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Abstract
Multistatic radar system provides a great number of advantages over monostatic
radar systems via exploitation of geometrical diversity which gives the ability to view
targets from multiple perspectives. These advantages include target signature
enhancement, improved detection, higher immunity against countermeasures and
provide more information about targets and hence enhance targets classification.
Furthermore, the passive receive-only nodes are more compact, hence lighter weight, and
can be mounted on UAV which leads to a great advantage to surveillance systems and
military applications.
Over the last two decades, University College London and the University of Cape
Town have collaborated to develop multistatic radar systems. This collaboration resulted
in developing an S-band system (NetRAD). Recently, a new version of the system
(NeXtRAD) that operates in X and L bands has been developed. The NeXtRAD system has
two channels at X-band which allows for receiving fully polarimetric data from clutter
and targets utilising dual-polarised antenna.
The first addressed task of this work was to investigate all possible antenna
candidates to be used for the NeXtRAD system. Resonant SWGAA was chosen among the
antenna options as it fit best all desired criteria and due to its relative design simplicity,
high power-handling capabilities and cost-effective fabrication. The SWGAA can be
designed to be a dual-polarised antenna.
The procedures for designing a low sidelobe level (SLL) S-band SWGAA are
demonstrated in this work. The azimuth beamwidth of a SWGAA is controlled by the
number of slots carved in a waveguide. Eight slots distributed around the centre-line of
waveguide broad wall found to meet the desired beamwidth. Four SWGAAs were
designed and fabricated. The anechoic chamber measurements of each SWGAA showed
excellent agreement with the simulation results. A single element SWGAA has a fan
elevation beamwidth. This beamwidth has to be narrowed to achieve the desired width.
Stacking identically designed SWGAAs was found to be an effective and simple
method to narrow the antenna elevation beamwidth. The four SWGAAs were stacked on
top of each other. The mitigation of mutual coupling between stacked SWGAAs was
investigated. A cost-effective method of inserting dielectric sheets between stacked
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SWGAAs helped in mitigating the mutual coupling and assist in arriving at the desired
antenna performance. The stacked SWGAAs shows a very good performance with very
low SLL and high polarisation purity (low cross-polarisation level). The stacked SWGAAs
antenna performance was validated in field experiments and compared to similar
characteristics antenna. The SWGAA shows better performance compared to the other
antenna.
A new simple and efficient design of a dual-polarised SWGAA by having two
similar set of stacked waveguides with one set rotated by 90ᵒ relative to the other one
was proposed. Two designs with two different elevation beamwidths were simulated.
Both designs showed excellent performance that met all the desired criteria.
The same designs and tests procedures were followed in designing and testing the
X-band SWGAA and simulating dual-polarised antennas. No field experiments were
performed using this antenna as the NeXtRAD system is based at UCT and no access to
any other X-band radar system at UCL.
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Impact Statement
The design of an excellent performance, robust, rigid and cost-effective antennas
that have dual-polarisation capabilities enhance the performance of multistatic radar
systems. This could be of invaluable benefits to academic research as it allows for testing
and evaluating the radar performance in different operating environments. Furthermore,
the data collection from various deployment sites helps researchers in understanding
different targets and clutter behaviour via data processing and analysis. This work also
provides antenna field researchers with insights and thoughts for further modifications
and improvements to the presented antenna design.
The presented antenna design may enhance military and surveillance systems
efficiency as it adds more compactness to passive radar receiving nodes and only add
small extra weight to the nodes and hence increase the possibilities of mounting these
nodes on Unmanned Aerial Vehicles. By doing so, the radar surveillance area may be
enlarged and the accuracy of missile systems may be enhanced in addition to the system
higher immunity to electronic countermeasures.
Various parts of this work have been published and presented at different
conferences and workshops. More publications are expected to be written about various
aspects of this work in the near future. It is believed that publishing the outcomes of this
research work will add more insights to the antenna and radar communities.
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1. Introduction

1.1 Background
Radar is an acronym that comes from Radio Detection And Ranging. In [1], a radar
system is defined as the system that
operates by radiating electromagnetic energy and detecting the presence
and character of the echo returned from reflecting object.
The primary radar functions are to detect the presence of a target and to measure
the time delay between the transmitted EM wave and the received echo, and hence the
distance to the target can be calculated. The radar ability to detect the reflected wave,
from the target, controls its detection capabilities. This forms the basic operational
principle of monostatic radar systems, with the radar utilising either the same antenna
for transmitting and receiving or two co-located, or very closely separated, antennas such
that similar signal travelling paths are conserved.
The operating frequency is a key characteristic in wireless communications. Table
1-1 presents the IEEE standard letter designation for different frequency bands [2]. The
transmitted power level, transmitted signal polarisation and antenna gain are other key
characteristics of wireless communication systems.
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Table 1-1: Radar systems frequency bands

Band Designation

Nominal Frequency Range

HF

3 MHz – 30 MHz

VHF

30 MHz – 300 MHz

UHF

300 MHz – 1 GHz

L

1 GHz – 2 GHz

S

2 GHz – 4 GHz

C

4 GHz -8 GHz

X

8 GHz – 12 GHz

Ku

12 GHz – 18 GHz

K

18GHz – 27 GHz

Ka

27 GHz – 40 GHz

V

40 GHz – 75 GHz

W

75 GHz – 110 GHz

Millimetre wave radars

110 GHz – 300 GHz

Over the last 50 years, a great deal of radar research has focused on obtaining
greater sensitivity, target detection, parameter estimation accuracy, increase information
about the target, target classification and on improving the radar coverage in the
presence of interference [3].
When an object is illuminated by an EM wave, the reflected wave scatters into
many directions, depending on the object external geometry. Monostatic radar extracts
information about the illuminated object from the small portion of the wave that travels
back in the reverse direction of the transmitted wave, towards the transmitter. In other
words, the wave scattered in all other directions will be lost. Most of the radar stealth
targets are designed in such a way to minimise the reflected energy or form a null towards
the transmitting source, i. e. scatter reflected echoes into different directions other than
the transmitter direction.
Bistatic and multistatic (netted) radar systems have gained increasing interest
over the last few decades. Bistatic radar benefits from the fact that the transmitting
antenna and the receiving antenna are not co-located; rather, they are spatially separated
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by sufficient distance such that the wave propagation path is significantly different from
the monostatic radar. One of the first known bistatic radar systems is the WW2 German
radar Klein Heidelberg [3]. The netted radar system has several spatially distributed
transmitting and receiving nodes.
Bistatic and netted radars benefit from the exploitation of geometrical diversity.
This gives the following advantages [3] [4] [5] [6]:


potentially enhance target signatures, which improves the overall system
detection performance owing to the ability to view target from multiple
perspectives. In addition, the use of bistatic radar increases the radar
coverage



potential advantages in detecting stealthy targets that are shaped to scatter
the energy in directions other than the direction towards the transmitter



the receivers, or receiving nodes for the netted radar system, are passive, and
hence

covert,

which

increases

the

overall

system

immunity

to

countermeasures


the design can be simplified by avoiding a switching mechanism between
transmitter and receiver, as in the case of monostatic radars



the passive receiving nodes are spatially separated from the radar
transmitter. Passive receiving nodes are more compact and lightweight
nodes. This increases the possibility of the receiving nodes being mounted on
unmanned aerial vehicles (UAVs) and removes the need for a relatively small
UAV to carry heavy and power-hungry transmitters. This makes the bistatic
and multistatic, or netted, systems very attractive



the offered extra degrees of freedom may make it easier to extract more
information about the radar target.

Both bistatic and multistatic radar systems suffer from the following main issues [4]:


both transmitters and receivers need to be synchronized in both frequency
and time



knowledge of all nodes exact geographical locations and their relative
bearings is required



the system overall coverage volume is geometry dependent and may be
smaller than the one for the monostatic radar systems
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both systems are much more difficult to calibrate compared to monostatic
systems

NetRAD is a three nodes, one transmitter/receiver node and two receivers receive only nodes -, multistatic (netted) low power coherent radar system that was
developed at University College London using COTS (Commercial Off-the-Shelf)
components. The power output of the original radar was 0.2 Watt. The master node is
used as a monostatic system where both transmitter and receiver are co-located with
different antennas for each. The other two nodes, slave nodes, are passive receiver nodes.
Utilising this nodes combination, both monostatic and bistatic data can be collected and
then compared. GPS disciplined oscillators (GPSDOs), developed at the University of Cape
Town, are used at each node to provide a carrier and trigger synchronisation in order to
avoid interconnecting cables between the nodes [7]. The principal NetRAD system
parameters are shown in Table 1-2.
The low power level limits the radar dynamic range and allows only multistatic
measurements over short distances. The NetRAD system uses multiple single linearly
polarised antennas at the first stage. Then, new antennas with dual linear polarisation
capabilities were used. The system operating frequency is 2.4 GHz (S-band) with 50 MHz
operational bandwidth (2.4 GHz – 2.45 GHz). The system was then upgraded over its
lifespan to enable it to be suitable for long distance (5-10 km) measurements by
increasing the output (transmitted) power level to 400 Watts, utilising a high power
amplifier (HPA) and making use of the GPSDOs. A great advantage of the NetRAD system
is the ability to acquire both monostatic and bistatic data simultaneously. This allows for
a direct comparison between monostatic and bistatic data for the same scenario at the
same frequency. The NetRAD system collected monostatic sea clutter data can be
compared with the available monostatic sea clutter data, collected at different frequency
bands, in literature.
Pointing the NetRAD nodes antennas precisely to the desired directions and
changing their polarisation, mechanically with the old antennas and connections with the
new antennas, was not trivial, especially at maritime and strong wind environments.
After using the NetRAD system for a few years in several experiments and trials, a few
areas of required modification were identified during the new system planning stage [6].
These areas are:
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Changing the system operating frequency from S-band, as there was a lot of
interference with Wi-Fi networks, as they work at 2.4 GHz. The new planned
system will be a multi-band system



Greater accuracy is required in steering multiple antennas to the desired
elevation and azimuth angles. The plan is to use an automated system in order
to avoid human errors



Replacing the COTS RF hardware with commercially produced ones will
increase the overall system reliability



Developing dual-polarised/fully polarimetric antennas to avoid mechanically
rotating the antennas or changing the electrical connections and reduce the
human errors involved in these processes. The new system antennas must be
rigid and have the ability to handle strong wind and high RF power
Table 1-2: NetRAD system parameters

Parameter

Value

Carrier frequency

2.4 GHz

Maximum bandwidth

50 MHz

Beamwidth

10°⨯10° (new antennas: 18°⨯19°)

Peak transmitted power

56.02 dBm (400 Watt)

Nominal range resolution

3 meters

Antenna Gain

24 dBi

Pulse length

0.1µs - 10µs

NeXtRAD, the newly modified multistatic radar system, will operate in both X and Lbands and perform polarimetric measurements. The system will allow data collection of
novel multistatic geometries. In addition, it will be able to acquire data with both
polarisation and frequency diversity. This helps in further investigations and studies for
the performance of netted radar systems. The interim NeXtRAD specifications are shown
in Table 1-3.
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Table 1-3: NeXtRAD system parameters

Parameter

Value

X-band frequency (dual-polarization)

8.5 GHz

Polarisation isolation

≥ 25 dB

L-band frequency

1.4 GHz

Maximum bandwidth

50 MHz

Beamwidth

10°×10°

Peak X-band power

400 W

Peak L-band power

1.4 kW

Max node separation

10 km

Max pulse length

20 µs

Max PRF

20 kHz

The designed NeXtRAD system has two channels for X-band, one for each
polarisation, that can receive data simultaneously as shown in Figure 1-1. The L-band
antenna is required to have 10°×10° beamwidth and is single linearly polarised. The
designed system has only one channel for L-band, as shown in Figure 1-1. For the
NeXtRAD X-band channel, a 10°×10° dual-polarised (fully polarimetric) X-band antenna
with a sidelobe level (SLL) of < -21 dB is required the desired applications. The antenna
must be able to handle 400 Watts of power and have the ability to handle high-speed
wind as it will be deployed in maritime environments, and in other environments that
experience high-speed winds during some experiments. Next, the reasons behind
choosing the antenna parameters are discussed.
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Figure 1-1: NeXtRAD system schematic [8]

1.2 Why NeXtRAD Parameters?
The NetRAD frequency bandwidth of 50 MHz was chosen mainly because of two
reasons. Firstly, at Wi-Fi frequency, low power and narrow bandwidth (e.g. 50 MHz)
transmission do not require a license in the UK. Secondly, some commercially available
Wi-Fi parts can be used in assembling the system and their bandwidth is limited to 50
MHz.
The new system (NeXtRAD) has the same bandwidth and it was chosen in order
to have the ability to compare the data with NetRAD data, as both systems have similar
parameters but different operating frequencies. This comparison will enhance the
knowledge about the effect of frequency change on bistatic radar data, especially sea
clutter data, as the operating frequency affects the sea clutter reflectivity [9]. In addition
to that, limiting the bandwidth to 100 MHz or less, together with powerful and fast
computers, will make it possible to perform the cross-ambiguity calculations in near realtime on a conventional workstation [10].
The antennas of a bistatic or multistatic radar nodes require careful and accurate
pointing to ensure that the desired coverage patch falls in the area where the main lobes
of the transmitter and receivers beams are completely overlapping. Figure 1-2 shows the
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bistatic beamwidth-limited clutter cell. The area of the bistatic clutter cell can be
approximated by [11]:
(𝑅𝑇 𝜃3𝑑𝑏𝑇𝑥 )(𝑅𝑅 𝜃3𝑑𝑏𝑅𝑥 )
𝑠𝑖𝑛 (𝛽)

(𝐴𝑐 )𝑏 =

(1-1)

where: 𝑅𝑇 = range to transmitter
𝜃3𝑑𝑏𝑇𝑥 = Transmitter 3dB beamwidth
𝑅𝑅 = range to receiver
𝜃3𝑑𝑏𝑅𝑥 = Receiver 3dB beamwidth
𝛽 = bistatic angle

Figure 1-2: Beamwidth-limited clutter cell

In addition, decreasing the radar antenna beamwidth will reduce the size of the
radar resolution cell and hence the strength of the sea clutter return, including sea spikes
[11]. Very narrow beamwidth antennas will be very difficult to point and overlap over
the desired patch and will, therefore, reduce the radar coverage area [12]. Using very
wide beamwidth antennas will increase the patch covered by the beams overlapping and
hence increase the clutter cell covered. In addition, the clutter RCS will increase, which
will affect the radar detection of targets with small RCS that are located in the radar
coverage area. Choosing moderate beamwidth antennas will enhance the antennas
pointing accuracy to an acceptable level and create a reasonable overlapping area. In
conclusion, the beamwidth of bistatic or multistatic antennas should be chosen based on
the size of the desired monitoring area and should be wide enough to enhance the
antennas pointing accuracy.
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The antenna beamwidth of 10° was chosen for NetRAD so that the area of the
clutter cell at the desired measurement ranges is comparable with the operational radars
to have the ability to compare the system against operational systems [4]. In addition,
this beamwidth will make the bistatic angle variation across the clutter patch negligible
[4]. The same beamwidth has been chosen for NeXtRAD in order to collect bistatic data
at different frequency bands while maintaining the other system parameters. This will
assist in further studying and analysing the data by comparing the bistatic data at
different frequencies to enhance the knowledge about the effect of frequency on bistatic
clutter, mainly sea clutter, and target reflections.
The level of the sidelobes of the NeXtRAD antennas is required to be below -21 dB.
If a bistatic or multistatic radar system nodes antennas have high-level sidelobes, these
sidelobes will illuminate patches other than the desired patch, which is illuminated by
the antenna main beam, as shown in Figure 1-3. Some of the first sidelobes emitted
energy will be scattered towards the bistatic receivers, contaminating the signal received
with the antenna mainlobe. This will affect the overall radar performance. For example,
if the transmitter first sidelobe illuminates a storm core while the mainlobe illuminates a
weaker part of the storm as shown in Figure 1-4. If both storm core and the patch
illuminated by the transmitter mainlobe are located on a constant phase surface,
indicated by an ellipse with the transmitter and the receiver as its foci, the reflections
from both patches will arrive at the receiver at the same time. In this case, the reflection
from the intended patch, illuminated by the mainlobe, is contaminated by stronger
reflection from the storm core, illuminated by the sidelobe. The higher reflectivity storm
core will create a factious target. This is known as sidelobe contamination and will
degrade the overall radar performance.
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Figure 1-3: Clutter patches illuminated by one antenna sidelobe and by the mainlobe of the other antenna
in bistatic radar configuration [13]

Figure 1-4: Simplified diagram of the effect of sidelobe contamination in a bistatic radar [14]
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1.3 Radar Fundamentals
The main function of any radar system is to detect the presence of targets by
sending and receiving EM waves. The target range can be determined by measuring the
time delay between the EM wave transmission and reception of the reflected EM wave.
Most radar systems have the ability to measure moving target velocity and differentiate
between stationary and moving targets from their Doppler shifts. Modern radar systems
are equipped with more powerful capabilities such as target tracking, target
classification, high-resolution imaging and missile guidance. A brief overview of the
important radar functions is provided below.


Detection
The primary and fundamental task of any radar system is to confirm the
presence of one target or more (target detection). This task is usually
performed by analysing the reflected echoes from a target/targets to the
radar receiver. The presence of noise and clutter in the reflected echoes affect
target detection accuracy, e.g. target reflection may be immersed in noise or
clutter reflection. This becomes more severe if the received signal power is
comparable or lower than the noise power or the power of the reflection from
clutter. A matched filtering, signal processing technique, is often applied to
the received signal before the detection decision is made. Bistatic radar
systems’ signal processing confirms the presence of a target by looking at the
data from each receiving node separately or by fusing the data received from
different receiver nodes before making the decision which improves the
detection accuracy.



Target discrimination
The ability of a radar system to discriminate between two closely separated
targets with confirming the presence of both targets is called radar resolution.
Radar resolution can be defined as the minimum separation between two
targets whilst still being recognised as two separate targets rather than one
large target. For a pulsed radar system, the minimum separation can be in
terms of time delay of the signal returns, frequency associated with Doppler
shift or based on the antennas’ beamwidth. Another resolution considered in
radar systems is the angular resolution. Angular resolution can be defined as
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the minimum angular separation at which two targets can be separated when
located in the same range. Treating multiple targets as one large target may
produce unpredictable effects on other radar functions such as target
classification and identification, the estimation of parameters and target
tracking. This will degrade the overall radar system accuracy. Bistatic radar
systems benefit from the spatial diversity of the receiving nodes which
reduces the target separation problem, if not eliminates it.


Estimation of parameters
After the target detection is confirmed, the two or three-dimensional target
position, target velocity and other parameters need to be accurately found for
each detected target. Target range can be found from the time delay between
signal transmission and the target echo reception. The knowledge of the exact
antenna location, polarisation and beamwidth can be used to enhance the
accuracy in estimating the parameters. Also, a higher signal-to-noise ratio
(SNR) increases the radar parameter estimation accuracy. For example, the
uncertainty of the exact radar position will degrade the accuracy of the
estimation of the target position. The accuracy of bistatic radar target position
determination can be improved by making use of down-range information
from multiple spatially diverse receiver nodes.



Tracking
Continuously monitoring target location and moving target velocity is called
target tracking. Tracking is an important radar feature, especially in some
military applications. Target velocity and its location history will assist in
predicting the target future locations. Accurately monitoring a moving target
by keeping it always in the antenna main beam, by continuously moving the
antenna, will increase the SNR and hence the overall radar tracking accuracy.
Also, data fusion of multiple receiving nodes in the case of bistatic radar
systems will enhance the tracking accuracy even further.



Target identification and classification
Once targets are detected and parameters are estimated by the radar system,
targets can be identified and/or classified based on the estimated parameters.
In the case of bistatic radar, extra information collected from multiple
spatially diverse receiving nodes increases the accuracy in the target
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identification. The use of dual-polarised receiving antenna provide more
information about the detected target and hence increase the identification
and classification process accuracy.


Imaging
Target images may be constructed after further processing of the collected
data. SAR (Synthetic Aperture Radar) and ISAR (Inverse Synthetic Aperture
Radar) are two well-known radar system techniques that perform further
data processing to produce images. The main difference between the two
systems is that in the case of the SAR system, the radar platform is moving
and the target is stationary, for example on the ground. The target in the ISAR
system is moving and the radar system is stationary, for example, the groundbased radars.
1.3.1 Monostatic Radar

The typical topology of a monostatic radar utilising the same antenna for
transmitting and receiving an EM wave is shown in Figure 1-5. The range to the target
(𝑅) is calculated by measuring the time delay (𝜏) between transmitting and receiving the
EM wave.
𝑅=

1
𝑐𝜏
2

(1-2)

where c is the speed of light and Tx and R x are the transmitter and receiver respectively.

Target
R

Tx & Rx
Figure 1-5: Monostatic radar topology

The basic form of the radar equation for a monostatic radar system that is used to
predict the radar received power can be defined as [15]:
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𝑃𝑡 𝐺 2 𝜎𝜆2
𝑃𝑟 =
(4𝜋)3 𝑅 4 𝐿

(1-3)

where: 𝑃𝑟 : the power received by the antenna
𝑃𝑡 : transmitted power
𝐺: antenna gain
𝜎: target radar cross section (RCS)
𝜆: EM wave wavelength
𝐿: loss factor
The antenna effective area (𝐴𝑒 ) is a measure of how effective is the antenna in
receiving EM signals and is given by:
𝐴𝑒 = 𝑒𝑎 × 𝐴𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙

(1-4)

where: 𝑒𝑎 : is the antenna aperture efficiency
𝐴𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 : is the antenna physical area
The antenna gain is related to the antenna effective aperture by [15]:
𝐺=

4𝜋𝐴𝑒
𝜆2

(1-5)

The loss factor includes all the losses involved in the radar operation such as
receiving system losses, beamshape losses and atmospheric losses. The receiving system
losses include all those occurring from receiving the reflected signal until the signal
down-mixing stage. They include, for example, received signal plumbing losses and path
loss from RF to IF, e.g. electronic losses and filtering losses. The beamshape loss is the
reduction in the SNR due to amplitude modulation of all the pulses that hit the target
when illuminated as the antenna gain varies owing to the antenna beam shape, i.e. the
gain is not constant all over the antenna beam. Atmospheric losses are all losses and
attenuations occurring to the travelling wave owing to the environment.
The receiver noise power 𝑃𝑛 needs to be known in order to calculate the SNR at
the radar receiver. The receiver noise power is given by [15]:
𝑃𝑛 = 𝑘𝐵 𝑇0 𝐵𝐹𝑛
where: 𝑘𝐵 : is the Boltzmann constant (1.38 × 10−23 𝐽𝐾 −1 )

(1-6)
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𝑇0 : is the absolute temperature of the receiver and defined as 290 K
𝐵: is the bandwidth
𝐹𝑛 : is the noise figure.
Using Equations (1-3) and (1-5), the monostatic radar range is given by:
1

4
𝑃𝑡 𝐺 2 𝜎𝜆2
𝑅= [
]
(4𝜋)3 𝑘𝐵 𝑇0 𝐵𝐹𝑛 (𝑆𝑁𝑅)𝐿

(1-7)

Another important parameter that is measured by the radar is the target Doppler
shift, which is the change in the transmitted wave frequency due to the relative target
motion towards or away from the radar. The Doppler shift is commonly used to estimate
the target speed and is given by [15]:
𝑓𝑑 = −

2𝑣 𝑐𝑜𝑠𝜃
𝜆

(1-8)

where 𝑣 𝑐𝑜𝑠𝜃 is the target radial velocity towards the radar.
The radar range resolution is defined as the minimum possible distance between
two closely located targets at which each target can be independently resolved. The
monostatic radar range resolution is given by [16]:
∆𝑅𝑚 =

𝑐𝜏𝑝
𝑐
=
2
2𝐵

(1-9)

where: 𝜏𝑝 : is the transmitted pulse length
𝐵: is the radar bandwidth.
1.3.2 Bistatic Radar
A bistatic radar system has separate transmitter (𝑇𝑋 ) and receivers (𝑅𝑋 ) located
at different geographical locations. Some bistatic radar systems use their own
transmitters while others use transmitters-of-opportunity, such as masts and towers.
The latter systems are called passive bistatic radar systems. Figure 1-6 represents the
basic bistatic radar geometry. The baseline, line connecting transmitter and receiver,
length is indicated by Lb . The target ranges to the transmitter and receiver are indicated
by 𝑅𝑇 and 𝑅𝑅 respectively. The bistatic angle is indicated by 𝛽.
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Target

β
β/2

Figure 1-6: Basic bistatic radar geometry

The bistatic radar measures the range-sum of the path length from the transmitter
to the target and the path length from the target to the receiver and is given by:
1
𝑅𝑇 + 𝑅𝑅 = 𝑐𝜏𝑏
2

(1-10)

where 𝜏𝑏 is the total time delay from transmission to reception. The total received power
of the bistatic radar system is given by:

𝑃𝑟 =

𝑃𝑡 𝐺𝑡 𝐺𝑟 𝜎𝑏 𝜆2
(4𝜋)3 𝑅𝑇2 𝑅𝑅2 𝐿

where: 𝑃𝑡 : is the transmitted power
𝐺𝑡 : is the transmitting antenna gain
𝐺𝑟 : is the receiving antenna gain
𝜎𝑏 : is the bistatic radar cross section
𝜆: is the wavelength

(1-11)
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𝐿: is the system losses
From the radar received power, the bistatic radar range can be given by [17]:
1

2
𝑃𝑡 𝐺𝑡 𝐺𝑟 𝜎𝑏 𝜆2
𝑅𝑡 𝑅𝑟 = [
]
(4𝜋)3 𝑘𝐵 𝑇0 𝐵 𝐹𝑛 (𝑆𝑁𝑅)𝐿

(1-12)

When both transmitter and receiver are not moving, in fixed positions, the Doppler
shift 𝑓𝑏 at the receiver of a moving target can be found from the rate of change of the total
transmitted signal path length normalized by the wavelength, as follows [18] [19]:
𝑑(𝑅𝑇 + 𝑅𝑅 )
𝑑𝑅
𝑑𝑡
𝑑𝑡
𝑓𝑏 =
=
𝜆
𝜆

(1-13)

𝑑𝑅

where 𝑑𝑡𝑇 is the target velocity projection onto the transmitter-to-target line-of-sight
and is given by:
𝑑𝑅𝑇
𝛽
= 𝑣 cos (𝜑 − )
𝑑𝑡
2
and

𝑑𝑅𝑅
𝑑𝑡

(1-14)

is the target velocity projection onto the receiver-to-target line-of-sight and is

given by:
𝑑𝑅𝑅
𝛽
= 𝑣 cos (𝜑 + )
𝑑𝑡
2

(1-15)

The total Doppler shift is given by [19]:
𝛽
2𝑣 𝑐𝑜𝑠𝜑 𝑐𝑜𝑠 ( ⁄2)
𝑓𝑏 = 𝑣 cos
𝜆

(1-16)

The bistatic radar range resolution is approximated by [20]:
∆𝑅𝑏 ≈

𝑐
𝛽
2𝐵𝑐𝑜𝑠 ( ⁄2)

where: 𝐵 is the system bandwidth

(1-17)
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1.4 Why Fully Polarimetric Radar?
When an EM wave strikes an object, the object scatters the signal in different
directions based on the target geometry. In addition, the scattered signal may be partially
or completely depolarised. A linearly polarised monostatic radar system will only receive
part of the signal that is scattered towards the radar and has the same polarisation as the
radar receiving antenna. If the scattered signal is depolarised, partially or completely, the
radar receiver will only receive part of the signal or nothing.
Linearly polarised radars are usually designed to transmit EM radiation that is
either vertically (V) or horizontally (H) polarised. The received backscattered wave can
be with a variety of polarisations. The analysis of the radar transmitted and received EM
waves with different polarisation combinations constitute the science of radar
polarimetry. A single linearly polarised radar can transmit and receive signals with either
VV, HH, VH or HV polarisation combinations. A radar with dual-polarisation capabilities
(uses a dual-polarised antenna) can transmit and receive either of these polarisation
combinations: HH and HV, VV and VH or HH and VV. Fully polarimetric radar (with
quadrature polarisation) can transmit and receive all polarisation combinations (HH, VV,
HV and VH) at the same time. So, both co- and cross-polar components can be received
simultaneously. This will provide a great radar performance enhancement as it provides
more detailed information about target and clutter.
A polarimetric monostatic radar system transmits and receives in two orthogonal
polarisations. The system provides a 2×2 complex polarisation scattering matrix that
measures magnitude and phase differences between the four channels, HH, HV, VH and
VV. This provides four complex RCS values instead of the single value RCS provided by a
single linearly polarised monostatic radar. The use of polarimetric will alleviate the effect
of signal depolarisation due to target geometry and will enhance the radar detection and
classification capabilities.
In Bistatic/Multistatic radar systems, with one transmitting node and multiple
receiving nodes, the configuration of the geometry allows the reception of the scattered
wave in directions other than the transmitter direction. Fully polarimetric
bistatic/multistatic radar system nodes will increase the collected information about the
target as the effects of the scattered wave depolarisation and multiple scattering
directions are reduced.
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The two main areas to be investigated by the NeXtRAD system are bistatic sea
clutter and micro-Doppler effect. Both areas are briefly discussed in the following
sections.
1.4.1 Bistatic Sea Clutter
In recent years, interest in using network radars, bistatic and multistatic, has been
growing for most radar applications, such as detection, tracking and classification. This
interest increases for small, low-visibility maritime targets that are difficult to detect with
monostatic radar systems, such as small boats and inflatables that are used for smuggling,
poaching, sea rescue and beach safeguards. Sea clutter is the main reason behind the low
possibility of detecting these small targets, as the sea clutter will have similar or larger
reflections and RCS to those from the small targets, especially for monostatic radars.
Bistatic and multistatic radars may offer potential advantages over monostatic
radars, such as enhanced target signature, as the radar observes how that target scatters
the energy into more than one direction, while the monostatic radar only observes the
returns from the target directly back in the direction of the transmitter. In addition, the
bistatic and multistatic radars have improved detection by using multiple-perspective
views of the target. Another advantage is that the receiving nodes are receive-only
passive nodes, making them less complex, more compact for mounting on unmanned
platforms and more secure in the event of an attack.
A comprehensive knowledge and understanding of bistatic sea clutter behaviour
is required in order to gain all the advantages of bistatic and multistatic radar systems in
a maritime environment. Owing to the complexity of bistatic measurements, there is only
limited published work available in the literature. As a result, performing and collecting
bistatic sea clutter measurements can enhance the knowledge and understanding of the
bistatic sea clutter behaviour and hence increase the possibility of gaining all the
advantages that bistatic sea clutter knowledge can offer to improve the radar
performance.
Processing the sea clutter data collected by NetRAD at S-band has provided
significant results for the characterisation of bistatic clutter RCS [21], amplitude statistics
[22], and Doppler spectra [23] [24]. In addition, the data highlighted the potential
advantages of sea clutter using bistatic geometry. Also, it was found that the bistatic sea
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clutter data is less spiky compared with simultaneous monostatic data, which aids the
detection of small maritime targets.
Collecting and analysing bistatic sea clutter data at different frequencies
(NeXtRAD) will enhance the knowledge and give a greater understanding of sea clutter
behaviour at different frequency bands and the effect of frequency on sea clutter
reflectivity. The NeXtRAD netted radar system will be used to collect fully polarimetric
bistatic sea clutter data to enhance the knowledge of bistatic sea clutter behaviour and
“clutter diversity”.
1.4.2 Micro-Doppler Effect
The frequency of the reflected signal from a moving target to a monostatic radar
system will be shifted from the frequency of the transmitted signal. This is known as
Doppler shift and is used to measure the moving target velocity. In other words, the
Doppler shift is induced by the bulky motion of the target.
When the target, or any of its structural components, has an oscillatory motion, in
addition to the target bulky motion, an additional frequency modulation will be induced
on the reflected signal, generating sidebands to the Doppler shifted frequency of the
transmitted signal. This additional Doppler modulation is known as Micro-Doppler Effect.
[19]
The target velocity dispersion due to the micro-Doppler effect can be estimated
from the width of the Doppler frequency shift. Some additional target kinematic
properties can be determined using the micro-Doppler effect. For example, by measuring
the micro-Doppler characteristics of a vehicle body surface vibration, the engine speed
can be measured and used to identify the vehicle type. [19]
The Doppler shift of a bistatic radar system, shown in Figure 1-7, depends on three
factors [19]:
1. Maximum Doppler shift, which is given by:
𝑓𝐷𝑚𝑎𝑥 =

2𝑓
|𝑉|
𝑐

(1-18)

2. The bisector triangulation factor, as follows:
𝐷𝑡𝑓 = cos (

𝛼𝑅 − 𝛼 𝑇
𝛽
) = 𝑐𝑜𝑠 ( )
2
2

3. The angle between the target motion direction and the bisector direction:

(1-19)
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𝐶 = cos 𝛿

(1-20)

The Doppler shift of a bistatic radar system can be measured by [19]:
𝑓𝐷𝑏𝑖 = 𝑓𝐷𝑚𝑎𝑥 𝐷 𝑡𝑓 𝐶 =

2𝑓
𝜑
|𝑉|𝑐𝑜𝑠 ( ) cos 𝛿
𝑐
2

(1-21)

Figure 1-7: Two-dimensional bistatic radar configuration [19]

Target rotational motion induces the bistatic micro-Doppler effect depending on
the triangulation geometry of the transmitter, target and receiver. As the bistatic system
provides different views of the target compared to the monostatic system, the multistatic
system provides simultaneous multiple micro-Doppler effect views [19].
A fully polarimetric monostatic radar system walking human micro-Doppler
signature shows that there is a difference between motions of loaded (e.g. armed) or
unloaded humans as a polarimetric measurement can isolate and classify the human arm
motion [25] [26] [27]. The micro-Doppler effect contributes to the radar target
classification [28].
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Using NetRAD, it was found that some of the extracted features appear to enhance
target classification. In addition, the polarisation diversity enhances the target
classification accuracy. Both conclusions were derived after the processing of collected
data from armed/unarmed personnel experiments [29]. The classification accuracy was
enhanced when using a multistatic radar system with three nodes compared to a
monostatic radar system [30].
Further experiments are required to prove the enhancement in target
classification using bistatic/multistatic radar system since there is a lack of literature
covering this area. In addition to that, proving the advantages of fully polarimetric
bistatic/multistatic micro-Doppler in target classifications for different frequency band
will form a great achievement. Another area that also needs to be investigated is the
enhancements that a fully polarimetric bistatic/multistatic radar system can add to target
classification using Jet Engine Modulation (JEM).

1.5 Motivation
Slotted Waveguide Array Antennas (SWGAAs) are well-known antennas to have a
high polarisation purity for the last 70 years. The mathematical models for SWGAA were
continuously modified during this period. The issue with a single SWGAA is that it suffers
from a very wide elevation beam. This issue was resolved by stacking identically designed
SWGAAs on top of each other. In addition to the elevation beam narrowing, the overall
antenna gain will be enhanced utilising stacking structure.
In recent years, few works on dual-polarised SWGAA were published. Each of the
proposed models was designed to meet specific requirements. Most of the proposed
designs involve a high degree of complexity which leads to high fabrication difficulties
and high cost. In addition, some of the published designs they have very high sidelobes
and suffer from low polarisation purity.
SWGAAs are used in many monostatic radar systems. In the reviewed literature, it
is very rare, and maybe none, to find a bistatic/multistatic radar system that uses
SWGAAs. Dual-polarised bistatic radar system requires a very low SLL and high antenna
polarisation purity. Design of dual-polarised, low SLL, high polarisation purity and costeffective SWGAA formed the essential motivation of this research work.
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1.6 Research Objectives
The main objectives of this research are:


Evaluate different possible antenna candidates that are suitable for
bistatic/multistatic radar systems.



Design and simulate antennas that have dual-polarisation capabilities for
both S-band and X-band.



The desired antennas must be robust and flexible, and easy to build and
dismantle, as they will be implemented in various experimental sites
including coastal environments. Also, the antennas must have high wind
resistivity.



The antenna must have a gain that is above 20 dBi.



The desired antennas beamwidth is 10°×10°.



The desired 3-D sidelobes, sidelobes highest level in both azimuth and
elevation planes, of the antennas is to be ≤ -21 dB.



The polarisation purity of all the antennas must be kept as high as possible.
This means very low cross-polarisation, low cross-polarisation to copolarisation ratio (Linear Depolarization Ratio (LDR)) with a value of around
-35 dB.



The final antenna design fabrication budget must be in hand of a small
academic project.

1.7 Novel aspect


A simple design and cost-effective end-fed SWGAA that meets all the
desired requirements of bistatic/multistatic radar systems was designed,
fabricated and its performance was verified via anechoic chamber
measurements and field experiments.



A simple method of stacking identical SWGAAs on top of each other to
narrow the antenna elevation beamwidth was proposed, simulated and
verified by chamber measurements.



A novel method of suppressing the stacked SWGAAs geometry SLL by
tapering the elements input power is proposed and verified.
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A new method of reducing the effect of mutual coupling between stacked
elements by inserting dielectric sheets between elements is proposed.



Simple and cost-effective dual-polarised SWGAAs designs was proposed.
The designs were simulated and their performance was verified in CST.

1.8 Publications
1. S. Alhuwaimel and K. F. Tong, "Performance enhancement of a slotted waveguide
antenna by utilizing parasitic elements," 2015 IEEE-APS Topical Conference on
Antennas and Propagation in Wireless Communications (APWC), Turin, 2015, pp.
1303-1306.
2. S. T. Paine, P. Cheng, D. W. O’Hagan, M. R. Inggs, H. D. Griffiths, and S. Alhuwaimel.
"L-Band and X-Band Antenna Design and Development for NeXtRAD", 2016 STO Meeting Proceedings, Ref.: STO-MP-SET-231, October 2016.
3. S. Alhuwaimel et al., "First measurements with NeXtRAD, a polarimetric X/L Band
radar network," 2017 IEEE Radar Conference (RadarConf), Seattle, WA, 2017, pp.
1663-1668.
4. S. I. Alhuwaimel and K. F. Tong, "Slotted Waveguide Array Antenna performance
enhancement by parasitic elements augmentation," 2017 International Workshop
on Electromagnetics: Applications and Student Innovation Competition, London,
2017, pp. 173-175.
5. S. I. Alhuwaimel and K. F. Tong, "Stacked S-band Slotted Waveguide Array Antenna
with very low sidelobes," 2017 International Workshop on Electromagnetics:
Applications and Student Innovation Competition, London, 2017, pp. 116-118.

1.9 Thesis layout
This thesis is presented in seven chapters. In this chapter, background about both
S-band (NetRAD) and X-band (NeXtRAD) radar systems is briefly presented. Next, a brief
introduction to monostatic and bistatic radars is given. Then, the reasons behind
choosing dual-polarised antennas for radars are discussed. After that, this research
motivations and goals are listed. Finally, the believed novel aspect of this work is
mentioned.
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Chapter 2: The basic theory of both antennas and arrays with briefly explaining the
important performance parameters is given in this chapter. Then, the possible antenna
candidates are investigated. This chapter ends up with the choice of a suitable antenna
candidate for this research work.
Chapter 3: This chapter starts with presenting a brief history of waveguides and slots cut
in a waveguide. Then, a little history of the slot arrays is given. This chapter ends up with
reviewing the previous work on designing and testing dual-polarised SWGAAs.
Chapter 4: This chapter provides a review of a rectangular waveguide operation fundamentals.
Next, the basics and the mathematics of designing slot radiators/antenna are presented. In
addition, resonant SWGAA design and optimisation mathematics are presented in this chapter.
Chapter 5: The design of a very low SLL S-band single element SWGAA for NetRAD is
presented. Then, stacking of identical SWGAAs was simulated by adding one SWGAA at a
time until arriving at the desired antenna elevation beamwidth. After that, the mutual
coupling between the stacked waveguides is investigated. The mutual coupling between
waveguides was reduced by inserting dielectric sheets between the stacked waveguides.
The final stacked SWGAAs structure after taking account of the flanges, used to attach the
feed, is presented. The anechoic chamber measurement results for each fabricated single
element and for the stacked structure are presented. Finally, the results acquired from
field experiments are demonstrated.
Chapter 6: This chapter follows the same structure chapter 5 but at X-band, for NeXtRAD.
No field experiments were performed using this antenna as the NeXtRAD system is based
in Cape Town and there is no access to any other X-band radar system at UCL.
Chapter 7: This chapter provides a summary of the work done in this thesis. The chapter
concludes this research investigation and gives conclusions that are drawn from this
thesis research. Antenna design improvement suggestions and suggested future work are
discussed in the last part of this chapter.
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2. Antenna Theory

2.1

Introduction

An antenna is an electric device that converts electrical power into radio waves
and vice versa, i.e. it is the structure associated with the transition (transducer) region
between a guided wave and free space (usually air) and vice versa, as shown in Figure
2-1. The antenna is defined in the IEEE standards as “that part of transmitting or receiving
system which is designed to radiate or receive electromagnetic waves” [1]. An antenna is a
passive reciprocal device, i.e. its electrical characteristics, such as gain, radiation pattern,
impedance, bandwidth, resonant frequency and polarization, are the same whether the
antenna is transmitting or receiving. These characteristics in addition to the antenna
efficiency are vital antenna parameters and could critically determine the
bistatic/multistatic radar performance. These antenna parameters must be considered
during the antenna design process. Radar antenna directs the radiated energy in the
desired direction towards the target or area to be illuminated when working as a
transmitting antenna and collects the reflected energy from the target or the area of
interest and delivers it to the receiving system if it is used as receiving antenna.
The radiation pattern, mostly determined in the far-field, describes the
electromagnetic radiation distribution of an antenna. It is achieved mainly by controlling
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the current flow on the antenna. It is mainly composed of mainlobe and sidelobes. When
an antenna is operating as a transmitting antenna for a bistatic/multistatic radar system,
if its high sidelobes illuminate areas other than the intended area, reflections from those
illuminated areas adversely affect the system performance. If the antenna is used as a
receiving antenna and has high sidelobes, it affects the bistatic/multistatic radar system
performance mainly by receiving signals that contain high noise, interference and clutter
reflections. The radar electromagnetic wave propagates in an uncontrollable lossy
medium which imposes frequency dependent attenuation that might prevent the signal
from travelling to the maximum radar range. This has to be considered when choosing
the application suitable antenna parameters.
In order to tailor the antenna radiation pattern and have a highly directive antenna
with a high gain, the antenna aperture has to increase. Increasing the aperture of a single
element antenna might lead to a very large antenna which will introduce mechanical
issues. Instead of having a single large element, an array of a single small element (single
element replicas can be utilized for design simplicity) will enhance the overall antenna
performance without going for the large single element.

