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ABSTRACT

This study is concerned with some of thé problems iﬁvolved in
realising a specific form of slotted waveguide monopulse array. The
design considered differed from the usual monopulse configuration as a
second set of waveguides was introduced into the aperture as the monopulse
antenna difference channel. This allowed optimum illumination to be
used for both channels. The problems associated with phase scanning
in meeting the grating lobe criterion, dictated the use of a reduced
height waveguide. The polarisation specified was parallel to the axis
of the waveguide and as the resonant slots had to be fitted entirely
within the narrow waveguide Qall a non-standard geometry was
essential. ZEarlier work has indicated that severe loss problems are
associated with some slots of this type. Initially this thesis
reviews the slot shapes available for array use and investigates their
resonant properties. A slot loss model emerged the general behaviour
of which was similar to that measured experimentally. The model
indicated that a particular novel slot geometry had little loss
associated with it and a wide range of slot cow lings was available.
Subsequently the problems encountered in designing large two dimensional
phase scanned arrays using slots with this shape have been investigated.
The principal préblem was the jnclusion of mutual impedance into a
design particularly as cross polarisation suppression baffles were fitted
which produced major changes in its behaviour. Several baffle shapes
were investigated. They supported a guided wave so that the most
important components of mutual impedance exist between slots in the same
column but different waveguides. This was not helpful in phase scanning

but at least ensured that an array could be designed, column by column,



and include the effects of mutual coupling.
The whole thesis is based on experimental approach and contains
many practical results including those from the several arrays

manufactured.
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CEAPTER 1

INTRODUCTION AND BACKGROUND

1.}. Introduction

&Single slotted waveguide arrays were originally developed during
the Second World War but have subsequently found wide application in
marine radar. They can be seen fitted to pleasure craft of moderate
size at any marina. They are ideal in this application producing
a pencil beam in one plane, to locate radar targets, and a broad

beam in the orthogonal plane which can accommodate the vessel

» rolling in a rough sea. They produce a horizontally polarised beam,

without back radiation or spillover. This polarisation is
generally considered optimum for marine use in the presence of sea
clutter. The structure is also light and may readily be rotated.
Slotted waveguides have also been stacked (for instance
Killick, Colley, Delaney and Eddles (1969)) to form two dimensional
arrays which can be phase scanned. This enables a pencil beam to be
formed in two planes but moved rapidly in one plane without the
inertia problems associated with mechanical motion. For some radar
applications, where the additional cost can be justified, more
accurate angular information about a target can be more rapidly

obtained by using a monopulse system. These systems use an additional

channel in reception so that two different angular responses are obtained.

By comparing the responses of the two channels to a single pulse the
targefs position can be obtained. In many monopulse systems a single
antenna is fed through a hybrid and the two outputs obtained at
different ports, but in others a second separate antenna system is

introduced.
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The object of this work was to develop a two channel array of
interlaced slotted waveguides to give a monopulse response. The
arrays were to be stacked so that the beam could be phase scanned in the
vertical plane. The required range of phase scanning was + 2212o (! bea o wid FR)
but if a larger range could be obtained so much the better. Scanning in
the horizontal plane was to be provided by mechanically rotating the
whole array, but a small amount of scanning was required by changing
the operating frequency. Vertically polarised arrays of this type
have been made in the past using slots cut in ridged waveguide
(Hu and Lunden 1961). A.S.W.E. required a horizontally polarised
array and it is believed that no array of this type had previously
been developed.

The scanning requirement of the array will be shown to require
a compact radiating element and the phase distribution along each
waveguide demands that the slots are resonant. One of the major
problems in this work has been the development of a compact resonant slot
radiating only the desired polarisation. A.S.W.E. did some preliminary
work on a compact H-shaped slot before awarding a conﬁ??ct to
Imperial College. Measurements on this type of slot showed that a
substantial part (37.4%) of the power extracted from the waveguide was not
appearing in the radiated power. A massive loss was associated with this
slot. Some of tHe work presented in this thesis is directed at
explaining this loss and emsuring that it does not occur in the
slot configuration selected for use in arrays.

Many different types of slot were considered as the basic element
of the array. The analysis and results from these slots are presented
as an indication of their relative merits. One particular slot

configuration was selected and subsequent work has been directed
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towards its use in the type of phased array considered. This work
included the design, manufacture and testing of two single sigtted
waveguide linear arrays. In these designs, mutual coupling was
minimised by baffles which also improved their cross polarisation
performance. However, for arrays consisting of more than one
" waveguide mutual coupling played a major role in modifying their individual
performance. An analysis of mutual coupling is given. This is not
complete but indicates the changes as different baffles are fitted
or the array phase scanned. This work contributed to the design of an
array of eight slotted waveguideswhich has been built and tested.
The thesis includes the results of that array. However, before the
work froceeds a more detailed consideration of some of the underlying

concepts is presented.

1.2. Simple Phased Array Theory

An array antenna consists of several small antennas radiating in
phase coherence. Many different individual antennas can be used as
array elements but in this work slots are used. The original idea of
using an-array was to achieve better control of the antenna apertu£;\
illumination. --In a multi channel array this is important as independent
control ofthe individual aperture illuminations may be achieved. However,
an array is also used because by changing the relative phase of the
elements, the radiation pattern can be made to scan a volume of
space.

A periodic planar phased array consists of similar radiating
elements arranged in a planar and doubly periodic grid. In what, for

need of a better name, is termed "classical" array theory, the mutual

coupling between the array elements is neglected. The radiation pattern
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of a finite sized phased array is expressed as a product of the

array factor and the radiation pattern of the array element. The
array faqtor determines the beam shape and sidelobe level of the array
radiation pattern and relates the array geometry and steering phases
to the direction cosines of the beam pointing directions. The
functional relationship between these quantities is represented
graphically by the figure known as the grating lobe diagram.

Amitay, Galindo and Wu (1972) considered a planar array of

(oM + 1) x (2N + 1) identical elements in an infinite conducting ground
plane at z = o0 as shown in figure 1l.2.1.. The apertures were arranged
in a regular rectangular grid and the location of each was specified
by indices (m, n) which corresponded to a physical location:

Smn = mbR + ndy (1.2.1)

where X and ? were unit vectors and b and d the element separations
in the directions x and y respectively. They showed that the electric

field in the direction r was given by:

g(r) = (T, Ty)Sa(Tx, T.) (1.2.2)

where Sa(Tx, Ty) was a scalar quantity called the array factor and given

by:

. M N b d
= j =T =T l.2.
Sa(Tx, Ty) mjiM n:iN thexp jor(m x et R y) (1.2.3)
Similarly E(Tx, Ty) was a vector quantity called the element factor and

given by:
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FIGURE 1.2.2. A grating lobe diagram for a rectangular grid array .
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T, T) = jg:EEE [k(1 - T2 - Ta)an- 2k (T x + Ty)]

x* 'y. 2w x Tyl TERNRET Y

- k(T x° + T_y°)
Af[ Eoo(xo,yo)e x T ax®ay°
A
o
(1.2.4)
where?

th‘ is the voltage on the (m,n)th.‘gﬁﬁlntg%,

A is the free space wavelength,

Tx and Ty the direction cosines of T,

k the wavenumber,

and ELOCXO, yo) is the field distribution of the element at the
origin.

The array factor may be considered as the radiation pattern of an
array of isotropic sources while the element factor introduces all the
features of an individual element such as its radiation pattern and
polarisation. ZEquation (1.2.2) is a statement of the principle of
pattern multiplication, the far field radiation pattern being the
product of the array factor and element pattern. Arrays usually use
simple radiating elements for which the individual radiation patterns
are broad. Té; beamwidth directivity and sidelobe 'structure are then
determined mainly by the érray factor; Radiation pattern synthesis
thus involves a suitable choice of the Vﬁn's in equation (1.2.3).

Vﬁn ig called the illumination function.

The equation (1.2.3) indicates that Sa(Tx, Ty) is periodic both

in ‘I'x and ‘I'y so that a knowledge of Sa(Tx, Ty) in a rectangular regiont

A A A A
- — L — . - — L K v
26 Tx 26 ! 24 ™ Ty = 24
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is sufficient to completely characterise the array factor. A planar
array radiates into a hemispherical region defined by g > e > 0
and 2n > § > O. Within the T T, Plane this corresponds to the
region Ti + Ts < 1"confined by a circle of unit radius. The region
within the circle is termed real space or the visible region and the region
outside the circle imaginary space or the invisible region.

If the voltages Vﬁn of an array have been properly synthesised to
produce the prescribed radiation pattern then the array is phase
scanned when its illumination is modified by adding a linear phase

taper of the form:?

J(m¥_ + ny )
V'V = Ve * v (1.2.5)
mn mn .

Wx and Wy are the incremental phase shifts between adjacent elements in the

x and y directions respectively. The corresponding array factor is:

~ M N [ ¥ oo
_ . | 2Tmb x 2md ¥
Sé(Tx’ Ty) - m:iM n:iN thexp { Jl A (Tx * 2ﬂb/x) T (Ty * 2nd/x)J }

(1.2.6)

The new array factor is the original one translated or scanned by

T and T in the T and T directions where
pee) yo x y

¥ ¥
= - — = = .o,
Txo - 2ﬁb/k ! ?yo N 2nd/k (1.2.7)

In most applications an array is required to produce a directive

radiation pattern with one large amplitude lobe or main beam;fhere are

smaller lobes present due to the finite size of the array. If the
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main beam is at broadside (i.e., 'I'x = 0, Ty = 0) then upon the
‘application of a linear phase taper the main beam will be scanned to

a new position. If the phase taper is correctly controlled the main

- Providing the ddemant Pactelr™ allsws Ehis,
beam may be made to scan the whole of the space, This is the

principle of operation of a phased array.

The periodicity of the array factor in the Tx - Ty plane means that
the main beam and associated side lobes are repeated every X/E and x/d
in the Tx and Ty directions respectively. Any repetition of the main
beaﬁ is called a grating lobe. An infinite grid of grating lobes spaced
at l/b and l/d intervals may be constructed. This is known as the
grating lobe diagram and is shown in Figure 1l.2.2..

The small circle at the origin corresponds to the broadside
pasition of the main beam while the other circles indicate the
grating lobes. The circle of unit radius showing the edge of real space
is also shown. The figure indicates that if only one main beam is
required the grating lobes must all be outside the unit circle. For
a beam at broadside 7\/d and 7\/b must be greater than unity or the
array elements must be 010serwthan a wavelength apart.

If the array is to be phase scanned and a grating lobe is not to
appear in rea%‘space then an even closer element spacing is required.
When the main beam of the array is scanned to a new position To
(where To = singo) the whole grating lobe structure is also translated
by To as shown in Figure 1.2.2.. Grating lobes that were previously
in imaginary space may now appear in real space and form a multiple
beam. In most antennas this is avoided either by limiting the array
scanning range or by decreasing the elemeng spacing. In the principal

directions, T, and Ty’ Blass and Rabinowitz (1957) have shown that the

relationship between these quantities is:



g

26

b 4 < 1
2.8 - (1.2.8)
A } 1+ | 3u19m;;17

where emax is the maximum scan angle for which a grating lobe peak
does not appear in real space. For a single beam to be scanned to

+ 900 in the principal planes, the array elements must be closer than
half a wavelength apart. If the scanning is limited to + 30° a
spacing of up to two thirds of a wavelength is allowed.

If the beam is scanned in only one plane, as for an array of
slotted waveguides, then different element spacings can ge used in the
two planes. TFor the plane in which there is no scanning a spacing of
up to a wavelength is allowed.

When two arrays of slotted waveguides are interlaced the constraint
applies separately to each array. There is only a third of a wavelength
of space available to accommodate each waveguide if + 300 of scanning
is required. In the particular antenna investigated in this thesis, the
limit on the available space for each waveguide is of major importance

and to satisfy it a completely new slot geometry has been evolved.

1.3. Slotted Waveguide Arrays

Phased a£¥ays which can scan their main beam in two planes are
extremely expensive because individual phase control is required for
every element. In some applications the sophistication of phase scanning
in two planes is unnecessary and unjustifiably expensive. The main
advantage of electronically, rather than mechanically, étéering an
antenna beam is the fast scanning speed available without inertia.
Electronic scanning rapidly moves an antenna beam, the required phase
shifts being obtained by switching diode or ferrite phase control

elements.
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A radar aerial with a narrow beam may be required to search a
volume for possible targets. The beam must be made to scan in two
directions so that a three dimensional search is made:! the third
dimension being range. One systematic method of searching is to
rapidly scan in one plane while at tﬁe same time slowly scanning in an
orthogonal plane. The scanning speeds are adjusted so that after
a complete search in one dimension the beam has scanned one beamwidth
in the other direction. It may-then be advantageous to make use of
rapid phase scanning in one plane while using a comparatively slow
mechanical rotation in the other. From a mechanical point of view the
speed of rotation may still be high. )

Reducing the phase scanning requirement to one plane, also reduces
the number of phase control elements needed. Instead of each array
element needing a phase shifter, each row or column of elements
requires one, depending on the plane to be scamned. For a large square
array of (N x N) elements this saves (N® - N) phase shifters, which
can represent a huge saving, because each phase control element can
cost more than its antenna element.

This saving can only be realised if a suitable transmission
_petwork can be devised for each row or column of the array. At
microwave frequencies, as large peak powers, typically fo some radars
in the megawatt range, are used, the cbvious transmission system is
waveguide. It is a t;tally screened transmission system and its
characteristics are well known and well behaved.

The'simplest method by which power may be radiated from a waveguide
is through an aperture cut in one of its walls. For such an aperture
to be a useful grray element it must conform‘to certain requirements.

One of these is that the phase characteristics of the aperture must be
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independent of its amplitude coupling. If for instance, all the elements
of the slotted waveguide array introduced a phase shift into the
passing wave which was proportional to the coupling, a progressive
phase shift would be produced similar to the array aperture distribution
The radiated phase front would not be linear and a poor antenna
performance would result. The apertures must thus be resonant, so that
no reactance is introduced into the waveguide and a linear phase front is
obtained independently of the aperture distribution. The most well
lmown resonant aperture is the half wavelength long narrow slot. Its
properties change with its position and orientation within the waveguide
wall. )

The proposed antenna was required to search a volume above the sea,
typically defined by the horizon and an angle of elevation of 450,
from the surface vessel. A continuous search is needed in azimuth
which is eminently suitable for mechanical scanning simply by rotating the
whole antenna. Similarly, the rapid aiscontinuous nodding motion
required of the beam in elevation is readily obtained using phase
scanning without the inertia problems caused by rapidly reversing a
large antenna. The waveguides must thus run horizontally and be

stacked vertically above each other.

1.4, Angular Resolution and Monopulse

When a radar investigates a target many parameters may be measured
but usually the most important is its relative position. The target's
range is determined by the pulse circuitry attached to the antenna and
the angular position by the scanning radiated beam. The radar transmits
a continuous train of pulses which is reflected by the target. The
time delay until the pulses return to the radar is a measure of the range.

As the antemna beam is scanned past the target the amplitude of the
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received pulses rises and falls in a similar fashion to the two way
antenna radiation pattern as shown in Figure l.4.l.. The amplitude
of a single reflected pulse is a function not just of the target's
angular coordinates but also of its scattering cross-section and
range. For a single channel system, the angular position of the
target can not be establishied from one reflected pulse but has to be
obtained by comparing the amplitude of pulses arriving from slightly
different angles. In this way the effects of range and scattering '
cross-section are removed. For simple radars this is done by storing‘
the reflected pulses on a cathode ra& tube. The operator then decides
the brightest ﬁbint on the display to give the target's position.

In a radar éhat is fequired to continuously search a volume for
possible high gpeed targets, the use of a pulse train rather than
individual pulses wastes time and reduces the possible scanning
qpeed; This is obviocusly undesirable as the time between succesasive
searches is increased. Other effects such as the suppression of sea
clutter indicate that high scanning speeds are desirable.

It was realised early in the development of radar that a system
that determined a target's angular coordinates from one reflected
pulse would be advantagecus and many different types of "monopulsét
or one pulse systems have been devised. They all introduce an
additional channel in reception with a different angular response. By
comparing the outputs of the two channels the target's position can be
determined. Rhodes (1950 ) attempted to unify all the monopulse systems
into three categories which are:d

(1) Amplitude comparison
(2) Phase comparison

(3) Sum and difference type-

ks
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FICURE 1.4.1. A pulse train reflected by a target.
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Amplitude comparison systems use a cluster of four antennas squinted
at slightly different angles to each other. One antenna is used for
transmission and the other three for reception. Due to the squint
between the aerials a siightly different amplitude signal is received
in each and upon comparison the angular position of the target may be
obtained.

Phase comparison systems again use a cluster of four aerials,
although in this case they are identical and all look out at the same
angle. The angular position is determined from the difference in phase
length from the target to each antenna. Both the comparison systems
loose accuracy because the signals are frequently compared at the outputs
of the two receivers which then have to be stable and of the same gain
or phase characteristics.

The sum and difference type of monopulse is the most frequently
used configuration in modern radars.” A cluster of four antennas is
used, frequently a cluster of four horns feeding a reflector. The
antennas are interconnected by magic ties, rat races or short slot
couplers as shown in Figure 1l.4.2.. The radiation patterns obtained
at the outputs of the network are one sum pattern with a single
large lobe on-axis and two difference patterns with lobes either
side of a deep null as shown in Figure 1l.4.3.. The =signal in the
difference channel is divided by that in the sum channel and the
resulting signal is independent of the amplitude of the received
signals or of the target's range and radar cross-section. Its
amplitude is proportional only to the target's angular error from the
antenna's boresight. The output voltage is an angular error signal
ideally suited to control a tracking system. The single large sum

channel lobe ensures that the target is well illuminated and maintains



FICURE 1.4.3. A Monopulse Radiation Pattern.
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the radar's range. The deep null of the difference channel provides
precise angular infommation. At microwave frequencies it relies for

its position not on active components but on the stability of passive
waveguide components. The fluctuation in gain of the receivers does however
affect the magnitudes of the error voltages but not the null

position.

& monopulse slotted waveguide array could be designed in a similar
mammer to the reflector antennas, using the same feed network with each
quadrant of the array as a separate aerial. This solution was
chosen by Lewis, ILee and McCarthy (1970). The main disadvantage of such
a system is that the same aperture distribution with appropriate phasing
must be used for both channels. This is usuaily a compromise and not
the ideal distribution for either channel. Hannan (1961) showed that
the periodicities in the aperture illuminations for the two chamnels should
have been in the ratio of two to one. If oniy one distribution can be
specified then some compromise is required in which one or more of
sum channel gain, difference channel slope and sidelabe performance
suffer. Usually the compromise favours the sum channel because it is
used both in transmission and reception.

The system envisaged in this work introduced a second set of
slotted waveguides with an additional feed network as shown in
Figure l.4.4.. The illumination functions for the two channels are
now totally separated and can be independently optimised. The penalty
paid for this freedom is an additional set of slotted waveguides
within the same aperture. The grating lobe criterion applies
separately to each channel so that the space for each waveguide has to
be restricted to a third of the wavelength if scanning to % 300 from

broadside is required. The slots are twice as closely spaced as they



would otherwise have been and the problems of mutual coupling are
increased.

The mutual coupling problem is further complicated by the different
modes in which the antenna is used. In transmission only the sum
channels slots are directly excited, but the slots in the difference
channel waveguides can not be neglected and must be treated as
parasitic elements. In reception all the slots are illuminaﬁed by a
plane wavefront and it can be shown by reciprocity that this is similar
to using both channels in transmission. The relative voltages on the

slots of the two channels are different in each case.

1.5. The Choice of Polarisation

The polarisation used by a radar system is influenced by many
factors both environmental and mechanical. For instance over a calm sea
horizontal polarisation may offer advanfages in the
suppression of sea clutter. If the sea becomes rough this improvement
can be lost, ) - = - Clutter
caused by rain can be reduced using circular polarisation but the
effective scattering cross-section of the target is also reduced.

The modg{P naval ship is equipped with several radars which should
be complementary to each other. The choice of polarisation for one
system should be related to the choices for the other systems and the
changing operational and climatic conditions likely to be encountered.

For the system of waveguides shown in Figure l.4.4., Hu and
Iunden (1961) showed that vertical polarisation could be obtained using
straight longitudinal slots cut in ridged waveguide as indicated in
Figure 1.5.1..

A.S.W.E. required the capability of using horizontal polarisation.
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Shunt edge slots are normally used to obtain horizontal polarisation
from a horizontal waveguide as indicated in Figure 1.5.2.. As the
waveguide depth is usually less than half a wavelength, the slot
length, the slot must be folded around onto the broad faces of the
waveguide. In the envisaged application the complete slot and
waveguide must occupy only a third of a wavelength. A waveguide
miuch less than this depth must then be used so that the slot can be
cut into the broad faces. Only a small portion of the slot is left in
the narrow wall and capable of producing radiation. The parts of
the slot on the broad face do not contribute to radiation at
broadside but substantially increase mutual coupling between adjacent
waveguides.

A different slot geometry was required preferably with all
the slot contained in the narrow waveguide wall. Waveguides a
third of a wavelength high could then be used and stacked touching each
other. A.S.W.E. produced an H-shaped slot geometry as shown in
Figure 1.5.3. which was designed by analogy to a double ridged waveguide.
One slot profile was to be used and different couplings cobtained by
rotation in a similar manner to the shunt edge slot. A single
waveguide array of slots of this type was made and it was found
not to behave as expected. Careful measurements indicated that
37-N% of the power coupled out of the waveguide by these slots was
not appearing as radiated power but was being dissipated in the slot.
The surface finish of the slot was initially thought to be the source of
the loss. BSome slots were then made by spark erosion, the process which
can produce a very high standard of surface finish by comparison to
milling. For these slots the geometry was changed slightly as indicated

in Figure l.5.4.. This enabled the electrode used to. be simply made



FIGUHE 1.5.3. An H-shaped slot.

FIGURE 1.5.4. A modified H-shaped slot.
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by milling two slots in a round bar. Measurements indicated
that 52% of the power coupled out of the waveguide was being lost.
The surface finish had improved, the slot geometry changed slightly
and the loss had increased.

At this point a research contract was awarded to Imperial College
to investigate these problems. This thesis is based on work performed

by the author while employed on that contract.

28
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2.1. Historical Background

The waveguide array system envisaged required the development of
a new radiating slot geometry and an examination of previous work was
advantageous. The pioneering work in this field was done by a group
working under W. H. Watson during the Second World War. He realised
the inherent advantages of a slotted waveguide system with controllable
apérture distribution and no spillover or back radiation, at a time
when the parabolic dish antenna was almost universally used at microwave
frequencies. The group were able to analyse several different slot
geometries and built several arrays. Most of the group's work is
summarised in Watson's book (Watson, 1947).

Stevenson (1948), a member of the group, presented a method of
analysis for the equivalent circuit of a slot in waveguide. His method
is elegant and gives the reactive component. The method is based upon
the derivation of the vector potential within a waveguide of generalised
cross section, using Green's functions, in terms of a specified electric
field, due to the slot, at the waveguide wall. Stevenson's method though
completely deﬁining the slot parameters, subject to certain assumptions,
is not easy to use in an engineering sense.

For engineering purposes a simpler but equivalent derivation has
been given by Silver (1949) and Fradin (1961). They apply the
reciprocity theorem to the fields in an unslotted waveguide and the field
in the waveguide due to a slot. The result they obtain is similar to
that of Stevenson's for the real part of the equivalent circuit of the
slot. The advantage of their method is that the coupling of any section

of a complicated slot can be readily obtained. In the development of
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a new slot geometry this is advantageous as changes in geometry can
easily be related to changes in coupling. The disadvantage of the
method is that the reactive component of impedance is not obtained
so the slot is only characterised at resonance.

Oliner (1957) also produced a method of analysis for waveguide slots.
His work enabled some of the assumptions of the previous work, such as an
infinitely thin waveguide wall, to be removed.

Slots in many different configurations have been used but none of
them are suitable for the envisaged application. Initially the method

of analysis of Silver and Fradin will be presented.

2.2. The Derivation of the Field Relationships for a Slotted Waveguide

The methods presented by Silver and Fradin both essentially start
from a statement of the reciprocity theorem for a source free region.
This has been derived from Maxwells equations by many authors (such

as King and Harrison (1969), Section 8.2) and states that if two

fields i&, ﬁi and EZ’ H2 exist in a source free volume V bounded by a

surface S then?

A = - A = =
n.(EAH)+n.((H AE)D} a8 = O (2.2.1)
N RERECESRRE RN R)

A .
where n is an outward directed normal unit vector to the surface S.
Equation (2.2.1) was applied to a section of waveguide bounded by
planes SL and SR and containing the slot of interest as shown in

Figure 2.2.1.. The waveguide was imagined extending to infinity in
un

both directions. The field il, ?11 was taken as the known field due

to the slot and fz, H2 as the ° known field in the waveguide. It was

assumed that the waveguide wall was of negligible thickness and

perfectly conducting. The waveguide walls would not support a tangential



FIGURE 2,2.1l. A gslotted section of waveguide, L1

FIGURE 2.3.,)l. A rectangular waveguide containing a longitudinal slot in

the narrow wall.
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component of electric field, so that the area of integration in equation
(2.2.1) was reduced to the planes SL and SR and the area of the slot,

so that:

A — - A -— —
s&sf{n.(El/\Hz)+n.(Hl/\Ea)}dS

L™R
f{" (B AE) +n. (F ALY} as (2.2.2)
= - n e + Il o 2e2e?l
SLOT 2 2
The electric field across the slot followed the path of maximum field
gradient and lay in the plane of the slot with the magnetic field

through the slot. Equation (2.2.2) Tould then be further simplified

so that:

1 A — - A - —_ A - —
. ( AH) + . { ANED) as = - J[ . ( A H )as
e d @ ST W ENE AT

(2.2.3)

2e3. Application to Rectangular Waveguide

The most commonly used waveguide was of rectangular cross section
and of dimensions such that only the lowest order TEol mode would
propogate. When waveguide of this type was used, the components of the

fields could be specified. Referring to Figure 2.3%.1l., when the field

EZ’ HZ was specified as a wave propagating in the positive z direction

then its components weret
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Yz
- Xy =]
EZy = cos(a)e
- YZ
H = - Xy ,"J
- . cos({—)e
(2.3.1)
_nl o my -i
HZZ = 23w sin( - e
E - = =
2X 2z Hay °
where ¥ = %;, Xg being the wavelength within the waveguide. TFor
g

propagation in the negative z direction the components became:

E = co:s.(%:{")e:l

2y
.Yz
- X my _J
Hax = +w“'o cos(a)e
(2.3.2)
_om i §7
HZZ T a Jjuw Sln(a de
EZX = EZZ = sz = 0

For a slotted waveguide used in reception, the field in the immediate
vicinity of the slot depended upon the. slot geometry. Within the
waveguide however at sufficiently large distances from the slot the
field must exist as travelling waves. The planes SL and SR were
sufficiently removed from the slot for evanescent modes to have

decayed so that the field at SL must have been:
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A cos(?)ea

Gl

.YZ
- Ay Xy _J
Elx T wi cos(a)e
(2.3.3)
Hl = .Aﬂ s;in(E)e‘-j
z jwua a
B = By = Gy = O
and at SR:
_sYz
Ely = B cos(r-;nc)e J
_sYZ
B, = - 2 cos()e
(2.3.4)

_ Bm . mxy -]
le = Jwpa s:l.n(a)e

B = By = By = O

The field in the slot has been related to that in the waveguide by

the unknown quantities A and B . A was determined when the field -E-a,

ﬁz was taken as that of a wave propagating in the positive z direction.
Equations (2.3.1), (2.3.3) and (2.3.4) were substituted in equation

(2.2.11) the left hand integrand of which was simplified by:

2. NE) + £ (H AE) = = (B, 0 - B E ) (2.3.5)

At SR the integrand became zero so that:

P



L5

2y 2(MXyas f f.(E AE) as (
= - - 2‘3-6)
sy W a slot BN
from whicht
A = - N fz’l‘. (E AH) as (2.3.7)
YS¢  glot B A

where SC was the cross-sectional area of the waveguide.
Similarly when E ’ ﬁz was taken as a wave propagating in the negative
z~direction it could be shown that:

B = V‘éﬂﬁ fx’z‘ - ( AE)  as (2.3.8)
C slot

The magnitudes of A and B were the same as expected by symmetry. They
could only be evaluated for particular slot geometries for which ia
could be specified within the slot.

For slots in the narrow wall of the waveguide which were of
principa%'importance in this study, it is interesting to note the
behaviour of the vector product in equations (2.3.7) and (2.3.8). At

the narrow wall the only component of the waveguide field H_ is along

2
the waveguide axis. A slot orientated along the length of
the waveguide has its electric field ia perpendicular to ﬁz, forms a
large vector product and is heavily coupled. Similarly a slot in the
narrow face perpendicular to the waveguide axis results in i& and ﬁz
being parallel and no coupling. Thus for the narrow waveguide wall it
is only slot sections extending along the length of the waveguide that
are coupled.

The slots that had previously been investigated by this method were

straight "half wavelength" long slots entirely within one face of the
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waveguide. The analysis of these slots is again presented to illustrate
the method and so that it could be investigated experimentally with
what were thought to be regularly behaved slots before being applied
to more novel geometries. These slots could be thought of as a
transmission line short circuited at both ends so that
when they were half a wavelength long they behaved like a resonant
cavity with a sinusoidal field distribution along their length. The
waveguide slots investigated were:
(a) the longitudinal slot in the narrow wall,
(b) the inclined slot in the narrow wall,
(¢) the longitudinal slot in the broad wall.
{a) The longitudinal slot in the narrow wall.
The geometry of this slot is shown in Fig. 2.3.1. The electric

vector ia in the slot was given by:

- v ‘ V ws tha voltaye
El Ely = -(-i- cos kz (across the cantfa (2’3‘9)

o€ the slob
where k = 2ﬂ/k, A being the wavelength. At the narrow face:

1 -jY?

= -~ —J ..O
sz’ = 2 Jwm e (2.3.10)

13

so that from (2.3.7)

4 A
5 "L va
v -j
A = JvaS a ay cos kze az
© s g
2 L
A
+—
Y2
. TV -J _ Y = oA
= Jvas ] cos kze dz = e COS(Z' )\)
c z g
Tk

(2.3.11)
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B = A (2.3.12)

(b) The inclined slot in the narrow wall.

This slot is illustrated in Figure 2.3.2 and was simply the
longitudinal slot rotated by an angle ©. It was convenient to use an
additional set of coordinate (x, y', 2') as illustrated to analyse' this

slot. The electric field in the slot was:

‘}31 = B o= %cos kz' '  (2.3.13)
and
B, = H, cos® (2.3.14)

so that from (2.3.7)

+ A
A
PP
A = _g%ﬁg_sﬁ [ cos kz'e I Y2 cos@ dz'
¢ A
L
2V'rrcochos(g % cos®) : , ),
= 2.3015
jaysck {1 - (g cos 9)2}
and B = A. : (2.3.16)

(¢) The longitudinal slot in the broad face.
Figure 2.3%.3. shows the geometry of this slot. The electric

field within the slot lay in the x - z plane and was given by:

-ﬁl = Elx = %cos kz (2.3.17)

Its z component of the magnetic field was then



FIGURE 2.3.2. A straight inclined slot in the narrow wall of the waveguide.
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FIGURE 2.32.3. A straight longitudinal slot in the broad face of a waveguide. i
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ﬁz = HZZ = g. ﬁsj_n(%)e_jm (2-3-18)

and varied across the width of the slot which made the integral

obtained by substitution in (2.3.7):

v
JYScda

J/;in(%f)coskze-jyzds (2.3.19)
slot

difficult to evaluate unless the slot width could be taken as small when:

f sin(—?)dx > dsin(;?-) (2.3.20)

The integral then evaluated to give:

X
N
A = - 3'21-_5 . —)‘5 cos(g %)sin('ﬂ;x;‘) (2.3.21)
g
and
B = A (2.3.22)

For all‘;he examples given it happened that B = A but for
other cases such as a transverse slot in a broad wall it could be shown
that B = - A. The significance of this difference will be shown later.

