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APPLICATIONS OF WAVEGUIDE ARRAYS IN COMMERCIAL
AND MILITARY RADARS

I KARLSSON, ERICSSON RADAR ELECTRONICS AB
MOLNDAL, SWEDEN

ABSTRACT

Slotted waveguide arrays have proven to be good candidates for a
wide range of radar applications. The inherent properties of
being a distribution network as well as radiator result in low
loss compact designs.

Ericsson Radar Electronics, (ERE), has had the opportunity to
study, design and manufacture slotted waveguide arrays for both
commercial and military applications.

The interaction between the military and commercial projects has
facilitated the development of advanced design tools and fech—
niques for measurements and manufacturing. The paper briefly
presents some of the projects and design aids. A frequency and
phase steered array antenna for an artillery locating radar is

described in more detail.

1. INTRODUCTION

ERE has been involved in several antenna development programs
using slotted waveguide array technology covering the £ to Ku
frequency bands. Some have been awarded by the European Space

Agency (ESA) and some by different defence administrations.




Among the programs funded by the European Space Agency are the
Synthetic Aperture Radar (SAR) antenna and scatterometer antennas
of the first and second European Remote Sensing Satellite':2.
Studies and breadboarding of new advanced concepts such as a dual
beam array’, a dual polarized slot antenna® and shaped beam
antennas® are other ESA funded programs.

Among the more recent developments for military programs are the
phase scanned AEW radar antenna® and the phase and frequency
steered array for an artillery locating radar (ALR). The ALR
antenna is described below. Arrays for weather radars’ and com-
mercial side looking airborne radars, monitoring oil spills along
the coast, are other programs that have contributed to the
experience of slotted waveguides.

It is the combination of both commercial and military programs
that has justified investments in design software and test
facilities. Some of these programs and investments are briefly

presented in the paper.

2. CHARACTERISTICS OF SLOTTED WAVEGUIDES

Slotted waveguide arrays often come out as the winner in trade
offs between different antenna techniques. The antennas mentioned
above all incorporate broad wall slotted waveguide arrays.

ERE prefers to work with broad wall slotted waveguides rather
than edge slot waveguides as the design software is accurate and
well verified.

For scanning antennas ridge loaded waveguides are used to avoid
grating lobes.

Other attractive characteristics of broad wall slot waveguide

arrays are:




- low cross polarisation

- slots in planar ground plane

-~ low depth (waveguide height)

- low mass

- self supporting design

- low manufacturing cost

- low loss

Accurate design software and manufacturing techniques that allow
tight tolerances are absolutely necessary in order to achieve low
sidelobes.

ERE uses basically two manufacturing techniques. One is to
machine the waveguides and slots in a block of aluminium. The
other method is to use extruded waveguides and machine the slots
in the waveguides. Both methods have proved to give very good
tolerances and high yield. Dipbrazing is used to solder the
different antenna parts together.

ERE also has experience of using metallized carbon fibre for
manufacturing arrays. The requirements on mass and temperature
stability have to be very important (e g space application) to

Justify the cost of carbon fibre arrays.

3. A PLANAR NEAR-FIELD SCANNER

A planar near-field test facility was required to measure the
performance of the 10 meter by 1 meter SAR antenna, which at that
time was the largest array ERE had designed. The antenna
comprises 5 mechanical panels with resonant slotted waveguides.

The electrical design and testing were performed at ERE.




The antenna is mainly built of metallised carbon fibre waveguides
and components to achieve low mass and temperature stable perfor-
mance in orbit.

Dornier GmbH in Germany manufactured the antenna. The test
facility has an effective scan area of more than 5 meter by 12
meter. The probe position is controlled with an RMS error of less
than 0.1 mm. The frequency ranges from 4 to 40 GHz®. Figure 1
shows the test range with the ERS-1 antenna.

The design and test software developed during the program has
been further developed in the design of the AEW antenna and the
ALR antenna. It would have been very hard to develope and produce

the high performance antennas required today without the avail-

ability of a high quality near-field test range.

Figure 1  Planar near-field test range with ERS-1 antenna.




