line is 

assumed to be concentrated at the inner edges of the two coupled strips. 
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3.5.1 Dipole radiating elements. 

In order to obtain a balanced load for push-pull line, two half-wavelength 

resonators are placed on opposite sides of the balanced line fig 3.6 . The 

simplifying assumptions outlined in section 2.2 for half-wavelength resonator can 

be used to calculate the far field radiation from aA dipole, assuming that the 

separation between the two A/2 elements is negligible. 

The strip 'radiation vector Ns for the X dipole is given by :- 

N= -8 j I. sin(kh sin(6)sin(ý) cos 11 cos(8) äz (3.10(a)) 
k (Ee - COS20) Ee 

(A. m) 
Since current only flows along one axis :- 
ý. .. 

N0=-Nssin(e)ä0 ; Ný=O 

The simplifying assumptions which were used to calculate the polarisation radiation 
I 

for the X/2 resonator in section 2.2 can also be used to calculate the polarisation 

radiation vector Np for aX feed line section. 

Np = -8 jh Im JE-, (Eý___. 1) cos(()) cos 
fri 

cos(6) äy (3.10(b)) 

K: g2e) (A. m) 

The components of Np in the 6 and cp directions are given by 

Ne = Np cosesiný To ; No = Np cos6 äo 

The total power radiated can be obtained by integrating the power density over the 

half-hemisphere above the dipole (Appendix 1). 
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3.6 Evaluation of balanced line feeder radiation. 

The reduction in feeder radiation for a balanced line when compared 

with a single strip unbalanced feeder can be verified theoretically for a 

half-wavelength balanced line section, by taking a simple rectangular model of the 

structure, fig 3.7 and calculating the power radiated using the method described 

in section 2.2 CO 

The following assumptions are made for the balanced line :- 

1) Strip and image currents are assumed to be concentrated along a 

line somewhere between the centre and inner edge of the strip. 

2) The dielectric polarisation currents are considered to be concentrated in 

planes normal to the ground plane and containing the current axis of the 

strip. Components of polarisation current normal to the plane are 

considered to be small. 

3) Sinusoidal distribution of current along the strip is assumed. End effects 

are thereby neglected, but may be reasonably be taken into account by 

taking the effective length (X12) rather than the physical length of 

the resonator. 
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r' cos 4i =z cos e+ h2 + w2 sin(e)cos( 
z cos e+4 h2 + w2 sin(e) (w cos q+h sin cp } 

h+w 24 h+w2 

=z cos e+ w sin(e)cos((p) +h sin(e)sin(y) (3.16) 

*(3.16[a) ' 

, 
ý9 

Ns =J1cos(k'z) e( jkzcos8 + jkw sin(8)cos((p) + jkh sin(O)sin(y) )Idz 

+ 

- Im cos(k'z) e(jkz cosA - jkw sin(8)cos((p) +jkh sin(8)sin((p) kdz 

ý/x + 
-J IM cos(k'z) e(jkzcosA + jkw sin(8)cos((p) - jkh sin(8)sin((p) )4dz 

+ 

IM cos(k'z) e(jkz cos9 - jkw sin(6)cos(y) - jkh sin(6)sin(y) tidz 

"? 9 

NS= 
`J 

I4 cos(k'z) e( jkzcos8){[e( jkw sin(8)cos(y) (- jkw sin(6)cos((Q) )) 

'ý9 [e(jkh sin(8)sin((p) )-e(- jkh sin(6)sin(y) )j }i, dz 

12' 

... N3= -4 sin(kw sin(e)cos(cp))sin(kh sin(e)sin(y) )) Im cos(k'z) e(. lkz cosA)-%�dm 

_ ->9 
t ý 
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The strip current (1), (2) will give rise to the following 

i dz =I cos(k'z) dz 
zm 

and 
x- w. 

I dz =-I cos(k'z)dz 
z  

for 

-ý9<z<4 

X=-H , 

y=h 

y=h 

k' = 2n 

9 

and the images in the ground plane (3), (4): 

1 dz =- Im cos(k'z)dz 
z 

and 
X=aý 

1z dz = Im cos(k'z)dz 

(3.11) 

(3.12) 

(3.13) 

(3.14) 

x= -w , y=-h 

Consider an element on strip (1), the radiation vector N is given by :- 

-ýý N=II exp(jkr'coso) aV 
Jv (3.15) 

For strip(1), r'cos4 is given from equation 3.15 by : 

r' cosO =z coso +w sin(o)cos# +h sin(o)sino (3.16) 

This expression is also valid for current elements on (2), (3) and (4) using the 

correct signs for w and h given above. 

* (3-14 (a)) 
Substituting the respective values of i and r cos 4 in equation 3.15 and 

summing for both strips and image gives : - 

A 

A I. cos(k'z) exp(jkz cosO), gzdz (3.17) 

-x 49 x=0, y=0 

y= -h 

a is a unit vector in the z direction. 
z 
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61C 

where 
A= -4 sin(kW sin(6) coso) sin(kh sin(O) cosý) (3.18) 

therefore 

N= 
S 

2AIm if -C, 
a 

k(c - cos 0) 
COS COSO 

there is no component of N. in the 0 direction 

elQ. (3.19) 

2ýJ z 

CA. mý 

No =- N9 sin 0 ä, 
e 1 (3.2o) 

The dielectric polarisation current gives rise to the following elements, fig 3.8 : 

c 
I dz=-2h r 

yC 
r 

and 

1 

} 
cr -1 

I dz = 2h 
y ýr 

with 

I k' sin(k'z) dz (3.21) 
p 

I k' sin k'z dz 
IN 

r' cosO =z cose +w sin(9)coso 

Substituting in equation 3.15 : 

JB 

where 

ý 

Jýsin(k'z) exp(jkzcos9)yz 

4 x=0 , yý 0 

(3.22) 

(3.23) 

(3.24) 

E-1 
B= - 4h re Iý k'sin(kW sine sino) (3,25) 

r 

Which integrates to give :- 

nGa GuYc ---'-' ýýý "" 
P k' (c - cos26) 2�e (3.26) 

IV - .,., _/ I COSIH 1 rnc Iw --- -1d ._-"' "-"I -I 
Cr I___.,.. I cos a 1.. ( A. M) 

(e - 1) 
Jr 

C 
r 

ay is a unit vector in the z direction. 
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Figure 3.8. (a) Polarisation current. 
(b) Decomposition of odd mode capacitance 

in coupled microstrip line. 
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The 0 and tp components of the polarisation vector Np are given by :- 

Np = Np coso sino 0. 
e; Ný = Np coso äo (3.27) 

The total power radiated is obtained by integrating the power density 

over the hemisphere above the ground plane : 

Pr =8 a2 
0 0 "? C 

[INoI2 + INO I2] sin(©) 8© 8o 

n 
2 <q, < 

(ý43.28) 

n 
2 

This integral can be evaluated using the numerical integration program 

(appendix 1). 

Experimental antennas were fabricated from CuClad 250 type Gt-0625-50-11, 

with a substrate height of 1.6mm and a permittivity of 2.55 . The measured 

and theoretical performance of representative unbalanced and balanced arrays is 

summarised in fig 3.9 . The unbalanced microstrip antenna comprised of 10 

X/2 resonant elements on alternate sides of a 1000 microstrip feed line at 

X/2 spacing. The balanced line array consisted of 10 pairs of X/2 elements 

forming aA dipole at X spacing along a balanced line feed. It can be seen that 

the feed radiation for the balanced line antenna is much less than the feed radiation 

from a microstrip feed line. 
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3.7 Estimation of feeder loss. 

The dissipative losses associated with microstrip lines is a major limitation of 

microstrip antenna. The overall loss in microstrip is generally assumed to be 

associated with conductor and dielectric loss. It is not unusual for half the input 

power in a large antenna array to be dissipated within the feeder. A major 

problem with microstrip antenna is to find methods of reducing this loss while 

retaining the geometrical simplicity of a coplanar feed. This loss has only a 

second order effect on the feeder radiation mechanism, and the existing loss 

equations are adequate for antenna design. 

3.7.1 Conductor loss. 

Conductor loss is the most significant loss effect over a wide frequency range, 

due to the high current density in the edge region of the conducting strip. The 

loss due to the finite conductivity in the strip and ground plane of the microstrip 

can be calculated if the current distributions in the conductor and the resistivity of 

the conductor are'known. Some authors [6,7] have assumed a uniform current 

distribution over the strip to give 

S. 68 R 
ac =aZ° db/m 

and 

Rs = /11 f }. t 
AJ aC 

where 

R. is the surface resistivity (X /Q) 

w is the strip width. 

Zm is the strip impedance. 

Q. is the conductivity of the copper. 

(3.29) 

(3.30) 
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This formula overestimates the theoretical loss by 80% and more accurate estimate 

was determined by Pucel et at [7] using Wheeler's [8] 'incremental inductance 

rule'. 