The relationship that had been established for the specified
slots linked the voltage across a slot in reception with the amplitude
of the waves launched into waveguide. The equivalent circuit could
then be derived by launching a wave into the waveguilde which induced a
voltage across the slot producing secondary waves in the waveguide and

radiation to space. Conservation of energy was then applied to this
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situvation and an equivalent circuit relationship emerged. Before this
could be done an expression for the power radiated by the slot had to

be determined.

2.4. Babinet's Principle and the Radiation Resistance of a Straight

Dipole

Babinets principle was originally devised to determine the optical
properties of complementary screens. It could also be applied to
microwave problems but a fuller description was needed than the original
optical statement. This was a standard piece of work and appeared
in several books (see King and Harrison (1969)or Booker (1946)).

When a group of perfect electric conductors Sl, szf"°‘ were

considered, the boundary conditions were:

N = A - —_
n.E = - We nANE = -k
(2.4.1)
- A -
on Sl, Sa,..... similarly a group of perfect magnetic conductors
Si,Sz,..... could be imagined for which: ’
AN = AN =
n.H = -T\*/p. nAE = k*
(2.4.2)
A - A -
nNH = O n.&E =0

where T and k were surface densities of electric charge and current and
N* and k* were fictitious densities of magnetic charge and current.

It appeared that if fictitious magnetic currents were considered
the electric and magnetic fields could be interchanged according to the

plan:
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E, g -CH and E, = (F (2.4.3)

if the electric and magnetic sources were interchanged ast

— _ -1—, _ _1*
k, = 93“1 M, o= -l

(2.4.1)
kz = Ckl 11; = cnl

where € was the impedance of free space.

Magnetic currents were a fictitious expedient, however, the field
configurations they would produce could be established by electric
currents on the complementary structure. A filamentary dipole of
perfectly conducting material was considered as shown in Figure 2.4.1.,
with the associated circularly symmetric magnetic field. As the
magnetic field was circularly symmetric, the dipole could be
surrounded by a perfectly magnetic conducting screen without changing
the field. On interchanging electric and magnetic conductors, the
resulting structure was a large electric conducting screen with a
small filamentary magnetic conducting dipole or physically a slot cut
in a large metallic ground plane. The concept of duality was
established for complementary structures and particularly slots and
dipoles. It could also be shown (see Rumsey (1966)) that if z and z'

were the radiation impedances of a structure and its complement then:

2
zz' = %: (2.4.5)

For a slot, it followed that if a voltage V was established at its centre

and Z 3ot its radiation impedance then the power radiated was

2 . .
P = —V (2.4.6)
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and from (2.4.5)

2
LV
P = —C-é-' Rrad (2.4.7)
where Rrad was the radiation resistance of the complementary dipole.

This assumed that the slot was a two sided radiator but most slots and

all waveguide fed slots were single sided radiators for which:

or (20408)
2
\'A R s
2(6om? T2

This last expression has been used to obtain the equivalent circuit of
slots as it was much simpler to obtain the radiation resistance of a
complementary dipole rather than that of a real slot by considering current
flowing in the surrounding conducting sheet.

The radiation resistance of a straight dipole was then derived.
This was a standard analysis (see King and Harrison (1969)) but is
presented because dipoles of different shapes were later examined, and
the derivation of their properties used the one basic method. The

radiation resistance was found by analysing the total time averaged

power radiated by a dipole which was given by:

Re f/;l . S(r)ds

s

© o mpe

Re fdcp fSr(r)rzsinGdG (2.4.9)
(o] o]

el
]

where §¥(;) was the complex Poynting vector defined by



5.(r) = LuTLED® AFG | (2.4.10)

where E(r) and B(T) were the electric and magnetic fields. The

integration was performed over a sphere in the far field or radiation

zone, where:

E@ = ¢B(Y) Ar (2.4.11)
so that
@ = 4w lerE . BT (2.4.12)
but, by definition
B = - jkI/'\/\Kr(;) (2.4.13)

.where A%(r) was the vector potential. The Poynting vector then

becames
- -1 A -
() = Leek® | r ATGD |22 (2.4.14)
but
-jkr ik (' . )
e R - o
A (r) = e = j‘; J(r' e av’ (2.4.15)
S0
_ 2. A kG .D
sT(r) = k Cr ]I/‘\/\f J(r')e ° av' l2 (2.4.16)
3omr? v

where J(r') was the current in the dipole. For a straight dipole of

total height 2h illustrated in Figure 2.k4.2., this was given by:

I(s') = I(o)Snklb-lz]) (2.4.17)

and the current integral was!

Sh
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A
2 I (o) h . o
z 1 2 1
—— { f sink (h - z' )e‘.‘lkz co.sGdz, +f sink(h + z')e'sz cosgdz"}
-h

sinhk
o
(2.4.18)
This integral became:
Zé\IZ(o)
m FO(G, hk) (2.4.19)
where:
cos(hkcos@) - coshk
F,(6, hk) = sinkksin® (2.4.20)
From (2.4.16)
- FL|L0) |2
8m“r °
and the time averaged power radiated was:
ClIe) |2 pm 5
= ———— F<(©, hk)sinedeé (2.4.22)
4mr o ©
This was also defined to be
= 2
P = 3 |L "R, (2.4.23)

from which an evaluation of the integral (see King 1956)

R.g = ___t;___é__ {— cos2hk Cin hhk + 2(1 + coszhk)Cin 2hk
ra 4msinhk
+ sin2hk(Si . 4hk - 28i . 2hk)} (2.4.24)

where the following tabulated integrals were used:
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X 1 - cosu
Cinx:f COSB g
- u
o
(2.4.25)
= C+4d4nx-0C. x
i
where
xCOU.
,Cix=f ——s—'—du
®

and C was Bulers constant (C = 0.5772).

Equation (2.4.24) indicated the complexity of the integral for
a simple dipole. If more complicated shapes were used it was likely that
the integrals would be even more lengthy and evidently suitable for
numerical analysis. From equation (2.4.24) by substituting h = Vb,
the well known result that for a half-wave dipole the radiation

resistance was 73%.1 ohms could have been obtained.

2.5. Derivation of the Equivalent Circuit Parameters

The power flowing in a rectangular waveguide carrying only the
dominant mode has been shown (see Montgomery, Dicke and Purcell, 1948)
to be given by:

E2

s
(<) X _c¢
30m k3 (2.5.1)

where Eo was’the electric field at the centre of the waveguide. IF
a wave of amplitude Eo was incident upon a slotted waveguide section
from the negative z direction, a voltage V would have been induced in
the slot which would have launched secondary waves in the waveguide

and produced radiation to space. Using the results of the last
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sections the equation of energy balance would have been:t

2 s 2 2
—o So . 2y 5 BBy S, VRag
1 Tkt = 1201w ¢ * *
2 2 2 k 2 120m k 2 2(60”)2
(2.5.2)
so that:
V2 k Rrad 1 32 2BEo
_E . ; o ?ﬁi; 3 = - (1 + —E + I ) (2.5.3)
A™- c A

The results obtained in section (2.3) indicated that either A = B
or A= - B and A/Eo could be specified as the voltage reflection

coefficient [ so that:

2 R
Vv k _rad 1 _ _ 1
2y 3om 5 = 2(1 i,-) (2.5.4)

However, a normalised shunt conductance g introduced into an

otherwise matched waveguide has a reflection coefficient given by:

- - —B
r = -3 z _ (2.5.5)
or
- g = - 2 (20506)
I+ %

Comparing (2.5.4) with (2.5.6) indicated that when A = B the slot

could be represented by a normalised shunt conductance given by:

2
g = %&ﬁ . SC . 1% . é‘é‘ (2.5-7)
rad v

Similarly a normalised series resistance r introduced into an

otherwise matched waveguide had a reflection coefficient given by:



g
Fr= — 5 (2.5.8)
or.
r = 2 1 (2-509)
1-F

Comparison of equations (2.5.4) with (2.5.9) led to the
conclusion that when A = - B the slot could be represented by a series

registance r given byt

2
O
r = % - SC - % - 'A—é (2-5.10)
rad \

For the three slots considered in Section (2.3) the ratio A/V
had been determined and it had been shown that A = B. The equivalent
shunt conductance of these slots could be established.

a) The longitudinal slot in the narrow wall of the waveguide.

When equation (2.3.11) was substituted in equation (2.5.7) the

result was:

A
. 480 a ‘g _2m A
g = K'__.] Lo . b - )\ cos (2 - xg) (2-5-11)

b) The inclined slot in the narrow wall of the waveguide.

Substitution using equation (2.3.15) yielded the result:

. 2
30x3§g cochos(2 . hp cos®)
g = 5 X > (2.5.12)
Rradna 1- (K;_ cosO)

c¢) The longitudinal slot in the broad wall of the waveguide.
In this case equation (2.3.21) was used and resulted in the

expression:
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, go =} 2
& = Riad" : ﬁ iy cosa(g ’ -)‘2;)81n2(—a~) (2.5.13)

2.6. Experimental Investigation of Straight Slots in Rectangular

Waveguide

It was proposed that the results so far presented in this chapter
and which appeared in the literature should be thoroughly investigated
experimentally, before possible application to novel slot geometries.
This work could in principle have been performed at any frequency
band, but practically this would not have been sensible. The lower the
freqpency used the larger the waveguide would have had to be, but for
higher frequencies manufacturing tolerances became important. A
compromise was required and the band from 4 to 8 GHz designated in
England as C band was thought to be suitable. Within this band
5.70 Gz was selected as a possible centre frequency. A special size,
thin walled, waveguide in 70/30brass (I.D.: 1.270" x 0.590";

0.D.: 1.350" x 0.670") was available and when stacked equation
(1.2.8 ) indicated that an array could be scanned to + 33°

at this frequency, before the peak of the grating lobe appeared in
real space. -

Most of the experimental work in this thesis wag performed in the
special waveguide. The work on individual slots was expected to
involve the narrow wall of the waveguide and to save manufacturing

effort a waveguide jig was made. The narrow wall of a section of special
waveguide was removed by milling after the remaining faces had been
reinforced. A plate was then located on straight parallel steel

pins in place of the waveguide wall and was held in good contact by a

series of screws. A drilling and a milling jig were made so that
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the plates could be produced in large numbers with a minimum of

workshop effort. The slots investigated were milled in the plates

which when fitted to the waveguide jig and also provided the ground plane
around the slot. |

rQne series of four plates was made with straight longitudinal slots
of different widths milled in them. A different series of four plates
was made with inclined slots of the same dimensions cut in them but
at different angles. For the purposes of investigating straight
slots a series of longitudinal slots of different widths were milled in the
broad face of sections of the special wavegulde and fitted with an
area of ground plane made from brass sheet.

All these slots were individually investigated using a Hewlett
" Packard swept frequency generator, Weinschel Engineering radio
frequency ratiometer and data normaliser and a Waveguide 12
(R48; WR187) bench. Swept measurements of the attenuation past the
slots were made to an accuracy of + 0.03 dB and obtained as X - ¥ plots
with normalised calibration lines.

Impedance measurements were also made on some slots using a slotted
line, to establish that the frequency of maximum conductance and
attenuation past the slot was close to the true resonance of zero
slot reactance. TFor the straight slots the dispersion between these
frequencies was small and to a good approximation the resonant frequency
could be taken as that of peak attenuation past the slot.

The derivation of the equivalent circuit parameters assumed the
length of the slot to be well defined by square ends. The literature
(Knorr and Saerz (1973)) indicated that even for square ended slots this
was not so as the slot magnetic field penetrated beyond the physical

slot end which did not form a complete short circuit. Watson (1947)
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obtained results for square ended resonant slots and found that their
physical length was less than half a wavelength. Square ended slots
,would have been difficult to manufacture and the slots investigated
experimentally were produced with round ends by milling. The effects
associated with the round ends were unknown at the start of this
study and this was initially investigated.

A recent paper, Ye? (1974), has presented results for round
ended longitudinal slots in the broad face and also indicates that for
a particular slot dimension the resonant frequency varies slightly with
displacement from the centre line of the waveguide.

The physical dimensions of the straight slots investigated are shown
in Tables 2.6.1l. and 2.6.2. in terms of the measured resonant
wavelength. In all cases it appeared that the overall slot length was
greater than half a wavelength but this sensibly described the length

of the ec~d arcs
of the slot between centregg For round ended slots it appeared that the
end effects were removed by considering the length between centres.

As the resonant dimensions snd frequencies of the slots had been
established theoretical values of conductance could be obtained for all
the slots measured. The theoretical and experimental values for
longitudinal slots in the narrow wall are compared in Table 2.6.3.
Excellent agreement was obtained, for three cases the error was less
than 0.2%, smaller than the range of experimental error, and for
the fourth case approximately 2%. These results confirmed the method
of slot analysis both in terms of coupling to the waveguide and the
radiation from the slot. The finite slot width was included in the

coupling to the waveguide but a line source was used to calculate the

radiation resistance.
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. TABLE 2.6.1. The resonant electrical length of straight longitudinal

slots in the narrow waveguide wall, radiating into

half space.
[ ]
Slot Electrical slot length ;
width, Resonant wavelengths.

INCHES. Overall Between centres
0.020 0.513 0,504
0.031 0,522 0.507
0.047 0.525 0.501
0,062 0.534 0,502

slots in the broad waveguide wall, radiating into

half space.

Slot Electrical slot length 3
width, Resonant wavelengths,

7 INCHES.
: Oyerall Between. centres
0.020 0,503 0,493
0.031 0,507 0. 492
0.047 0.513 0491
0.062 0.520 0.491

TABLE 2.6,2. The resonant electrical length.of straight longitudinal
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TABLE 2.6.3, Experimental and theoretical results for the conductance
of straight longitﬁdinal slots in the narrow wall of the

special slze waveguide,

Slot - Resonant Peak conductance values.
width. frequencye.

INCHES. GHZ. Experimental Theoretical
0.020 5. 844 2.623% 2.560
0.031 5.950 24330 24325
0.047‘ 5.990 2193 2213
0.062 6.00L 2.084 2,087

Conductance
4
10 -
5 o
o —

1 ] [ 1
5.0 6.0 2,0 8.0

Frequency. (GHZ.)
FIGURE 2,6.1, The frequency variation of the resonant conductance of a

straight longitudinal slot in the narrow wall of the

special size waveguide.
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e "~ - The radiating aperture
of a slot can always be defined without any thickness unlike the
case of a real dipole which always has finite dimensions. The
non-filamentary nature of a practical dipole always changes its
radiation impedance. The slot however must be less sensitive to its
finite width as it is effectively of zero thickness.

The frequency variation of the resonant conductance of a straight
longitudinal slot is shown in Figure 2.6.1. The variation is due to
the longitudinal component of the waveguide magnetic field as the
guide approaches cut-off.

Other theoretical and experimental results for inclined slots in the
narrow wall and longitudinal slo£s in the broad wall of the waveguide
are compared in Tables 2.6.4. and 2.6.5.. Good agreement was
obtained but in all cases the experimental values were slightly
larger than the theoretical values. The tables also indicate the
resonant frequencies of the slots which varied because the slots of

overaty
different widths were of similaralengths.

figures 2.6.2. and 2.6.3. indicate both the theocretical and
experimental radiation patterns obtained for a longitudinal slot in the
narrow wall of the waveguide. Sqme agreement was obtained but the
theoretical patternms were naively taken as the "far field patternsf of
a slot in an "infinite" ground plane. Experimentally a finite ground
plane was used and the departures were due to diffraction at its edges.
The power at the ground plane edges was sufficiently 1@@ so that
the discontinuity did not affect the power radiated by ;he slot and
hence its conductance but was seen in the overall radiation pattern.

It appeared that the procedure for predicting slot conductance was

useful and that the reference planes to be used in determining the
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TABLE 2.6.4. Experimental and theoretical results for the conductance

of straight inclined slots in the narrow well of the special

size waveguide,

Slot Resonant Peak conductarce values.
Inclination frequency.
(Degrees) GHZ.
Experimental Theoretical
5 5.854 2.635 2.452
15 5.844 2.523 24354
20 - 5.795 2.431 2.371

TABLE 2,6.5. Experimental and theoretical results for the conductance

of straight longitudinal slots in the broad wall of the

special size waveguide. (x=a/%)

Slot Resonant Peak conductance values.
width, frequency.

I¥CHES° GHZ. Experimental Theoretical
0.020 5.667 1.544 l.522
0.0%1 5,600 1.598 1.651
0.047 5,600 1.699 1.651
0.062 5.496 1.995 1,878
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electrical length of rounded end slots were correct. These

considerations were then used to investigate more novel slot geometries.
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CHAPTER 3
NOVEL SLOT GEOMETRIES

%l The.lrshaped Slot

The conventional ghux® edge slot shown in Figure 1.5.2. was too
long to fit the narrow face of the waveguide and had to be folded on
to the broad face. In the application envisaged this was not possible
and the obvious alternative was to fold the end arms round on to the
narrow face as indicated in Figure 3.l.1l.. The end arms now
intercepted wall current and coupled power to the slot. The centre
section could then be re-orientated as shown. The L-shaped slot
thus forméd was analysed in a similar manner to the straight slots. A
sinusoidal voltage distribution was fitted along the total length of the
slot. The resonant slot was regarded as a transmission line short
circuited at both ends with minor discontinuities at the corners so that
the field was principally specified by the short circuits. This
assumption was later verified by experiment. The l-shaped slot was
analysed in three sections, corresponding to the three slot limbs.
After a sinusoidal voltage has been fitted along the entire length of
the slot, the coupling coefficients were obtained by integration over the
slot surface. In a real situation it is allowable to split the integral
into components so that the coupling to each section is separately
analysed and a physical understanding of the role of each obtained.

For the centre section of the slot:

% cosky (3.1.1)

5 =5,

and

T -ivz .1.2
2 Bz ® T © (3.1.2)

2]
i
]



FIGURE 3.1,1., The geometry of a ~[~shaped slot.
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so that the vector product

i& A ﬁ% = 0 (3.1.3)

and the centre section of the slot did not couple to the waveguide.

For one end arm however

E = E&y = g cosk(z + h) (3.1.4)

where h was the electrical half height of the slot. From

equation (2.3.7) the contribution to A from this end arm was:

Mi-n _
Al = f 3%%2 Jf cosk(z + h)e 9 Y23z (3.1.5)
0

Similarly for the other end arm:

ia = Ely = % cosk(z ~ h) (3.1.6)
and
0
, = - 35§5 cosk(z - h)e I¥Zaz (3.1.7)
N - (Mn) '

s0 that the value of A wass

70

r Mg
A = - 3%%— jr cosk(z + h)e 324z + jr cosk(z - h)e Y%z
’ C
L 0 -(Mi-n)

(3.1.8)

The integrals were evaluated by making the substitutions

1

-t



Z + h

=
1]

u = z-h

respectively so that the result was:

A =- 2nVk {cosY(A/h - h) - cosk(x/ﬁ - h)} (3.1.10)

It could also be shown that:
B = A (3.1.11)

[N

so that from (2.5.7), the equivalent circuit was a shunt conductance of

value:
480a\ A A 2
E = T3 { cosy("/l - 1) - cosk('/n - h)} (3.1.12)
rad
where Rrad was now the radiation resistance of a "l-shaped dipole.

%.2. The Badiation Resistance of theilrShaped Dipole

The radiation resistance of the |-shaped dipole was obtained in
a similar manner to that of thé straight dipole. An input current at
the dipole centre was specified and a sinusoidal current distribution
assumed along its length. The currents on the different sections were
considered separately and then summed. Referring to Figure 3.2.1.,
the current integral contained contributions which were x and z
directed. The dipole was assumed to be resonant so that a sinusoidal

current distribution was fitted to it, the z contribution of which was:



Iz(z, t) = ReIZ(o)coskzeJWt (3.2.1)

This produced a contribution to the current integral of:

~ +h
§_ = I(0) f coskzedZ0%y, (3.2.2)
‘h

ZIZ(O)Fl(e, hk)

(3.2.3)

ksin®

where

FI(G, hk) = sin hkcos(hkcos®) - cosOcoshksin(hkcosO)

(3.2.4)
The current in an end section was given by:
L(x, ) = ReL,(0)cosk(x + h)ed¥® (3.2.5)
and its contribution to the current integral was!
My-n |
I,(0)cosk(x + h)exp[jk(xcosﬁéin@ + hcos@)]dx (3.2.6)
o .

Several substitutions were then made to simplify the form of the

integral, these were:

u = X+ h (3-207)
V = hk(cos® - cosfsin®)

and : (3.2.8)
o = cosPsin®

so that the current integral was reduced to

72
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- My,
IZCO)e}@(jV) fcosku . exp(joku)du (3.2.9)
h

and evaluated to give

Iz(m

k(1 2) {eXP[j(v + %?)] - [sinhk + jocoshk] . explj(v + Qhk)]}
- o

(3.2.10)

Similarly for the other end section, the current integral was given by:

0

f IZ(O)cosk(x - h)expljk(x cos @ sin® - heosO)lax
S(M )
(3.2.11)
In this case the substitution:
u = x-h (3.2.12)

was made and the result was:

Iéo) a
; 2) { expl- jv + ?;)] - [sinhk - jocoshk] . expl- jlv + ahk)]}
k(1 - ¢

(3.2.13)

The two x directed components (3.2.10) and (3.2.13) were then

combined to give the total x directed component of the current integral:l

21,(0)
Jx = ———5- {cosB - sinhkcosy - atcoshksiny} (3.2.14)
k(1 - o)
where

B = v + 921’ (3.2.15)
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and

¥ = v + ohk

hk cos © (3.2.16)

The Poynting vectpi' was defined when the straight dipole was

considered by equation (2.4.16):

2r = S
- k°C r - __ Je(lr .r) 2
s(r) = 2 |7 A f J(r')e ° ‘ av' |

22
Zon'r v

For the "|-shaped dipole the current integral was not circularly
symmetric and the cross product introduced a more complicated temm
than the sin © of the straight dipole. The angle T between the total
integrated current vector and T had to be found and was shown to be

given by:

- 9
N = 2 sin {-]-'- (1 - sinxsin® cos @ - cosXcosG)z} (3.2.17)
2
where X was the angle between the total integrated current vector and
the z axis. In order to find the total power radiated by the dipole,
the Poynting vector had to be integrated over the surface of a sphere

centred at the dipole. The time averaged power radiated P was given by?

m. m2¢
P - f f —2  &in®W(I% + J°)sin 0d0ad (3.2.18)
2 x z
d 03211

but by definition:

5 T (o) 12
P = 3L |%R, 4 (2.4.23)

was the radiation resistance which was hence given asi

*

R
where rad
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T

¢ o .
R = —-95 f f sin®N(i2 + 1%)sincaead (2.2.19)
LHT X Z X

rad
o) o

with

kJX
i = -2—:-[-—(?)- . (3- 2- 20)
Z

and
kd

i, = Ef;%;j (3.2.21)

(3.2.19) was simplified, so that

2n
(o) (o)

The double integration required for the evaluation of the'1:shaped
dipole had to be performed without the simplification of circular
symmetry and was hence programmed for numerical integration - by
computer, using Simpson's rule. The programme was run several times
with different numbers of integration intervals so that the
convergence was checked and a sufficient number of integration points
used. The results obtained are shown graphically in Figure 3.2.2..

The total length of the dipole was maintained resonant so that
the case of zero half height corresponded to an x-directed half-wave
dipole. When the half-height was quarter of a wavelength a z-directed
half-wave dipole resulted. For both these geometries a radiation
resistance of 73.1 ohms was obtained as expected. All intermediate
values of half-height, corresponded to a l-shaped dipole for which
lower values of radiation resistance were obtained.

| As numerical values for the radiation resistance of the bent

dipole had been obtained, so could theoretical values of the conductance
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of a l-shaped slot. These were then investigated experimentally.

3.3. Bxperimental Investigation of the L-Shaped Slot

The derivation of the radiation resistance of the 1-shaped
dipole assumed filementary current elements. For such a structure the
lengths of the different sections were well defined. A physical slot
had toabe of finite width with rounded corners and there were éeveral
ways in which its lengfhs could be defined. The investigation of the
straight slots had shown that if circular ends were treated as square
ends at the position of the circle centres then the correct electrical
length resulted. This influenced the choice of reference planes at the
slot ends as shown in Figure 3.1;1. The figure also shows the reference
planes which were suggested to divide the right angle bends of the slot.
These planes though arbitrary had some logical foundation. The centre
arm of the slot was responsible for most radiation and it was
sensible to terminate this arm where the major impedance change
occurred. Some allowance then had to be made for the corner region and
this was included into the end arms by defining their length to the centre
of the main arm as shown. These reference planes did not change when
later a second arm was added at each end of the slot to make it I-shaped.
The electrical length of the slot was first investigated experimentally.

A l-shaped slot was milled in one of the plates of the special size
waveguide jig using a one sixteenth inch diameter tool. The
attenuation past the slot, radiating over a ground plane was measured
over the band from 5.25 to 6.25 GHz. The frequency of peak attenuation
past the slot was found to be 5.788 GHz. At this frequency the length
of the slot defined using the reference planes shown in Fig. 3.1.1.

was 0.496 wavelengths. The choice of reference planes appeared to be
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Justified.

In deriving the slot conductance, the slot field was assumed
to be sinusoidal. This assumption was then tested. In the direction
normal to the ground plane the component of electric field produced

by the centre arm was proportional to?

h
fcoskydy (3.3.1)

Q

and by the end arms to

’\/4
fcoskz . dz (3.3.2)

The two principal polarisations were in the ratio of:

sinhk ¢ (1 - sinhk) (3.3.3)

This ratio was determined experimentally by fitting a section of circular
waveguide to the slot. This did not change the slot resonant frequency,
and it should not have substantially changed the field within the slot.
The circular waveguide was terminated in a circular to rectangular
transition which also incorporated an attenuating wame. This had
originally been designed by Flann Microwave Instruments Itd. as part
of a precision rotary attenuator. In this manner the two orthogonal
components of the electric field within the circular waveguide were
terminated in matched loads but could be separately measured.

At the frequency of peak attenuation past the slot, the ratio
of the polarisations was measured to be 3.57 dB, using the

Weinschel Engineering radio frequency ratiometer described more fully
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later. This value was compared to“the theoretical value of 3.69 dB
obtained using the specified reference planes. Reasonable
agreement has been obtained indicating that the original assumption of a
sinusoidal field distribution along the slot was substantially
" gorrect. The value of conductance derived usiné this distribution
was then expected to be of similar accuracy. This was in fact so, as
the theoretical value was 0.98 and the experimental value 0.85 determined from
the measurement of peak attenuation past the slot.

The properties of the Tl-shaped slot seemed well behaved. This
_view was reinforced by some early measurements of slot loss at X-band,
which showed the slot to be substantially loss-free. These measurements
are not reported here aé they were repeated and more fully investigated
at C-band. The C-band results appear in the next chapter. The
results from the l-shaped slot indicated that it could be used as an
array element but at resonance only one value of conductance was
availaSle. Some method was required to vary the resonant conductance
of the |-shaped slot and retain its low loss behaviour. The first
geometries investigated were 4, and Z-shaped slots formed by rotating
either the end arms or the central 1imb of the T|-shaped slot.

3.4. The “4.and Z Shaped Slots

When the end arms of the T]-shaped slot were rotated the %4 -shaped
slot was formed. The end arms of this slot intercepted less wall
current and its coupling to the waveguide was likely to be reduced.
Similariy; the centre arm could have been reorientated to form the
Z-ghaped slot in which the centre arm was excited in opposition to the
end arms. “

Distorting the straight slot to produce the Tlrshaped slot did not

*
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substantially change the sinusoidai distribution along its length.
Further distortion to produce either the A1aor Z shaped slot was
unlikely to produce'a major change in this distribution.

Both slots were divided into three sections in a manner similar
to the 1-shaped slot, as indicated in Figure 3.4.1l. and Figure 3.4.2..
The centre section of the 4, shaped slot behaved in a similar
manner to that of the “l-shaped slot, in that the slot electric field and
waveguide magnetic field were parallel and not coupled. The couwpling
of the 4 -shaped slot to the waveguide was by the end arms and
was analysed using a modified coordinate system x, y', z' as was
used for the straight inclined slot in the narrow wall of the
waveguide.

For one end section:

fa = Eiy' = % cosk { z' + h(1 + sin W)} (3.4.1)

and in the modified coordinates

Hogr = %"f} exp(~ jyz' cos ¥) (3.4.2)

and as before from equation (2.3.7)

_ g A = i s
A"YSC n.(El/\z)d.
slot

so that for one end arm:

_hsiny + (M/4-n)

N - 1 ]
Al = %%ﬁ cosk {z‘ + h(1l + sin ‘lf)} e IVZ cos¥ dz'
© -hsint

(3e4a3)



FIGURE 3.4.,1. The geometry of the 4-shaped slot. g
. 0

2h

FIGURE 3,4.2., The gecmetry of the Z~shaped slot.
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The simplifying substitution:

u = z' +h(l+ sin¥) . (Zololt)

was made so that the integral became:

N
. A
A = %—;’/ﬁsﬁi exp[j¥h(l + sin §)] fcoskue@(‘ Jyu cos ¥)du
c i
(3.4.5)
which evaluated to give:
A = ¥ cos ¥ {kexp[j‘Ycosﬁ {h(l + sin{) - )\/Ll-} ]

J'aYSC(k2 - Y2cos?Y)

~ (k sin hk —Vj‘y cos ¥ coshk) . exp(jyh cos § sin ¥) } (3.4.6)
Similarly for the other end section:
El = Ely' = % cos k {z' - h(i + sin‘ll)} (3e4.7)

and a similar integral was formed which was simplified by the

substitution:

u = z' - h(l + sin¥y) (3.4.8)

and evaluated to give:

A = V¥ cos § k expl- j¥Ycos ¥ {h(l + sin¥) - )\/L& }]
2 jaySC(k2 - YPcos?y) {

- (ksinhk + jycos ¥ coshk) . exp(- jyhcos ¢ sin W} (3e4449)

v

81
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Summing (3.4.6) and (3.4.9) gave the total value of A from which:

'

% = jayscizaco-s 32&82“’) {k cosv - ksinhk cos§ - ¥ cos ¥ coshk sin 5}
(3.4.10)
where
V = YcosY[h(L + siny)- /4] (3.4.11)
and
§ = Yhcos¥siny (3.4.12)

When § was set to zero the expression became that derived for the
“L-shaped slot (3.1.10).

It could also be shown that:
B = A (3.4.13)

so that the equivalent circuit of the slot was a shunt conductance

specified from (2.5.7) as:

12011)\)\9:00 sztlf e®
g ] (3.“’01[{')
2 2 232
RradaBb(k Y“cos 9)
where -
€ = kcosY - ksinhkcos E- Ycos©Ocoshksin§  (3.L4.15)
and Rra q Was in this case the radiation resistance of the equivalent

“, -shaped dipole.
The Z-shaped slot was analysed in a similar manner but the coupling
to the waveguide by the centre limb had to be included. For this limb the

modified coordinate system x, y', z' was used so that:
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-ﬁl = Ely' = ‘gcoskz' (3.4.16)

and the contribution to A was

-h
'l -Jyz!
A, = ja:lrsc f coskz' ¢ J Y2 ?QS de‘ (3.4.17)
+h

which reduced to:

A = 2V cos B

;ia'\zsc(k2 - Yzcoszﬂ)

{Y cos B cos hk sin(hy cos B) = k sin hk cos(hy cos B)}

(3.4.18)

The original x, ¥y, z coordinates were used to evaluate the

contribution from the end arms. For one arm:

El = Ely = % cosk[z+ h(l + sin B)] ‘ (3.4.19)
so that:
7\’/l+ -~ h(l+ sinB)
_ v . -Jvz
Al = ‘;iaYSC coskl[z + h(l + sinB)le dz
- hginB
(3.4.20)
The integration was facilitated by the substitution:
u = 2z + h(l + sinB) (3.4.21)

and gave:
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nv A )
= k expl- jv /i - (1 + sin Bl 1
E! Javso(k® - v9) { { }
+ (jYcoshk - k sinhk)exp(jyh sin B) } (3.4.22)

A gimilar result was obtained for the bottom section so that when all

the contributions were summed the result was:?