Figure 2-1: Antenna as a transition between guided wave and free space wave [2]

The fundamental parameters of an antenna are discussed briefly in the next
section. A brief antenna array theory is presented in section 2.3. After that, the survey of
potential antenna candidates for this work is presented. This chapter is concluded by
selecting the most suitable antenna for the purpose of this work.
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Antenna Fundamental Parameters

Understanding the various antenna parameters is necessary to be able to describe
an antenna performance. The subsections below state and define the necessary antenna
parameters required for an antenna design projects.
2.2.1 Field regions
The electromagnetic fields set up by oscillating charges of any radiation vary
characteristically with the distance from their source [3]. The distance from the antenna
(antenna radiation area) is divided into three regions: reactive near-field, radiating nearfield (Fresnel) and Far-field (Fraunhofer). These regions are illustrated in Figure 2-2. The
reactive near-field region is the area represented by a sphere with a specific radius
around the antenna up to a distance < 0.62√𝐷3 ⁄𝜆 , as shown in Figure 2-2. In the figure,
D is the largest antenna diameter, more precisely the smallest sphere that contains all
structure parts, sometimes including the antenna ground plane [4] and 𝜆 is the free space
wavelength. The reactive field, the relationship between electric field (E) and magnetic
field (H) is too complex to be predicted, is dominant in this region. The antenna spherical
surrounding region that extends from the reactive near-field sphere up to a sphere with
radius 2𝐷2 ⁄𝜆 is known to be the radiating near-field (Fresnel) region. The radiation, nonreactive, field is dominant in this region, the fields strength relationship is predictable.
The angular field distribution in this region depend on the distance from the antenna.
The region that start from the boundary of the radiation near-field region onward
is the far-field (Fraunhofer) region. The angular field distribution in this region is
completely independent from the radial distance from the antenna. Varying the
observation distance from the reactive near-field to the far-field, the antenna amplitude
pattern changes in shape due to the field magnitude and phase variations as shown in
Figure 2-3.
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Figure 2-2: Antenna field regions [5]

Figure 2-3: Typical changes in an antenna amplitude pattern shape [5]
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2.2.2 Radiation Pattern
An antenna radiation pattern (or antenna pattern) can be defined as
“mathematical function or a graphical representation of the radiation properties of the
antenna as a function of space coordinates” [5]. The radiation properties include radiation
intensity, power flux density, field strength, phase, directivity and polarisation. The
antenna radiation is usually defined in the far-field region rather than the near-field one.
The antenna pattern is related to the antenna amplitude of transmission or reception
versus angles in both azimuth and elevation planes. An antenna that radiates or receives
more electromagnetic waves, hence more power, in specific directions compare to others
is known as a directional antenna. The antenna radiation pattern and the antenna
mainlobe solid angle are shown in Figure 2-5 and Figure 2-6 respectively. Both figures
parameters are defined below.
-

Boresight: is the antenna mainlobe maximum gain point where the largest
portion of the transmitted power is illuminated in this direction.

-

Mainlobe: is the primary or the maximum-gain beam of the antenna and
contains the strongest radiation intensity.

-

Beamwidth: is defined in terms of the angle that is centred by the boresight
line at which the gain drops by some value (3dB or 10 dB). The 3 dB, 50%
power drop, beamwidth is also known as Half Power Beamwidth (HPBW).
The horizontal beamwidth is usually called ‘azimuth’ beamwidth and the
vertical beamwidth is often called ‘elevation’ beamwidth.

-

Backlobe: is the lobe that points to the back of the antenna (180°) from the
mainlobe where a portion of the power is radiated. The ratio of the
backlobe to the mainlobe, gain difference in dB, is known as Front-to-Back
ration (F/B) as shown in Figure 2-4. This ratio is used to describe a
directional antenna radiation pattern.

-

Sidelobes: are any minor lobes, through which part of the power is
transmitted or received, in all directions other than the mainlobe and the
back of the antenna. The Sidelobe Level (SLL) is the level of the highest
sidelobe relative to the mainlobe.
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Back Power

Forward Power
F/B = 10 log(Forward power/Reverse Power)
Figure 2-4: Antenna Front-to-Back Ratio

-

Angle to the first sidelobe: is the angle confined between the antenna
boresight (maximum gain) and the angle of the highest gain point of the
first sidelobe.

-

Angle to first null: is the angle subtended between the boresight line and
the minimum gain point between the mainlobe and the first sidelobe. The
angle subtended between the two minimum gain points on both sides of
the mainlobe is known as First Null Beamwidth (FNBW).

-

Mainlobe solid angle: is the angle contained within the antenna beam halfpower 3D contour through which all the transmitting antenna power
would stream as if the power (per unit solid angle) were constant and equal
to the maximum value (maximum radiation intensity for all angles
subtended by the solid angle).

2.2.3 Radiation Power density
The average power radiated by an antenna in a specific direction is known as
radiation power intensity (𝑊𝑟𝑎𝑑 ) (𝑊𝑎𝑡𝑡𝑠/𝑚2 ). The relation between power density and
field intensities (𝐸, electric field, and 𝐻, magnetic field) can be given by [6]:
𝑊𝑟𝑎𝑑 =

|𝐸|2 𝜂|𝐻|2
=
2𝜂
2

(2-1)
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Figure 2-5: Directional radiation pattern, single plane [7]

Beam Solid Angle

Main Lobe Maximum
Direction
Main Lobe

Half-Power (3 dB)
Beamwidth

Figure 2-6: Antenna mainlobe solid angle

2.2.4 Radiation Intensity
Radiation intensity is the antenna-radiated power per unit solid angle [2]. It has the
unit of watts per steradian or watts per angle square. It is independent of the distance
from the antenna [2]. The radiation intensity is given mathematically by [5]:
𝑈 = 𝑟 2 𝑊𝑟𝑎𝑑

(2-2)
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Where r is the point source radiation sphere radius shown in Figure 2-7.

r

Figure 2-7: Point source radiation sphere

2.2.5 Bandwidth
An antenna impedance and polarization vary with frequency. Each of these
antenna characteristics has a bandwidth. A brief explanation of both types is given below.
2.2.5.1

Impedance bandwidth

The antenna impedance bandwidth is the frequency range (usually on both sides
of the centre frequency) where most of the energy is transmitted to the propagation
medium. As the antenna is a resonant device, its impedance largely varies with the
frequency. The antenna impedance has to be, as perfect as possible, matched across the
desired antenna operating frequency range in order to reduce the amount of reflected
power towards the source. The impedance bandwidth can be specified in terms of either
antenna reflection coefficient (𝑆11), or Voltage Standing Wave Ratio (VSWR) over the
desired operational frequency. The antenna is said to have a well matched impedance
bandwidth if the value of the reflection coefficient (𝑆11) or the VSWR is below a specified
level across the required frequency range, for example: a reflection coefficient (𝑆11) of
less than – 10 dB or – 15 dB or VSWR less than 2 or 1.5. Then, it can be said that the
antenna is operational over the desired frequency range. The VSWR can be written as a
function of the reflection coefficient (𝛤) as:
𝑉𝑆𝑊𝑅 =

1 + |𝛤|
1 − |𝛤|

(2-3)
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Polarization or axial-ratio bandwidth

The polarization bandwidth can be defined as the frequency range (usually equal
to the operating frequency range) where the maximum cross-polarisation (or axial-ratio)
level is kept below a specified value (e.g. in this project ≤ -25 dB).
2.2.6 Directivity
The directivity of an antenna (D) is defined as “the ratio of the radiation intensity in
a given direction from the antenna to the radiation intensity averaged over all directions”
[5]. So, it is the antenna radiation capability in a specific direction. The average radiation
intensity is equal to the antenna total radiated power divided by 4𝜋. A non-isotropic
source directivity is equal to the ratio of its radiation intensity in a given direction over
that of an isotropic source. The directivity can be expressed as [5]:
𝐷=

𝑈
4𝜋𝑈
=
𝑈0 𝑃𝑟𝑎𝑑

(2-4)

If no specified direction is given, the direction of the maximum radiation intensity
(maximum directivity) can be expressed as [5]:
𝐷𝑚𝑎𝑥 =

𝑈𝑚𝑎𝑥 4𝜋𝑈𝑚𝑎𝑥
=
𝑈0
𝑃𝑟𝑎𝑑

(2-5)

𝐷 = directivity (dimensionless)
𝐷𝑚𝑎𝑥 = maximum directivity (dimensionless)
𝑈𝑚𝑎𝑥 = maximum radiation intensity (W/unit solid angle)
𝑈0 = radiation intensity of an isotropic source (W/unit solid angle)
𝑃𝑟𝑎𝑑 = total radiated power (W)
An isotropic antenna is an antenna that radiates electromagnetic waves with equal
intensity in all directions. This type of antenna has the minimum achievable antenna
directivity and is equal to 1.
Different applications require different directivities. For a broadcasting antenna, the
antenna must have very low directivity (i.e. close to 1). Most radar applications, such as
the one in this project, require a highly directive antenna.
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2.2.7 Antenna efficiency
The efficiency of an antenna relates the power delivered to an antenna and the power
radiated or dissipated within the same antenna. The number of efficiencies involved in
finding the overall antenna efficiency can be defined from Figure 2-8. The total antenna
efficiency takes into account losses at the input terminal in addition to the losses that
occur within the antenna structure. These losses are, [2] and [5]:
1. Reflections due to mismatch between the transmission line and the antenna
2. 𝐼 2 𝑅 losses (conduction and dielectric) shown in Figure 2-8 (where subscript c
indicates conductors and d is dielectric), conduction losses (due to finite
conductivity of the antenna) and dielectric losses (due to conduction within a
dielectric that may be present within an antenna).
The overall efficiency can be expressed as [5]:
𝑒0 = 𝑒𝑟 𝑒𝑐 𝑒𝑑

(2-6)

where
𝑒0 = total efficiency (dimensionless)
𝑒𝑟 = reflection (mismatch) efficiency = (1 − |𝛤|2 (dimensionless)
𝑒𝑐 = conduction efficiency (dimensionless)
𝑒𝑑 = dielectric efficiency (dimensionless)
𝛤 = voltage reflection coefficient at the input terminals of the antenna

Figure 2-8: Antenna losses [2], [5]

In a simple form, the antenna efficiency can be given as:
𝑒0 =

𝑃𝑟𝑎𝑑
𝑃𝑖𝑛𝑝𝑢𝑡

(2-7)

Chapter 2: Antenna Theory

54

where: 𝑃𝑖𝑛𝑝𝑢𝑡 is the power input to the antenna after subtracting all the system interior
losses.
In conclusion, a good antenna efficiency is when most of the input power to the
antenna is radiated with minimal reflection to the antenna excitation point. On the other
hand, the antenna is said to have a low efficiency when most of its input power is
absorbed as losses within the antenna or reflected back to the antenna excitation point
mainly due to impedance mismatch.
2.2.8 Gain
Antenna gain is a useful and important antenna parameter, as it describes the
antenna ability to direct radiated power in a particular direction while suppressing it in
all other directions. Antenna gain is similar to its directivity, but it takes into account the
antenna efficiency as well as its directional capabilities. In other words, gain and
directivity are similar, but the gain accounts for all Ohmic losses and other factors that
cause the energy to be stored in the antenna rather than being radiated. Power gain is
expressed as the ratio of directional radiation intensity to the total radiation intensity if
the antenna was to radiate isotropically (relative to isotropic antenna gain), and is equal
to the product of the directivity and efficiency. The gain is given by:
𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝐺𝑎𝑖𝑛 = 𝐺 = 4𝜋 𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 (𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑)𝑝𝑜𝑤𝑒𝑟 = 𝑒0 × 𝐷 =

4𝜋𝐴𝑒
𝜆2

(2-8)

Where:
𝐴𝑒 = is the antenna effective aperture
2.2.9 Beam efficiency
Antenna beam efficiency is an important parameter that is used to judge an
antenna quality. For an antenna with its mainlobe directed along the boresight, as shown
in Figure 2-6, the beam efficiency can be defined as [5]:
BE =

Power transmitted (received) within solid angle cone
Power transmitted (received)by the antenna

(2-9)

If the first null angles cone is considered instead of the solid angle, the beam
efficiency will indicate the total power in the mainlobe compared to the total antenna
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power. A very high beam efficiency antenna is always required for radar applications
where the power of the sidelobes and backlobe must be minimized.
2.2.10 Polarization
Generally, polarization means “orientation”. The word polarization comes from
the Greek word polos, for the axis of spinning globe. An electromagnetic (EM) wave
consists of two field componenets: electric field (E) and magnetic field (H). These two
fields are mutually perpendicular to each other and both are time-varying. The direction
in which the EM wave travels is perpendicular to both fields. This is the reason behind
calling them transverse electromagnetic (TEM) waves. There are situations where either
the electric field or the magnetic field has components in the propagation direction. If the
EM wave electric field intensity is entirely perpendicular to the wave propagation
direction, but a component of its magnetic field intensity lies in the direction of
propagation, this wave is then called a transverse electric (TE) wave. Similarly, if a
component of the wave electric field intensity lies in the wave propagation direction and
the wave magnetic field intensity is entirely perpendicular to the direction of
propagation, this wave is then called a transverse magnetic (TM) wave.
The antenna polarisation is usually defined as the electric field orientation of the
transmitted or received EM wave. In the far field of a radiating antenna, the radiated wave
can be considered as a plane wave at any point. An EM wave propagating in positive or
negative z-direction will have only x and y components of the electric and magnetic fields.
Both electric and magnetic fields of an electromagnetic wave propagating along zdirection have both x- and y- components (𝐸𝑥 and 𝐸𝑦 and 𝐻𝑥 and 𝐻𝑦 respectively). If the
antenna is designed to transmit and/or receive one of the electric field components, the
antenna is said to be singly (linearly, circularly or elliptically), as shown in Figure 2-10,
polarized. If the antenna is designed to transmitted or receive two orthogonal or opposite
polarizations, the antenna is said to be dual-polarized. So, the electric field component
always determines the antenna polarization. Figure 2-9 shows the polarization ellipse.
The ellipse major axis tilt angle relative to x axis is τ. 𝐸𝑥 and 𝐸𝑦 are the instantaneous
amplitudes of the x and y components. 𝐸1 and 𝐸2 are the peak amplitudes in the x and y
directions and always fixed [8]. The most common polarization forms are:


Linear (Horizontal or vertical): when the electric field at a point in space as a
function of time is along a line. If the value of 𝐸1 in the polarization ellipse is zero,
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the polarization is vertical and if the value of 𝐸2 is zero, the polarization is
horizontal [8].


Dual linear: combination of two linear polarizations.



Circular (RHCP, LHCP or both): when the electric field at a point in space as a
function of time traces a circle. Circular polarization is when the ration between
the polarization ellipse major and minor axes (axial ratio) is equal to 1 (0 dB) and
they are orthogonal. Clockwise rotation of electric field is also known as righthand circular polarization (RHCP). Counterclockwise rotation is also known as
left-hand circular polarization (LHCP).



Elliptical: when the electric field at a point in space as a function of time traces an
ellipse. This means the axial ratio is greater than unity. Clockwise rotation of
electric field is also known as right-hand elliptical (RHE) polarization. Counterclockwise rotation is also known as left-hand elliptical (LHE) polarization.

Figure 2-9: Polarization ellipse [8]

Figure 2-10: Linear, circular and elliptical polarizations [9]
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The antenna polarization represents its ability to respond to an incident
electromagnetic wave with the same polarization. Co-polarization is when the incident
electromagnetic wave polarization is parallel to the antenna polarization which is usually
desired to be high. On the other hand, cross-polarisation is when the incident wave
polarisation is perpendicular to the antenna polarisation. In most cases, the crosspolarization level is required to be low. An antenna high co-polarization level together
with a very low cross-polarization level is said to have high polarization purity. Usually,
for radar applications, very low cross-polarization level is desired.
2.2.11 Phase centre
Moving away from an antenna, the radiation appears as coming from a single
point. A collection of similar points form a sphere around the antenna. The phase of the
radiated signal is constant at any point on the sphere surface. The point on the sphere
along the mainlobe direction, direction of propagation, is considered as the antenna
phase centre (phase reference point). The phase centre is the phase reference point
where the far-field variation is minimized over a specified angular region, solid angle, [4].
The aperture distribution and the waveguide horn taper are the two main factors
that change the horn antenna phase centre. The variation of the horn phase centre will
affect its far-field radiation pattern. Figure 2-11 illustrates the phase centre concept for a
horn antenna.

Figure 2-11: Phase centre concept [10]
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2.2.12 Reciprocity
The reciprocity theorem states that if a voltage is applied to antenna A terminal
and the current is measured at antenna B terminal, then equal current (both in magnitude
and phase) will be measured at the terminal of antenna A if the same voltage is applied
to the terminal of antenna B.
The reciprocity for the electromagnetic fields showed that the radiation patterns
of an antenna are identical when transmitting or receiving. As a result, it is sufficient to
analyse the antenna in transmission mode. The performance of the reception mode is
reciprocal.

2.3

Antenna Array Theory

The radiation pattern of a single-element antenna usually provides a low
directivity, and hence gain, and has a relatively wide beamwidth in one plane or both
planes. As a result, a single element antenna limits some applications requirement such
as gain, beamwidth, pattern shape, avoiding interferences, etc. In many applications,
including radars, antennas with a large directivity (very high gain) and narrower
beamwidth are usually required to satisfy the requirements of long distance
communications [4]. If higher directivity antenna is required, the antenna must have a
larger radiating aperture. A higher antenna gain, such as reflector antenna can be
realized. To meet the desired antenna specifications with flat, smaller aperture,
compared to reflector antenna, and to enhance the antenna directivity, an array
(collection) of identical elements (in general) is used; this collection is called antenna
array. Using an array of antennas usually involve higher cost and design complexity
compared to higher gain antennas, reflector antenna as an example. The use of antenna
array will give the following advantages:
1. Provide radiation pattern beam steering capabilities.
2. Provide high gain compared to a single element.
3. Gain diversity in multipath signal reception.
Antenna array can be classified mainly based on the spacing between elements
(orientation), the separation between elements and the method of elements’ excitations.
Based on the placement of array elements, antenna array most well-known
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configurations are linear, planar and circular. Here, the focus will be on the linear arrays
as they are considered in this research work.
At least five controls can be used to shape the overall array antenna pattern, namely
[5]:
1. the geometrical configuration of the overall array (linear, circular
rectangular, spherical, etc.)
2. the relative displacement between the elements
3. the excitation amplitude of the individual elements
4. the excitation phase of the individual elements
5. the relative pattern of the individual elements
The elements of a linear array usually arranged in a straight line. A planar array is
a linear array composed of two or more linear arrays. As a result, the linear array theory
is valid for planar arrays. Array elements can be of any element types such as: dipoles,
waveguide slots, microstrip patches, horns or reflectors. [4]
Linear array, shown in Figure 2-12, can be used to scan its main beam towards any
point in the space. This makes it useful to radar and remote sensing applications. The
array considered in this work is broadside linear array as the radiation is required to be
normal to the array surface as shown in Figure 2-13. The figure depicts only the azimuth
plane radiation pattern. The pattern is perpendicular with the line connecting the array
elements. The elevation plane for a linear array is usually very wide. Broadside linear
array is compact in size and can provide a very high directivity.
2.3.1 Uniformly spaced elements and excited linear array
If all elements in shown in Figure 2-12 are excited with identical amplitude but
with phase difference β between each element and the preceding one. ‘’An array of
identical and equally spaced elements all of identical magnitude and each with a
progressive phase is referred as a uniform array’’ [5]. The important parameters of linear
area will be discussed below.
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Figure 2-12: Far-field geometry of N-element array of an isotropic source positioned along z-axis [5]

Figure 2-13: Depiction of azimuth plane radiation pattern of a linear broadside array [11]

2.3.1.1

Array factor

If all elements in Figure 2-12 are considered as non-isotropic point sources and the
array physical centre is taken as a reference point, the normalized array factor for a linear
array can be given by [5]:
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𝐴𝐹 = [

𝑁
𝑠𝑖𝑛 ( 2 𝜓)
1
𝑠𝑖𝑛 (2 𝜓)

(2-10)

]

where: 𝜓 = 𝑘𝑑𝑐𝑜𝑠𝜃 + 𝛽; k is the wave number (2𝜋/𝜆). For small values of 𝜓, the array
factor can be given as [5]:

𝐴𝐹 = [

𝑁
𝑠𝑖𝑛 ( 2 𝜓)
𝜓
2

(2-11)

]

The maximum value of (2-10) and (2-11) is equal to N, number of array elements. The
normalized array factor in both equations can be rewritten as [5]:
𝑁
1 𝑠𝑖𝑛 ( 2 𝜓)
(𝐴𝐹)𝑛 = [
]
𝑁 𝑠𝑖𝑛 (1 𝜓)
2

(𝐴𝐹)𝑛 = [

2.3.1.2

𝑁
𝑠𝑖𝑛 ( 2 𝜓)
𝑁𝜓
2

]

(2-12)

(2-13)

Patterns

The far-field radiation pattern of a linear array is a product of single elements
radiation pattern and the array factor [12]. For a linear array composed of identical
radiation pattern elements, the array pattern can be given as [12]:
𝐴𝑃 = 𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝑃𝑎𝑡𝑡𝑒𝑟𝑛 × 𝐴𝑟𝑟𝑎𝑦 𝐹𝑎𝑐𝑡𝑜𝑟

(2-14)

One of the main objectives of designing linear arrays is to narrow the antenna
structure beam. If the array has no scan, the narrow beam is omnidirectional around the
axis of the array. This beam shape will change to form a conical beam if the beam is
scanned. A pencil beam will result at end-fire which indicate that a linear array at
broadside will be directional in one direction. These scenarios are shown in Figure 2-14.
[13]
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Figure 2-14: Linear array beams [13]

A uniform amplitude broadside array radiation pattern characteristics are
summarised in Table 2-1 [5]:
Table 2-1: Uniform amplitude broadside array radiation beam characteristics

3 dB points

2.3.1.3

𝜃3𝑑𝐵 ≃ 𝑐𝑜𝑠 −1 (±

1.391 𝜆
)
𝜋 𝑁𝑑

FNBW

𝜋
𝜆
Θ𝑛 = 2 [ − 𝑐𝑜𝑠 −1 ( )]
2
𝑁𝑑

HPBW

𝜋
1.391 𝜆
Θ𝑛 ≃ 2 [ − 𝑐𝑜𝑠 −1 (
)]
2
𝜋 𝑁𝑑

Directivity

The array factor for a broadside array can be rewritten as [5]:
𝑁
1 𝑠𝑖𝑛 ( 2 𝑘𝑑 cos 𝜃)
(𝐴𝐹)𝑛 = [
]
𝑁 𝑠𝑖𝑛 (1 𝑘𝑑 cos 𝜃)
2

(2-15)

The radiation intensity can be given as [5]:

𝑈(𝜃) = [
where: 𝑍 = 𝑘𝑑 cos 𝜃.

sin 𝑍 2
]
𝑍

(2-16)
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The directivity is where the maximum intensity is equal to unity and occurs at 𝜃 =
90°. For large broadside linear array, the directivity can be given as [5]:
𝑑
𝐷 ≃ 2𝑁 ( )
𝜆

(2-17)

Using: 𝐿 = (𝑁 − 1)𝑑; where L is the array overall length, the directivity can be
rewritten as [5]:
𝐿 𝑑
𝐷 ≃ 2 (1 + ) ( )
𝑑 𝜆

(2-18)

For a large array where L >> d, the directivity reduces to [5]:
𝐿
𝐷 ≃ 2( )
𝜆
2.3.1.4

(2-19)

Mutual coupling

The electromagnetic interactions between array elements where each element
current (and hence radiation) depends on its own excitation and the excitation of the
neighbouring elements is known as mutual coupling. The mutual coupling is proportional
to each element radiation pattern along the array face [14]. The presence of mutual
coupling between array elements affects the terminal impedance, antenna reflection
coefficient, array directivity and gain and array radiation pattern [15]. The high the
mutual coupling between array elements, the higher adverse effects on the overall
antenna radiation pattern and performance. For optimum array performance, the mutual
coupling level between elements must be minimized.
The array inter-elements spacing changes the mutual impedance between
elements and hence the mutual coupling. Figure 2-15 shows the relation between interelements spacing and the array mutual impedance. Elements spacing larger than a
wavelength usually generate grating lobes in the radiation pattern.
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Spacing (λ)
Figure 2-15: Mutual impedance variation with inter-element spacing [16]

2.3.1.5

Sidelobes

The radiation pattern nulls for equally spaced uniform array occur at 𝑢 = 𝑛⁄𝑁,
with 𝑛 = 1 to 𝑁 − 1 [13]. The radiation pattern peaks occur for all values of 𝑢 that are
solutions of 𝑁 tan 𝜋𝑢 = tan 𝑁𝜋𝑢 [13]. The ratio of the mainlobe amplitude to the first
sidelobe amplitude is known as sidelobe ratio (SLR). The SLR versus the array number of
elements is shown in Figure 2-16.
2.3.1.6

Grating lobes

If the array inter-elements spacing (𝑑/𝜆) is chosen properly, only one large beam
(main beam) will exist in the visible space (-90° ≤ 𝜃 ≤ 90°) in addition to sidelobes.
Introducing large spacing between array elements will result in additional main beams,
called Grating Lobes (GL), to appear in the visible space. This is because larger spacing
allows the waves from each element to add in-phase at the GL angle [13]. The formation
of grating lobes with increasing the array inter-elements spacing is shown in Figure 2-17
for an 8-elements array. The GL equation is given by [13]:
𝑑
𝑛
=
𝜆 sin 𝜃0 − sin 𝜃𝐺𝐿

(2-20)
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where: 𝜃0 is the array scan angle and 𝜃𝐺𝐿 is the grating lobe angle.

Figure 2-16: Sidelobe ratio versus array number of elements [13]

2.3.1.7

Bandwidth

An array bandwidth is affected by many factors. Elements input impedance
variation and inter-elements spacing form the main factors. If the frequencies below and
above the array nominal frequency are indicated by 𝑓1 and 𝑓2 respectively, and the main
beam is moved from 𝜃0 to the 3 dB points for both frequencies, the fractional bandwidth
is given by [13]:
𝐵𝑊 =

𝑓2 − 𝑓1 (sin 𝜃2 − sin 𝜃1 ) sin 𝜃0
=
𝑓0
sin 𝜃1 sin 𝜃2

(2-21)

where: 𝜃1 if the array scan angle at 𝑓1 and 𝜃2 if the array scan angle at 𝑓2 .The bandwidth
for large uniform array is given by [13]:
𝐵𝑊 ≃
and

0.866 𝜆
𝐿 sin 𝜃0

(2-22)
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𝐵𝑊 ≃

𝜆
𝐿 sin 𝜃0

(2-23)

for tapered arrays.

Figure 2-17: Grating lobe formation for an eight elements array [17]

2.4

Slotted Waveguide Array Antenna (SWGAA)

Slotted Waveguide Array Antennas (SWGAAs) are very attractive antenna owing
to the possibility of controlling their radiation pattern, achievable narrow beamwidth and
low SideLobe Level (SLL), robustness, stable operation and high power capabilities.
SWGAAs are widely used in radar and military applications, such as missile systems and
airborne radars. The main theoretical aspects of the SWGAAs is being reviewed in this
chapter.
This chapter starts by a brief introduction about waveguides, their types and their
operation. Then, a more detailed investigation was performed on the rectangular
waveguides. After that, the slot radiators, magnetic dipole, and its duality with electric
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half-wavelength dipole is discussed. Different types of slots and their applicability to
different applications is reviewed. Finally, the design of a resonant SWGAA and its design
optimisation is reviewed in the last of this chapter.
2.4.1 Waveguides
A waveguide is a hollow wave guiding structure that conveys, transfers or guides
electromagnetic power, at a certain frequency, efficiently between its endpoints. This
structure is characterised by perfectly conducting walls. Closed waveguides confined all
the electromagnetic wave fields inside its boundaries forcing the confined wave to
propagate only in the desirable direction. An ideal waveguide has very low losses and
hence negligible attenuation to the signal propagating inside it. Waveguides are
commonly used in high frequency applications.
Waveguides are one form of transmission lines. Waveguides differ from other
transmission lines in some aspects. Firstly, waveguides support many field
configurations, such as TE (Transverse Electric) or H, 𝐸𝑧 = 0, 𝐻𝑧 ≠ 0, mode, TM
(Transverse Magnetic) or E, 𝐸𝑧 ≠ 0, 𝐻𝑧 = 0, mode and TEM (Transverse Electromagnetic),
𝐸𝑧 = 0, 𝐻𝑧 = 0, mode, while the other transmission lines only support TEM modes of
wave propagation [18]. Secondly, at microwave frequencies (3-300 GHz), the conductor
current-carrying area becomes limited to a small layer of its surface due to the skin depth,
which tends to increase the conductor effective resistance and hence reduce the
efficiency of the transmission lines [19]. Also, the dielectric losses in two-wire
transmission lines increase the signal attenuation [19]. The waveguide dielectric loss is
lower than coaxial and two wires transmission lines. Waveguides are usually used at high
frequency range to obtain larger bandwidth and reduce signal attenuation [18]. In
addition, waveguides can only operate at frequencies above their cut-off frequencies, and
act as a high pass filter, while other types of transmission lines may operate from DC (f =
0 Hz) to a very high frequency [18]. The waveguide large surface area minimises the
copper loss compared to coaxial transmission line [20]. Waveguides are less popular at
lower frequencies as they become bulky and expensive. At higher frequencies, they are
more attractive as they have high power-handling capabilities compared to other
transmission lines.
The most common types of waveguides are: rectangular and circular waveguides.
Both waveguides are conducting hollow tubes that have rectangular and circular cross
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sections respectively. Figure 2-18 shows the three different types of rectangular
waveguides. The circular waveguide is shown in Figure 2-19.
The rectangular waveguides with ridges usually are not available as COTS
(Commercially Off-the-Shelf) components and need to be custom-designed. The cost of
fabricating these types of waveguides can be very high.
Familiarity with Bessel functions is required for the analysis of circular
waveguides [18]. Very little theoretical and practical work has been done in designing
and constructing slot radiators in circular waveguides. The slots have to be properly
positioned, with respect to the wall current, in a circular waveguide, in order to efficiently
radiate. Designing and fabricating SWGAA using circular waveguide is not trivial and can
be very expensive.
Standard rectangular waveguides are widely commercially available with
reasonable cost compared to the ridged rectangular and circular waveguides. This type
is considered in this work.
2.4.2 Rectangular Waveguides
The popularity of rectangular waveguides increased during and after World War
II. A wide variety of commercially available microwave components, such as filters,
attenuators, detectors, insulators couplers and slot lines, are designed using standard
waveguides for wide frequency band, from 1 to 220 GHz [21]. Some commercially
available products that uses rectangular waveguides are shown in Figure 2-20. Even with
the increasing interest of modern microwave circuitry miniaturisation, waveguides are
still used in many applications such as high-power systems, millimetre wave applications,
satellite systems and some precision test applications [21].
At least two conductors are required in any transmission line to propagate TEM
mode [21].As a result, the TEM mode cannot propagate in a hollow rectangular
waveguide as it is composed of only one conductor [21]. Only TE and TM modes can
propagate in rectangular waveguides. In both modes, no propagation occurred below a
certain frequency, cut off frequency.
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Figure 2-18: Standard, single ridged and double ridges rectangular waveguide

Figure 2-19: Circular waveguide

2.4.2.1

Plane Wave Analysis

Figure 2-21 shows a cross-section of a metallic rectangular waveguide. The inner
dimensions of the waveguide are a × b. In order to understand what is happening inside
a rectangular waveguide when an electromagnetic wave propagates, we start the analysis
by assuming a plane wave is reflecting back and forth between the waveguide walls.
When a wave is launched inside the waveguide, it will reflect between the waveguide
conducting walls heading in the direction of propagation as illustrated in Figure 2-22.
For simplicity, only two wave fronts separated by one wavelength are considered
as shown in Figure 2-23. The relation between wavelength, waveguide width and the
angle of reflection α can be derived from the figure using the triangles APP’ and AA’P’ as:
𝜆
𝑎
=
𝑐𝑜𝑠(2𝛼 − 90) 𝑐𝑜𝑠(90 − 𝛼)
which results in:

(2-24)

Chapter 2: Antenna Theory

70

𝑐𝑜𝑠(𝛼) =

𝜆
2𝑎

(2-25)

There is no solution if the value 𝑐𝑜𝑠(α) exceed the maximum value (1), ie. when
𝜆 > 2𝑎. So, waves with wavelengths greater than twice of the waveguide width are
impossible to propagate in the waveguide. As a result, the waveguide cut-off wavelength
is 𝜆𝑐 = 2𝑎, and the waveguide cut-off frequency is 𝑓𝑐 = 𝑐/𝜆𝑐 . If the angle of reflectionα =
0, when 𝜆 = 2𝑎, the wave does not enter the waveguide but keep reflecting between the
waveguide walls.

Adjustable Attenuator
Cross Coupler

Coaxial-to-Waveguide
Adaptor

Filter

Phase Shifter

Magic T

Figure 2-20: Commercially available rectangular waveguide products [22]
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Y

a
b

X

Z
Figure 2-21: Metallic rectangular waveguide

Figure 2-22: Wave reflecting between conducting plates [23]

Figure 2-23: Geometrical configuration of the reflecting wave [23]

Metallic
Walls
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Figure 2-24: Total electric field [23]

Electric field patterns of the incident and reflected waves are shown in Figure
2-24. Wave fronts 4 and 6 add at the waveguide centre [23]. At the same time, the electric
field on both wave fronts is of large negative value. As a result, a large negative electric
field is expected at the waveguide centre [23]. On the other hand, the electric fields on
wave fronts 3 and 7 add on the opposite wall and are zeroes [23]. The resulting electric
field pattern across the waveguide is shown in Figure 2-25.
If the propagating wave travels for one guided wavelength (𝜆𝑔 ) inside the
waveguide, the electric field will be equivalent in both points indicated by A and Q as
shown in Figure 2-26. Hence, the two planes, AA’ and QQ’, are in-phase as they are
separated by one guided wavelength ( 𝜆𝑔 ). From the geometry, the guided wavelength is
given by [23]:
𝜆𝑔 =

𝜆
𝑠𝑖𝑛(𝛼)

Figure 2-25: Total electric field [23]

(2-26)
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Using Equation (2-25), the guided wavelength can be given by:
𝜆𝑔 =

𝜆
√1 − (𝜆⁄2𝑎 )2

(2-27)

It is clear that the guided wavelength is larger than the free space wavelength and hence
the phase velocity inside the waveguide is greater than the speed of light in free space (𝑐)
and is given by [23]:
𝑣𝑝 =

𝜆𝑔
𝑐
𝜆

(2-28)

As the wave travels at an angle (90-α) to the direction of propagation (z-axis), hence the
energy travels down the waveguide, the group velocity can be given by [23]:
𝑣𝑔 = 𝑐 𝑐𝑜𝑠(90 − 𝛼) = 𝑐 𝑠𝑖𝑛(𝛼)

(2-29)

Using Equation (2-26), the group velocity can be written as:
𝑣𝑔 = 𝑐

𝜆
𝜆𝑔

(2-30)

which means that the group velocity of the wave propagating inside a waveguide is less
than the speed of light in free space (c).
Similar method can be used to analyse the magnetic field of the wave propagating
inside the waveguide. At a time of 1/(4 × 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦) in the previous analysis of the
electric field, the magnetic fields of the two propagating waves add up and produce a
magnetic field loop as shown in Figure 2-27.
Both electric and magnetic fields for a wave propagating along a multiple
wavelengths long waveguide are shown in Figure 2-28. The region between magnetic
field loops is very high electric field regions.
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Figure 2-26: One guided wavelength [23]

Figure 2-27: Magnetic field inside a waveguide [23]
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Figure 2-28: Electromagnetic fields [23]

2.4.2.2

Waveguide Modes

Solutions to both Maxwell equations and the wave equation have to be determined
in order to derive the fields’ mathematical expressions for a wave propagating inside a
rectangular waveguide. If the waveguide in Figure 2-21 is filled with a material with
permeability (𝜇) and permittivity (𝜖), the charge and current densities are zero within
the waveguide [23]. The Maxwell equations become [23]:
𝛻∙𝐸 =0

(2-31)

𝛻∙𝐻 =0

(2-32)

∇ × E = −𝜇

𝜕𝐻
𝜕𝑡

(2-33)

∇ × 𝐻 = −𝜖

𝜕𝐸
𝜕𝑡

(2-34)

and the wave equation for the electric field is [23]:
𝛻 2 𝐸 = 𝜇𝜖

𝜕 2𝐸
𝜕𝑡 2

(2-35)
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If the waveguide is filled with air, which is mostly the case, 𝜇 and 𝜖 will be replaced by 𝜇0
and 𝜖0 for the free space.
For TE waves (also known as H-waves) propagating in +z-direction: 𝐸𝑧 = 0 ; 𝐻𝑧 ≠
0; the electric field is transverse (or normal) to the wave propagation direction. Assume
the guide is a source-free transmission line in a lossless and homogenous medium, close
to free space (i.e. Permeability 𝜇 = 𝜇0 and Permittivity 𝜀 = 𝜀0 ). The TE wave can then be
characterised by the transverse field components given by [21]:
𝐻𝑥 =

−𝑗𝛽 𝜕𝐻𝑧
𝑘𝑐2 𝜕𝑥

(2-36)

𝐻𝑦 =

−𝑗𝛽 𝜕𝐻𝑧
𝑘𝑐2 𝜕𝑦

(2-37)

𝐸𝑥 =

−𝑗𝜔𝜇 𝜕𝐻𝑧
𝑘𝑐2 𝜕𝑦

(2-38)

𝐸𝑦 =

−𝑗𝜔𝜇 𝜕𝐻𝑧
𝑘𝑐2 𝜕𝑥

(2-39)

where 𝛽is the propagation constant for the lossless environment and 𝑘𝑐 is the cut off
wavenumber and is given by:
𝑘𝑐2 = 𝑘 2 − 𝛽 2
where 𝑘 = 𝜔√𝜇𝜀 =

2𝜋
𝜆

(2-40)

is the wavenumber of the material filling the waveguide.