3.7.2 Dielectric loss. 

The calculation of dielectric loss involves the extensive use of numerical 

techniques. A crude approximation by Welch [9] following an approach by 

Wheeler [8] has been developed. However an adequate formula for low loss 

dielectrics is given by Schneider [10] : - 

= 
27.3 cr(ce- 1) tan a db (3.31) d /cm 

)e (Er- 1) 

where, 

AT is the wavelength in microstrip. 

5 is dielectric lass tangent. 

Assuming a reasonable quality thin substrate, the dielectric attenuation constant is 

small when compared with the conductor attenuation constant, and is usually 

ignored in the antenna design. 
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3.7.1 Losses in Coupled line. 

A great deal of work has been published on losses in coupled lines. However very 

little practical data exists to verify this literature. The losses are evaluated in term 

of odd and even mode attenuation constants. These can be calculated using 

Wheeler's incremental inductance rule [8]. As with single microstrip lines, the 

most significant course of loss is conduction loss. Some work has been published 

on methods of calculating the losses due to the conduction of the odd and even 

mode microstrip. Davies [11] computer programs 'ZERO1' and 'ZERO2' 

(Appendix 2) have been used to calculate these losses. 'ZERO 1' computes the 

effective dielectric and propagation constant, while 'ZERO2' determines the 

characteristic impedance, conduction loss and dielectric loss for low loss substrates 

using a perturbation formula. 

In practice the losses derived by these programs tend to be 80% higher than the 

measured loss, but can be accepted as an approximation until more reliable data is 

obtained. 

3.8 Conclusions. 

The balanced line feeder can significantly reduce cross polar radiation when 

compared with a single strip unbalanced feeder. This reduction in feeder radiation 

is due to the relatively close proximity of the oppositely directed currents in the 

coupled strips. Reducing the strip separation decreases the feeder radiation, but 

increases the attenuation of the balanced line. Additional losses are introduced by 

the use of a balun, and these losses are investigated in latter chapters. 
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CIIAPTI: R 4. 

4. MEASUREMENT OF RESONATOR LOSS. 

The efficiency and bandwidth of an antenna can be described in terms of the circuit 

concept of Q factor where, 
Energy Stored 

Q-2 Energy loss per cycle (4.1) 

The power absorbed by the resonant antenna includes power dissipated in the loss 

mechanism as well as the power radiated in the far field. These mechanisms 

included conductor loss Pc in the stripline conductor and dielectric loss Pd in 

the substrate. 

Pt = Pr + Pc + PSW (4.2) 

The power loss due to surface waves Psw is assumed to be negligible for thin, low 

permittvity substrates [1]. 

The total Q factor for the resonator is given by : - 

1=1+1+1 (4.3) 
Qt Qr QC QS 

where, 
Q1 is the total Q factor 

Qr is the radiation Q factor 

Q. is the Q factor due to copper loss 

Qa is the Q factor due the dielectric 

If the resonator is placed inside a shielded box to suppress radiation, the Q factor 

inside the box is given by : - 

1=1+1 (4.4) 
Qo QC Qd 
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The dielectric and strip line Q factor's can be approximated by [2J :- 

Qd 
(e - 1) e1 

re 
(4.5) 

and 

(c - 1) c tan S 
er 

QC_1.26 Ll(eom) Zo ee f 
(GHz) 

where 

C., is the permittivity of the substrate 

Ee is the effective permittivity of the substrate. 

w(mm) is the effective width in mm. 

ZO is the characteristic impedance of the line. 

f(Ghz) is the frequency in GIIz. 

4.1 Q factor. 

(4.6) 

If the power radiated, Pr for a half-wavelength resonator can be estimated 
(Appendix 1), it is possible to relate the radiation loss to a reduction in the unloaded 
Q factor of the resonator. 

I=1-1 
Qr Qt Qo 

where, 
Qt is the Q factor of an unshielded resonator. 
Qa is the Q factor of the same resonator in a loss free enclosure. 
Qr is the radiation Q factor. 

The energy stored in a half-wavelength resonator is given by Pi/f, where Pi is the 
power incident at each end of the resonator and f is the frequency. The power 
incident at each end of the resonator Pi is given by : - 
Im =1I Im 124 (4.7) 

8 
Thus 
Qt =2 Ti Pi 

Pr 
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ý 

Qt and Q0 can be measured to determine the power radiated P. by the 
half-wavelength open circuit resonator :- 

Pr 2n1_I 
Pi Qr Qt 

(4.8) 

The radiation efficiency i of the antenna is given by : - 
I total power loss - (conductor and dielectric loss) 

power radiated =2 Ir f -total energy stored 
total power loss j. 

_, total Power loss 
2nf total energy stored 

I1_1 
Qr 

= 
Qt QO 

II 
Qt Qt 

where, 
Q1 is the Q factor of an unshielded resonator. 
Q0 is the Q factor of the same resonator in a loss free enclosure. 
Qr is the radiation Q factor. 

4.2 Q factor Measurements. 

(4.9) 

ý 

The radiating and non-radiating Q measurements were undertaken by 

measuring the complex reflection coefficient of the resonator coupled to the 

measuring equipment by a small capacitive gap [2], fig 4.1 . 

The unloaded Q-factor of the resonator is given by :- 

Qo = 
fo 
Af 

(4.10) 

where, 

f is the resonant frequency. 

and, 

Af is the frequency band over which the resonator reactance is equal to the 

resonator resistance. 
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The complex reflection coefficient of the gap coupled resonator is plotted against 

frequency on a smith chart using a network analyser, fig 4.2 . The resonant 

frequency and the points at which the resonator reactance is equal to the resonator 

resistance can be obtained from the smith chart using the following procedure :- 

1) Set up the network analyser and chart recorder at the unknown port, over 

the frequency range in question. 

2) Connect the resonator to the unknown port, and move the reference 

plane on the reflection test unit to the plane of the coupling gap. Since off 

resonance the coupling gap will look like an open circuit independent of 

frequency. The reference plane setting is then adjusted so that the circle 

obtained lies symmetrically on the smith chart. 

3) The gain control on the network analyser is then adjusted, so that off 

resonance, the circuit appears to be an open circuit, i. e. the gain control is 

thereby adjusted to allow for losses in the line to the coupling gap. 

4) The sweep generator is then set to manual and the resonant and 

half-power frequencies are measured with a frequency counter. 

The greatest measurement accuracy occurs when the resonator is nearly critically 

coupled. 
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For a cavity with sides c>b>a of small depth d, fig 4.3, the resonant frequency 

of the dominant mode is given by [2] :- 

fr = fo 
L 

I- 
fI 1 

2 E2}8] 
i 

(4.11) 

where 

f=1 rýlZ 
+ 

[]2 
ý 

(4.12) 

This box must be made small enough to avoid cavity resonances, giving increased 

Q factors but at the expense of unpredictable coupling to the radiating elements. The 

dimensions found to be most suitable for the cavity are : - 

a= 24mm b= 10mm d= 30mm 

giving a fundamental, and second resonant frequencies of : - 

0101 =8 Ghz 

E102 = 11.8 Ghz 

'T'his cavity was milled from brass and fitted into an aluminium housing, which 

had been used for Q-measurements on 1.6mm thick substrates. Connection to the 

feed was made via an O. S. M connector fitted to the aluminium housing. 

4.2.1 Resonator Radiation Measurements. 

A 100iß open circuit halfwave resonator designed to resonate at 10 GHz was 

coupled to a 10012 microstrip line by a capacitive gap of 0.1mm. This 

resonator was fabricated on a 1.6mm substrate which has a permittivity of 2.55. 

The physical properties of the strip line from its dimensions was calculated by two 

programs 'Zero 1' and 'Zero 2' developed by Davies [3]. 

i 
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Figure 4.3. Cavity dimensions . 
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From Network Analyser measurements it was deduced that the feed line was 

modifying the radiation from the resonator. In order to investigate this effect a 

resonator was fed by a capacitive feed from underneath the earth plane to 

minimise feed radiation. From measurement and theory the radiation impedance 

of a 100n halfwave resonant stub fabricated on a 1.6mm substrate of 

permittivity 2.55 was 18000 

It was difficult to obtain accurate measurements of Qt and Qo when making 

measurements at X band. So a scaled up easily fabricated model designed to 

resonate at 1 GHz was constructed. The strip line and ground plane of the scaled 

up model were made from copper foil fixed to the substrate by an ; adhesive. The 

substrate consisted of several layers of Perspex sandwiched together and bolted to a 

brass plate to minimise the air gap between the sheets. Initial measurements with 

microstrip resonators fed by microstrip feeds did not agree with the radiation 

theory. The value of Qo obtained where about half the predicted value, 

At first it was thought that the low values of Qt obtained were due to the adhesive 

between the copper conductor and the substrate, but subsequent investigation 

showed that the microstrip feeder was radiating energy, reducing the measured 

radiation Q factors by about 50%. The low values of copper loss and dielectric loss 

obtained for the shield measurements was due to radiation leakage from the shielded 

box. After the box had been sealed a more accurate set of readings was obtained. 