A om

¥ = Tavs, {M.P + N.R} (3.4.23)

where

M = _2_-5-1%@_—5 (Bob.2k)
k“ - y¥“sin“B

1

N = ———— (3.2.25)
k2 _ 'Y2

P = +vesinB coshk sin(hy sin B) - k sin hk cos(hy sin B) (3.4.26)

o
]

k cos {;[R/Lv - h(1l + sin B)]} - k sin hk cos{(hy sin B)
~ ¥ coshk sin(hy sin B) (34.27)

As with other similar slots A and B could be shown to be of the
same sign so that the equivalent circuit of the Z-slot was a conductance

of value:

120mAA
g =
. R .’

{M.P + N.R } 2
rad’ )
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Rra g Was again the radiation resistance of a 'L-shaped dipole.

3.5. The ‘L -shaped Dipoles Radiation Resistance

The radiation resistance of the 4,-shaped dipole was found
by evaluating the total radiated power, after fitting a sinusoidal
current distributio’ﬁ along its length, in a manner similar to that
used for other geometries. The contribution from the centre section
was identical to that for the  “L-shaped dipole, but different
terms emerged for the end sections. The current in one end section

was given by:

I,(0) cosk[x'+ h(1l + sin B)] (3.5.1)

where the geometry was defined by figure 3.5.l., and produced a

component of the current integral:
-hsinB+ (x/’-r-h)

x' I,(0)cosklx' + h{(1 + sinB)] . exp {jk[h cos©

“hsinB

+ cos@5in(6 - B)(x' + hsinB)] }dx' (3.5.2)

This complicated expression was simplified using the substitutions:

u = x'+ h(l + sinB) (3.5.3)

w = hk[cos® - cosfsin(0 ~ B)] (3.5.4)
and

¢ = cosfsin( - B) (3.5.5)



FIGURE '3.5.%} The geometry of the ‘Lyshaped dipole,
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so that it became:

My |
x! Iz(o)exp(jw) J[;oskuexp(jkEu)du) (3.5.6)
h

This expression was similar to equation (3.2.9) with v and w replaced

respectively by o and €, and was evaluated in a like manner to give:

x'I (o)

k(1 e2) {ex-pj(w"' E—;) - exp[j(w + th)](jGCOShk + sinhk)}

(3.5.7)

A comparable expression was obtained for the other end section so that

the total x' directed contribution to the current integral was:

2T (o) .
Jd , = —_— {cos(w + =) - sinhk coslw + hke) + ecoshk . sin(w+hke)}
X k(l _ 32) 2

(305'8)

The components of the current integral vector were then expressed in
orthogonal coordinates such that:

J = Jx' cos B (30509)
and

JZ = J_-J,sin (3.5.10)

The radiation resistance was then obtained as

21T T
Rag = 22 f fsinz'\'](ii+ ii)sin@dsddg (3.5.11)

A1
(o] (o]

where



88

(3.5.12)

and

i, = Efgf%y (3.5.13)

Equation (3.5.11) was similar to equation (3.2.1%) and so was
enumerated using the same numerical integration routine. The results
for the radiation resistance of a 1-shaped dipole are shown in
Figure 3.5.2.. The case wheﬁ B=- 90° corresponded to a gtraight half
wave dipble and a value of 73.1 ohms was obtained. The radiated

power decreased as the dipole was distorted and for a particular half
height of the centre section with the end arms folded right back the
radiation resistance was negligible. For a fixed dipole half height the
radiation resistance was lowered the more bent it became. For the
complementary slot this implied that the coupling to space was
increased as the end arms were folded back. However the end arms were
folded back to decrease the waveguide to slot coupling and hopefully
reduce the waveguide to space coupling reducing the slot conductance.
Folding the end arms back in fact increases the sglot to space coupling
but reduces @Eg slot to waveguide coupling. As similar sinusoidal
functions were used in the analysis of both component couplings it is
unlikely that a major variation in slot conductance could be obtained.

1

3.6. Experimental Investigation of ‘1 and Z Shaped Slots

The experimental programme for these slots followed similar lines
to that for the |-shaped slot. Initially the choice of reference
planes was investigated. They are shown in Figures 3.4.1. and 3.4.2.,

and were selected to be consistent with those of the l-shaped slot.
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The frequency of peak attenuation past series of slots of both types
cut in plates of the special C band waveguide jig were determined. For:
the L -shaped slots this presented certain difficulties as the
resonant frequency was higher than the freguency at which more than

one mode could exist in the waveguide 12. The measurements on this
-series of slots were made using coaxdal componenﬁé. The electrical
lengths of the “L and Z shaped slots at resonance are shown in
Tables 3.6.1 and 3.6.2., using the defined reference planes. The lengths |
of the slots described in this manner appeared to be sensibly constant,
Justifying the choice of reference planes.

The polarisation angles of the slots were then investigated using
the circular waveguide section aiready described. For the 1 -shaped
slots the measurements were unreliable, as the waveguide 12
measurement bench became overmoded, but are presented for
completeness. Tables 3.6.3. and 3.6.4. show the experimental and
theoretical values of the polarisation ratio obtained. Acceptable
agreement was obtained for all the slots. The theoretical values sup-
ported by the measured data showed that the vertical polarisation was
minimised using the Z-shaped slot rather than the “1-shaped slot.

This was reasonable because for the Z-shaped slot, as the centre arm

was rotated, it produced a rapidly increasing component of cross
polarisation in opposition to that of the end arms. For the <, -shaped ‘
slot the cross polarisation fell comparatively slowly as the end arms
were rotated.

The sinusoidal distribution fitted to the slots appeared to be
correct, and as the derivation of slot conductance was based on this
it was then expected to be similarly correct. This was in fact so

and experimental results are compared to theoretical values in



TABLE = 3.6.1. The electrical length of the ~|=shaped slot.

TABLE 3.6.2.

Electrical slct
length.

(wavelengths)

10 0.473
20 0,482
30 0.489

The electrical length of the Z-shaped slot,

B Electrigal slot
| \ 3 Tength
(degrees) (wavelengths)
} e
o 0.49%
10 0.493
20 0,495

90



TABLE 3.6.3. The polarisation properties of “|~shaped slots coupling to

circular waveguide, a

- Ratio of main to cross
. polarisation db
a
Theoretical " Measured
&mmm
(o} 555 5.62
10 . 5,15 4.59
20 4,90 3,98
30 i"o 95 56 31

TABLE 3,6.4, The polarisation properties of Z-shaped slots coupling to

circular waveguide.

Rztio of main to cross
—_ . polarisation db

¢ ¢
- Theoretical Measured
"'10 10 27 lo 51

%

0 3,69 ~ 3,57
10 6ok 5.52
20 9.26 8.80




‘TABLE 3.6.5. The conductance results for

-shaped slots,

Angle © Conductance

(degrees) Theoretical | Measured
10 —. C. Lo o, L4
20 0.35 0.37
30 0¢ 35 00 35

. TABLE 2.6,64 ThHe conductance results foﬁ Z~shaped slotse.

hngle © Conductance
(degrees) Tpy Ccvicar Measuref;___
-10 1.33 1.29
o) 0,85 0.85
10 0,48 0.53
" 20 0.28 0.34
30 0.15 0.19

FIGURE 3.,6.,1. The geometry of a folded slot.

L

=
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Tables 3.6.5. and 3.6.6..

The variation of the slot conductance was smaller than might have been

originally expected. The coupling to the waveguide was decreased, but
. the radiation resistance varied in a similar but inverse manner. The

functions used to calculate the coupling to the waveguide and the

dipole radiation resistance were the same. The differences between the

final resulis arose due to the different mamners in

which the functions were integrated and could be thought of as second

order.

It appeared that to obtain a slot geometry with a wide range of
conductances it was essential thgt either the cowp ling to the waveguide
or the radiation conductance remained constant while the other varied
widely. The 41 and Z-shaped slots could not meet this requirement,

neither could other possible slot geometries such as the folded slot
shown in Figure 3.6.1.. The changes in the slot geometry required to
produce changes in the coupling to the waveguide also changed the
radiation resistance of the equivalent dipole. Consideration was then
given to loaded L-shaped slots in which the width or impedance of the
slot was changed along its length. This changed the length of the
end arms but the geometry of the slot stayed substantially constant as

far as radiation was concerned.

3.7 The Loaded L-shaped Slot

The geometry of thistype of slot is shown in Figure 3.7.l. The
slot width was different for the centre and end sections. The change
in width was associated with a change in the characteristic impedance
of the slot line short circuited at each end to form the slot. It

was thought that to maintain the slot at resonance the lengths of the end



FIGURE 3.7.1l. The geometry of the impedance loaded "|-zlot. .
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TABLE 3,7.1, The principal properties of loaded | ~slots coupling to

waveguide 12,

- a1 Frequency of Peal
/ . peak coupling coupled power
a2 GHZ. db
0.50 5.696 L2k
0.75 5.806 . 3452
1.00 _ 535k 3652
1.33 ' 5.902 3453
2.00 5.956 3.69
3.12 5904 3471




95

arms would have to be changed and the amount of wall current intercepted
would be different. Most of the radiation was from the centre limb and
its distribution was unchanged while that from the end arms was
. maintained at the same angle. It was thus hoped that the coupling of
the slot to the waveguide would change but that the radiation resistance
of the equivalent dipole would be sensibly constant producing a variation
in the slot conductance.

The investigation of the voltage distribution along the uniform
Teshaped slot indicated that the discontinuities produced at the
corners were unimportant. The distribution along the loaded L-slot
wag considered as if the corners were not present, so that the slot was
straightened out as shown in Figure 3%.7.2.. At the plan:ehuaimpedance

looking towards the short was:?

Z, tan Bl'b o (3u7.1)

but if the slot had been uniform it would have been:

A
Zatans( /Ll' - za) (3-7-2)

As the slots were both resonant the effective impedances were equal

or.:
A
7 ten Bl = Z_tanB( /L - £))
so that:
Z tan.B&b
£ _ (3.7.3)

% tanB(Mu- 2

From the dimensions of a resonant loaded Wslot it was possible to obtain
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TABLE 3.7.2. The impedance reﬁulﬁs for "l-shaped slo
Slot —
No. 4,/4, S4fdp | 2/
1 0.32 0.57 0.53
sebgReT 0.50 0.71 0.66
3 0.75" 0.86 0.82
4 1.00 1.00 0.99
Fo
p) 1.33 1.15 1.22
BIRYY L 10 ME sl Dag e ywosn! T
6 2.00 1.41 1.48
7 3.12 1.76 1.98
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the ratios of the impedances of the different sections of slot lines
forming the slot.

A set of six plates for the special size waveguide jig were
slotted with loaded k-shaped slots. The ratio of the slot widths varied
from 0.50 to 3.12. A thorough experimental investigation of these
slots was mounted in a similar mammer to that of previous slots. The

important results are shown in Table 3.7.1l.. They indicated that

although the impedance loading substantially modified the lengths of the end

arms, the slot conductance remained almost unchanged. The original object
of impedance loading had been defeated but from the geometries an
interesting relationship concerning the slot line impeéances emerged.
Table 3.7.2. iists the ratios of the slot line impedances and the

square root of their relative widths from which it emerged that:

Z 2ot line * Vi slot width (3.7.4)

It was a well known result that the impedance of a transmission

line was given by:

) R % Jwl
gy = G + jwC (3.7.5)

which in the high frequency limit became:

L
Z = C (3.7-6)
so that for the slot line considered:

%‘ a Slot width (3.7.7)

el

renge s v £ mew n s wr



97

3.8, The I-Shaped Slot

The variations of the Z-shaped slot thus far investigated did not
produce the desired range of conductances. In all cases the variation
in the coupling to the waveguide did not vary sufficiently and was
counteracted by a change in the radiation resistance of the equivalent
dipole. This stimulated thought about terminating the centre arm
of the slot not in one end arm, but by two arms in opposite directions.
These end arms would excite the centre section in opposition and the
ratio of their lengths could control the slot coupling. It was also

. postulated that the radiation resistances of dipoles top loaded with
either one or two branch would be similar, so that a range of slot
conductances would result.

The geometry of the slot is shown in Figure 3.8.1. and it was
analysed in five sections as indicated. The reference planes at the
branch arm junctions were picked so that the branch arms were
symmetrically placed relative to the centre arm which was terminated
at its impedance discontinuities. A sinusoidal voltage distribution

was again fitted along the sglot. For the centre section:

E -5 - :-\;-cosky (3.8.1)

and did not contribute to the coupling to the waveguide. At each
junction, the two branch arms were in series and they had normalised

input impedances given by:

tankdl and tan kdz (3.8.2)

so that the normalised input impedance to the two branch arms was:?

tankd;, + tan kd2 (3.8.3)



FIGURE 3,8.1. The geometry of an I-shaped slot.
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For an unbranched slot the normalised impedance at this point would

have been:

-~

tank( M4 - h) (3.8.4)

from which it followed that:

tan kd

1 * tankd2 = tank("/h - h) (3.8.5)

and the rescnant dimensions of the I slot have been defined.

The normalised input voltages to the branch arms were then:

tan kdl coskh

(tan kd, + tan kdz)

(3.8.6)

ands:

tan kd2 coskh |

(tan kd, + tan kdz)

(3.8.7)

The voltages along the branch arms decayed sinusoidally to zero at

their ends which corresponded to a variation of the form:

cosk(Mu- 4 + 2) (3.8.8)

The variation of voltage along the branch arm and the normalised

input voltage were known so that they could be combined through an

additional normalisation of the form cos k()'/h- dl) to give the fields

along the various branch arms ast

Arm 1:

A
tankd, coskh cosk(z + /4 - dl)

v
= -~ <30809)
Ely' d (tankdl+ tan kdz)cosk()‘/u - dl)

99



Arm 23
A
v tankdzcoskhcosk(z + Ny - d2)
- (tankd1+ tankda)cosk( /- d2)
“Arm 33
N
v tankdlcoskhcosk( L - dl - z)
Ely3 = a’ . Y (3-8-11)
(tankd1+ tankd ) cosk(™/4- 4.)
2 1
Arm 4t
}\/ ‘
v tzaLnkd2 coskh cosk("/4 - d, - z)
Elyl{— = ‘d— . k (3.8.12)
(twnkd1+ tankdz)cosk( /- dz)

' These expressions were simplified using equation (3.8.5) and the

properties of trignometric functions.

The centre section of the slot as with the l-shaped slot did not

100

contribute to the coupling integral, but there were still four components

to be evaluated. For all these parts: A

E = B = =0 Jiv (3.8.13)

and the contribution to A from branch arm 1 was:?

a
. 1 3

b = ZZ os kd fcosm"/u - a4y + 2)e I "%az (3.8.14)

Ja"by 1 o
which reduced to:
) -Jvd
V Y
o= - ﬂ% o (21 2y {ke b+ gy cos k(i - a;)
ja“by 1 k™ -y

- ksink(My - a,) } (3.8.15)
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The integrals for the other three branch arms were evaluated in
a like mamner. The contributions from the long and short arms were

initially summed separately so that:

) . cos Y
Morhy = -2 g [ ) (.8.16)
jaloy (% - ¥ 1
and
. d
2mk  sinkh { cos o
A_+ A = - —— ] (3.8.17)
2 L jazby (k2 _ Yz) 00skd2 }
It then followed that:
A . ork sin kh { cos Ydl ) cos ‘Yd2 } (3.8.18)
v jaZoy(k2 - v2) coskd,  coskd,
It could also be shown that:
A = B ) (3.8.19)

so that from equation (2.5.7), the equivalent circuit was a shunt

conductance of normalised value!

< 2
480 akgs:.n kh {cosa(dl cos Yd } 2

_ _ 2
g = R _mbr cos kd cos kd2

rad 1

(3.8.20)

where Rr was the radiation resistance of an I-shaped dipole.

ad
If d, was set equal to zero in equation (3.8.20) the equation (3.1.12)
was recovered corresponding to the result for the "l-shaped slot.

Similarly when the length of the two branch arms were equal i.e.,

dl = d2, then the conductance was zero, which showed that a complete
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range of slot conductances would bé produced by the I-slot providing
its radiation conductance stayed reasonably constant.

The derivation of the radiation resistance of the I-shaped
dipole was similar to that of the Z-shaped dipole except that there
were four contributions to the x directed current Jx’ which could be
shown to be given by:

2A1 (o)

Jx = o aa) {cos(u - akdl) - cos(u - dkdz)

- cosul coskd

1" coskdz) + a51nu(51nkdl+ 51nkd2)}

(3.8.21)

where

coskh
A = sinkdl+ sinkd (3.8.22)
2

u = hkcos® (3.8.23)

and
o = cOos ¢ Sing - (308.2’4‘)

d_ so that (3.8.21) was simplified to:

For a symmetrical I-dipole dl =d,

ZIZ(O) @ sinu coskh

x ° k(1 - @)

(3.8.25)

If the centre section of the dipole tended to zero height, u went
to zero with JX; JZ was also zero so that the radiation resistance
of a symmetrical I-dipole of zero height was also zero.

Equation (3.8.21) was incorporated into the numerical integration

routine previously used to evaluate radiation resistance, subject to
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the constraint of equation (3.8.5) to maintain resonant dimensions.
The results obtained for the symmetrical I-dipole are shown in
Figure 3.8.2., with the results for the Tlzdipole and for
completeness the straight dipole considered in Section 2.4.. The
radiation resistances of the symmetrical I and straight dipoles of
negligible height were,as expected, zero. This contrasted with the
"1, shaped dipole of negligible height which became an x directed

half wave dipole with a radiation resistance of 73.1 ohms. For
half heights greater than zero the radiation resistance of the
symmetrically top loaded dipole rose rapidly compared to that of thé
plain straight dipole. Similarly the radiation resistance of the
L-shaped dipole fell as it becamé more like a short top loaded
antenna. TFor geometries with half heights in excess of a tenth of a
wavelength, the effects of top loading with one,and then two,

branch arms became similar and for half heights greater than 0.15A
the differences were negligible. This was important as it meant that
provided the slot half height was sufficiently large the slot
radiation conductance was unlikely to change with the coupling to the
waveguide. It was then expected that the I-shaped slot would give

a large range of values of conductance and its properties were then
examined experimentally.

A series of twelve plates which fitted the special waveguide
jig was used and I-shaped sléts with the ends of various ratios were
cut. These included a l-shaped slot. The frequency of peak
attenuation past each slot was found as it radiated above a ground
plane, so that the original choice of reresrence planes could be
examined. The equivalent electrical lengths of the slots were found

at these frequencies from its physical dimensions. The results shown



104

in Table 3.8.1. ipdicated that the reference planes were appropriate
as the slot 1engthi was well behaved.

The polarisation properties of the slots were then measured using
the circular waveguide section as described earlier in this chapter.
Theoretical values for the ratio of the main to the cross polarisation
were also derived by integrating the voltage along each arm of the slot.
Theoretical and experimental values were compared, as shown in
Table 3.8.2.. It was found that a small amount of dispersion occurred
between the frequencies of peak coupling to the major polarisations.
This caused the polarisation angle of the slot to rotate around the
resonant condition. It was not known at this point how the dispersion
should be treated and the measuréd ratios of polarisation shown were
in fact the ratios of the peak values. Reasonable agreement between
theory and experiment was obtained for the first few slots but became
progr;ssively poorer for 1o§er coupled slots. As the coupling was
decreased by increasing the lengths of the shorter branch arms, the
dispersion between the peak couplings to the two polarisations
became larger. The vertical component corresponding to the branch arms
descended to a coupling value of approximately - 26 dB and remained

at that level. The horizontally polarised component progressively

decreased as the branch arms were made more nearly equal until it
reached the level of the cross polarisation at which point the whole
slot resonance became ill defined. It was thought that a residual
reactance could be associated with one polarisation which upset the
slot resonance for small couplings. Highly coupled slots however,
were generally well behaved with regard to their polarisation
properties.

Experimental and theoretical values of the slot conductances
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TABLE 3,8,1. The effective electrical length of I-shaped slots radiating

in a ground plane.

Slot Slot
Coupling,. length.
(ab) (wavelengths)
~5.8 0,5026
"80 9 . oo 5037
"‘100 9 00 5035
"'120 Ll' ) 0. 5042
-14,1 0.5046
“149 8 0. 5042
=16.5 0.5043
S "17.6 O. 5042




TABLE 3.8.2.

The polarisation properties of I-shaped slots coupling to

circular waveguide,

‘Length of the
shorter branch

Ratio of main to cross
polarisation db

arm,

Inches. Theoretical Neasured,
0-00¢ 3.69 3057
0.100 6.73 7.00
0.150 11.27 11,70
0,160 12.97 12.39
0.170 14,8 13,4
0.175 15.9 13.2
0.180 16.6 13.5
0,185 19.3 14,1
0,190 21.5 13,0
C.195 2h,2 9.3
0,200 29.6 1.6
0.205 46,7 -2.0
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were obtained for the slots radiating over a ground plane. These
are shown in Figure 3.8.3.. Good agreement was obtained for the

highly coupled slots and reasonable agreement for the more lowly

coupled slots, despite the poor cross—polarisation performance.

The I-shaped slot appeared to be a possible array element as its
conductance could be readily controlled. Its cross polarisation
performance was not as good as expected and at very low couplings
the slot resonance was poorly defined. It appeared that some sort of
cross-polarisation suppression grid would be required, possibly the
slot would have to radiate into a parallel plate region and this was
initially simulated by a waveguide 12 branch arm. The new glot
parameters were as shown in Table 3.8.3.. The frequency of peak
cowp ling had been increased by 140 MHz and the cross polarisation
suppressed. The slot resonance was now well preserved for
couplings as low as - 35 dB. The I-shaped slot with some sort of
cross polarisation suppression grid secemed to be an ideal array element
as its coupling could be well controlled by changes in the relative
lengths of its end arms. '

For highly coupled I-slots radiating over a ground plane accurate
theoretical yﬁ}ues of conductance had been obtained. As a further
check on these results it was decided to design three slots which
would ordinarily have been highly coupled but to try to uncouple the
slots by reorientating the centre limbs in opposition to the branch
arms as shown in Figure 3.8.4.. When these slots were measured there
was no discernible attenuation past the slots at the design frequency
of, 5.70 GHz but two small peaks of attenuation 0.05 dB high were found
100 MHz either side of this frequency. The slots were successfully

uncoupled further supporting the generally predictable behaviour of the



FIGURE 3,8.3, The variation of conductance of resonant I-ghaped slote,
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TABLE 3.8.3.

The length of
the shorter

Frequency of
peak coupled

Peak coupled

branch arm., power. power
THCHES. GHZ. db
==
0.C00 50902 3499
0,100 5.860 4,78
/

0,150 5,868 8.01
00 160 50 856 9. [4"6
0,170 5e 068 11,0
0.175 5,888 12.8
0,180 5.866 13.4
0,185 S5¢852 14,2
0.190 5.868 17.5
0,195 5.872 19.7
0,200 Se874 © 26.7
0.205 5,860 35.1
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The properties of I-shaped slots coupling to waveguide 12,
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I-shaped slots.

3.9. The Loaded I-Shaped Slot and the H-Shaped Slot

The last section indicated that the I-shaped slot appeared to be
a useful array element. However, this slot, like the Z-shaped slot,
could have been centre loaded by impedance changes to reduce its overall
size. There would then have been few differences between centre
loaded I-shaped slots and H-shaped slots of low coupling. The
experimental results from both these types of slots are reported in this
section. The loaded I-shgped slots were milled in plates which fitted
the special C band waveguide jig and measurements were made with slots
radiating and coupling to both rectangular and circular waveguide.
The important results for this type of slot are summarised in Table 3.9.1..
It appeared that the slots were regularly behaved but it was noted that
centre loading reduced thei¥ bandwidth.

The H-shaped slots (Figure 3.9.l.) measured were milled in an
X band jig similar to the C band one, except standard waveguide 16 was
used. The measurements were made on an X band bench which is further
described in the following chapter and they are precised in
Table %3.9.2.. The ratio of the slot line impedances was again found
to be proportional to the square root of the slot width. The slots
still appeared to be well behaved, although A.S.W.E. had reported the
H-shaped slot to be lossy. The loss did not appear to upset the slot
behaviour and thus had to be carefully invegtigated. The differences
between the I-shaped slots and H shaped slots for low couplings were
small and the H shaped slot had considerable loss associated with it.
Before the I-shaped slot could be used as an array element its loss

had to be shown to be small. If acceptable as an array element the
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TABLE 3.9.l. The principal properties of centre loaded I-ghaped slots,

(a) Coupling to waveguide 12,

Ratio of the | Frequency of Pealk
widths of .
centre and peak coupling. coupled
end limbe, GHZ. db
|
0.32 5‘650 8‘14
0.50 5.843 6.73
0.75 54920 6.16

(b) Coupling to circular waveguide.

Ratio of the |Frequency of | Peak coupled | Peak coupled
widths of sk coupline [POWeT main power ¢Cross
centre and pe oupiing pol. pol.
end limbs,. GiiZ. db db
0.32 5594 6.64 17.52
0,50 54724 592 16,41
0.75 - 5.832 550 12.%

(c) The polarisation properties coupling to circular waveguide.

Ratio of the Ratio of main to cross

widths of polarisation db

centre and

end limbs. Theoretical | Hezsured
0,32 12,03 10,88
0,50 10,27 10,49
0,75 8.68 7.6
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FIGURE 3,9.1.

The equivalent circuit of an H-shaped slot.

112

) £\
DU V4 —
Zé 1t
|
ZO l — : i 1 1
et =g T
I
h d
% e 2 e
\_ \_ >
TABLE 3,9.2. The slot impedance results for X-band H=-shaped slots,.
Frequency of
Slot peak coupling [‘ '
No te circuiar dl / d2 dl / d2 Zo / Zo'
* waveguide GHZ,
1 8.575 0.32 0.57 0.59
2 9.075 0.42 0.65 0.65
3 9575 0.50 0.71 0,72
L 10,150 0.63 0.79 | 0.20
5 10,650 0.75 0,87 0.88
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effects of the small differences between the I and H-shaped slots on
loss had to be investigated. The next chapter is devoted to this

study

%.10. The Thick Dumb-Bell Slot

All the slot geometries which had so far been investigated, were
cut in comparatively #hin wall waveguide. The wall thickness of the
waveguide had been ignored in deriving the slot conductance. The
possibility of using a thick waveguide wall was investigated. If the
wall was continued out'to form a flange on the waveguide then a
slot larger than the waveguide height could be used and coupled to
the waveguide only over part of its length. It was postulated that
if this type of slot proved useful then, all the slots could be realigned
to remove the cross-polarised component and the waveguide cut by contour
milling.

A single slot of this type was investigated at X band using
a waveguide 16 jig. One wall of the waveguide was removed after
reinforcing the other three. A thickplate in which a dumb-bell slot
had been cut was then attached to the Jjig and its properties measured.
A dQumb-bell slot was used to reduce the over all slot length.

The slot was thought of as terminated at its junction with free
space by a tuned circuit resonant at a frequency determined by the
overall slot length. The slot-waveguide junction was cousidered to
be another tuned circuit resonant at a higher frequency as determined
by the length of the slot coupled to the waveguide. These tuned
circuits were joined by a length of transmission line corresponding to
the slot thickness and this could be regarded as a trausformer. The

final slot resonant frequency was expected to be intermediate between
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FIGURE 3,10,1. The dependence of the resonant frequency of a dumb-bell

slot on its thickness.
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FIGURE 3310.2. The conductance of dumb-bell slots of different thicknesses

coupling to circular waveguide,
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those of the tuned circuits and dependent upon the slot thickness.

The properties of the X-band slot were thoroughly investigated
including loss coupling to a circular waveguide. The slot thickness
was then reduced and the measurements repeated. This procedure was
performed several times and the results for the slot resonant frequency
are shown in Figure 3.10.l and 3.10.2s. They indicated that the
slot could be tuned over a wide frequency range by altering its
thickness. The figure also shows the approximate resonant frequencies
of the tuned circuits terminating the slot.

The measurements of slot loss produced values of between
19 and 37 percent of the coupled power, which were unacceptably high for
array use. The loss was thought to be associated with large currents
at the waveguide 16 to slot interface. The magnetic field in the
slot Qas likely to be concentrated in the circular ends, but
originates inside the waveguide. The magnetic field must have been
squeezed into the dumb-bell ends within a short transition region. This
was likely to be associated with high current densities which would

have given rise to loss.

3.11. Slots in Triangular Waveguide

The method developed in Section (2.2) to analyse the conductance
of slots had been applied only to rectangular waveguide. This
limitation was not necessary as it could be applied to any waveguide
cross-section capable of supporting only one propogating mode. Even
this requirement was not strictly necessary but then  terms corresponding
to all the modes have to be considered as well as mode to mode coupling.
Practically rectangular waveguide was the most readily available and

few of the alternative cross sections offer advantages. However, in the
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particular application envisaged it was thought that triangular
wavegulde could offer some advantages. Instead of having one side
wall in which to cut slots, two pseudo-broad walls were exposed. It
was hoped that slots could be cut in these faces which would not excite
a cross-polarised component in the same way as transverse series slot
cut in the broad wall.

A section of triangular waveguide was made by removing three walls
from a length of waveguide 16 in such a way that when two plates were
fitted, the required cross section resulted complete with transitions
to rectangular waveguide.

Schelkunoff (1943) had previously analysed triangular waveguide of
isosceles cross section and a symmetrical waveguide with one right angle.
The waveguide formed from the waveguide 16 had a.small apex angle and
did not correspond to either of these geometries but was approximated
by a segment of a circular waveguide carrying the TEO1 mode, as shown

in Figure 3.11.1.. The TEo mode is circularly symmetric and so radial

1
conductors could be erected without disturbing the field. The main
error was likely to arise due to the flat rather than curved nature of

the short side. The field within the waveguide was then given by:

T r
= - =.'O
Hz Jo (sol a ) Ez
__.lC_. r
E% = 0 Hr = ix JO(Sol - (3.11.1)
g
) 7\C r
-— .—'—' ' Ld —
By = 3% 69,05, g = 0

where sol = 3.832, AC = 0.820 (2a) and a was the radius of the circular

waveguide.

The cut-off of this waveguide was investigated experimentally using



FIGURE 3,1l.,1. The field in the triangular waveguide approximated by the
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the section manufactured from waveguide 16 and found to be 8.35 GHz.
The value of a was taken to be the shortest radius and if the
waveguide had remained at its design dimensions this should have

been 6.878". It was suspected that the dimension was smaller than this

value but in any case?

— "
XC = 1.414*
so that:
K .
C
> = 0.805

This value agreed to within % of the exﬁected value using
the circular waveguide aéproximation and was better than the tolerance
on a. The description of the field scemed acceptable and the methods
of Section 2.2 and 2.3 could be used to analyse the properties of the
slots shown in Figure 3.11.2.. It was thought that the coupling to the
slot could be controlled by the fraction of the slot excited by each
face of the waveguide, so that a slot completely on one face would be
strongly excited and one folded equally on to the tw; faces would be
uncoupled. Only slots on one face have been analysed.

The derivation of the equivalent circuit of the slot proceeded in
a similar mammer to that for the rectangular waveguide. The fields
of waves travelling in both directions in the guide were known, the
equation for the integration over the surface enclosing a section of
waveguide was however computed in cylindrical polar coordinates, so

that for the waveguide cross section

R.(E AE) +nE AE) = & (B, - B, ) (3.11.2)
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so that:
2hy g2 r - - N F AE
= J‘o (sol a)dS = f n . (El A HZ)dS (3.11.3)
S slot
so that: .
A = _LZYIoa f n . (Ell\ HZ)dS (3.11.4)
slot
where
2] a
¥ 2 r
Ioz = f fJo (Sol a)drd@ (3.11.5)
(o] (o]
=)

by numerical integration.
For the half wavelength large slot cut in the broad face the

electric field fa was given by:

E = E,6 = gcos k(r - a)) (3.11.6)

_and
A - -
/\ = - H . -
o - El HZ EleZr * Elr 2z (3.11.7)
but the magnetic field at the wall was:

- X4 oy _~ivz :
HZr = Jo(sol a)e (3.11.8)

so that:
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. =Y - ' ry ~ivz
A = T3 jr cosk(r - d,) . I8, e as
slot
+}\/!+ , +d/2
_ \J 1 r - . -Jvz
= T35 f Jo(sol a)cosk(r dl)dr f e dz
o2 A d
a, = "/u -¢/2
(3.11.9)
The z integral became?
.. yd
élﬁl%;——lé (3.11.10)
which on including another d became
sin Yd/z
Ya/o
which for small d was approximately unity, so that:
a s/
v 1 r -
A = T J[ JO(Sol a)cosk(r dl)dr (%.11.11)
02 _l/
dl L

This integral could be evaluated numerically for any particular slot
geometry.