For TM waves (also known as E-waves) propagating in +z-direction: 𝐻𝑧 = 0; 𝐸𝑧 ≠
0; the magnetic field is transverse (or normal) to the wave propagation direction. Under
the same assumption as previous analysis, the TM wave can then be characterised by the
transverse field components given by [21]:
𝐻𝑥 =

𝑗𝜔𝜀 𝜕𝐸𝑧
𝑘𝑐2 𝜕𝑦

(2-41)
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𝐻𝑦 =

−𝑗𝜔𝜀 𝜕𝐸𝑧
𝑘𝑐2 𝜕𝑥

(2-42)

𝐸𝑥 =

−𝑗𝛽 𝜕𝐸𝑧
𝑘𝑐2 𝜕𝑥

(2-43)

𝐸𝑦 =

−𝑗𝛽 𝜕𝐸𝑧
𝑘𝑐2 𝜕𝑦

(2-44)

As previously mentioned, the TEM modes do not propagate inside a rectangular
waveguide. Next, TE and TM propagating modes inside a rectangular waveguide are
further discussed.
2.4.2.2.1

Transverse Electric Modes

TE waveguide modes are characterised by zero electric field in the direction of
propagation (𝐸𝑧 = 0) and a magnetic field in the same direction (𝐻𝑧 ) that must satisfy
[21]:

(

𝜕2
𝜕2
+
+ 𝑘𝑐2 ) ℎ𝑧 (𝑥, 𝑦) = 0; 𝐻𝑧 (𝑥, 𝑦, 𝑧) = ℎ𝑧 (𝑥, 𝑦)𝑒 −𝑗𝛽𝑧
𝜕𝑥 2 𝜕𝑦 2

(2-45)

Using variables separation method, let:
ℎ𝑧 (𝑥, 𝑦) = 𝑋(𝑥)𝑌(𝑦)

(2-46)

Equation (2-45) can be rewritten as:
1 𝑑2𝑋 1 𝑑2𝑌
+
+ 𝑘𝑐2 = 0
𝑋 𝑑𝑥 2 𝑌 𝑑𝑦

(2-47)

Using the separation method again with defining 𝑘𝑥 and 𝑘𝑥 as the separation constants
such that:
𝑑2 𝑋
+ 𝑘𝑥2 𝑋 = 0
𝑑𝑥 2

(2-48)
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𝑑2𝑌
+ 𝑘𝑥2 𝑌 = 0
𝑑𝑦 2

(2-49)

𝑘𝑥2 + 𝑘𝑦2 = 𝑘𝑐2

(2-50)

and

The general solution for ℎ𝑧 can be written as [21]:
ℎ𝑧 (𝑥, 𝑦) = (𝐴 cos 𝑘𝑥 𝑥 + 𝐵 sin 𝑘𝑥 𝑥)(𝐶 cos 𝑘𝑦 𝑦 + 𝐷 sin 𝑘𝑦 𝑦)

(2-51)

The boundary conditions must be applied on the waveguide tangential electric
field. The boundary conditions are [21]:
𝑒𝑥 (𝑥, 𝑦) = 0; at 𝑦 = 0, 𝑏

(2-52)

𝑒𝑦 (𝑥, 𝑦) = 0at 𝑥 = 0, 𝑎

(2-53)

Using Equations (2-38) and (2-39), 𝑒𝑥 and 𝑒𝑦 can found from ℎ𝑧 as [21]:
𝑒𝑥 =

−𝑗𝜔𝜇
𝑘 (𝐴 cos 𝑘𝑥 𝑥 + 𝐵 sin 𝑘𝑥 𝑥)(−𝐶 sin 𝑘𝑦 𝑦 + 𝐷 cos 𝑘𝑦 𝑦)
𝑘𝑐2 𝑦

(2-54)

𝑗𝜔𝜇
𝑘 (−𝐴 sin 𝑘𝑥 𝑥 + 𝐵 cos 𝑘𝑥 𝑥)(cos 𝑘𝑦 𝑦 + 𝐷 sin 𝑘𝑦 𝑦)
𝑘𝑐2 𝑦

(2-55)

𝑒𝑦 =

From Equations (2-52) and (2-54), 𝐷 = 0 and 𝑘𝑦 = 𝑛𝜋⁄𝑏 for n = 0, 1, 2, …. From
Equations (2-53) and (2-54), 𝐵 = 0 and 𝑘𝑥 = 𝑚𝜋⁄𝑏 for m = 0, 1, 2, ….
The final solution for 𝐻𝑧 is [21]:
𝐻𝑧 (𝑥, 𝑦, 𝑧) = 𝐴𝑚𝑛 cos

𝑚𝜋𝑥
𝑛𝜋𝑦 −𝑗𝛽𝑧
cos
𝑒
𝑎
𝑏

(2-56)

where 𝐴𝑚𝑛 is an arbitrary amplitude constant composed of the constant A and C of
Equation (2-51).
Using Equations (2-36) - (2-39) and (2-56), the transverse field components are
[21]:
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𝐸𝑥 =

𝑗𝜔𝜇𝑛𝜋
𝑚𝜋𝑥
𝑛𝜋𝑦 −𝑗𝛽𝑧
𝐴𝑚𝑛 cos
sin
𝑒
2
𝑘𝑐 𝑏
𝑎
𝑏

(2-57)

𝐸𝑦 =

𝑗𝜔𝜇𝑚𝜋
𝑚𝜋𝑥
𝑛𝜋𝑦 −𝑗𝛽𝑧
𝐴𝑚𝑛 sin
cos
𝑒
2
𝑘𝑐 𝑎
𝑎
𝑏

(2-58)

𝐻𝑥 =

𝑗𝛽𝑚𝜋
𝑚𝜋𝑥
𝑛𝜋𝑦 −𝑗𝛽𝑧
𝐴
sin
cos
𝑒
𝑚𝑛
𝑘𝑐2 𝑎
𝑎
𝑏

(2-59)

𝐻𝑦 =

𝑗𝛽𝑛𝜋
𝑚𝜋𝑥
𝑛𝜋𝑦 −𝑗𝛽𝑧
𝐴
cos
sin
𝑒
𝑚𝑛
𝑘𝑐2 𝑏
𝑎
𝑏

(2-60)

The propagation constant is [21]:

𝛽 = √𝑘 2 − 𝑘𝑐2 = √𝑘 2 − (

𝑚𝜋 2
𝑛𝜋 2
) −( )
𝑎
𝑏

(2-61)

Figure 2-29 shows the electric field patterns for the lowest three transverse
electric modes.
The modes cutoff frequencies are given by [21]:

𝑓𝑐𝑚𝑛

𝑘𝑐
1
𝑚𝜋 2
𝑛𝜋 2
√
=
=
( ) +( )
𝑎
𝑏
2𝜋√𝜇𝜖 2𝜋√𝜇𝜖

(2-62)

If 𝑚 = 𝑛 = 0; all the fields (E and H) components are zeroes. As a result, there is
no 𝑇𝐸00 mode. For a waveguide with perfectly conducting walls, the boundary condition
requires that there must be no tangential electric field components to any of its sides [17].
The electric field is perpendicular to the top and bottom walls of the rectangular
waveguide shown in Figure 2-28 and parallel to the waveguide side walls. On the left side,
x = 0, leading the electric field x-component (𝐸𝑥 (𝑥)), to vanish [17]. On the right side, x =
a, which makes the boundary condition requirement to be [17]:
𝑘𝑐 𝑎 = 𝑛𝜋 ⇒ 𝑘𝑐 =

𝑛𝜋
𝑎

(2-63)
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Figure 2-29: Lowest TE Modes electric field patterns in rectangular waveguide

These modes are called 𝑇𝐸𝑛0 modes. The lowest and the second lowest (𝑇𝐸10 and 𝑇𝐸20 )
modes cutoff frequencies respectively are:
𝑐
𝑐
𝑓𝑐10 =
and 𝑓𝑐20 =
2𝑎
𝑎
Figure 2-30 shows the fields distributions for several TE modes. The displacement
currents, represented by the changing transverse electric fields, are surrounded by
magnetic field lines [24].
2.4.2.2.2

Transverse Magnetic Modes

This set of modes exist for 𝐻𝑧 = 0 and 𝐸𝑧 ≠ 0. The same derivation methodology
of the TE field components can be followed. The resulting TM field components are [21]:
𝐸𝑥 =

−𝑗𝛽𝑚𝜋
𝑚𝜋𝑥
𝑛𝜋𝑦 −𝑗𝛽𝑧
𝐵
cos
sin
𝑒
𝑚𝑛
𝑘𝑐2 𝑎
𝑎
𝑏

(2-64)
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𝐸𝑦 =

−𝑗𝛽𝑛𝜋
𝑚𝜋𝑥
𝑛𝜋𝑦 −𝑗𝛽𝑧
𝐵𝑚𝑛 sin
cos
𝑒
2
𝑘𝑐 𝑏
𝑎
𝑏

(2-65)

𝐻𝑥 =

𝑗𝜔𝜖𝑛𝜋
𝑚𝜋𝑥
𝑛𝜋𝑦 −𝑗𝛽𝑧
𝐵
sin
cos
𝑒
𝑚𝑛
𝑘𝑐2 𝑏
𝑎
𝑏

(2-66)

−𝑗𝜔𝜖𝑚𝜋
𝑚𝜋𝑥
𝑛𝜋𝑦 −𝑗𝛽𝑧
𝐵
cos
sin
𝑒
𝑚𝑛
𝑘𝑐2 𝑎
𝑎
𝑏

(2-67)

𝐻𝑦 =

The propagation constant is [21]:
𝑚𝜋 2

𝛽 = √𝑘 2 − 𝑘𝑐2 = √𝑘 2 − (

𝑎

𝑛𝜋 2

) −(𝑏)

(2-68)

Two of the lower TM modes field lines are shown in Figure 2-30.
2.4.2.3

Rectangular Waveguide Dominant Mode

Cutoff frequency determines rectangular waveguide different propagation modes,
which enter a waveguide, order. In the frequency band between the two cutoff
frequencies, the waveguide is said to be single moded as Figure 2-31. The simplest
propagation mode in a rectangular waveguide is 𝑇𝐸10 mode. In addition, most practical
systems that use rectangular waveguides require domination of this mode [25]. This
mode has a great engineering importance mainly for the following reasons [24]:
-

The cutoff frequency is independent of the cross-section dimensions. This
dimension can be made enough to only allow 𝑇𝐸10 to propagate.

-

The electric field polarisation is always fixed as the electric field lines are
going in a straight line between the top and bottom walls.

In this mode, field components have no variations in the vertical direction. The
vertical electric field component, 𝐸𝑦 , goes between the top and the bottom walls of the
waveguide in straight lines. This component is maximum in the waveguide centre and
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E field;

H field
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zero at the two waveguide side walls, a half sine curve, as shown in the first part in Figure
2-29. The magnetic field lines make circles, closed paths, parallel to the top and the
bottom waveguide walls. These closed paths surround the electric displacement currents
that are caused by the vertical electric field component, i.e. 𝐻𝑥 and 𝐻𝑧 exist, [24]. The
horizontal magnetic field component, 𝐻𝑥 , is maximum at the centre and zero at the
waveguide side walls and corresponds to a longitudinal current that flows in the
waveguide top and bottom walls in opposite directions [24]. On the other hand, 𝐻𝑧 is zero
at the centre and maximum at the waveguide side walls and corresponds to transverse
currents in the top and the bottom walls [24]. This mode can propagate alone in a
rectangular waveguide if the wave frequency is chosen properly in the range shown in
Figure 2-31. This mode is the simplest and dominant propagation mode in the
rectangular waveguide as [21] - [25].
In this mode m = 1 and n = 0 and the mode fields expressions are given by [21]:
𝐻𝑧 = 𝐴10 cos

𝐸𝑦 =

𝜋𝑥 −𝑗𝛽𝑧
𝑒
𝑎

(2-69)

−𝑗𝜔𝜇𝑎
𝜋𝑥
𝐴10 sin 𝑒 −𝑗𝛽𝑧
𝜋
𝑎

(2-70)

𝑗𝛽𝑎
𝜋𝑥
𝐴10 sin 𝑒 −𝑗𝛽𝑧
𝜋
𝑎

(2-71)

𝐻𝑥 =

𝐸𝑥 = 𝐸𝑧 = 𝐻𝑦 = 0

(2-72)

The zoomed field lines of this mode are shown in Figure 2-32. The magnetic field
lines and the electric current density in this mode are shown in Figure 2-33. The 𝑇𝐸10
field components intensities are shown in Figure 2-34, the waveguide cross sections in
each part of the figure are xy, xz and yz planes (planes 1, 2 and 3 respectively).
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Figure 2-31: Single moded bandwidth

Figure 2-32: 𝑇𝐸10 mode electric field patterns [25]

Frequency
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Figure 2-33: 𝑇𝐸10 mode magnetic fields and current density patterns [25]

2.4.3 Slot Radiators/Antennas
If a slot is cut in a conducting sheet while electrical current is flowing in the sheet,
the slot will be excited and energy will be radiated. This simple energy radiator is known
as slot radiator or slot antenna. Slot antennas are known to be a basic electromagnetic
energy radiators. A group of radiating slots on a waveguide wall are called Slotted
Waveguide Array Antenna (SWGAA). This type of antenna is widely used in the
millimetre-wave band as it offers low loss, high gain, low profile and a shaped beam.
2.4.3.1

Duality

If a thin slot cut in an infinite conducting plane, ground plane, is fed by a voltage
source as shown in Figure 2-35, electric field will be generated along the slot short
dimension. If 𝑛 is the slot surface normal unit vector, magnetic surface current (𝑀 = 𝐸 ×
𝑛) will be conducted in the slot longitudinal direction. The slot will resonate, and hence
radiate electromagnetic energy, if the slot length is approximately equal to the first
resonant length (half of the free space wavelength (𝜆/2)), the slot form a basic antenna.
If the radiating slot far field is calculated, it can be shown that the radiated fields are
similar to the fields radiated by an electric dipole antenna, shown in Figure 2-35, [26]. If
the electric fields are known for one of the structures, the electric fields of the
complementary structure can be obtained based on this duality principle.
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Electric fields

Magnetic fields

Figure 2-34: 𝑇𝐸10 mode field intensities [27]

Booker [26] extended the Babinet’s Principle in optics and showed that both
configurations in Figure 2-35 have similar radiation patterns. Babinet’s Principle states
that “when the field behind a screen with an opening is added to the field of a
complementary structure, the sum is equal to the field when there is no screen” [5]. The
Babinet’s Principle does not consider wave polarisation, which forms a vital factor in the
antenna theory. Booker extends Babinet’s Principle to include both polarisation and
conducting screens. He concluded that both slot and electric dipole will have the same
radiation pattern, except the electric (E) and the magnetic (H) fields are swapped, as
illustrated in Figure 2-35. As the slot is excited by the flowing surface current, the slot is
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a magnetic dipole while the dipole fed from a voltage source is an electric dipole. The
radiation pattern of a dipole antenna can be calculated as it is well documented in the
literature and hence the slot radiation pattern can be calculated. Watson [28] was the
first to prove the Babinet’s principle experimentally.

E

H

E

H

Figure 2-35: Slot and complementary dipole

2.4.3.2

Slots in a Rectangular Waveguide Walls

Electromagnetic fields inside a waveguide are related to the current distribution
over the waveguide metallic walls. The waveguide metallic walls prevent the EM energy
from escaping out of the waveguide. A waveguide slot radiator can be defined as any
aperture cut in a waveguide conducting wall. The waveguide walls surface currents is
perturbed by cutting a slot in one of its walls. This current interruption excites the slot
and induce an electric field, radiating field, in the slot and hence result in EM energy
radiation from the waveguide through the slot. It is obvious that stronger current
interruption by the slot cause stronger EM radiation. As the EM wave is propagating
inside the waveguide, the inner waveguide wall surface current distribution plays a major
role in designing SWGAA.
Cutting a narrow slot in a waveguide wall parallel to current lines, or in a zero
current density region, cause negligible field coupling to the waveguide surrounding
region, non-radiating slot. On the other hand, if the slot is cut transverse to the current
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lines direction, a high perturbation will occur to the current lines and slot will be excited.
As a result, the guided field is highly coupled to the external region. The amount of the
coupled field, and hence the radiation, depends mainly on the density of the perturbed
current and the slot dimension transverse to the current lines.
In a rectangular waveguide broad wall, the surface current flow pattern for the
dominant 𝑇𝐸10 mode is shown in Figure 2-36. The surface current lines near the
waveguide wall edges (𝑥 ⇒ 0 or 𝑥 ⇒ 𝑎) have only components parallel to the x-axis,
transverse component. A longitudinal slot cut near to the wall edges disturbs more
current and hence radiate EM energy effectively with high polarization purity, low crosspolarization. Cutting a longitudinal slot along the waveguide wall centre line, zero surface
current density region, the slot will not disturb any, or negligible, current lines and hence
the slot cannot be excited. This type of slots will not radiate EM energy out of the
waveguide [13]. Instead, this non-radiating slot type is useful for measuring electric field
inside the waveguide by inserting measuring probes through them into the waveguide to
sample the electric field [29].
At the centre of the waveguide wall (𝑥 ≈ 𝑎⁄2), the currents have only longitudinal
components along the z-direction. If a transverse, parallel to the x-axis, a slot is cut very
close to the waveguide broad wall centre line, the slot causes a high current perturbation
causing the slot to be excited and radiate EM energy. This scenario is demonstrated in
Figure 2-36.
The surface current distribution in the waveguide narrow wall is shown in Figure
2-37. The surface current in this wall flow parallel to the y-axis and is constant over the
waveguide transverse dimension. A longitudinal slot cut, parallel to the z-axis, cause a
high surface current perturbation which excites the slot resulting in EM energy radiation.
This slot radiation benefit from high polarisation purity. Any transverse, parallel to y-axis,
slot cut cause no surface current interruption and hence cause no, or negligible, radiation.
If the transverse slot is tilted by an angle, inclined slot, the surface current will be
interrupted. As a result, the slot will be excited and will radiate EM energy. The edge slot
inclination causes the radiation polarisation purity to drop. The common types of
waveguide edge wall slots are shown in Figure 2-37.
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Figure 2-36: Rectangular waveguide inner broad wall 𝑇𝐸10 mode current distribution; common
radiating slots [27]

Cutting any of the previously discussed slots in the waveguide wall causes a
discontinuity that can be best described with equivalent circuit model. The equivalent
circuit model of each slot has a different structure that mainly depends on the slot
position and orientation. The offset from the waveguide broad wall centre-line controls
the amount of the perturbed current caused by a longitudinal slot and hence the amount
of radiated power. The inclination angle of any tilted slot controls the amount of the
perturbed current. The slot length controls the radiated field phase and must be chosen
to radiate with right phase. Usually, the length is chosen such that the slot resonate, half
of the free space wavelength (first resonant length). The phase of the radiation is
independent of the slot offset from the waveguide broad wall centre-line [30].
In order to achieve the most accurate equivalent circuit model for a waveguide
with slots, the equivalent impedance or admittance of each slot in the waveguide wall has
to be calculated; then the equivalent circuits have to be connected to represent the
waveguide. So, the determination of the slot equivalent circuit is of high importance in
the SWGAA design.
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Figure 2-37: Rectangular waveguide inner narrow wall 𝑇𝐸10 mode current distribution; common
radiating slots [27]

Admittance (Y), the opposite of impedance, is given by:
𝐴𝑑𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 = 𝑌 = 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 + 𝑗 𝑆𝑢𝑠𝑐𝑒𝑝𝑡𝑎𝑛𝑐𝑒 = 𝐺 + 𝑗𝐵

(2-73)

Conductance is the opposite of resistance. Since the slot must resonate in order to radiate,
the admittance of resonant slot has no reactive component (Susceptance). Only the slot
conductance is left to be calculated. The common slot types with their equivalent circuits
are shown in Figure 2-38. The conductance equations are given below.
2.4.3.2.1

Common Slot Types in Rectangular Waveguide; 𝑻𝑬𝟏𝟎 Mode

Here, the common types of slots in a rectangular waveguide are briefly discussed.
Then, each slot type conductance equation is stated. The discussion and equations are
based on the following assumptions [31]:
1. The slot is very narrow, compared to slot length.
2𝑙𝑜𝑔10 (𝑠𝑙𝑜𝑡 𝑙𝑒𝑛𝑔𝑡ℎ⁄𝑠𝑙𝑜𝑡 𝑤𝑖𝑑𝑡ℎ) ≫ 1
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2. For any slot in a rectangular waveguide wall, the slot length is approximately
equal to the first resonant length (half of the free space wavelength) (𝑙 ≈
𝜆⁄2).
3. The electric field inside the slot is always perpendicular to the slot long
dimension (a). The field is maximum at the waveguide centre and then,
decays sinusoidally towards both sides of the waveguide.
4. The waveguide is made of a perfectly conducting material with infinitely thin
walls.
5. The field behind the waveguide wall hosting the slot is negligible with respect
to the field outside the waveguide.

-

Broad wall longitudinal slot (shunt)

If a longitudinal (longitudinal shunt) slot is cut in a rectangular waveguide broad
wall that runs parallel to the wall centre-line and at the centre of the wall, the slot causes
negligible current perturbation and therefore causes negligible radiation. If the slot is
displaced from the centre-line, the slot interrupts the X-directed current and electric field
is developed in the slot. The greater the slot offset from the centre-line, the higher the
current interruption and hence the stronger the developed electrical field. This cause the
slot to be highly excited and hence results in higher radiation. The offset longitudinal slot
and its equivalent circuit is shown in Figure 2-38(a). The slot is offset from the wall centre
line by (𝑥1 ) in order to be excited. The normalised slot conductance is given by [31] [32]:
𝐺=

𝐺𝑠𝑙𝑜𝑡
𝐺𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒

𝑔1 =

= 𝑔1 𝑠𝑖𝑛2 (

𝜋𝑥1
)
𝑎

480 𝜆𝑔 𝑎
𝜋𝜆
cos 2 (
)
73𝜋 𝜆 𝑏
2𝜆𝑔

(2-74)

(2-75)

Elliot and Kurtz [33] found out that the actual slot resonant length is a little bit
shorter than half free space wavelength(≈ 0.464 𝜆), will be discussed later, than the
assumption made when driving Equation (2-75). The modified normalised conductance
equation that counts for the actual slot resonant length is [33]:
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Figure 2-38: Equivalent circuits of slots in rectangular waveguide. From the top: Waveguide dimensions,
Longitudinal slot in broad face, shunt element, Transverse slot in broad face, series element, Centred
inclined slot in broad face, series element

𝐺=

𝐺𝑠𝑙𝑜𝑡
𝐺𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒

2

480 𝜆𝑔 𝑎
0.464𝜋𝜆
𝜋𝑥1
=[
[cos
− cos(0.464𝜋)] ] sin2
73𝜋 𝜆 𝑏
𝜆𝑔
𝑎

(2-76)

The variation of the longitudinal slot normalised conductance with the slot offset
from a rectangular waveguide broad wall centre-line at 8.5 GHz is shown in Figure 2-39.
The figure shows the normalized conductance of a longitudinal shunt slot in a rectangular
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waveguide (WR90) broad wall versus the slot offset from the wall centre-line: black line
is Stegen [30] semi-empirical equation, blue line is using Equation (2-74), red line is using
Equation (2-76) and the magenta line is using Jasik [33] resonant length for round ended
slot (0.483𝜆0 ). The normalised resonant conductance versus the resonant frequency is
shown in Figure 2-40. The black line is using Stegen [30] semi-empirical equation, the
blue line is using Stevenson [32] model, the red line is using Kurtz and Elliot [33] model
for a rectangular ended slot, the red line is Jasik [33] model for a round ended slot and
the green dots are Stegen [30] measurements. Both models for a rectangular ended slot
and a round ended slot gave exactly the same normalised conductance for all resonant
frequency values. The main advantage of this type of slots is that the mutual admittance,
and hence the mutual coupling, between neighbouring slots is negligible [34]. This slot is
always polarised in the direction perpendicular to the slot long dimension with a very
high polarisation purity, low cross-polarisation.

Figure 2-39: Longitudinal shunt slot versus slot offset at 8.5 GHz
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Figure 2-40: Longitudinal slot resonant frequency versus normalized conductance

-

Broad wall transverse slot (series)

The transverse broad wall slot, with an offset from the wall centre line, the
equivalent circuit is shown in Figure 2-38(b). The normalised conductance of the slot is
given by [31] [32]:
𝜋𝑥1
𝑟 = 𝑟0 𝑐𝑜𝑠 2 (
)
𝑎
3

𝜆𝑔 𝜆2
𝜋𝜆
𝑟0 = 0.523 ( )
𝑐𝑜𝑠 2 ( )
𝜆 𝑎𝑏
4𝑎

-

(2-77)

(2-78)

Broad wall centred inclined slot (series)

An inclined broad wall slot leads to perturbation of the Z-directed current. The
current interruption by this slot varies with the inclination angle; more current will be
interrupted if the slot inclination angle increases [29]. The broad wall centred inclined
slot, with an inclination angle (𝜃), the equivalent circuit is shown in Figure 2-38(c). The
normalised conductance of the slot is given by [31] [32]:
𝜆𝑔
𝜆 𝜆2
𝑟 = 0.131 ( ) [𝐼(𝜃) sin(𝜃) +
𝐽(𝜃)cos(𝜃)]
𝜆𝑔 𝑎𝑏
2𝑎

(2-79)
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where
𝜋𝜉
𝜋𝜂
cos( 2 ) cos( 2 )
𝐼(𝜃)
}=
±
𝐽(𝜃)
1 − 𝜉2
1 − 𝜂2

(2-80)

and 𝜉 and 𝜂 are given by:
𝜂
𝜆
λ
}
=
cos(𝜃)
±
sin(𝜃)
𝜉
𝜆𝑔
2𝑎

(2-81)

The slot radiate with primary polarisation similar to the one for the longitudinal
slot [35]. But, due to the slot inclination, the slot cross-polarisation radiation is much
higher, lower polarisation purity, than the one for the longitudinal slot [35]. Due to the
fact that this type of slots has a high resonant resistance [34], it cannot be used in an array
as the first few slots extract most of the power inside the waveguide. This makes this type
of slot is less preferable in many applications, especially applications that demand high
polarisation purity.
-

Narrow wall inclined slot (shunt)

A narrow inclined slot in the rectangular waveguide (Edge slot) cause
perturbations to the Y-directed current. The amount of current interruption increases
with the slot inclination angle. This slot type usually has a certain depth in both
waveguide broad walls in order to achieve the slot resonant length, as the rectangular
waveguide narrow wall is less than 𝜆0 ⁄2. The narrow wall inclined slot – usually lactated
at the wall centre -, with an inclination angle (𝜃), equivalent circuit is shown in Figure
2-38(d). The normalised conductance of the slot is given by [31] [32]:
𝜋𝜆
sin(𝜃) 𝑐𝑜𝑠 (
sin(𝜃))
2𝜆𝑔

30 𝜆𝑔
𝜆4
𝐺=
( )( 3 )
73𝜋 𝜆
𝑎 𝑏
[

𝜆 2
1 − ( ) 𝑠𝑖𝑛2 (𝜃)
𝜆𝑔

2

(2-82)

]

The slot conductance variation with the inclination angle is shown in Figure 2-41.
This type of slots cause a large mutual effect on the neighbouring slots admittance and
hence complicate the design of an array with such slots [34]. The arrangement of this type
of slots, arranged side-by-side, cause a very strong mutual coupling [34]. The plot shows
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both incremental, due to inclusion of the coupling effect in the measurements,

Conductance

conductance and resonant conductance of a single slot measured by Watson [28].

Slot inclination angle, θ (degrees)
Figure 2-41: Narrow wall inclined slot conductance variation with the slot inclination angle;
frequency = 9.375 GHz; [35] after [28]

Astraight edge slots are parallel to the current lines and hence does not radiate.
The slot is inclined in order to interrupt the current flowing between the waveguide
broad walls. The amount of interruption increase with the inclination angle. The slot
inclination result in considerably high cross-polarisation radiation, low polarisation
purity. Making them less preferable in applications that require high polarisation purity.

2.4.3.2.2
-

Slot Parameters

Slot length

When deriving the normalised conductance equation for different slot types, the
slot length is assumed to be equal to the first resonant length. This length for a wave
propagating inside a rectangular waveguide is half of the free space wavelength (𝜆⁄2).
Elliot and Kurtz [33] calculated the length of a square-ended slot in the broad wall of a
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waveguide, with infinitely thin walls, for each displacement from the wall centre line
utilising polynomial curve-fitted to Stegen [30] measured data. The concluded that the
slot length is smaller than half wavelength (𝑙 ≈ 0.464 𝜆). The square-ended thin slots are
not practical as they are impossible to be accurately carved, Jasik according to [33]reveals
that the asymptotic value of a round ended slot resonant length in Stegen [30] work is
0.483 𝜆. Yee [36] extends Oliner work [37] and came up with an empirical equation to
calculate the round ended slot resonant length:
𝑅𝑜𝑢𝑛𝑑 𝑒𝑛𝑑𝑒𝑑 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑡 𝑙𝑒𝑛𝑔𝑡ℎ
= 𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑠𝑙𝑜𝑡 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑡 𝑙𝑒𝑛𝑔𝑡ℎ
𝜋
3 (1 − 4) 𝑠𝑙𝑜𝑡 𝑤𝑖𝑑𝑡ℎ
+
2

(2-83)

The longitudinal slot length affects the slot resonant frequency. Stegen [30]
measured the resonant frequency of a longitudinal hunt slot as shown in Figure 2-42:
Longitudinal shunt slot resonant frequency versus resonant is shown in Figure 2-42. The
curve is an empirical curve and the circles are the measured data. Another factor that
affects the longitudinal shunt slot resonant length is the offset from the waveguide broad
wall centre-line. The empirical and measurement performed by Stegen [30] of the effect
of the slot offset on the slot resonant length is shown in Figure 2-43. The slot resonant

Resonant frequency (MHz)

length increases in parabolic relation with the increase of the slot offset.

Slot resonant length/free space wavelength

Figure 2-42: Longitudinal shunt slot resonant frequency versus resonant [30]
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Figure 2-44 shows that the narrow wall inclined slot resonant length increase
exponentially with increasing the slot inclination angle.
- Slot width
The slot width (in millimetre) is given by [28]:

𝑊=(

1
𝑤𝑖𝑑𝑒 𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 𝑖𝑛𝑛𝑒𝑟 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 (𝑎)
)∗(
)
16
0.9

(2-84)

Figure 2-45 shows the resonant frequency versus the normalised conductance for
longitudinal slots with different widths. In addition to the dependence of the slot resonant
length on the slot position, it also depends on the slot width [28]. Both the slot bandwidth
and the resonant frequency are functions of the slot width [34].
2.4.3.3

Slot Pairs

A slot pair is defined as a radiating element consisting of two equally excited slots
located opposite each other, either around the broad wall centre-line or with opposite
inclination angles for inclined slots, [34]. The slots in a pair are said to be in phase if the
electric field in both slots point to the same direction.
If two longitudinal shunt slots are located in opposite sides of the waveguide broad
wall centre-line, both slots will radiate in-phase if a standing wave is formed inside the
waveguide, by terminating the waveguide with a short circuit. Slot pairs with different
orientation of slots can be designed to achieve a specific design criterion. For example, a
slot pair that has slots with opposite inclination angles located in the narrow face of a
rectangular waveguide is designed to minimise the cross-polarisation and lower the
pattern sidelobes [38] [39]. Another example, would be that slot pairs that make an X- or
T- shape are required to generate a circular polarisation. In order to generate left and
right circular polarisation at the same time, opposite inclined slot pairs on the rectangular
waveguide broad face are required [40].
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Slot resonant length/free space wavelength
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Slot offset from the waveguide broad wall centre line

Slot resonant length/free space wavelength

Figure 2-43: Longitudinal shunt slot resonant length versus slot offset [29] after [30]

Inclination angle (degrees)

Figure 2-44: Broad wall inclined transverse slot resonant length versus inclination angle [35]
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Slot spacing

If the waveguide is terminated by a shortening wall, short circuit, at one of its ides
and fed from the other sides, a standing wave will be formed inside the waveguide. In this
type of waveguide, the adjacent longitudinal shunt slots are spaced by 𝜆𝑔 ⁄2, as resonant
spacing, along the waveguide as adjacent slots are coupled in opposite phase, due to their
locations in opposite sides of the waveguide broad wall centre-line, [28] [34]. Resonant
spacing will lead to that each slot is located on a signal peak. For in-phase coupled slots
transverse slots in a rectangular waveguide broad wall, the slots are spaced by 𝜆𝑔 as the
slots are displaced laterally and have to interrupt surface current moving in the same
direction [34] [27]. Both narrow wall inclined slots and broad wall centred inclined slots,
along the centre-line of the rectangular waveguide, are spaced by 𝜆𝑔 ⁄2 [28]. Each slot in
a pair have opposite inclination or located in opposite sides of the broad wall centre-line
in order to achieve the phase reversal and hence the slots radiate in phase [28]. The
rectangular waveguide surface current is shown in Figure 2-46. Both the distance
between the feed and the first slot and the last slot and the short circuit wall are
𝑛𝜆𝑔 ⁄4 ; 𝑛 = 1,3,5, … [28] [34]. This quarter-wave transformer is usually used for
impedance matching and transform short circuit to open and vice versa [41]. The slots
spacing for a rectangular waveguide with two longitudinal shunt slots is demonstrated in
Figure 2-47. Spacing the adjacent slots by less than a free space wavelength eliminates
the presence of grating lobes in the radiation pattern [35].
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Normalized conductance
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Frequency (GHz)
Figure 2-45: Frequency dependence of longitudinal slots normalized conductance for slots with
different widths [28]; ⨀: W = 1.59 mm; ⨯: 3.18 mm; ∎: 6.35 mm; : 12.7 mm

Figure 2-46: 𝑇𝐸10 mode rectangular waveguide surface current direction [42]
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Shortening wall

Feed
Figure 2-47: Longitudinal shunt slots spacing

In a travelling slotted waveguide, the waveguide hosting the slots is open from
both directions leading the input signal to excite the slots and then the rest of the energy
travel to a load. The beam direction can be steered using such design. The slots, in this
case, are spaced other than 𝜆𝑔 ⁄2 or 𝜆𝑔 , and hence coupled with opposite phase, do not
radiate in phase, [34]. The angle of this antenna beam changes with the frequency
according to this relation [34]:
sin 𝜃 =

𝜆 𝜆
−
𝜆𝑔 𝑑

(2-85)

where d is the slots spacing.
2.4.3.5

Multiple Slots

Using several closely spaced slots, of the same type, that are carved in the same
rectangular waveguide wall enhances the radiator performance, compared to a single
slot, and lead to higher radiation. Utilizing the design with a group of slots enhances the
radiator gain, control the radiator beamwidth and increase the radiator bandwidth [34].
This group of slots form a Slotted Waveguide Array Antenna (SWGAA).
If an array of slots is formed, Johnson [35] found out that both conductance and
resonant length of a slot in an array are larger than separated single slot. This is mainly
due to the mutual coupling between slots [35].
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2.4.4 Slotted Waveguide Array Antenna
Carving identical slots in a rectangular waveguide wall and arranging them to
achieve specific radiation pattern form a Slotted Waveguide Array Antenna (SWGAA).
The SWGAA is capable of realising controlled radiation pattern with suppressed sidelobe
level (SLL). The SWGAA radiation pattern can be controlled by a means of aperture
distribution, slots distribution. The slots positions, slots spacing, the distance between
the first slot and the feed and the distance between the last slot and the shorted end or
matched load are the main parameter that control a SWGAA radiation pattern. The
spacing between slots define the phase difference between EM fields in each slot, and
hence affect the array radiation performance. The distance between the last slot and the
waveguide end contribute to the slot field phase setup. The amount of radiation from each
slot is mainly controlled by its geometry. Radiation pattern control and maximum
radiation form the main two goals of designing a SWGAA. The ability of precisely
controlling the aperture distribution of SWGAA make them more popular antennas in
many missile and aircraft radar systems and widely used in high power applications [13].
The desired antenna parameters, such as gain, SLL, beamwidth, bandwidth, beam
direction, polarisation, cross-polarisation level, power handling capabilities, …etc, impact
the SWGAA design. The two main array topologies/ classes of the SWGAA are standing
wave (resonant) arrays and travelling wave (non-resonant) arrays. The two types of
SWGAA are shown in Figure 2-48.
2.4.4.1

Resonant SWGAA

SWGAA is the most common resonant array [13]. Two conventional methods of
feeding a resonant SWGAA: feeding the waveguide from one-side (called end-fed or sidefed array) or feeding the array from the centre (called centre-fed array). A resonant
antenna is excited at a voltage maximum. It has a high input conductance making it less
sensitive to antenna geometry change. On the other hand, the susceptance is very
sensitive to the antenna geometry. The antenna input impedance is resonant and
characterised by resistance at the resonant frequency as the reactance is zero. [4]
In the resonant SWGAA, for the adjacent slot to couple with opposite phase, the
slots have to be half guided wavelength (𝜆𝑔 ⁄2) apart in order to restrict the grating lobes
from appearing in the radiation pattern [35]. If the adjacent slots are to couple in-phase,
the slots have to be spaced by a guided wavelength (𝜆𝑔 ). The SWGAA is desired to have
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in-phase illumination across the aperture [35]. As a result, the opposite phase coupled
slots have to be located in different sides of the rectangular waveguide broad wall centreline or each two slots in a pair if inclined slots have to have different inclination angles in
order for all slots in a SWGAA to radiate in-phase.

Figure 2-48: Resonant and travelling SWGAAs [4]

In the resonant SWGAA, the waveguide that host the radiating slot is shortcircuited, terminated by shortening wall, causing a standing wave to be formed inside the
waveguide. All the slots in a resonant SWGAA are equally weakly coupled [4]. The
radiation main beam of this array type is always broadside (normal to the array) [34] [4]
[35]. This type of array is relatively easy to design.
Resonant SWGAA is useful for short arrays [34]. As the array becomes longer, its
sensitivity to frequency change increases [34]. Any slight change in the propagating wave
frequency can severely affect the array radiation pattern. In addition, the spacing
between slots in a long resonant array requires a very high accuracy which enhances the
fabrication difficulties [34].
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The common characteristics to all resonant SWGAAs with different slot types are
[35]:
1. All slots in a resonant array are resonant at specific design frequency, making
the reactance of each slot to be zero at that frequency.
2. The standing wave inside the waveguide maxima appears at the shunt slots
and minima at the series slots.
3. The radiated beam is always normal to the array aperture.
The resonant SWGAA maintain the beam to be always normal to the array
aperture, even with frequency change. Changing the frequency cause the standing wave
maxima and minima to change positions, and hence change the slots excitation. Figure
2-49 shows the standing wave shift, and hence the slot excitation change, with a 10%
frequency shift.