In order to eliminate feed line radiation the halfwave resonator were fed from 

underneath the substrate by an o. s. m connector. It was then found that the 

measured radiation from the resonator was in good agreement with the values 

predicted by Lewin. The results of these measurements are given in fig 4.4, were 

it can be seen that the general variation of the radiated power is well predicted by 

theory. 
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From Network Analyser measurements it was deduced that the feed line was 

modifying the radiation from the resonator. In order to investigate this effect a 

resonator was fed by a capacitive feed from underneath the earth plane to 
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permittivity 2.55 was 18000 . 

It was difficult to obtain accurate measurements of Qt and Qo when making 
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microstrip resonators fed by microstrip feeds did not agree with the radiation 

theory. The value of Qo obtained where about half the predicted value, 

At first it was thought that the low values of Qt obtained were due to the adhesive 

between the copper conductor and the substrate, but subsequent investigation 

showed that the microstrip feeder was radiating energy, reducing the measured 

radiation Q factors by about 50%. The low values of copper loss and dielectric loss 

obtained for the shield measurements was due to radiation leakage from the shielded 

box. After the box had been sealed a more accurate set of readings was obtained. 

In order to eliminate feed line radiation the halfwave resonator were fed from 

underneath the substrate by an o. s. m connector. It was then found that the 

measured radiation from the resonator was in good agreement with the values 

predicted by Lewin. The results of these measurements are given in fig 4.4, were 

it can be seen that the general variation of the radiated power is well predicted by 

theory. 
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Radiation Measurements on a Single Dipole. 

In order to obtain a balanced load for a 'push-pull' balanced line, two 

halfwavelength resonators should be placed on opposite sides of the balanced line. 

For network analyser measurements a single X dipole was coupled to a 

microstrip feed line via a small capacitive gap of 0.1mm. The correct phasing 

of the two half lambda elements was achieved by connecting the two resonators by 

a 1800 phase shift line. By bending this line into a hairpin shape the two resonant 

elements were placed in their correct positions, fig 4.5. 

The hairpin shape ensures that radiation from one side of the hairpin will tend to 

cancel with radiation from the other side of the hairpin thus minimising the 

radiation from the phase shift network. In order to feed a single X dipole the 

source would have to be matched to a radiation impedance of 9000. This 

match is unrealisable using practical circuit fabrication techniques so multi-element 

arrays are fabricated. 

4.3 Strip line Discontinuities. 

Discontinuities in microstrip line are an integral part of microstrip antenna occurring 

in both the feeder lines and radiating elements. These discontinuities in the feed 

lines create unwanted radiation which may corrupt the radiation pattern of the 

antenna. 

Numerous papers have been written proposing equivalent circuits and formulas for 

these discontinuities. However, with the possible exception of open ends and steps 

in line width there is a shortage of reliable data on which to base these equivalent 

circuits. 
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Figure 4.5. AX dipole to test model. 
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The open circuit end of a resonator can be represented by a capacitor to ground, or 

as an excess line length, knowing the capacitance per unit length, both forms are 

interchangeable. 

A closed form extension which can be used to obtain excess line length is given by 

Hammerstad [4]. While a microstrip gap can be represented by a TI network of 

capacitance. Silvester [5] presented a method of deriving the capacitance values in 

terms of a symmetrically and asymmetrically gap, Ceven and Codd" Symmetrical 

step discontinuities such as a quarterwave transformer have been model by Garg 

and Bahl [6]. 

4.3.1 Coupled line discontinuities. 

The analysis of a finite open circuit coupled line and the cross coupling to a 

dipole array is complex to analyse with very little published data on this type of 

discontinuity. However data for a symmetric step, such as a quarter wave 

transformer or a Tee junction has been presented by Garg and Bahl [6]. 

Hammerstad [7] has since presented an improved model for the symmetric 

Tee junction. 

4.4 Antenna substrates. 

Microstrip antennas are a relatively new application area for microstrip 

substrates, and only recently has it been possible to obtain high quality, low 

permittivity substrates. However, good quality substrates are still expensive to 

obtain. In order to fabricate these antenna arrays at a more economical cost other 

substrates must be used. 
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In order to calculate the strip and dielectric loss of the radiating element it is 

necessary to measure the bulk conductivity of the conductor and the complex 
permittivity of the copper clad substrate. 

4.4.1 Measurement of conductivity. 

The conductor loss in a strip line is due to high current densities in the 

edge region of the thin conducting strip and is related to the conductivity of the 

copper. Horton [1] has shown that the roughness and thickness of the conductor 
only has a small effect on conductor loss. The d. c conductivity on a selection of 
samples was measured using a four point probe and a sensitive voltmeter. A small 
current is passed through the outer probes and the floating potential is measured on 
the inner probes [2]. The d. c conductivity of a 30 micron copper coating agreed 
with the value obtained for bulk copper. 

4.4.2 Measurement of dielectric loss. 

Dielectric loss associated with tan 6 is usually much less than the conductor loss at 
high frequency, except for poor quality substrates. 

In order to measure the permittivity E' and complex permittivity E ", a dielectric 

sample was inserted into a microwave cavity. The loaded and unloaded Q factors 

of the cavity were then measured. 
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The relative permittivity E'and the dielectric loss factor E" of the sample 

material can be derived by measuring the change in the resonant frequency and 

Q-factor of the cavity [2]. The cylindrical cavity used for the measurement of the 

complex permittivity resonates in TE111 mode at a frequency of 9.9 Ghz. 

For a thin circular disk placed in the centre of the cavity the frequency shift and 1/Q 

change in terms of E and £"are given by : - 

Af (e' - 1) tR 
fL 

and 

(4.14) 

1 2tRe" (4.15) ý[ QL 

where 

t is the sample thickness 

L is the length of the cavity 

R is a geometrical factor to account for the fact that the electric field is not constant 

over the face of the disk (2). R=o. 085 

4.5 Conclusions. 

It was difficult to obtain accurate results due to the feed line radiation. Unloaded Q 

measurements were difficult to measure accurately due to radiation loss. The Q 

factor of a microstrip resonator is a complex function of the conductor 

conductivity, dielectric constant and losses, characteristic impedance, frequency 

and dielectric thickness. For maximum radiation, low Q can be obtained on 

thick, low dielectric constant substrates, with low characteristic impedance lines. 

It should be noted that in thick, low permittivity substrates, the radiation losses 

dominates, giving values of Qt less influenced by the conductor loss as shown by 

the copper conductors. In using these results it should be remembered that the side 

walls can screen the resonator, so reducing radiation. 
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CHAPTER 5. 

5. Microstrip Antennas Design and Testing. 

The simplest form of feed system for a linear array is series feeding in which 

the elements are periodically attached to the feed line. For a standing wave 

antenna the microstrip feed line is terminated in an open-circuit. The standing 

wave array consists of half-lamda resonant elements placed at X intervals along 

the feed line to produce an co-phase aperture radiating a broadside beam. A 

co-phase array can also produced by placing halfwave length resonators on 

alternative sides of the feed line at half-lamda intervals, fig 5.1 . 

5.1 Antenna Arrays. 

Assuming that the mutual coupling between radiating elements is negligible the far 

field radiation pattern of the antenna can be calculated from the vector sum of all 

the radiating elements. The effective phase difference between each radiating 

element is illustrated in fig 5.2. 

E=E1+ exprý2ýd 
sinOl 

..,. eXp 
(ýnýd sin"ji (5.1) 

A0l0Jlo 

Where, 

Eo is the radiating pattern of a single resonator. 

n is the nth radiating element. 

d is the spacing between the elements. 

Thus 

Ee = 

E sin(nnd sind 
J ao 

(5.2) 

n sinýäd 
sinol 

, 
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Figure 5.1. Diagram of a microstrip aerial. 
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An overall gain for the antenna array can be estimated by assuming that each 

haifwave resonator radiates in phase :- 

Gain a 
Power density in the direction of interest 

average power density 

5.2 Antenna Measurements. 

(5.3) 

The radiation pattern of the antenna is obtained by moving a detector 

at a fixed distance from the antenna under investigation. However, it is more 

practical for the receiving antenna to remain fixed in one position while rotating the 

antenna under test, fig 5.3 . This antenna is fed with power from a calibrated 

signal source and the incident power at the receiver is measured. Ideally the 

detector should be working in the far field zone of the transmitting aerial [11 

given by F :- 

F_GX 2 it 

where, 

F is far field distance. 

is wavelength. 

G is gain in specific direction. 

(5.4) 

The receiving antenna is connected to a demodulator which produces an I. F. 

frequency of 50 Mhz which is fed to a log-amplifier, fig 5.4 . The output from 

the log-amp is fed to a pin diode detector which generates a d. c output voltage 

proportional to the input power to the receiver. 