It could also be shown that:

A = -8B (3.11.12)

so that the equivalent circuit was a series resistance. Its value was
determined after the power flow in the waveguide had been determined.

It could be shown that for H type modes the power flow was given by:
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Re(Z.) (3.11.13)

where

E
© max
Zy = g

I max

I (3.11.14)

80

2
P = L [[Et]ds

2 ‘ a
vOE
: o] 1 r
= Lrtwy fJoz(sol a)dr
(o]
yEZ
= up I02 (3.11.15)

The equation of energy balance when the waveguide was excited became:

vi yi vi 2
02 2 o2 2 02 v
~L= _ 3 B R J11.
B o o+ (B + BT S L(Gom2  rad (3.11.16)
where Rra q vas again the radiation resistance of a half wave dipole,

73.1 ohms. It had already been shown that the slot equivalent circuit

' was a series resistance so that its value was given by

(%.11.17)
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where

d1+-§/4
Iol = f J::(Sol i)cosk(r - dl)dr | (3.11.18)

dl—"/u

a

Y 12 r
Io2 = o fJo (S01 a)dr (3.11.19)
(o}
and
‘ 2(60m2)yI
kl = -———v-l—'j———o-é (3.11.20)

1These expressions were evaluated numerically for a "half wavelength"
long slot in the section of triangulated waveguide 16. Ground plane
was fitted around the slot and the attenuation past it was measured
compared to when the slot was taped over with adhesive aluminium tape.
A peak value of series resistance of 1.09 was obtained
experimentally compared to a theoretical value of 1.14,
Good agreement was obtained showing that the field round the slot
behaved in a predictable manner.

Although the isolated slot in triangular waveguide was well
behaved considerable changes occurred in the slots properties when
other dummy waveguides were introduced and work was not continued.
Three principal reasons were given, firstly triangular waveguide was
difficult to obtain or fabricate. Secondly it was thought that the
problems of mutual coupling between slots would be greatly increased,
when the waveguide were stacked. Slots in different waveguides
woula face each other and be highly coupled. Finally the
triangular waveguide was lossy. The two fbroad faces™ were introduced

parallel to lines of magnetic field. These faces introduced a large

L]

I
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attenuation into the otherwise low loss TE%I mode in

circular waveguide. An expression for the waveguide attenuation was

derived as:

2
2 gl oA 1 ym° 2
@ = 5 a(xc) ll ("c) ] * TRyl [ CR R P

=L

(3.11.21)
where
8 = skin depth of the walls
¢ = conductivity of the walls
and
a
2 r .
I, = fJo(sol a)dr (3.11.22)
A ,

Experimentally for the section of waveguide available a typical

attenuation within its operating band was measured to be 0.5 dB/ft.
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CHAPTER L
SLOT LOSSES

4.1l. Experimental Investigation

The slots in the special rectangular waveguide investigated in the
last chapter appeared to be well behaved. A.S.W.E. had reported large
losses associated with:the H-ghaped slot, but no reports of loss in
the standard straight slot were known. It was to be expected that some
loss could be associated with all slots, but there was considerable scope
to investigate why the loss in some slots was negligible and in others
unacceptably large.

It was very difficult to measure slot loss directly. The radio
frequency energy dissipated must have appeared as heat, but most
laboratory sources produce so little power that this could not be
detected. A typical slot might couple a tenth of the power
indgident upon it and of this perhsp s a third could be dissipated as
heat. Only 3% of the incident power appeared as heat in the highly
conducting waveguide wall. A sensibly detectable temperature rise
would have required a massive radio frequency power source.

Slot loss had to be determined indirectly. This was done by
measuring all the power sources and sinks of a slot and any power
unaccounted for was assigned as loss. For a radiating slot this would
have required the measurement of the attenuation past the slot, its
reflection coefficient and the power radiated into the half space
above the ground plane. This last measurement would have involved
measuring the radiation pattern and gain at a sufficient number of
points so that it could be integrated. There are many sources of error

in such a measurement and it was felt that the power coupled by a slot
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and hence the loss could only be accurately measured in a closed
waveguide system. Measurements have been made of slot loss coupling
to both rectangular and circular waveguide mainly at C band, although
exploratory measurements were made at X band. The measurement of slot
loss coupling to rectangular waveguide essentially involved three
measurements; for coupling to circular waveguide one more measurement
was required as it contained two orthogonal components.

The error in the value of the loss obtained had to be larger than the
biggest error in measuring one of the slot power sinks. For slots with
small couplings the least accurate measurement was that of the
attenuation introduced into the passing waveguide. This measurement
required a precision instrument capable of resolving small changes in
attenuation. The equipment used was a Weinschel Engineering R. F.
Ratiometer Model No. 1810. This instrument compared two radio frequency
signals to an audio frequency precision attenuator at the modulation
frequency of 1 kHz (Fig. 4.1.1). The result was displayed on a long
linear scgle and could also be processed by a data normaliser or
plotted directly against frequency on an X~Y plotter. The makers
cla?med the accuracy of the instrument to be + 0.02 dB. This was increased
by mismatch and by the non-square law of the barretters used
(+ 0.01L @B in 30 &B dynamic range). Measuremenfs could be made to
an accuracy of + 0.03 dB if mismatch error was minimized. A schematic
layout of the C band equipment used is shown in Fig. 4.1.3.. For some
early slot measurements the simpler X band system shown in Figure 4.1.2
was used.

The C band measurement system was checked by measuring a waveguide
12 precision rotary attenuator made and calibrated by Flann Microwave

Industries Limited. Figure 4.l.L. shows the swept frequency results



FIGURE 4.1.1.

R.F. Ratiometer.
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~ FIGURE 4,1.3. Block diagram of Waveguide 12 swept frequency test bench.
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obtained over the band from 4.0 GHz éo 5.85 GHz, the frequency range

of the waveguide attenuator. It shows that the biggest discrepancy for
small values of attenuation was approximately 0.03 dB and cccurred
around two frequencies. -For other frequencies better agreement was
obtained betweeh the two attenuators, both of which were assumed to

be correct.

The C band system could have been used to plot swept frequency
results from which slot loss could be derived. In fact some uncertainty
was introduced in comparing results and it was found better to obtéin loss
values from single frequency measurements. The frequency was initially
determined by swept measurements. The slot V.S.W.R. was determined
by using a slotted line which was also used to check the initial
match.

Measurements were made on slots of various geometries but interest
was chiefly attached to I-shaped slots as in all other respects they
seemed ideal array elements. The I-shaped slot was in several

" respects similar to that of A.S.W.E.'s H-shaped slot and small
differences could be important. Early X band measurements had shown that
371,shaped slot was comparatively loss free and that an H-shaped slot
was lossy. These measurements had also indicated that surface finish
was comparatively unimportant as the |-shaped slot was badly made.

At C-band, measurements were made on uniform width I-shaped slots
of different centre heights coupling both to waveguide 12 and circular
waveguide. I-shaped slots were used because H-shaped slots would not
fit waveguide 12 unless centre loaded. The effect of centre loading
could then be investigated separately.

When the wavegulide 12 was fitted to the I-shaped slots, their

resonant frequency was raised by approximatély 150 MHz. This was
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due to the cross polarisation being cut off. The cross polarisation
produced a real component of the radiation impedance of the slot, which-
on being cut off changed to being imaginary. The wa;eguide 12 could
also be regarded as producing an infinite number of reflections in

its conducting walls so that the original slot radiation impedance
changes to that in an infinite array.

Fitting the circular waveguide to the slot produced a large
change in its conducténce but no change in its resonant frequency. Some
measurements were made at the frequency of peak attenuation past the
slots.

The results obtained for I-shaped slots of various heights coupling
to waveguide 12 are shown in Figure L4.l.5.. The results indicated that
I-shaped slots occupying the full height of the special size waveguide
were substantially loss free but as the height was reduced they became
much more lossy. The full height I-shaped slot appeared to be
a useful array element. The results of the last chapter indicated that
in all other respects it was well behaved but it was similar to the
H-shaped slot which was known to be lossy. One important difference
as far as loss is concerned had been identified as the height of the
centre section; in the H-shaped slot éhis was reduced to allow rotation.
The other main difference between the two slot geometries was that the
centre section of the H-shaped slot was impedance loaded. This was
also necessary to allow for rotation but the I-shaped slot was of
uniform width.

The effect of impedance loading on slot loss was initially
invéstigatéd on a series of I-shaped slots of constant height but
progressively centre loaded to reduce their overall size. The results
shown in Table L.l.l. demonstrate that the centre loaded I-shaped slot

became progressively more lossy as the loading was increased. A
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d2 } 3.9 power
— s ot |
0.32 31,9+3,6
0.50 10,1+2.9
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gimilar effect was found with centre loaded 1:éhaped slots as the
results shown in Table L4.1.2. indicate.

A1l the loss measurements were repeated with the slots coupling to
a section of circular waveguide. This was regarded as a two port device
as it could support two orthogonal polarizations. Each was
separately measured using a transition from circular to rectangular
waveguide incorporating an ;ttenuating vane, as described in Section 3.3..
Initially the transition was rotated and the polarisation within the
circular waveguide investigated. At one position a deep null was
measured indicating as expected that the wave in the circular waveguide
was linearly polarised. Subsequently only the horizontal and vertical
components have been measured. The loss values obtained with the various
slots coupling to circular waveguide are given in Figure L.l.6. and
Table L4el.3.. In general the results were similar to those coupling
to a waveguide 12 branch arm but the variation of loss with the slot
height and loading was less well defined. The effects on the
conductance and frequency repponse of the slots in fitting the
rectangular and circular waveguides were different but the slot loss
characteristics were generally similar.

The measurements on the I-shaped slots of high coupliﬁg factor
indicated that its loss was acceptably low. However, a completely
symmetrical I-shaped slot would not radiate but it is likely that some
loss can be associated with it. For lightly coupled slots it was possible
that the loss as a function of coupled power could increase. Measurements
of the loss of a series of I-shaped slots of different couplings were
made. The results, shown in Table L4.l.4. apparently indicate that the
loss increased for small couplings but the associated error also increased.

A decisive result was not obtained.

© e e evier
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FIGURE 4.1.6, The loss of reduced height I-shaped slots coupling to circular

waveguide through the narrow wall of the special size waveguide.
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TABLE 4.,1.3. The loss of loaded I-shaped slots coupling to circular
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TABLE 4,1.4., The loss associated with I-shaped slots of various couplings

feeding a waveguide 12 branch arm.

‘The length of Coupling to Loss/
the shorter branch Coupled
avm waveguide 12 power
INCHES -db %
FT‘
0.000 3.99 10,1+1.2
0,100 4,78 L.5+1.5
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1.2
-}"’0 5:700
0.170 11.02 2.5
0,175 1277 1.2+12,0
0.180 T13.3% 19.1+13.7

FIGORE 4.1,7, The loss of reduced height I-ghaped slots coupling to cirecular
waveguide through the erd wall of waveguide 12, as measured

by the modified V.S.W.R., method,
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It was postulated that more agcurate loss measurements could be
obtained if the slot was introduced as a resonant iris in a
waveguide. At resonance, there would be no reactance associated with
the slot and the conductance should also be zero. If the V.S.W.R. of
the slot followed by a matched load is measured the V.S.W.R. should be
that of the load. Any change in the V.S.W.R. could then be associated
with a residual conductance due to slot loss.

A resonant slot in the end wall of a waveguide though, fed in
a different manner to a slot in the narrow wall is likely to have the
same field configuration. The relative power sinks were however likely
to be changed and the actual value of slot loss was expected to be
different. The form of the loss_variation was expected to be independent
of which wall the slot was cut in.’

The series of reduced height I-shaped slots were measured in this way
coupling between waveguide 12 and circular waveguide. The minimum
VeS.WeRe within the waveguide 12 was measured using a swept frequency
generator and reflectometer coupler. The results obtained interpreted
as described are shown in Figure L.l.7.. The form of the loss variation
appeared to be totally different to that measured for side-wall coupling.
The results suggested that the slot was resonantly loss}free for a
half height of 0.05 wavelengths.

This result was further investigated as it was unexpected. The
same slots were introduced as resonant irises in waveguide 12 and the
attenuation past them as well as the V.S.W.R. were measured. In this
way the loss was measured both by the minimum V.S.W.R. method and as
power unaccounted for. The results shown in Figure 4.1.8., indicate
that for this case good agreement was obtained between the two methods.

The loss rose for this configuration, as the half height increased,
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because all the coupling was via thé end arms. The two methods of
measuring iris loss were repeated using the reduced height I-shaped
slots as a polarisation rotator between sections of waveguide 12
twisted at 90o relative to each other. In this case, (Figure 4.1.9)
agreement between the two methods of loss measurement occured

only for a half height of 0.05 wavelength. For all other heights the
change of V.S.W.R. method gave a much higher loss than there was power
unaccounted for. The change in V.S.W.R. was associated with a

residual reactance which was zero for a half height of 0.05 wavelengths.
Thig residual reactance was only associated with the polarisation
excited by the centre section of the slot. It invalidated the modified
VeS.W.R. method when this polarisation was excited. It was also
responsible for the dispersion between the frequencies of peak coupling
to the two orthogonal polarisations within circular waveguide and the
break down of the slot reso&ance for low couplings.

The loss assigned as unaccounted power with the slots as polarisation
rotation elements was consistent in its variation with measurements of
coupling through the narrow waveguide wall. The values obtained were
however different due to the change in geometry and relative power
sinks.

I-shaped slot loss had been measured coupling to both rectangular
and circular waveguide and the highly coupléd full waveguide height
slots found to be low loss. It was thought reasonable to assume that these
slots would remain similarlyvfree from loss when radiating into space.
In addition the loss of the lightly coupled slots has been shown to be
within reasonable bounds but any information regarding these slots would

be useful. It was decided to check the relative gain of a series of

I-shaped slots against some other antenna. This was done by forming an
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interferometer from a slot and an open ended waveguide through a rat-race,
as shown in Figure 4.1.10.. The interferometer so formed was slowly
rotated and the radiation pattern recorded, paying particular attention
to the null depths. The slot was then taped over with adhesive

aluminium tape and the level of the open ended waveguide recorded. The
interference fringes were less than 2° wide and they were recorded over
an angle of 20° - 300 so that many nulls were sampled. From the null
depth compared to the level of the radiation from the waveguide the N
difference in gain of the two antennas was determined.

Bench measurements were also made on the radiating slots and the
power lost from the waveguide at the slot was compared to its relative
gain. This is done in Table 4.1.5.. If the slot loss and radiation
pattern shape remained sensibly constant with coupling then these
quantities should have varied in a similar manner. The results
obtained were numerically similar in this case, although that is
coincidental. It appeared that the loss of the full waveguide height
I-shaped slots radiating over a ground plane staygd substantially
congtant with coupling.

The loss of the full waveguide height I-shaped slot was small
but measuremen?s indicated that the loss increased rapidly if its
height was reduced or if it was loaded by changes in impedance. The
H-shaped slot originally investigated by A.S.W.E. was an impedance
loaded reduced height slot and its high loss seemed sensible from

experimental evidence.

L.2. Investipation of the Field of a V.H.F. Waveguide Slot

The results of the last section established the phenomena of slot

loss experimentally and a model of slot loss was required. The
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HGURE 4,1,10.  The system used to measure the relative gain of a series

of slots. 139
_ I To the transmitter.
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TARLE 4.1.5. ’ The résults from the measurement of the relative gain of

a series of slots.

Slot Power unaccounted for by Relative gain
No. bench measurements. of slot ccmpardd Difference.
% -db to wafgg?ide.
1 31,16 5.06 =5.2 +0,1
2 172.60 7.56 ~7.0 ~0.5
} 11. 54 o.k2 -10,6 +1.2
b 795 11,00 -11.8 +0,8
5 5.86 12,32 -12,0 ~-0.3
6 b b5 13.52 -13.0 -0,5
; ' 373 14,28 ~15.0 +0,3
8 1,02 19.92 -20,0 .1
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assumption of a sinusoidal slot field was shown to be substantially
correct in determining slot conductance, but before a loss model

could be established with confidence it was desirable to obtain a'more
complete knowledge of the slot electromagnetic fieid. The simplest
experimental approach was to probe the field around the slot. A

C-band slot was too small to be accurately probed, and a much larger
slot was required. A section of V.H.F. waveguide was made from
aluminium sheets bent to form a nine foot length of waveguide
approximately to the dimensions of waveguide 00 (WR2300). The waveguide
was terminated at one end with a load made from a hollow wooden

pyramid filled with carbon loaded foam rubber. Power was introduced

at the other end by an offset electric probe in front of an

adjustable short circuit. The probe was made of copper sheet and
approximately four inches in diameter by five inches long. Its position
across the waveguide could be altered by means of the compressed paper
rods used for its mechanical support. The position of the short and
probe were adjusted for the best input match while the V.S.W.R. was
monitored over a large frequency range using a fPolyskop". It was set to
be no worse than 1.5 over the frequency range from 300 to 4OO MHz,

An H-shaped slot scaled from C<band in all dimensions including
thickness and of overall size 72% x-égﬁ was introduced into the narrow
waveguide wall: Some ground plane was introduced around the slot.

This was approximately a wavelength in extent in all directions from the
slot. Its size had to be restricted due to limitations of space but

as only the field in the immediate slot vicinity was to be sampled, it
was sufficient.

The "Polyskop" indicated the frequency at which peak power was

coupled by the slot as 336 MHz. All subsequent measurements of this slot

I
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have been made at this frequency using a General Radio oscillator as
a source. -

The probe used for most of the measurements was a small circular
magnetic field type. It was a shielded loop symmetrically loaded at the
point furthest from the ground plane and feed cable. Any current
picked up by the cable and injected into the loop flowed symmetrically
into the two halves of the loop. At a point diametrically opposite
the cable entry the two currents were equal and opposite and should
not have affected the measurement. The electric field component normal
to tye surface investigated should have induced similarly symmetrical
currents on the loop and again not affected the measurement of
tangential magnetic field. It was also assumed that the tangential
electric field near the surface was small.

The variation of the magnitude and polarisation of the magnetic
field tangential to the ground plane have been measured. The results,
normalised at each point for the variation of polarisation are shown
in Figure 4.2.1.. The polarisation was linear in line with and
perpendicular to the central limb of the H-shaped slot. These were the
directions in which the electric field of a half-wave dipole was
linearly polarised. Figure L4.2.1l. also shows the lines along which
King and Harrison (1969) have shown that the electric field of a
half-wave dipole is circularly polarised. These contours also correspond
to the regions in which the magnetic field of the H slot was circularly,
or at least elliptically, polarised. The duality between the electric
field of a dipole and the magnetic field of a slot was further established.

The magnetic field coupled through the slot has also been measured.
Its general profile is shown in Figure 4.2.2.. There is a well defined

null bisecting the central arm of the slot, while in the end sections
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FIGURE 4,2,1, The measured polarisation of the magnetic field above a

ground plane in the region of a aneguidé fed H-shaped slot.

Frequency - 336 MHZ. ' -
The dotted line represents points for which the electric field of a

half-wave dipole is circularly polarised.

VYo~ ~ N 2 N Y

The principal polarisation is normalised at each point . The scale for

the orthogonal polarisation is 1 db/mm.

A1l the points lie on a 4 inch square grid.
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t

FIGURE 4,2,2, The profile of the normal component of magnetic field

of a waveguide fed H-shaped slot.

Vertical scale § 3db / 4mm.

Frequency ; 336 MHZ,




1Ly

the field was concentrated near thé extremities, as shown by

Figure 4.2.3.. The phase variation of the magnetic field through the
slot was measured. This was done using a Hewlett Packard network
analyser, and the results are plotted in Figure 4.2.4..

The magnetic field coupled through each end section was at a single
phase but on moving along the central section there was a phase shift
of approximately 180°. It appeared to be coupled out by one end section
and back in again by the other end section so that it was concentrated
in two rings threading the four extremities of the slot.

The concentration of magnetic field at the corners of the slot
must have been maintained by conduction currents flowing into the slot
between the end arms. As copper losses are propbrtional to the
square of the current density it was likely that these currents gave
rise to the loss associated with this type of slot. A.S.W.E.'s
evidence that modifying the slot corners to facilitate spark erosion
increased loss, supported this view. Referring to Figure 4.2.5. the
rings of magnetic field shown must have been maintained by conduction
currents flowing across the plane AA'. These became displacement

currents to cross the slot and emerged from the plane BB' as conduction

currents. The current crossing the slot was concentrated within the mateltic

regions coﬁfined by the end arms of the slot and an investigation of
its distribution was useful.

The conduction current within the surface of a metal can not be
easily measured. Usually the "tangential"™ magnetic field is measured
but this can vary extremely rapidly away from the surface. The best
that can be done is to measure the magnetic field at various heights and
attempt to extfapolate to the surface. The shielded loop magnetic field

probe can only give a measure of the average field over its area. It



FIGURE 4.2.3. The magnitude of the magnetic field through the end section
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FIGURE 4,2.4., The relative phase of the magnetic field through a waveguide
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FIGURE 4,2.5, The geometry of the H-shaped slot's currents.
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cannot give the magnetic field at a point but only over an area in which
rapid variations can occur. The simplest way to improve the measuremert
was to decrease the area of the loop but this unfortunately reduced the
power received and the measurement sensitivity. In this case the

field varied rapidly away from the surface but comparatively slowly
along the end arms so that a compromise could be achieved using an

vt balarcaed
asymmetriclloop. It was extended along the slot in the direction in
which the field varied slowly but reduced in height. The probe used
was a rectangular shielded loop araldited to a perspex former of
approximate dimensions 1. " x %',

The tangential magnetic field above the metal surface between the
end arms of the H-slot wés measured using this probe both between the
slot extremities mnd adjacent to the centre limb. The probe was
initially placed on the ground plane but the measurements were
repeated with its raised %/, 5"_ and then %/d'. The results are shown in
Figures 4.2.6. and 4.2.7. and they indicate that the field varied
rapidly above the surface. With the probe resting on the surface its
centre was at a height of %" above the ground plane so that measurements
should be averaged to this height. On raising the probe %/,4" the
height at which measurements were made was effectively doubled. The
measured field half way between the end arms also doubled indicating that
the tangential magnetic field at the surface was negligible. The
conduction current must also have become negligible so that it must
have been carried predominantly by the metal close to the slot edges.

A high current region existed close to the edges of the slot end

arms and this was probably responsible for the loss of the H-glot.
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The tangential magnetic field across the centre tag of an
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4.2, The H Slot Loss Model

The field measurements on‘the V.H.F. slot indicated that a conduction
current flowed in between the end arms of the H slot, and crossed the slot
as a displacement current. The difficulties involved in estimating
the surface current density had also been demonstrated. However, the
successyof Chapter 3 in predicting slot conductance depended upon
establishing the voltage across the slot centre. This was known
reasonably accurately and could be used to give the displacement current

across the slot centre via the relationsghips:

a
Displacement purrent = 3% (4.3.12)
AE
= € Yy (4e3.1b)
v
and E = 3 (4.3.2)
where
D = [FHlectric flux density
and € = Permittivity

The differentiation with respect to time introduced an w into the
expression, from the assumed time variation of the field so that the

displacement current at the slot centre was given by:

(4.3.3)

g
al<

The variation of current along the slot was sinusoidal as demonstrated
in deriving the conductance. The current distribution out of the plane
of the slot was not known, but a variation given by f(x) was assumed

so that it could be integrated to give an effective slot thickness.
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The total current flowing across the centre section of the slot was

+ @ +h
vV
fx)ax jr ew 7 cosky.dy (4e3.4)
- =h
which reduced to?
Zetheffsinkh ‘
kd (4‘305)
where teff was the effective slot thickness such that:
+
tpp X f 0 = f f(x)dx
-
If the field with fmax = 1 was uniform and entirely confined to the

region within the slot, the effective slot thickness would have been
its physical thickness but the variation out of the plane of the slot
had to be investigated.

The current crossing the plane AA' in Figure L4.2.5. and

then the slot end arms was similarly:

A
ot V o Soskh cosk( /41— 4y + z)dz
cosk("/h - &)

Vewt coskh
eff

f
kdcosk(x/h - dl)

(1 - stak(*/ - a))] (4e3.7)

The total conduction current flowing across AA' and the slot was then:

Vewt
e

y
ff
———EE——— (4.3.8)
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wheres

coskh
cosk(x/4 - dl)

Y = [2sinkh + - coskhtank(x/ﬁ - 401 (53.9)

Most of this current crossed the centre limb of the slot and was
carried from AA' mostly by the metal close to the end arms of the 'slot.
For a full loss derivation the complete distribution of the field would
- have been required but this was not readily available and the two extreme
cases of the current being carried uniformly by the metal between the slot
end arms and entirely by the slot edges were consgidered. This enabled
bounds to be placed on the loss values. It was also assumed that the
currents dispersed so rapidly away from the slot that the only
significant loés occurred between the slot end arms.

If the current was carried uniformly by the skin depth of metal

between AA' and BB' then the cross sectional area involved was:
2(ch + t) . & (4.3.10)

where & is the skin depth. The resistance of the metal was then:

S 2d1

o being the conductivity. The loss associated with the current in the

metal was,

220202 >
VoerwTt ped Y

k%d%(2h + t)6c

(4.3.12)

but the power radiated by the slot was known to be:

2
v R'rad

2(60m)2
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so that the loss/coupled power could be derived after simplification as?

2. . .2
toredy Y

2
2Rradd (2h + t)bo

(4.3.13)

This result assumed that the current was carried uniformly between
the end arms of the slot. The other extreme case assumed the current
was carried entirely by the slot edges and resulted in the expression

for loss/ coupled power of:
2 2
ershY

2R .d%tég
rad -

t
(La3.14)

Upper and lower limits to the loss of the uniform H slot have been
set. It appeared that as the slot height was reduced the loss would
increase because the radiation resistance of the equivalent dipole
decreased. Numerical values could be obtained if a value of the
effective slot thickness was first obtained. This involved the fringing
field and could not be easily investigated by direct means. However,
if the exponential time variation assumed throughout was removed then
a stationary field resulted. This could be investigated by static
techniques such as modelling using a resistive sheet. For two
dimensional problems space may be represented by a resistive film
introduced between appropriately shaped conductors. When voltages are
applied to the conductors a current flows between them in a manner
similar to the original high frequency problem. The field within a
region can be determined from voltage measurements between two adjacent
points.

The fringing slot field was investigated by a similar technique



o i b ingy s it i b o e Copimmgei b s A

o wm v Ensemelarion o e e d e el et e Se amee n e e o bt n e

153

which used a network of many discrete good quality and nominally
identical resistors. If a sufficient number are used they model space
in a similar manner to finite difference methods (Silvester (1968)).
Using discrete resistors the positions at which voltages are measured
become well defined and contact problems are removed.
A quadrant of the slot cross-section was modelled in this manner

using a network of 35 x 35 resistors. Most C band slots

investigated were cut using a 0.062" diameter tool in the special

size waveguide with a wall thickness, of 0.040",. The slot
cross-sections modelled were equivalent to slots 0.020" and 0.060"

wide in the special size waveguide. Eight resistors corregponded to the
wall thickness.‘ The préfiles obtained for the electric field through
the centre of the slot are shown in Figure 4.3.1. For the narrower
slot the field within its thickness was approximately uniform and

the fringing field fell off rapidiy. When the slot was widened, the
field varies more within its thickness but the fringing field dropped
slowly and could be well approximated by an inverse relationship as
shown. The fringing field of the narrower slot was not so well
approximated by this type of relationship. The inverse behaviour was
expected conséstent with power spreading out into space. Unfortunately
this type of distribution could not be integrated to infinity and
give a finite result. The distribution could either be truncated or
approximated so that a finite integration result is cbtained. It was
decided to truncate the distribution one third of a wavelength from the
slot. This was an arbitrary figure but at this distance from a complicated
slot it became difficult to decide to which branch the field was bound.
The distribution was then integrated and the effective thickness found.

For the 0.060" wide slot it was found to be five times its physical
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" FIGURE L4,3,1. A cross—section of the slot field as modelled on the resictive
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thickness and two and a half times-for the 0.020" wide slot. This

result was reasonable, as the effective slot thickness was a measure
of the total currenﬁ crossing the slot, or with constant electric field
across the slot a measure of its characteristic impedance. This has
been shown experimentally to be proportional to the square root of the
slot width. The slots consideréd had widths in the ratio of three to

one and should have had impedances in the ratio of the square root

of three to one. In fact the truncation appeared to be appropriate

and it gave impedances in the ratio of two to one. The effective

slot thickness was used in calculating the upper and lower bounds to

the slot loss shown in Figure 4.3.2.. The Figure also shows experimental
results for I-shaped slots. When the lengths of the end arms were
similar there was little difference between the I and H shaped slots.

The curves showed that the loss rose rapidly if the slot height was
reduced. The experimental results lie between the two

extreme cases presented showing that the general description of

loss was substantially correct, wi£h the current being predominantly
carried by the slot edges. The dimensions of the full waveguide height
T-shaped slot is indicated and the corresponding loss was approximately
five percent of the coupled power. This was thought to be

acceptable. The height of A.S.W.E.'s H slot is shown. The corresponding
loss for uniform 0.060" wide slots was about fifteen percent of

coupled power. However, the H slot's centre section was centre loaded

to allow rotation. Reducing the slot width to 0.020? reduced the
effective thickness to a half of its previous value and would have
increased the loss by a factor of two and a quarter. The model predicts
a loss of 34% of coupled power for A.S.W.E.'s H-shaped slots, compared to

their meagsured value of 37.4%.
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The loss associated with the I and H shaped slots has been
successfully modelled, despite the lack of knowledge concerning slot
impedance and current distributions. In these respects the model is
bertain;y capable of improvement. However, the loss has been shown to
be critically dependent on the slot height and width. The I and H
slot geometries differ in these two important aspects. The high
loss of the H-shaped slot has been accounted for and the loss of the
full height I-ghaped slot has been shown to be much lower at an
acceptable value of about 5% of coupledvpower. The full height I—shaﬁed

slot appears to be a most useful array element.
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CHAPTER 5 -
THE DESIGN AND PERFORMANCE OF LINEAR WAVEGUIDE

ARRAYS USING THE I-SHAPED SLOT

5.1. Introduction

Theulast two chapters indicated that the I-shaped slot seemed
ideally suited for use in large two-dimensional waveguide arrays.
Howevef, the design of such an array was expected to include many
domponenté of mutual coupling between all pairs of slots. An
intermediate design was that of a single slotted waveguide array, in
which mutual coupling needed only to be considered in a single direction;
it was thought that it could be minimised. The problem was thus
reduced to producing a specified radiation pattern from a linear‘aperture
distribution and required accurate control of the individual slot
conductances.

Initially an eight slot array wasrbuilt and tested but all the
problems associated with a long array such as the accumulation of errors

were not present. Later a thirty slot linear array was made.

5.2. The Radiation Pattern—-Aperture Distribution Relationship

It is weliiknown in antenna theory that the far field radiation
pattern of the ant?nna and the aperture field distribution are Fourier
transform pairs. In reflector antennas the far field patterns are
basically the diffraction patterns of the feed modified by the reflector.
Control of the far field depends upon the design of the feed and the range
of shapes of the far field patterns are limited. TFor a linear array
individual control of the coupling at each slot enables any distribution

to be specified, and more care was needed to designate the pattern of
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an individual array. The compromise that had to be made was as usual
between the antenna gain and sidelobe level but the shape of the
sidelobe envelope was also a variable. A uniform amplitude and phase
aperture distribution gave the maximum forward antenna gain but
produced large sidelobes. The sidelobes limited the angular
discrimination of the antenna and the range of the radar system as a
high threshold level had to be set to avoid false echoes. Any other
amplitude distribution reduced the antenna gain and radar range,
although if certain distributions are used the sidelobe level can be
reduced. These distributions generally involved limiting the power at
the aperture edges so that little diffraétion occurs. Two classes of
functions were generally used for the aperture amplitude distributions
one involved sinusoids and the other polynomials. The usual
orthogonal polynomials used were the subclass of Chebyshev polynomials,
Dolph (1946) showed how they could be used to give a uniform sidelobe
level. However, polynomials whose order was at least equal to half
the number of array elements were required and as few Chebyshev
polynomial table give coefficients greater than twelve (Abramowitz and
Stegren 1964) for most users designs are limited to twenty four
elements. For larger linear arrays Van der Mass (1954) noted that the
discrete functions could be well described by a continuous function, and
this work was persued by Taylor (1955). He obtained a class of
functions which gave for continuous distributions equal amplitude sidelobes.
For radars designed to operate in a hostile electromagnetic
environment uniform amplitude sidelobes might not be the best compromise
and more discrimination against wide angle jamming could be obtained
using a decaying sidelobe structure. Sinusoidal aperture voltage

distributions of the form cosine® are then usually used. The higher
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~the value of n the more power is concentrated at the centre of the
amplitude distribution with a consequential reduction in both the
antenna gain and sidelobe level. The properties of this type of dis-
tribution are well known, and were tabulated by Barton and Ward
(1969). For most practical systems a value around two is selected

for n being a good compromise between sidelobe level and gain. For
linear slotted arrays the distribution is often placed on a small
pedestal because slots can not be made with the small couplings
required near the feed end. TFor a 0052 distribution it happens that a
%, pedestal redutes the first and largest sidelobe at the expense of others
s0 that a §_+ % cos2 voltage aperture distribution is suitable for

linear slotted array use.