Figure 2-49: resonant array standing wave current relative to slots before and after 10%
frequency shift [14]

A resonant longitudinal shunt SWGAA is commonly used in radar applications
[35]. The array radiate with a polarization perpendicular to the array axis. This array type
has negligible mutual coupling between the slots as explained earlier. In addition, the
array of this slot type benefits from high radiation polarisation purity. If the slots are
placed along the waveguide broad wall centre line, they will not interrupt any current
and hence they will not be excited. If all slots are displaced from the centre-line in one
direction and are separated by 𝜆𝑔 ⁄2, the slots will not radiate in phase. With the slot
resonant spacing (𝜆𝑔 ⁄2), the coupling sign of every other slot has to change [13]. Each
adjacent slots are placed in opposite sides of the centre line in order to make all slots
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radiate in-phase. The half-guided wavelength spacing between slots introduces 180°
phase shift. Alternating the slots on both sides of the broad-wall centreline add another
180° phase shift, causing all slots to radiate in-phase. The longitudinal shunt slots
admittances in a resonant array add the array input admittance as the slots are spaced by
𝜆𝑔 ⁄2, which correspond to a complete rotation in Smith chart. The slots spacing and slot
length are indicated in Figure 2-47. To change the narrow wall slot coupling sign, each
two slots in a pair must have opposite inclination angle.
The input to the resonant SWGAA has to be perfectly matched at the desired
frequency to achieve the desired slots excitation and hence the desired radiation. The
main requirements to have a perfectly matched input:
-

The sum of the normalised conductances, Equation (2-76), is equal to [35]
[33] [14]:
𝑁

∑ 𝐺𝑛 = 1; for end − fed array

(2-86)

𝑛=1

𝑁

∑ 𝐺𝑛 = 2; for centre − fed array

(2-87)

𝑛=1

where N is the number of slots and 𝐺𝑛 is the normalised conductance for the nth slot.
A resonant SWGAA with longitudinal shunt slots and its equivalent circuit is
shown in Figure 2-50. A single waveguide SWGAA forms a linear array. The elevation
beamwidth of this linear array is very wide (fan-beam). A common method used narrow
the elevation beamwidth is by forming a planar array by stacking identical linear arrays
in top of each other.
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Figure 2-50: End-fed vertically polarised SWGAA and its equivalent circuit

A rectangular waveguide with inclined narrow wall slots (edge slots) is another
common type of resonant SWGAA. Each adjacent slots, or slots in a pair, are separated by
𝜆𝑔 ⁄2 and tilted with opposite angles in order to radiate in-phase. The primary
polarisation of this array type is parallel to the array axis. This type is not as popular as
the previous one as it suffers from higher mutual coupling between slots and high
radiation cross-polarisation level [35] [43]. Only few practical applications require this
type of array such as when requiring to achieve an electronic scan in one direction where
the slots spacing is too small for longitudinal shunt slots [35]. There is no analytical
solution for this array type which enhances the design difficulties [35] [43].
Another type of slots that can be used to produce horizontal polarisation with
much lower mutual coupling and cross-polarisation compared to edge slots SWGAA is by
using centred transverse slots in the rectangular waveguide broad wall. The slots in this
array have to be 𝜆𝑔 apart in order to interrupt current that flow in the same direction and
radiate in-phase. The source and the shortening wall are separated by 𝜆𝑔 ⁄2 from first and
last slots respectively [27]. For an array with specific beamwidth, this type of array will
be almost two times longer than the array with longitudinal shunt slots. If smaller
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aperture is required, it might be wise to use a 90° rotated resonant SWGAA with
longitudinal shunt slots to achieve horizontally polarised radiation.
2.4.4.2

Travelling SWGAA

Travelling wave or non-standing wave SWGAA was developed mainly to overcome
the resonant SWGAA sensitivity to a small frequency change especially for a long array.
The other advantage of travelling wave SWGAA is the beam is off broadside and the
mainlobe angle is controlled by the slots spacing. The slots in this array are spaced other
than 𝜆𝑔 ⁄2 or 𝜆𝑔 causing the slot to not radiate in-phase [34] [35]. The slots are resonant,
have first resonant length, at the design frequency [35]. The array is terminated by a
matching load to prevent a standing wave formation inside the waveguide. As the
excitation wave travels inside the rectangular waveguide, the slots get excited and
coupled to the wave. The first slots near the feed are usually lightly coupled [13]. On the
other hand, the slots near to the dummy load are highly coupled [13]. The travelling wave
SWGAA is shown in Figure 2-48. The radiation angle changes with the frequency
according to the relation in Equation (2-85). The radiation pattern mainlobe is slightly
affected by frequency change making this array type is ideal for frequency scanning [13].
Wave velocity also plays a role in steering the beam [14]. In general, the travelling wave
SWGAA has a wider bandwidth compared to resonant SWGAA [35].
The adjacent slots are coupled with opposite phase [34]. A portion of the feed
power is wasted in the matched load. This amount of power varies as the slots go off
resonance [34].
2.4.4.3

Mutual Coupling

The electromagnetic interaction between array elements is called Mutual
Coupling. The mutual coupling is undesired as it cause one array element to be excited
due to other elements excitation in addition to its own excitation. Also, it allows an array
element to capture the energy that was better to be captured by a different element. The
mutual coupling adversely affects the antenna radiation pattern [44]. High mutual
coupling usually affect the antenna SLL and the cross-polarization level. The mutual
coupling reduces the array efficiency and hence degrade its performance.
For a SWGAA, the mutual coupling is inversely proportional to the slots spacing.
But, the resonant spacing (𝜆𝑔 ⁄2) between slots is required for resonant SWGAA and
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therefore limit the ability of reducing mutual coupling by increasing slots spacing. Two
main types of mutual coupling exist in SWGAA. First, mutual coupling between slots in a
linear SWGAA (composed of one waveguide). Second, the mutual coupling that occurs
between waveguides in a stacked SWGAAs in a planar array structure.
-

Between slots
Mutual coupling in a SWGAA is “the correlation between the excitation of a slot
and the excitations of its neighbours due to fields in the space external to the
guide” [34]. It usually affects the field distribution [14]. The mutual coupling
between series slots is very high [34] [14]. So, the comparison here will be
limited between the two shunt slot types (longitudinal slot and narrow wall
inclined slot).
The mutual coupling between longitudinal slots in a SWGAA is negligible [28]
[34] [14]. The mutual interaction, and hence the mutual coupling, between
edge slots in a SWGAA is very strong as the slots are arranged side-by-side [28]
[34]. The mutual coupling might led to an undesired radiation from the slots.
A very high level of cross-polarisation as a result of mutual coupling is reported
by [43].

-

Between stacked waveguides
The slots located in a waveguide in a stacked structure get excited due to the
waveguide feed. Un-wanted slots excitations occur due to neighbouring
waveguides feed. This unwanted excitation adversely degrade the array
performance and may lead to antenna radiation pattern deformation and
increase the level of cross-polarisation.
2.4.4.4

Tapering methods

In SWGAAs, the SLL is related to the individual slots excitation. Each slot excitation
is proportional to its conductance. For an array of longitudinal shunt slots, each slot
displacement (offset) from the rectangular waveguide broad wall centre-line affect the
slot conductance as shown in Equation (2-76). If all longitudinal shunt slots in an array
are equally displaced from the centre-line, the resulting radiation pattern SLL is very high
(≈ -13 dB). If this SLL is required to be suppressed to a desired level, non-equal and
suitable slots displacements must be determined.
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Utilizing well-known distributions, such as Binomial, Taylor or Chebyshev, to
taper the slots distribution on a rectangular waveguide broad wall by finding each slot
suitable displacement from the wall centre-line, or inclination angle for edge slots, will
help in achieving the desired SLL. The nth longitudinal shunt slot displacement from a
rectangular waveguide broad wall centre-line can be given by:
𝑎

𝑥1 𝑛 = 𝜋 sin−1 √480 𝜆

𝐺𝑛

0.464𝜋𝜆
𝑔𝑎
[cos
−cos(0.464𝜋)]
73𝜋 𝜆 𝑏
𝜆𝑔

2

(2-88)

The nth slot conductance can be found from the SLL suppressing utilised distribution
(taper) coefficients as:
𝐺𝑛 =

𝑐𝑛
∑𝑁
𝑛=1 𝑐𝑛

(2-89)

where N is the number of slots in a SWGAA and 𝑐𝑛 s are the tapering distribution
coefficients. This equation satisfies the requirement for a resonant end-fed SWGAA,
Equation (2-86).
2.4.5 Summary
Rectangular and circular waveguides are the most common and widely used
waveguide geometries. The analysis of rectangular waveguides is simpler and hence most
commonly used in microwave applications. The rectangular waveguides can support only
TE and TM electromagnetic wave propagation modes. The dominant propagation mode,
lower cut off frequency, inside a rectangular waveguide is 𝑇𝐸10. The electromagnetic
radiation caused by a slot cut in a current sheet is complementary to a half wavelength
electric dipole but with opposite polarisation. Therefore, the slot is called a magnetic
dipole. If this slot is cut in a rectangular waveguide wall and an EM wave is forced to
propagate inside the waveguide, the slot will work as an antenna, energy radiator.
The most common slot typed that can be carved in a rectangular waveguides are
longitudinal shunt slots and edge slots. A group of similar slots can be carved in a
rectangular waveguide to form an array called SWGAA. Each slot has to be half free space
wavelength long, first resonant length, in order to be coupled to the electromagnetic wave
propagating inside the waveguide and hence radiate. For a resonant SWGAA, the slots
must be half guided wavelength apart, resonant spacing, distributed in opposite direction
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around the waveguide broad wall centre-line or have reverse inclination angles in order
to radiate in-phase. The resonant spacing caused the radiation from the array to be
broadside, normal to array axis. This array type is very sensitive to a slight frequency
shift. The spacing between slots in travelling SWGAA has to be other than half or one
guided wavelength, not resonant spacing. The radiation pattern main beam of this array
type is usually tilted from broadside and less sensitive to the frequency change.
The mutual coupling affects adversely affect the antenna radiation pattern and the
antenna radar cross section (RCS). The mutual coupling is negligible between
longitudinal shunt slots in an array. The mutual coupling between edge inclined slots is
very high as they are arranged side-by-side. The SLL of a SWGAA using any type of the
slots can be suppressed using slots tapering, changing slots distribution. It was reported
that the cross-polarisation level in an array of edge slots is very high mainly due to high
mutual coupling between slots. The mutual coupling between stacked SWGAAs is a
persisting issue that is difficult to be avoided but can be alleviated by using dielectric
layers between waveguides or by using Electromagnetic BandGap (EBG) structures as
reported by [45].
A SWGAA with longitudinal shunt slots is a wise option for applications that
require very low SLL, a negligible mutual coupling between elements, high polarisation
purity and high power capabilities. The radiation beamwidth can be tailored by the
number of slots in azimuth plane and by stacking identical SWGAAs to narrow the
elevation plane beamwidth. A resonant SWGAA radiation is always broadside while the
travelling SWGAA beam is tilted off broadside. The travelling SWGAA is less sensitive to
frequency change and can be used if frequency scan is required.

2.5

Survey of Potential Antenna Candidates

The main objective of this research work is to design an X-band antenna that has
dual polarization capabilities for bistatic/multistatic radar system (NeXtRAD). Different
antenna types were investigated considering the antenna requirements listed in Table
2-2. The considered antenna types for this project are: microstrip antennas, reflector
antennas, horn antennas and slotted waveguides array antennas (SWGAAs). A brief
discussion of each antenna is presented in the subsections below.
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Table 2-2: Antenna requirements

Carrier frequency

8.5 GHz

Maximum bandwidth

50 MHz

Beamwidth

10°×10°

Peak transmitted power

56.02 dBm (400 Watt)

Nominal range
resolution
Antenna Gain

3 meters
≈ 24 dBi

2.5.1 Microstrip Antennas
Microstrip patch antennas are becoming more popular in wireless applications
owing to their low and light profile structure, light weight, ruggedness, low fabrication
cost and ease of fabrication. At high frequency, the amount of losses in the substrate
increases. The gain of the microstrip antennas with specific beamwidth is usually limited.
In addition, they suffer from low efficiency. The microstrip antennas can be designed to
have dual-polarization capabilities, but the design involves additional design complexity
[46]. The microstrip antennas usually benefit from a low radar cross-section (RCS) [46].
There are great restrictions in using such antennas for high power applications. The main
disadvantages associated with the use of microstrip antennas are [46]:


They have narrow impedance bandwidth.



They have low power-handling capabilities, a few tens of watts, owing to the
small separation between the ground plane and the radiating patch.



They have low gain and low efficiency; an array of patches is required to
increase the overall antenna gain.



Generally, the microstrip patch antenna has a wide beamwidth; an array is
required to achieve a narrower beamwidth.



They have low polarization purity.



An array of patches suffers from large ohmic loss.

The required X-band antennas for this work must be to handle 400 Watts of peak
power. Microstrip patch antennas with thick substrates can support high voltage, and
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hence high power. High permittivity substrates, such as ceramic substrates, allow for a
considerable reduction in the physical antenna size and may increase the antenna powerhandling capability. For example, alumina substrate, high dielectric constant ≈ 10, can
handle up to a few kilowatts of power [47] [48]. Ceramic substrates are usually lossy and
have a very low gain [49]. In addition, ceramic substrates are hard and brittle and
therefore difficult to process mechanically. Another design of patch antennas for high
power microwave applications is demonstrated in [50]and [51].
The gain of a microstrip antenna can be enhanced by designing an array of similar
patches. Also, the desired antenna beamwidth can be achieved using an array structure
of patches. An array of dual-polarized patch antennas design involve high complexity and
suffers from high loss (low efficiency), mainly due to the elements’ feeding network [52].
A microstrip patch antenna allows for dual polarizations. A linearly dual-polarized
microstrip patch antenna requires two orthogonal feeds (input ports). The main
disadvantage of this structure, especially at high frequency, is the very high coupling
between the two input ports [46]. This will hugely degrade the overall performance of
the antenna. A few feeding methods for dual-polarized microstrip patch antennas are
shown in [46]. Other works on dual-polarized microstrip patch antennas can be found in
[53], [54], [55], [56], and [57].
Designing a dual-polarized array of patches for NeXtRAD bistatic/multistatic radar
system will involve high complexity feeding network design, as each element is fed by
two orthogonal feeds. This feeding network will increase the overall losses compared to
a single polarization array of patches. In addition, the coupling between array elements
and the feeding network lines will form a vast design obstacle, degrade the overall array
performance and will increase the difficulties in achieving the desired antenna
performance. Also, the limited power handling capabilities of the microstrip antennas
will eliminate this choice.
2.5.2 Reflector Antennas
Reflector antennas are very attractive in high-frequency applications as they
provide high gain and low losses. In addition, reflector antennas have a rigid structure
and high power-handling capabilities. If the desired antenna gain, 24 dBi, is used to
calculate the reflector diameter d by using the reflector gain equation:
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(2-90)

A typical reflector antenna efficiency 𝑒𝐴 ranges between 0.5 and 0.7. At 8.5 GHz, the
reflector diameter ranges between 21.3 and 25.2 cm using the efficiency extreme values.
The desired radar system antenna must have a very high wind resistance as the
system will be deployed in various types of environment, including coastal environments.
So, mesh reflector antennas form a better choice, compared to solid reflector antenna, for
the desired radar system applications.
Dual-polarization is achievable by feeding the reflector using a dual-polarized feed
horn. The desired antenna beamwidth requires a symmetric beam (10° × 10°) for both
polarizations. Centre feeding the reflector antenna, centre-fed reflector, allows for
achieving symmetric beams. Centre feeding a small reflector will cause aperture blockage
due to the feed location which deforms the antenna radiation pattern and severely affects
its performance. Offset feeding the reflector will reduce the aperture blockage, caused by
the feed, but requires an elliptical reflector in order to have a symmetric beam for both
polarizations.
The antenna is desired to be highly wind resistant to allow deployments in windy
environments. A solid reflector antenna wind resistance is low which limits its
deployment environment choices. A mesh reflector antenna forms a suitable option for
the intended applications compared to the solid one. Mesh reflectors with a 25cm
diameter are not available commercially due to their limited applications and
manufacturing difficulties. During this investigation study, three reflector antennas
manufacturer were contacted to design this small mesh antenna. Only one manufacturer
offered to make a 25cm solid reflector that works at the spot frequency, 8.5 GHz, but is
without guaranteeing the antenna to maintain the desired performance over the
operating frequency band.
Q-par Angus offered two wideband dual-polarized centre-fed reflector antennas
with symmetrical beamwidth. The first model is QMS-00262, which works between 2 and
18 GHz. It has a gain of 37.5 dBi at 8.5 GHz. However, the beamwidth at this frequency is
between 2° and 3°. The second model is QMS-00733. The operating frequency range of
this model is between 0.9 and 18 GHz. The gain is about 30 dBi. This model provides a

Chapter 2: Antenna Theory

115

beamwidth of around 3° at 8.5 GHz. Both antennas have pencil beams and don’t meet the
NeXtRAD system desired beamwidth requirement.
Fabricating a custom designed small mesh reflector is very expensive. The
fabrication cost is an important factor in a budget limited academic research projects.
Here, the cost plays a major role during this project antenna selection. As a result,
fabrication of mesh reflector option is omitted.
A cheaper option of using commercially available TV satellite mesh dish was
investigated. The investigation is done by replacing, in simulation, the feed for an offset
45 cm, smallest commercially available TV mesh dish, circular mesh reflector with a dualpolarized horn antenna. This antenna structure was simulated using CST design software.
Due to the offset feed of a circular reflector, the beams in the two planes of the antenna
are asymmetric. In addition, the radiation beams are asymmetric the two linear
polarizations as shown in Figure 2-51. The sidelobe level for one polarization is -18 dB
and is – 16.6 dB for the other polarization and both are above the desired sidelobe level
(≤ -21 dB). The sidelobe level for the commercial dish is very difficult to suppress as it is
tricky to deform the shape of the dish for this purpose. The beamwidth for the first
polarization is 9.9° while the beamwidth for the other polarization is 8.6°. The antenna
beams for both polarisations are slanted which will increase the difficulty of antenna
pointing to the desired directions. The 3D radiation pattern with the reflector antenna
structure is shown in Figure 2-52. Due to similarities between the 3D radiation patterns
for both polarizations, only one of the polarizations is shown here for demonstration.

Figure 2-51: 45 cm dual-polarized reflector antenna radiation pattern
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Figure 2-52: 45 cm dual-polarized antenna structure and 3D radiation pattern

2.5.3 Horn Antennas
Horn antennas are one of the simplest and most widely used microwave antennas.
They often have a directional radiation pattern with a typical gain that ranges between
10 and 20 dBi, higher gain up to 25 dBi can be achieved. Horn antennas, in general, have
a wide impedance bandwidth. Usually, the horn antenna has a very wide beamwidth, but
can be narrowed by increasing the horn flare length. The fabrication cost of a horn
antenna can be very high depending on the design size and complexity. An orthogonal
dual-feed coaxial-to-waveguide adaptor can be used to feed the horn in order to have a
dual-polarized antenna. Two types of horn antennas are considered, during suitable
antenna investigation, as possible candidate antennas for this project, namely: square
aperture pyramidal horn and conical horn. With these types, it is possible to have
symmetric beams for both linear polarizations.
2.5.3.1

Pyramidal Horn

The modified desired NeXtRAD system beamwidth is 10° × 10°. The square
aperture of the pyramidal horn will provide a symmetrical beam for both polarizations.
The pyramidal horn is shown in Figure 2-53. A×B are the horn aperture dimensions and
a×b are the inner dimensions of the coaxial-to-waveguide adaptor, in this project, WR90
waveguide dimensions will be used. In theory, a pyramidal horn has different
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beamwidths in each plane. For optimum flare horn, the HPBW in the plane parallel to
dimension A in Figure 2-53 can be approximated by [58]:
𝐴𝑧𝑖𝑚𝑢𝑡ℎ 𝐻𝑃𝐵𝑊 (𝑑𝑒𝑔𝑟𝑒𝑒𝑠) = 𝜃𝐻 ≈

67 𝜆0
𝐴

(2-91)

56 𝜆0
𝐵

(2-92)

and the one parallel to dimension B is:
𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝐻𝑃𝐵𝑊 (𝑑𝑒𝑔𝑟𝑒𝑒𝑠) = 𝜃𝐸 ≈

Here, for a square aperture horn with dimension D, the beamwidth can be found using a
rule of thumb given by:
𝐻𝑃𝐵𝑊 (𝑑𝑒𝑔𝑟𝑒𝑒𝑠) ≈

57 𝜆0
𝐷

(2-93)

The calculated square aperture dimensions are found to be 20.1 cm × 20.1 cm. The length
of the horn L can be found as follows:
𝐴 2
(𝐿 + ∆)2 − 𝐿2 = ( )
2

𝐴 2
𝐴2
2∆𝐿 = ( ) → ∆𝐿 =
2
8

⇒

where ∆ is the phase distribution on the horn aperture. If we take the phase distribution
𝜆

∆ to be maximum; ∆= 45° = 4. The total horn length is:
𝐴2
𝐿=
2𝜆
The total horn length is found to be 50.1 cm. The design was simulated by a student at the
University of Cape Town and the optimum back-short of the coaxial-to-waveguide
adaptor was found to be 1.3 cm. The overall antenna length ≈ 51.4 cm. This antenna was
simulated using FEKO software. The simulation results are shown in Figure 2-54. The
design gave a gain of about 25 dBi, a beamwidth of 9.176°×12.426° and sidelobes of -12
dB and -28 dB for the two planes respectively.
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Figure 2-53: Pyramidal horn

Figure 2-54: Simulated square aperture pyramidal horn

2.5.3.2

Conical Horn

A conical horn, shown in Figure 2-55, was simulated at University of Cape Town.
The uniform circular aperture beamwidth can be given by the rule of thumb as:
𝐻𝑃𝐵𝑊 (𝑑𝑒𝑔𝑟𝑒𝑒𝑠) ≈
The length of the horn is given by [5] [59]:

70 𝜆0
𝑑

(2-94)
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𝐿≈

𝑑2
3𝜆0

(2-95)

The horn diameter was found to be 24.7 cm and the horn length was 51.1 cm. The horn
antenna overall length is 52.4 cm. The simulated design and its radiation patterns are
shown in Figure 2-56. The simulated design gain was about 25 dBi, a beamwidth of
9.064°×10.625° and sidelobes of -19.3 dB and -30.2 dB for the two planes respectively.

d

L

Figure 2-55: Conical horn

Figure 2-56: Conical horn simulation results
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2.5.4 Resonant Slotted Waveguide Array Antenna (SWGAA)
Resonant SWGAAs are linear/planar broadside arrays, i.e. radiate at direction
perpendicular to the waveguide axis as shown in Figure 2-57. They are very attractive
candidates as they benefit from high directivity – and hence high gain-, low crosspolarization level, low losses and high power handling capability. A single SWGAA
beamwidth in one plane is controlled by the number of slots in the array and has a fan
beam in the other plane. Stacking identical SWGAAs on top of each other helps to narrow
the fan beam to the desired beamwidth. In addition, stacking the SWGAAs enhances the
overall antenna gain. Dual polarization can be achieved by one of two methods. First,
alternately stacking broad wall slotted waveguides, to produce one polarization, and
narrow wall inclined slotted waveguides, to produce the other polarization. Second,
placing two sets of stacked SWGAAs side-by-side with one set rotated by 90°, so that one
set is vertically polarized and the other one is horizontally polarized. The inclined slots
carved in the waveguide narrow wall has un-preventable high cross-polarization level at
angles around 45° from both sides of the beam [43]. As a result, the second solution will
be considered in the rest of this study. The broad-wall SWGAA benefits from high
polarization purity, low cross-polarization level, and will suit the objective of this work.
This structure will be investigated and evaluated at a later stage of this work.
The waveguide that was considered in this project is WR90 which operates
between 8.2 GHz and 12.4 GHz and is the smallest dimensions waveguide that works at
8.5 GHz. The internal dimensions of the WR90 waveguide (a ⨯ b) are 22.86 mm ⨯ 10.16
mm. A commercially available WR90 waveguide with a wall thickness of 1.125 mm was
simulated in order to investigate the SWGAA performance.
A single linear polarization broad-wall SWGAA, shown in Figure 2-58, is designed
and simulated using CST. Figure 2-59 shows the simulated antenna radiation pattern in
both planes. The half-power antenna beamwidth at the desired polarization, azimuth
plane, is 11.1° and the antenna gain is 14.8 dBi. The sidelobe in this plane level is -24.36
dB. The antenna shows an excellent polarization purity with cross-polarization level of
below -40 dB in both planes.
Using CST to simulate an array of single linearly polarized SWGAA, seven
waveguides are required to achieve an 11.1°×11.6° beam and a sidelobe level of -22.4 dB.
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The gain of the stacked structure is more than 24 dBi. This design will be investigated in
details throughout this work.

Figure 2-57: SWGAA radiation pattern

Figure 2-58: A linearly polarized SWGAA with 10° beamwidth in the main plane
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Figure 2-59: Single element SWGAA radiation patterns

2.6

Selected Antenna Candidate

The microstrip patch antenna suffers from low power-handling capability, low
gain and low polarization purity. Ceramic substrates can be used to increase the antenna
power-handling capabilities. However, ceramic is hard, brittle and difficult to process
mechanically especially at higher frequencies. Designing a dual-polarized array of
microstrip patches to increase the antenna gain and achieve the desired beamwidth will
generate high coupling between patches and between feeding network lines, which will
tremendously degrade the antenna performance. Optimizing the design to minimize
these effects will result in a more complex design which requires higher fabrication
accuracy. Due to the aforementioned disadvantages and design complexity of hi
frequency, hi power handling and dual-polarized microstrip patches array, this option
was omitted.
After scouting the commercially available reflector antennas, no mesh reflectors
were found that matches all the performance requirements of the NeXtRAD system. A
manufacturer offered to design a 25cm centre-fed solid reflector that will work at 8.5
GHz, without guaranteeing that the antenna will preserve the desired performance over
the whole desired bandwidth. The offered solid reflector will suffer from aperture
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blockage as it is centre-fed. In addition, a high cost will be involved in fabricating such
antenna as both the reflector and feeding horn require very high fabrication accuracy. A
solid reflector antenna will not have high wind resistance and will not be suitable to use
in windy environments, such as coastal environments.
A cheaper option of using the commercially available satellite TV mesh dish antenna
with replacing the feed with a suitable dual-polarized horn was investigated. A dish with
a diameter of 45 cm with offset feeding horn structure was simulated. The radiation
patterns for both polarizations were not symmetrical and the desired sidelobe level was
not achieved. The overall performance of the simulated antenna does not meet the
desired antenna requirements. This option was omitted from the possible antenna
candidates for the NeXtRAD system.
From the horn antennas simulation results, the horns that will achieve the desired
performance for a single polarization is long and usually made using solid metal. This will
largely degrade the antenna wind resistance, especially in severe wind conditions and
windy environments. In addition, the design of dual-polarized coaxial-to-waveguide feed
for a dual-polarized horn involves design and fabrication difficulties and require a very
high fabrication accuracy. Due to the aforementioned reasons, the horn antenna option
was omitted from the possible antenna candidates in the rest of this study.
The SWGAA satisfies, the best, NeXtRAD system requirements for the desired
applications as is has a compact design and a considerably small size, at X-band. The dualpolarized antenna structure can be designed in such a way to allow the wind to flow
through parts of the structure which will alleviate the wind effects and give the antenna
structure high wind resistivity. Stacking few waveguides at the same structure enhances
the overall antenna gain. Dual linear polarization is relatively easy to achieve with a
SWGAA without hugely increasing the antenna size, either by interleaving different
polarization SWGAA or having two sets of single-polarized SWGAAs with one rotated by
90°. Other advantages of the slotted waveguide antennas are that they benefit from very
low loss and high power handling capabilities.
The resonant SWGAA is chosen over the non-resonant, travelling, one as all the slots
in the resonant are equally coupled as they are located at the standing wave peaks. The
standing wave is formed inside the waveguide as it is terminated by shortening wall. The
main beam of the standing wave SWGAA is oriented to the broadside direction enhancing
the ability to point the antenna to a desired direction. The narrow bandwidth of this type
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does not have any effect in this work as it is intended to be used over a narrow bandwidth
of NeXtRAD, 50 MHz. In addition, the resonant SWGAA is relatively easier to design.
The travelling wave SWGAA is terminated by a dummy load to absorb the signal
energy after the last slot, no standing wave. The slots here are not equally excited, the
power radiated from each slot is subtracted the signal power available for next slots,
causing the antenna main beam to be tilted from the antenna broadside. This type usually
has wide operational bandwidth, which is not required for the NeXtRAD application. The
travelling wave array is not a valid option for the intended application.
The waveguides in a resonant SWGAA can be made of aluminium which allow the
dual-polarization structure to benefit from light-weight. Also, the SWGAAs are relatively
cost-effective antenna choice in addition to all of its aforementioned advantages.
Table 2-3 summarises all the evaluated antenna in terms of the most important
antenna required parameters and desired features. Only a few substrates, e.g. ceramic,
can handle the NeXtRAD 400 Watts peak power. But, those substrates are difficult to
handle mechanically at high frequency, small size patches. The option of using microstrip
antennas for this work is not a valid choice.
A high gain can be achieved with reflector antennas, horn antennas and SWGAA. The
gain of a single element SWGAA gain is not high enough. Stacking more SWGAA is
required to narrow the antenna structure elevation beamwidth and will enhance the
achievable antenna gain to compete with the reflector and horn antennas.
Even the SWGAA has narrow impedance bandwidth, but still a valid option as the
desired bandwidth is narrow. Reflector antennas and horn antennas can operate
efficiently over NeXtRAD system narrow bandwidth.
A centre-fed reflector antenna will suffer from aperture blockage by the feed horn
which deteriorates the antenna radiation pattern. A circular satellite TV mesh dish with
a dual-polarized offset feed will not have symmetric beams for both polarizations.
Moreover, from simulating the dish, the sidelobe level does not satisfy the desired level
for NeXtRAD bistatic/multistatic radar system. In addition, the dish is very sensitive to
feed location and to any deformation required for the dish. As a conclusion, reflector
antenna will not be considered anymore as an option for NeXtRAD system antenna.
Both SWGAAs antenna and horn antennas can be designed to have dual-polarization
and achieve the desired antenna beamwidth. Moreover, they are relatively easy to design
and cost-effective options. Both antennas are very robust. The horn antennas are
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required to be long, around 0.5 meter, to achieve the desired beamwidth. Usually, the
horn antennas are made of solid metal. A solid long metallic design will degrade the
antenna ability to resist high-speed wind. These factors might severely affect the antenna
practicality and suitability for NeXtRAD applications. In addition, the design and the
fabrication of dual-polarized coaxial-to-waveguide adaptor for a dual-polarized horn
require a very high accuracy level.
The stacked SWGAAs structure benefit from small size and flat aperture at X-band.
The antenna structure can have very light-weight if aluminium waveguides are used. The
stacked SWGAAs structure can be design in such a way to leave gaps for the air to flow
through the structure which increases the antenna structure wind resistivity. Each endfed SWGAA requires a separate coaxial-to-waveguide adaptor. The stacked SWGAAs
design can be modified to have a feeding SWGAA that feeds the stacked SWGAAs from the
back.

This design will require only one coaxial-to-waveguide adaptor for each

polarization. These features enhance the antenna practicality. Also, the SWGAAs
fabrication cost is acceptable. The SWGAA is easy to assemble and disassemble and is
rigid and robust, making it more suitable for this research project.
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Table 2-3: Possible antenna candidates comparison

Antenna Type
Characteristic

Microstrip Patch

Reflector
Centre-fed

Horn

Offset-fed TV mesh dish

Pyramidal

Conical

SWGAA

Power-handling
(400 W)

Few substrates
e.g. Ceramic

Yes

Yes

Yes

Yes

Yes

Gain

Good

High

High

High

High

High

Achievable

Achievable

Achievable

Achievable

Achievable

Achievable

Achievable

Not Symmetric

Achievable

Achievable

Achievable

Achievable

Achievable

Achievable

Achievable

Achievable – more SWGAAs
required

Achievable

Difficult

Achievable

Achievable

Achievable

Achievable

Achievable

Achievable
With square aperture

Achievable

∼ 25 cm dish diameter

Diameter: 45 cm

Aperture: 20.1×20.1 cm
Length: 50.5 cm

Diameter: 24.7 cm
Length: 52.3 cm

29×29 cm stacked
50×50 cm side-by-side

Custom-made
Aperture blockage
Not stable over bandwidth

Available commercially

Simple

Simple

Simple

Bandwidth (50 MHz)
Beamwidth (10°×10°)

Array required

Narrow Beamwidths

Achievable difficult

Sidelobe level
(≥ -21 dB)

Achievable
Very difficult

Dual Polarization
Size
Ease of design

Achievable
High design
complexity
10×10 array
Dual-polarized
Complex feeding
network Coupling

Interleaved or side-by-side

Fabrication

Ceramic: hard &
brittle Thick
conductor

Simple

Available commercially

Simple

Simple

Simple

Cost

Can be high

Very high

Low
Feed: high

Low
Coax-to-waveguide: high

Low
Adaptor: high

Low to medium

Robustness

No

Yes

Yes

Yes

Yes

Yes
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Wind resistance

Can be designed
to be high

Only mesh
Not available

Yes

No: long & solid

No: long & solid

Yes

Practicality

Not practical

Not practical

No

Less practical

Less practical

Highly practical

Chapter 2: Antenna Theory

2.7

128

References

[1]

IEEE Standard Definitions of Terms for Antennas, IEEE Std 145-1983,
New York: The Institute of Electrical and Electronics Engineers, Inc, 1983.

[2]

C. P. Narayan, Antenna and Propagation, Pune, India: Technical
Publications, 2007.

[3]

A. W. udge and A. D. Oliver, The Handbook of Antenna Design,
London, UK: Peter Peregrinus Ltd, p. 12, 1982.

[4]

Pre-Simon Kildal, Foundations of Antenna Engineering: A Unified
Approach for Line-of-Sight and Multipath, Gothenburg, Sweden: Kildal,
2015.

[5]

C. A. Balanis, Antenna theory: analysis and design, Hoboken, New
Jersy: John Wiley & Sons, 2016.

[6]

I. V. Minn and O. V. Minn, Basic principles of fresnel antenna arrays,
Berlin Heidelberg: Springer Science & Business Media, Lecture Notes in
Electrical Engineering Vol. 19, 2008.

[7]

D. L. Adamey, EW 103 Tactical Battlefield Communications Electronic
Warfare, Norwood, United States: ARTECH HOUSE, 2009.

[8]

J. S. Seybold, Introduction to RF propagation, Hoboken, New Jersey:
John Wiley & Sons, 2005.

[9]

R.

Nave,

“Polarization

Concepts,”

[Online].

Available:

http://hyperphysics.phy-astr.gsu.edu.
[10]

R. L. Haupt, Timed Arrays: Wideband and Time Varying Antenna
Arrays, Hoboken, New Jersy: John Wiley & Sons, 2015.

[11]

A. Maritz, “Investigation and design of a slotted waveguide antenna
with low 3D sidelobes,” Disseration, University of Stellenbosch,
Stellenbosch, South Africa, 2010.

[12]

R. L. Haupt, Antenna Arrays: A Computational Approach, Hoboken,
New Jersy: Wiley-IEEE Press, 2010.

Chapter 2: Antenna Theory

[13]

129

R. C. Hansen, Phased array antennas, Hobokens, New Jersy: John
Wiley & Sons, Inc, 2009.

[14]

T. A. Milligan, Modern Antenna Design, Hoboken, New Jersy: John
Wiley & Sons, Inc., Second Edition, 2005.

[15]

H. Singh, H. Sneha, and R. Jha, “Mutual Coupling in Phased Arrays: A
Review,” International Journal of Antennas and Propagation, vol. 2013, 2013.

[16]

“Array Mutual Coupling,” Mathworks, 2017. [Online]. Available:
http://uk.mathworks.com/help/antenna/ug/mutual-coupling.html.

[17]

S. J. Orfanidis, Electromagnetic waves and antennas, New Jersy, US:
Rutgers University, 2002.

[18]

M. N. O. Sadiku, Elements of Electromagnetics, Second Ed. ed., New
York: Oxford University Press, 1995.

[19]

K. K. Sharma, Fundamentals of Microwave and Radar Engineering,
New Delhi, India: S. Chand & Company LTD., 2011.

[20]

A. S. Khan, Microwave Engineering: Concept and Fundamentals, New
York: CRC Press, 2014.

[21]

D. M. Pozar, Microwave Engineering, 4th Edition ed., Hoboken, New
Jersy: John Wiley & Sons Inc., 2012.

[22]

“http://www.toptech-mw.com,” [Online].

[23]

N. J. Cornin, Microwave and Optical Waveguides, London: IOP
Publishing Ltd., 1995.

[24]

S. Ramo, J. R. Whinnery and T. Van Duzer, Fields and Waves in
Communication Electronics, 3rd Edition ed., Danvers, USA: John Wiley &
Sons, 1994.

[25]

C. A. Balanis, Advanced Engineering Electromagnetics, 2nd Edition
ed., Danvers, USA: John Wiley & Sons, 2012.

[26]

H. Booker, “Slot aerials and their relation to complementary wire
aerials (Babinet's Principle),” Journal of the Institution of Electrical Engineers
- Part IIIA: Radiolocation, vol. 93, no. 4, pp. 620-626, 1946.

Chapter 2: Antenna Theory

[27]

130

S. Stančulović, “THEORETICAL SYNTHESIS AND EXPERIMENTAL
MEASUREMENTS OF SLOTTED WAVEGUIDE FEEDING SYSTEMS FOR 2.45
GHz INDUSTRIAL MICROWAVE HEATING INSTALLATIONS,” Doctoral
dissertation - Karlsruhe Institute for Technology, Karlsruhe, Germany, 2006.

[28]

W. H. Watson, “Resonant Slots,” The Juurnal of the Institution of
Electrical Engineers - Part IIIA: Radiolocation, vol. 93, no. 4, pp. 747-777,
1946.

[29]

R. S. Elliot, Antenna Theory and Design, Hoboken, New Jersy: John
Wiley & Sons, 1981.

[30]

R. J. Stegen, “Longitudinal shunt slot characteristics,” No. HAC-TM261. HUGHES AIRCRAFT CO CULVER CITY CA RESEARCH AND
DEVELOPMENT DIV, Culver City, United States, 1951.

[31]

S. Silver, Microwave antenna theory and design, New York: McGRAWHILL, 1949.

[32]

A. F. Stevenson, “Theory of Slots in Rectangular Wave‐Guides,”
Journal of Applied Physics, vol. 19, no. 1, pp. 24-38, 1948.

[33]

R. S. E. a. L. A. Kurtz, “The Design of Small Slot Arrays,” IEEE
Transactions on Antenna and Propagation, Vols. AP-26, no. 2, pp. 214-219,
1978.

[34]

Ivan P. Kaminow and Robert J. Stegen, “Waveguide Slot Array
Design,” No. TM-348. HUGHES AIRCRAFT CO., CULVER CITY, CA, 1954.

[35]

R. C. Johnson, Antenna Engineering Handbook, New York: McGrawHill, Inc., 1993.

[36]

H. Y. Yee, “Impedance of a Narrow Longitudinal Shunt Slot in a Slotted
Waveguide Array,” IEEE Transactions on Antennas and Propagation, vol. 20,
no. 4, pp. 589-592, July 1974.

[37]

A. A. Oliner, “The Impedance Properties of Narrow Radiating Slots in
the Broad Face of Rectangular Waveguide,” IEEE Transactions on Antennas
and Propagation, vol. 5, no. 1, pp. 4-20, 1957.

[38]

Zhang Yu-mei, Zhang Zu-ji and L. U. Xiao-peng, “Design of ultralow
sidelobe antenna arrays with inclined slots in the narrow wall of rectangular

Chapter 2: Antenna Theory

131

waveguide,” in Proceedings of the International IEEE 2003 Radar Conference,
2003.
[39]

Daniel Dunn, E. P. Augustin and C. Chang, “Design of an eight element
edge slot waveguide array antenna,” in IEEE Southcon/94 Conference Record,
Orlando, FL, USA, 1994.

[40]

S. K. Stanoor, R. m. Vani, R. B, knoda, S. N, mulgi and P. V. Hunagund,
“Design and Development of Inclined Longitudinal Slot Rectangular
Waveguide Antenna for LCP and RCP,” Indian Journal of Radio and Space
Physics, vol. 37, pp. 135-138, 2008.

[41]

T. G. Roer, Microwave Electronic Devices, vol. 10, dordrechet,
Netherlands: Springer Science & Business Media, 2012, p. 216.

[42]

D. K. Cheng, Field and wave electromagnetics, India: Pearson
Education, 1989.

[43]

R. B. Gosselin, “A Computer-Aided Approach for Designing Edge-Slot
Waveguide

Arrays,”

NATIONAL

AERONAUTICS

AND

SPACE

ADMINISTRATION GREENBELT MD GODDARD SPACE FLIGHT CENTER, 2003.
[44]

H. L. Sneha, Hema Singh, and R. M. Jha, “Mutual Coupling Effects for
Radar Cross Section (RCS) of a Series-Fed Dipole Antenna Array,”
International Journal of Antennas and Propagation, vol. 2012, 2012.

[45]

Siamak Ebadi and Abbas Semnani, “Mutual coupling reduction in
waveguide-slot-array antennas using electromagnetic bandgap (EBG)
structures,” IEEE Antennas and Propagation Magazine, pp. 68-79, June 2014.

[46]

K. F. Lee and K. M. Luk, Microstrip Patch Antennas, London: Imperial
College Press, 2011.

[47]

R. Garg, I. Bagl and M. Bozzi, Microstrip Lines and Slotlines, Boston,
US: Artech House, 2013.

[48]

R. Garg, P. Bhartia, I. Bahl and A. Ittipiboon, Microstrip Antenna
Design, Boston, US: 2001, 2001.

[49]

X. Chen, C. Parini, B. Collins, Y. Yao and M. Rehman, Antennas for
Global Navigation Satellite Systems, Chichester, UK: John Wiley & Sons,
2012.

Chapter 2: Antenna Theory

[50]

132

J. C. Diot, et al., “Wideband patch antenna for HPM applications,” IEEE
Transactions on plasma science, vol. 39, no. 6, pp. 1446-1454, 2011.

[51]

C. Ly, “Functional test results of a high power patch array antenna,”
No. ARL-TR-4352. ARMY RESEARCH LABORATORY, Adelphi, US, 2008.

[52]

M. Al Henawy and M. Schneider, “Planar antenna arrays at 60 GHz
realized on a new thermoplastic polymer substrate,” in 2010 Proceedings of
the Fourth European Conference on Antennas and Propagation (EuCAP),
Barcelona, Spain, 12-16 April 2010.

[53]

K. S. Ruy and A. A. Kishk, “A dual-polarized shorted microstrip patch
antenna for wideband application,” Department of Electrical Engineering,
the University of Mississippi, US, 2008.