This information together with angular position of the antenna under test is sent to 

a chart recorder on which a polar plot of the radiation in db is produced. The 

antenna measurement system was calibrated using 3 antenna of gains G1, G2, G3 

in terms of the path losses between antennas L12, L23, L13 respectively. 
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5.3 Microstrip fed linear array. 

A microstrip linear array consisting of five radiating elements spaced at X 

intervals along a 1000 microstrip feed line was fabricated, fig 5.5(a). Each 

radiating element had a radiation impedance of 18000. The 1800 input 

impedance was matched feed line by a 1320 quarter wave transformer. 

The physical dimensions of the strip line sections was derived from the two 

computer programs 'Zerol' and 'Zero2' [2]. The reflection coefficient of the 

array, fig 5.5(b), was measured on a Hewlett-Packard network analyser and a 

reasonable V. S. W. R of 1.5 to 1 was obtained from 9.5 to 10.5 Ghz. 

This array radiated in a broadside direction with an isotropic gain of 10.5 db, fig 

5.5(c) as compared with a theoretical gain of 12 db. The 3db beamwidth in the E 

and H planes is 200 and 30° respectively. The two main side lobes at ± 220 

had gains of 5d3 and 3dB respectively. This array suffered from significant cross 

polarisation in both the E and H planes. Two cross polar radiation lobes of 4 dB 

were obtained in the E plane with similar lobes in the H plane, fig 5.5(d). The 

theoretical and measured value of the cross polarised radiation is 4 dB, 

indicating that the feeder radiation is comparable in magnitude to the side lobe 

radiation of the array. The loss within the feeder and radiating elements is an 

acceptable 1.5 dB. 
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feed line Zo is 100Q 

ý 900a ý 600a 
ý 

4S0a ý 360a 

--r-- 
input 

14- ýLýý 

Input impedance of each individual element is 1800a 

50a 

Figure 5.5 a. Five element microstrip antenna. 
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E plane radiation 
Cross polar radiation 

Figure 5.5(c). Five element microstrip antenna. 
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H plane radiation 
Cross polar radiation 

Figure 5.5 (d). Five element microstrip antenna. 
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5.3.1 10 element microstrip array. 

A broadside co-phase array consisting of 10 half-lamda open circuit stub elements 

on alternate sides of the feed line at half lambda intervals was fabricated, fig 5.6(a). 

Each radiating element had a radiation impedance of 18000 and were 

interconnected by a 1000 microstrip feed lines. The input impedance to the array 

was matched to a 500 source by quarter wave transformer. The strip line 

dimensions and characteristic impedance was calculated by computer programs 

'Zero 1' and 'ero 2'. 

This antenna is well matched to the source over a wide frequency range, with a 

Vswr of better than 1.2 to 1. This array radiated in a broadside direction with an 

isotropic gain of 13.4 d8 compared to a theoretical gain of 15.2 d8, fig 5.6(b, c). 

As the antenna frequency was shifted from 9.7 to 10.1 Gllz the main lobe moved 

by about 5° due to the change in phase. A similar radiation pattern to that 

. expected from theory was obtained for the on axis radiation. The 3dB beamwidth 

in the E and H planes was 150 and 350 degress respectively, with two main 

side lobes occurring either side of the main lobe at ± 24° and - 30° with gains 

of 5dB and 3dB respectively. The cross polarisation remained constant at 4 d8 as 

expected due to the use of a similar feed line and current distribution as the 5 

element array. For both the 5 element and 10 element arrays a bore sight error of 

10 was obtained for the main lobe, due to errors within the antenna measurement 

system. 
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Figure 5.6 (a). 10 element microstrip antenna. 
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E field radiation 
Cross polar radiation 

Figure 5.6 (b). 10 element microstrip antenna. 
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H field radiation 
Cross polar radiation 

Figure 5.6 (c). 10 element microstrip antenna. 
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5.3.2 Cross polar radiation. 

A set of antennas were designed to suppress radiation from the resonators, fig 

5.7(a) in order to study feeder radiation, fig 5.7(b). The maximum measured feed 

radiation was 4dR in both the E and H planes as predicted by theory. 

Cross-polar radiation occurred in two main lobes at ± 450 as shown by 

other microstrip antenna. With secondary endfire lobes due to the travelling wave 

component of feeder current moving down the antenna. 

5.4 Corporate Fed Microstrip Antenna. 

Beam squint with frequency is a particular disadvantage of travelling wave arrays 

accentuated by increasing line lengths In principle this beam movement can be 

eliminated by equalising the path lengths between the input source and each l 

radiating element. A series compensated antenna consisting of an array of 24 

radiating elements was fabricated. The radiating elements were arranged in a tapered 

in order to reduce the cross lobe radiation, fig 5.8 . This antenna had a broadside 

gain of 17dR, with a 3d9 bandwidth in the E and H planes of 200x250. Side lobe 

radiation was reduced to 6d9 due to the feed line taper. However, the cross 

polarisation radiation in the H plane was extremely high due to the co-phase 

radiation from the feed line structure. 

An interesting example of feed line radiation is observed by examining the 

cross-fed printed antenna described by Williams [3]. This antenna consisted of a 

two dimensional array of directly fed elongated elements connected by a diagonal 

high impedance microstrip lines, one wavelength apart. 
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Figure 5.7 (a). Radiation supprassed antenna. 
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Figure 5.8. Corporate fed microstrip antenna. 
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This design utilises an ingenious arrangement of feed lines at 450 to the radiating 

elements and gives good gain and radiation symmetry, fig 5.9 . It is assumed that 

the feed line intersections are equal way splitters, in order to estimating the power 

radiated from each element in the array. 

For an array of 36 elements arranged as a6X6 matrix, the theoretical gain of the 

array was 21dB with a beam width of 8.10 . In practice a measured gain of 

16dß with a beamwidth 80 and 8.50 was obtained fig 5.9(a). The measured gain is 

fairly close to this theoretical value and suggested that the array had a radiation 

efficiency of about 60%. Fig's 5.9(b) and 5.9(c) show the two patterns obtained at 

± 450 to the normal orientation and indicate the effect of the feeder radiation. 

5.5 Balanced Line fed Antenna. 

A balanced line antenna consisting of 6X dipoles spaced at A intervals along 

the balanced line was designed to resonate at 10 Ghz was fabricated, fig 5.10(a). 

The 150n input impedance to this array was matched to 70n slot line by a 

110n quarter wave balanced line transformer. This slot line was then matched to a 

50n signal source by a slot line to microstrip transition, fig 5.10(b). 

The microstrip line was enclosed in a special housing in order to shield the array 

from strip line radiation. 

From radiation measurements on the balanced line, figs 5.10(c, d), a broadside gain 

of 13.2dß was measured, with a 3d9 beamwidth in the E and H plane of 140 

and 350 respectively. This gain is 3dß less than the theoretical gain of 16.2dB 

calculated for the array. As the antenna frequency was shifted from 9.8 Ghz to 

10.2 Ghz the main lobe moved by about 100. The main side lobe occurred at +150 

with a gain of 6dß. 
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connector 

Figure 5.9 Cross-fed antenna by Williams. 
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Figure 5.9 (a). On axis radiation of an across fed array. 
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Figure 5.9 (b). +45° diagonal of the cross fed array. 
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Figure 5.9 (c). - 45° diagonal of the cross fed array. ' 
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Figure 5.10 (b). Impedence plot of a6X dipole balanced line fed antenna. 
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Figure 5.10 (c). E plane radiation of a6X dipole, balanced line 
fed array. 
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Figure 5.10 (d). H plane radiation of a6X dipole. balanced line fed array. 
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The cross polarisation was significantly reduced to -6dB in both the E and H 

planes. 

A significant reduction in cross polar radiation when compared with the 10 element 
microstrip fed array. 

5.5.1 12 element antenna array. 

In order to investigate the asymmetry in the on axis and cross polar radiation, an 

antenna array consisting of two rows of 6, X dipoles spaced at X intervals 

along two balanced line feeders was fabricated, fig 11(a). By feeding alternate 

pairs of resonators in anti-phase at half-lamda intervals, mismatches in the 

array which cause asymmetry in the radiation pattern was suppressed. The two 

balanced line feeders were driven by two push-pull microstrip to slot line 

transitions. The microstrip feed structure on the lower side of the slot line 

consists of two sections. The first section is a 50n match to standard connectors. 

While section two branches from section one into 100n lines which are 

matched to two 100n slot lines. The two sets of balanced line are matched to 

the 100n slot line by a pair of 120n quarter wave transformers. 

The physical dimensions of the antenna were determined from computer programs 

'Zerol' and 'Zero2'. This antenna resonated at a frequency of 10 Ghz, with a 

good impedance match, fig 5.11(b) .A reasonably symmetrical radiation pattern 

was obtained, fig 5.11 (c, d) with a broadside main lobe gain of 13.5 d9 and a 

3d8 beamwidth of 100x160. The main side lobes were symmetrical about the 

main lobe and occurred at ±200 with a gain of 4dB. The maximum cross 

polarisation was -6dB in both the E and H planes compared with a theoretical value 

of -14 dB. 
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H field pattern 

Figure 5.11 (d). A 12 X dipole, balanced line fed antenna. 
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5.5.2 24 element array. 