4. ARRAY ANTENNA DIAGNOSIS AND CALIBRATION

The need of an accurate array antenna diagnosis tool initiated a

method for obtaining the individual element excitations of an

array antenna from measured radiation patterns. Access to indivi-
dual element (slot) excitations makes it possible to compare
measured data with design values. Four major applications are
identified:

- Design tool. Improve the nominal amplitude and phase
distribution during the design phase.

- Antenna calibration. Antennas with phase shifters, variable
power dividers and active modules can easily be tuned to
compensate for mechanical tolerances and different path
lengths in the antenna.

- Element failure diagnosis. Errors due to component failures
and manufacturing problems may be located.

- Pattern extrapolation. Test range limitations, with respect
to angular coverage, can be overcome by computing patterns

at angles where measured data is not available.

Often the measured far-field data is not sufficient to allow an
accurate direct transformation back to the element excitations.
The measured far-field data is restricted to visible space which
does not always contain the entire Fourier domain. A typical
example is phased array antennas designed for large scan angels.
A similar problem arises during near-field testing of planar
antennas in which case a significant far-field domain is
restricted by the scanning limitations of the near-field test
facility. An iterative procedure has been developed which con-

verges towards the correct solution’.
5




The software has been found to be very powerful and it is

regularly used to assess antenna designs and calibrate antennas.

5. SLOT CHARACTERIZATION

In the design of slotted waveguide antennas the waveguide is most
often modeled as a transmission line where the dominant TE10 mode
is propagating. The longitudinal slots cut in the broad wall of
the waveguides are normally modeled by normalized shunt admit-
tances. Sometimes a shunt admittance is not sufficient to
describe the slot in which case an s-matrix approach can be used.
The higher order mode coupling in the TE20 mode can also be
included in the waveguide design.

An important part of the design process is to find a model of the
slot admittance data which is suitable for computer calculations.
The active slot admittance comprises the isolated slot self
admittance and a coupling term. The self admittance is a function
of slot length, slot offset and waveguide cross section dimen-
sions. The coupling term is dependent on the slot environment and
the slot excitation. To find a model of the slot self admittance,
that is accurate enough, measurements of slots with different
lengths and offsets are required. This is particularly true for
ridged waveguides where theoretical modelling is rather compli-
cated'®. As a result of the many slotted array programs with
different waveguide geometry and materials, ERE has developed
fixtures and methods that allow very accurate measurements of a
large number of slot geometries in a short time. Particularly the
models for weakly excited slots have been improved''. Curve

fitting techniques are used to derive universal polynominals for

characterizing the slot in the computer model'2.
6




Figure 2 shows one slot charaterization fixture.

Figure 2 Isolated slot characterization fixture.

6. AN ANTENNA SYSTEM FOR AN ARTILLERY LOCATING RADAR

6.1 Background
The previously described design tools have been used in the
design of a phase and frequency steered phased array antenna for
use in an artillery locating radar system. The antenna is mounted
on a turntable and is designed to be carried on the roof of a
tracked vehicle.
A functional model comprising both antenna and turntable has been
designed, built and tested. The overall antenna design and
performance as well as the performance and requirements of the
major components are presented.
The development has been very successful and the measured perfor-
mance of the functional model antenna meets the target values of

the requirement specification.




An artillery locating radar (ALR) has three main functions

- Search for targets (gun, mortar or artillery projectiles)
along the horizon. |

- Track detected targets to calculate their trajectories and
thus the launch positions and impact points.

- Register own artillery fire by tracking projectiles in the
last part of their trajectories.

The ALR represents an application where a phased array antenna is

almost mandatory to enable the radar to fulfil its main func-

tions. This is because the specific requirements on the radar

function such as:

- Very small radar target cross sections, 1000 times below
typical aircraft cross sections.

- Very rapid target motion with high vertical velocity.

- Simultaneous tracking of many targets.

- Track while scan mode.

- Very high target data accuracy.

This requires a large antenna with accurate and rapid beam

movements in both azimuth and elevation. As indicated in Figure 3

the electrical beam scan sector is wide (>90°) in azimuth but can

be limited to a 10° wide sector just above the horizon in eleva-

tion.