[54]

K. Gosalia and G. Lazzi, “Reduced size, dual-polarized microstrip
patch antenna for wireless communications,” IEEE Transactions on Antennas
and Propagation, vol. 51, no. 9, pp. 2182-2186, Sep. 2003.

[55]

X. Liang, Y. Zhang; S. Zhong, and W. Wang, “Design of dual-polarized
microstrip patch antennas with excellent polarization purity,” in
International Conference on Computational Electromagnetics and Its
Applications Proceedings, Beijing, China, 1-4 Nov. 2004.

[56]

S. Ononchimeg, et al., “A new dual-polarized gap-fed patch antenna,”
Progress In Electromagnetics Research C, Cheongju City, Republic of Korea,
Vol. 14, 2010.

[57]

K. Moradi and S. Nikmehr, “A DUAL-BAND DUAL-POLARIZED
MICROSTRIP ARRAY ANTENNA FOR BASE STATIONS,” Progress In
Electromagnetics Research, Tabriz, Iran, 2012.

[58]

U. A Bakshi and A. V. Bakshi, Antenna and Wave Propagation, Pune,
India: Technical Publications, 2009, pp. 3-72.

[59]

R. Chatterjee, Antenna theory and practice, India: New Age
International Limited, 1996.

Chapter 3: SWGAA Literature Review

3. SWGAA

133

Literature

Review

3.1

Introduction

Since the discovery of the wave guiding hollow tubes, they have been, till now,
used in many applications. They are used more often in the millimetre-wave frequency
band or high power, e.g. > 100 Watts, applications. During the World War II, after nearly
half-century, the idea of allowing the energy to leak from inside these tubes to the space
was then brought up. Various works had been performed on analysing and improving
this idea which resulted in the invention of slot radiators. Intensive works were
performed on analysing a whole cut on a rectangular waveguide wall, slot radiator, and
its radiation.
When a group of these slots is cut in a rectangular waveguide wall, they form a slot
array. This was a tremendous achievement that occurred around mid of 19th century. A
continuous work is still going on in designing different slot arrays for different
applications.
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This chapter starts by giving a brief history about waveguides in the first section.
Then, the development in analysing different types of slots is briefly discussed. After that,
the invention and only the first few works on slot arrays are reviewed. As this PhD work
is concentrating on a slotted waveguide array antenna with dual-polarisation capability,
few of the available works in this area are reviewed in the last section of this chapter.

3.2

Waveguides

In 1893, J. J. Thomson [1] proposed the first wave guiding structure and
theoretically analysed the electrical oscillations in a finite length conducting cylinder. In
1897, Lord Rayleigh [2] mathematically analysed electromagnetic waves propagating in
a metallic cylinder. Sommerfeld [3], 1899, obtained the principal mode of an
electromagnetic wave propagating in a hollow conducting tube. R. H. Weber [4], 1902,
proposed that the velocity of an electromagnetic wave propagating in a hollow tube is
slower than the speed of light in a medium and suggested that the propagating wave is
equivalent to a plane wave propagating in a zig-zag path. In 1909, D. Hondros and Debye
[5] extended Sommerfeld’s work in order to obtain a complete solution. D. Hondros and
P. Debye [6], 1910, obtained the propagation inside a wave guiding structure theoretical
solution. The work in this field continued after that. In 1931, E. Karplus [7] practically
illustrated the electromagnetic wave propagation concept in hollow metallic tubes with
dimensions of the order of wavelengths. George Southworth [8] experimentally
demonstrated the practicality of electromagnetic waves propagation in hollow metallic
tubes, which know later as waveguides.

3.3

Slots in Waveguides

Southworth and Hansen first suggested the idea of allowing energy to leak from a
rectangular waveguide through a slot parallel to the waveguide axis in early years of
World War II [9]. In March 1946, H. Booker concluded that, according to Babinets’s
Principle in optics, any equipment constructed of wires can be translated into a
complementary equipment consists of slots [10]. As an example, he showed that an array
of half wavelength dipoles in air, Figure 3-1(a), is a complement to an array of half
wavelength slots in a metallic sheet with 90° rotated orientation, Figure 3-1(b), and both
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arrays radiate with opposite polarizations to each other. He demonstrated that the
behaviour of a resonant slot has a strong relation with the behaviour of dipole made of
flat metal strip and have the same slot size [10]. The slot radiates higher energy compared
to two-wire transmission line due to the extent of the current associated with the slot
over the metal sheet [10]. Therefore, half wavelength, resonant, slots can be used instead
of half wavelength dipole in antennas [10]. Booker, [10], found out that a slot in a
conducting sheet is radiating in both sides of the sheet. The radiation can be concentrated
in one dimension if the slot is non-reactively boxed on one of its sides [10]. Booker, [10],
was the first to suggest the use of resonant slots array as an airborne antenna in aircrafts.
Booker [11] further studied in details the validity of Babinet’s principal.
In 1946, Bailey investigated the electromagnetic properties of an infinite
conducting sheet with narrow strips cut. He obtained the electrostatic distribution
around an array of slots and an array of complementary dipoles. He deduced that, a slot
field is similar to the field of fictitious magnetic conductor and therefore behave as a
magnetic dipole. He gave an approximate solution of a half-wavelength slot radiation
field. [12]

Figure 3-1: Array of dipoles (a) and its complement slots array (b) [10]

Watson demonstrated and experimentally verified the coupling of different types
of resonant slots in a rectangular waveguide wall to a signal propagating inside the
waveguide. He demonstrated that if a slot is cut such that it interrupts a rectangular
waveguide wall current, the slot will radiate. He deduced the first mathematical equation
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of the normalised conductance of a longitudinal slot in a rectangular waveguide broad
wall. He also investigated the coupling of a Dumb-bell slot and a pair of slots that will
radiate linearly and circularly polarised fields. [9]
Stevenson [13], 1947, developed basic theory of different types of slots in a
rectangular waveguide walls. He modified the equation of normalised conductance of a
longitudinal displaced slot in the broad wall of a rectangular waveguide. His theoretical
analysis was based on the following assumptions:


The waveguide walls are perfectly conducting and have a negligible thickness.



The slot is very narrow (he assumed: 2 log ( 𝑆𝑙𝑜𝑡 𝑤𝑖𝑑𝑡ℎ ) ≫ 1).



The field penetration behind the waveguide’s face containing the slot is neglected.



Slot length is always near to the first resonance (𝑆𝑙𝑜𝑡 𝑙𝑒𝑛𝑔𝑡ℎ ≈ λ/2).



The electric field in the slot is perpendicular to the slot long dimension and varies

𝑆𝑙𝑜𝑡 𝑙𝑒𝑛𝑔𝑡ℎ

sinusoidally along the slot.
He, also, proposed an integral equation to estimate the resonant slot length. [13]
Stegen [14], 1951, experimentally characterised a narrow longitudinal shunt slot at
X-band. He validated Stevenson mathematical model for this slot type. One of his critical
findings is that the slot resonant length is not exactly half of free space wavelength.
A. Oliner [15] employed variation methods and stored power considerations when
deriving the theoretical expressions for slot impedance for different rectangular
waveguide broad face slot types. He considered the effect of the waveguide’s wall
thickness and the distinction between rounded and rectangular slot edges, to overcome
the limitations of Stevenson’s work. Oliner developed the approximate expressions to
characterise non-resonant slot impedance and admittance. In [16], he proved that his
work is in agreement with different experimental work. Yee [17] extended Oliner’s work
to include the effects of a longitudinal shunt slot offset.
Tang [18]considered the case when a longitudinal slot is located on the waveguide’s
broad wall centre line; he showed that the slot is not excited as the surface current
vanishes at the rectangular waveguide broad face centre line. He excited the slot by
introducing an adjustable iris in the transverse direction across the waveguide’s crosssection as shown in Figure 3-2. The iris excites the slot by introducing controlled asymmetry in the waveguide fields.

Chapter 3: SWGAA literature Review

137

As the narrow wall slot inclination introduces a cross-polarization, Dodley [19]
adapted Tang [18] work by exciting the non-inclined narrow wall slot with a pair of irises,
each located on one side of the slot, one against the waveguide’s top broad wall and the
other against the bottom, as shown in Figure 3-3. These irises force the current to flow
between their ends, and hence cross and excite the slot. The amount of coupling varies by
changing any of three parameters: first, the iris separation; second, the iris height; third,
the slot length. [19]
Elliot and Kurtz [20] concluded from Stegen and Tai work that the slot resonant
length is shorter than half of free space wavelength (0.464 𝜆0 ). Jasik [21] found out that
Stegen’s [14] asymptotic value for a practical rounded corners slot resonant length is
0.483 𝜆0 .
The work of analysing different slot types in a rectangular waveguide walls
continued to recent years. S. Hashemi-Yaganeh and R. S. Elliot [22] developed the theory
of using un-tilted side wall slots excited by an inclined metallic rod pair, as shown in
Figure 3-4. The presence of the metallic rods alters the side wall’s surface current
distributed around the slot, which excites the slot to radiate with minimum crosspolarization [22]. The same un-tilted narrow wall slot excitation method is utilised by
[23].
Since the invention of the slot radiators till today, many different simple and
compound slots for different applications were designed, simulated and investigated.
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Figure 3-3: Iris-excited narrow wall slot, tilting transverse current [19]
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Figure 3-4: Narrow wall slot excited by a pair of metallic rods [22]

3.4

Slot Arrays

Fry [24], 1946, was the first to suggest and construct slot arrays. He demonstrated
the design of a resonant array using longitudinal slots in a rectangular waveguide broad
wall. He explained the design of non-resonant slot array and discussed the difference
between the two arrays. He built two long non-resonant arrays: one using longitudinal
shunt slots and the other using rectangular waveguide narrow wall inclined shunt slots.
He measured both signal amplitude and phase along the arrays. He also measured each
array beamwidth and sidelobe level and confirmed the measurements agreement with
the theory.
In 1954, Kaminow and Stegen [25] performed a detailed study on resonant slot
radiators and slot arrays. They developed universal curves that demonstrate the relation
between slots’ normalised conductance and the slot length, inclination angle and offset
from a rectangular waveguide broad wall centre-line on the basis of measurements. Also,
they compared the measured data with the available theoretical work at that time. They,
also, investigated the effects of mutual coupling in a slot array on its performance. They
showed a method of suppressing the slot array SLL utilising Taylor distribution which
becomes the first known work on SLL suppression of slot arrays.
A large number of works about slot arrays design for different applications was
published after Kaminow and Stegen [25] work. Major work was performed by Elliot and
Kurtz [20] where they found the actual slot resonant length and modified the longitudinal
shunt slot conductance formula. In addition, they investigated, both in theory and
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experimentally, the design and performance of a two-dimensional array of longitudinal
slots and they confirmed a satisfactory agreement.
Elliot [26] and in [27] demonstrated the design of both linear and planar slot
arrays. A lot of work is available in the literature about the design of slotted waveguide
antenna arrays (SWGAAs) with either longitudinal shunt slots or inclined edge slots.
These designs were done for a specific operational requirement. A dual polarised SWGAA
with very low SLL and high polarisation purity is required for this work. Next section will
review some of the available basic work about dual-polarised SWGAAs.

3.5

Dual-polarized SWGAA

Josefsson and Van't Klooster [28] proposed a dual-polarised SWGAA for SAR
antenna. The antenna is composed of interleaved arrays with longitudinal shunt slots and
with broad wall transverse slots respectively as shown in Figure 3-5. The bottom
waveguide has resonant transverse slots that are separated by one guided wavelength to
radiate wave with polarisation parallel to the axis of the waveguide hosting the slots. The
two parallel waveguides standing on their narrow walls act as baffles to the bottom
waveguide, to suppress grating lobes, and radiate wave with opposite polarisation to the
bottom waveguide. The array operates at 5.3 GHz. This antenna configuration radiates
energy with high polarisation purity. The coupling between two sub-arrays was
measured and found to be below -30 dB.
Derneryd and Lagerstedt [29] proposed and simulated an X-band, 9.6 GHz,
SWGAA design with polarimetric capabilities. The design is composed of two parallel
narrow waveguides one is with longitudinal shunt slots and the other with non-inclined
waveguide narrow wall slots. A pair of wires is used to excite the non-inclined slots to
generate horizontal polarisation with low cross-polarisation level, measured to be below
-25 dB. As expected, the measured SLL was -13 dB because the slots have uniform
excitations. This SLL does not meet the desired SLL for this work (≤ -21 dB). Such design
that requires wires inside the waveguide to excite each narrow wall non-inclined slot is
not feasible to be fabricated.
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Figure 3-5: Dual-polarized SWGAA [28]

A modification to a Canadian satellite, operates at 5.3 GHz, dual-polarised antenna
was proposed by Wood, Sultan and Seguin [30]. The main objective of this modification
was to collect more information about SAR (Synthetic Aperture Radar) images to enhance
the image processing process. The proposed design has 11,160 longitudinal slots to
radiate a vertically polarised signal and 13,020 inclined narrow wall slots to radiate a
horizontally polarised signal. A portion of the antenna face is shown in Figure 3-6. All the
rectangular waveguides, which host the slots, are 1.8 meters long. The width of the
antenna structure is 1.5 meter (31 inclined slots WR187 waveguides and 30 longitudinal
slots WR159 waveguides). The antenna radiation pattern measurements were
performed in David Florida Laboratory spherical near-field test facility. The
measurements were in a very good agreement with the simulation. The SLL in both
polarisations is between -13 dB and -14 dB which is much higher than the desired level.
The author commented that the cross-polarisation level needs to be suppressed. The
cross-polarisation level for horizontal polarisation was suppressed by orienting every
two waveguides in sequence to make the inclined slots to have opposite inclination
directions. This principle was investigated in more details by Zhang et al. [31]. The
measured cross polarization level was -34 dB in vertical polarization radiation and -35
dB in the horizontal polarization radiation. It can be seen from Figure 3-6 that the design
require very high accuracy during waveguides stacking stage, especially when spacing
the waveguides.
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Figure 3-6: Dual polarised SWGAA [30]

Wei Wang et al. [32] designed and fabricated a dual polarised SWGAAs for SAR
system at X-band. The design is illustrated in Figure 3-7. Ridged waveguides with
longitudinal slots are used to produce vertically polarised radiation and non-inclined
narrow wall excited by irises to produce horizontally polarised radiation. An array of
16⨯16 SWGAAs fed by 4-way power divider was built and tested. The results were in
good agreement with simulation. The antenna benefits from very low cross-polarisation
level. The SLL is -13 dB, much higher than the desired (≤ -21 dB) level. The waveguides
with exciting irises enhance the antenna fabrication complexity and lead to a very high
cost.
Yasuhiro Tsunemitsu [33] proposed a design of high gain SWGAAs arranged sideby-side, one works as transmitting antenna and the other works as receiving antenna, for
a communication system, at 25.3 GHz, as shown in Figure 3-8. The detailed design
schematics are shown in Figure 3-9. Each antenna is composed of 16 waveguides open
from the top with a 32-way complex design power dividing structure. The whole
structure is covered by a single slotted plate with 320 slots. The antenna provides a gain
of more than 30 dB. The SLL is around -13 dB which does not meet the required SLL for
this work. The cross-polarisation level is below -50 dB. The important this that was
investigated is the isolation between the two antennas when arranged side-by-side. An
excellent isolation, more than 60 dB, was measured.
Cong and Dou [34] proposed a dual-polarised SWGAA, at 35 GHz, design with
interleaved waveguides with longitudinal slots with waveguides with inclined edge slots.
All the interleaved waveguides are side-fed, each polarisation was fed from a different
side. 7 Ridged waveguides with longitudinal broad wall slots were used to radiate a
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vertically polarised wave. “Z” shaped slots in a waveguide broad wall are used to couple
the energy to the stacked waveguides forming a 7-way power divider. For horizontally
polarised radiation, eight rectangular waveguides with inclined narrow wall slots are fed
with 8-way power divider with an H-T conjunction and eight feeding slots cut in a
rectangular waveguide broad wall. A post is set opposite to each feeding slot to enhance
the power coupling and cancel the slot reflections. The simulated design has a SLL below
-20 dB and a cross polarisation level below -40 dB for both polarisations. The gaps
between the waveguide ridges around the power divider coupling slot enhance the
design fabrication complexity and hence the fabrication cost.
Zhang et al. [35] designed, fabricated and tested a dual-polarised SWGAA at Xband for SAR applications. The antenna top view diagram and the configurations of both
polarisations are shown Figure 3-10. The horizontally polarised radiation is generated
with eight rectangular ridged waveguides, each with 16 transverse slots. Each slot is
excited by shaped irises. Each radiating ridged waveguide is coupled to a coupling feeding
ridged waveguide. The waveguides are divided into four groups and fed by a specifically
designed power divider. On the other hand, the vertically polarised radiation is produced
by eight ridged waveguides each has 16 longitudinal slots arranged as shown in the
diagram. The waveguides are fed with similar feeding method of the previous
polarisation. The measurements were in good agreement with the simulated design. Low
(below -35 dB) cross-polarisation level was measured in both polarisations. The antenna
has a SLL of -13 dB. This SLL has to be suppressed to meet the required level for this work.
Li et al. [36] proposed a 35 GHz dual frequency dual-polarized SWGAA. Eight
rectangular waveguides each with ten longitudinal slots, vertical polarisation, are
interleaved with eight waveguides each with ten narrow wall inclined slots, horizontal
polarisation. As can be seen in Figure 3-11, each set of waveguides are fed from one side
of the array. Using stepped ridges and inductive block for coupling the energy from the
feeding SWGAAs to the radiating waveguides enhances the design complexity and
increase the fabrication cost. The measured gain of the antenna was about 25 dB for both
polarisations. The SLL is -17.6 dB, about 3.5 dB higher than the desire level for this work.
A very low cross-polarisation level was measured. The measurements were in good
agreement with the simulation.
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(a)

(b)

(c)

Figure 3-7: (a) SWGAA top view; (b) Vertical polarisation slot antenna and coupler;
(c) Horizontal polarisation uninclined slot with exciting irises and 4-way power divider; [32]
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Receiving Antenna

Figure 3-8: Orthogonally polarised SWGAAs arranged side-by-side [33]
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(a)

(b)

(c)

Figure 3-9: a) A centre-fed single plate SWGAA; b) Multiway power divider structure;
c) Reflection and cancelling slot and wall unit; [33]
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(a)

(b)

(c)

Figure 3-10: (a) Dual-polarized SWGAA diagram; (b) Horizontally polarized antenna;
(c) Vertically polarized antenna [35]
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Figure 3-11: (a) SWGAA top view; (b) Front view and bend structure details [36]

3.6

Summary

The use of custom designed rectangular waveguides in a dual-polarised SWGAA
increases the antenna fabrication required accuracy and hence the fabrication cost.
Utilizing pairs of wires or irises to excite non-inclined narrow wall slots to enhance the
antenna polarisation purity involve many fabrication difficulties, making the fabrication
process not feasible for a budget limited academic research project. A dual-polarised
SWGAA with a very complex design power dividers or feeding networks involve a very
high degree of design complexity and high cost. In addition, most of the discussed
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SWGAAs with dual-polarisation capabilities suffer from high SLL which need to be
suppressed for applications that require very low SLL such as bistatic radars.
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4. S-band SWGAA

4.1

Introduction

NetRAD is an S-band bistatic/multistatic radar system that operates at 2.4 GHz
with 50 MHz bandwidth (2.4 GHz – 2.45 GHz). The range resolution of this radar system
is 3 meters. In this chapter, the possibility of designing a SWGAA at this frequency was
first investigated. The design started up with simulating a single element SWGAA in order
to achieve the desired azimuth plane beamwidth (10°). The azimuth plane beamwidth of
a SWGAA is mainly controlled by the number of slots cut in a waveguide. Eight resonant
longitudinal shunt slots carved in a WR340 waveguide broad wall achieved the desired
azimuth plane beamwidth with a high sidelobe level (SLL). In order to come over the high
SLL and achieve the desired SLL (≤ -21 dB), the slots locations were redistributed over
the waveguide broad wall.
As expected, the elevation plane for a single element SWGAA is very wide (fanbeam). In order to narrow this beamwidth, few identical SAWGAAs has to be stacked on
top of each other. The simulated SWGAA was then fabricated and tested in an anechoic
chamber. After that, four identical SWGAAs were stacked to achieve the desired elevation
plane beamwidth (20°). The chamber test results showed excellent agreement with the
simulation results.
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Another method that was reported in the literature for narrowing a single element
SWGAA elevation is by flaring the wave the waveguide with two inclined metal walls
(looks like a rectangular horn) as shown in Figure 4-1 [1] and [2]. This method was
eliminated as flaring a single element SWGAA is difficult to achieve the desired elevation
beamwidth, the gain of a single element SWGAA is low and the fabrication of such design
requires very high accuracy which increases the fabrication cost. As a result, identical
SWGAAs stacking method is considered for the rest of this chapter.

Figure 4-1: Flared SWGAA

Previously, Poynting A-K-GD-03-08 grid antennas were used for the all the nodes
of the NetRAD system. The manufacturer specifications of this antenna are given in Table
4-1. At a later stage, and during the experiments for this work, L-com HG2418DPD dish
antennas were used due to its dual-polarisation capability and compact size. The
manufacturer specifications of this antenna are given in Table 4-2.
This chapter starts by a suitable waveguide choice. Then, the design and
simulation of an end-fed S-band SWGAA using the CST (Computer Simulation
Technology) [3] software is demonstrated. Next, the fabricated S-band SWGAAs anechoic
chamber measurement results presented and discussed. After that, stacking SWGAA
elements is investigated in order to achieve the optimal stacking geometry to achieve the
desired antenna specifications. The final simulated stacking structure was then built and
tested in the anechoic chamber. The field experiments results and discussions are
presented in the last section of this chapter.
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Table 4-1: NetRAD Poynting A-K-GD-03-08 antenna electrical specifications

Parameter

Value

Electrical Frequency

2.3 – 2.9 GHz

Gain (max)

24 dBi

VSWR

< 1.7:1

E-plane 3 dB beamwidth

10° (± 1°)

H-pane 3 dB beamwidth

8° (± 1°)

Sidelobe level

-18 dB

Nominal input impedance

50 Ohm

Front to Back (F/B) ratio

>32 dB (± 2 dB)

Polarisation

Linear (Vertical or Horizontal)

Table 4-2: NetRAD L-com HG2418DPD antenna electrical specifications

Parameter

Value

Frequency range

2.4 -2.5 GHz

Gain

18 dBi

VSWR

< 1.5 typical

Horizontal Beamwidth

18°

Vertical Beamwidth

19°

Front to Back (F/B) ratio

>25 dB

Cross Polarisation Isolation

>28 dB

Input impedance

50 Ohm
Adjustable – Dual polarised

Polarization

(Vertical or Horizontal) or XPolarised (+ 45° and - 45°)
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Waveguide

WR340\WG9A waveguide was chosen for the S-band SWGAA design as its
operational frequency covers the NetRAD system operating bandwidth and it is
commercially available. Aluminium waveguides with a wall thickness of 2.1 mm were
used as they are relatively lightweight. The dimensions and the operational frequencies
of this waveguide are given in Table 4-3 and the standard rectangular waveguide is
shown in Figure 4-2.

Y

a
b

X

Z
Figure 4-2: Standard Commercial Rectangular Waveguide
Table 4-3: WR340/WG 9A waveguide parameters

Operating

Lowest Order

Next Mode

Inner

Frequency

Mode Cutoff

Cutoff

Dimensions

Limits

Frequency

Frequency

(mm)

(GHz)

(GHz)

(GHz)

(a × b)

2.2 – 3.3

1.736

3.471

86.36 ⨯ 43.18

4.2.1 SWGAA design
An end-fed resonant S-band SWGAA was designed and simulated using CST
software. Eight slots were carved in a WR340/WG 9A waveguide broad-wall achieved the
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desired azimuth beamwidth. During the simulation, the SWGAA was fed by a waveguide
port. The other waveguide broad-wall act as a ground plane for the SWGAA.
At the first design stage, the typical resonant SWGAA parameters were used. The
length of the resonant slot was taken to be equal to the first resonant length (half of free
space wavelength (𝜆0 ⁄2)) in order for a slot to be resonant. The resonant slots spacing
between each consecutive slots centres is equal to half guided wavelength. The guided
wavelength is given by:
𝜆𝑔 =

𝜆0

(4-1)

2

√1 − ( 𝜆0 )
2𝑎

The first and last slots are placed quarter, or it odd multiples, of the guide
wavelength (𝜆𝑔 ⁄4 ) from feeding port and the shortened end. These parameters are
demonstrated in Figure 4-3. The slot width is calculated based on Watson [4] equation:
1
𝑤𝑖𝑑𝑒 𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒 𝑖𝑛𝑛𝑒𝑟 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 (𝑎)
𝑊 = ( )∗(
)
16
0.9

(4-2)

Stegens [5]experiments outcome showed that the slot’s resonant length is shorter
than 𝜆⁄2. Elliot and Kurtz [6] concluded from [5] and [7] that the slot resonant length is
≈ 0.464 𝜆. They modified the slot normalised conductance that is used to calculate the
slots displacement from the waveguide broad wall centre-line to be:

𝐺𝑛 =

𝐺𝑠𝑙𝑜𝑡
𝐺𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒

2

480 𝜆𝑔 𝑎
0.464𝜋𝜆
𝜋𝑥𝑛
=[
[𝑐𝑜𝑠
− 𝑐𝑜𝑠(0.464𝜋)] ] 𝑠𝑖𝑛2
73𝜋 𝜆 𝑏
𝜆𝑔
𝑎

(4-3)

where (𝑥𝑛 ) is the nth slot offset relative to the broad wall centreline.
For resonant end-fed SWGAA, to ensure that the input is perfectly matched, the
sum of slots normalised conductance must be close to, or equal, unity ( ∑𝑁
𝑛=1 𝐺𝑛 = 1) [8]
[9]; where N is the number of slots. The conductance is the real part of the admittance
(𝑌 = 𝐺 + 𝑗𝐵; where B is Susceptance). According to Stevenson [10]: the admittance of
resonant SWGAA has no reactive (imaginary) component. And as the sum of the slots
normalized conductance is one (for end-fed SWGAA), each slot should has a conductance
(𝐺) close to 1/N [11].
The HPBW of a SWGAA can be roughly estimated by [12]:
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𝐵𝑒𝑎𝑚𝑤𝑖𝑑𝑡ℎ = 𝜃3𝑑𝐵 = 50.7 𝑁
2

𝜆0
⨯𝑆𝑙𝑜𝑡 𝑆𝑝𝑎𝑐𝑖𝑛𝑔

(degrees)

(4-4)

and its gain is estimated by [12]:
𝐺 = 10𝑙𝑜𝑔 (𝑁.

(4-5)

𝑆𝑙𝑜𝑡 𝑆𝑝𝑎𝑐𝑖𝑛𝑔
)
𝜆0

or

or

Figure 4-3. Slots spacing

4.3 S-Band SWGAA
4.3.1 Conventional SWGAA
In a conventional SWGAA design, all slots are assumed to have the same excitation
amplitude, i.e. equal offset from the broad-wall centre line. This results in a so-called
uniform amplitude weighting. This weighting provides the smallest 3 dB beamwidth
(HPBW) [13]. At the same time, it has a major drawback of a very high sidelobe level
(SLL). A conventional SWGAA was designed based on the centre frequency of 2.425 GHz.
The simulated design of the optimised conventional S-band SWGAA is shown in Figure
4-4. The slots offset from the broad wall centre line is found using Equation (4-3) to be
9.63 mm. The simulated antenna beamwidth is 8.8° and the SLL is -13 dB. Table 4-4 lists
the antenna design and performance parameters for the conventional S-band SWGAA.
The last column of the table shows the optimised simulation parameters of the S-band
SWGAA, as will be discussed later.
Figure 4-5 shows the conventional design SWGAA reflection coefficient (S11). The
vertical line indicates the design frequency (2.425 GHz). The azimuth plane radiation
pattern SLL is considerably high about -13 dB, as can be seen in Figure 4-8, which matches
the expected SLL for uniformly (equidistance slots from the centreline) distributed slots.
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As the antenna desired SLL is below -21 dB, the antenna design has to be optimised to
achieve the desired performance specifications.
The simulated conventional SWGAA shows an excellent total efficiency as shown
in Figure 4-6. The total efficiency consider losses and mismatch in the design. As the
SWGAA is filled with air, there are no dielectric losses in the medium. The reflection
coefficient (S11) is very low at the design frequency which indicate an excellent matching
between the waveguide port and the SWGAA. This clarifies the high total efficiency of the
simulated SWGAA and confirms the superiorities of the SWGAA of having a very efficient
radiation over a narrow bandwidth with very low radiation outside that bandwidth.
Further investigation by changing the mesh size, metal conductivity simulation
box boundaries and the dielectric constant of the medium inside the waveguide. It was
found out that only changing the medium dielectric constant affects the SWGAA total
efficiency. Increasing the dielectric constant result in lower efficiency.
The total efficiency of a metallic conical horn, a bit high S11 compared to the
SWGAA, was found to be approximately 98%. The total efficiency of a patch antenna on a
lossy substrate that has S11 of around -11 dB was found to be approximately 80%. This
confirms the previous investigation that only the presence of a dielectric material in the

Elevation

simulated design will lower the design total efficiency.

Azimuth

Figure 4-4: Conventional (uniformly distributed slots) SWGAA
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Figure 4-5: Conventional S-band SWGAA reflection coefficient
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Figure 4-6: Non-tapered SWGAA total efficiency

3

3.2

Chapter 5: S-band SWGAA

162

Table 4-4: Theoretical and optimised simulated conventional SWGAA design and performance
parameters

Parameter

Theory

Value

Slot Length

𝜆0 ⁄2 = 61.85 mm

54 mm

Slot Width

(16) ∗ 0.9 = 6.0 mm

6.0 mm

Spacing between slots 1-2; 3-4; 5-6; 7-8

𝜆𝑔 ⁄2 = 88.65 mm

88.4 mm

𝜆𝑔 ⁄2 = 88.65 mm

88.6 mm

Slots offset

9.83 mm

9.83 mm

Gain

7.6 dBi

15.8 dBi

Azimuth plane Beamwidth

17.7°

8.8°

Vertical plane Beamwidth

Fan Beam

84°

Sidelobe Level (SLL)

-13 dB

-13 dB

1

a

(Centre-to-Centre)
Spacing between slots 2-3; 4-5; 6-7
(Centre-to-Centre)

4.3.2 Low Sidelobe Level SWGAA
To overcome the limitations of the conventional SWGAA, other amplitude
distributions, such as Binomial, Taylor and Dolf-Tschbescheff (Chebyshev), to redistribute
the slots over the waveguide broad wall were investigated. These amplitude distributions
will result in different slots offsets from broad-wall centreline, different slots distribution.
The amplitude distribution is a trade-off between the antenna HPBW and SLL.
The slots in the conventional SWGAA are equidistant from the waveguide broadwall centreline, uniformly distributed, i.e. have similar excitation, which results in high
SLL. So, the SLL is related to the excitations of the individual slots. The excitation of each
slot is proportional to its conductance. The conductance of a longitudinal slot varies with
its displacement from the waveguide broad-wall centreline [10] according to Equation
(4-3). Each slot excitation must be varied, by determining the suitable slots
displacements, to achieve the desired SLL. The desired SLL can be achieved by tapering
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the slot displacements from the centreline, changing each slot conductance and hence its
excitation. The slots offsets, which control the slot excitation, are obtained from the
utilised amplitude distributions. The slots normalised conductances are controlled by the
slots locations (offset from the waveguide broad-wall centreline). Varying the slot
conductance varies its excitation. So, the slot displacement is a mean that controls the
power distribution and radiated power [8].
The slots conductances are obtained from certain distribution coefficients as
𝐺𝑛 =

𝑐𝑛
𝑁
∑𝑖=1 𝑐𝑖

(4-6)

Then Equation (4-3) can be used to find the slots displacements from the
waveguide broad wall centreline. The sum of all resonant slots normalised conductances
in an end-fed SWGAA is equal to 1 [8] [11] [14]. From [11] and [14], the normalised
conductances are related to the exciting voltage as:
𝑣𝑛 2
𝐺𝑛 = 𝑁
∑𝑖=1 𝑣𝑖 2

(4-7)

Each distribution will result in different aperture tapering, slots offset from the
centreline, and hence different slots excitation amplitudes. The three amplitude
distributions were investigated to find the optimum distribution that helps in attaining
the antenna desired performance specifications.
Equation (4-6) is then used calculate the normalised conductances from different
aperture tapering distributions coefficients. From that, each slot displacement, according
to the desired excitation, from the wall centre-line can be calculated. The desired SLL is
always an essential discrete array distribution input. The resulting SWGAA SLL is always
higher than the SLL used for the discrete array distribution. A few simulation iterations
were performed with using different discrete array SLL to attain the desired SLL. After
choosing the optimum distribution, the design was optimised to arrive at the SWGAA
optimum performance. Next, the aperture distributions were investigated.
4.3.2.1 Aperture tapering distributions
Binomial, Taylor and Chebyshev amplitude distributions, or aperture tapering
algorithms, were investigated in this section. After few simulation iterations, the input
discrete array distribution SLL that achieved the desired SLL (≤ -21 dB) was found to be
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-40 dB. Table 4-5 shows different distribution coefficients and the slots displacements
(offsets) from the rectangular waveguide broad-wall centre line that were calculated
using MATLAB.
Binomial and Taylor distributions have almost the same slots offset values. Figure
4-7 shows the reflection coefficients of the conventional SWGAA design and the designs
utilising different tapering algorithms. The thin vertical line indicates the centre
frequency 2.425 GHz. At the centre frequency, the reflection coefficient for the design
without any tapering is slightly better than the others by about 2.5 dB. However, the other
designs have better reflection coefficient at the beginning of the frequency transmission
band (2.4 GHz– 2.45 GHz) and have approximately identical reflection coefficient with 0.5
dB superiority for the Binomial distribution.
Figure 4-8 and Figure 4-9 show the azimuth and the elevation radiation patterns
of non-tapered SWGAA design and the aperture tapered SWGAA utilising three various
distributions. All the designs radiation patterns have excellent cross-polarisation levels
of below – 35 dB, high polarisation purity. Table 4-6 indicates the important antenna
performance parameters for different designs. Even though both Binomial and Taylor
distributions have approximately the same offset values, the simulated designs that
utilise both aperture tapering results in lower SLL and backlobe level (BLL) with
approximately the same gain. The expense of suppressing the SLL is the reduction in the
antenna gain and HPBW widening compared to non-tapered design. Chebyshev aperture
tapering was omitted as it does not satisfy the desired SLL (<-21 dB).
For this work, Binomial and Taylor amplitude distributions for aperture tapering
were chosen to be the rest of this work. After that, the design was optimised to narrow
the HPBW of the azimuth plane to the desired value (≈ 10°) while maintaining the SLL
below -21 dB. The optimised design is discussed in the next section.
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Table 4-5: Tapering distributions coefficients and calculated offsets using SLL = -40 dB

No Tapering
Slot
Number

Coeff.

Offset
(mm)

Binomial

Taylor

Chebyshev

Tapering

Tapering

Tapering

Coeff

Offset
(mm)

Coeff

Offset
(mm)

Coeff

Offset
(mm)

1

N/A

9.83

1

2.41

1.00

2.36

1.00

4.85

2

N/A

9.83

7

6.43

8.21

6.82

2.86

8.29

3

N/A

9.83

21

11.35

21.75

11.30

5.20

11.33

4

N/A

9.83

35

14.97

35.89

14.82

6.85

13.13

5

N/A

9.83

35

14.97

35.89

14.82

6.85

11.33

6

N/A

9.83

21

11.35

21.75

11.30

5.20

8.29

7

N/A

9.83

7

6.43

8.21

6.82

2.86

8.29

8

N/A

9.83

1

2.41

1.00

2.36

1.0

4.85

4.3.2.2 SWGAA aperture tapering optimisation
The slots positions, mainly offsets from waveguide broad-wall centre-line,
achieved using Binomial distribution tapering was optimised to achieve the narrowest
possible HPBW (≈10ᵒ) while maintaining the desired SLL (≤ -21 dB). In addition, the
fabrication tolerances were also taken into account during the optimisation process.
Table 4-7 shows the optimised slots offset values. The dimensions of the optimised
SWGAA design are illustrated in Figure 4-10. The reflection coefficient of the optimised
design is shown in Figure 4-11. The reflection coefficient value is below -15 dB through
whole antenna operational bandwidth, which guarantees that most of the power will be
radiated. Figure 4-12 shows the optimised antenna total efficiency. The antenna has an
excellent efficiency through the desired operational bandwidth. The investigation of the
high total efficiency of a simulated SWGAA is discussed previously in Section 5.3.
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Figure 4-7: Simulation reflection coefficients of different tapering algorithms
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Figure 4-8: Azimuth plane radiation pattern of a SWGAA with different tapering algorithms
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Figure 4-9: Elevation plane radiation pattern of a SWGAA with different tapering algorithms
Table 4-6: Different tapering performance comparison

Parameter

No Tapering

Binomial

Taylor

Chebyshev

Gain (dBi)

15.78

14.58

14.63

15.28

Sidelobe level (dB)

-13

-26.59

-23.74

-15

Backlobe level (dB)

-13.75

-14.2

-14.1

-13.9

8.8

12.3

12.2

10.6

84

82.4

82.4

83.2

Azimuth plane 3 dB
beamwidth (deg.)
Elevation plane 3 dB
beamwidth (deg.)