A 24 element array designed to operate at 10Gliz was fabricated. In order to 

obtain a more symmetrical radiation pattern the radiating elements were arranged in 

4 rows of 6X dipoles, fig 5.12. The four balanced lines were driven from slot 

lines of 100 impedance. The technique used to feed these slot lines was to use 

T-splitter strip lines on the reverse side of the substrate. The two branch lines of 

each splitter (100x) are in parallel and join up to a 500 feed line. Quarterwave 

transformer are used to implement matching when required, fig 5.12(a). In 

order to avoid feeder radiation and external noise an aluminium shield was placed 

on top of the feed section. This shield was designed to prevent cavity 

resonances. A symmetrical radiation pattern was obtained with a slight boresight 

error of about 10°. The broadside main lobe radiation was 17 dB with a 

beamwidth of 14°x12° in the E and H plane, fig 5.12(b, c). 

This array was very frequency sensitive with a pronounced frequency squint due to 

the complex feed structure. The main side lobes were symmetrical about the main 

lobe and occurred at ± 200 with an isotropic gain of 6dB. A reduction of 10db 

when compared with the main lobe radiation. The cross polarisation in the E and 

H planes of - 6dB can be compared with a theoretical value of - 14 dB 

5.6 Centre Fed Balanced Line Antennas. 

If the line losses in the balanced line feeders are significant cause of loss then 

some improvement in efficiency can result from centre feeding the array, fig 

5.13(a, b). A centre fed six element balanced line array was designed to give a 

more directive gain system and to reduce feeder loss. Six X dipoles are spaced 

at X intervals to produce a broadside array. 
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E plane radiation 

Figure 5.12 (b). A 24 X dipole array, fed by 4 balanced line feeders. 
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Figure 5.12 (c). A 24 X dipole array, fed by 4 balanced line feeders. 
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E field radiation 

Figure 5.13 (s). Radiation pattern of a6X dipole array, 
centre fed by a balanced line feeder. 
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This array radiated in the broadside direction with a main lobe gain of 16 dB and a 

beamwidth of 120 x 140. The side lobe levels were extremely high, with 

secondary lobe gains of 10dß The cross polarisation was -4dB compared with a 

theoretical value of -18dß. A particular problem with centre feeding the array is 

that the feeder currents move in two different directions, hence the radiation from 

each end of the array has a different squint angle, which limits the bandwidth 

obtainable from this arrangement [4]. 

5.7 Conclusions. 

Microstrip antenna suffer from considerable feed line radiation and it is evident 

that there is a cyclic variation of feeder radiation with length [5]. 

This radiation decreases as the feeder lines become longer. This effect is less 
I 

'e, 
noticeable with balance line antenna gore feeder radiation is greatly suppressed, fig 5.14 

The balanced line feeder requires the use of an unbalanced to balanced line 

converter (balun). This balun involves extra complexity and may lead to 

excessive antenna losses. For a balanced line antennas a microstrip to slot line 

transition can be used as the balun, with the slot line operating in a push-pull mode 

to drive the balanced line. Radiation from the open circuit microstrip was 

suppressed by the use of a below cut-off shield enclosure. 

This enclosure physically changes the microstrip configuration with losses due to 

the presence of the enclosure. The physical structure of a suitable balun is 

investigated in chapter 6. 
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This array radiated in the broadside direction with a main lobe gain of 16 dB and a 

beamwidth of 120 x 140. The side lobe levels were extremely high, with 

secondary lobe gains of 10dß The cross polarisation was -4d8 compared with a 

theoretical value of -18d6. A particular problem with centre feeding the array is 

that the feeder currents move in two different directions, hence the radiation from 

each end of the array has a different squint angle, which limits the bandwidth 

obtainable from this arrangement [4]. 

5.7 Conclusions. 

Microstrip antenna suffer from considerable feed line radiation and it is evident 

that there is a cyclic variation of feeder radiation with length [5]. 

This radiation decreases as the feeder lines become longer. This effect is less 
QL 

noticeable with balance line antenna yyere feeder radiation is greatly suppressed., fig 5.14 

The balanced line feeder requires the use of an unbalanced to balanced line 

converter (balun). This balun involves extra complexity and may lead to 

excessive antenna losses. For a balanced line antennas a microstrip to slot line 

transition can be used as the balun, with the slot line operating in a push-pull mode 

to drive the balanced line. Radiation from the open circuit microstrip was 

suppressed by the use of a below cut-off shield enclosure. 

This enclosure physically changes the microstrip configuration with losses due to 

the presence of the enclosure. The physical structure of a suitable balun is 

investigated in chapter 6. 
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CHAPTER 6. 

6. Balun Design and Testing. 

To successfully employ balanced line feeds driven from unbalanced line a 

balun is required. Several types of balun have been designed based on their coaxial 

counterparts. It would be attractive to fabricate the balun and the antenna array on 

a single coplanar substrate. Since broadside arrays are intrinsically narrow band a 

wide-band balun is not required. Experimental circuits have been designed using a 

3X/2 hybrid ring as the balun [1] . 

6.1 hybrid ring baluns. 

A 12 element array consisting of six X dipoles spaced at X intervals along 

a feed line was fabricated. This balanced line was fed from a hybrid ring, 

fig 6.1, constructed using Manhattan Geometry. From radiation measurements on 

this array a broadside gain of 15dß with a beamwidth of 100x 160 was 

measured compared to a theoretical gain of 16dß. Thus indicating that there is 

an acceptable ldb of loss within the array. However the cross polarisation 

radiation was extremely high with an isotropic gain of 8dB being measured in both 

the E and H planes. The side lobe radiation is highly unsymmetrical, indicating 

that the travelling wave component of the feeder current is not negligible. 

An antenna array consisting of 12 X dipoles spaced at A intervals and fed by 

two sets of balanced line driven by hybrid ring baluns was fabricated. The 

hybrid rings are connected in parallel by an unbalanced microstrip T section and 

quarter wave transformer to a 5012 feed line and source. 
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Figure 6.1. Six X dipoles fed by a single hybrid ring balum. 
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A broadside antenna, fig 6.2 had a measured gain of 18dB for this array with 

a beamwidth of 120 x 120 which compares well with a theoretical gain of 

18d8. Excessive cross polar radiation of 9dB in both the E and H planes was 

experienced for this array. Thus a balanced line fed antenna with a similar gain to a 

microstrip antenna can be fabricated. But a passive single substrate balanced 

line antenna requires the use of excessive unbalanced strip line leading to 

unrequired feed radiation. Shielding the hybrid ring reduced this feeder radiation 

by 3dB at the cost of increased complexity and leads to a major disruption of the 

radiation pattern. 

6.2 Miicrostrip to slot line balun. 

A more practical type of balun would require that the unbalanced microstrip line is 

shielded from the radiation suppressing balanced line. A slot line to microstrip 

transition can be used to drive the balanced line antenna while shielding the 

array from the strip line radiation. The fabrication of a slot line to microstrip 

transition can be easily included in the M. I. C fabrication routine. 

The basic slot line configuration is shown in fig 6.3, and consists of a 

dielectric substrate with a narrow slot etched into the metallisation on one of the 

surfaces of the substrate. The other surface of the substrate is without 

metallisation. Slot line can be included in microstrip circuits by etching the slot line 

circuit in the ground plane of the microstrip circuit. In slot line the wave propagates 

along the slot with the major electric field components orientated along the slot in 

the ground plane. The mode of propagation is non T. E. M [2] and almost 

transverse electric in nature. The approximate field distribution is shown in 

fig 6.3. 
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slot 

dielectric substrate 

Figure 6.3. Field distribution in cross -section of slot line. 
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The transition from microstrip to slot line is achieved by placing microstrip on one 

side of the substrate and slot line on the other side. The slot line and microstrip 

line cross each other at right angles and extend from the crossing point for a 

quarter of a wavelength. The strip line is terminated in an open circuit while 

the slot line is terminated in a short circuit. Thus the microstrip line can be 

coupled to the slot line at the crossing point over a wide frequency range without 

loading the slot line. The microstrip to slot line transition has been rigorously 

analysed by Itoh et al [3] using a generalised transverse resonant technique for 

computing the resonant frequency of a resonator, created by enclosing the 

crossing with auxiliary perfect conducting walls. 

For a specified frequency, resonant structures are found by adjusting the length of 

the strip and hence the resonator size. These structures are used for deriving the 

equivalent circuit parameters characterising the discontinuity. This approach 

requires the use of extensive computation and computer storage. A practical 

example of a planar balun utilising the microstrip to slot line transition is the 

Marchand Balun [4], fig 6.4 where the load impedance and bandwidth are 

specified in terms of the physical characteristics of the balun. 