In the antenna design this is reflected in the choice of

frequency scanning in elevation and phase scanning in azimuth.

Compared to phase steering in two dimensions this concept is much

less costly. Figure 3 demonstrates the ALR concept.




The antenna is mounted on a turntable on the roof of a highly
mobile tracked vehicle. The optimum search sector of the antenna
for each operating location is adjusted by mechanically tilting
and turning the antenna. In transport the antenna is positioned
flat towards the roof.

In addition to the stringent requirements on rapid scanning,
sidelobes, gain and pointing accuracy the requirements on low
cost and low mass also put constraints on the design. The low
cost requirement implies conventional production processes and
the repeatability of the processes has to be verified. The low
mass requirement, generated by the antenna location on the roof
of the vehicle, leads to several difficult trade offs as the
antenna shall withstand severe environmental conditions during
transport and operation.

The design of the ALR antenna has thus been a very challenging
task.

The antenna design is presented and the performance of the major
components is discussed. The RF signal will be followed on its
path through the antenna starting at the power divider input
port.

Finally some measured antenna patterns will be showed.




\
Figure 3 Artillery locating radar functions.

6.2 Antenna principal layout

Figure 4 shows the principal layout of the antenna.

X “J
/ Waveguide I r Tracked veicle

Figure 4 Antenna principal layout.
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6.3 Power divider
The power divider shall provide a well controlled tapered
amplitude distribution across the 48 output ports with an RMS
ampiitude error less than 0.2 dB. This requirement is set by the
azimuth sidelobe constraints. The insertion phase from the input
port to each output port may vary considerably. The phase dif-
ference is compensated for by the phase shifter settings.
Several power divider concepts were traded off and a corporate
feed network was chosen. The design utilizes branch line couplers
and the complete network was machined out of two aluminium
blocks. Most wall thicknesses were reduced to less than two
millimeters to minimize weight. Figure 5 shows the two halves of
the network before assembly. The power divider measures
1350 mm x 650 mm x 50 mm and weighs 30 kg. Each half of the
network weighs 96 kg before the machining starts. The machining
tolerances are better than 0.03 mm on the critical dimensions of
the couplers.
The measured amplitude distribution is compared to the require-
ment specification in Figure 6. The measured average loss of the
network is 0.15 dB. This state of the art network was designed

and manufactured by ERA Technology Ltd, England.

1




Figure 5 Photo of power divider before assembly.
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6.4 Phase shifter
The phase shifter is a latching, non-reciprocal ferrite device.
The magnetization is changéd by application of a current pulse
through the magnetizing wires. A change in magnetization produces
a change in insertion phase with no holding current required. The
phase shifter is an 8 bit phase shifter and it is capable of
differential phase shift from 0 to 360° in approximately 1.4°
increments.
The phase shifter has a phase accuracy of 3° RMS. The repeatabi-
lity is better than 0.75°. The insertion loss at room temperature
is better than 0.5 dB.
A special feature of the phase shifters is that the driver
circuitry of each phase shifter accepts a common message from the {
control unit. The method of distributed beam steering reduces the

size of the central control unit and requires less cabling.

Each phase shifter has an E? prom for storing phase corrections
to compensate for different path lengths in the power divider and
other phase errors. The phase corrections are readily attained
from the diagnosis and calibration software during the final

test.

6.5 Aperture waveguides
From the phase shifters the signal enters into the aperture
waveguides. The aperture comprises 48, 2.3 m long ridged wave-
guides with 64 slots in each waveguide. The waveguides are non
resonant and terminated with matched loads. Broadwall slots have
been chosen, partly due to the availability of very accurate
inhouse software for synthesis and analysis of waveguide arrays

with broad wall slots.
13




The requirements on large scan angles (145°) in azimuth dictated
the use of ridged waveguides. Standard rectangular waveguides
would allow only about 20° scanning without generating grating
lobes.

The choice of waveguide dimensions was also dictated by the
required frequency scanning in elevation which is directly
related to the guide wavelength. To achieve the scan range the
waveguide had to operate relatively close to the cutoff
frequency.

The guide wavelength of a ridged waveguide close to cutoff is
very sensitive to the waveguide profile. The tolerances on the
most critical dimensions were set to 0.03 mm to maintain a good
elevation pointing accuracy.