Both azimuth and elevation planes radiation patterns of the optimised SWGAA
design are shown in Figure 4-13. The azimuth plane SLL is below the desired level (-21.5
dB). The azimuth plane 3 dB beamwidth is 10.7°, which is acceptable according to the
desired specifications. The elevation plane 3 dB beamwidth is 84.5° (fan-beam). Table 4-8
gives the optimised slot parameters, slots spacing and the main antenna performance
features.
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Slot#8

Slot#1

Figure 4-10: Optimized S-band SWGAA schematic
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Figure 4-11: Optimized S-band SWGAA reflection coefficient
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Figure 4-12: Low SLL SWGAA total efficiency

Table 4-7: Optimized S-band SWGAA slots offset

Slot number

Offset from centre line
(mm)

1

4.69

2

8.21

3

11.29

4

13.01

5

12.99

6

11.31

7

8.19

8

4.71

3

3.2
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Figure 4-13: Optimized S-band SWGAA radiation patterns
Table 4-8: Optimized S-band SWGAA parameters

Parameter

Value

Slot Length

60 mm

Slot Width

6 mm

Spacing between slots 1-2; 3-4; 5-6; 7-8

88.4 mm

(Centre-to-Centre)
Spacing between slots 2-3; 4-5; 6-7

88.6 mm

(Centre-to-Centre)
Gain

15.23 dBi

Azimuth plane 3 dB Beamwidth

10.7°

Elevation plane 3dB Beamwidth

84.5°

Sidelobe Level (SLL)

-21.5 dB

Backlobe level (BLL)

-14.1 dB

The maximum gain of the antenna is 15.23 dBi at the centre frequency. The
simulated antenna realised gain over frequency is shown in Figure 4-14. The CST
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simulation software plots the simulated antenna gain taking the maximum antenna gain
over the antenna radiation solid angle. In the antenna gain plot, the gain values at the
antenna boresight were taken at frequency samples of 10 MHz. The was performed by
putting far-field monitor every 10 MHz, then taking the gain value at the antenna
boresight (0°) for each frequency. The main objective of plotting the antenna gain at the
boresight is to have the ability to compare the anechoic chamber measured gain with the
simulation.
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Figure 4-14: Optimized SWGAA maximum realised gain over frequency

4.3.3 Fabrication and Measurements
The optimised S-band SWGAA design, as shown in Figure 4-10 was then sent to
fabrication. Four SWGAA was fabricated. Four W340 coaxial-to-waveguide transitions
were fabricated in France with VSWR (Voltage Standing Wave Ratio) of 1.3 – 1.35 over
the entire operational frequency bandwidth of W340 (2.2 – 3.3 GHz). Figure 4-15 shows
one of the fabricated SWGAA with the coaxial-to-waveguide transition used to feed the
SWGAA.
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Figure 4-15: S-band SWGAA with coaxial-to-waveguide transition

The fabricated elements were tested in an anechoic chamber. Figure 4-16 shows
the measured reflection coefficients of the fabricated SWGAAs versus the resulting
simulation reflection coefficient. A good agreement between the reflection coefficients
with the simulation through the entire operational frequency of the W340 waveguide
(2.2-3.3 GHz). The reflection coefficients of the fabricated SWGAAs are below -22 dB
throughout the desired antenna operational bandwidth. This guarantees that a large
portion of the feed power is radiated. The SWGAA is a narrow bandwidth antenna and
the bandwidth extends from 2.35 – 2.5 GHz (as the S11 passes the -10 dB line) which
covers the desired transmission bandwidth.
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Figure 4-16: S-band SWGAA reflection coefficient simulation vs measurement

The measured azimuth plane radiation patterns of the SWGAAs are shown in
Figure 4-17 and compared with the simulation. The measured HPBWs of the fabricated
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SWGAAs differ slightly from each other. The widest HPBW is 11.5°, which is 0.8° wider
than the simulation results. The measured beam mainlobe become wider below these
points. Due to the limitation of the anechoic chamber size, there performed
measurements were barely in the far-field. This might give a good explanation of the
mainlobe broadening. The highest measured SLL is -24 dB which is 1.5 dB higher than
the simulation SLL and satisfy the antenna desired specification. The SWGAA has a very
low cross-polarisation level below -68 dB (8 dB lower than the simulation) which
confirms the SWGAA antenna polarisation purity.
The measured radiation patterns are asymmetric around the angle zero line
(boresight). Few reasons may be involved in causing this asymmetry. The SLL in the righthand side is higher compared to the left-hand side because the right-hand side is the one
towards the feed and presumably more power (higher excitation) is coupled to the slots
in this side compared to the other side, the signal excites the slots as it propagates and its
magnitude decreases. Another possible reason is that, during this plane measurement,
the transmitter illuminates the chamber floor and its ceiling. The floor is not perfectly
covered with RAM (Radar Absorbing Material) and about 1 meter wide runway is located
on one side of the chamber. This may cause such a deformation to one side of the radiation
pattern (the side towards the floor). Attenuation and phase unbalance of the cables may
add some error. Human errors in performing the measurements cannot be neglected.
Examples of these errors are loose connections, SWGAA alignment, the alignment
between the transmitter and receiver...etc.
Figure 4-18 shows the Elevation plane radiation patterns. The measurement is in
good agreement with the simulation. The measured cross-polarisation level is below -45
dB, which indicates the high polarisation purity of SWGAA. The measured radiation
pattern has approximately the same degree of symmetry as the simulation. One reason
that might helped in achieving symmetric beam, compared to the azimuth plane radiation
pattern, is that the transmitter illuminates the two side walls of the anechoic chamber
which they are perfectly covered with RAM.
Figure 4-19 shows the measured SWGAAs gain versus the simulation one. There
is a good agreement between SWGAAs 1 and 2 especially on the antenna transmission
band, where reflection coefficient is below -10 dB, where the desired band falls. SWGAAs
3 and 4 have about 1.7 dBi lower gain t the design frequency. After an investigation, by
replacing the feeds, it was clear that the lower gains are due to fabrication errors.
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Figure 4-17: S-band (2.425 GHz) SWGAA Azimuth plane radiation pattern measurement vs
simulation
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Figure 4-18: S-band (2.425 GHz) SWGAA H-plane radiation pattern measurement vs simulation
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Figure 4-19: S-band SWGAA gain simulation vs measurement

It was noticed from the simulated and measured gain plot that there certain
frequencies where the gain dropped dramatically making notches in the gain plot. The
notches occurred at the following frequencies: 2.06 – 2.1 GHz - gain is below -28 dBi-,
2.305 GHz – gain is -4 dBi-, 2.55 GHz – gain is -7.25 dBi- and 2.805 GHz – gain is below 40 dBi-. The simulated design gain at 2.305 GHz is -1.6 dBi. The measured gains, at this
frequency, range between -4.3 dBi – -1.2 dB. At 2.55 GHz, the simulation gain was -1.8 dBi
while the measured gains range between -8.4 dB and -25.8 dB. The simulation gain at
2.805 GHz was -25.25 dBi and the measured gains range between -17.4 dBi to -26 dBi.
The azimuth plane radiation patterns were measured at 2.305 GHz, 2.55 GHz and
2.805 GHz and compared to the simulation as shown in Figure 4-20 - Figure 4-22. These
figures show there is no radiation at each of these frequencies at the boresight angle in
the mainlobe (0°). Looking at the reflection coefficient (S11) plot, the reflection is below
-10 dB for the frequencies between 2.35 GHz and 2.5 GHz. There is no transmission, or
very weak, outside this band. The frequencies where the notches occurred are outside
this band. So, the simulation and the measurements support and prove each other. As a
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conclusion, the antenna works as designed and radiate energy efficiently between 2.35
GHz and 2.5 GHz.
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Figure 4-20: S-band SWGAA normalised radiation pattern at 2.305 GHz

Another way to confirm that there is no or very weak radiation at the antenna
boresight at these frequencies is by looking at the directivities at these frequencies and
compare it with the directivity at the design frequency. Figure 4-23 shows the directivity
plots at those frequencies from the simulation software. The directivity has a maximum
value at the design frequency (2.425 GHz). At all the frequencies where the notches
appear in the gain plot, the directivity is very low at the antenna boresight (0°). It can be
noticed that the beam splits at these frequencies. There is no obvious reason that causes
the beam split. The directivity plots prove the validity of the gain simulation and
measurement plots.
Two, 1 and 2, of the fabricated waveguides measured gain was in good agreement
with the simulation (≈ 15.4 dB). On the other hand, the other two elements, 3 and 4, have
about 1.7 dB less (≈ 13.7 dB) but have good radiation patterns. This gives an indication
of a slightly higher mismatch between the feed (input) and the low gain SWGAAs. The
reflection coefficient affects the antenna total efficiency as [15]:
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(4-8)

𝑒𝑡𝑜𝑡 = 𝑒𝑟𝑎𝑑 ∗ (1 − |𝛤|2 )
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Figure 4-21: S-band SW GAA normalised radiation pattern at 2.55 GHz

where 𝑒𝑡𝑜𝑡 is the antenna total efficiency, 𝑒𝑟𝑎𝑑 is the antenna radiation efficiency and 𝛤 is
the voltage reflection coefficient. The antenna realized gain will be affected as it is
multiplication of the antenna total efficiency by its directivity. In conclusion, the higher
reflection coefficient, for the lower gain element, in the transmission band might be the
main reason of lower gain. It is clear that this is related to fabrication accuracy.
4.1.1 Stacked SWGAA elements
A single element SWGAA is a linear array which controls the antenna radiation
pattern in one plane only, here the azimuth plane, and it depends on the element’s
radiation pattern to control the antenna radiation in the other plane [9]. The resulting
single element SWGAA fan elevation beam does not match the antenna design
requirement. Planar arrays control the antenna beam shape in both planes and help in
satisfying the antenna 3D radiation pattern requirements. The method of stacking
identical SWGAAs on top of each other, forming a planar array, forms the most suitable
option to narrow the antenna elevation beamwidth. The stacking structure was
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investigated, in the simulation using CST, step-by-step stacking extra element at a time
until the desired beamwidth achieved. The elements must be stacked closely together to
avoid the appearance of grating lobes in the radiation pattern [16]. The separation
between stacked waveguides has been optimised as it was not possible to separate them
by half of free space wavelength due to the waveguide’s size. The desired antenna
elevation beamwidth is 20° (to have 10° ⨯ 20° beam). One of the objectives of having this
beamwidth is to have the ability to compare the final stacked antenna with the NetRAD
L-com antenna.
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Figure 4-22: S-band SWGAA normalised radiation pattern at 2.805 GHz
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Figure 4-23: S-band SWGAA Directivities at the design frequency and the measurement notch
frequencies

4.1.1.1 Two SWGAAs
Two SWGAAs were placed on top of each other, as shown in Figure 4-24, to
investigate the structure performance using CST. Without introducing any gap between
the elements, the simulation result shows broadening of the azimuth 3 dB beamwidth
below -18 dB points in the radiation pattern, when comparing with the optimised single
element SWGAA, as shown in Figure 4-27. The HPBW of two stacked elements broadened
by 0.4° (11.1°) compared to the single element. The realised gain of the structure
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increases to 18.2 dBi (compared to 15.2 dB for a single element). The SLL is -32.9 dB and

Elevation

the BLL is -17.6 dB.

Azimuth

Figure 4-24: Two stacked SWGAAs

Two main reasons might be involved in causing the azimuth plane main beam
broadening. The first reason is the aperture size enlargement increasing the distance
between the aperture edges and the antenna phase centre. The other reason is by adding
additional SWGAA to the structure, inter-element mutual coupling is introduced between
the waveguides which usually manifests by increasing the main beamwidth and fill the
nulls [17]. As a result, the First Null Beamwidth (FNBW) increase from 16.9° for a single
element to 53°.
The main objective of stacking SWGAA elements is to narrow the fan-beam
elevation beamwidth. Stacking two elements narrowed the elevation beamwidth from
84.4° of a single element to 34.6° with a very high SLL of -10.5 dB as shown in Figure 4-27.
As the desired elevation beamwidth is not yet achieved, the way forward is to stack more
elements.
4.1.1.2 Three SWGAAs
A third element was added to the stacked structure (leaving no gaps between
elements) for the purpose of narrowing the antenna elevation plane HPBW beamwidth.
Feeding all stacked elements with the same power results in a very high SLL (-12.7 dB).
At the same time, the elevation beamwidth was narrowed to 23.5°. Feed power tapering
was applied to the stacked structure trying to suppress the SLL. Feeding the two side
elements with 50% (-3 dB) of the power that fed to the centre element suppress the SLL
to -15.7 dB. The BLL is -21.4 dB (-20.7 dB with no power tapering). At the same time, the
elevation HPBW widened to 26.8°, as some of the sidelobes power was forced to enter
the mainlobe. The gain of the antenna was enhanced after adding a third element to be
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19.7 dBi (20.2 dBi before power tapering). The antenna azimuth plane after input power
tapering FNBW is 40.6°. The antenna elevation pattern with feed power tapering is shown

on
Elevati

in Figure 4-28.

Azimuth

Figure 4-25: Three stacked SWGAAs

The azimuth HPBW is 11° (10.9° without power tapering) with SLL below -32 dB.
The mainlobe in the azimuth radiation pattern broaden below -13.5 dB as the antenna
aperture size increases and the inter-elements coupling is now occurring between three
elements, causing it to spread over larger area. The FNBW narrowed for this plane to 49°.
The azimuth radiation pattern of the three stacked elements with feed power tapering is
shown in Figure 4-27.
In general, the feed power tapering improves the elevation plane radiation
pattern. The attained elevation plane beamwidth is still wider than the desired one.
Adding one more element is investigated next.
4.1.1.3 Four SWGAAs
A fourth SWGAA element was stacked with the previous three elements trying to
narrow the elevation plane HPBW as shown in Figure 4-26. The elevation HPBW
narrowed to 17.6°. The SLL is very high (-13.6 dB). The feed power was tapered trying to
suppress the SLL. Feeding the top and bottom elements with 50% (-3 dB) of the power
that is fed to the two middle elements suppress the SLL in elevation plane to -25 dB. The
HPBW have broadened to 20.4°. The BLL is -28 dB (-26.5 dBi prior power tapering). The
antenna gain is enhanced to 21.15 dBi (21.6 dBi before power tapering). The azimuth
plane FNBW is 49° (40° prior feed power tapering). These elevation plane radiation
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parameters satisfy all the desired requirements. The antenna elevation pattern with feed

Elevation

power tapering is shown in Figure 4-28.

Azimuth

Figure 4-26: Four stacked SWGAAs

The azimuth plane HPBW becomes 10.8°. The SLL is -29.3 dB. The mainlobe in this
plane broaden below -12.5 dB points, below 10 dB beamwidth points, (Theoretically less
than 6% of the mainlobe power falls below these points). Again, the main reason for that
is that the inter-elements mutual coupling is spread over a larger area. The FNBW
narrowed for this plane to 49°. The azimuth radiation pattern of the four stacked
elements with feed power tapering is shown in Figure 4-27. The resulting azimuth plane
radiation pattern performance satisfies the desired antenna performance. Stacked four
SWGAA elements performance enhancement will be further investigated in the next
section. Table 4-9 compares the main antenna performance parameters between
stacking structures with different numbers of SWGAAs.
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Figure 4-27: Single SWGAA and two, three and four stacked SWGAAs azimuth plane radiation pattern

Table 4-9: Stacked SWGAAs with no gaps in between; 3 and 4 with input power tapering

Number
of

Gain

Azimuth Azimuth Azimuth

Elevation Elevation

HPBW

SLL

FNBW

HPBW

SLL

BLL
(dB)

SWGAAs

dBi

(deg)

(dB)

(deg)

(deg)

(dB)

1

15.23

10.7

-21.6

28

84.4

NA

-14

2

18.24

11.1

-32.9

53

34.6

-10.5

-17.6

19.70

11

-31.7

40.6

26.8

-15.7

-21.4

21.15

10.8

-29.3

49

20.4

-25

-28

3
4
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Figure 4-28: Single SWGAA and two, three and four stacked SWGAAs elevation plane radiation pattern

4.1.2 Inter-elements mutual coupling
The main issue leaving no gap between the stacked elements is the inter-elements
mutual coupling, the coupling between stacked waveguides, as the surface current
spreads over the antenna aperture. As a result, a small part of the electromagnetic energy
flow from one element to other elements. In other words, slots in the waveguides get
excited due to their hosing waveguides excitation and due to neighbouring waveguides
excitation. This can be observed by looking at the port signal in the CST, how much power
received by the port due to other ports transmission. The other type of coupling is the
internal coupling between slots in each element which is negligible between longitudinal
shunt slots. As the inter-elements mutual coupling level increases, it causes more
degradation to the overall antenna performance and leads to antenna larger Radar Cross
Section (RCS) [18].
One way to measure the inter-elements mutual coupling is to feed one element
only and measure how much energy propagates to the other elements. Feeding the
bottom element in CST, it was noticed that some electromagnetic energy propagate to
excite the nearest slot located on the furthest element as shown in Figure 4-29. An electric
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field probe was placed inside this slot to measure the field strength. The magnitude of the
probe value is 48.35 dB at 2.425 GHz.
Electric field
probe

Feed

Figure 4-29: Mutual coupling between stacked SWGAA elements

Air gaps of 2 mm were introduced between stacked elements in order to reduce
the mutual coupling. It was found that the mutual coupling increases to 49 dB. The
radiation pattern of the antenna was slightly deformed as shown in Figure 4-30 and
Figure 4-31. The gain of the antenna decreases to 20.5 dBi. The BLL value became -19.7
dB. The elevation plane SLL increases to -19.2 dB.
Increasing the air gap to 4 mm, the gain dropped to 18.8 dBi and the elevation
plane SLL is at an unacceptable level of -13 dB. Both azimuth and elevation plane
radiation patterns of these scenarios are shown in Figure 4-30 and Figure 4-31. For the
rest of the work, the design with 2 mm gap between elements will go through further
investigations.
Inserting dielectric material layers in the 2 mm gap to alleviate the effect of interelements mutual coupling is investigated here. The dielectric constant of the air is 1.
Materials with dielectric constants higher than the air are tested. The first material used
is with a dielectric constant of 1.5 (polypropylene). Using this material, the SLL of the
elevation plane radiation pattern increases -16.8 dB. The antenna gain increases,
compared to air gaps, to 21.3 dBi. The BLL is -7.1, which means large portion, compared
to others, of the radiated power is radiated through the backlobe. The radiation patterns
are shown in Figure 4-32 and Figure 4-33.
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The main advantageous effect on the azimuth plane radiation pattern is that the
mainlobe does not suffer any more from the beam broadening. The option of using a
material with dielectric constant of 1.5 was omitted as the elevation radiation pattern did
not meet the desired criteria.
Using a material with dielectric constant of 2 was simulated. The antenna gain
increased to 21.4 dBi. The resulting antenna BLL is -21.7 dB. The main effect that was
noticed in the azimuth radiation pattern is the mainlobe got broaden below -13 dB points,
contains less than 5% of the mainlobe power. The HPBW in this plane became 10.9°. This
plane radiation pattern parameters satisfy the desired ones.
The elevation plane HPBW became 19.9°. The SLL in this lane is -23 dB. The overall
performance of the antenna fulfils all the design requirement using this material. The
radiation patterns are shown in Figure 4-32 and Figure 4-33.
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Figure 4-30: Azimuth plane radiation pattern of stacked SWGAAs with different inter-elements gaps
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Figure 4-31: Elevation plane radiation pattern of stacked SWGAAs with different inter-elements gaps

Increasing the dielectric constant of the sandwiched material between the SWGAA
elements to 5 results only in slight changes in the antenna performance. The azimuth
plane 3 dB beamwidth broaden to be 11.1° and the antenna gain decreases to 21 dBi. The
elevation plane 3 dB beamwidth becomes 19.9°. The elevation plane SLL is -21.8 dB and
the antenna BLL is -25.2 dB. The achieved improvement in the antenna radiation pattern
insignificant. This option was omitted as it gave lower gain compared to other structures.
The antenna performance with using materials with different dielectric constants can be
viewed by looking at the azimuth and elevation radiation patterns in Figure 4-32 and
Figure 4-33 respectively. Table 4-10 summarises all the important performance
parameters for the stacking structures with 2 mm gap between waveguides that was
filled with different materials. After comparing the antenna performance with different
material, the material with dielectric constant of 2 was chosen for the final antenna
design.
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Figure 4-32: Azimuth plane radiation pattern of stacked SWGAAs, with 2 mm gap between elements, using
materials with different dielectric constant inserted in the gap

Due to material commercial availability and cost-effectiveness, Teflon (PTFE) is
used as a dielectric material as it has the dielectric constant of 2.1 (≈ 2), its low cost and
its wide commercial availability. The inter-elements mutual coupling is measured in the
same way used previously. The electric field in the nearest slot of the farthest SWGAA to
the fed element is 46.6 dB (1.67 dB less than the stacked structure with no gaps), i.e. ≈
30% less. The azimuth and elevation planes radiation patterns using 2 mm thick PTFE
sheets between elements are shown in Figure 4-32 and Figure 4-33 respectively. These
structures main performance parameters are listed in Table 4-10.
The final antenna structure with 2 mm PTFE material layers between elements,
shown in Figure 4-34, is considered in the rest of this work.
Applying the same power tapering method as before, the antenna structure
azimuth 3 dB beamwidth is 10.9°. The azimuth plane SSL is -30.2 dB. The antenna BLL in
this plane is -22.9 dB. The antenna gain is 21.3 dBi. The mainlobe in this plane broaden
below -13.7 dB points, which is below the antenna -10 dB beamwidth-, i.e. less than 4.5%
of the mainlobe power located below these points. The FNBW is 28°.
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Figure 4-33: Elevation plane radiation pattern of stacked SWGAAs, with 2 mm gap between elements, using
materials with different dielectric constant inserted in the gap

Table 4-10: SWGAAs stacked structure performance with 2 mm gaps between waveguides

Dielectric
Constant
1
(Air)
1.5
(Polyp.)
2
2.1
(PTFE)
5

Gain

Azimuth Azimuth Elevation Elevation

BLL

HPBW

SLL

HPBW

SLL

(dB)

dBi

(deg)

(dB)

(deg)

(dB)

20.5

11.3

-30.5

19.9

-19.2

-19.7

21.3

9.9

-23.7

19

-16.8

-7.1

21.4

10.9

-30.4

20

-23

-21.7

21.3

10.9

-30.2

19.9

-22.7

-22.9

21

11.1

30.25

19.9

-21.8

-25.2
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Figure 4-34: Four elements stacked SWGAAs with 2 mm thick PTFE layers between elements

The 3 dB beamwidth of the elevation plane HPBW is 19.9°. The SLL I this plane is
-22.7 dB. The FNBW in this plane is 23°. The desired antenna radiation pattern with
required beamwidths is finally achieved.
The fabricated SWGAA elements are fed from one side (end-fed). This requires
flanges to be fitted on each waveguide and to the coaxial-to-waveguide adapters to have
the ability to feed the SWGAA elements. Adding a flange to each SWGAA did not deform
its performance. The existence of the flanges, in addition to the coaxial-to-waveguide
transition flanges, prevent the possibility of stacking the elements as the structure shown
in Figure 4-34. A picture of the flange is shown in Figure 4-35.
An idea of interleaving the four elements was then brought up and then simulated.
Every two elements were fed from one side as shown in Figure 4-36. Feeding the
interleaved elements structure with signals that have the same phase cause the mainlobe
to split and zero gain at the boresight. Each side (two elements) were fed with signals that
are 180° out-of-phase from the other side (the other two elements) to have a constructive
radiation addition. During the simulation phase of the new structure in CST, the surface
current was observed flowing from one element shortening cap to the flange of the other
element. To alleviate this issue and reduce the amount of the current flowing to the
flanges, 2 mm thick PTFE slices were inserted between each shortening wall and adjacent
flanges as can be seen in Figure 4-36. This structure was then built and tested in the
anechoic chamber as will be discussed next.
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Figure 4-35: Flange attached to the SWGAA to attach the coaxial-to-waveguide transition

Figure 4-36: Four elements stacked SWGAAs with flanges
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4.2 Stacked SWGAAs simulation vs measurements
The anechoic chamber radiation pattern measurements setup is shown in Figure
4-38. The stacked structure shown in Figure 4-36 was built and tested in the anechoic
chamber. Figure 4-39 and Figure 4-40 show the final antenna structures mounted on the
anechoic chamber positioner for azimuth and elevation planes (vertical and horizontal
polarisations) radiation patterns measurements respectively. Two different setups were
tried as shown in Figure 4-37. First, the two low gain elements were placed as the top and
bottom elements in the structure. The second tried elements arrangement is by placing
the tow high gain elements as the top and bottom elements. It was noticed that the second
elements arrangements provide 2 dBi (17.2 dBi) higher gain compared to the first
structure. The measurement setup is shown in Figure 4-41. Power splitter/combiner was
used to combine the signals from all elements and input it to the Vector Network Analyser
(VNA). As was discussed earlier, power tapering was applied by feeding the top and
bottom elements with 50% (3 dB) of the power fed to the two middle elements using
attenuators.

13.7 dBi
15.4 dBi

15.4 dBi
13.7 dBi

15.4 dBi
13.7 dBi

13.7 dBi
15.4 dBi

(1)

(2)

Figure 4-37: Stacked SWGAAs arrangements
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Vector Network
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Figure 4-38: Anechoic chamber radiation pattern setup

List of equipments:


Rohde & Schwarz ZNB40 Vector Network Analyser



Source: Satimo SH 800 Dual-Ridge Horn



Antenna 2 (Gain measurements): Satimo QH 800 Quad-Ridged Horn



Stacked SWGAAs (Antenna Under Test (AUT)) + square wooden holder
and aluminium rail used help rotating the AUT to change polarisation



SC2404 L-com 4-way power splitter



Resistive attenuators

The phase centre of the two elements fed from the left is offset from the other two
by 10.75 mm (flange thickness + 2 mm PTFE slice). The antenna radiation pattern and its
gain were measured for the same setups. The 180° phase shift to feed one side of the
structure was achieved by cutting the cables by half of the guided wavelength of the
propagating wave in the coaxial cable. Both elements centre offset and cable cutting
accuracy have impacts on the measurements accuracy. The attenuations and the phase
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changes due to cables, connectors and the power splitter/combiner were measured and
taken into account. These values, especially the phase, are continuously slightly changing
and was not very stable which impact the measurements accuracy. Due to this, the phase
was adjusted for the cables only, assuming that the power splitter outputs have exactly
the same phase, which was not the case. The measured values were fed into the
simulation software during the far-field combination process to achieve the best
reference that we can compare the measured data too.

Figure 4-39: Antenna setup in the anechoic chamber for azimuth plane (vertical polarisation)
radiation pattern measurements

The stacked SWGAAs to measure the azimuth plane radiation pattern is shown in
Figure 4-39. The measured azimuth plane radiation pattern is shown in Figure 4-42 and
compared with the simulation results. The measured 3 dB beamwidth (HPBW) (13.4°) is
2.1° broader than the simulation. The measured 10 dB beamwidth (only 10% of the
mainlobe power is below the 10 dB beamwidth points) is broader than the simulation by
6.6° (26.6°). Several reasons may be involved in broadening the beam such the power
loss in cables (may change the feeding power level to the stacked elements), connectors
and the power splitter. Also, the phase imbalance of the power splitter and connectors,
as they have some phase tolerance and keep changing from measurement to
measurement due to various reasons. The other factor that might also have contributed
is the phase accuracy in cables cutting to achieve 180° out-of-phase. The 3 dB attenuators
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used to attenuate the feed of the two side element are not precise, they have some
tolerances.

3 dB
Attenuator

Power Splitter

Figure 4-40: Antenna setup in the anechoic chamber for elevation plane (horizontal polarisation)
radiation pattern measurements

Vector Network
Analyser

Computer

3 dB Attenuator

Figure 4-41: Anechoic chamber measurements block diagram

Human errors might, also, have some contribution, e.g. loose connection, elements
alignment accuracy – including the effects on the elements phase centres-…etc. Even
though most of the errors (attenuation and phase) were compensated for in simulation
when combining the far-field results, but some error might persist.
During the measurements of this plane, the transmitter antenna has a very wide
beam width and illuminate the chamber floor and ceiling. The chamber floor has a 1 meter
wide runway, not 100% covered with Radar Absorbing Material (RAM), which might
contribute to the errors that cause the differences between simulation and
measurements.

Chapter 5: S-band SWGAA

196

0

Measured azimuth plane Co-Pol
Measured azimuth plane Cross-Pol
Simulation azimuth plane Co-Pol
Simulation azimuth plane Cross-Pol
3 dB beamwidth

Normalized Radiation Pattern (dB)

-10

-20

-30

-40

-50

-60

-80

-60

-40

-20

0

20

40

60

80

Angle(degrees)

Figure 4-42: Antenna azimuth plane radiation pattern of the structure in Figure 4-39; measurements vs
simulation

The FNBW of the measured pattern of this plane is in good agreement with the
simulation (48°). As mentioned before, the measurements were barely in the antenna farfield and this might explain the broadening of the antenna main beam. The beam is
asymmetric around zero (boresight) angle (or the mainlobe). The runway may have some
contribution to this. The inter-elements mutual coupling and end feeding of the
waveguides cause radiation pattern asymmetry [19]. The measured SLL (-24.1 dB) is 7.3
dB higher than the simulation, but still below the desired level (-21 dB). The measured
antenna maximum cross-polarisation (-28 dB) is 5 dB below the simulation, which
indicate the antenna has a high polarisation purity in this plane.
The structure elevation plane radiation pattern is shown in Figure 4-43. The
agreement between the measurement and the simulation is much better compared to the
azimuth plane radiation pattern. In measuring the elevation plane radiation pattern, the
wide beamwidth horn transmitter was illuminating the two side walls of the chamber
which are fully covered with RAM material. This might enhanced the measurement
accuracy. In this plane, both the simulation and the measurements patterns have the
same 3 dB (simulation: 19.5°; measurement: 19.8°) and slightly different 10 dB
beamwidth (simulation: 35.4°; measurement: 36.7°). The measured FNBW is about 53°
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while the simulation shows 55°. The measured SLL is 20.5 dB, 3 dB higher than simulation
and 0.5 dB high than the desired level (which is acceptable). The measured crosspolarisation level is below -27 dB, 3 dB lower than simulation, i.e. the antenna has a good
polarisation purity in this plane also. The asymmetry between the two sides of the
radiation pattern can also be noticed in this plane and mainly due to the previously
mentioned reasons. The cables loss, connector losses, power splitter phase accuracy and
other human errors, e.g. antennas pointing accuracy, are other sources that might add
some errors and cause the difference between the simulation and the measurements.
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Figure 4-43: Antenna elevation plane radiation pattern of the structure in Figure 4-40; measurements vs
simulation

Two main methods for measuring an antenna gain: absolute-gain measurements
and gain-transfer (or gain-comparison). Absolute-gain measurement can be performed
with two techniques: two-antenna technique and three-antenna technique. In both
techniques, the received power (e.g. 𝑆21 ) is recorded. With a known antenna (Antenna 1)
gain, the Antenna Under Test (AUT) gain can be determined using Equations (4-9) (4-11) with the power is in dB and gains are in dBi. The AUT (stacked SWGAAs) gain
measurement setup is shown in Figure 4-44. During each measurement, the transmitting
and the receiving antennas must have the same polarization. To enhance the gain
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easurement accuracy, the mainlobes of the transmitting and receiving antennas mainlobe
peaks must be aligned. After recording all the powers indicated in the measurements
setup and having the reference antenna (Antenna 1) gain at 2.425 GHz, from its datasheet,
the only unkown will the AUT gain and can be calculated.
The measured antenna gain is shown in Figure 4-45 and is compared to the
simulation. The measured gain at the centre frequency (2.425 GHz) is 17.2 dB while the
simulation gain result at the same frequency is 21.25 dBi. The measured gain follows the
same simulated gain pattern. There is a maximum difference of 4.75 dBi in the antenna
transmission band and 4 dBi at the centre frequency. This effect is mainly due to the fact
that two elements have 1.7 dBi less gain than the other two. The attenuations occurring
in the cables, connectors and power splitter/combiner will have a contribution to this
gain difference. The phase change in the previously mentioned parts may also have a
slight contribution.
𝑃𝑜𝑢𝑡1 = 𝑃𝑖𝑛 + 𝐺𝐴𝑛𝑡1 + 𝐺𝐴𝑛𝑡2 − 𝑃𝑎𝑡ℎ 𝑙𝑜𝑠𝑠

(4-9)

𝑃𝑜𝑢𝑡2 = 𝑃𝑖𝑛 + 𝐺𝐴𝑛𝑡1 + 𝐺𝐴𝑈𝑇 − 𝑃𝑎𝑡ℎ 𝑙𝑜𝑠𝑠

(4-10)

𝑃𝑜𝑢𝑡1 − 𝑃𝑜𝑢𝑡2 = 𝐺𝐴𝑛𝑡2 − 𝐺𝐴𝑈𝑇

(4-11)

where: Pout1 : is the power received by Antenna 2 from Antenna 1
Pin : input power to transmitting antenna (Antenna 1)
GAnt1 : Gain of Antenna 1
GAnt2 : Gain of Antenna 2
Path loss: signal loss in the path between transmitting and receiving antennas
Pout2 : is the power received by Antenna Under Test (SWGAA) from Antenna 1
GAUT: AUT(SWGAA) gain
The antenna radiation patterns at the centre frequency (2.425 GHz) was
demonstrated. It is important for an antenna to have a persisting good performance
throughout the radar bandwidth. Here, the radiation patterns at the two endpoints of the
transmission band, 2.4 GHz and 2.45 GHz, are presented. Figure 4-46 shows the measured
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azimuth plane radiation at 2.4 GHz pattern compared with the simulation pattern. The
measured SLL in this plane was -20 dB. This level is acceptable at this frequency. The
cross-polarisation level is below -30 dB. The measured HPBW is 13°.
Figure 4-47 compares the elevation plane radiation pattern at 2.4 GHz between
measurements and simulation. In general, there is a very good agreement between the
two patterns mainlobe. The measured SLL was -18 dB. The measured cross-polarisation
level was -30 dB. The antenna performance at the beginning of the transmission band is
sufficiently good for the purpose of this work.
At the antenna operational band end frequency point (2.45 GHz), the antenna has
a very good performance with very low SLL. The measured azimuth plane radiation
pattern, shown in Figure 4-48, shows that the measured SLL is below – 28 dB and the
cross-polarisation level is below -32 dB, which indicate that the antenna maintains its
polarisation purity throughout the whole desired frequency band.
The elevation plane radiation pattern at 2.45 GHz is shown in Figure 4-49. The
measured SLL in this plane was below -19 dB, acceptable at the end of the band. The
measured radiation pattern mainlobe is in a very good agreement with the simulation.
The cross-polarisation level is a bit higher than the previous two frequencies (below -25
dB).
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Antenna 2
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(AUT)

Antenna 1

Figure 4-44: Chamber gain measurement setup
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Figure 4-45: Final stacked SWGAAs structure gain: measurement vs simulation
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Figure 4-46: Azimuth plane radiation pattern at 2.4 GHz
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Figure 4-47: Elevation plane radiation pattern at 2.4 GHz
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Figure 4-48: Azimuth plane radiation pattern at 2.45 GHz

60

80

Chapter 5: S-band SWGAA

203

0

Measurement elevation plane Co-Pol
Simulation elevation plane Co-Pol
Measurement elevation plane Cross-Pol
Simulation elevation plane Cross-Pol

Normalized radiation pattern (dB)

-10

-20

-30

-40

-50

-60
-80

-60

-40

-20

0

20

40

60

80

Angle(degrees)

Figure 4-49: Elevation plane radiation pattern at 2.45 GHz

The important performance parameters at 2.4 GHz, 2.425 GHz and 2.45 GHz are
listed in Table 4-11. In general, the overall performance of the designed antenna satisfied
the desired performance and met all the design criteria with few issues at the beginning
and the end of the operation band, which do not have a severe impact on the antenna
performance. The antenna has a high polarisation purity which is required for multistatic
(NetRAD) applications. The other advantage of the antenna is that the SLL in both planes
are very low and satisfy the desired level. After that, the antenna was tested in field
experiments as will be discussed later in this chapter.
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Table 4-11: Final antenna performance important parameters

2.4 GHz

(dB)
EL HPBW
(deg.)
EL SLL
(dB)
EL Cross-pol.
(dB)

Measurement

AZ Cross-pol.

Simulation

(dB)

Measurement

AZ SLL

Simulation

(deg.)

Measurement

AZ HPBW

2.45 GHz

Simulation

Parameters

2.425 GHz

10.8

13

11.1

13.3

11.2

12.7

-26

-20

-31.4

-24.1

-30

-28.7

-23.5

-31.6

-23.4

-28

-22.8

-32.5

20.4

20.4

20.3

20.8

20.1

20.8

-22.8

-18

-23.5

-20.5

-23.5

-19.3

-24.3

-29.8

-24.5

-27.3

-24.5

-20

4.3 10°X10° stacked SWGAAs
The antenna was then modified to generate 10°⨯10° HPBW by adding two
additional SWGAAs. The input power to the stacked elements was papered as: the two
SWGAAs in the centre were fed with 100% of the power, the next two element inputs
were attenuated by 1 dB and the top and bottom elements input power was attenuated
by 3 dB. The antenna structure is shown in Figure 4-50. Both planes radiation patterns
are shown in Figure 4-51. The important performance parameters of this antenna are
listed in Table 4-12.

Chapter 5: S-band SWGAA

205

Figure 4-50: 10 10 six stacked SWGAAs
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Figure 4-51: Six stacked SWGAAs radiation patterns
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Table 4-12: Six SWGAAs antenna performance parameters

Parameters
Gain
(dBi)
AZ HPBW
(deg.)
AZ SLL
(dB)
AZ Cross-pol.
(dB)
BLL
(dB)
EL HPBW
(deg.)
EL SLL
(dB)
EL Cross-pol.
(dB)

Value
23.2
10.8
-30
-21.5
-25.4
13
-22.2
-21.1

4.4 Dual-polarisation (polarimetric) antenna
4.4.1 Four elements
The final stacked four SWGAA elements antenna works only as a single linearly
polarised antenna. The antenna size is 1 × 0.41 meters and around 15 kilograms of
weight. Fabricating another set for the other linear polarisation, to be a dual-polarised or
polarimetric antenna, will lead to huge aperture and very heavy weight limiting its
mobility. In addition, much effort will be required when pointing or rotating the antenna,
limited practicality. It was decided to not fabricate a second set as the S-band SWGAA is
designed and fabricated to study the SWGAA performance and the SWGAA elements
stacking principle before starting the design of the X-band SWGAA, which is the goal of
this work.
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The electric field of each slot in a SWGAA is always perpendicular to the longer
side of the slot as shown in Figure 4-52. Hence, the electric field will always have the
wider beamwidth as indicated in Figure 4-53. The design of dual-polarised, polarimetric,
S-band antenna was simulated in CST. The NetRAD system does not transmit or receive
both linear polarisation simultaneously at the same node. Figure 4-53 shows the 3D
radiation patterns of both polarisations at the same time to show that the two beams are
independent of each other. The separation between the two antennas is made to be
enough for the coaxial-to-waveguide transitions. From the simulation, the mutual
coupling between the two antennas is negligible and their beams do not interrupt each
other. The simulation elevation beamwidth (19.9°) is considered in this figure.
The distance between the two antenna sets phase centres is 0.795 meter, less than
the NetRAD 3 meters range bin. The two beams edges will intersect at about 6.55 meters
away from the radar. Hence, the received reflections from the same target by both
antenna sets, each antenna will receive in a single linear polarisation, will always fall at
the same range bin, i.e. radar system will see only one target, but with additional
information about the target gained from receiving reflections in both polarisations.
Using such antenna will enhance the radar capabilities.

Figure 4-52: Slot electric field
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Beams edges intersection point
= 2.337 meters
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0.410 meter

(0,0)
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Figure 4-53: Dual-polarisation (polarimetric) antenna simulation

The radiation patterns of the simulated dual-polarised antenna are shown in
Figure 4-54. The main radiation patterns parameters are listed in Table 4-13. The mutual
coupling between the two sets is negligible. The 3-dimensional far-field radiation
patterns of both sets in CST point almost to the same point as shown in Figure 4-55. The
simulated dual-polarised antenna structure achieved all the desired antenna
requirements. The dual-polarised antenna was not built due to its heavy weight and due
to budget constraints.
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Figure 4-54: Radiation patterns of the antenna structure in Figure 4-53

Vertically Polarised set far-field

Horizontally Polarised set far-field

Figure 4-55: Dual-Polarised SWGAA sets far-fields

4.4.2 Six elements
The design of the SWGAA with 10°⨯10° HPBW with dual-polarisation
(polarimetric) capabilities was simulated. The two sets of stacked SWGAAs are identical
and separated by 115 mm to have the ability to fit the design with coaxial-to-waveguide
adaptors. The complete dual-polarised (fully polarimetric) antenna structure dimensions
are 1.6 meters ⨯ 1.1 meters. The two SWGAAs sets phase centres are separated by 0.9
meter which results in the two beams intersection point to be around 4 meters away from
the antenna. As a result, the two sets of the stacked waveguides will see far away target
as one target.
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The radiation patterns of the simulated stacked six elements SWGAA for each
polarisation, Figure 4-56, are shown in Figure 4-57. The main antenna performance
parameters are listed in Table 4-13. The mutual coupling between the simulated two sets
is negligible. The resulting antenna beam width of this design is 10.9°⨯13° which is in an
acceptable range from the desired antenna beamwidth. Both sets far-field radiation
pattern point to approximately the same point as shown in Figure 4-58. This simulated
design meets all the antenna desired requirements.

Beams edges intersection point
= 3.95 meters

13°

13°

0.45 meter

(0,0)

0.45 meter

0.90 meter

Figure 4-56: Dual polarisation with six stacked SWGAAs (narrower elevation beamwidth)
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Figure 4-57: 10° ⨯ 10° dual-polarised SWGAA, Figure 4-56, radiation patterns
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Figure 4-58: Dual-polarised SWGAA sets far-fields

Chapter 5: S-band SWGAA

212

Table 4-13: Simulated Dual-polarised SWGAA Performance Parameters
Parameters

Gain
(dBi)

AZ
HPBW
(deg.)

AZ
SLL
(dB)

AZ
Crosspol. (dB)

BLL
(dB)

EL
HPBW
(deg.)

EL
SLL
(dB)

EL
Cross-pol.
(dB)

21.15

11.1

-30.9

-23.2

-25.5

20.0

-22.4

-24.2

21.14

20.2

-21.5

-22.3

-25.7

11.1

-31.5

-21.0

23.22

10.8

-29.0

-20.7

-26.4

13

-21.2

-21.7

23.17

13

-21.0

-21.0

-26.5

10.9

-28.8

-19.1

Four Elements

Horizontally
Oriented
Set
Vertically
Oriented
Set
Horizontally

Six Elements

Oriented
Set
Vertically
Oriented
Set

4.5 Field Experiments
In order to confirm the designed antenna operational capabilities, field
experiments were performed at UCL sports field in Shenley using the NetRAD system. At
the same time, L-com HG2418DPD antenna was used in parallel experiment, using the
same setup every time, with the designed antenna for results comparison purposes. The
field experiments were divided into four main parts. First, the designed antenna and the
L-com antenna were used as vertically polarised receiving antennas for different
combinations of transmitting antenna polarisation and target orientations. In the second
part, the two receiving antennas polarisation was alternated to be horizontally polarised
for the same transmitting antenna and target combinations. The designed antenna was
tested with walking human target for both polarisations in the third part of the field
experiment. In the last part of the experiment, the designed antenna was used as a
vertically polarised transmitter with the L-com antenna used as a vertically polarised
receiving antenna.
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The main experiment setup is shown in Figure 4-59. The target that was used in
the experiments is a hollow metallic cylinder, 65 cm in length and 30 cm diameter. It was
placed on top of an absorbing block, in order to reduce the amount of ground clutter, at
about 100 meters from the antennas, measured by measuring tape with the possibility of
small error. Figure 4-60 shows the target used in a vertical orientation. The results of all

125
cm

50 cm

field experiments are presented next.