6.2.1 Mamhand balun. 

A 2nd order Marchand Balun was designed for a balanced line fed antenna feeding 
six X dipoles operating at a centre frequency of 10 GHz, representing a load 
impedance of 15051 to the slot line. 

The characteristic impedance of the various sections of the balun werecalculated 

from a set of design graphs to give: 

Zml = 70Q 

Zm2=680 

Zs1=1200 

Zs2 =1 100 
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where, 

Zt� 1 is the input microstrip feed line. 

Zm2 is A/4 open circuit microstrip. 

Zs1 is X/4 short circuit slot line section. 

7,., 2 is the output slot line. 

Design graphs [5] were used for substrates with a permittivity of 2.55 

to determine the characteristic impedance and propagation velocity of the slot 

line for a given slot line width and substrate thickness, fig 6.5. For an antenna 

fabricated on a 1.6mm substrate the width of the slot for a characteristic impedance 

of 1000 is 0.4 mm. 

A network analyser was then used to obtain the S parameters for the microstrip to 

slot line transition and the transition from slot line to balanced line using a method 

described by Altman [6]. The slot line was short circuited at the crossing point 

using a highly polished aluminium sheet and a plastic clamp. Thus leaving the 

magnetic field in the slot line undisturbed. The effective end of the microstrip 

is then found by applying a frequency sweep and extending the reference plane 

to the open circuit termination of the microstrip. The reference plane is the 

shifted to the crossing point by moving the reference plane a X/4 back towards the 

source. The short circuit is then placed at several points along the balanced line 

and the distance from the short circuit is measured using a travelling microscope. 

The value of the reflection coefficient was noted at each point. 

The power loss in the balun was shown to be about 4d1A However from 

theoretical considerations the loss in the transition should be about 0.6d9. This 

additional loss is shown in section 6.3 to be due to the need - for a good earth 

connector between the earth plane of the slot line and the earth plane of the 

balanced line. 
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6.3 The slot line to balanced line transition. 

Measurements of the E field and H fields at the transition from slot line to 

balanced line were undertaken at a frequency of 1 GHz on a scaled up easily 

fabricated model made from several layers of copper foil fixed to the substrate by 

adhesive. From the probe readings it could be seen that most of the E field is 

concentrated above the slot line, but that a standing wave pattern is set up between 

the transition from slot line to balanced line causing a 'quasi-slot' line propagation 

between the slot line earth plane and the balanced line earth plane leading to 

excessive antenna loss, fig 6.6 . The characteristic impedance of this line was 

calculated to be 180n leading to a 3d8 loss in the transition from slot line to 

balanced line. 

This problem was solved by placing shorting posts at X/4 intervals from the 

balanced line, so that a high impedance is obtained at the slot line to balanced 

transition, fig 6.7(a, b) . These shorting posts 'tie' the two active ground planes 

together in order to suppress 'quasi-slot' propagation and radiation. The slot line 

ground plane was arranged so as not to overlap the balanced line ground plane. 

The power loss in the improved microstrip to slot line transition was then 

measured and shown to be approximately 0.5dß as expected. 

6.4 Improvements in Balun Design. 

A balanced line array utilising this improved balun was then fabricated. This 

array consisted of 6X dipoles spaced at A intervals along the balanced line 

was fabricated. The balanced line feeder was then matched to an unbalanced 

microstrip feed line by the improved balun. 



131 

-40 9=E field parallel to the slot line 

-43 x=E field parallel to microstrip line 

-46 

-49 

-52 ,.. x 

14 -5511 1110100-0 xzýX ý"- 
"x /x 

-58 ý /" .. 
-61 x 

-64 

-67 

-70 

0\ 

0/ 

IIIIIIIIIIIII 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 
distance (mm). 

Figure 6.6. Transition from slot line to balanced line. 
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Figure 6.7 (a). Antenna assembly. 
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This balun consisted of overlapping balanced line and slot line ground planes 

shorted together at X/4 intervals from the slot line to balanced line transitions, 

fig 6.8 . In order to present a very high impedance at the balanced line to any 

'quasi-slot' modes. Radiation from the microstrip section was suppressed by a 

shielded enclosure taking into account balun characteristics. 

This antenna array gave very promising results with a broadside antenna gain of 

15dß and a 3d6 beamwidth of 120x15°. The side lobes were symmetrical with 

gains of 3d8 and 2d8 at ± 180 respectively, fig 6.8(a). The cross polarised 

radiation in the E and H planes was only IOdb. The theoretical gain calculated for 

this array is 16d8. Thus an acceptable ldb is lost within the feeder balun structure, 

while the cross polar radiation has been reduced by -14dß when compared with a 

similar microstrip antenna. 

6.5 Conclusions. 

In this chapter it has been successfully demonstrated that a balanced line antenna 

driven by a carefully designed baluns, can greatly reduce feeder radiation while 

providing similar antenna gains to microstrip antenna, with only a slight increase in 

antenna complexity and power loss. 

During the course of this work only passive baluns have been investigated. The 

use of an active balun may further improve the performance of balanced line fed 

antennas. The feasibility of designing an active balun using two differential 

F. E. T. amplifiers to provide a balanced output from an unbalanced input signal 

has been demonstrated by Basset [7) and Sokolv [8]. 
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I 

Figure 6.8(b). Radiation pattern of a improved 6X dipole, 
balanced line fed antenna . 
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CONCLUSIONS 7. 

Microstrip antennas have the potential to replace conventional antennas in many 

applications. At present a significant limitation of microstrip antennas is an 

incomplete understanding of the performance of the antenna and its feed structure. 

In particular, unwanted radiation from the feed structure can compromise antenna 

performance. In this thesis the radiation from both the nominal radiators and the 

feed lines has been calculated from an approximate current distribution, verifying 

the problems encountered when integrating the feeder and radiator onto a single 

substrate. 

A continuing attraction of microstrip antennas is the possibility of fabricating the 

structure substantially onto the surface of a planar substrate which can be 

conformally mounted. Ideally low Q radiating elements should be fabricated on 

thick, low permittivity substrates for maximum radiation efficiency and bandwidth. 

Since microstrip circuits and discontinuities radiate, it is obvious that the feeder 

network to the radiating elements will also radiate. The radiating elements should 

be fabricated on thick low permittivity substrates to maximise radiation efficiency, 

while conversely an above-ground feeder network needs to be fabricated on a thin, 

'high permittivity substrate to minimise feeder radiation. In order to fabricate the 

radiating elements and a coplanar feed onto a single substrate of uniform thickness 

an alternate feed arrangement leading to a cancellation of feeder radiation was 
required. 
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For a microstrip feed line the current in the strip and its image are in anti-phase and 

this leads to some cancellation of feeder radiation. However, better cancellation will 

occur if two strip lines are configured as a balanced line. Since this configuration 

significantly reduces the unwanted feeder radiation while retaining the simplicity of 

a coplanar structures . reducing the separation distance between the two strip lines 

decreases feeder radiation but increases the attenuation of the balanced line. 

The balanced line is fed by a slot line which is coupled to an unbalanced microstrip 

line on the underside of the board. This arrangement is attractive as it is compact 

with no unbalanced radiating elements on the upper surface of the board. A good 

balun is required to selectively excite odd mode propagation along the line. 

Significant problems were encountered in the design of the balun due to 'quasi-slot' 

modes of propagation along the slot line balanced line transition. These problems 

were solved by the careful positioning of the two earth planes with shorting pins 

placed at A/4 intervals along the transition boundary. A successful balanced line 

antenna utilising this improved balun has been fabricated. This antenna has 

performance characteristics comparable to a similar microstrip antenna with greatly 

reduced feeder radiation. Thus an efficient balanced line fed antenna with reduced 

feeder radiation has been demonstrated. 
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APPENDIX 1. 

NUMERICAL INTEGRATION USING SIMPSONS RULE. 

Following the method described by Roberts [a] a computer programme was 

written, based on a numerical method of evaluating the definite integral by 

Morton [b]. 

1 
x=b 

f (x) 8x 

x=a 

(Ai. 1) 

The function f(x) is calculated at an even number of sub-intervals of the whole 

interval (a, b), the size of the sub interval being chosen to give the required 

accuracy. The value of the integral is given by Simpson Rule as 

- 
(x_ + 2nh) 

0 

xo 

f(x) 8x ý 
3 h(fo+ 4f1+ 2f2+ 4f3+ 2f*+ .... 4fzn-1+ fzn) (Al). 

Double integrals can also be evaluated using Simpsons Rule as follows, fig a. 1 :- 

hhhhh 
[rx. 

yax By 
[f(x. 

y)I0y a 
[f(y)ay (A1.3) 

-h -h -h -h -h 

-9 h2 
If11+ 

f-11+ f-1-1+ f1-1 + 

4f10+ 4f01+ 4f_ 
10 + 4f0-1+ 16f00 

(A1.4) 

To evaluate the double integral concerned between the limits 0 1,02 and tp 1, t? 2 

the function is first calculated for all points of a two dimensional array in 0 and 

cp then equation (A 1.4) is applied in turn to each sub of 'four squares' and the 

results summed to give the total value of the integral. The size of the array is 

chosen to give the required accuracy. 
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PROGRAM : 

A computer program to calculate the radiation from microstrip feed lines and 

resonators. 