The slot positions relative to the centerline of the waveguide
determines the excitation. For a ridged waveguide the field is
concentrated at the ridge and even small errors in the siect
offset can result in serious excitation errors and high side-
lobes. The worst type of errors are systematic errors. For
example, if the reference plane has an offset error when the
slots are machined, every other siot will couple to much or to

Tittle power respectively. This will result in grating lobes.

14




A systematic slot offset error of 0.04 mm would result in a 20 dB
grating lobe in the elevation pattern.

The problem of maintaining'tight tolerances was one of the major
concerns in the beginning of the program. Several ways of
producing and machining the waveguides were investigated. The
waveguides for the present antenna model were extruded and
machined by MIFA Aluminium bv, Holland.

Another concern was the characterization of slots that are offset
less than half a slotwidth from the centerline. This is the case
for several slots near the waveguide input. This problem was

overcome by very accurate measurements of weakly excited slots™.

The electrical design was done in an iterative process. The slot
excitation and the amount of power coupled into the end load were
inputs to the synthesis which was done at center frequency and
included mutual coupling effects.

The derived slot positions were in the next step used for
analyses over the frequency band of interest. As the array
comprises over 3000 slots and the mutual coupling effects were
considered each frequency to be analysed required long computer
time. The optimum antenna performance was achieved when only 4 %
of the input power was coupled to the end load.

The design was also supported by measurements on individual
waveguides to verify the calculations. Figure 7 shows a picture

of the antenna aperture.

15




Antenna mounted on the turntable.

Figure 7




6.6 Antenna control unit
The antenna control unit is a communication interface between the
signal and data processing unit and the phase shifters. It also
takes care of the built in test signals and signals from

different sensors in the antenna.

6.7 Antenna pointing
To enable the radar to accurately determine the position of the
launching artillery or impact point of the detected target the
position of the antenna has to be known very accurately. The
antenna beam pointing has also to be known within 2 mrad. A
sensing system is implemented to track the antenna movements to
achieve this under all possible environmental conditions and to

avoid a heavy antenna and turntable structure.

6.8 Antenna performance
Figure 8 shows a measured 3D plot of the antenna pattern for a
beam scanned 30° in azimuth. The concentration of sidelobe peaks
in the principal planes, are typical for a rectangular antenna.
In all other areas the sidelobe levels are below the noise level.
Figure 9 shows a measured antenna pattern for an elevation cut at
the center frequency. Figure 10 shows a measured pattern for an

azimuth cut, at 30° scan angle.

17
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Figure 8 3D plot of measured antenna

18

pattern.

J
ey ey




3

—

@o

h =]

-

® p
p

A~ - E

2 4

- r

- p

- B
b

s 3
b
p
p
3
J
p
p
3 E

A AA R LR AREASE RRRAN LA

\AAASSAALS AAAAN RARLY RAARS RARES RRAAS SARAS RERLY
-n.o-‘u.o-n.'s-u.o-u.o-a.o-a.o-a.o-m.o 0.0 100 -~

Figure 9 Elevation cut measured data.

alasaassnaalasaasassabenaaasasadacsaniag

—
[-+]
=
(]
b -] P
=
Lo
-4
F3
<
]
r
- -
3
-.4
Y

TTT Y TYTTY

Y %-..[.- Y LAAS SRS BAAAD MAALE AAARS SAASS AAASE REAAS SARAS MAALE RASES DA IEN
~90.0-80.0-70.0-60.0 -50.0~40.0-30.0 -20.0-10.0 0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0

Figure 10 Azimuth cut measured data.