100 meters
Target

Recieving
antenna
25 cm

Transmitting
antenna

Figure 4-59: Field experiment setup

Figure 4-60: Target setup
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4.5.1 Vertically polarised SWGAAs

Recieving
Antenna

Transmitting
Antenna

Target

Figure 4-61: Vertically polarised antenna setup

In the first set of the experiments, the designed stacked SWGAAs (Antenna Under
Test (AUT) is oriented to be vertically polarised as shown in Figure 4-61. The L-com
receiving antenna vertical polarisation output is used. The target in Figure 4-61 is
oriented vertically on top of a blue absorber block. The different combinations of the
transmitting antenna and the target orientations are discussed below.
4.5.1.1 Transmitter: V-Pol; Receivers: 1) AUT: V-Pol; 2) L-com antenna: V-pol;
Target: Vertical
The L-com transmitting antenna was used in a vertical polarisation mode. The
designed antenna is used as a receiving antenna and oriented to be vertically polarised.
The receiving L-com antenna is also used in a vertical polarisation mode. The target in
this part of the experiment is oriented vertically as Figure 4-60. The beamwidth of the
receiving AUT in this polarisation is approximately 13° (as measured in the chamber). On
the other hand, the 3 dB beamwidth of the L-com receiving antenna at this polarisation is
19°. The measured gain if the AUT is 17.2 dBi and the L-com antenna gain is 18 dBi.
The target is placed at 100 meters away from the radar (200 meters two ways),
i.e. approximately 33 range bins away from the antennas. Figure 4-62 shows the range-
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time images from both receiving antennas. The radar zero, where the direct transmitter
signal received with highest signal intensity, is around range bin 62. The target can be
seen at range bin 95 (33 range bins = 99 meters). This small error (1 meter) might be due
to measuring accuracy and the error involved in finding the radar zero. The received
reflected signal from the target has more intensity (power) in the top image, from the
AUT, compared to the bottom image, L-com antenna. The reflected signal from the trees
at the end of the field, range bin 145, is stronger using the designed antenna compared to
the L-com antenna.
Plotting the average dB values range profile, Figure 4-63, show that the target
reflection received by the AUT is 3 dB higher than the one received by the L-com antenna.
Both signals peaks that appear at range bin 62 is the direct transmitter signal (radar
zero). The amplitude of the AUT signal at range bin 62 is lower than the L-com antenna
because the AUT is 1 meter further from the transmitting antenna. From the signals
intensities between the radar zero and the target, it can be seen that signal from AUT is
more immune to noise and clutter compare to the L-com antenna. The AUT narrower 3
dB beamwidth and the suppressed SLL are the main factors that reduce the noise and
clutter reflections.
The two receiving antennas signal intensities in addition to the recorded noise
signal (no target) at range bin 95 versus recording time is plotted in Figure 4-64. The AUT
received the highest signal intensity with almost steady (less ripples) amplitude, i.e.
higher noise and clutter immunity. The signal from the L-com antenna is about 3 dB
lower, but very rippling signal amplitude. The main reason of the fluctuating signal
received by L-com antenna could be its high SLL. Because of that, higher clutter and noise
interference from the sidelobes interfere with the mainlobe received signal. Another
factor is that the L-com antenna has about 6° wider 3 dB beamwidth, which means more
clutter reflections. Thermal noise, e.g. in RF cables, play a role in causing the rippling
amplitude.
The conclusion that can be derived here is that the designed antenna (AUT)
performance is excellent when co-polarized (at the same polarisation) with the
transmitter and receive a very strong signal that is reflected by the target. As expected, a
strong reflected signal from a vertically oriented target is received as the transmitted
signal has a vertical polarisation.
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Figure 4-62: AUT (top) and L-com (bottom) range-time images
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Figure 4-64: Range bin 95 (target) reflected signal intensities compared to noise

4.5.1.2 Transmitter: H-Pol; Receivers: 1) AUT: V-Pol; 2) L-com antenna: V-pol;
Target: Vertical
In this setup, the transmitting antenna polarisation is alternated to transmit
horizontally polarised signal. The vertically oriented target is expected to reflect very low
power when the incident signal is horizontally polarised as its horizontal dimension is
relatively small, about ½ of the wider dimension. This low power vertically polarised
signal is expected to be attenuated when travelling towards the receiving antennas. In
addition, the target will reflect higher horizontally polarised signal, same as the incident
signal, while the AUT has very low cross-polarisation and expected to receive a very low
signal.
From the range-time images from the receiving antennas, Figure 4-65, the target
reflected signal received by the AUT is slightly stronger than the one by L-com antenna,
but both signals are weak (as expected). The noise level in the top image is slightly higher
the bottom image and that might be due to various environmental circumstances.
In the average of dB values range profile plot, Figure 4-66, both receiving antennas
received approximately the same reflected signal, from the target, the intensity of the Lcom antenna signal being slightly higher. This small difference may be due to the fact that
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L-com antenna has 0.8 dBi higher gain. It can be, also, noticed that the AUT has slightly
better noise and clutter immunisation in this experiment set up.
Figure 4-67 shows the received signals, reflected from the target at range bin 95,
intensities from both receiving antennas and the measured noise. Both received signals
are very weak, as expected, and have rippling amplitude. The weak received signal is
expected, at least with the AUT, as the receiving AUT has a very low cross-polarisation
level. There are few reasons behind the rippling amplitude. First, the weak signals are
comparable with the noise and clutter reflections level, which increase the interference
level in the received signals. Another reason is the thermal noise in the cabling and other
radar parts.
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Figure 4-65: AUT (top) and L-com (bottom) range-time images
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Figure 4-66: Average of dB values range profile
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Figure 4-67: Range bin 95 (target) reflected signal intensities compared to noise
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4.5.1.3 Transmitter: V-Pol; Receivers: 1) AUT: V-Pol; 2) L-com antenna: V-pol;
Target: Horizontal
The received signal by the AUT is expected to be higher with this setup, compared
to the previous one, as the transmitting antenna has the same polarisation with receiving
antenna. Even though the target is horizontally polarised, its vertical part will reflect a
portion of the incident signal with its original polarisation, vertical, and will be received
by vertically polarised receiving antennas.
Figure 4-68 shows the range-time image from both receiving antennas. It is
noticeable that the AUT receive a much stronger signal from the target, 3 dB higher, and
from the trees at the end of the field compared to the L-com antenna. The AUT higher
immunity to interference, because of suppressed SLL, plays a major role in receiving
higher power intensity.
From the average dB values range profile, Figure 4-69, the higher signal received
by the target at range bin 95 is clear. The AUT higher immunity to the interference and
clutter is noticeable between radar zero and target. The AUT received signal intensity in
Figure 4-70 is higher with less interference compared to L-com antenna signal. The
advantage of having very low SLL, in the case of the AUT, is clear from the low amplitude
variation of the signal (high immunity to interference and clutter). The superiority of the
AUT performance confirms its suitability for the required applications.
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Figure 4-68: AUT (top) and L-com (bottom) range-time images
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Figure 4-69: Average of dB values range profile
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Figure 4-70: Range bin 95 (target) reflected signal intensities compared to noise
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4.5.1.4 Transmitter: H-Pol; Receivers: 1) AUT: V-Pol; 2) L-com antenna: V-pol;
Target: Horizontal
The horizontally oriented target is expected to reflect a very high signal when
illuminated by the horizontally polarised signal. As the transmitting antenna is
horizontally polarised, the reflected signal from the target will have the same polarisation
and the vertically polarised receiving antennas are expected to receive a very low signal
contaminated with a lot of interference.
The target is barely can be seen in both receiving antennas range-time images in
Figure 4-71. The very low cross-polarisation level of the AUT is clear in the average dB
range profile, Figure 4-72, as the intensity of the target reflection, range bin 95, is much
lower than the L-com antenna. The received target echo by the L-com antenna is mainly
due to its cross-polarisation level. The signal intensities from both receiving antennas are
very low as in Figure 4-73, causing the target reflections to be immersed in the noise. The
signal received by the AUT is very low, which indicates its very low cross-polarisation
level (high polarisation purity). The rapidly varying signal amplitude with the time is due
to the very weak target reflection at the receiving antennas polarisation, causing it to be
highly contaminated by clutter reflection and interference.
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Figure 4-71: AUT (top) and L-com (bottom) range-time images
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Figure 4-72: Average of dB values range profile
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Figure 4-73: Range bin 95 (target) reflected signal intensities compared to noise
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4.5.2 Horizontally polarised SWGAAs
The same experimental setup is used for this part of the experiment. The only
difference is the both the AUT and the L-com antennas are horizontally polarised through
this part of the experiment. The experimental setup showing the AUT in horizontal
polarisation orientation is shown in Figure 4-74. The picture was taken while the target
is oriented horizontally. All the different combinations of the transmitter antenna
polarisation and the target orientation are repeated in this part.

Figure 4-74: Horizontally polarised antenna setup

4.5.2.1 Transmitter: V-Pol; Receivers: 1) AUT: H-Pol; 2) L-com antenna: H-pol;
Target: Vertical
The L-com transmitting antenna transmits a vertically polarised signal while the
two receiving antennas, the AUT and the receiving L-com antenna, are operating in
horizontal polarisation mode (cross-polarisation setup). The target is oriented vertically
as in Figure 4-60. The L-com antenna 3 dB beamwidth in horizontal polarisation is 18°
and the AUT 3 dB beamwidth in this set up is 20°. By illuminating a vertically oriented
target with the vertically polarised signal, the target will have a high vertically polarised
return and lower reflection from the target horizontal part (horizontally polarised).
Figure 1-71 shows the range-time images from both receiving antennae for this
scenario. The background noise in the top image (from the AUT), is less than the bottom
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image. The high cross polarisation level for L-com antenna is an obvious reason for that.
In addition, another possible reason is related to the RF cabling and other electronic noise
(including thermal noise). The target echo at range bin 95 is very weak in both images,
which means the receiving antennas receive only very weak signal influenced by
interference and clutter. This matches the expectation that the target reflected signal, that
has opposite polarisation to the transmitter, is very weak.
The average dB range profiles for both receiving antennae are shown in Figure
4-76. Both receiving antennas have similar range profile and very weak target echoes at
range bin 95. The AUT did not receive the strong target vertically polarised echo as it has
a very low cross-polarisation level. At the same time, it can detect the very small target
reflection that is horizontally polarised as it is highly sensitive to similarly polarised
signals. The two received signals, in addition to noise (no target), intensities at range bin
95 are shown in Figure 4-77. The two receiving antennas signals intensity is higher than
the noise and almost equal. The varying received signals intensity with the time is mainly
due to the fact that they are very weak in influenced by interference and clutter signal,
which have similar power intensity. Thermal noise and the noise occurred in RF parts
may also be other factors that affect the signal amplitude.

Time (us)

200

400

600

800

1000

50

100

150

200

250

100

150

200

250

Time (us)

200

400

600

800

1000

50

Range bins ( 1 Range bin = 3 meters)

Figure 4-75: AUT (top) and L-com (bottom) range-time images
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Figure 4-76: Average of dB values range profile
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Figure 4-77: Range bin 95 (target) reflected signal intensities compared to noise
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4.5.2.2 Transmitter: H-Pol; Receivers: 1) AUT: H-Pol; 2) L-com antenna: H-pol;
Target: Vertical
The transmitter is co-polarized with both receivers in this part of the field
experiment. The target is vertically oriented, which means only the horizontal dimension
of the target will reflect the incident portion of the horizontally polarised incident signal.
Both receivers will receive a good target echo, as transmitter and receivers have the same
polarisation, but lower than the echo of the horizontally oriented target using this
antenna set up.
The range-time images for both receivers are shown in Figure 4-78. The L-com
receiving antenna has received higher target reflection. It can be noticed that range-time
image of the AUT has less background noise compared to the L-com antenna. Suppressed
SLL of the AUT could be the main reason for background noise reduction.
Figure 4-79 shows the average dB values range profiles for both receivers. The Lcom receiving antenna is less immune to interference and clutter compared to the AUT.
This is very clear when looking at the range bins 67, 72 and 73. The obvious reason for
that is the high SLL of the L-com antenna causing interference and clutter reflections to
merge with received signals through the sidelobes. The AUT higher immunity to
interference and clutter, due to its suppressed SLL, is a clear performance advantage.
Here, the target reflection received by the L-com antenna is higher than the one by the
AUT. A possible explanation to that is the constructive target echo received by the high
sidelobes that increase the target echo intensity.
Looking the received signals intensity against the received noise (no target),
Figure 4-80, the L-com antenna received signal has higher intensity compared to the one
by the AUT. However, the interference and clutter reflections received by L-com antenna,
due to its high SLL, increase the received signal variation along the time. The received
signal by the AUT is about 1.5 dB lower than the one by the L-com antenna, but much
more immune against interference and clutter. This is clear from its less intensity
variations. This is counted as a huge advantage of the designed antenna especially for
multistatic radar applications which require very low SLL.
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Figure 4-78: AUT (top) and L-com (bottom) range-time images
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Figure 4-80: Range bin 95 (target) reflected signal intensities compared to noise

4.5.2.3 Transmitter: V-Pol; Receivers: 1) AUT: H-Pol; 2) L-com antenna: H-pol;
Target: Horizontal
In this experiment part, the radar system transmits a vertically polarised signal
and illuminate a horizontally oriented target. The target vertically polarised echo will be
reflected from the target smaller dimension. The AUT will receive a very weak reflection
as it is horizontally polarised and it has very low cross-polarisation. The target larger
dimension will reflect some of the incident signal energy along with the depolarised
transmitted signal that hit the target and will be received by the receiving antennas.
From the range-time images from both receiving antennas shown in Figure 4-81,
the AUT received higher target echo compared to the L-com antenna as can be seen in
range bin 95. Other than that, both antennas show similar performance. The same thing
can be noticed in the average dB range profile plots for both receivers shown in Figure
4-82 with the AUT is receiving higher target reflection amplitude.
The received target echo intensities at range bin 95 for both receivers and the
noise are shown in Figure 4-83. The received target echo by the AUT has higher intensity,
which confirms the higher target reflection in the range-time image and the range profile
plot. As the target reflection in horizontal polarisation is low, it becomes comparable with
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the interference and clutter signal level and causes the signal intensity variation along
the receiving time. The L-com antenna received a very weak target echo, comparable to
the noise, and has a very high-intensity variation due to the antenna high SLL, making it
less immune to interference. The AUT superiority here appears in its ability in detecting
very weak reflection with higher intensity compared to the L-com antenna.
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Figure 4-81: AUT (top) and L-com (bottom) range-time images
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Figure 4-82: Average of dB values range profile
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Figure 4-83: Range bin 95 (target) reflected signal intensities compared to noise
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4.5.2.4 Transmitter: H-Pol; Receivers: 1) AUT: H-Pol; 2) L-com antenna: H-pol;
Target: Horizontal
Here, all antennas are co-polarised and the target is oriented horizontally, i.e. the
target will be illuminated with higher signal power. The target will reflect relatively high
intensity horizontally polarised echo that will be received by horizontally polarised
receiving antennas. In this case, the receiving antennas are supposed to receive the
highest possible target echo power.
The range-time images from both receiving antennas are shown in Figure 4-84. In
the top image, the target echo received by the AUT has higher power intensity compared
to the one by L-com antenna (bottom image). The range profiles in Figure 4-85 confirms
that, as can be seen at range bin 95, and show that the AUT has higher immunity against
interference and clutter as can be seen clearly between range bins 65 and 75. The AUT
received target echo is about 3 dB higher than the one received by the L-com antenna.
Figure 4-86 shows the received target echo intensities for both receiving antennas
and the noise when there is no target. The echo intensity received by the AUT is
approximately 4 dB higher than the one received by L-com antenna. In addition, the echo
intensity from the AUT has much less variation along the receiving time compared to the
L-com antenna. This confirms the concluded result from previous experiment parts that
the AUT is much more immune against interference and clutter due to its advantage of
suppressed SLL.
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Figure 4-84: AUT (top) and L-com (bottom) range-time images
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Figure 4-86: Range bin 95 (target) reflected signal intensities compared to noise

4.5.3 Walking human target
The capability of the designed antenna in detecting a moving target in the
presence of stationary target was tested. A human walking from 35 meters away from the
radar towards the target was tested for both polarisations of the designed antenna. In
each part of the experiment, both transmitting antenna and the AUT have the same
polarisation. In order to be able to test this capability, a longer recording time, 20 times
longer than previous experiments, was used.
4.5.3.1 Transmitter: Vertical polarisation; AUT: Vertical polarisation
Both L-com transmitting antenna and the receiving AUT are vertically polarised.
Figure 4-87 shows a quick, while in the field, processing for the collected data to confirm
the presence of both moving and stationary targets. The moving target can be seen clearly
moving in an inclined line that starts from the top of the picture from around range bin
11 towards the target as going towards the bottom of the picture Figure 4-88 shows
recorded noise signal range-time image when the target is removed for the purpose of
comparison. After processing the gathered data, the range-time image is shown in Figure
4-89. Both stationary target (range bin 95) and the moving target (from range bin 74(36
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meters) to range bin 85 (70 meters)) can be seen very clearly. The two images can be
compared to ensure both targets locations. In conclusion, the designed antenna shows a
good performance in detecting moving targets with the presence of a stationary target in
this polarisation.

Figure 4-87: The received signal by AUT (Vertical polarisation) with walking human as a target
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Figure 4-88: Noise (no target) recorded signal
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Figure 4-89: AUT (vertical polarisation) range-time images of walking human
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4.5.3.2 Transmitter: Horizontal polarisation; AUT: Horizontal polarisation
Here, both L-com transmitting antenna and the AUT receiving antenna
polarisation are alternated to be horizontally polarised. As with the vertical polarisation,
both targets can be seen clearly in the images in Figure 4-90 and Figure 4-91 with less
intensity compared to the previous experiment. This is mainly due to the difficulty in
pointing the designed antenna to the stationary target in this polarisation because of its
heavy weight and the less reflections from the moving target (human) as the target is
vertically polarised and the incident signal from the transmitter is horizontally polarised.
The same thing applies to the stationary target. The designed antenna maintains its
capability in detecting moving target in the presence of stationary target when oriented
to be horizontally polarised.

Figure 4-90: The received signal by AUT (Horizontal polarisation) with walking human as a target
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Figure 4-91: AUT (horizontal polarisation) range-time images of walking human

4.5.4 Transmitting with the designed antenna
In the last part of the experiment, the designed antenna is used as transmitting
antenna and the L-com antenna is used as a receiving antenna. Both antennas are
vertically polarised and the target is horizontally oriented. The received signal is
compared with the signal received by the AUT when L-com antenna is used for
transmission for the same setup and geometry. From the range-time images in Figure
4-92, when the designed antenna used as transmitting antenna there is less interference
and clutter when comparing the top and bottom images. The only valid reason for that, is
as the designed antenna has a very low SLL, it illuminates the target with more power,
and less power illuminate the clutter, and hence the target reflection will have more
power. Both scenarios have approximately equal target echo intensity. Figure 4-93 and
Figure 4-94 confirms that the received target echoes in both scenarios are almost equal.
In addition, this proves that the designed antenna is suitable for transmission as well as
receiving, the antenna reciprocity principle.
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Figure 4-92: Transmitter: AUT and receiver: L-com antenna (top); transmitter: L-com antenna and
receiver: AUT
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Figure 4-93: AUT transmitting and L-com antenna is receiving vs L-com antenna transmitting and AUT is
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Figure 4-94: Range bin 95 received signals intensity and noise

4.6 Summary
The main goal of this chapter is to design an S-band antenna, stacked SWGAAs, for
the NetRAD system and then compare it with the used system antennas. A brief
waveguide theory was discussed and the chosen waveguide, to design the SWGAA,
specifications were listed. The theory of waveguide broad-wall slot design in an end-fed
SWGAA was reviewed in sufficient depth that is enough to design the required antenna.
Single element S-band SWGAA was designed and simulated. The conventional
SWGAA has a very high SLL. Three techniques to lower the SLL are investigated. Binomial
distribution amplitude tapering was then chosen as it satisfies the desired SLL. Four of
the low SLL was then fabricated. The designed SWGAA radiation patterns and the gain
were measured in the anechoic chamber. The quality of the design was then reviewed by
comparing the simulation and measurement results.
As a single element SWGAA has a fan-beam in the elevation plane, stacking several
elements was investigated in order to narrow the fan-beam to the desired beamwidth. It
was found that stacking four elements is enough to achieve the desired beamwidth. After

Chapter 5: S-band SWGAA

241

that, the method of inserting dielectric material between the stacked waveguides to
reduce the inter-element mutual coupling is investigated.
The performance of the stacked structure was then simulated and built. The final
antenna design radiation pattern and gain were measured in the anechoic chamber and
compared with the simulation results. Dual-polarized (or polarimetric) antenna was
simulated by having two sets of the stacked elements where one set is rotated by 90° to
have the opposite linear polarisation was simulated.
The last part of this chapter presents the field experiment results and discuss them
to show the strong and weak points of the designed antenna. The field experiments result
showed the suitability of the designed stacked SWGAAs for bistatic/multistatic (NetRAD)
applications and its superiority over the currently used L-com antennas.
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5. X-band SWGAA

5.1

Introduction

The S-band SWGAA in the previous chapter was designed, fabricated and tested to
validate the performance of SWGAA antenna and suitability for bistatic/multistatic radar
system. The efficiency of stacking identical SWGAAs to narrow the antenna elevation
beam and increase the antenna gain was also studied. The antenna was used with NetRAD
bistatic/multistatic S-band radar system that was fully operational and accessible at UCL.
The antenna was used during the field experiment for both linear polarisation, vertical
and horizontal, in order to investigate the possibility of constructing dual-polarised
antenna using identical SWGAAs. These studies and investigation were performed as the
NeXtRAD system was still under development in South Africa.
At a later stage during this work, the NeXtRAD system development and
fabrication process were completed and the system went through various operational
tests. The main objective of this PhD work is to design a very low SLL (≤ -21 dB) with very
low cross-polarisation level dual-polarised X-band antenna. The system will be deployed
in various environments, including coastal areas, and the antenna has to be highly wind
resistant, robust and preferred to be small in size. The desired NeXtRAD X-band antenna
parameters are shown in Table 5-1. The elevation beamwidth of 20° was considered in
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this antenna design as it requires four stacked SWGAAs and only 1-to-4 power splitter is
accessible at UCL. In addition, the available budget was enough to buy four tuneable
phase shifters. Narrowing the beamwidth to 10° is achievable by stacking six elements,
as demonstrated in this chapter, and will require a new power splitter/divider with
additional tuneable phase shifters. The cost of the additional equuipments is above this
study budget. As a result, an antenna with 10° ⨯ 20° beamwidth is considered during the
design, fabrication and chamber tests in this work. In addition, due to time and budget
constraints, only single polarisation set was fabricated and tested. The use of two sets to
construct a dual-polarised antenna is discussed later in this chapter. The design,
development and anechoic chamber tests of an X-band SWGAA with HPBW of 10°X20° is
demonstrated in this chapter.
Table 5-1: Desired NeXtRAD antenna parameters

Parameter

Value

Frequency

8.5 GHz

Maximum bandwidth

50 MHz

Peak X-band power

400 W

Azimuth plane 3 dB beamwidth

10°

Elevation pane 3 dB beamwidth

10° (in this study 20° was considered)

Sidelobe level

≤ -21 dB

Polarisation

Dual linear (fully polarimetric)

The desired azimuth beamwidth is controlled by the number of slots carved in the
waveguide (SWGAA). It was found that eight slots were sufficient to achieve the desired
beamwidth. As well known, a single element SWGAA has a fan-beam in its vertical plane.
Four identical SWGAAs were stacked on top of each other to narrow the antenna
structure elevation HPBW to 20°.
The final part of this chapter will demonstrate, simulation only, the possibility of
constructing dual-polarised (fully polarimetric) antenna using two identical stacked sets
of SWGAA elements, one set for each polarisation, with one set rotated by 90°. The full
structure was not built due to both time and budget constraints.
The chosen waveguide used to design the X-band SWGAA is discussed in the next
section. In the same section, comparisons between conventional and low SLL designs
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performance is demonstrated. Next, the fabricated low SLL SWGAA anechoic chamber
measurement results are demonstrated and compared with the simulations outcome.
After that, the custom designed SWGAA, to allow elements stacking, design and
measurements are demonstrated. Simulating and building the stacked structure to
narrow the elevation beamwidth is then discussed. The possibilities of constructing
narrower (10° ⨯ 10°) beamwidth antenna and dual-polarised (fully polarimetric)
antenna are discussed in the last sections of this chapter.

5.2

X-band SWGAA

5.2.1 Waveguide
The X-band channels in the NeXtRAD system operate at 8.5 GHz with operating
bandwidth of 50 MHz (8.45 – 8.5 GHz). The system at this stage is limited to a maximum
frequency of 8.5 GHz as the maximum operating frequency for the power amplifier is 8.5
GHz. WR90\WG16 waveguide was chosen for this design as its operational frequency
covers the system operating bandwidth and it is commercially available. Another reason
for choosing this waveguide for this work is that its dimensions are smaller than
WR112/WG15 waveguide which will result in a smaller antenna size, preferred for this
project. The standard and commercially available waveguide wall thickness is 1.125 mm.
The WR90 waveguide specifications are given in Table 5-2 and the standard rectangular
waveguide is shown in Figure 5-1.

Table 5-2: WR90/WG16 waveguide parameters

Operating

Lowest Order Mode Next Mode Cutoff

Frequency Limits

Cutoff Frequency

(GHz)

(GHz)

8.2 – 12.4

6.557

Frequency (GHz)

Inner Dimensions
(mm)
(Width⨯Height)

13.114

22.86 ⨯ 10.16
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Figure 5-1: Standard Rectangular Waveguide

5.2.2 Conventional X-band SWGAA
As initial SWGAA design, a standard uniformly distributed slots (uniform
amplitude weighting) around the waveguide broad-wall centre-line was designed. In this
design:


Each slot is half of free space wavelength (𝜆0 /2) long.



Slots are spaced by half of the guided wavelength (𝜆𝑔 /2).



Slots are alternated around the broad-wall centre-line to radiate in phase.

The main objective of this design was to find the number of slots needed to achieve the
desired azimuth beamwidth.
If all the slots are successfully made resonant in an end-fed SWGAA and are spaced
by 𝜆𝑔 /2 , then the waveguide admittance, and hence the conductance, is purely resistive,
no reactive component. Adding N (number of slots) identical admittances should equal to
1.0 [1] [2] [3]. As a result, each slot has an admittance of N and conductance 𝑔 of 1/N.
Finally, the slots offset and width can be calculated using Elliot modified conductance
equation, Equation (4-53), and the slot width equation, Equation (4-61) in Chapter 4.
The theoretical SWGAA 3 dB beamwidth (HPBW) and the gain (G) can be
calculated by the following equations [4]:
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𝐻𝑃𝐵𝑊 = 𝜃3𝑑𝐵 = 50.7 𝑁
2

𝜆0
⨯𝑆𝑙𝑜𝑡 𝑆𝑝𝑎𝑐𝑖𝑛𝑔

𝐺 = 10𝑙𝑜𝑔 (𝑁.

(degrees)

(5-1)

𝑆𝑙𝑜𝑡 𝑆𝑝𝑎𝑐𝑖𝑛𝑔
)
𝜆0

(5-2)

where N is the number of slots in a SWGAA. The calculated slots offset from the waveguide
broad-face centre line is 2 mm. Table 5-3 shows the calculated SWGAA parameters and
the optimised simulation parameters.
Slot length

Slot#8

Slot#1

W

W

W

W

26 mm

28.5 mm

W

W

W

26 mm

28.5 mm

W

26 mm

28.5 mm

26 mm

Slot Length = 17 mm
Slot Width (W) = 1.6 mm

Figure 5-2: Conventional SWGAA
Table 5-3: Conventional SWGAA parameters

Parameter

Theory

Value

Slot Length

𝜆0 ⁄2 = 17.65 mm

17 mm

Slot Width

(16) ∗ 0.9 = 1.59 mm

1

1.6 mm

Spacing between slots 1-2; 3-4; 5-6; 7-8

𝜆𝑔 ⁄2 = 27.75 mm

26 mm

𝜆𝑔 ⁄2 = 27.75 mm

28.5 mm

Slots offset

2 mm

2.1 mm

Gain

8 dBi

15.85 dBi

Azimuth plane Beamwidth

16.1°

8.2°

Elevation plane Beamwidth

Fan Beam

84.4°

Sidelobe Level (SLL)

-13 dB

-12.7 dB

a

(Centre-to-Centre)
Spacing between slots 2-3; 4-5; 6-7
(Centre-to-Centre)
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Figure 5-3: Non-tapered SWGAA reflection coefficient (Simulation)

The simulated non-tapered, uniformly distributed slots SWGAA, shown in Figure
5-2, the reflection coefficient is shown in Figure 5-3 the antenna has a good reflection
coefficient (≤ -10 dB) between 8.4 GHz and 8.68 GHz which covers the desired operational
bandwidth. Figure 5-4 shows the simulated antenna radiation patterns in both azimuth
and elevation planes. The Sidelobe level (SLL) in the azimuth plane is very high (-12.7 dB)
compared to the desired level (≤ -21 dB). As expected, the elevation plane radiation
pattern for a single SWGAA element is a fan-beam. The cross-polarisation level is below 40 dB for both planes which indicate the SWGAA, with longitudinal shunt slots in the
waveguide broad-face, has a very high polarisation purity. The total efficiency of the
simulated, using CST, non-tapered SWGAA is shown in Figure 5-5. The high efficiency of
the simulated design was investigated in Section 5.3.
5.2.3 Low SLL X-band SWGAA Simulation, Fabrication and Measurements
The NeXtRAD system requires an antenna with very low SLL to enhance its
operational performance and accuracy. The desired SLL as in Table 5-1 is ≤ -21 dB.
Applying slots location tapering, illustrated in details in the previous chapter, where the
slots were re-distribute alternately on both sides of the broad-face centre line with
different offset helped in suppressing the azimuth plane SLL. Applying -40 dB Taylor
amplitude distribution to relocate the slots and then optimise the design to achieve the
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optimum performance, considering the fabrication accuracy capabilities, suppress the
SLL to the desired level. The optimised slots offset from the broad-face centre line are
listed in Table 5-4. The final optimised design, shown in Figure 5-6, was fabricated. The
final design parameters are listed in Table 5-5.
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Figure 5-4: Non-tapered X-band SWGAA radiation patterns
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Figure 5-5: Non-tapered X-band SWGAA total efficiency
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The reflection coefficient of the simulated non-tapered SWGAA is compared
against the reflection coefficient of the low SLL design in Figure 5-7. The low SLL design
has a better reflection coefficient with a value below -15 dB through the system operating
band (8.45 – 8.5 GHz) compared to the non-tapered design.

Table 5-4: Optimised slots offset from broad-face centre line

Slot number

Offset from centre line
(mm)

1
2
3
4
5
6
7
8

0.5
1.3
2.3
3
3
2.3
1.3
0.5

Table 5-5: Optimised X-band SWGAA parameters

Parameter

Value

Slot Length

17.4 mm

Slot Width

1.6 mm

Spacing between slots 1-2; 3-4; 5-6; 7-8

26.7 mm

(Centre-to-Centre)
Spacing between slots 2-3; 4-5; 6-7
(Centre-to-Centre)

29.3 mm
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Slot # 8

Slot # 1
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Figure 5-6: X-band SWGAA optimised design sent to fabrication
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Figure 5-7: Non-tapered vs Low SLL SWGAAs reflection coefficient (simulation)
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Figure 5-8: Non-tapered vs low SLL (tapered) azimuth plane radiation patterns

Figure 5-8 show both non-tapered and optimised tapered low SLL SWGAAs
azimuth plane radiation patterns with the cross-polarisation level for both designs. The
SLL of the modified design was suppressed to -22.5 dB compared 12.7 dB of the
conventional SWGAA design. This SLL meets the SLL requirement of the NeXtRAD
antenna. The cross-polarisation level of the simulated modified design is below -43 dB
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which indicates the design high polarisation purity. Suppressing the SLL forced more
energy to enter the antenna mainlobe which lead to broadening the HPBW (3 dB
beamwidth) and reduces the antenna gain by 1 dBi, as the power in the mainlobe
distributed over a larger area due to mainlobe broadening. The HPBW of the antenna
increases from 8.2° of the non-tapered design to 11.1° of the modified design. The gain
reduces from 15.85 dBi to 14.74 dBi. The simulated optimised design total efficiency is
shown in Figure 5-9. The high efficiency of the simulated design was deeply investigated
in Section 5.3.
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Figure 5-9: Low SLL X-band SWGAA total efficiency

Figure 5-10: Fabricated low SLL SWGAA with the high precision adaptor; 15 cm length ruler
indicate antenna length; antenna overall length 31.5 cm

A single element modified design SWGAA was then fabricated. A picture of the
fabricated antenna with high precision (lower VSWR) coaxial-to-waveguide adaptor
connected is shown in Figure 5-10. A 15 cm ruler is shown beside the antenna to indicate
the antenna size. The measured reflection coefficient of the fabricated antenna is shown
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in Figure 5-11 and compared against the simulation one. The measured reflection
coefficient is below -20 dB over the desired frequency band which better than the
simulation results.
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Figure 5-11: Low SLL X-band SWGAA reflection coefficient: simulation vs measurement

Figure 5-12 and Figure 5-13 show the anechoic chamber measured azimuth and
elevation planes radiation patterns of the fabricated antenna versus the simulation
results. The measured azimuth plane HPBW is about 11.6° compared to 11.1° of the
simulation. It is clear here that there is no (or minimal) mainlobe broadening compare to
S-band as the source antenna is a 100% located in the SWGAA far-field.. The measured
SLL -21 dB which is slightly (about 1.4 dB) higher than the simulation. The crosspolarisation level is below -34 dB, 20 dB higher than the simulation results, but still
acceptable, which proves this design of SWGAA high polarisation purity. The overall
measured azimuth plane radiation pattern is in excellent agreement with the simulation
outcome.
As expected, the measure elevation plane HPBW was 86° (fan-beam) which is
always the case for single element SWGAA. The measured elevation plane HPBW is about
1.4° narrower than the simulation results. The measured cross-polarisation level is below
-37.5 dB compared to -65 dB from the simulation. The cross-polarisation level of the
fabricated antenna in the elevation plane is very low which confirms the SWGAA high
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polarisation purity in both planes. In general, it can be said that the measurement is in
good agreement with the simulation in this plane.
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Figure 5-12: Low SLL X-band SWGAA azimuth plane radiation pattern: simulation vs
measurements
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Figure 5-13: Low SLL X-band SWGAA elevation plane radiation pattern: simulation vs
measurements
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Figure 5-14 compares the antenna gain between simulation and measurement.
The measured antenna gain at 8.5 GHz is 14.41 dBi compared to 14.74 dBi from the
simulation. It can be seen that the gain around the design frequency (8.5 GHz) is
maximum (above 14 dBi) in the 8.33-8.71 GHz frequency band. This shows an excellent
agreement with the antenna impedance bandwidth indicated in the reflection coefficient
plot where the reflection coefficient is below -10 dB. The measured antenna gain is in
excellent agreement with the simulation result. Overall, it can be said that there is an
excellent agreement between the measurement and simulation in the overall
performance.
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Figure 5-14: Low SLL X-band SWGAA gain measurement vs simulation

5.3 Stacked X-band SWGAAs
The desired elevation plane HPBW is 20°. The elevation plane fan-beam of a single
element SWGAA has to be narrowed to the desired value. One efficient and cost-effective
method of narrowing the elevation plane HPBW is by stacking identically designed
SWGAAs. Stacking identically designed elements on top of each other does not alter the
azimuth plane HPBW, it usually affects the elevation plane radiation pattern most. After
simulation iterations of adding an extra SWGAA element at a time to the stacked
structure, it was found out that stacking four identically designed SWGAAs achieved the
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desired elevation plane HPBW and SLL. The simulated stacked SWGAAs, with no gaps, the
structure is shown in Figure 5-15. The simulation outcomes are discussed in the below
subsection.
5.3.1 Power tapering effect
Here, the effect of elements feeding power tapering and its effect on suppressing
the radiation patterns SLL is investigated. The primary goal here was to narrow the
elevation fan-beam of a single SWGAA to achieve the desired HPBW (20°) with SLL of
below -21 dB and maintain an acceptable cross-polarisation level.
Simulating the stacked four SWGAAs with no gap between elements result in
HPBW of 11°⨯18.3°. The gain of the antenna is 21.13 dBi. The azimuth plane radiation
pattern is shown in Figure 5-16. The SLL in this plane is 19.9 dB, which is 1.1 dB higher
than the desired level. The cross-polarisation level at this plane is below -40 dB. The SLL
in the elevation radiation pattern, shown in Figure 5-17, is -13.6 dB, which is considered
to be very high. The cross-polarisation level at this plane is below -50 dB. Overall, the
stacked structure has an excellent polarisation purity, but the elevation plane SLL is very
high and has to be suppressed.
From the investigations performed in the last chapter, it was found out tapering
the stacked elements input power tapering is a very effective way of suppressing the
elevation plane SLL. By feeding the top and the bottom elements with 50% (3 dB
attenuation) of the power fed to the two centre elements, the SLL in the elevation plane
is suppressed to -23.5 dB. As expected, the effect of the feeding power tapering is minimal
on the azimuth plane radiation pattern. The azimuth plane SLL increased by negligible
(0.2 dB) amount to -19.7 dB. The power tapering technique forces more power into the
mainlobe as it suppresses the sidelobes which cause the elevation beam to broaden to
21.3° (making the new antenna HPBW: 11°⨯21.3°). Broadening the mainlobe cause the
antenna structure realised gain to drop to 20.72 dBi (-0.41 dBi). The cross-polarisation
level in both planes is at an excellent level.
As the stacked SWGAAs are adjacent to one another, with no gaps in between, it
was noticed from the simulation results that there is a surface current leakage between
elements, i.e. the slots in a SWGAA got excited due to the SWGAA excitation and the
excitation of the neighbouring SWGAAs as shown in Figure 5-23. This is known as interelements mutual coupling. This mutual coupling adversely affects the antenna radiation
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patterns and increase the antenna radar cross section (RCS) [5]. The inter-elements
mutual coupling reduction is discussed in the next subsection.