C 

REAL THE, PHI, ETA, ETAR 

REAL IF, FREQ, NEW, IMAX, SFUNC(90,90) 

REAL H, K, B, L, LAMDA, FUNC 

REAL MAXA, MAXV, THEV, PHIV 

C INTEGER N, M, P, Q, SWITCH, CONT, MODE C 

REAL NTHE, NPHI C 

COMMON H, K, B, L, ETA, ETAR, LAMDA, NEW, PI, W 

COMMON BLOCK/N, M, THE, PHI, SFUNC 

COMMON /IDIOT/SFUN, MODE 20 CONTINUE 

OPEN(UNIT=20, FILE='DATA 1. OUT') 

N=40 M=N WRITE(20, *)N, M 

FREQ=10 

PI=4*ATAN(1.0) 

LAMDA=0.3/FREQ 

K=2*PI/LAMDA 

ETA=2.55 

B=K*SQRT(ETA) 

ETAR=ETA 

H=1.6E-3 

W=. 4E-3 

C 

L=15E-3 

NEW=120*PI 

C 
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WRITE(5,305) 

305 FORMAT(1H'INPUT FREQ, ETA, ETAR, H, W ? '$) 

C 

READ(5, *)FREQ, ETA, ETAR, H, W 

C 

H=H* 1E-3 

W=W*1E-3 

C LAMDA=0.3/FREQ 

K=2*PI/LAMDA 

B=K*SQRT(ETA) 

C 

WRTTE(5, *)FREQ, ETA, ETAR, H, W 

WRITE(5, *)'SWITCH=1 FOR SINGLE STRIP LAMDA/2 SECTION' 

WRITE(5, *)'SWITCH=2 FOR SINGLE STRIP LAMDA SECTION' 

WRITE(5, *)'SWITCH=3 FOR BALANCED LINE LAMDA/2 SECTION' 

WRITE(5, *)'SWITCH=4 FOR BALANCED LINE LAMDA SECTION 

WRITE(5,320) 320 FORMAT(1H 'INPUT SWITCH? '$) C 

READ(5, *)SWITCH 330 

FORMAT(1H1, I1) 

WRITE(5, *)SWITCH C 

WRITE(5, *)' ' 

WRITE(5, *)'INPUT MODE -1,0,1' 

READ(5, *)MODE 

WRTTE(5, *)MODE 

DO 200 P=2, (N+2), 1 

DO 100 Q=2, (N+2), 1 C 

THE=(P-2)*PI/N 

PHI=(Q-2)*PI/N 

C 
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IF(SWITCH. EQ. 1)CALL SUBA(THE, PHI, NTHE, NPHI, FUNC) 

IF(SWTTCH. EQ. 2)CALL SUBB(THE, PHI, NTHE, NPHI, FUNC) 

IF(SWITCH. EQ. 3)CALL SUBC(THE, PHI, NTHE, NPHI, FUNC) 

IF(SWITCH. EQ. 4)CALL SUBD(THE, PHI, NTHE, NPHI, FUNC) 

SFUNC(P, Q)=FUNC C 

IF(MAXV. GT. SFUN)GOTO 123 

C 
MAXA=FUNC 

MAXV=SFUN 

THEV=THE 

PHIV=PHI 

c 
123 

CONTINUE 

C 

100 CONTINUE 

200 CONTINUE 

C 
CALL SUBINT 

WRTTE(5, *)MAXA, MAXV, THEV, PHIV 

CLOS E (UNIT=20, FILE='DATA 1. OUT) 

WRITE(5, *)'CONTINUE (INPUT 1) ?' 

READ(5, *)CONT 

IF (CONT. EQ. 1)GOTO 20 

C 

STOP 

END 

C 
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SUBROUTINE SUBA(THE, PHI, NTHE, NPHI, FUNC) 

REAL THE, PHI, IF, FUNC, IMAX 

REAL H, K, B, L, ETA, ETAR, LAMDA 

REAL A1, B1, C1, D1, E1, PI, NEW C 

REAL RNTHE, INTHE, RNPHI, INPHI 

REAL EX1, EX2 C 

REAL RNTHEA, RNTHEB, RNPHIA, RNPHIB 

REAL INTHEA, INTHEB, INPHIA, INPHIB 

COMMON H, K, B, L, ETA, ETAR, LAMDA, NEW, PI, W 

COMMON/IDIOT/SFUN, MODE C 

PT=1.0 

IMAX=1.0 C 

A 1=4*IMAX*SIN(K*H*S IN(THE) *SIN(PHI)) *COS (PI*COS (THE) 

1/(2*SQRT(ETA))) 

1/(K*(ETA-(COS(THE)^2))) 

C 
B1 =4*H*IMAX*SQRT(ETA)*((ETAR. 1)/ETAR) 

1 *COS (THE) *COS (PI* COS (THE)/(2* S QRT(ETA))) 

1/( -(ETA-(COS(THE)^2))) 

C 
INI'HEA=A 1* (-S IN(THE)) 

INTHEB=B 1 *COS (THE) *SIN(PHI) 

C 
INPHIA=0.0 

INPHIB=B 1 *COS (PHI) 

C 

RNTHEA=O 

RNTHEB=O 

RNPHIA=O 
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C 

C 

C 

C 

C 

C 

RNPHIB=O C 

INTHE=INTHEA+INTHEB 

RNTHE=RNTHEA+RNTHEB 

INPHI=INPHIB+INPHIA 

RNPHI=RNPHIB+RNPHIB 

D 1=NEW*SIN(THE)/(8* (LAMDA^2)) 

FUNC=D 1 *(RNTHE^2+INTHE^2+RNPHI^2+INTHE^2) C 

SFUN=FUNC 

WRITE(20, *)THE, PHI, FUNC 

WRITE(5, *)RNTHEA, RNTHEB, RNPHIB, FUNC 

RETURN 

STOP 

END 

SUBROUTINE SUBB(THE, PHI, NTHE, NPHI, FUNC) 

c 

REAL THE, PHI, IF, FUNC, IMAX 

REAL H, K, B, L, ETA, ETAR, LAMDA 

REAL A1, B1, C1, D1, E1, PI, NEW 

REAL RNTHE, INTHE, RNPHI, INPHI 

REAL EX1, EX2 

REAL RNTHEA, RNTHEB, RNPHIA, RNPHIB 
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C 

C 

C 

C 

C 

REAL INTHEA, INTHEB, INPHIA, INPHIB 

COMMON H, K, B, L, ETA, ETAR, LAMDA, NEW, PI, W 

COMMON /IDIOT/SFUN, MODE 

PT=1.0 

IMAX=1.0 

A 1=-4*IMAX*SIN(K*H*SIN(THE)*SIN(PHI)) 

1 *S QRT(ETA)*SIN(PI*COS (THE)/S QRT(ETA)) 

1/(K*(ETA-(COS (THE)^2))) 

B 1=4*H*((ETAR-1)/ETAR)*IMAX*SQRT(ETA) 

1 *SIN(PI*COS (THE)/SQRT(ETA))*COS (THE) 

1/( (ETA-(COS(THE)A2))) 

RNTHEA=A 1 *(-SIN(THE)) 

RNTHEB=COS(THE)*SIN(PHI)*B 1 

RNPHIA=0.0 C 

RNPHIB=COS(THE)*B 1 

INTHEA=O 

INTHEB =0 

INPHIA=O ; INPHIB=O 

C INTHE=INTHEA+INTHEB 

RNTHE=RNTHEA+RNTHEB 

INPHI=INPHIB 

RNPHI=RNPHIB 

Dl =NEW*SIN(THE)/(8* (LAMDA^2)) 

FUNC=D 1* (RNTHE^2+INTHE^2+RNPHI^2+INTHE^2) 
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C 

C 

C 

C 

C 

C 

C 

SFUN=FUNC 

WRTTE (20, * )THE, PHI, FUNC 

WRITE(5, *)RN THEA, RNTHEB, RNPHIB, FUNC 

RETURN 

STOP 

END 

SUBROUTINE SUBC(THE, PHI, NTHE, NPHI, FUNC) 

REAL THE, PHI, IF, FUNC, IMAX 

REAL H, K, B, L, ETA, ETAR, LAMDA 

REAL A1, B1, C1, D1, E1, PI, NEW 

REAL RNTHE, JNTHE, RNPHI, INPHI 

REAL EX1, EX2 

REAL RNTHEA, RNTHEB, RNPHIA, RNPHIB 

REAL INTHEA, INTHEB, INPHIA, INPHIB 

COMMON H, K, B, L, ETA, ETAR, LAMDA, NEW, PI, W 

COMMON /IDIOT/SFUN, MODE 

PT=1.0 

IMAX=1.0 

A1=4*IMAX*SIN(K*H*SIN(THE)*SIN(PHI))*COS (PI*COS (THE) 