5.3. The Eight Slot Array

Some of the problems associated with slotted arrays were
initially investigated using an eight element waveguide array of I-shaped
slots. A @A+ %:cosa voltage distribution was used for this array
simply because it required a large range of conductances.

It was proposed that the array should be operated with a cross-
-polarisation suppression grid. If this simulated the waveguide 12
branch arm used to measure slot loss the resulting slot and baffles
were likely to be low loss. In addition, for low coupling slots,
the resonance would be maintained. The cross polarization grid
consisted of bars placed éither side of the slot so that it coupled
into a parallel plate region. The separation of the plates was
established as thg narrow dimension of waveguide 12 or 0.872 inches.

It was considered that if the parallel plate region extended at least

three inches either side of the slot this would be sufficient. The only
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other dimension to be established was the depth of the parallel plate
region. Accordingly a series of bars were made so that baffles of
different heights could be made up using different combinations, and
investigated experimentally.

It was found by rotating a emall horn in front of the slot that
baffles less than half an inch high 4did not sufficiently cut-off the
cross polarisation. A series of measurements of phase shift past the
slot (Table 5.3.1.) indicated that increasing the baffle height beyond
half an inch decreased the effective bandwidth of the slot. The total
phase shift associated with any slot remained constant but it occurred
in a smaller bandwidth. From measurements on individual slots it
appeared that the optimum baffle height was half an inch. The
derivation of this dimension ignored the other function of the baffles
that of reducing coupling between slots. However, at 5.7 GHz half an
inch was approximately a quarter of a wavelength so ditches of this depth
were introduced between alternate slots of a single waveguide array.

It was found experimentally that fitting baffles half an inch
high to a series of I-slots altered their frequency of operation
on average by + 158 MHz£‘1ﬁhe other modification to the basic I-shaped
slot required for incorporation in an array, was the fitting of a
0,010" thick layer of P.T.F.E. to the outside of the waveguide as
weather protection. This was expected to make the slot appear larger and
_ the resonant freqﬁency of a batch of slots was decreased on average
by 307 MHZ.{‘:.I.‘Bailey (1970) investigated dielectric covered straight
slots and this result was consistent with his finding. The combined
effects ofathe baffles and P.T.F.E. produced an average frequency shift of
- 113 MH;l;iz only small changes in th; slot conductances.

The eight slot waveguide array was then designed. A waveguide



TABLE 5.3.1. The gradient of the phase shift past a slot with frequency

for various baffle heights. 161
Baffle Phase
height. gradient.
INCHES " MHZ.
0.00 0.057
0.25 0.c48
0,50 C.0€0
0.67 0.089
1.00 0.118

FIGURE 5,3.1. An array of N radiating slots.

. Pi Pé P3 P} PN
-——-—-’ p
P, ~ L
in
Load

TABLE 5,3,2, The required power division with 8 slots to approximate a

(1/7+6/7 cos®) distribution and waste -6 db in the load.

Slot Required Power

Fo coupling. past slot,
— * __@ %

1 22,86 99,438
2 16.27 97.13
3 935 85.84
4 5467 62456
5 429 39428
6 S.4l 27.99
7 - 10,76 25.64
8 16.94 25.12

e .,
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with N radiating slots was considered as shown in Figure 5.3.1.. For
a matched waveguide the input power Pin was equal to the sum of the

load power PL and the radiated powers Pr so that!
P, = P+ T P (5.3.1)

assuming no reflected power. Pr was a specified function of position

f(r) so that the power radiated at slot r should be:

P, = axi(r) (5.3.2)

where @ was a normalising constant to be determined.

N N
T P = £ axf(r) = P -P (5.3.3)
=1 ¥ r=1 1 L
so
P, - PL
o = —;-'i’ri_'_— ' (503-14')
T f(r) '
r=1
(1 - WP,
o = -0 ~ (5.3.5)
T f(r)
r=1
where
P
'ﬂ = -PL. (5.3.6)
' in

for unity input power the power radiated at each slot should have been:

P = %—'—‘D—-f(r) . (5.3.7)
rglf(r)
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At slot r the power radiated was equal to:

&r

l+gr

x Power incident on the rth. slot (5.3.8)

The previous assumption of a matched array implied that g. <1 so

that the rth. slot the power radiated was:

g, X Power incident on rth. slot

r-1 : \
= g, x (1-g) (5.3.9)
n=0
with g, % @, so that:
g, = (1 -rzl:)Lf(r) (5.3.10)
z 2() [ - g
r=1 n=0

In this form the required conductances were programmed for computer
evaluation. Initially the values of f(?) were determined by
definition, and subsequently normalised and summed. The conductances
were then obtained sequentially. This was done for a range of values of
load powers and it was found that to reduce the coupling of the fifth
slot below - 4 dB, the highest coupling available from I-shaped slots,
the power in the load had to be at least a quarter of the input power
(- 6 dB). The required power division was then as shown in

Table 5.3.2.. The only remaining design variable was the slot spacing.
Slots are normally placed close to half a wavelength apart so that when
alternate slots of opposite hand are used a uniform phase front results.
If the slots aré spaced half a guide wavelength apart the conductances

of all the slots can be transformed to the first slot by the half
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wavelength 1:1 transformers. The input V.S.W.R. is then far from unity
and related to the design power in the load, as indicated in

Figure 5.3.2.. The figure also shows that a small departure from a
half a guide wavelength spacing rapidly reduces the input V.S.W.R..

The slots when transformed to the first slot are more uniformly

spaced around the Smith Chart. Changing the slot spacing from half a
guide wavelength moved the radiating beam away from broadside. For
spacings less than half a guide wavelength the beam moved towards the
feed. For spacings greater than half a guide wavelength the beam movéd
towards the load as shown in Figure 5.3.3.. For spacings less than half
a wavelength the change in the beam position or sguint varied more
rapidly with frequency. ‘This was considered to be a desirable feature
of an experimental array in which the variation of squint with frequency
was to be investigated. Accordingly the slot spacing was set to be less
than half a guide wavelength. Figure 5.3.2. i;dicated that for a slot
spacing of l;haf at 5.7 GHz a good match was obtained. The match was
preserved at lower frequencies to be better than 1.2 and at higher
frequencies up to 5.9 GHz. The squint of the beam at 5.7 GHz was
predicted using Figure 5.3.3. as 8.3° towards the feed.

The individual slots of the array were then specified from
extrapolated results of attenuation past individual slots. The array
was then made together with nine half inch high removable baffles.
Measurements of the attenuation past individual slots when that slot alone
radiatgd were made with, and without, baffles and with, and without,
P.T.F.E.., The attenuation past the slots with all the slots radiating
was also measured. The results are shown in Table 5.3.3.. The Table
shows the peak attenuation past each individual slot when it alone

radiated both with and without baffles. It should be noted that there
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" FIGURE 5.3.2. The input V.S.W.R. of an 8 slot array with (1/7+6/7 cos }

voltage illumination function and -6 db of input power in the

load. :
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TABLE 5.3¢3. The individual peak attemuations past each slot of the

166
eight slot array.

Slot Attenuation pagt individual
Islots z2lone - db
Ho.
Ground plane Baffles
1 .05 0.05
2 .10 0.09
3. 0.1 0,53
4 1.33 1.29
5 2.3k ~ 2.0
6 1. 35 1‘ 33
7 0.39 0,34
8 0.07 0.09
Total = 6.04 6.13

The peak attenuation past all 8 slots radiating in a grcund plane =11.0 db

The peak attenuation past all 8 slots radiating with baffles = 5028 db
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was a dispersion of 50 MHz, in the frequencies of peak coupling. The
sum of the component peak couplings radiating without baffles above
a ground plane was 6.04 dB but when all the slots radiated a peak
attenuation of 11.00 dB was measured. Mutual coupling between the
slots was responsible for this increase in conductance or, incremental
conductance. The baffles were however designed to reduce mutual
coupling along the array. The sum of the peak component attenuations with
the baffles fitted was 6.13 dB and the peak attenuation past the
slots with them all radiating was only 5.28 dB. The discrepancy
between the two figures was reasonsble and it was due to the dispersion
between the peakdattenuations. The baffles appeared to be successful
at reducing mutual coupling.

This was further investigated using two sections of waveguide fitted
with short circuits. Slots were cut in the narrow wall of each
section at the open circuit position nearest the shot¥ and the waveguide
sections arranged in line as shown in Figure 5.3.4.. Ground plane and
baffles could be fitted and the slot spacing was adjustable to the
values found in the eight slot array. A Hewlett Packard Model 8410A
network analyser was used to measure the radiative’coupling between the
slots. L |

The coupling was investigated for both coupling between slots of the
same hand ("L ) and slots of opposite hand (. f ). The results
indicated that coupling between slots of either band had the sa@e ’
magnitude but the 6hange of hand produced a phase reversal as expected.
Results of coupled power for two slots of opposite hand and to the
dimensions of the sixth slot of the eight slot array are shown in
Figure 5.3.5. The results of coupled power both with and without

baffles are shown. The reduction of coupling for adjacent slots was only

L dB when the intervening baffle was introduced. This was probably



FIGURE S5.3.4. The experimental arrangement used to measure mutunal coupling
‘ 168

along a linear arraye.

Transmitter

Receiver

Short circuits

Ground plane

FIGURE 5,3,5. The measured coupling between similar open-circuited slots.
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the difference in coupling between slots in a ground plane and open

ended parallel plate waveguides at the same separation. The baffles
produced a much greater reduction in the coupling between wtdgl«y'srircl
slots, and this was reasonable as two baffles fitted between coupled
slots was equivalent to one choke groove separating them. Further
separation introduced more choke grooves and further suppressed coupling.

The measurements past individual slots and past the whole array
indicated that mutual coupling was a serious problem in linear arrays
without baffles but that when fitted they greatly reduced its effect.

The substantial reduction in coupling was between non-adjacent slots.

Far field radiation patterns of the eight slot array have been
plotted however,‘it was more enlightening and convenient to measure
near field patterns as errors associated with individual slots were
revealed. A small rig was made to perform these measurements. It
consisted of a half wave dipole fitted with a small reflector and
mounted on a perspex trolley. The trolley slide, in front of the array,
on P.T.F.E. mountings along a "Speediframe™ track. A motor,
gearbox and chain-drive were used to move the trolley. A helical
potentiometer was geared to the main chain wheel's shaft and gave an
output voltagemproportional to the trolley's position. This was used to
drive the x-axis of an x-y plotter. The output from the dipole was
connected to the network analyser and thence to the y axis of the plotter.
In this manner aperture phase and amplitude plots were obtained.

A typical plot is shown in Figure 5.3.6.. It indicated that a linear
phase front was obtained over the length of the array. The phase
gradient corresponded with the squint of the beam. The amplitude
distribution was similar to that required but showed some error because

the slot conductances were not sufficiently accurately specified. The
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FIGURE 5.3.6. The aperture amplitude and phase distributicn of the & slot

‘ array fitted with baffles and P.T.F.E. and operated at a

180.. frequency of 5.60 GHZ..

Relative

(degrees)

Oo.

180 - j——— Extent of array ———]

FIGURE 5.3.7. The far field radiation pattern of the 8 slot array with

baffles and P.T.F.E. at 5.60 GHZ.
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Angle from broadside  (degrees)
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amplitude error was reflected in thé corregponding far field pattern,
vhich is shown in Figure 5.3.7.. fhis pattern was plotted using
A.S.W.E.'s facilities.

Aperture distributions were cbtained over a band of frequencies for the
array both with and without baffles and P.T.F.E.. From these plots
the variation of squint with frequency was obtained. The results for
the array fitted with just a ground plane are shown in Figure 5.3.8. and
for the array fitted with baffles and P.T.F.E. in Figure 5.3.9.. These
curves should have been smooth for arrays of slots ﬁith no
reactance associated with them. The phase behaviour of individual slots
was similar independently of whether they were fitted with baffles or
P.T.F.E.. For coupling AVer a ground plane there must have been a
substantial reactive component associated with mutual coupling which

greatly affected the frequency scanning performance of the array.

Se4e The Thirty Slot Array

The results obtained for the eight slot array were considered to be
good but some of the problems associated with long arrays were not so
pronounced with shorter arrays. A short array does not require the
same range of couplings nor do manufacturing errors accumulate so badly
in a shorter length. Accordingly it was decided to manufacture one
larger array. After discussion it was found that a waveguide four feet
long was the longest that could readily be coped with, and this was
sufficient to accommodate an array of thirty slotg. The aperture
voltage distribution selected for the array was (y + & cos?) as
previously described. It theoretically should have produced sidelobes
at least 36 dB below the level of the main beam. The required power

division at each slot was evaluated for differing amounts of power
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FIGURE 5.3.8. The variation of squint with frequency for the 8 slot

array fitted with a ground plane.
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FIGURE 5.3.9. The variation of squint with frequency for the 8 slot

array fitted with baffles and P.T.F.E..

15 4

10 -
Squint .

{degrees)

i

5'5 . 6.0
Frequency (GHZ)



i P N e o e el s s s S setirann 3 e

173

deposited in the load. From the computed results shown in Figure S5.4.1.
the amount of power to be wasted iﬁ the load was minimised consistent
with the range of coupling required. The range of coupling available from
I shaped slots was approximately - 4 dB to ~ 30 dB. A choice of

- 20 dB of input power wasted in the load required a coupling range of
from -~ 5 dB to - 27 dB and this value was selected.

The required values of coupling were converted to shunt conductances
assuming a perfect match beyond each slot. The shunt conductances were
then placed across a transmission line and the input V.S.W.R. computed'
for various slot separations. The result is shown in Figure 5.4.2.. For
a slot spacing of half a guide wavelength there was as expected a
large resonant mismatch.‘ At smaller spacings the V.S.W.R. was closer
to unity and at spacings less than 0.45 of a guide wavelength it was never
greater than 1.02. From Figure 5.4.2., a slot spacing of 1.500"

(= 0.2 Xg) was selected. Tor this;ggsc%ng a good input match was
maintained over a reasonable bandwidthﬁa;ound the design frequency of
5.70 GHz. The beam squint was of the order of 6° towards the feed.

The assumption of a perfect match beyond each slot was then tested.
Starting with the load impedance, the impedance beyond each slot in turn
wa.s calculatedwby transforming back along the appropriate length of
transmission line. The required conductance at each slot was thus
calculated allowing for the actual impedance beyond it. In terms of
coupling coefficient this correction was maximum and approximately
- 0.5 dB around slots numbered 16 and 26 from the feed end. This was
reasonable as maximum couplings were beyond slot 16 and there were only
a few slots and little power beyond slot 26.

The baffles of the eight slot array were of cross-sectional
dimensions 0.548" x 0.500", with slot spacings of 1.42 f- For the thirty

slot array the slot spacing was increased to 1.500" for simplification

-
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FIGURE S.4.1. The variation in required coupling with position g;r

slots of the thirty element array.
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FIGURE 5.4.2. The input V.S.WeR. of = 30 slot array with (1/7+6/7c052)

volt-rge illumination function and ~20 db of input power

in the load.
10 -
|
|
{
|
3 |
|
VeSeleRa |
{
{
|
2 - ]
{
|
|
| |
1 e ,‘\ T
=T 1 7 i
0,40 ) 0.50

Slot

. Slot spacing
sp=cing of

{Guide wavelengths)

3 7

the arraye.

l&i"



: 175

in manufacture as no mismatch problem arose. If the window between

the baffles was to remain the same dimensions the baffles would have
been of dimensions 0.628f x 0.500". However, considerable weight

and cost reductions occurred if a standard size tube could be used.

Thus °¢d" x 5¢' x 18 S.W.G. square brass tube was specified for the
baffles. The window was nominally changed by 0.00Bﬁ and they were

1gf higher. To check the effect of this on electrical performance,

six slots were measured fitted with a pair of fhe redesigned baffles
both with and without P.T.F.E..‘ Small changes of both sign were
detected in the value of peak slot conductance but their frequency
characteristics appeared unchanged. The conclusion was made that
redésigning the 5aff1es had an insignificant effect.

A curve of slot coupling against the length of the shorter branch

arm was then constructed from experimental evidence. Difficulties

were encountered in characterising lowly coupled slots because of the
small amount of attenuation they introduced into the waveguide. However,
using a set of moderately coupled slots it was found from measurements
that the difference in coupling between an I-shaped slot fitted with
baffles and P.T.F.E. and the same slot fitted with P.T.F.E. and coupling
to waveguide 12 was 0.7 dB. This relationship was applied to lightly
coupled slots ;ecause the coupling to a waveguide 12 branch arm could
be accurately measured. The dimensions of the thirty slots of the

array were then specified using the computer corrected values of
required coupling and the experimental slot coupling curve.

The array was then manufactured complete with thirty one tubular

baffles which were soldered to its front face. The array could be
#ested both with and without P.T.F.E.. The first tests performed on the

array were swept frequency measurements of the attenuation past

individual slots. The slots not being measured were covered with
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adhesive aluminium tape., These tests showed that the frequency

response of the slots both wifh and without P.T.F.E. was as expected
but that the P.T.F.E. produced a larger increase in the slot conductance
than had previously been measured. It was thought that this

‘was due to a complete set of baffles being present. Some of the earlier
measurements were made with only two baffles fitted to a single slot.

As the array had been designed for use with P.T.F.E., this meant that

at resonance with P.T.F.E- all the slofs were over coupled. From the
attenuation measurements past individual slots with P.T.F.E. at
5.76 éHz the power coupled by each slot was calculated to give an outline
of the aperture distribution. This is shown in Figure 5.4.L4..

Near field measurements of the array were then performed using the
rig used to measure the eight slot array. These measurements were later
repeated using a phase-amplitude plotter at A.S.W.E.. Good agreement
was obtained between the two sets of results.

The amplitude distribution‘of the thirty slot array with P.T.F.E.
at a frequency of 5.70 GHz is shown in Figure 5.4.3.. This was compared
to the distribution shown in Figure S5.4.4. obtained from thirty separate
measurements. Both distributions showed the same main features which
indicated that mutual coupling was not important in this array. 4s all
the slots were over-coupled, the slots near the feed coupled out too
much power and insufficient power reaqhed the slots near the load.
Maximum power was thus coupled out before the centre of the array
which appeared to be shorter than designed. The main beam of the
array was then expected to be wider than the design. The measured
radiation pattern shown in Figure 5.L4.5. confirmed this. With P.T.F.E.
fitted however, the array was expected to operate over a wider

bandwidth than the intended design because the correct'amplitude aperture
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distribution occured at two frequencies either side of the design
freéuency rather than just at one frequency. This was so and
reasonable far field patterns were obtained at frequencies as low as
5.40 GHz, as shown in Figure S.L4.6..
Without P.T.F.E. even at resonance (5.84 GHz) the slots were all
under coupled. Too much power reached the élots near the load and was
coupled out to distort the aperture distribution as shown in
Figure 5.4.7.. The total error in the amplitu@e distributions at
resonance was similar whether P.T.F.E. was present or absent. The near
field phase distribution of the array at 5.85 GHz without P.T.F.E.
is shown in Figure 5.4.8.. There was a ripple in the distribution
because the array consisted of discrete slots. When the ripple was
ignored the phase front could be approximated by three straight lines as
shown. The reason for the breaks in the phase front was not clear but
was thought to be associated with the lightly coupled slots being slightly
detuned relative to the heavily coupled slots. The breaks were present in
many traces but were most abrupt near the resonant frequency of the slots.
They were obviously detrimental to the far field pattern.
It was realised that in principle far field patterns could have been
computed from the near field distribution. However as the near field
patterns were measured immediately in front of the array, it was
problematical as to whether the distributions should be treated as
belonging to a discrete array of points sources or a continuous
aperture. In addition extremely accurate near field data was required to
predict the sidelobe structure at least -30 dB below the main beam.

The value of this exercise, if good agreement had been obtained, would
have been in confirming the measured near field distributiomns. It was

felt however, that the distributions were sufficiently well established
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" FIGURE 5.4.3.  The aperture amplitude distribution of ‘the 70 slot array

fitted with P.T.F.E. at a frequency of 5,70 GHZ.. 178
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FIGURE 5.4.5., The far field radiation pattern of the 30 slot array fitted
with P,T.F.E, and operated at 5.70 GHZ.. - 179
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FIGURE 5.4.6. The far field radiation pattern of the 30 slot array fitted

with P,T.F.E. and operated at 5,40 GHZ..
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to indicate the errors in the specification of the array.
The far field patterns of the array without P.T.F.E. remained
essentially unchanged over a band of at least 200 MHz. Although the
amplitude aperture distribution was further distorted away from
resonance the phase front became more linear. A typical pattern is
shown in-Figure 5.4.6.. ‘
A cross polarisation radiation pattern was plotted at 5.85 GHz
without P.T.F.E.. This showed two peaks approxiﬁately 40° either side
of the main beam. The level of the peaks was only 20 dB below that of
the main beam. The position of the cross polarised beams was as expected.
Alternate slots were of opposite hand so that approximately at
broadside all the main polarisation components were in phase, but a
phase reversal occured between the cross polarised components of
adjacent slots. This phase reversal was compensated by moving away from
broadside until at approximately 30° away from the main beam all the
cross-polarised components were in phase. The precise positions of the
cross polarised beams were determined by the ratio of the guide to

free space wavelength and the slot spacing. The level of the cross
polarisation was higher than expected but previous measurements of cross
polarisation had been made only with single slots. With single slots

the measurement relies on an accurate mechanical movement of a horm

to separate the two polarisations, but with an array they were separated by
the different phase relationships. The level of the cross polarisation was
not as good as desired but it was thought that this could be

improved by changing the window seen by the slot. This has not been
investigated. ,

In general the performance of the thirty slot array was satisfactory
for the first attempt to design a long array of I-shaped slots. Some

error was present in the aperture amplitude distribution due to the
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FIGURE 5.4,7. The aperture amplitude distribution of the 30 slot array
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without P.T.F.E., at a frequency of 5.85 GHZ..

Design
distribution

Measured \\\\
distribution

FIGURE 5.4,8, The aperture phase distribution of the 30 slot array

without P.T.F.E. at a frequency of 5.85 GHZ..
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original slots being measured with only two baffles. Small breaks in
the otherwise linear phase front were present and these helped

to degrade the performance of the array. This was thought to be due

to a small dispersion between the resonant frequency of the lightly and
heavily coupled slotse.

The results of measurements of individual slots of the thirty slot
array, represented a major increase in the amount of information available
about I-shaped slots fitted with baffles and P.T.F.E.. In Chapter 3
expressions for the conductance of an Itshaped slot radiating over a
ground plane were derived. The fitting of the baffles and P.T.F.E.

did not affect the coupling of the slot to the waveguide it only changed
the radiation impedance of the slot. The only unknown in equation
(3.8.20) for the conductance of an I-shaped slot with baffles and

P.T.F.E. was the radiation resistance of the equivalent dipole. However,
the conductancesof the thirty slot array had been measured so that

from these measurements values of Rra could be obtained. The values

d
are plotted in Figure 5.4.9. against slot conductance. A remarkable
uniformity was obtained and an average value of Rrad of 22.8 ohms

was obtained for I-shaped slots fitted with °g' square baffles and

a 0.0IOf thick layer of P.T.F.E..

Similarly, the effects of P.T.F.E. were considered on the
frequency of peak conductance of the slots. The expression used in
Chapter 3, equation (3.8.5) was modified to include a factor a so that
the frequency shifts caused by the baffles and P.T.F.E. could be
allowed for in later designst

tankd, + tankd, = atan k(M4 - h)

Values of @ were then derived from experimental results and are plotted
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against slot conductance in Figure 5.4.10. A constant value for «
emerged and gave an average value of 0.966.

Some errors were present in the thirty slot array du? to
insufficient experimental evidence being used to specify the slot
conductances. However, the evidence provided by the thirty slot array
should have ensured that the errors would not be present in later

designs.
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CHAPTER 6

MUTUAL COUPLING BETIWEEN SLOTS

6.1. Introduction

It was shown in the last chapter that mutual coupling between
slots in a single waveguidé could be minimised by the use of
baffles, which changed the direction of coupling. For a two dimensional
array the problems associated with mutual impedance were much more
complicated and deserved more careful study.
The mutual coupling bBetween passive antennas arose due to their
reciprocal nature. An aerial acted both in transmission and
reception, so that when two of them were transmitting in proximity
both received energy transmitted by the other modifying their individual
performances. This effect was obviously most severe when the elements wére
close together and one subtended a large solid angle at the other.
For large two dimensional arrays of closely spaced elements mutual
coupling must have played a major role in the overall antenna performance.
There were numerous variations in the way that mutual impedance could
have been investigated, almost as many as there were types of
radiating elemgnts. The two main approaches were to regard an individual
element not as a member of a finite array but as a member of an infinite
periodic array. Floquet's theorem could then be applied to the structure
and the problem confined to within a unit cell in a similar manner to
that used in crystallography. The element pattern of a unit cell within
an infinite array environment could in principle be derived if the field
within the array element could be specified. The array factor of an
infinite array became the delta function which sampled the element -
pattern to give the power radiated by the array at a particular angle.

The remaining incident power must have been reflected and sc the

oo it B Gl s % Z e
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reflection coefficient of the array as a function of beam

angle could be determined. This was a powerful technique when the
individual radiator was simple, such as an open ended waveguide
supporting only one mode. It was still a powerful method if
dielectric plugs or similar modifications were made providing the
fields could be fully specified and has been well reported

(Amitay, Galindo and Wu, 1972). The method determined the angle at
which the array blindspots or angles at which no radiation toock place.
For finite array designs using simple radiators this approach has
indicated the angles at which large reflections could be expected.

The main objections to this method were that simple elements had to be
used, with each element individually fed and that arrays are never
infinite. Some finite arrays could be well approximated by the infinite
array technique but the difficulty was deciding how good the
approkximation was. The infinite array approximation alsc assumed a
uniform amplitude distribution as within the plane of the array the
axes could be translated by amounts corresponding to whole unit cells
without changing the solution.

The second general approach was to analyse the mutual impedance
between two elements as one of them was moved about the other. More
elements could be introduced and a matrix established to describe
the resulting érray. The matrix could be solved to determine the main
properties of the array. Other considerations such as the aperture
distribution could be included into the solution as the model became
more sophisticated. The main problem with this approach was that although
the mutual impedance between two elements could be solved quite accurately
to give a 2 x 2 matrix representation, when further elements were added

to give 2 3% 3%and then 4t x 4 representation, the original errors were
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magnified so that the final result could become unacceptably inaccurate.

For the type of array envisaged however, it was expected that the
second approach would be more useful especially as the elements of even
quite a large matrix could be obtained experimentally. The problems
associated with using a travelling wave feed and shaped aperture distributions,
different for the two channels, could then alsc be included.

The coupling between two individual I-slots could be analysed in
several ways. One approach which has been investigated by a colleague
(N. Williems, 1975) was to use the so-called "induced E.M.F. method"
on equivalent dipoles. This method was propoéed by Carter (1932 )
and-essentially involved calculating the E.M.F. induced in a segment of
one dipole by current flowing in the other. The induced E.M.F.'s
were then summed to give the mutual impedance. The implicit assumption
of this method was that the second antenna did not disturb the field of
the first. The second antenna appeared "invisibleﬁ to the first.

If this assumption was made explicitly a whole class of antennas could
be specified for which certain general conclusions emerged which were

useful when examined with experimental data.

6.2. Canonically Minimum Scattering Antennas (C.M.S.)

Montgomery and Dicke (1948) first referred to a minimum scattering

antenna which they defined "as an antenna for which the scattering is a
minimum for each eigensolufion" and they derived the symmetry properties
assoclated with such an antenné. The subject then, was not pursued until
relatively récently, when Wasylkiwskyj and Kahn (1970 ) derived the
properties of a class of canonically minimum scattering antennas. A
brief account of their derivation will be given as the results they
obtained could be directly applied to the array analysis problem, and

enabled the amount of experimental work necessary to be kept within
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reasonable bounds.

The meth;d)differed from other treatments which proceeded from
a particular antenna structure with its electromagnetic properties as
implicit. This methoq defined a class of idealised antennas the
electromagnetic properties of which were rigorously eipressed explicitly
in terms of their radiation pattern. Such idealised antennas were termed
minimum scattering, which was defined &6 that they became "invisible"

when their ports were terminated in a particular set of reactive
loads. If these loads were pure open circuits the antennas were
described as canonically minimum scattering (C.M.S.) and the invisibility
property could be used directly to calculate the elements of the open
circuit impedance matrix of an array.

For slots in a ground plane clarification of the invisibility
condition was required. The definition of invisibility for an antenna in
a conducting sheet was modified so that the sheet scattered in the same
way as if the slot had not been cut. It was easy to see that this
condition could be met for a slot if a short circuit was placed at the
same plane. Normal transmission line techniques showed that a short
at the plane of the slot could for one mode at least, be equivalent to a
pure open circuit a quarter of a wavelength away. The antenna input
ports could be defined at this plane so that a thin waveguide fed
slot supporting only one mode could be regarded as CeM.S.. In fact
as for the radiation resistance in Chapters 2 and 3 equivalent dipoles
were considered but by duality this was acceptable.

The radiation and scattering properties of a finite lossless but
otherwise arbitrary antennas have been shown by Montgomery and Dicke

(1948) to be related by the scattering matrix equation:

:k-; = E; ’ (6.201&)
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where 8° 8 = 1, s* being the complex conjugate transpose of S.