Figure 5-15: Four stacked identical SWGAAs with no separation between elements
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Figure 5-16: Four stacked low SLL SWGAAs with no separations azimuth plane radiation pattern

5.3.2 Separated stacked elements
The main objective of stacking identical SWGAAs on top of each other is to narrow
the elevation fan-beam to the desired beamwidth. Tapering the stacked elements input
power lowered the SLL level to an acceptable level. Here, the issue of the inter-elements
mutual coupling, between stacked waveguides, reduction is investigated. Three different
stacking structures with 1 mm air gaps, 2 mm air gaps and 1 mm thick PTFE sheets
sandwiched between stacked waveguides were investigated and the main antenna
radiation pattern parameters are compared.
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Figure 5-17: Four stacked low SLL SWGAAs with no separations elevation plane radiation pattern

Figure 5-18: Four stacked low SLL SWGAA with 1 mm air gap

The simulated structures after introducing 1 mm and 2 mm air gaps and 1 mm
PTFE sheets inserted between the stacked elements are shown in Figure 5-18 to Figure
5-20. The three scenarios azimuth and elevation planes radiation patterns are shown in
Figure 5-21and Figure 5-22. The important performance parameters of the three
scenarios and of the structure with no gaps between the elements are listed in Table 5-6.
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Figure 5-19: Four stacked low SLL SWGAA with 2 mm air gap

Figure 5-20: Four stacked low SLL SWGAA with 1 mm PTFE layer
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Figure 5-21: Stacked SWGAAs without/with gaps azimuth plane radiation pattern
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Figure 5-22: Stacked SWGAAs without/with gaps elevation plane radiation pattern
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Table 5-6: Stacked SWGAAs with different spacing with different materials simulation parameters

Gain
(dBi)

Azimuth Elevation

HPBW

Azimuth Elevation

SLL

SLL

X-pol

X-pol

(dB)

(dB)

level

level

BLL
(dB)

No
Gap
1 mm
air
2 mm
air

20.72

-19.7

-23.5

11°⨯21.3°

-40.9 dB

-52.2 dB

-27.0

19.73

-18.4

-18.6

11.9°⨯20.3°

-42.2 dB

-48.7 dB

-14.7

16.24

-15.5

14.5°⨯17.4°

-39.5 dB

-41.7 dB

-2.6

1 mm
PTFE

21.17

-20.1

-7.5
Grating
lobe
-22.6

11.5°⨯20.0°

-35.8 dB

-31.6 dB

-16.5

Separating the tapered input stacked elements with 1 mm air gaps, the antenna
gain drops by 1 dBi compared to the stacking structure with no gaps between elements.
The SLL increases to -18.5 dB which is unacceptable level for the intended design. The
HPBW and the cross-polarisation level are acceptable for this structure. The backlobe of
this structure has higher energy compared to the previous structure, the backlobe level
(BLL) is -14.7 dB. Increasing the air gap between elements to 2 mm made a very large
gain drop and generate very high sidelobes (grating lobes) in the antenna elevation plane.
In addition to that, the backlobe contain high energy which will adversely affect the
antenna front-to-back ratio (F/B).The gain of the structure with 2 mm air gaps between
the stacked elements has dropped by 5 dBi. The structure with 2 mm air gaps between
stacked SWGAAs is omitted from the possible stacking structures for the rest of this study.
Inserting the 1 mm thick PTFE sheets between the stacked elements enhances the
gain of the antenna by 0.45 dBi, 21.17 dBi, compared to the structure with no gaps
between the elements. The SLL in the azimuth plane is -20.1 dB, which acceptable as a
start as the design will go through optimisation process. The elevation plane sidelobes
and both planes cross-polarisation levels satisfy the desired requirements for the
antenna design. The BLL of this structure radiation pattern is about 10 dB higher than the
antenna structure without any gaps between the stacked elements, i.e. more energy will
be transmitted/received through the antenna backlobe. The stacked structures with 1
mm thick PTFE sheets between waveguides azimuth and elevation HPBWs are in
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acceptable ranges and form the best stacking structure that meets all the desired antenna
performance.
Due to the superior performance of the stacking structure with 1 mm thick PTFE
sheets inserted between the waveguides compared with the antenna structures with
different air gaps between elements, the structures with air gaps are omitted in the rest
of this study.
The inter-elements mutual coupling is inversely proportional to the spacing
between the stacked elements [6]. The mutual coupling affects the antenna radiation
characteristics, Signal-to-Interference Noise Ratio (SINR) and the radar cross section
(RCS) [7]. Reducing the inter-elements mutual coupling to other array elements due to
one element excitation and hence reducing the surface current that propagates to the
neighbouring elements and excites their slots, will help to suppress the radiation pattern
SLL. The surface current of the stacked elements without any gaps in between and with
feeding only the bottom elements is shown in Figure 5-23. The nearest slot of the top
elements is noticeably excited and hence radiate due to the bottom element excitation.
This might add up constructively or destructively with the slot excitation when exciting
the top SWGAA. On the other hand, Figure 5-24 shows the surface current for the
structure with 1 mm thick PTFE sheets sandwiched between the stacked elements for the
same simulation parameters. It can be noticed that much less amount of surface current
is leaking to the top stacked element due to the bottom element excitation, less mutual
coupling between elements. From the two figure, the amount of the surface current, due
to excitation of the bottom elements, that leaks to the nearest slot in the top element has
dropped by about 30% - 40%, and hence result in less mutual coupling between the
sacked SWGAAs. Mutual coupling reduction decreases the possibility of adversely
affecting the overall radiation pattern and will help in suppressing the radiation pattern
SLL. As a conclusion, the stacked SWGAAs structure with 1 mm thick PTFE sheets
sandwiched between the stacked elements is the optimal structure that will help in
achieving the desired antenna performance. Only this design will be considered in the
rest of this study.
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Figure 5-23: Stacked elements, without separation, surface current result from feeding the bottom
element

Figure 5-24: Stacked elements, with 1 mm thick PTFE sheets between elements, surface current result from
feeding the bottom element

5.3.3 Common Flange
Each of end-fed stacked SWGAAs requires a flange to be attached to its open end
in order to be able to attach a coaxial-to-waveguide adaptor for power feeding. For
simplicity, to have all elements input have similar phases, all elements have to be fed from
one of the stacked structure sides. If all elements are to be fed from one side with only 1
mm spacing between waveguides, it is impossible to fit four separate adaptors on top of
each other. To overcome this issue, first, a solution of designing common flange for all the
stacked elements was investigated. Two different common flanges design were
simulated: first, a complete metallic flange that host all stacked SWGAAs and the second
flange design is composed of a metallic ring that is separated from the waveguides by 1
mm thick PTFE slices. Both designs are shown in Figure 5-25 and Figure 5-26. It was
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found out that there is slightly high surface current flowing over the common metallic
flange as shown in Figure 5-27. The objective for inserting the 1 mm thick PTFE around
the stacked waveguides was to reduce the common flange surface current. As a result, a
great reduction in the common flange surface current as shown in Figure 5-28. The
antenna azimuth and elevation planes radiation patterns using both flanges are shown in
Figure 5-29 and Figure 5-30 respectively. The SLL for both scenarios, -17.8 dB, did not
meet the desired level.
Another issue with using common flange design is that the commercial coaxial-towaveguides adaptors have about 4 mm wide metallic walls and cannot be stacked too
closely. Either a custom design of four coaxial-to-waveguide adaptors have to be fitted in
one frame or one or two sides of each adaptor metallic flange has to be shortened to 0.5
mm. The first solution involves a very high fabrication complexity, very high
manufacturing cost and maybe impossible to design with the desired performance.
Cutting away the side walls of the adaptors and leaving only 0.5 mm (instead of 4 mm)
wide metallic wall involve fabrication difficulties, high cost and might adversely affect the
adaptor performance, and hence the SWGAAs performance. Due to that and due to high
elevation plane SLL, the option of using common flange for the stacked SWGAAS is
omitted. The next solution that was investigated was interleaving the stacked SWGAAs
with every two elements were fed from one side from the stacked structure. Each side
input signals have to be 180° out of phase from the other side input signals. His solution
is investigated next.

Figure 5-25: Stacked element with common metallic flange
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Figure 5-26: Stacked elements with 1 mm thick PTFE sheet separation from the common flange

Figure 5-27: Common metallic flange surface current

Figure 5-28: Common metallic and PTFE flange surface current
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Figure 5-29: Stacked SWGAAs with common flanges azimuth plane radiation pattern

6.3.2 UBR100 Flange Issue
A standard UBR100 flange was attached to the fabricated SWGAA, in order to
attach a coaxial-to-waveguide adaptor, at an earlier stage of this work as shown in Figure
5-10. Figure 5-31 shows a zoomed picture of the flange. This flange type has about 7 mm
wide circular metallic ring attached to the back of the flange as indicated in the flange
picture. The main effect of the flange design, if used in SWGAAs stacked structure, is that
it will force the phase centres of each element to be more than 20% of the wavelength
apart from the phase centre of the neighbouring SWGAAs. This will adversely affect the
overall antenna performance and prevent the possibility of achieving the desired
performance. The solution to this problem is to design and fabricate identical SWGAAs
with custom flanges that reduce the spacing between elements phase centres which allow
the interleaved stacking structure to happen and help to achieve the desired final antenna
performance.
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Figure 5-30: Stacked SWGAAs with common flanges elevation plane radiation pattern

7 mm

Figure 5-31: UBT100 standard commercial flange

6.4

X-band SWGAA with custom flange

A flat WR90 flange is required to avoid separating the stacked elements phase
centres by a large distance. The SWGAA design with low SLL was modified attaching a flat
flange. After many design iterations, it was found that a flange with 3mm thick wall
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provides the optimum performance when stacking few SWGAAs as will be demonstrated
later in this chapter. The rest of the flange design and dimensions are identical to the
standard FBP100 flange, as it is the same flange used with the chosen coaxial-towaveguide adaptor, to accurately attach the commercial coaxial-to-waveguide adaptors
to feed the SWGAAs. The new SWGAA design with the flange attached is shown in Figure
5-32.
The reflection coefficient of the simulated design is shown in Figure 5-33. The
reflection coefficient ranges between -19.4 dB at the beginning of the transmission band
(8.45 GHz) to -14.5 dB at the end of the band (8.5 GHz). Figure 5-34 compares the
simulation results of the reflection coefficients of the earlier low SLL waveguide design
and the new design with a custom flange. The previous design low SLL design has better
reflection coefficient at the desired operating bandwidth. The reflection coefficient of the
new design is excellent over the desired operational frequency band. Approximately,
both designs have identical impedance bandwidth.

Figure 5-32: Low SLL X-band SWGAA with custom flange
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Figure 5-33: SWGAA with custom flange reflection coefficient
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Figure 5-34: Low SLL SWGAA vs SWGAA with custom flange reflection coefficient

The simulated SWGAA design with custom flange radiation patterns, both azimuth
and elevation planes, are shown in Figure 5-35. The SLL in the azimuth plane -22.5 dB,
which satisfies the desired antenna SLL requirement. The HPBW in the azimuth plane is
11.0°. The radiation pattern in the elevation plane is, as expected, a fan-beam, as expected
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from a single element SWGAA with a HPBW of 86.6°. The cross-polarisation level in both
planes is below -43.5 dB. This, again, confirms the high polarisation purity of the SWGAA.
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Figure 5-35: Low SLL X-band SWGAA with custom flange azimuth and elevation planes radiation pattern

Four identical elements were fabricated in order to test and verify the stacked
SWGAAs structure performance. AINFO 90WECAS end-launch coaxial-to-waveguide
adaptor with a maximum VSWR of 1.25 over the WR90 waveguide operational frequency,
8.2 – 12.4 GHz, was chosen to feed the SWGAAs. The flange used with the adaptor is
FBP100 which was considered during the SWGAA design process to assure exact match
when attaching the feeding adaptor to the SWGAAs.
The measured reflection coefficients of the four fabricated SWGAAs are shown in
Figure 5-36. The reflection coefficients are compared against the simulation reflection
coefficient. As can be noticed, elements 1, 2 and 4 have an excellent reflection coefficient
and in a very good agreement with the simulation result. Element number 3 has around
4.5 dB (-17dB) higher reflection coefficient in the desired operational band, but still in an
excellent level (below -10 dB) for the slot to radiate efficiently. It can be noticed that all
the fabricated SWGAAs are not 100% identical – in terms of their reflection coefficients-,
which might result in different radiation patterns as will be investigated next. It is obvious
that the differences in the elements reflection coefficient are due to fabrication errors and
accuracy.
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Figure 5-36: Simulation vs fabricated elements reflection coefficients

The measured azimuth plane radiation patterns of the fabricated elements
compared to the simulation result are shown in Figure 5-37. All fabricated SWGAAs have
the same HPBW of 11.7° which is 0.7° wider than the simulation result. Note that the
mainlobe broadening here is negligible, compared to S-band, as the measurements were
performed in the antenna far-field. With this small difference, it can be said that all
elements are in good agreement with the simulation in terms of the HPBW. The SLL in
this plane is approximately the same for the elements number 1, 2, and 4, -20.5 dB, with
element 3 being 1 dB lower. The element number 3 has different SLL on both sides of the
mainlobe compared to the other elements, i.e. all elements are not identical, which
indicate that there are some fabrication differences between elements. All elements SLLs
are slightly higher than the simulation results (-22.5 dB). The measured crosspolarisation level in this plane for all elements is below -33 dB which indicate that all
elements have high polarisation purity.
As expected, each of the fabricated elements has a fan-beam radiation pattern in
the elevation plane, shown in Figure 5-38, and all are in excellent agreement with the
simulation. The cross-polarisation level in the elevation plane is below -35.5 dB.
The gain of all elements, shown in Figure 5-39, were measured using the same
method demonstrated in the previous chapter. The elements gain range between 13.73
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dBi and 14.06 dBi, at the design frequency (8.5 GHz), compared to 14.86 dBi that result
from the simulation. Both the gain that results from simulation and the measured gains
follow exactly the same pattern. The maximum gain difference is ≤ - 1 dBi and all the
fabricated elements have approximately similar gain.
The fabricated elements radiation patterns have an acceptable SLL and a very low
cross-polarisation. It can be concluded that they are identical enough to be stacked
together. SWGAAs stacking, both simulation and in an anechoic chamber, results are
demonstrated in the next section.
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Figure 5-37: Low SLL SWGAAs with custom flange azimuth planes versus simulation
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Figure 5-38: Low SLL SWGAAs with custom flange elevation planes versus simulation
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Figure 5-39: Low SLL X-band SWGAA with custom flanges gain comparison

6.4.2.1

Interleaved SWGAA elements

After going through stacking design optimisation process, it was found out that
interleaving SWGAAs with 3 mm thick flanges, as shown in Figure 5-40, gave an excellent
antenna radiation patterns that satisfies all the desired antenna parameters. The top and
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third elements are fed with signals that are 180° out-of-phase from the other two
elements. The input power of all stacked elements is tapered as: the two centre elements
get the full power while the top and bottom elements are fed by 50% of the power (3 dB
attenuation). The flange dimensions are chosen to be identical to the FBP100 flange, but
with 3mm wall thickness, of the chosen AINFO 90WECAS end-launch coaxial-towaveguide adaptor. Having identical dimensions ensures precise matching between each
SWGAA and the coaxial-to-waveguide adaptor which will minimise signal leakage
chances of any signal leakage. This type of adapter was chosen to minimise the cables
flexing while performing the chamber measurements. In addition to separating the
stacked elements with 1 mm thick PTFE sheets, small slices of a 1 mm thick PTFE were
inserted to separate the short end of each of the stacked waveguides from the metal
flanges of its neighbouring elements as shown in Figure 5-40. This will eliminate/reduce
the surface current flowing between the waveguide shorting wall and the neighbouring
waveguides flanges and vice versa.

Figure 5-40: Stacked interleaved SWGAAs

The simulated stacking structure azimuth and elevation planes radiation patterns
are shown in Figure 5-41. The simulated design HPBW is 11°⨯21.3° which is in the
acceptable range near to the desired beamwidths. The BLL of the design is -17.9 dB. The
SLL in the azimuth plane is -27.1 dB and -21.8 in the elevation plane. The crosspolarisation level in both planes is below -25 dB, which still at a good level to assure the
antenna high polarisation purity. The gain of the simulated stacking structure is 21.30
dBi and shown in Figure 5-42 at the antenna boresight. The simulation results satisfy all
the antenna desired specifications. The stacked structure was then built and tested in the
anechoic chamber. The test results will be presented in the next section.
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Figure 5-41: Stacked SWGAAs with 3 mm wall thick flanges radiation patterns
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10

Chapter 5: X-band SWGAA

278

6.4.3 Stacked X-band SWGAA elements measurements
6.4.3.1

Feeding power

In order to achieve the optimum performance of the stacked SWGAAs, it is
required to feed each element with the right amount of power with the right phase. The
Mini-circuits ZC4PD-153-S+ 1-to-4 power divider/splitter was chosen to divide the input
power equally to feed the four stacked elements. The power divider output ports total
loss is shown in Figure 5-43 and the output ports signal phase is shown in Figure 5-44.
In order to attenuate the input power of the top and bottom elements with 3 dB,
two Radiall R411803121 3 dB attenuators were introduced to two output ports of the
power divider. As two elements are required to be fed with 180° phase shift from the
other two, four Anritsu A5N1102 tuneable phase shifters were introduced in the power
splitting network and attached to the four power divider output ports. The phase shifters
were introduced to all outputs to have approximately the same insertion loss for all
power feeding lines. The feeding network schematic is shown in Figure 5-45. The feeding
network was adjusted and tested using a new and accurate VNA as the VNA connected to
the anechoic chamber has some instability issues. The resulting attenuation and phase of
the feeding network are shown in Figure 5-46 Figure 5-47 and the values at the design
frequency (8.5 GHz) are listed in Table 5-7. The achieved adjustment accuracy level of all
four feeding network lines should be sufficient to achieve the optimum antenna
performance.
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Figure 5-43: Power divider measured output ports total loss
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Figure 5-47: Feeding network phase

Table 5-7: Feeding network outputs value

Attenuation (dB)

Phase (degrees)

Difference

Port # 1

- 8.82

168.3

0∠0°

Port # 2

- 12.03

168.3

-3.21∠0°

Port # 3

- 8.94

-12.56

-0.12∠180.9°

Port # 4

- 12.05

-14.85

-3.23∠183.15°

6.4.3.2

Anechoic chamber tests

The feeding network was then taken to the anechoic chamber. The experimental
setup is shown in Figure 5-48. Due to the fact that UCL anechoic chamber system has
some calibration and other, e.g. loose connectors, issues, errors at the time when
experiments were performed, which causes some instabilities in the chamber system and
stable measurements of the feeding network outputs could not be achieved. The feeding
network ports total attenuation was measured using the VNA connected to the chamber.
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During each port measurement, the connections were kept for some time to achieve most
stable reading, i.e. with lowest variations. The recorded chamber VNA feeding network
lines total attenuations and phase are listed in Table 5-8. The difference in the lines
attenuations will affect the antenna performance.
After completing all the required chamber measurements, the measured feeding
network ports signals, from the chamber VNA, were fed into the simulation software in
order to have the most accurate simulation reference to compare the measurements with.
The measured azimuth radiation pattern of the antenna is shown in Figure 5-49.
The measured radiation pattern is compared against the ideal simulation results, with
exact 3 dB attenuation and 0° and 180° phases, and to the simulation results after
inputting the chamber feeding network readings. In this plane, both the ideal and the one
with chamber inputs simulation results are approximately identical, both co-polarization
and cross-polarisation. The measured SLL in this plane was 21.9 dB, which satisfy the
desired SLL level, compared to -26.5 dB from the simulation. The measured crosspolarisation level is below -35 dB compared to -25 dB from the simulation. This proofs
the high polarisation purity of the designed antenna. The measured beamwidth in this
plane is 11.7° compared to 11° for the simulated design with ideal inputs and 10.9° for
the simulated design with chamber inputs. It is clear that the mainlobe does not suffer
from mainlobe broadening, compared to S-band, due to the confidence that the
measurements were performed in the antenna far-field. The measured HPBW is
acceptable and can be said it is in excellent agreement with the simulation. Even though
there is 4.5 dB difference in the SLL in this plane; the antenna desired performance in this
plane is achieved.
The elevation plane radiation pattern after inputting the chamber readings is quite
different from the simulated ideal inputs design as shown in Figure 5-50. In the same
figure, the measured elevation plane radiation pattern is compared against the
simulation results. The SLL of the simulated design with chamber inputs is 7.1 dB higher
than the simulated design with ideal inputs. Both simulations result in approximately the
same cross-polarisation level. Here, the measurements will be compared against the
simulation results after feeding the chamber inputs.
The simulation elevation plane SLL is -18.2 dB. The measured SLL in this plane is
-16.8 dB. The 1.4 dB difference between the two is not too large considering the
fabrication errors and measurements accuracy of unstable equipments. The measured
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cross-polarisation level in this plane is below -37 dB compared to -31.5 dB from
simulation results. The measured HPBW at this plane is 19.3° compared to 18.8° that
result from simulation The HPBW of the simulated design with ideal feeding power is
20.3°.

Figure 5-48: Anechoic chamber experimental setup

The gain in the simulation after inputting the chamber feeding network readings
has increased by 0.28 dBi (to 21.58 dBi) compared to ideal simulation. This is due to
higher SLL and narrower HPBW which enhance the antenna gain. The measured gain
versus the simulation gain is shown in Figure 5-51. The measured gain at the design
frequency (8.5 GHz) was 21.15 dBi (0.15 dBi lower than the gain of the ideal design and
0.43 dBi lower than the gain of the simulated design with feeding the chamber readings).
The summarised important radiation pattern parameters are listed in Table 5-9. In
general, the agreement between measurements and the simulation with using chamber
reading as inputs is excellent. It can be argued that if the fabrication accuracy improves
and the measurements were done in higher accuracy and more stable chamber, antenna
performance similar to the ideal simulation results is achievable.
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Table 5-8: Anechoic chamber measured feeding network ports output

Attenuation (dB)

Phase (degrees)

Difference

Port # 1

7.08

148

0∠0°

Port # 2

9.7

148

-2.621∠0°

Port # 3

6.4

-32

+0.68∠180°

Port # 4

9.7

-33.7

-3.23∠181.7°
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Figure 5-49: Stacked X-band SWGAAs azimuth plane radiation pattern
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Figure 5-50: Stacked X-band SWGAAs elevation plane radiation pattern
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Table 5-9: Summarised antenna patterns parameters

Ideal design

Simulation with

(simulation)

feeding chamber

Measurements

measurements
Gain (dBi)

21.30

21.58

21.15

Azimuth SLL (dB)

19.73

-18.22

-16.8

Elevation SLL (dB)

-27.17

-26.77

-21.87

HPBW

11°⨯21.3°

10.9°⨯18.8°

11.7°⨯19.3°

Azimuth X-pol level

-48 dB

-48 dB

-34.9 dB

Elevation X-pol level

-53.1 dB

-53.1 dB

-37.3 dB

6.5 10°X10° stacked SWGAAs
The desired NeXtRAD antenna HPBW is 10°⨯10°. Stacking two more elements, in
simulation, to the previous four elements structure and tapering the input power was
enough to achieve a beamwidth of 10.9°⨯13.2°. The two centre SWGAAs were fed with
full power, the next element from the top and the bottom are fed with 1 dB attenuation
and the top and bottom elements are fed with 50% of the power, 3dB attenuation to
suppress the SLL. The achieved HPBW is acceptable. The simulated six stacked SWGAAs
structure is shown Figure 5-52. The radiation pattern, both azimuth and elevation planes,
are shown in Figure 5-53.
The gain of the antenna has increased to 23.22 dBi. The azimuth plane SLL is below
-27 dB and the cross polarisation level in this plane is -23.6 dB. The SLL in the elevation
plane is -21.7 dB and the cross-polarisation level in this plane is -27.7 dB. The
performance and the HPBW achieved from simulation satisfy all the desired
requirements for the NeXtRAD bistatic/multistatic radar system antenna which ensure a
good performance of the system is achievable.
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Figure 5-52: Six stacked SWGAAs
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Figure 5-53: Stacked six SWGAAs radiation patterns
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6.6 Dual polarisation (polarimetry)
6.6.1 Four elements
The electric field inside longitudinal shunt slots is always perpendicular to the slot
long dimension. I.e. the electric field will always be perpendicular to the waveguide
broad-face centre-line as shown in Figure 5-54. In this case, the wider beamwidth, for the
electric field vector as shown in Figure 5-55, (20.3°) is considered when investigating the
possibility of having a dual-polarised antenna.
Placing two stacked SWGAAs sets side-by-side with one set is rotated by 90°, as
shown in Figure 5-55, an antenna with dual linear polarisations structure is achieved. The
dimensions of each set of four stacked SWGAAs are 37.65 cm⨯12 cm⨯4.2 cm (length ⨯
width ⨯ depth). If the T structure for the dual-polarised antenna is to be fit into a frame,
the frame dimensions will be 53 cm⨯ 42 cm⨯4.2 cm. These dimensions are measured
and calculated including the dimensions of the coaxial-to-waveguide adaptors, cable
connections and 3.0 cm separation between the two sets. If a square frame to be designed
to fit the dual-polarised proposed structure, the empty gaps top and bottom of the
vertically polarised set, on the right, will be open to allow the air to pass through which
will increase the antenna structure wind resistivity. If aluminium waveguides, as the
fabricated ones, are used for SWGAAs, the antenna structure will benefit from a very
lightweight (less than 2 kg including the coaxial-to-waveguide adaptors) which enhances
the antenna mobility.

Figure 5-54: Electric field in a longitudinal shunt slots
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The top part of Figure 5-55 shows the distance between the phase centres of the
proposed dual-polarised antenna structure sets. As indicated, the two antenna sets
beams will intersect at about 0.8 meter away from the antenna structure, less than the
NeXtRAD range bin (3 meters). So, beyond this point, any target reflection received by
both sets will appear as one target.
The NeXtRAD system is designed to have two X-band channels, each for one linear
polarisation. If each set of the proposed antenna is connected to one channel at the same
time, the antenna structure will benefit from polarimetric capability (fully polarimetric
antenna). The final proposed structure was not fabricated and tested due to time and
budget constraints.
Beams edges intersection point
= 0.782 meter

20.3°

20.3°

0.140 meter

0

0.140 meter

0.280 meter

Figure 5-55: Dual-polarised four stacked SWGAAs schematic
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The radiation patterns of the simulated dual-polarised antenna that have a
beamwidth of 10°⨯20° are shown in Figure 5-56. The main antenna performance
parameters are listed in Table 5-10. The vertical oriented set SLL between -90° and 90°
is below -25 dB. In the back of the antenna structure (angle 111°), the SLL is -19.3 dB. The
radiation patterns satisfy the desired antenna performance. The mutual coupling
between the two sets is very low and is of negligible effect. The two far-field radiation
patterns of both sets point almost to the same point as shown in Figure 5-57.

20

10

Gain (dB)

0

-10

-20

-30

-40

-50

-60

-150

-100

-50

0

50

Horiz. oriented set azimuth Co-Pol
Horiz. oriented set azimuth Cross-Pol
Horiz. oriented set elevation Co-Pol
Horiz. oriented set elevation Cross-Pol
Vert. oriented set azimuth Co-Pol
Vert. oriented set azimuth Cross-Pol
Vert. oriented set elevation Co-Pol
Vert. oriented set elevation Cross-Pol
100
150

Angle(degrees)

Figure 5-56: 10° ⨯ 20° dual-polarised SWGAA radiation patterns
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Figure 5-57: Dual-polarised SWGAA sets far-fields
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6.6.2 Six elements
A narrower beamwidth antenna was achieved by stacking two more SWGAAs to
the structure as demonstrated earlier in this chapter. If a dual-polarised (fully
polarimetric) antenna is to be constructed using the six SWGAAs structure, the structure
frame will have the dimensions of 60 cm ⨯ 42 cm ⨯ 4.2 cm. Introducing 2.5 cm spacing
between the two sets will make the two sets phase centres 0.3 meter apart as shown in
Figure 5-58. The achieved elevation beamwidth for simulated six SWGAAs was 13.2° as
demonstrated earlier in this chapter. From the beamwidth and the two sets phase centres
separation, the two beams intersection point is calculated to be about 1.3 meter away
from the antenna, which still less than NeXtRAD range bin. Any further away target will
be seen by the two sets, and hence the two channels of a polarimetric system, as one
target.
The radiation patterns of the simulated structure with six stacked elements per
set are shown in Figure 5-59. The antenna performance parameters are listed in Table
5-10. All the desired antenna parameters are satisfied. The resulting antenna beamwidth
is 10.8°⨯13.3°, which is within an acceptable range. The mutual coupling between the
two SWGAA sets is minimal and can be neglected. The two sets far-field radiation patterns
point almost to the same point as shown in Figure 5-60.
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Figure 5-58: Dual-polarised six stacked SWGAAs schematic
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Figure 5-59: 10° ⨯ 10° dual-polarised SWGAA radiation patterns
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Table 5-10: Simulated Dual-polarised SWGAA Performance Parameters
Parameters

Gain
(dBi)

AZ
HPBW
(deg.)

AZ SLL
(dB)

AZ
Cross-pol.
(dB)

BLL
(dB)

EL
HPBW
(deg.)

EL
SLL
(dB)

EL
Cross-pol.
(dB)

21.34

10.9

-27.3

-25.5

-16.8

20.3

-21.4

-26.6

-25.7

-16.5

10.9

-29.1

-21.8

Horizontally

Four Elements

Oriented
Set
Vertically
Oriented

-25.1
21.36

20.4

Set

(-19.3
∠111°)

Horizontally

Six Elements

Oriented

23.27

10.8

-26.9

-23.3

-16.9

13.3

-21.6

-24.6

23.27

13.3

-21.4

-25.7

-16.7

10.8

-28.0

-19.6

Set
Vertically
Oriented
Set

6.7 Summary
In this chapter, an X-band SWGAA design was investigated. The SLL of a
conventional SWGAA with uniformly distributed slots, uniform tapering, is very high and
need to be suppressed. The design was modified using tapering techniques to suppress
the SLL. The SWGAA with low SLL was then fabricated and tested in an anechoic chamber.
The anechoic chamber measurements were in a very good agreement with the simulation
results. The antenna benefits from a very low SLL and a high polarisation purity, low
cross-polarisation level, which both are required for NeXtRAD bistatic/multistatic radar
system.
The simulated and the measured elevation plane beamwidth for a single SWGAA
was, as expected, a fan-beam. This fan-beam has to be narrowed to achieve the desired
elevation beamwidth. Stacking identical SWGAAs on top of each other was found to be
the optimal and cost-effective solution that will help to narrow the antenna elevation
beamwidth. Simulating the stacking structure of four identical SWGAAs achieved the
desired elevation plane beamwidth with suppressed SLL and very low cross-polarisation
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level. Different stacking structures without and with gaps and with insulating material
inserted between the stacked SWGAAs were investigated. It was found out that the
stacking structure with 1 mm thick PTFE layers inserted between the stacking elements
gave the optimum performance of the investigated structures. The PTFE layers helped in
reducing the current leakage, and hence the inter-elements mutual coupling, to the
stacked element due to neighbouring element excitation.
The commercial UBR100 flange for the WR90 waveguide, used in the first
fabricated SWGAA, prevented the stacking structure to be built due to the presence of a
metallic ring located behind the flange. The option of designing a common flange for the
stacked SWGAAs was then investigated. A good simulated antenna performance was
achieved with a common flange for the stacked elements. The cost of fabricating a
common flange for the stacked SWGAAs will be very high, and may be impossible. Also,
the fabrication of such flange is difficult and require a very high accuracy. In addition to
that, commercial coaxial-to-waveguide adaptors flanges have to be modified, as there is
only 1 mm gap between elements, to suit the common flange. In addition, such
adjustments to the commercial adaptors may adversely affect their performance. As a
result, the option of using common flange for the stacked SWGAAs is omitted. Interleaving
the SWGAAs and feeding the stacked SWGAAs from the two sides, every other element is
fed from one side, result to be the optimum stacking structure.
Using the commercially available flanges, to be attached to each end-fed SWGAA,
will increase the spacing between the stacked SWGAAs phase centres due to the flanges
geometry. A modified SWGAA design with a custom flange, that allows interleaved
stacking structure, was then simulated. Simulating four interleaved and stacked identical
SWGAAs with custom flanges achieved the antenna desired performance. Four SWGAAs
with custom flanges was then fabricated. After testing each of the fabricated elements
separately in the anechoic chamber, a sufficient agreement with the simulation was found
with few differences between elements performance. The performance differences
mainly accrued due to fabrication errors.
The interleaved stacking structure requires every two SWGAAs to be fed from one
side and with 180° out-of-phase compared to the other side. The input power to the
stacked elements has to be tapered by feeding the top and bottom SWGAAs, of the four
SWGAAs structure, with only 50% (3 dB attenuation) of the amount of the power fed to
the two centre SWGAAs. A feeding network that provides the required amount of power
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to each coaxial-to-waveguide adaptor with the right phases was built and tested. After
that, the stacking structure was built and tested in the anechoic chamber. Due to
calibration and instability issues in some of the chamber equipment, the desired SLL in
the elevation plane was difficult to be achieved. The measurements were in excellent
agreement with the simulation results after inputting the chamber reading of the feeding
network to the simulation software (CST). This agreement confirms the excellence of the
design and its ability to achieve the desired performance if the SWGAAs fabrication
accuracy is enhanced and more accurate anechoic chamber is used for measurements.
Stacking two more elements, six elements in total, with the right input power
tapering, allow for achieving the desired NeXtRAD beamwidth. This structure was
simulated and an excellent antenna performance was achieved. This structure was not
built and tested due to time and budget constraints.
The last section of this chapter demonstrated the possibility of using the stacked
SWGAAs structure to form a dual-polarised antenna by using two sets of the stacked
structure, one for each linear polarisation. As the NeXtRAD system is designed with two
X-band channels, each set of the stacked SWGAAs can be connected to one channel at the
same time. An antenna with fully polarimetric capabilities is formed.

Chapter 5: References

297

6.8 References

[1]

R. C. Johnson, Antenna Engineering Handbook, New York: McGrawHill, Inc., 1993.

[2]

R. B. Gosselin, “A Computer-Aided Approach for Designing Edge-Slot
Waveguide

Arrays,”

NATIONAL

AERONAUTICS

AND

SPACE

ADMINISTRATION GREENBELT MD GODDARD SPACE FLIGHT CENTER, 2003.
[3]

Y. T. Lo and S. W. Lee, Antenna Handbook, vol. II, New York: Van
Nostrand Reinhold, 1993.

[4]

K. Solbach and J. Dreier O. Nell, “Omnidirectional Waveguide Slot
Antenna for Horizontal Polarisation,” VHF Communication, vol. 4/91, pp.
200-205, 1991.

[5]

H. L. Sneha, Hema Singh, and R. M. Jha. , “Mutual coupling effects for
radar cross section (RCS) of a series-fed dipole antenna array,” International
Journal of Antennas and Propagation, vol. 2012, 2012.

[6]

G. V. Tsoulos, Adaptive Antennas for Wireless Communications,
Wiley-IEEE press, 2000.

[7]

H. Singh, H. Sneha, and R. Jha, “Mutual Coupling in Phased Arrays: A
Review,” International Journal of Antennas and Propagation, vol. 2013, p. 23,
2013.

Chapter 7: Conclusions and Future Work

298

6. Conclusions and Future
Work

6.1

Conclusions

One of the aims of this work was to investigate and compare different antenna
candidates that suit more both multistatic radar systems. The investigation results and
the comparison between antennas are shown in chapter 2. The resonant SWGAA was
chosen among the antenna candidates due to its high power-handling capabilities,
relative design simplicity and suitability to the intended applications. The SWGAA has
enough degree of design freedom that allows for different optimisation methods to
achieve the desired antenna performance.
An end-fed S-band SWGAAs was designed and simulated. The uniformly
distributed slots have the same displacement from the waveguide broad wall centre-line,
the SWGAA suffers from high SLL (-13 dB). Utilising non-uniform distributions to
calculate each slot displacement from the centre-line, and hence unequally excite the
slots, suppressed the SLL to the desired level for the price of slightly lower gain and
broader HPBW.
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The fabricated optimised SWGAAs showed an excellent performance, mainly in
terms of azimuth HPBW, SLL and polarisation purity. The azimuth HPBW of a SWGAA is
controlled by the number of slots in the SWGAA. As expected, each SWGAA has a fan
elevation HPBW.
After investigating two different methods of elevation beam narrowing, stacking
identically designed SWGAAs was found to be the simplest and most effective method to
narrow the beam to the desired width and enhance the overall antenna gain. It was not
possible to stack the SWGAAs closely enough for the sake of achieving the desired
antenna radiation pattern. The reason behind that is each end-fed SWGAA require a
separate coaxial-to-waveguide adaptor to input the feeding power which requires a
flange to be attached the the SWGAA. Building an interleaved stacking structure with
feeding each two elements from one side with 180° phase shift between the two sides
and tapering the feed power resulted in the desired antenna performance. The phase shift
was achieved by introducing a half guided wavelength length difference between cables.
The mutual coupling between waveguides was reduced by inserting dielectric sheets
between the stacked waveguides. The antenna was tested in field experiments and
showed superiority over similar characteristics antenna. The second objective of this
research work is now fulfilled. For the sake of search completeness, a modified antenna
with narrower elevation HPBW was simulated by stacking two additional SWGAAs.
The third goal of this research work was to test the dual-polarisation capabilities
of the SWGAA. Using inclined slots carved in the narrow wall of a waveguide to generate
the orthogonal polarisation generate a high cross-polarisation component and therefore
the antenna will fail in meeting the desired high polarisation purity. A novel and simple
method for generating the orthogonal polarisation while maintaining the antenna high
polarisation purity is by having two sets of the stacked SWGAAs side-by-side with one set
rotated by 90° relative to the other set. This antenna structure was simulated and showed
superior dual-polarised antenna performance. The mutual coupling between the two sets
was negligible.
The fourth goal of this thesis was to design a SWGAA that operate at X-band for
the NeXtRAD system. As the design, fabrication and test procedures for S-band SWGAAs
were successful, the same procedures were followed to design SWGAAs that operate at
8.5 GHz. The design and the wall thickness of a commercial waveguide flange that will
prevent the SWGAAs to be properly stacked was overcome by designing and fabricating
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SWGAAs with custom flanges that will allow close stacking. It was not possible to achieve
the phase by cutting the cables at this frequency. Instead, tunable phase shifters were
used to achieve the phase shift. The antenna showed an excellent performance and met
all the antenna desired requirements. The design of narrower elevation HPBW was
simulated by adding two SWGAAs to achieve the desired NeXtRAD beamwidth.
The last goal of this thesis was met by simulating dual-polarised X-band SWGAA
structure. The simulated dual-polarised antenna showed an excellent performance that
met all the desired antenna parameters. Using the designed dual-polarised antenna with
the NeXtRAD system with connecting each set to one channel and transmit or receive
using both channels simultaneously will result in a fully polarimetric multistatic radar
system.

6.2

Achievements and Contributions

The main achievements of this research work and contributions to the field of
SWGAA design are:


This work demonstrated simple procedures for designing a SWGAA with
specified SLL. The SLL is mainly determined by slots offset with respect to
the waveguide broad wall centre-line. The offsets were obtained from wellknown amplitude distributions. The slots offset mainly control the slots
excitation coefficients and hence improve the SWGAA radiation pattern.
Eight SWGAAs, four S-band and four X-band, were fabricated and tested.
The test results proved the efficiency of the design procedures and showed
the high polarisation purity of SWGAAs.



A simple method of stacking and identically designed end-fed SWGAAs, by
interleaving the stacked waveguides, was proposed in this work. The
method was applied to the stacked SWGAAs. The method showed a very
high efficiency when the antenna radiation patterns were measured.



The method of power tapering the stacked SWGAAs to suppress the overall
antenna SLL was suggested. The efficiency of this method was proven by
measuring and testing the stacked SWGAAs radiation patterns.



Simple and cost-effective designs of dual-polarised SWGAAs were
proposed. Each design is composed of two identically stacked SWGAAs
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with one set rotated by 90° relative to the other one to produce orthogonal
polarisation. Each set performance was validated at an earlier stage of this
work. The designs were simulated and showed an excellent performance
that met all the desired antenna specifications. The mutual coupling
between the two sets was negligible and hence it has negligible effects on
the antenna radiation pattern. The achieved simulation results showed the
superiority of the dual-polarised SWGAA design.

6.3

Future Work

The antenna design area is vast and for each and every antenna design for a
specific application, there is always gaps and chances for antenna design modifications
and optimisations. The same principle, with no exclusions, is applied to the field of
SWGAAs design. In this work, every effort was made to ensure the designed antenna suite
the desired applications. The following suggestions are to enhance the design simplicity,
improve the design robustness and reduce the overall antenna cost. The suggestions are:


Each SWGAA design can be modified to be centre-fed from the waveguide
broad wall that is opposite the wall hosting the slots, back feeding. In this
way, the stacked SWGAAs can be fed from an orthogonally oriented SWGAA
with inclined centred broad wall slots for power coupling to the stacked
elements. The following advantages can be gained from this suggested
design:
-

The amount of feeding power to each stacked SWGAA is controlled
by the feeding slot design which eliminates the use high power
attenuators.

-

Only one coaxial-to-waveguide adaptor is required per stacked
SWGAAs set which reduces the overall antenna cost.

-

The used of power splitters to split the power to all stacked SWGAAs
will be eliminated. Only 1-to-2 power splitter is required for dualpolarised SWGAA if both polarisations need to be transmitted
simultaneously from one input.

-

The amount cabling in the antenna will be hugely reduced.
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Ideally, the phase of the input signals in the proposed design should
have the same phase. If required, each input signal phase can be
adjusted by changing the feeding slot inclination angle. This will
eliminate the need for the tunable phase shifters which largely
contribute to cost reduction.

-

With this proposed design, stacking extra elements to narrow the
antenna elevation HPBW will involve minimal extra cost.



Frames can be designed to host the stacked SWGAAs, dielectric layers and
coaxial-to-waveguide adaptors which make the antennas more compact
and robust. The frames can be designed in a way to allow the air flow to go
through and hence increase the antenna wind resistivity.



Replacing the dielectric sheets separating the stacked SWGAAs with
Electromagnetic Band Gap (EBG) structures need to be investigated. EBGs
represent a promising method to suppress the surface waves and stop
them from travelling between elements, i.e. increase the isolation between
elements. Hence, EBGs might help in mitigating the mutual coupling
between stacked SWGAAs and therefore, enhance the overall antenna
performance.



Taking the tested antenna to South Africa, as NeXtRAD system is located in
Cape Town, to perform field experiments with it will help to validate the
simulation and the measurement results. In addition, it will give more
insight about the practical issues of the antenna.