1/(2*SQRT(ETA))) 

1/(K* (ETA-(COS (THE)^2))) 

IF(MODE. LT. 0.0)A 1=A 1 *2*SIN(K*W*SIN(THE) *COS (PHI)) 
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IF(MODE. GT. 0.0)A 1=A 1 *2*COS (K* W*S IN(THE) * COS (PHI)) 

C 

B 1=4*H*IMAX*SQRT(ETA)*((ETAR-1)/ETAR) 

1 *COS(THE)*COS (PI*COS (THE)/(2*SQRT(ETA))) 

1/( (ETA-(COS(THE)^2))) 

IF(MODE. LT. 0.0) 

B 1=B 1 *2*SIN(K*W*SIN(THE)*COS(PHI)) 

IF(MODE. GT. 0.0)B 1 =B 1 *2*COS (K*W*SIN(THE)*COS (PHI)) 

INTHEA=A1 *(-SIN(THE)) 

INTHEB=B 1 *COS(THE)*SIN(PHI) 

RNTHEA=O 

RNTHEB=O 

RNPHIA=O 

RNPHIB=O 

INTHE=INTHEA+INTHEB 

RNTHE=RNTHEA+RNTHEB 

INPHI=INPHIB+INPHIA 

RNPHI=RNPHIB+RNPHIB 

C 

D1=NEW*SIN(THE)/(8*(LAMDA^2)) 

FUNC=D 1* (RN'THEA2+INTHEA2+RNPHIA2+INTHE^2) 

C 

SFUN=FUNC 

WRITE (20, * )THE, PHI, FUNC 

WRITE(5, *)RNTHEA, RNTHEB, RNPHIB, FUNC 

RETURN 

STOP 

END 



150 

SUBROUTINE SUBD(THE, PHI, NTHE, NPHI, FUNC 

REAL THE, PHI, IF, FUNC, IMAX 

REAL H, K, B, L, ETA, ETAR, LAMDA 

REAL A1, B1, C1, D1, E1, PI, NEW 

C 
REAL RNTHE, INTHE, RNPHI, INPHI 

REAL EX1, EX2 

C 

REAL RNTHEA, RNTHEB, RNPHIA, RNPHIB 

REAL INTHEA, INTHEB, INPHIA, INPHIB 

COMMON H, K, B, L, ETA, ETAR, LAMDA, NEW, PI, W 

COMMON /IDIOT/SFUN, MODE 

Cý 

PT=1.0 

IMAX=1.0 

A 1=-4*IMAX*SIN(K*H*SIN(THE)*SIN(PHI)) 

1 *SQRT(ETA)*SIN(PI*COS(THE)/SQRT(ETA)) 

1/(K* (ETA-(COS (THE)^2))) 

C 

IF(MODE. LT. O. O)A 1=A1 *2*SIN(K*W*SIN(THE) *COS (PHI)) 

IF(MODE. GT. O. O)A 1=A 1 *2*COS (K* W*S IN(THE) * COS (PHI)) 

B 1=4*H*((ETAR-1)/ETAR)*IMAX*S QRT(ETA) 

1 *SIN(PI*COS (THE)/S QRT(ETA))* COS (THE) 

11(' '(ETA-(COS(THE)A2))) 

IF(MODE. LT. 0.0)B 1=B 1 *2*SIN(K*W*SIN(THE)*COS(PHI)) 

IF(MODE. GT. O. O)B 1=B 1 *2*COS (K*W*SIN(THE) *COS (PHI)) 

RNTHEA=A 1* (- S IN(THE) ) 

RNTHEB=COS(THE)*SIN(PHI)*B 1 

RNPHIA=0.0 
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RNPHIB=COS (THE)*B 1 

INTHEA=O 

INTHEB=O 

INPHIA=O 

INPHIB=O 

INTHE=INTHEA+INTHEB 

RNTHE=RNTHEA+RNTHEB 

INPHI=INPHIB 

RNPHI=RNPHIB 

D 1=NEW *S IN(THE)/(8 * (LAMD A^2) ) 

FUNC=D 1* (RNTHEA2+INTHEA2+RNPHIA2+INTHE^2) 

SFUN=FUNC 

WRITE(20, *)THE, PHI, FUNC 

WRITE (5, *)RNTHEA, RNTHEB, RNPHIB, FUNC 

RETURN 

STOP 

END 

SUBROUTINE SUBINT 

REAL FUNC, MULT, DINT, A, SFUNC(90,90) 

REAL THE, PHI 

INTEGER N, M, P, Q, MODE 

COMMON /BLOCK/N, M, THE, PHI, SFUNC 

A=O. O 

PI=4*ATAN(1.0) 

DO 300 P=2, (N+2), 1 

DO 400 Q=2, (N+2), 1 

WRITE(5, *)THE, PHI, SFUNC(P, Q) 

400 CONTINUE 300 CONTINUE 

DO 500 Q=3, (N+1), 2 
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DO 600 P=3, (N+1), 2 

C Begin 

MULT=SFUNC((P+1), (Q+1))+SFUNC((P-1), (Q+9))+SFUNC((P-1), (Q-1)) 

MULT=M ULT+S FUNC( (P+ 1), (Q-1) ) 

MULT=MULT+4*(SFUNC((P+1), Q)+SFUNC(P, (Q+1))+SFUNC((P-1), Q) 

1+SFUNC(P, (Q-1))) MULT=MULT+16*(SFUNC(P, Q)) 

DINT=(PI^2/(9*N^2))*MULT 

A=DINT+A 

WRITE(5, *)P, Q, DINT, A 

C 

600 CONTINUE 

500 CONTINUE 

WRITE(5, *)A, INT 

10 CONTINUE 

RETURN 

END 

REFERENCES [a] 

[a] Roberts J. R., 
An investigation into the application of microwave integrated circuits - 
Microstrip Resonators, Ph. D. thesis, U. C. N. W., Bangor, 1971 . 

[b] Morton B. R., 
Numerical Approximation, Rutledge & Regan Paul, 1964, Chapters 4&5 
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APPENDIX 2. 

Computation of the shielded microstrip and coupled microstrip parameters in 

suspended and conventional form 

These computer programs can compute effective dielectric constant, 

characteristic impedance, dielectric losses and conductor losses of shielded 

microstrip and coupled microstrip for the two different conditions of 

suspended or conventional substrates. 

Language : Fortran N 

Authors : Mirshekar-Syahkal, D. and Davies, J. B 

Description : 

The method of computation is based on the spectral domain approach [a, b]. 

'ZERO! ' and 'ZERO2' are zero order solutions which can be used in most 

practical cases. The problems being solved can be seen by considering fig a. 2, 

which shows shielded microstrip on two layers of substrate. The same situation is 

seen in fig a. 2 for coupled microstrip. Removing the first substrate (putting h=0) 

gives a conventional form of the shielded microstrip, or coupled microstrip, while 

letting h=0 and Et=Eo. gives shielded suspended substrate versions of 

microstrip or coupled microstrip. 



1 54 

E2 
/ 

\ 
' Cl 

-d 
2w,, 2s 2w 

ow 
Tý. 

ýý7 
II1II 

(a) 

I s 

2A 
2a 

2A 
2a 

0 

TH 

h H1 

0 

Ibl 

d ITN 

h H1 

Figure a . 2. Cross-sections of (a) coupled microstrip and (b) 
single microstrip on layer substrate. 

e2 

' Cl 

N. B. Dimensions in mm; 



155 

Program 'ZERO1' computes the effective dielectric constant and propagation 

constant of the line of interest. The method of the spectral domain gives a 

hybrid mode solution to these structures and hence the dispersive nature of them 

is properly dealt with [a, b]. 'ZERO2' computes characteristic impedance, 

conductor losses and dielectric losses, using a perturbation formula for low 

loss substrates. All the parameters are frequency dependent. By suitable choice of 

dimensions, an open version of the same structure can be effectively examined. 

References : 

a) Davies, J. B and Mirshekar-Syahkal, D. 

"Spectral Domain Solution of Arbitrary Coplanar Transmission line 

with Multilayer Substrate", IEEE Trans. Microwave Theory Tech, Vol. 

MTT 25 (1977), page 143-146, feb. 1977. 

b) Itoh, T. and Mittra, R. 

"A technique for computing Dispersion Characteristics of Shielded 

Microstrip Lines", IEEE Trans. Microwave Theory Tech., Vol MTT-22, 

1974, page 896-898, Oct 1974. 
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APPENDIX 3. 

PUBLICATIONS. 

Easter B., Richards 0., Stephenson I. M. 

Radiation from the feeder lines of Microstrip Antennas and a design 

approach offering a reduction; Fifth International Conference on 

Antennas and Propagation. ICAP 87. York 
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