For convenience S was mormalised to a set of one ohm resistors. The
2y and ba were column matrices'each containing respectively incident
and reflected waves at the N locally accessible ports. Similarly

aB and bB were infinite column matrices corresponding to incident

and reflected wave amplitudes of the spherical modes in free space
outside a sphere or for a slot in an infinite ground plane a hemisphere
enclosing the antenna. An input 8y at the antenna ports produced a

radiated wave bs = SBaaa into space and a wave reflected back into the

S a .
o o

antenna ports b, The N-dimensional sub-matrix Saa described
the mutual and self-coupling among the accessible ports while
SQB' Sﬁa and SBB described respectively the receiving, transmitting
and scattering propgrties of the antenna. The quantities Saﬁ and SBa
were termed respectively the modal receiving and transmitting patterns
to distinguish them from the conventional far-field radiation
pattern which was expressed explicitly in angular coordinates. For a
reciprocal lossless antenna it could be shown that SdB was the same as
the complex conjugate transpose of SBa'

C;M.S. antennas were defined to be "invisible" when their
local ports were correctly terminated in pure open circuits. This meant
that the field scattered by the antenna must have been identical with the

incident field i.e., the field produced by bB must have been the same

as that originally produced by ag in the absence of the antenna. This
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condition with the constraint of losslessness gave the scattering matrix

of a C.M.S. antenna as

st A
- Ba - (6.2.2)

+
Tgs = SpaSpa

tn
1
[}
]
i
———

where IBB was a unitary matrix. It was also shown by Montgomery and
Dicke (1948) that the modal radiation pattern of a reciprocal antenna
had to be real and that purely real modgl radiation patterns had to have
point symmetry about the origin. In addition when the excitations at the
local ports of reciprocal C«M.S. antennas were purely real the radiation
fields defined with respect to the axes shown in Figure (6.2.1) must have

the symmetry property:

Fa(ﬂ - G, CP + ﬂ) = - FG(Q, (P) (6.2.3)

and

F;;(n -9, 9+m = F(p(G, P) (6.2.4)

Armed with the properties of individual C.M.S. antennas
Wasylkiwskyj and Kahn developed the theory of mutual coupling between
two such antennas, radiating into a three dimensional region using
the coordinates shown in Figure 6.2.1l.. As the antemnas were C.M.S.

their individual scattering matrices were:

(6.2.5)

=4

and
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< (6.2.6)
Tag ~ 555,
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where the scattering matrices were referred respectively to origins Ol

and 0., and S, and S* were the modal transmitting patterns which were

2 1 2
given by:
. 1 (&) 100) wle) wlo)
8. = |eeeeeBym S1m Stom Sipm cvceee (6.2.7)
and
+ |(e) '(0) n(e) "(6)
82 = .....S2nm s2nm san sznm cssaes (6.2.8)

(m = local ports, n = spherical ports)

Antenna 1 was excited at its local port with a unit amplitude wave and
antenna 2 was open circuited and indistinguishable from free space.
Refering to Figure 6.2.1l., the transverse electric field at P due to

antenna 1 expanded in terms of Hankel functions was then:

- — 12 @ n l(eao) (2) '(9,0)
rBle) = 02 2 2 2 { Spm By (erpley,  (64,9)
n=1 m=o0 e,o0
w(e,0) (2) nle,0)
+ 8 H (e (0,9)} (6.2.9)

1nm n 1

By means of addition theorems for spherical vector mode functions
developed by Stein and Cruzan (Stein 1961 and Cruzan 1961) the field

at P could be expanded about the origin of antenna two in terms of its
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coordinates r é « As the field at 02 had to remain finite

e
2' 2 T2
the result was of the form?

e 4@ & 1 (e,0) A y (e,0) p
rE(r) = € nil mzo e?o CI 2Jn(kr2)enm (92, 5)
l'(ego) - "(e’o) .
+oap ZJn(krz)enm (Qa,ﬁa)} (6.2.10)

where Jn were spherical Bessel functions and the aiﬁ&o) were the

amplitudes of incoming and outgoing spherical modes with respect of

02. If these wére arranged to form a column matrix a(l) thent
~(1) (1)(e)_(1)(0)_(1)(e)_(1)(0)
a = [ al a.l a2 a2 ) o-o---t] (6.2.11)

This was the incident and scattered wave at antenna 2 with its local

ports open circuited so that the scattering matrix equation became?

0

2
~ (6-2012)
_ a* (1)
IBB S282 a

—————————

The antennas were assumed to be tuned to free space so that the
reflected waves b1 at the input ports of antenna 1 was zero. The

incident wave a; was unity so that the mutual impedance was given by

7. = =2 = —2— - (6.2.13)

Using the scattering matrix representation this was given by
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[ n |(9,0) '(9,0) n(eqo) "(e,o)

= 2 L I Z { a s + a S
n=1 m=o e,0 Inm 2nm Inm 2nm

(6.2.14)

Using the addition theorems of Stein expressions for a(e,o) in terms of the

lnm
modal radiation pattern of antenna 1 could have been obtained to give an
expression for mutual impedance in terms of spherical mode coefficients.
Kahn and Wasylkiwskyj (1966) adopted this approach for elementary dipoles
but its generalisation to arbitrary C.M.S. antennas was cumbersome.

The simpler approach they adopted (Wasylkiwskyj and Kahn, 1970) was to
express the fields of antenna 1 as a superposition of plane waves. The
results_were then compared t; the corresponding spherical mode expansions so
that a§;£°)

pattern of antenna 1. The details of the manipulation appeared in the

could be identified as integrals involving the far field

paper but the results were of the form:

|(é,0) .(e,o)

2m
a = .[dB [dot(- er(- 5 R Dlsin aFy (@), | (@,B)
r
(6.2.15)

where @ and B were the angular coordinates, Flt the transmitted normalised
field pattern of antenna 1 and the path of integration I as shown

in Figure 6.2.3%.. Equations of the last type could then be substituted
back in equation (6.2.14) to give, after some manipulationt

2
7, = 2 fdsé [ sinade exp(- JK.5).F, (@,).F3, (o* )
gy .

(o]

(6.2.16)
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For identical reciprocal C.M.S. antennas the mutual impedance

could be specified in terms of the power pattern P and if both antennas

.

— ~ :
lay. on the 2 axis D = Z D and with t = coso:

2m 1 N
Z,, = 2 fd¢ f exp(- jth_)P(t.sé)dt (6.2.17)
o) ‘ ~jm '

Similarly for antennas in the xy plane D = %bD + ngy so that in terms

X

of k variables:

@®

® .

_ , expl- j(k.D_ + k. D )]

7. = & X I I P(k ,k )dk_dk

21 k 2 2 _ .22 xVy T x Ty

k- - k kS)
-® - x ¥

(6.2.18)

Equation (6;2.17) has been programmed for computer evaluation and the
results indicated the limitations of the method. However, in tﬁé
discussion of the proposed array numerical results were not the most
useful result of the method. The I-slot was selected because it was
capable of producing a large range of coupling values. The coupling to
the waveguide could be varied but the coupling to space or radiation
resistance was almost independent of the ratio of the lengths of the
branch arms. This implied that the power pattern showed only small
changes, with variations of the branch arm lengths, but this function
was the only variable in equation (6.2.17) other than the slot

separation. It appeared that Z__ could only change slowly as the branch

21
arms lengths. were altered while maintaining the slots at resonance.

Power patterns over real space were integrated in Chapters 2 and 3
to give values of radiation resistance. It was a trivial matter to include

the exponential in the integrand and integrate over real space but the

continuation of the integral into imaginary space would have been
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exceedingly difficult. Numerically it has been shown that if the
power function tends to zero where the contour entered the imaginary
space then the contribution from the latter could be ignored, But
otherwise an error resulted. This was demonstrated using parallel
straight slots. The radiation pattern had a null at the angle
corresponding to t = o so that when it was included in

equation (6.2.17) and integrated over only the real range of t the
results were as shown in Figure 6.2.2.. It also shows experimental
results obtained by N. Williams for slots in the end wall of waveguide
16. Good sgreement was obtained which showed that ignoring the
contribution from the imaginary range was acceptable in this case.

The arrangement in which colinear slots were congidered was very
different, the radiation pattern was uniform with respect to @ and was
effectively unity for all the real range. Obviously a considerable
component to the integration would have been produced if this function
had been analytically continued into the imaginary plane, but how this
could be done was extremely problematical. However, the integration was
again performed over the visible region, and the results were compared
to equivalent experimental results again by N. Williams in Figure 6.2.L4..
At some separations the agreement obtained was acceptable but at other
separations the computed results were greatly in error as if a large
component was omitted, as indeed it had been. These results showed the
problems associated with this method, but realising its limitations the
more interesting case of I-shaped slots was considered. The two
extreme cases of }-shaped slots and completely symmetrical I-shaped
slots were investigated remembering that where o departed from the real
axis the radiated power was not zero. The results obtained are shown

in Figure 6.2.5. and indicated that the amplitude and variation of the
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curves was substantially similar and the maximum difference was about

2 dB. The figure also shows experimental results obtained by

Williams and it was interesting to note that the experimental and
theoretical results both showed a ripple with a similar period and
amplitude. The ripple in the theoretical curve was due to omitting the
component due to the imaginary space and that in the experimental curve
to a small amount of detuning between the principal polarisations, and
will be discussed in the next section.

Wasylkiwskyj and Kahn's method had indicated that for slots in the
end wall of a Qaveguide radiating above a ground plane, the maximum change
in coupled power changing from |-shaped slots to symmetrical I-slots
was likely to be about 2 dB. Tor glots in the side wall the coupling
between the slot and the waveguide had to be included but this result
applied for slot to slot coupling.

When the baffles and P.T.F.E. were fitted to the slots they were
no longer C.M.S. antennas as if the slots had not been cut the baffles
would not have scattered like a ground plane. However, if a specialist
re-definition of the term "invisibleﬁ was allowed so that when the antenna
terminals were open circuited the slots scattered like a corrugated
surface similar arguments could be applied. The results for the thirty
slot array showed that with P.T.F.E. and °J' square baffles fitted the
radiation resistance of the equivalent‘dipoles for slots of all values
of coupling was 22.8 ohms. This indicated that there was negligible
change in the radiation pattern with slot coupling and by
Wasylkiwskyj .and Kahn's arguments negligible change in thg
radiation coupling between slots. This argument could have broken down
for adjacent slots where coupling could have taken place by higher order

evanescent modes but was checked experimentally by Williams and found to be
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correct for adjacent slots.
The value of this approach has been that it showed that the
le—.st "
radiation coupling Sf the slots was“independent of their coupling to the
waveguide. This was useful as it meant that the elements of the radiation

coupling matrix had only to be measured for one slot cow ling and could

then be assumed for all other couplings.

6.3. An Experimental Investigation of Mutual Coupling

In order to study the effects of mutual coupling experimentally a
network of twenty four nominaily identical I-shaped slots was made. It
consisted of eight waveguides with three slots cut in each, and was made
this size as it was envisaged that the final array would contain eight
waveguides and the elements of the 8 x 8 coupling matrix corresponding to
a column of slots could be measured. Three slots were considered
sufficient as when fitted with baffles the coupling along each yaveguide had
been shown to be small.

Initially the network was surrounded by ground plane and the
frequency and value of peak attenuation past each slot was measured with
the other slots covered by adhesive aluminium tape. The results which
were plotted as histograms were shown in Figures 6.3.1l. and 6.3.2..

The results showed that the mean frequency of peak attenuation past the
twenty four slots was 5.842 GHz with a standard deviation of 30 MHz.
Similarly the mean value of peak attenuation was 0.58 dB with a standard
deviation of 0,07 dB which was equivalent to a conductance of 0.138 with
a deviation of + 0.017. These results illustrated the range of
manufacturing errors associated with I-shaped slots.

Mutual coupling measurements were then made on the network. A

slot at the corner of the network was used in transmission and the other
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FIGURE 6.3.1. A histogram of the measured values of peek attenuation
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slots occupying approximately a quadrant around it used sequentially in
reception. The slots that were not being used at any time were

covered with adhesive aluminium tape. In order to compensate for the
effects of dispersion between the slots, swept frequency measurements were
made over a wide frequency band using a Hewlett-Packard swept frequency
oscillator and network analyser with the Weinschel Engineering data
normaliser. On careful examination of the results which were obtained
as XY recordings, it was found that there was not just a single peak
of coupled power but three principal peaks at widely separated,but well
defined, frequencies. For some pairs of slots ;ne peak dominated, for other
combinations two peaks were enhanced and in otherg all three peaks were
at approximately the same level as shown in Figure 6.3.3.(a). Other
subsidiary maxima occurred but their frequency and level appeared to be
unpredictable. The explanation of this behaviour lay with the residual
reactance associated with the main polarisation of the I-shaped slot
reported earlier. The lowest frequency peak was associated with cross
polarisation to cross polarisation coupling which involved m residual
reactance. The highest frequency peak was associated with main
polarisation to main polarisation coupling which included two residual
reactive components. Similarly the middle peak was accounted for by
cow ling between different polarisations which included only one
residual reactance. These three circuits were resonant at different
frequencies and gave rise to the three well defined coupling peaks.

The complicated frequency behaviour of mutual coupling above a ground
plane made the results a little difficult to summarise but Figure 6.3.k4
-shows the peak coupléd power between the waveguides containing the
slots irrespective of frequency. The variation of the coupled power

along the waveguides was slow compared to the rapid decay across the
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FIGUIRE 6.,3.4. The peak coupled power between two slots of the %3 network

when fitted with ground plane. Cne slot is fed and the others

used sequentially in reception.

No P.T.F.BE. used,
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The measurements (db) were made in the coupled waveguide relative

to the power in the incident waveguide.
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waveguide. This indicated as expected that the centre sections of the
slots were dominant in the coupling. The coupling between parallel
straight slots was shown in the last section to decay more slowly than
between co-linear straight slots.u

The frequency dispersion between the components of mutual coupling
was also responsible for the ripples in N. Williams experimental results
for “|-shaped slots. He performed single frequency measurements and if
all the components of mutual coupling had resonated at this frequency he
would have obtained a smooth'curve. However, in different areas
around a slot the components of mutual impedance contributed varying
amounts to the total so that if a dispersion was introduced between
them, a ripple would have resulted in the measured coupled power.

Swept frequency coupled power measurements were also made when
°¢" square baffles were fitted to the network. It was found that all the
major peaks of coupled power occured at the same frequency as the
highest frrquency peak when coupling over a ground plane. It appeared
that the baffles selected the coupling between main polarisation elements

freyuavcy

and produced no substantialhchange in this component other than raising its
power level at the expense of the cross-polarisation. A typical swept
frequency result is shown in Figure 6.3.3.(b) and this utilised the
same pair of slots as used in Figure 6.3.3.(a). Subsidiary maxima
occured for some pairs 6f slots but their behaviour did not’
follow any discernible pattern. >The peak values of coupled power are
summarised in Figure 6e3.5.

The phase of the mutual coupling was examined initially at the
average frequency of peak attenuation past the individual slots used.
A single column of eight slots was employed and the measurements were

made both with only the two slots concerned present and with all eight
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FIGURE 6.3.5. The peak coupled power between two slots of the 8x3 network

wvhen fitted with baffles made from sections of 5/8" square
tube. One slot is fed and the others used sequentially

in reception,

No P.7.F.E. used,
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The measurements (db) were made in the coupled waveguide relative

to the power in the incident waveguide,
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slots present. All excited waveguides were fitted with matched

loads made from iron loaded araldite. Initial measurements were

made above a ground plane using a Hewlett-Packard network analyser.

The waveguides forming the network were all of the same length and the
instrument was initially set up with its measurement channel terminating
the waveguide containing the radiating slot via a waveguide to

coaxial transformer. This was then moved to the coupled waveguide and

a load inserted into the fed waveguide. The measured change in the path
length had no contribution from the waveguides but was due to the phase
length through the slots and to mutual coupling. The phase paths
measured in this way for a column of I-slots at resonance radiating
over a ground are shown in Figure 6.3.6. after allowance had been

made for the phase reversal due to the different hands of the slots and
the 90° phase shift through the slots. The latter was associated with
the j term in the expression for A/V developed for slot conductances in
Chapters 2 and 3. It ensured that secondary waves generated at an
excited slot were of the correct phase to produce a net attenuation past
the slot.

The results showed that with all eight slots present the phase

length between slots was less than the free space separation of their
centres. This implied that a fast-wave or leak&hwave was supported by the
column of slots. Further evidence for this idea was provided by the
results obtained when only two slots were present. For the smaller
separation little difference was noted but for large separations the
absence of the intermediate guiding structure resulted in a phase length
greater than free-space being measured, corresponding to coupling above
the ground plane rather than by a guiding structure.

The phase measurements were repeated with the 3¢ square baffles
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fitted to the network. The results obtained are shown in

Figure 6.3.7., and indicated that éhe phase length of mutual coupling with
the baffles was substantially larger than free space even for small

glot separations. This type of behaviour could have resulted if a slow-
-wave was present on the structure but it was extremely difficult to

see how such a mode could exist. It was more likely that the additional
phase length resulted from the energy being transported away from the
ground plane near the top of the baffles. The effect of intermediate
slots was negligible which further suggested that there was little

energy at the bottom of the baffles away from the fed slot.

The measurements were all repeated with the protective layer of
P.T.F.E. fitted and the results are shown graphically in Figures 6.3.8. and
6.3.9.. The phase lengths over a ground plane were substantially
increased relative to the free space variation and little change was observed
with the ﬂf square baffles fitted. This was further evidence that when
coupling with baffles the field was not so closely bound to the ground

plane, the region in which the P.T.F.E. was fitted.

6.4. Leaky-Waves and the Channel Waveguide

It was shown experimentally in the last section that a fast-wave
could exist on the slots in a ground plane. The more useful structure
for the envisaged application consisted of slots fitted with baffles and
P.T.F.E. and some thought was given to what waves could propegate along
this structure. The fields that could exist in the channel had to be
established and then any additional modes caused by the presences of the
P.T.F.E.. Finally on introducing the slots a small perturbation might
be observed.

Goldstone and Oliner (1959) investigated a structure they termed
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FIGURE ‘6’3,,8, The measured phase variation between I-shaped slots

radiating over aground plane fitted with P.T.F.E. at 5.538 GiZ
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the channel waveguide as part of a study of leaky-wave antennas. The
structure they were interested in was a rectangular waveguide with a
long continuous slot in the narrow wall which radiated over a ground
plane. In the extreme case the slit became the same height as the
waveguide and the resulting structure was that of a channel cut in a
ground plane. When the baffles were fitted to an array a whole series
of channel waveguides resulted. The solutions Goldstone and Oliner
obtained corresponded to leaky waves, and were characterised by a complex
propogation constant in the direction of propogation. This implied the
wave was alttenuated as it travelled the attenuation being due to a
continuous leakage of energy. In addition they had phase

velocities faster than the speed of light, and were not characterised
by modes, being associated with regions open to space.

Goldstone and Oliner's method essentially involved finding a
perturbation solution of the transverse resonance equation of the
structure of interest. The general form of the terminated transmissiop
line which was used to represent a transverely viewed waveguide is
shown in Figure 6.42.. The transverse wavenumbers k which-corresponded
to source-free fields in the waveguide were obtained from the solution

of the resonance eguation.

where ¥ and ¥ were the admittances looking to the left and right
respectively from some arbitrary reference plane. This equation was
difficult to solve for an exact solution but solutions by numerical
methods were available. These did not give any insight into the physical
behaviour of such systems and Goldstone and Oliner opted for a

perturbation approach.
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The leaky-wave solution could be regarded as a perturbation of a
mode in a "closed" or non-radiating waveguide, so that the transverse

wavenumber of the leaky wave could be written as?

L= /% + AR (6.4.2)

where Ko was the wavenumber of the unperturbed mode and AK was the
perturbation to be determined. Expansion of the normalised form of

(6.4.1) about the point K= K to a first order in AK yielded:

’

Y'(Ko)
A‘k — - (6.1".3)
&¥i (&)
dsx K=K
where
- Y
Y' 1 _.i-‘;" (6-4-4)

The reference plane for the resonance equation was chosen to be at
the mouth of the channel and the admittance at YTa was taken to be that
of a short circuit. The length of the transmission line was equal to the
channel depth. The propagation wavenumber along the z direction for this

type of leaky guide was?

2 2 _ k2
KZ - )A - :Ky K (6-405)

where K = 2TT/ X and Ky was the propogation wavenumber in the y direction.
When (6.4.1) was substituted in (6.4.5), the result obtained neglecting

terms involving (A2 was



214

KZ R~ .\/KZ - K? "Ki - 2}<OAK (60""062
Pul KMo
go b
where
= 2TT (6.4.8)

go
J K2 - K:)2r -I<§

and was the guide wavelength of the unperturbed mode. The real and

imaginary parts of the propogation constant along z were then!

2

8 A A KMo
g go bt
A
an —Zﬁ— K MK (6.4.10)
where
K, = B-j (6.4.11)
and
Asz Al‘i‘ + jA-Ki (6-’4'-12)

The perturbation AKof a rectangular leaky waveguide was obtained

from (6.4.3) as:‘

_ YT'(/<Q) - j COtKOa
ay,
T . 2
(-———dK ) =, + jacos Koa

Ak 1S (60’4‘.13)

The discontinuity for the channel waveguide was not re:sonant so that the
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derivative term could be neglected

YT‘(KS) - j cot k;a

AK ~ 4
a

5 (6.4.14)
cos“K a

o
The problem has thus been reduced to finding the circuit parameters
corresponding to the discontinuity at the interface with the half-space.
Goldstone and Oliner (1957) calculated the conductance from the relation-

ship

G = -—————P (604-15)

| v2 |
where P was the real transverse power flow per unit cell and V the modal
voltage of the propagating mode in the aperture plane. The transverse
power flow per unit cell within the guide must have been equal to the
outward radial power flow per unit cell in the half space so that the
numerator of (6.4.15) could be calculated from the far field in the

half space. The result was of the form:

2
bk=
G z o——— - .l6
n (6.4.16)
or when normalised
@ = S g KD (6.4.17)
YO 2

For the channel waveguide, the wavenumber could be better approximatea
by regarding the discontinuity at the half plane not as a perturbation
of a "closed" waveguide, but as a perturbation of a magnetic wall. The
corresponding unperturbed wavenumber was then k% = ﬂ/2a. When a >> b

corresponding to a very flat channel guide this result was satisfactory.
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For the dimensions of the trough formed by the ’¢d' square baffles a
different approach was necessary. Since ‘the phaée part of the desired
propogation constant depended mainly on the energy storage property
or susceptance of the discontinuity the method was formulated in terms

of the resonance problem involving the susceptance only:

cot Koa = B'(Ko) (6.4.18)

This equation for real Ko could be solved to any desired degree of

accuracy by successive approximations and yielded

T _1geem
K, = P a13'(261) (6.4.19)

in

The solution of (6.4.18) was substituted h(6.'+.ll+) and resulted in:

4 G'(Ko)

a 2
cse Koa

The attenuation constant and guide wavelength of the H type leaky wave

in the channel guide were obtained by Oliner and Goldstone as:

g _ X 5

E = X (6.4.21)
g
A 7%:J;ko CT'(Ko)

ar & () £ (6.4.22)

cchKoa

These results indicated that if the baffles were made taller the attenuation
constant of the guide would be less and the guide wavelength would
approach the free-space value. This behaviour was characteristic of

leaky wavesa
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6.5. Analysis of Trough Guide Modes

The structure consisting of the baffles and dielectric was similar
to the trough waveguide structure investigated by Cohn in (1960) and
which also appeared in Benson (1969). Initially an H-guide formed by a
slab of dielectric between two parallel plates, as shown in
Figure 6.5.1., was considered by Cohn. It emerged that there were two
classes of mode designated PEmn and Pan, where the letters stood for
parallel electriq or parallel magnetic and indicated that the relevant
field was parallel to the dielectric-air interface.

The analysis proceeded with the assumption being made that the
permeability in all three regions was that of free space but for the

permittivity?

€ = Kleo (6.5-1)

and

e = ¢ = K ¢ (6.5.2)

where eo was that of free space. The symmetry resulted in the modal
solutions being either even or odd depending on whether Ey was an
even or odd function of x.

The trough_guide structure resulted when a conducting wall was
erected in the y-z plane, as shown in figure 6e5.2.. The conducting<
wall suppressed the even m;des of the H-guide so that only the odd
modes could propogate.

Cohn showed that the field components for the odd symmetry PM

modes were after neglecting a time dependence of the form eJ(wt B BZ):
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Hx3 = 0
. k_(a-x)
H&3 = j Eé%;— cos k, a e 2 sin %F % (6.5.4)
b
kz(a-x)
HzB = COS kd ae cos -y )

Similar expressions were derived by Cohn for the other types of mode,
all of which were in general hybrid with Eg and HZ non-zero.
The transverse wavenumbers in the inner region kd and the outer

region k_ were connected by equating the tangential electric field Ey

2
at the boundary. The guantity kda had to be specified in a particular

quadrant, i.e.,

@-1F < @) $nj (6.5.5)
For the odd symmetry PM modes:
k

ké = Ef. ké tan k,a with m odd (6.5.6)
while for the odd symmetry PE modes:

k2 = - k2 cot kza with m even (6.5.7)
Cohn also showed that for all modes of the H—guideg

kdzf\i- (-1'1‘—;—7)2 = wauoeolil - g2 (6.5.8)

K2 - 'cf-lbﬂ)‘2 = p2- wzp.oéoxa (6.5.9)
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When these equations were added:

2 .2 _ 2 }
kd +k° = w uoeo(Kl K2) (6.5.10)

vhich when substituted in (6.5.6) or (6.5.7) could be solved for k2.

For odd symmetry PM modes:

K
@22k - K) = (kda)'zli 1+ ) Ptank 2 ] (6.5.11)

o 2 5

and for odd symmetry PE modes

‘ kd
C 2,282
™ (7\:) (Kl - KZ) = {-—-—-———Sin ;da } (6.5.12)

Equations (6.5.11) and (6.5.12) were used by Cohn to show that a
necessary requirement for the mth. rank mode to propogate was that the

inequality:

> _m-1 (6.5.13)

be satisfied where?
A[( = I%- - K2 (6.5.14)

For the trough guide formed by the baffles and P.T.F.E. fitted to
the array a ~ 0.01", Xb ~ 2" and AK ~ l.4, so that m could be no bigger
than one. The odd symmetry PE modes required by equation (6.5.7) that
m be even. The case m equal zero was trivial and so odd symmetry PE

modes could not be supported by the P.T.F.E. at the bottom of the baffles.
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There was also a requirement on b except fo the n = O order PE
modes. From equation (6.5.8) it could be seen that b had to exceed
a certain critical value bc for the propogation constant B to be real.

2
By setting b = b and B = O the value of b, was found as:

n(%?-)

o

(6.5.15)

2lo
1]

[P, - Gom?)t

By using equations (6.5.11) and (6.5.12) the %% term could be

eliminated to leave for odd symmetry PM modes:

b NS Kg tank a , '
£ =2 { —2— 5 } (6.5.16)
KlK2 tan kda + K1K2
and for odd symmetry PE modes:
b, n 2 . 2 Y
* < 3 {chos a2t K251n kda} (6.5.17)

For the trough formed by the baffles and P.T.F.E. the thickness of

the P.T.F.E. only allowed odd symmetry PM modes to propogate.

Equation (6.5.16) however provided a further constraint on these modes.

b
As %ﬁ was small k.a approached (m - 1)% and 7% approached

R |
% (K2) 2 , Region 2 was air so K2 was unity and:

b~ (6.5.18)
[ +4

>

bc was hdwever maintained less than half a wavelength so that the cross
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polarisation was suppressed. This condition and the small thickness

of the dielectric ensured that no trough guide mode could be supported.
It had already been shown however that a channel guide mode could be
supported on the structure by the discontinuity at the top of the baffles

where they formed an interface with the half space.

6.6. Possible Mpdifications to the Baffle Design

It was realised early in this study that the mutual impedance between
elements would play a major role in the performance of an array. If
sufficient information was availaﬁle it ought to have been possible to
correct errors caused by mutual coupling for one beam position. However,
on phase scanning the beam, a different correction would be required,
so that to maintain an acceptable sidelobe level over a reasonable
scan volume, the mutual impedances and hence the required corrections
had to be minimised. Some thought was given to re-designing the baffles
to achieve this aim. It was also desirable that the baffles should
further suppress the cross-polarisation, although this was expected to
involve either reducing their separation of increasing their height.

It was however realised that if the baffle heights was increased the
attenuation of the leaky-wave would decrease and it would radiate over a
bigger effective aperture, perhaps introducing nulls into the element
radiation pattern. This was highly undesirable as if the beam of a
phased array was steered to a null direction a severe mismatch would
have occurred.

The fitting of the ?g' square baffles to a linear array had already
been shown to reduce coupiing between non-adjacent slots presumably due

to the choke action of the intervening ditches. It was thought that a

further improvement could have been obtained by introducing an additional
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choke into the top face of the baffles.“ Accordingly some °d' square
baffles were made out of brass bar and ﬂ;"‘wide grooves 0.5" deep

were cut in their top face using a slitting saw. When fitted to the

8 x 3 slot network, operated without P.T.F.E. at the average frequency
of peak slot conductance the groove; were fractionally deeper than a
quarter of a wavelength. The peak coupled powers between pairs of
slots occurred around the same frequency and the values obtained are
shown in Figure 6.6.1l. When compared with the results for plain
baffles shown in Figure 6.3.5., a considerable reduction in the mutual
coupling was revealeds These baffles had demonstrated the advantage of
having a choke groove but for even a reasonable sized array would have
been excessively heavy. If their particular cross section was highly
desirable for large arrays, a special extrusion could have been made.
However, for the purposes of this study a simpler solution was required
and thought was given to forming a choge groove by fitting side plates
to tubular baffles. Although Goldstone and Oliner's results could not
be applied directly to this geometry it was expected that the leaky-wave
would be enhanced so that the radiation pattern of a single slot

fitted with these baffles would have to be investigated.

The structure formed by the baffles fitted with side plates was
similar to that investigated by Dufort (1968). He investigated an
infinite array of parallel plate waveguides which radiated into the
half-space. Alternate waveguides were fed by matched generators and
the intervening waveguides were terminated in short circuits at a
certain depth from the aperture. As the array.was of infinite extent
he was able to apply Floquet;s theorem in a similar manner to Amitay,
Galiner and Wu (1972) and reduced the problem to consideration of a unit

cell. This consisted of two waveguides, one fed and one parasitic
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. FIGURE 6,6.1, The peak coupled power between two slots of the 8%3 network

when fitted with 5/8" square baffles with grooves 0.5" deep
by 1/16" wide cut in the top face. One slot is fed and the

others used sequentially .in reception,
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The measurements (db) were made in the coupled weveguide relative to

the power in the incident waveguide,
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and a region of free space, and could be considered as a three

port device. The properties of such a lossless device

(Montgomery, Dicke and Purcell (i9h8)) could be used to show that the
power coupled between two ports depended upon the impedance of the third.
For the baffles this was interpreted to mean that the reflection
coefficient at the aperture fed by the slots depended upon the depth

of the ditch, in their top face. Dufort (1968) attempted a complete
analysis using a modification of the method of Whitehead (I951) which was
similar to work done by Heins and Carlson (1947). For an array with
alternate waveguides fed and parasitic he showed that for broadside
operation the ghorts should be 0.3 wavelengths inside the waveguide.

For arrays scanned only in the E-plane the optimum value was smaller

and for arrays scanned only in the H-plane larger. From a practical
point of view it was likely to be critically important that the impedance
seen at the aperture was capacitive rather than inductive. This

result was also in broad general agreement with several recent papers
(e.g. Hannan and Litt (1968)) in which various devices have been used to
capacitively load the apertures of phasedyarray antennas.

The result was also investigated experimentally using two sets of
side plates which were fitted in turn to the sides of the %¢' square
baffles, of the 8 x 3 slot network. One set of plates was l.OBﬁ high
and produced an inductive ditch between columns of sléts while the other
set was 1.18" high and produced a capacitive ditch. Neither set of
plates, when fitted, resulted in major changes in the frequency response
of the individual slots. The peak coupled powers between pairs of slots
are however shown in Figures 6.6.2. and 6.6+.3.. The capacitive baffles
produced a major reduction in the power coupled between all pairs of

slots except for adjacent slots compared to when fitted with ' square
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"FIGURE 6.6.2. The peak coupled power between two slots of the 8X3 network

when fitted with baffles made from sections of 5/8" square
tube with side plates 1,18" 21 S.W.G..(Capacitive) One slot

is fed and the others used sequentially in reception.
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The measurements (db) were made in the coupled waveguide relative

to the power in the incident waveguide,
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FIGURE 6.6.3, The peak coupled power between two slots of the 8%3 network

when fitted with baffles made from sections of 5/8" square
tube with side plates 1.03" high 18 S.W.G. (Inductive).

One slot is fed and the others used sequentially in reception.

No P.T.F.E. used,

Radiating | 1 T
slot.
-13. 2 -23. 9 "25 .
"230 7 "'280 O "350 1
"21'!' 0 “ "30-5
26!’ |
p—
"27.6 "'380
u -29.8 }I -39.1
"3005 "42.

The measurements (db) were made in the coupled waveguide relative

to the power in the incident waveguide,
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baffles. However an increase in thé slot conductances was noted,
presumably due to the reduced mismatch at the top of the baffles.

When the coupling was expressed in terms of coupled voltéges across the
slots an improvement was noticed even for adjacent slots in the same
column. Similarly when the inductive baffles were used the power cow led
between pairs of slots was increased, as shown in Figure 6.6.3..

The radiation properties of a slot fitted with baffles were then
investigated. Initially both the near and far field radiation
patterns of a slot radiating over a ground plane were measured. It was
found that the slot had a broad radiation pattern with some ripple
which was thought to be due to the large ground plane surrounding
the slot being of finite‘dimensions, as shown in Figure 6.6.54..