19




7. SUMMARY

The combination of commercial and military programs has allowed
ERE to invest in design software and test facilities which are
required in the design of advanced slotted waveguide arrays.
The paper presents some of these design aids and describes in
more detail the design of an antenna for an artillery locating
radar. A similar antenna has been proposed for a weather radar

application.
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THE AIRLINK® HIGH GAIN ANTENNA SYSTEM

Patrick Westfeldt, Jr.
John J. Konrad
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ABSTRACT

Developed first for commercial telecommunications, the
AIRLINK® High Gain Antenna System has become the market leader
in commercial aircraft installations. Two side-mounted phased
arrays are employed on a single aircraft, using conformal
passive apertures with active electronics modules mounted
inside the skin. Coverage is achieved throughout the INMARSAT
coverage region, and the system meets all ARINC, FAA, and
INMARSAT requirements. The commercial system has also been
reconfigured as a military secure telecommunications 1link
(STU-I1III). The reconfigured system was demonstrated
successfully in May of this year, resulting in the development
of a mobile demonstration vehicle and a number of probable
system deployments.

The passive conformal aperture is a multilayer printed
circuit antenna and feed system less then 0.4 inches in
overall thickness. Radiating elements are microstrip patch
antennas covering both transmit and receive bands, while the
feed is a buried microstrip structure sharing the radiating
aperture. RF interfaces from the aperture elements to the
electronics modules are accomplished with two custom cable
bundles. The system architectures achieves balance between
the competing demands of RF performance, reliability,
modularity and 1low production cost to be competitive in
commercial markets. Antenna pattern and system performance
are presented in this paper.




1.0 INTRODUCTION

As an example of dual use technology, the AIRLINK® system
may be unusual in that it was developed first at Ball
Aerospace for commercial and general aviation. The
development actually began in 1983 with an INMARSAT
feasibility study, followed by system and hardware development
funded internally and under a second INMARSAT contract. An
important milestone was reached in 1991 with a business
alliance with Collins Air Transport Division, whereby Collins
supplies the avionics and acts as the single source for e
complete SATCOM system. At the present time, AIRLINK® has
been commissioned on large numbers of commercial and general
aviation aircraft, including all versions of the Boeing 7XX
series aircraft and Gulfstream II, III, and IV. The backlog
of additional installations is significant, following the
cycles of new aircraft deliveries and airline retrofit
planning.

The antenna system represents mature microstrip phased
array technology at Ball Aerospace. The key design issues
involved execution of a low-cost producible package, while
providing the required performance, reliability and
maintainability. Some of these issues are discussed in the
following sections. The antenna concepts are not difficult,
but the ivw-cost producible design has allowed Ball to become
the leade¢> in this market.

2.0 AIRLINK® SYSTEM DESCRIPTION

AIRLINK® is an airborne satellite communications system
fully compliant with multi-organizational standards such as
ARINC 741, FAA, RTCA-DO-160C and INMARSAT multi-channel
voice/data technical requirements. The system capability
enables an aircraft to use a global aeronautical communication
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network that consists of three components, the airborne earth
station (AIRLINK® ), geostationary satellites, and ground
earth stations. The space segment consists of four INMARSAT
satellites distributed in geosynchronous orbits that cover the
major ocean regions as shown in Fig. 1. This distribution of
satellite positions provides for worldwide SATCOM coverage
except in some areas of the polar regions. The ground segment
consists of three COMSAT Ground Earth Stations that
interconnect with the Public Switched Telephone Network,
providing worldwide service area coverage for the INMARSAT
satellites. Aircraft/satellite communications are at L-band,
while the ground station/satellite communications are at C-
band.

Fig. 2. is a diagram of the AIRLINK® antenna system,
consisting of two sidemounted apertures conformal to the
aircraft skin, and six internally-mounted RF modules with
associated cabling and connections for RF, power and control.
The passive radiating apertures are connected by RF cable
bundles to the Beam Steering Units(BSU), which contain 3-bit
phase shifters for each radiating element, as well as an
amplitude~-tarered power divider/combiner for each aperture.
The common port of the BSU is connected by a short cable run
to the LNA/Diplexer module where the transmit and receive
paths are split. Downstream from the LNA a simple
starboard/port combiner leads to the main receive port. The
transmit signal from the High Power Amplifier (HPA) is
switched between starboard and port signal paths by means of
a high power RF switch.

The architecture shown in this diagram is driven by the
requirement for minimum drag from the radiating aperture,
along with the availability of space inside the aircraft for
mounting the RF electronics modules separate from the
aperture. The resulting configuration provides a high degree
of maintainability and reliability at the lowest possible




cost. Performance is compromised somewhat because of the
passive BSU circuitry and cabling between the aperture and
LNA/diplexer.