The near field pattern of the sglot was meagured using the rig used in

the last chapter to investigate the near field properties of the thirty
slot linear array. The amplitude pattern'is shown in Figure 6.6.5.,

and the effective aperture of the slot was confined to a fairly small
area, which gave the broad far field radiation pattern. The phase
distribution shown in Figure 6.6.6. corresponded to waves propogating away
from the slot above the ground plane.

The same measurements were then repeated with the slot fitted with
5§t square baffles. In this case the near field patterns were of
particular interest because the presence of leaky wave could be determined.
Typical near field amplitude and phase measurements are shown in
Figures 6.6.7. and 6.6.8.. From such measurements the attenuation
gradient and phase velocity of the energy propogating between the
baffles was found. The measured values are compared in Table 6.6.1. with
theoreti;al results obtained using Goldstone and Oliner's formulae,

ignoring the presence of the P.T.F.E.. ZExcellent agreement was obtained
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FIGURE 6.,6.4., The radiation pattern of a single I-shaped slot in a large
ground plane, The pattern is plotted in the plane containing
the central arm of the slot.
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- -FIGURE 6.6.5. The aperture amplitude distribution of an I-shaped slot,

radiating above a ground plane, 231,
P, T.F.B., fitted.
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FIGURE 6.6.6, The aperture phase distribution of an I-shaped slot,
radiating above a ground plane.
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FIGURE 6.6,7. The aperture amplitude distribution measured between 5/8"

square baffles . o _ 232
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FIGURE 6.6.8. The aperture phase distribution measured between 5/8" square

baffles,
+180 - 5.70 GHZ-
Relative P.T.F.BE. fitted.
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6.1. A comparision of the theoretical and experimental results obtained

for the channel waveguide formed by the 5/8" square baffles,

(a) Attenuation gradient.

Frequency - Attenuation gradient db/\
cHz. Experimental Theoretical
5.60 10.6 10.9
5.70 10.5 10,5
5.80 9.2 10.0

(b) Guide wavelength.

Frequency Guide wavelength (inches)
‘ Experimental Theoretical
5.70 2.484 2,485
5.80 2,432 2.423
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identifying the leaky wave they described. Its presence between the
baffles, modified the far field radiation pattern of the slot as shown
in Figure 6.6.9.. The pattern showed a small dip of 1) 4B away from
broadside but recovered and then stayed at a high level before rapdily
decaying. This pattern was acceptable for an array element because
even though a dip occurred éway from broadside, the power level was
maintained at large scan angles with no major nulls, which could have
been associated with 1;rge mismatchesd.

The inductive and capacitive baffles were then investigated.
Although Goldstone and Oliner's results could not be applied directly
to these structures due to the modified surface impedance on top of the
baffles it was expected that the attenuation gradient of the leaky wave
would be reduced. The measured near field amplitude distributions shown
in Figures 6.6.10. and 6.6.11., supported this view. These broad
distributions were expected to produce nulls in the far field patterns.
The measured patterns are shown in Figures 6.6.12. and 6.6.13.. The
inductive baffles produced a deep null 300 from broadside and
a substantial sidelcbe (- 5 dB for the main beam) at 50°. For the
capacitive baffles however a null was obtained at around 400 from
broadside with a small sidelobe at 500 giving a directive pattern in the
elevation plane with the main beam at broadside. The 3 dB beamwidth
was of the order of 23° and the'capacifive baffle appeared to be a
sensible choice for an array required to look out only at broadside with
a narrowed elevation plane pattern. The major differences in the far
field patterns of these two types of baffle were produced by subtle
differences in the near field distributions.

It was also found that for the solid baffles with the Y ¢" wide
half inch deep groove the leaky wave again propogated with reduced

attenuation because the effective surface impedance on top of the baffle
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FIGURE 6,6.9. The radiation pattern of a.-single I-shaped slot fitted with
5/8" square baffles .The pattern is in the plane containing

the central armm of the slot.

0 ab - 5,70 GHZ.
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-10 db o
-20 db , - ,

0 90
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FIGURE 6.6.12, The radiation pattern of a single I-shaped slot fitted with

inductive baffles, The pattern is plotted in the plane

-

0 db containing the central arm of the slot.
Relative
5.70 GHZ.
power. .
P.T.F.E. fitted.
T I T Angle from broadside

o] : 90 (degrees).

FIGURE 6.6.,13, The radiation pattern of a single I-shaped slot fitted with
capacitive baffles. The pattern is plotted in the plane

0 db - containing the central arm of the slot.

Relative . 5.70 GHZ,
power, P.T.F.E. fitted,
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had changed. A broad near field disfribution was measured as shown in
figure 6.6.14. and this produced a 6 dB null in the far field radiation
pattern only 20° froﬁ broadside tFigure 6.6.15).

A different set of baffles was also investigated for which not only
the ditch on top of the baffles but also the channels between them were
capacitive. They consisted of sections of Waveguide 15 with tall side
plates attached. When fitted to the network the measured coupled powers
were as indicated in Figure 6.6.16. and an increase in the isolated
slot conductance was noted. The coupled power for neighbouring slots in
the same column was reduced although for more distant slots the
coupled power increased. This was presumably due to an improved reflection
coefficient at the top of the baffles producing less reflected power
to near neighbours but an enhanced leaky wave coupling between more
distant slots. The measured near field radiation pattern is shown in
Figure 6.6.17. It was broad and could reasonably have been expected
to produce a null in the faf field rédiation pattern. This was in
fact found to be so, the measured pattern shown in Figure 6.6.18. indicated
that a deep null (20 dB) was present at an angle less than 20° from
broadside. The baffle length used for this case was unrepresentative
of that necessary in an array and the null position could have changed.

The only gaffles that have been inyestiéated that could usefully
be incorporated into an array were the Sg{ square plain tubular baffles
and the capacitive baffles formed by fitéing side plates to %3' square
tubes. The former type was suitable for use in phase scanned arrays
and the latter type in arrays only required to look out at broadside,
with increased directivity in the elevation plane. The cross
polarisation performance of the plain baffles suitable for phase
scanned arrays was perhaps not as good as would have been liked. The

only sensible way of improving it would have been to decrease the slot



« 4 : : 239
FIGURE 6.6.14. The amplitude aperture distribution measured between the

5/8" square baffles with a 1/16" wide groove cut in the
"top face.

0 db o 5.70 GHZ.

P.T.F.E. fitted.

=10 db

~20 db

] 1 ) T
it 0 +4r

Position relative to slot centre.
FIGURE 6.6.,15. The radiation pattern of a single I- shaped slot fitted with
5/8" square baffles with a 1/16" wicde groove cut in the top
face, The pattern is in the plane containing the central arm

0 db of the slot.

5.70 GHZ.

P.T.F.E. fitted.

-10 db 4
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FIGURE 6.6,16., The peak coupled power between slots of the 8%3 network

when fitted with baffles made from sections of waveguide 15
with side plates 1,80" high 21 S.W.G.. One slot is fed

and the others used sequentially in reception,

P.T.F.E. fi‘bted.

=42,1

~40,7

The measurements (db) were made in the coupled waveguide relative

to the power in the incident waveguide,
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FIGURE 6.6.17. The aperture distribution measured between baffles consisting

of sections of waveguide 15 with side plates 1.80" high.241
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FIGURE 6.6,18, The radiation pattern of a single I-shaped slot fitted with

bafflecs consisting of sections of waveguide 15 with side plates

1.80" high ., The psttern is in the plane containin
O db
- the centrzl arm of the slot .
Relative
power.
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separation to bring the baffles closer together, alternate

methods involved taller baffles for which the leaky wave attenuation
would have decreased. It might have been possible to introduce more
attenuation into the leaky wave by cutting periodic chokes across the
baffles at regular intervals along their length. This possibility was
not investigated as it was thought that the chokes might excite the
cross polarisation and the additional machining would contribute a
significant increase to the overall cost of an array. All the baffle
cross sections investigated could have been made as a straight forward
extrusion with the only machining required to cut the sections to
length. It was fortunate that in fact the most suitable cross section

for subsequent use in phase scanned arrays was the Sg" square tubular

baffle and this was available as a stock size.
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CHAPTER 7
MULTIPLE WAVEGUIDE ARRAYS

7.1l. Incremental Admittance

The previous chapter indicated the occurence of mutual coupling
within a group of slots and how modifications to the radiating
apertures changed its behaviour. Such studies were most interesting
but alone could not be used to predict the performance of a large array.
Consideration had to be given to how the measured mutual cowp lings ‘
appeared within the waveguides. A modified equivalent circuit could then
be constructed for each slot and the performance of the whole array
deduced. |

Initially only two slots were considered in separate waveguides
as shown in Figure 7.l.l.. When a generator was attached to the first
waveguide a voltage was induced across the first slot as indicated in the
second and third chapters. The voltage on the first slot induced a
voltage on the second slot by mutual coupling and this in turn induced
subsidiary waves in the second waveguide. When this waveguide was
also excited the secondary waves appeared to be a modification of the
slot reflection coefficient. As the voltage reflection coefficient
and terminating admittance are uniquely linked, a«modified slot
admittance could be used to represent the presence of mutual coupling.
The position of the radiated beam of a phased scamned array depended
upon the relative phase of the waveguide excitations. The apparent
slot reflection coefficient or active admittance was hence sensitive to
the beam position, and inter-element spacing. TFor the envisaged array
slots iﬁlthe same column and adjacent waveguides were approximately

120° apart in space. The results of the last chapter indicated that the
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FIGURE %7.l1l.1. The voltages coupled between two slots in different

waveguides.
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phase length of mutual coupling was approximately 120° - 130° so that
for the array of two slots shown in Figure 7.1l.1l. with the beam at
broadside the mutual impedance appeared as a modification to the slot
conductance with a susceptance. This contrasted with the concept of
fincremental conductancef (Watson (1947)) usually used in designing
single waveguide arrays of shunt inclined slots. These slots are
usually close to half a free-space wavelength apart and the phase length
of mutual coupling is close to 180° so that the secondary waves
excited by mutual coupling appear to be from a modified conductance only.
These ideas were tested experimentally using two slots of the
8 x 3 network. All the other slots were covered with adhesive aluminium
tape. The two waveguides were fed via a 3 dB hybrid and phase shifters.
A coaxial slotted line was included in one feed arm as shown in
Figure 7.1.2.. Initially a reference phase was recorded by fitting a
short beyond the slot in the waveguide containing the slotted line.
Its position was adjusted to minimise the power radiated (aecrease of
30 dB) and form an effective short circuit across the slot. The
remaining power radiated was due to residual series registance
components. The null positions along the slotted line were noted. The
short was replaced by a matched load and the two slot array phase
gcanned. The active admittance of one slot was plotted for each beam
position and is shown in Figure 7.l.3.. The active admittance traced
out a circle although the isolated slot admittance was not at its centre
due to problems associated with the residual V.S.W.R. of the load.
The power in the measurement waveguide was less than in the other
waveguide because of difficultieé with the power division and
incorporating a slotted line. Figure 7.1l.3. also indicated that larger

phase shifts were required to move the beam near broadside than at wide
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angles. So if an array could be dééigned to phase scan a beam

successfully over a range of angles about broadside its performance

was likely to be reasonable at wide angles, apart from grating lobes.
The concept of including mutual coupling as an incremental

slot admittance appeared to be justified and was used in some design

examples. As monopulse arrays were considered details of the designs

will be given after the radiation patterns used have been justified.

7.2. Monopulse Antenna Difference Patterns

In Chapter 5 some consideration was given to the choice of aperture
illumination fuqction for a sum channel waveguide. TFor the array now
considered separate waveéuides were used for the difference channel so
that an independent choice of difference channel illumination could be
made., For the more conventional dish type radar antennas this
choice is not available. The sum aperture distribution is obtained
from four horns fed through a suitable network. The difference channel
illumination function, obtained through a different port of the network,
is intimately linked to that of the sum channel. Hannan (1961) showed,
using appropriate sinusocidal functions how the optimum monopulse
performance could be obtained. For dish type radar antennas, because the
sum channel is used both in transmission and reception the optimum
illumination»favours the sum channel at the expense of the difference
channel. Only in the type of antenna envisaged in this work in which the
difference channel is separately established can real consideration be
given to its optimum performance rather than an optimum compromise between
the channels.

Fo£ the difference channel the important feature is not directly

its gain but the pattern slope at boresight. The slope of the pattern
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determines the angular resolution of the system when one channel is
divided by the other. Kirkpatrick (1953) demonstrated that of all the
possible odd uniform phase, constant power distribution functions the
linear distribution shown in Figure 7.2.1., gives the pattern whose
slope is maximum at boresight. Any other distribution results in a
smaller slope.

Powers (1967) linked this distribution with the uniform amplitude
distribution giving maximum gain for the sum channel. He took the
well known relationship between a line source distribution f(w) and its

far field radiation pattern F(u) involving a Fourier transform pair given

byt
1
F(p) = jr £(w)etMay (7.2.1)
-1
+ @
L = Jbw
flw) = = F(ue aw (7.2.2)
- a
F(p) @& f£(w) (7.2.3)

He differentiated (7.2.1) and (7.2.2) with respect to p and w, respectively

and obtained two additional Fourier transform pairs.

i"”:i—(fl 2 wflu) ~ (7.2.4)
-+ . df(W)
mF(p) € j T (7.2.5)

Now in (7.2.1), if f(w) is a constant the maximum gain sum channel pattern
results and similarly in (7.2.4) the maximum slope difference channel

illumination is obtained. Thus the maximum slope difference chamnel



FIGURE 7.2,1, The maximum slope difference channel illumination function.
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apart from a constant is the derivative of the maximum gain sum channel
result. The difference channel illumination function is the aperture
variable times that of the sum channel.

Price and Hyneman (1960) had previously obtained this
type of result with more relevant illumination functions. They wanted
to obtain polynomial descriptions of optimum difference patterns when they
already had the required sum channel results. They showed for
Chebyscheff polynomials that, a good approximation at least, to a
uniform sidelobe difference pattern could be generated in this manner
from an equal sidelobe sum pattern. They also applied the method to
other functions such as a binomial distribution.

Powers.”(l967) workéd in terms of lambda functions which have been
shown by Ramsay (1967) to be a class of functions which include all the
usual antenna radiation patterns. On differentiation he obtains functions
which he calls the L functions. These are in fact Lambda-Struve functiouns.
The Lembda functions and corresponding lLambda-Struve functions behave
similarly to the cosine and gine functions. They have the same
envelope but are g apart in phase. Thus if any sum pattern illumination
function is acceptable in the compromise between gain and sidelobe then
if the distribution is multiplied by the aperture variable a similar
compromise is made between difference channel slope and sidelobes. In
addition it i; the round trip sidelobe performance that is important
for a monopulse antenna, when the sum channel is used in transmission
and the difference channel in reception. The 900 phase shift between the
patterns ensures that a peak of one channel coincides with a null of the
other so that no large round-trip sidelobes occur. Figure 7.2.2. shows
the radi;tion pattern obtained from the parabolic and cubic distributions.

The patterns both have the same envelope but it must be remembered that



both channels are not radiating the same power. For equal power
radiated in this case the difference pattern shoﬁld be. raised
8.4 3B relative to the sum pattern.

In Chapter 5 a @'+ %.cosz(g x) distribution was specified for the
sum channel array. It seemed appropriate to specify an

Xx b+ 5 cosZCg x)) for the difference channel.

7.3. Mutual Coupling and Monopulse Arrays

The direct inclusion of the effects of mutual coupling in a large
two dimensional Moncpulse slotted waveguide array is extremely difficult.
The sum channel of the array is initially used to illuminate the radar
target but both channels are simultaneously used to determine the
targets position. The critical performance of the array for tracking
is thus when both channels are used, in reception. It is desirable
to ensure that the required monopulse response is obtained in the
presence of mutual coupling and at a range of beam positions. The
response of the antenna in reception is thus of most interest but this
case is the most unweildy to consider. In the last chapter it was
shown that the mutual impedance between glots of the whole range of
coupling above a ground plane was reasonably constant. The mutual
impedance between slots was however a relationship between the
current and voltages at their resgpective terminals. The network
formed by the waveguides and slots presents an impedance to each slot
which determines the current flowing in that element. This is critically
dependent upon the angle of arrival of é plane wave from space so that
the array factor radiation pattern is generated. To include the
effects of mutual impedance into a computed received radiation pattern

would thus involve for each angle of arrival determining the impedance
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terminating each slot to give the current in each element. Values of
mutual impedance could then be used to determine the additional voltages
injected into each element and the powers received by individual slot
could then be summed along each waveguide. This process if used to
determine the radiation patterns over a reasonable angular range would
involve a massive computer programme. There would be no guarantee that
small errors in the values of mutual impedance used would not severely
limit the accuracy of the patterns obtained. In addition it is hard

to see how corrections could be made to the slots to eliminate any
adverse effects of mutual coupling.

Instead of considering the array in reception, the problem may be
simplified by envoking the principle of reciﬁrocity and investigating
the array in transmission. The principle of reciprocity has been
used to determine the slot conductances. When applied to a one port
antenna it can be used to show that if a source is placed at that port
and a field radiation pattern F(8, P) cbtained, then if this source is
replaced by one which is moved about in space at © and ¢ the voltage
at the antenna port is proportional to F(O, ¢). In other words the
same radiation pattern is obtained both in transmission and reception.
This relationship applies eqﬁally to a two port antenna such as a
monopulse array but care is required tp ensure that the correct relative
powers are used at the two ports when the transmission case is used to
replace the array in reception.

The advantage of considering arrays in transmission is that the
network formed by the slotted waveguide impresses a particular voltage
across each slot. As the slots all have the same radiation impedance,
if the waveguide loading can be neglected, the current in each is

proportional to its impressed voltage, so that the mutual impedance
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effects can be regarded as a voltageato voltage coupling. The voltage
injected into one slot from another slot can be regarded as proportional
to the voltage on the excited slét. This is a great simplification

as the individual impedances terminating each slot can be neglected.
Ignoring the impedance loading of the waveguide is certainly justified
for lightly coupled slots and is probably reasonable for all but

the most tightly coupled slots.

The reduction of mutual impedance to a voltage to voltage coupling
also has other simplifying effects particularly when baffles are fitted.
It has been shown that in their presence the most important components
of mutual coupling are asgociated with coupling within a column of
slots all in separate waveguides. If for simplicity only a sum and
difference pair of waveguides are considered then with only the sum
waveguide transmitting the voltages on the difference channel slots
will have the same distribution as the sum channel. The difference channel
will then radiate as a parasitic sum array with a different phase and
amplitude, as determined by the voltage to voltage coupling coefficient.
The effect of the presence of the difference channel is thus to reduce the
effective gain of the sum channel without major changes in the shape of
its radiation pattern. Similarly when the difference channel alone
radiates the presence of the sum channel reduces its effective gain. When
both channels transmit the proximity of the two arraﬁs reduces the
gain of both. If the aperture distribution of each waveguide was examined
it would show large errors from that intended. It should be remembered
however that the distributions would be a suitable mixture of those from
both channels and might appear a lot worse than the actual array
perfomaﬁce.

If the impedance loading of the slots can be ignored then the
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effecp of mutual coupling is simply to reduce the antenna gain at
the expense of the elevation pattern sidelobes. Unfortunately in
all cases of practical interest low azimuth sidelobes are required
and these are sensitive to small aperture errors such as those
introduced by the impedance loading effects.

Other properties of mutual coupling within a monopulse array of
this type have been derived by Killick, Salt and Porter (1969). They
showed that because the amplitude distributions used for a monopulse
array are symmetric and antisymmetric the input ports are decoupled.

For a single channel antenna at one frequency and beam position
it should be possible to recover the desired aperture distribution and
radiation pattern by modifying the slot conductances and detuning to
introduce the correct susceptances. The modification required would
just remove the incremental admittance introduced by mutual coupling.
For a two ch;nnel antenna the situation is more complicated. When
both channels simultaneously transmit changing the slots to give the
correct aperture distribution would not give the correct radiation
patterns, because each slot voltage would include components from both
channels. The correction to the sum channel would be antisymmetric
and the correction to the difference channel symmetric. The input
ports would not be decoupled. Although in principle the correct
radiation patterns would be obtained, the outputs of the sum pattern
would appear at both ﬁorts. As no way exists of separating components
the patterns at the two input ports would not be those required. With
a two channel antenna the only correction that can be made is when each
channel alone is excited. Sum chamnnel slots can be corrected when the
sum chamnel is excited but no correction can be made for excited

difference channel slots, and similarly vice versa.
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7.4, The Measurements Required for the Design of an Fight Waveguide

1

Array

It has been indicated that in a sum and difference pair of wave-
guides, when both are excited each behaves as a parasitic array on the
other. It is important to allow for the impedance change in a driven
slot due to the presence of the second element. A slot to be operated
in an array environment must be designed to allow for its surroundings and
note taken of frequency shifts or conductance changes that occur.
However, once the slot has been specified surrounded by other parasitiﬁ
elements, itsapparenf impedance will change when the other slots are
excited and with the inter-waveguide phase shifts required to scan the
beam. Before an eight wéveguide array could be designed the effects
of mutual coupling had to be more fully explored. The terms of the mutual
coupling matrix had to be determined and the effects of adjacent
parasitic slots on individual slot performance established.

The 8 x 3 slot network was available and an intensive experimental
study of mutual coupling was mounted. The network was fitted with the
prescribed ?g' square baffles. With these present the most important
components of mutual coupling were between slots in the same column as
indicated in the last chapter. When all eight slots of a column were
present this effect was more pronounced because not only the baffles
but also the slots acted as a guiding structure. Initial measurements
Figure 7.4.1. showed that mutual coupling did not decay as fast as
measurements with only two slots might indicate. It was decided that

"in order to simplify the analysis, coupling over the baffles could ration-
ally be ignored. Two columns.of slots from the 8 x 3 slot network were
effectivély removed by covering with adhesive aluminium tape.
Measurements were then performed on eight slots, one per waveguide.

Initially the effects of parasitic slots were investigated. A phase
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FIGURE 7.4.1. The peak coupled power between eight slots in the same

column fitted with 5/8" square baffles and P.T.F.E..
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bridge was set up using Hewlett-Packard nefwork analyser to perform
swept measurements of phase shift past a slot. The analyser required
a reference signal and in order to do swept frequency measurements the
phase length to the instrument in both channels had to be approximately
the same. Accordingly the bridge was used with similar lengths of
special and standard waveguide, and cable in each channel. Phase
shifters were also used so that the lengths could be adjusted. However,
no two similar pieces of equipment are identical and because the
reference channel was obtained through a waveguide coupler, the phase
bridge could not be simultaneously balanced at all frequencies. The
output from the Network Analyser was thus fed to the data normaliser,
described in Chaﬁter L, so that the effects ofjin—balance could be
removed. When set up in this manner it was found that swept
transmission phase measurements could readily be made through a large
waveguide system over a 1 GHz bandwidth. The output of the network
analyser had a total variation of 90O But this could be removed by the
data normaliser. Phase measurements were obtained as X-Y recordings
with the whole Y axig representing only 300 of phase.

In this manner the phase shift past a slot could be measured
by making the~§ata normaliser recording with it taped over. Parasitic
slots could then be introduced and the effects noted. Typical
results are shown in Figure 7.4.2. for a central slot. The results
for edge slots were similar and indicated that the resonant frequency
was likely to be changed by the introduction of parasitic elements.
However, the measurement could not show what the respective resonant
frequencies were. A residual phase shift occured past a taped over
slot. IT the slot was taped over on the ingide of the waveguide a

different zero was obtained but there was then likely to be a phase
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FIGURE 9, 4.2, The measured phase shift past a central slot of the 8X3

network when fitted with 5/8" square baffles and P.T.F.E..
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shift past the tape.
A different method of measuring the slot resonant frequency was
required. Hansen (1966) has shown that the phase shift past a slot ist

_1}2
tan 5

whereas the phase shift through a slot is:

g + taln.-1 g

where g and b are respectively the slot conductance and susceptance.
For a lightly coupled slot both b and g are small and ;hé phase shift
past the slot varies only slowly but that through the slot is a rapdily
varying function. It was desirable to attempt to measure the rapdily
varying function. The phase length of the mutual coupling out of one
waveguide and back into another through identical slots was!

T+ 2 tan—l

0g o’

+ coupled phase length

for slots of the same hands. Slots of opposite hand required an
additional m term. This was indeed a rapidly varying function as the
experimental result shown in Figure 7.4.3. indicates. This result was
again obtained using the network analyser and data normaliser. The
eight waveguides of the twenty four slot network were all nominally the
same length so that coupled phase measurements could readily be obtained
simply by transferring the detector from one waveguide to the next.
Matched loads being inserted inside the appropriate waveguides. The

slots of the network were all nominally identical so that the

_lh‘

2 tan term was common to coupling between all pairs of slots. When

03
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measurements of phase length were made between pairs of slots in one
column of the 8 x 3 network with all redundant slots taped over the
rapidly varying 2 tan—l g term could be eliminated by subtracting pairs
of results to leave aﬁ incremental phase length. This could be done for
all combinaﬁipns-gﬁggpt coupling to an adjacent slot. As all the values
obtained wefé similar an average value was assumed for this increment

so that all the coupled lengths could be determined as shown in

Figure 7.4.4.. The swept frequency coupled phase lengths were then used
to determine the average resonant frequency of a pair of slots as the
frequency at which the 2 tan_l g term was zero. For measurements between
pairs of slots with all the other slots absent the average resonant
frequency was found to be 5.688 GHz with only a spread of 10 Miz.

Once the slot resonant frequencies were established the rapid variation
caused by the tan-l b term could be considered. This gave a ratio between
b and g and as the effect of b on attenuation measurements was small

g was known and hence b could be determined. The phase shift past a

slot was then computed as tan-l g and is shown in

Figure 7.4.5. The slope and magnitude of the variation is similar

to that previously measured and shown in Figure 7.4.2..

This method of characterising slots by swept coupled phase

measurements appeared to be valid. It was most useful as it gave the
resonant frequency of the slots. There was a small spread in the results
obtained which was smaller than the standard deviation in making all
twenty four slots of the network. I; must be remembered however that the
spread in the results was reduced by always using the same slot in
transmission. The method also gave the coupled phase lengths between

slots. With only two slots present the results were most interesting

as at large spacings the incremental phase length corresponded with a S

¢



FIGURE ‘2.#.4. The measured mutual coupling phase lengths taken from swept
frequency measurements at 5.688 GHZ. of I-shaped slots
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radiating between 5/8" square bafiles.
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fast wave. This was the leaky wave identified in the last chapter.
However, if the results are &xtrapolated to zero slot separation the
launching phase length is obtained as approximately 100°. The method
enables the slots to be compietely characterised and the slot
susceptance measured. The results-obtained also enabled the phase
shift past the slot to be predicted and agreement was obtained with
measured data.

The measurements were repeated with all eight slots present. The
first feature noticed was that the phase length varied even more rapidly
with frequency. The resonant frequencies were found to be on average
5.752 GHz and have a similar spread as with only two slots present.

With all eight slots present the coupled phase lengths shown in

Figure 7.4.7. did not clearly demonstrate the fast wave behaviour.

This is thought to be due to the additional guiding action of the slots
reducing the attenuation of the leaky wave and lowering ite phase
velocity. In addition when the phase shift past a slot was predicted as
descriﬁed previously a massive phase shift resulted. This is related
to off resonance slots loading the coupled phase length and giving

it, its fast variation. The measurements were repeated with non-edge
slots as transmitters but the results indicated that 5.752 GHz was a
good estimate of resonant frequency. When a central slot is used in
transmission, two incremental phase lengths become unknown and the
method is less reliable. However all the measurements of phase shift
past individual slots with all the other seven slots parasitic agree
with the resonant frequency indicated.

The effects of parasitic slots on the conductance of isolated slots
was then investigated. Initially all the slots of the 8 x 3 network

were taped over with adhesive aluminium tape and the measuremeni bench
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- FIGURE 7.4.7, The measured mutual coupling phase lengths taken from swept
‘- .
' frequency measurements at 5.752 GHZ,.
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connected to one waveguide. The calibration of the ratiometer output
was recorded on the data normaliser and the aluminium tape removed from
the single slot used in the measurement waveguide. P.T.F.E. was then
fitted and the attenuation past this slot measured. The other slots in
the same column were then uncovered and fitted with P.T.F.E..
The measurement was repeated and the effect of parasitic slots revealed.
Typical results for an edge and central slot are shown in Figure 7.4.9.
and 7.4.10.. Introducing the parasitic slots had a major effect on
the attenuation past the individual slots, particularly for central
elements. As the reactive component of the slot only introduces a
small contribution to the attenuation of the passing wave, the changes
measured were principallj associated with the slot conductance. The
parasitic slots caused an increase in the peak conductance of the slot
and for central elements produced a shift to higher frequencies. However,
around 5.75 GHz which the previous measurements had shown to be the
frequency at which the slots were phase resonant the slot conductances
appeared unchanged by the parasitic elements. It was thus logical
to design an experimental array to operate at 5.75 GHz as the slot
information derived from the linear thirty element array could be used
directly. A small correction being required to allow for the decrease
in conductance in shifting the operating frequency from 5.70 GHz to
5.75 GHz.. Performing this shift was likely to account for all the
effects of operating a slot with other parasitic elements. The shift
in resonant frequency is included and no change in the conductance
appeared to be required.

Befpre proceeding with the array design it wés thought useful to
feed allﬁeight slots in a single column and ensure that they behaved

regularly. To do this each waveguide was provided with a waveguide phase
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FIGURE +4,4,9, The measured attenuation past an edge slot of the 8x3

network when fitted with 5/8'" square baffles and P.T.F.E..
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FIGURE 7.4.10. The measured attenuation past a centre slot of the 8x3

network when fitted with 5/8" square baffles and P.T.F.E..
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ghifter in the special size waveguide. Foﬁr wéveguides were fed from
each end of the network. Bifurcated waveguide sections were used

to combine the outputs of the four waveguides and the final combination
was done using a 3 dB hybrid. The network was placed on an antenna

test site and the phase shifters set to give a beam at broadside.

The radiation pattern was plotted and the beam phase scanned. This
procedure was repeated. In this manner the far field performance of

the phase scanned beam was established. The important results were
summarised in Figure 7.4.11.. The position of the beam varied as set

by the phase shifters out to an angle of approximately 500 from
broadside. For larger scan angles although the phase shifters were
correctly set the beam moved more slowly than expected. Similarly

the gain of the eight slot array varied in a manner similar to an
individual element pattern out to approximately 50o from broadside.

For larger beam angles the gain did not fall as expected but remained
substantially constant. This unusual behaviour was due to the leaky

wave being more strongly excited as the beam was scanned from broadside.
The leaky wave could be expected to produce a beam approximately 60°

from broadside. This corresponds to the angle maintained by the beam when
larger scan angles were set by the phase shifters. The gain was enhanced
by the leaky wave. The active admittance of a centre slot of the eight
slot phase scanned array was also measured by introducing a slotted line
into one channel in a similar manner to that described in Section 7.1l..
The results obtained are shown in Figure 7.4.12. The active admittance

‘ of the slot was in fact comparatively well behaved and confined to a
reasonably small area of the Smith Chart. This contrasted with the result
obtained with two slots in which a c¢ircle was obtained, and was regarded
as encouraging. Little variation in admittance was meagured and if

this result applied in a full array then it was likely that a well behaved
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FIGURE 7.%.12. The measured activa admittance of a central slot of the

N - eight element phase scanned array.
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phase scanned performance would be ébtained.

The elements of the coupling matrix were then measured for a
column of eight slots in separate waveguides. Essentially the mutual
impedance matrix linking the eight slots ought to have been used so that
the voltage induced on one slot by a current in another was investigated.
As the slots all had the same self radiation impedance a voltage to
voltage description was used. This ignored the effect of the waveguide loading
of the slot and was essentially a scattering matrix representation, with
all the element impedances assumed to be the same. The coupling matrix
was required at 5.75 GHz, the array design frequency, but measurements
were made over a band of frequencies. All the phase components had
essentially been measurea to determine the resonant frequencies and
attention focussed on the amplitude components.