The coverage plan for the two sidemounted apertures is
shown in Fig. 3. At a mounting angle of 450, the aperture
coverage overlaps at the zenith in a region (termed
hysteresis) where a handoff routine between apertures is
implemented. As expected, low elevation coverage on the nose
and tail is limited.

3. DUAL USE

In a more recent internal development at Ball Aerospace,
the AIRLINK® system has been reconfigured for secure military
communications. The system is designed to offer worldwide,
clear, reliable, two-way, air-to-ground or ground-to-air
secure Or non-secure voice and/or data communication. The
secure interface unit of the audio/data subsystem performs
analog/digital signal conversions between the Secure Terminal
Unit (STU-III) and the Satellite Data Units of the SATCOM
transceiver. The STU-III is an analog voice signal device
used for both clear and secure voice and data communications.

The system is currently installed on a USAF Avionics Test
Bed aircraft for operations testing and evaluation. Numerous
deployments of the system are pending. Furthermore, the
system is available for demonstration on a Ball Aerospace
mobile test bed, which can demonstrate secure voice, video,
FAX and PC transmissions.

4. APERTURE DESCRIPTION
The multilayer printed circuit antenna aperture is shown

in Pig. 4, in which the circuitry on four different layers are
superimposed. It can be readily seen that the full available
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aperture is not used, resulting in a some compromise in
performance. The space is used instead for the RF signal
lines from the bundled coaxial inputs to each radiating
element. As shown below, this choice enhances the low cost
and producibility of the multilayer aperture. Both RF signal
lines and polarization hybrids are implemented in buried
microstrip, and are unshielded in the radiating aperture. The
radiating elements themselves are two-layer stacked microstrip
patches, covering the full range of transmit and receive
bandwidth (about 10%).

Fig. 5. is a cross-sectional view of the radiating
aperture, having a total thickness 0.375 in. The bottom layer
contains the RF signal lines and the polarization hybrids, fed
in a surface launch from the coaxial connectors in two
bundles. Within the polarization hybrid the signal actually
jumps from the trace layer on the bottom board to the back
side of the lower (driver) element board, so that the feed
ribbon can be installed easily prior to any laminations. The
upper (driven) element is etched on a separate board, and the
entire four-layer lamination (with a thin laminated radome) is
accomplished at one time.

The aperture assembly is about as simple as a multilayer
microstrip antenna can be. The installation of the two
coaxial connector bundles (shown in Fig. 6) is actually the
most difficult part of the process. There were certainly
design alternatives that would have provided marginally
greater performance, but at higher levels of complexity and
production cost.

5. PERFORMANCE DATA
Pattern, gain, G/T and ERP data for the AIRLINK® antenna

subsystem are shown in the following figures. Fig. 7. is a
typical pattern plot with the antenna scanned to 45° along the
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long (azimuth) dimension of the array. Testing and
qualification of AIRLINK® also requires patterns where the
antenna is constantly scanning as it rotates, so that the peak
of beam points to the same angle. An example of this type of
peak gain pattern is shown in Fig. 8. The same type of
scanning also produces contour plots from data taken over
half-space. Fig. 9 is a plot of the 12.0 dBic gain contour
for AIRLINK® S/N 120. Single antenna data is also transformed
into aircraft coordinates for particular commissionings to
determine ERP and G/T coverage. Fig. 10 and 11 show aircraft
coverage contours at 25.5 dBW ERP and -13.0 4B/K° G/T.
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FOCUSED APERTURE ANTENNAS*

Carl E. Baum

Phillips Laboratory/WSR
3550 Aberdeen Avenue SE
Kirtland Air Force Base, New Mexico 87117-5776

ABSTRACT

The electromagnetic fields from aperture antennas can be represented as
integrals over the aperture electric field. Maximizing the fields at an observer defines a
focused aperture. In this case, the integrals simplify and the spatial and frequency parts
conveniently separate. This makes the results also conveniently expressible in time
domain.

* From Sensor and Simulation Note 306, May 1987.