When one waveguide was excited a voltage was induced across its slot.
This in turn produced voltages across all the other slots by virtue of
the mutual impedances. All the slots then excited secondary waves in
their respective waveguides and since all the slots were the same the
amplitudes of the secondary waves were in the same ratio as the voltages
across the slots. The measurement thus essentially involved comparing
the amplitude of the reflected signal in the excited waveguide with the
secondary waves induced in the other waveguides. Practically all
quantities were compared to the input level but the coupled voltage
amplitudes were readily obtained. In this manner a
coupling matrix could be established for the voltages induced on
other slots when a particular slot was excited.

The matrix was required at 5.75 GHz but swept measurements indicated
that thef; was considerable variation in the frequency of peak coupled power

as shown in Figure 7.4.13.. There scemed to be a regular pattern about
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FIGURE 7.4.13. The frequency of peak coupling between pairs of slots
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the behaviour with pairs of slots nearer the middle of the column
having the highest frequency of peak coupled power. This was taken as
an indication that with eight slots in a column none of them could be
regarded as elements of an infinite array. The peak coupled powers
between slots and the values at 5.75 GHz are shown in Figure 7.L4.1L.
Apart from when an edge slot is excited, there seems to be some sort
of resonant distribution within the column of slots, with coupling from
slot 2 to slot 5 being larger than the coupling from slot 2 to slot 3.
These measurements showed that although an eight waveguide array would
provide a useful indication of the behaviour of a many waveguide array
extrapolation would have to be made with extreme care. TFrom these
measurements the mutual coupling‘matrix was established. Desgpite

the dispersion of the amplitude results all the phase measurements

indicated that the slots were phase resonant around 5.75 GHz.

7.5. The Design of the Fight Waveguide Array

The coupling matrix was fed into the computer programme used to
design the eight waveguide array. Each set of sum and difference
waveguides were initially designed in isolation. They were then brought
together and mutual coupling introduced. The sum waveguides were made
28 slots long with a % + gﬁcosa(gix) aperture distribution similar to
the single waveguide array'consiéered earlier. The difference waveguides
were of the same length and an x x (1, + & cosz(g_x)) distribution was
used. The two centre slotsAof the differeﬁce array did not radiate
a significant amount of power and they were omitted so that the
difference channel waveguide could be split. This allowed phase
trimming between the two halves, to obtain a deep null. The computer

programme used to design the array, initially worked out the slot

conductances, required to establish the prescribed aperture distribution
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with a given amount of power wagted in the.terminating loads, in the
absence of mutual coupling. The arrays were then considered in
transmission and mutual coupling introduced with the experimentally
determined values. A column of slots at a time was considered starting
from the feed end. The correct relative powers were considered as
incident on these slots establishing the required voltages. The coupling
matrix was then used to determine the modified voltages on each slot.
The total voltage on each slot was regarded as exciting

secondary waves in the waveguide rather than just the voltage component
coupled out of the waveguide by that slot. Effectively mutual coupling
was treated as modifying each slots' voltage reflection coefficient and
hence by definition the effective admittance at each slot.

The modified slot admittance was calculated in the presence of mutual
coupling for each slot and beam position. The modification to the power
getting past each slot was calculated to give the power incident on
the next column. In this manner the phase and amplitude error on each
glot was calculated at various beam positions and some of the effects
of the waveguide loading included. However, a matched load was
considered to exist beyond each slot. The slot spacing was such that
in the absence of mutual coupling this was a fair assumption. When it
was introduced the impedance beyond each slot became unknown so that
an iterative procedure would have been required to .
include it. This was not considered to be necessary. The programme
calculated the phase and amplitude on each slot which in effect gave the
aperture distribution of the antenna. Predicting the far field distribution
was a little more problematical. If only two waveguides are considered
and all the slots so lightly compiled that the waveguide loading is

negligible then the error on the sum array has the distribution of the
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difference and similarly vice versa. In such a case the distribution
on the sum array is as prescribed plus a correct difference distribution
at a different phase. Then the difference channel pattern should include
the power radiated as desired and the contribution from the sum channel.
This last component will have the correct azimuth distribution and a
desirable pattern in that plane. It is however likely to be at an
incorrect phase and hence reduce the antenna gain increasing the
elevation sidelobes. This is only a marginal decrease in performance
compared to that which would be predicted if all the voltages on the

sum channel slots only contributed to the sum channel far-field patterns
and all the voltages on the difference channel slots only contributed

to the difference channel far field patterns. In essence when
considering the far field patterns the voltages on all the slots have

to be considered together with the origin of each component, so that all
the voltages originating at the sum channel feed are included into the
sum channel pattern. The programme used to design the array was not
capable of making this distinction so no theoretical far-field patterns
are presented. Instead the programme only predicted near field
performance, because errors could then be associated with individual
slots. If systematic errors had emerged corrections could be made. In
this connection the most important result that emerged was that if the
power deposited in the sum channel loads had been specified as ~ 20 dB,
as for the thirty slot linear array, the waveguide loading of the slots
nearest the load would have resulted in large asymetric errors. For the
sum channel the error was greatly reduced by specifying the power in the
loads as only - 10 dB on the input. Equal power was radiated by the

two channels so - 10 dB was also deposited in the difference channel
loads. Some unbalanced error was then associated with the slots near

the load end of the first half of the difference array but this was



thought to be tolerable. The amplitude ana phase distributions calculated
for the waveguides of the array for various beam positions are as shown
in Figure 7.5.1. to 7.5.8..

The distributions obtained appear to show major errors associated
with each channel but it must be remembered that the distributions show
the total power radiated or effectively the voltage present at each
slot and that this includes components originating from both types
of distribution. The odd character of the difference distribution makes
the sum channel distributions appear asymmetric. The even nature of
the sum distribution enhances one half of the difference channel at the
expense of the other. Although the individual waveguide distributions may
initially appear to be bad they can generally be shown to be a sgimple
mixture of the sum and difference distributions. More serious errors
occur due to the waveguide lpading of the slots. The heavily coupled
slots distort the distribution particularly if very different powers
exist in the two waveguides. These errors are minimised by increasing
the power in the terminating waveguide reducing the loading of the slots.

In general the near field behaviour of the antenna is complicated
and due to the different phase relationships required for phase
scanning the distributions can, and do, take all manner of variations.
Apart from the effects of waveguide loading it is not sensible to attempt
to eliminate mutual coupling from the design. The sum waveguide slots
must be allowed to be parasitic difference slots and vice versa. The
origin of all contributions must be included if any corrections are to
be made so that the sum channel is a correctly behaved parasitic difference
radiator as well as a sum channel element. In any case for the required ,
range of scan angle it appeared that the actual distributions embraced
the design, so that it is most unlikely that any correction could be

introduced.



FIGURE 7.5.1. The computed aperture distribution of No. 1 waveguide of the

. eight waveguide array.

o ¢ & Y 275
Power radiated "

/'y

.
.

“wes
Jesus avsr susetees
.

comassasrsmme,

0.08 -~

% of powe]

incident

0'01%‘-

cameose Tt
a
eny
. Rem sy,

o}

Phase error - Design distribution
A

120 : Beam at broadside

—— — —— s ,
Beam scanned 10 towards W.G. Lo.

g
seremmsissminnsens Boay geanned 20° towards W.G. Ho. 8
Degrees

o
[ 3]
. .
¢
.
H -
. "
60 . Y
.’ )
R . 'y
. . )
<~ . H .,
- . H .
yavew - * - A
. . 0
4 . .
Y L . S
-
weo® . . ”
cseve?® ! .
: - -
- - 1 -
.
- .
- s .
: 3
.
. .
.
.
0 2 -

SLOT NUMBER



FIGURE 7.5.2. The computed aperture distribution of No. 2 waveguide of the

eight waveguide array. .
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{ FIGURE 7.5.3. The computed aperture distribution of No. 3 waveguide of the

eight waveguide array. -
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FIGURE 7.5 4, The computed aperture distribution of No. 4 waveguide of the
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FIGURE 7.5.5, The computed aperture distribution of No. 5 waveguide of the
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FIGURE 7.5,6, The computed aperture distribution of No. 6 waveguide of the
eight waveguide array. >80
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~ FIGURE 7+5.7+ The computed aperture distribution of No. 7 waveguide of the
' o eight waveguide array.
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FIGURE 7,5,8. The computed aperture distribution of No. 8 waveguide of the

eight waveguide array. 282
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7.6. The Performance of the Fight Wavepuide Array

A practical demonstration of the far field performance of this
antenna was desired and the computer programme was then used to
dimension the required slots. It did this in an iterative manner,
initially assuming an average value for the length of the shorter branch
arm of the slot. The other slot dimensions and its conductance were then
evaluated and the latter compared to the desired value. The length of
the shorter branch arm was then suitably incremented, the increment
being halved when the conductance error changed sign. The interactions
were continued until a suitable accuracy was achieved, five or six
iterations generally being sufficient. The slots dimensions were then
printed out in a form directly suitable for workshop use and the array
manufactured (see Plate 1).

A considerable waveguide network was required to feed the array
(see Figure 7.6.1), all in the special size waveguide used. ZFight beanm
steering phase shifters were required together with the combining
bifurcations. As the difference channel was split to allow phase
trimming, four additional phase shifters were required together with
magic tees and loads. To combine the difference channel waveguides and
reduce the overall size of the network sixteen waveguide corners were
required. Apart from the bifurcations all the components (see Plate 2)
were designed and then built in Imperial College!s workshops. The
input V.S.W.R. of all the components over the required bandwidth was
comparable or better than the specifications claimed by component
manufacturers for full waveguide band equipment. The bifurcations had
previously been made by outside manufacturer's to A.S.W.E. designs. The
whole array and network was assembled in an aluminium alloy channel frame

approximately six feet long by two and a half feet square (see Plates 3
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and 4}. The performance of individual wav;guides was checked during
manufacture. The phase shifters had also been calibrated. In fact

they all behaved similarly over the required frequencies so that once a
broadside beam had been established it stayed at that position over the
frequency range. The dispersion of the two halves of the difference array
feed was dissimilar so that the null phase trimmers should have been
adjusted at each change of frequency. They were set for the design
frequency of 5.75 GHz and not adjusted for other frequencies. ILarge
errors occured in the measured difference patterns at the edges of the‘
measurement band. |

Initially the array was placed on a C-band measurement site. The
antenna was raised approiimately thirty feet above the ground. The
transmitting antenna, at a similar height was situated approximately
850" away from the array. Suitably sited fences were used to break up the
ground reflection. The difference channel phase trimmers were then
set one waveguide at a time with the bifurcations removed and the
antgnna pointing in the correct direction relative to the transmitter.
The bifurcations were then replaced and the sum and difference azimuth
radiation patterns plotted, with the beam at broadside, over a wide
frequency range. These results are shown in Figure 7.6.2. to 7.6.7.,
although the lowest frequency difference chamnnel results are omitted,
because the phase trimming error was excessive.

The results show considerable variation over the band. Very good
patterns with sidelobes generally lower than - 30 dB on the sum channel
main beam being obtained at the lowest frequencies around 5.40 GHz.

As the frequency was raised the sidelobe level deteriorated, with the
worst performance being obtained at 5.80 GHz close to the frequency of
peak coupled power between slots. In particular a.large sidelobe

existed on the load side of the main beam. This was thought to be due to
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FIGURE 7.¢.2. The sum channel radiation pattern at broadside and a
frequency of (a) 5.40 GHZ.
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FIGURE 7.6.3. The sum channel radiation patterns at broadside and a

frequency of (a) 5.50 GHZ. 287
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The radiution patterns of the array at broudside and a
frequency of (a) 5,60 GilZ.
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The radintion patterns of the arrry =t broadside and

FIGURE T.6.5.
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and a

The radiztion patterns of the array at broadside
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a wave travelling along the waveguide in the opposite direction to that
intended. The waveguides were mismatched. Normally this would not have
been a problem due to the slot spacing. The incremental susceptance
introduced by mutual coupling must increase the effective slot spacing,
so that they appear close to half a wavelength apart along the waveguide
and cause a mismatch. .-Awey from the frequency of peak mutually coupied
power the radiation patterns.were generally reasonable with acceptable
patterns obtained at the top and bottom of the frequency range
investigated.

The phase scanning performance of the arfay was then investigated.
This was done at several frequencies but the results at 5.75 CGHz
the nominal design frequency are presented. Initiaily the elevation
patterns were plotted. These are shown in Figure 7.6.8.. The beam
phase scanned as expected remaining at the same peak level out to 20°
from broadside. The 2550 pattern showed a decrease in gain and this
coincided with the predicted appearance of the grating lobe. The grating
lobe could not be measured due to the limited range of the mounting used
but the decrease in gain was taken as a sign of its existence. The
elevavion scan performance was then as expected and attenuation
focussed on the azimuth patterns with the beam phase scanned. The
resulus at 5.75 GHz are shown in Figures 7.6.9. to 7.6.12.. At this
frequency the azimuth sidelobe level of the antenna appeared to
improve as tne beam was scanned. At broadside the first sum channel
sidelobe was only 12 dB down but by the time a scan angle of 370 was
reached tnis had improved to approximately 20 dB. The improvement
generally applied to all the sidelobes. The antenna's phase scanning
performance was as expected and at 5.75 GHz its sidelobe level improved
with phase scanning.

The cross polarisation of the array with the beam at broadside



FIGURE 7.6.8. The elevation plane phase scunned radiation patterns
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The radiation patterns of the array at a frequency of 5.75 GHZ

7.6.9.
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and a scan angle of (a) O degrees
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The radiation patterns of the array at a frequency of 5.75 Gilz

and at a scan angle of (a) 10 degrees.
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was also investigated. The results obtained are shown in

Table 7.6.1.. The cross polarisation performance of the array was
approximately 5 dB worse than for a single array. This must have been
associated with the chauge in the environment of each slot by introducing
close neighbours in the same column.

The gain of the array at broadside was measured. No standard gain
horn was available but only a well made nominally 20 dB hom. Its
dimensions were carefully noted and its gain worked out from tables
(Jasik (1961)), making allowance for the phase error across its aperture.
In fact its calculated gain was accurately 20 dB in the middle of the
waveguide 12 frequency band. Measurements were made relative to this
horn and the results obtained are shown in‘Figure 7.6.03.. A figure
of gain for the array was also computed. If the overall dimensions of
the array enclosing slots were used to work out an effective area, then
at 5.80 GHz the uniform phase and amplitude aperture would have a gain
of 28.3 dB. For the actual array a non uniform amplitude distribution
was used and this would have reduced the gain by 3.8 dB to 2L.5 dB.

A1l the power fed into the sum channel port was not radiated but some
of it was fed into the terminating loads. This reduced the gain by a
further 0.5 dB to 24.0 dB. In fact the peak gain measured was

2k.2 dB at a frequency of 5.825 GHz. It was appreciated that some
experimental error could be associated with this result but never the
less it appeared to be sensible.

Attention was then focussed on the performance of an individual
array with all the others taped over with adhesive aluminium tape.

For comparison the first results presented will be the gain of a single
sum array, as sho@n in Figure 7.6.13. If 24,0 dB was a reasonable array
gain figure then that of a single array snould have bgen approximately

18,0 @B, This was in fact the peak gain measured, indicating that



TABLE 7.8.1. The cross polarisation performance of the eight waveguide
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provided the approximate distribution requi¥ed had been achieved, the
array was well behaved. Little loss could be associated with any of the
slots and the effect of mutual coupling in reducing the gain was not
noticed.

The radiation patterns of the single sum waveguide and of a single
difference waveguide are shown in Figures 7.6.14 to 7.6.17. In general
good patterns were obtained with sidelobes at least 20 3B below the level
of the main beam, showing that the approximate aperture distribution
required must have been established.

The apefture distributions of the array were then measured using
A.S.W.E.'s phase-amplitude plotter. The measured near field of a
single sum array is shown in Figure 7.6.18.. A linear phase front was
established. The design amplitude distribution is also shown. In
general at 5.70 GHz the distrabution is well approximated by the antemma
although all the slots were slightly over-coupled. This was deliberately
done to allow for the decrease in conductance in tu ning to the phase
resonant frequency within an array environment. The near field behaviour
of the single waveguide was in general better than that measured
previously for the thirty slot array. Its phase was more linear and the
amplitude distribution was better established but its far-field sidelobe
level was worse. This raised questions about the standard of the far
field site used. This was probed and variations found in the incoming
"plane' wave. In general the variations were small but their presence
means that care has to be exercised in interpreting low level sidelobe
results. Subsequently the near field measurements have been included
in an A.S.W.E. programme to predict far field patterns. At 5.70 GHz the
first sidelobes of the single sum waveguide pattern { Figure 7.6.14)

improved to - 25 dB with all other sidelobes below - 30 dB. The single



FIGURE T.6.14. The radiation pattern of a single sum waveguide
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FIGURE T.6.15. The radiation pattern of a single sum waveguide.
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FIGURE  7.6.16. The radiation pattern of a single difference waveguide.
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FIGURE T.6.17. The radiation pattern of a single difference waveguide.
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FIGURE 7,
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FIGURE 7.,6.19., The aperture distribution of a single difference wavegulde

at 5,70 GHZ.. 306
(a) Amplitude
Relative power. + Degign
distribution,
0 = vense
(av) -
=20
Extent of the array. \
| )
{ 1 }
(b) Phase
©+180 —
Relative
Thase.
(degrees)
O—
< Extent of the array. F\
' ]
] v




- 307

difference array distributions showed (see Figure 7.6.19) effects
similar to those noted on the single sum waveguide.

When all the other waveguides were reintroduced and the measurements
repeated initially with all the sum waveguides fed the results showed
considerable changes. Figure 7.6.20. shows that the phase front is not
as linear as it was and that the amplitude distribution is more ragged.
The changes were principally due to mutual coupling and were worst
around 5.85 GHz the fréquency of peak coupled power. The distribution
for this frequency is shown in Figure 7.6.21. with that at 5.60 GHz.

The 5.6C GHz distribution is well behaved, consistent with all the
slots being under-coupled. The 5.85 GHz plot has taken on the
character of the difference chamnel with a deep hole near its centre.
The two main regions of the distribution were at the correct phase
consistent with the squint of the beam. There was however a =mall peak
between the two major peaks and the phase of this was reversed. A
similar type of behaviour was also noted with the difference channel.
At 5.60 GHz and 5.70 GHz the patterns became more untidy but at

5.85 GHz the central hole in the distribution was completely filled in,
as shown in Figures 7.6.22 and 7.6.23. The difference channel had
taken on the character of the sum channel because of mutual coupling.

In general the behaviour of the array produced no major surprises.
The gain of the single sum waveguide appeared to be very reasonable and
mutual coupling seemed to only degrade the sidelobe performance of the
array. The beam could be phase scanned as expected and no major change
in gain occured until the grating lobe appeared. The difference channel
null was perhaps not as deep as was desirable but in principle this can be
made as deep as required by sufficiently accurate phase and amplitude
trimming. The array sidelobes particularly around 5.80 GHz were higher

than was wanted and this was due to mutual coupling. This was also



FIGURE 7.6.20. The apcrture distribution of a sum waveguide with the

difference parasitic at 5.70 GHZ.. 308
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FIGURE T.6.21. The amplitude distribution along a sum waveguide with the

difference wavepguides parasitic. 509
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FIGURE 7.6.22, The aperture distribution of a difference wavepuide with
the sun array parasitic at 5.70 GilZ.. 210
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FIGURE 7.6.23, The amplitude distribution along a difference waveguide

with the sum waveguides parasitic. -3
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- enhanced by the resulting mismatches within the main waveguides giving

a large sidelobe at a particular angle. The performance of the gingle
waveguides appeared to be good from near field measurements but larger
sidelobes then expected were measured on the far field site. The

cross polarisation of the array was approximately 5 dB bigger than expected

from previous measurements on single slotted waveguides.
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CHAPTER 8

A SUMMARY WITH CONCLUSIONS

This thesis has been concerned with finding an engineering solution
to a specific practical antenna problem. The project grew from a need
of A.S.W.E. for a horizontally polarised monopulse phase-scanned array
in which the sum and difference channels were separately established.
The grating lobe criterion dict;ted the use of a compact slot and
initially the project was concerned with the search for a suitable
geometry. This was complicated by the loss problems found by A.S.W.E..

The work presented was firmly based on an experimental approach
as at the outset it was considered desirable if possible to build
a prototype antenna. As each problem has been encountered an
experimental investigation has been initiated because of the time
required for manufacture. In the mean time theoretical studies have
been undertaken so that experimental and theoretical results could be
compared as early as possible. In most cases agreement was
obtained so that the work could confidently and quickly be carried
forward.

Straight, half wavelength long, slots have now been used for thirty
years and their behaviour has been well documented, however they were
initially considered. This was primarily done to establish the likely
discrepancies between theoretical and experimental results and indicate
the likely magnitude of end effects. This served to introduce the
theory usea and indicate the effects of rounded ends on slots as
opposed to the square ends used in most papers. Good agreement between
theory and experiment was obtained in predicting the conductance of these

slots, in most cases better than the range of experimental error. It
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was realised that the theory used was simpler than that of some of the
more recent papers on slots, particularly the work of Oliner (1957)

and work based on his results. However agreement between theory and
experiment, at resonance was good. Although the off resonance
performance of the slots could not be predicted this work was concerned
with finding a new slot geometry and the simple theory was likely

to be sufficient. Indeed any greater sophistication in the theory was
likely to cloud the effects of changes in geometry.

The search for a suitable slot geometry proceeded in a fairly logical
menner. The |-shaped slot resulted naturally from the inability to fold
the end arms of the shunt inclined slots on to the broad face. ZFarly
X-band measurcments on this slot showed it to be relatively loss free
and confirmed that the H-glot was lossy. ‘The—L:shaped slot appeared
to be a suitable array element but in a particular waveguide size it
only had one value of resonant conductance so that complicated aperture
distributions could not be specified. Some method was required to vary
the resonant conductance. Initially 1,‘ and Z-shaped slots were
tried in an attempt to reduce the coupling of the slot to the waveguide.
Unfortunately the radiation impedance of these slots varied in a similar
manner to the coupling to the waveguide so that the required conductance
variation was not obtained. However, the work on these slots showed
that a suitable slot would have a variable coupling to the waveguide
with constant radiation impedance. The I-chaped slot then emerged as a
suitable geometry once it was remembered that top loading a dipole with

radically
an additional element was not likely tohchange its radiation resistance.
The coupling to the waveguide could readily be controlled by altering
the ratio of the lengths of the end arms as they excited the slot in

opposition. The end arms could be regarded as series branch arms so that
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the slot dimensions emerged. 1t was also experimentally demonstrated
that the slots had a wide range of conductances. Lightly coupled slots
in a ground plane were not so well behaved due to residual reactive
components associated with the main polarisation. For very lightly
coupled slots these components introduced such a frequency shift between
the principal polarisations that the whole slot resonance was destroyed.
However, well behaved lightly coupled slots could be obtained by fitting
cross-polarisation suppression baffles.

At this stage the I-shaped slot seemed to be a useful array element
but there appeared to be remarkable similarities in geome/try between an
uncoupled I-shaped slot and an uncoupled H-shaped slot. From
A.5.W.E.'s results the H-shaped slot was known to be lossy. A
substantial programme of loss measurement was undertaken to investigate
loss in I-shaped slots of various dimensions. The results of this work
ghowed that the loss of the I-ghaped slot was critically dependent upon
the height of the centre section. Small height reductions caused
large increases in slot loss. The loss also changed with changes in slot
width. Two important differences had been indentified between the
geometries of the I and H slots on regard loss. The fuli waveguide
height uniform width I-ghaped slot was relatively loss free but the
H shaped slot was of reduced height and impedance loaded so that it
could be rotated. These differences appeared sufficient to account for
its large loss.

A slot loss model was developed for the I or H shaped slot, after
field measurements were made on a V.H.F. slot. The model provided a
reasonably correct picture of the variation of loss with slot height.

It was however, deficient in two major respects. The voltage across a

slot at any point was accurately defined and known but the loss model
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required the total current crossing the slot. This effectively meant that
the slot line impedance was required. Unfortunately this can not
be found directly because as the region of integration is further
extended to infinity more capacitance is added. In the results presented
the current density was modelled on a resistive network and arbitrarily
truncated at a suitable value. The other major problem is the distribution
of current between the end arms of the slot. Measurement indicated
Athat the current was likely to be principally carried by the slot edges, but
measurements can only be made above a surface not at a surface. The
model could be further refined if a current gradient could be established.
A knowledge of the slot line impedance would however make the theoretical
slot loss figures derived more convincing. However, the model gives
a variation of loss with dimensions that behaves in a manner similar
to experimental results and is likely to be a correct description of the
loss mechanism. The full waveguide height I-slot appeared to be loss
free and the H-ghaped slot lossy.

The full waveguide height I-shaped slot thus appeared to be
a useful array element. It had a readily controlled conductance and in
addition was most suitable for manufacture using numerically controlled
machine tools, either a milling machine or jig borer. The slot only required
cutting movements along or across the axis of the waveguide. This type
of movement is available on all numerically controlled machines and means
that there are considerable production advantages in this type of slot
compared to the shunt inclined slot. Each shunt inclined slot requires
an angle to be set on a rotary table. This movement is freéuently not
numerically controlled. This specific production advantage has been
taken up by Plessey Radar Limited, Cowes. They, under Admiralty guidance,

and in cooperation with Imperial College have adopted the I-shaped slot
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developed in this study for their proposal to the F.A.A. for the
C-band azimuth ground antenna of the Microwave Landing System
(M.L.S.).

The work presented in this thesis was then concentrated on
building large two dimensional monopulse arrays incorporating
the I-shaped slot. This was done in two stages. Initially single
waveguide arrays of I-ghaped slots were developed and later these were
stacked to produce a two dimensional array. The problems involved in
making single slotted waveguide arrays were greatly reduced by fitting
baffles to the slots. These effectively removed mutual coupling along
the arrays and they could be designed effectively as a collection of
isolated slots. The main design variables in the type of array are simply
the number of slots, the aperture distribution, the power in the
terminating load and the slot separation. In Chapter 5, the design
of such arrays was presented and although errors were present on the
thirty slot array made, the results enabled other arrays to be specified
more accurately. The néar—field distribution of the single sum
waveguide of the eight waveguide array reflects this improvement. It
is felt that single waveguide arrays of I-slots can now be accurately
specified at C-band in the special size waveguide. Any aperture
distribution or array length can in priﬁciple, be specified, subject
to the range (- L4 dB — = 30 dB) of slot coupling available. Single

wavegulde arrays requiring a lower range of coup ling can either be

obtained by using a composité feed or by using a larger wavegulde size
with less magnetic field at the narrow wall. Extrapolation to other
frequency bands should involve no major problems, although it is_
probably necessary to make a short array of say, sixteen slots to check

end effects and radiation impedances.
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Single waveguide arrays fitted with baffles appear to have no
major design problems, but this is not so for two dimensional arrays.
When the single arrays are stacked, mutual coupling becomes a major
feature of their operation. The mutual impedance between slots
effectively connects a network between all the slots in the space
outside the aperture. As the waveguides connecting the slots also form
networks the overall performance and even the voltage on an individual
slot become difficult to predict. Fortunately for the case investigated
the mutual impedance between slots over a ground plane varied by only
2 dB with coupling to the waveguide. When baffles were fitted even
this variation was removed so that the mutual impedance between all slots
at the same relative positions was the same. The other simplification made
was that because baffles were fitted the mutual coupling across the
waveguides was the only important component. The baffles supported
a leaky wave that was partly responsible for this. Various alternative
baffles were investigated but although some of these successfully
matched the slot to space reducing short range mutual coupling, they
reduced the attenuation of the leaky wave, increasing long range coupling
and destroying the element pattern.

The simplification that the most important component of mutual
impedance is within a column of slots enables some sort of
rationalisation in treatment. The mutual coupling within one column of
slots can be included and each column treated in turn. The other
important feature to note is that consequential to fitting the
baffles all the slot radiation impedances are identical. If the waveguide
loading of the slots can be ignored, which is a reasonable approximation .
for lightly coupled slots then all the slots have the same

impedance. The mutual impedance between slots is invariant with coupling
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to the waveguide. It is a relationship between the current and
voltages at the various terminals of the array elements. The

constancy of the impedances within the array enables them not to be
considered, and effectively removed, by using a voltage to voltage
coupling description of mutual impedance. Being able to neglect the
waveguide loading of the slots also has a more subtle effect on the
overall performance of a multiple waveguide array. If one waveguide

is excited with a prescribed aperture distribution the adjacent ones
will also have that distribution, because of the constancy of the
radiation and mutual impedances. Thus all the other arrays, to a first
approximation, behave as parasitic elements with the correct azimuth
aperture distribution. These elements are however at the wrong phase,
so that the principal effects of mutual coupling on an array of

stacked waveguides fitted with baffles, is to reduce the array gain and
increase the elevation pattern sidelobes. Only on a second approximation
when the effects of waveguide loading are included is the azimuth
radiation pattern affected. For the eight waveguide array investigated
the decrease in gain was not appreciable and the elevation side-lobe
structure was not investigated. The azimuth patterns measured showed
appreciable deterioration due to mutual coupling but comparatively little
error is required to increase sidelobes from - 30 dB to - 20 dB. The
patterns also showed a large sidelobe due to reflections within the
waveguide.

Before other multiple waveguide monopulse arrays are built, there
is thus a considerable amount of work to be done to predict azimuth
radiation patterns. Arrays could be built with very lightly coupled
slots so that the approximation improves but this would probably result
in an inefficient antenna and although its azimuth sidelobes

were likely to be better than the eight waveguide array built they could
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still not be predicted. A complete mutual impedance description
rather than a mutual coupling description of the effects of neighbouring
slots is required. This would also require a complete network
description of individual slots. It is felt that it should not be
too difficult to characterize an array in this way with the slots at
reasonance. The computer proéramme involved to calculate azimuth
radiation patterns would be large. It would also have to be iterative
so as to include the actual impedance beyond each slot including
incremental impedances.

The other~a5pect of the array performance that needs more effort
is its performance over a band of frequencies. This requires the reactive
component of the slot impedances to be investigated. The more
sophisticated methods of slot analysis could probably be used but more
directly for engineering applications the results of experimental
measurements could be included into a suitable computer programme.
The likely performance obtained by frequency scanning the beam in
gzimuth could then be predicted.

This thesis has only considered two channel monopulse arrays.
The problems encountered have been more difficult than with a single
channel array or with an array required to produce only beams at
broadside. For either of these applications the problems of mutual
coupling are greatly reduced by increasing the slot spacing. For a single
channel array the problems are further reduced because the same aperture
distribution is used for all waveguides. In any column all the slots
are identical and have the same coupling. Under these circumstances the
scattering description of mutual impedance is likely to be more valid.
With a single channel array the problems of mutual impedance are reduced

because a greater inter-waveguide spacing is allowed. This not only
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reduces the amplitude of the coupling between adjacent waveguides
but if a half wavelength spacing is selected the coupling appears
inside the waveguides as an ﬁincremental conductancef with no reactive
components. The frequency sﬁifts associated with mutual impedance
in the eight waveguide array are then removed.
A monopulse array can be made by splitting the waveguides of a
single channel array and using devices like magic tees to produce
the multiple beams. The problems associated with this type of mono-
pulse array are much simpler than with the specific geometry investigated
in this study, although the aperture amplitude distribution used must
be the same for both channels. ﬁbwever, good sidelobe performances
can be obtained from this type of geometry (Lewis, Lee and McCarthy (1970))
with inefficient use of the aperture. The configuration investigated
in this study attempted to geparately establish the different monopulse
channels so that a good sidelobe performance may be obtained with
reasonable aperture efficiency. The final array manufactured was partially
successful in achieving this aim. However, the degradation in the sidelobe
performance due to mutual coupling can not yet be determined, although
a large computer programme is proposed to give this type of result.
For most systems the extra expense and complications caused by
including a second set of waveguides in the aperture can not be
justified by the marginal improvement in aperture efficiency. The use of
two sets of waveguides must be dictated by particular system requirements
such as gain, side-lobe level and available space.’
Po summarise, in order to meet the particular reguirements of an
array of closely spaced slotted waveguides a fresh look has been taken
at the type of radiating slots used. Various possible novel alternative

slots were investigated but most of them were rejected. One particular
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slot geometry emerged as most useful for this application and has been
closely studied. The I-ghaped slot was found to have important
production advantages as it is most suitable for numerically controlled
machining. In time this manufacturing advantage may lead to its wide
spread use. The emergence of the I-ghaped slot may be the most important

contribution of this worke.
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