1 INTRODUCTION

A previous paper [2] has considered planar distributed sources for radiating
transient pulses. Under suitable approximations, this can be analyzed as what is referred
to as an aperture antenna [(4]. By assuming an appropriate distribution of the tangential
decukﬁddmﬂeapamﬁeﬁddsﬂ\mughoutspacemexpmssibhbymhegmhow
the aperture.

In order to simplify the results and maximize the fields one can restrict
consideration to what is called a focused aperture [4]). This separates the dependence of
the fields at the observer into separate spatial and frequency terms. This also allows for a
convenient representation in time domain.

After developing the general theory, explicit integrals are given for the spatial
coefficients for the two frequency terms for the electric field and the three frequency
terms for the magnetic field. Then the case of a circular aperture, focused on the axis of
symunetry, with a uniform tangential electric field is considered, resulting in closed-form
expressions valid at any distance from the aperture.

2 ELECTROMAGNETIC FIELDS FROM ARBITRARY
APERTURE FIELDS IN A PLANE

The basic equations for electromagnetic fields from those on a half plane (z = 0)
are well know [3, 4]. In particular let us consider that the tangential electric field on the
source plane $’ (ie., z7 = 0)is specified. Let the ¥ coordinates be those on §’, ie.,

7 =(x,y. 0 m
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Furthermore, let 7 be the coordinates of the fields away from S’ as

7=(xy 2 (V)]
Then as in Figure 1, we have some assumed tangential field distribution on S’ as

- -

E:(x’, y’, 0; t) = (on (" ¥, 0; 1), Ep(x, ¥, 0; 1), 0) = Ei(x, y'; t) 3

In addition, there is a Z component of the electric field on S’ which, however, does not

appear as a source in the traditional equations.

Now at some position 7 we wish to compute the fields. Define

Ruff-A - [t + -y 2]

I_. -
lRIxT-lx'Fuly'b Rz’-l’z

= Laplace-transform (two-sided) variable

= complex frequency

7-%-ﬁee—spacepropagaﬁoneomwtt
1
= ~ of : 4)
° " T, T T T
L-E-mveimpédmofﬁeem

Our half space of interest (z > 0) is considered free space with zero conductivity,
permittivity ¢,, and permeability 1.
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-d
S’ is defined by 7’ = (X, ¥, 0)

Figure 1. Electromagnetic fields from a source plane §’.

The electromagnetic fields are computed as from an equivalent set of magnetic
current sources on S” which give a vector potential (1, 3].

A7 = :2;:7 7:; l[[?z x Ei(x, y; s)]x-l’x] eRas o
s’

The scalar potential of a magnetic current distribution being zero, we have

> -394
E = —2

53 -
=~ E=-sA, By H=Vx 4 ®

e
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Then we have

B(r s) = —I TR, x E’g(x '-s)]x -i’x} e"Ras’

ﬁ(-r',s) = -i{v &;}-[[lz x E‘g(x Y’ s)]x IRJ e”'RdS’}

In component form, we have for the electric field

1 1 YR+1z I ,
23 —r--i C.YR E;(X, y';S) das

w»s“'
o~
-

@®

(7.9 = 21 %;i ”R[x' Ex(x, y';s) + LL E(x,y; s)]

Ryl

'l'henugneﬁcﬁeldcompona\tsaresomhatmommmpﬁaﬁedas
- R - - -
H,(7,5) = ﬁ; g,—{'(" "ZI(L y')[(‘)'k)z +37R + 3] Ex(x, y’;s)

s’ R

+ [211! +2- L%’;.i[(yk)z + 3YR + 3]] Ew, y’;s)} ds’

- ~TR - - -
.Hy('r’,s) = T’;’- s"—Rg-{("—-l‘lR?—L"[(yx)ﬂsyx + 3] Ey(x’, y’;s)

(x - x)P + 22
|

- [271! +2- rR)z + 3YR + 3]]5;0:’, y’;s)} das’

+(x-x’)z
—

=z [(rR)z + 3yR + 3] Ew, y’;s)} ds’




Note that one can think of the fields from an aperture as those from an array of magnetic
dipoles. The electric field has R! and R2 contributions and the magnetic field has R-1,
R2, and R3 contributions.

In time domain one also has explicit formulas by making the association.
Laplace (complex frequency) Domain ¢ Time Domain
7R E",(x’, yis) e E’:(x’, y';t--?)

$ © 2 (10)

ot
57T o Idt
Substituting the time-domain forms in (7) through (9) these equations are all converted to
explicit time-domain formulae for the fields in terms of time-domain aperture fields.
3. FOCUSED APERTURE

As discussed in various texts [4), one can have a focused aperture. By this we
mean that the phase of the tangential electric field (source) on § is adjusted such that at
some observerat 7 = 7 the signals from each elementary position on S’ all arrive with
the same phase. Looking at (7) it is the factor ¢~ Et, which we need to control. While
Ey is only a function of the source coordinates, ¢7X is a function of both source and
field coordinates.

Considering a fixed observer position at 7 = 7o then we have
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R-F,—#, R, =lro| =1, a1n
Let us now constrain at 7o
eTRE; t(x’,y’s) = e"'R'E,f(s) g(x’ y’) 12)

With this choice, then at 7 all sources (or equivalent elementary magnetic dipoles) have
the same waveform fit) arriving at the same time at 7. The variation of the source
amplitude over §’ is constrained by a separate factor g(x’, y’) (real) with an overall

scale factor E, (real).

Substituting (12) into (7) through (9) gives the fields at the focus 7o. Note that in
the magnetic field equation in (7) the curl operator is with respect to 7, not 7o. Interms
of the components the electric field at 7, is

B,a) = & s,f()j LH 2 s y)es

B o0 = 2RO [ 13 [2Xatx.y) + B5Lgy(x y]us
(13)

Similarly, the magnetic field is

ZW = £, 7l) _[ {'(———)g—'ﬁ[(rx)’ + 3R + 3gi(x. y)
+ [—Rg—”’m - berfrn 2 (0Rf + 9 + s]}x,(xz y')}ds'

Hx(? 0,8) =




- Ro - - -
Hy(7o,) = %E, f(s) L {(xo X%(go y)[(,R)2 +37R + 3] gy(x’, y')

- [21:;2 (o~ ") tz [( R + 3R + 3]]!::("" Y')}ds'

~ = ¢-7R° -~ _(YQ - Y')Za 12 -
b~ Lo | [ o

+ ——;-L(x° ;x z"[(J'R)2 + 37R + 3]gy(x', y')} ds’
14)

After allowing for the delay term ¢7® and the source (tangential E) waveform
£(s), note that the electric field has terms proportional to s' and s?, while the magnetic

field has terms proportional to s!,s? and s™). Then let us write for the electric field

- - 2

Bt = Ee® TfoR 2 2 4 o8 5]

- . 2

Ey(70,5) = EOC"R" f(s){ag; % st;- + aya,} -;—3} (15)

Ez(-f’o,S) = E,e"g’ f(s){[au + az'y]Ro -+ [az.x + aLY] -—f}

Similarly, for the magnetic field
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2 3
Rt
Zoﬂy(?o.s) = E,e " f(s) {ﬁgl%%s- + ﬂ%&{f + Y:;
25 a @ a° c|
+p§‘ +p§m1—‘3—+ﬁy'y-f§as}

3
Zy Hy(P0,5) = E,e o f(s) {pg’ —= s p,‘?,i% + B2 %.;i (16)

where
a = some characteristic dimension of the aperture 17

In this form the @ and B coefficients are frequency independent and dimensionless.

The above results are also directly expressable in time domain for the electric
field as

al
= (2) _a__.é. -
Ex(?OIt) - Ea{ax'x &c al(t %

)
E (7o) = {&y;—;-%](t- - ) + ag;%; !(t— - )} as)




In time domain the magnetic field is
2, Hy o, = s,{[pg; + BB 2, R)
108+ Bl ) 2 [ A )e)

Z,Hy(7o,) = E,{[pg; + ,}]%;—% t--‘%ﬂ)
82 B ) 2 I [Ar-)e]
Z, Hy(7o,) = E.,{[n{‘i + p{‘;]% % [(t-%’-)

T B (-3) b B L2

Note for the time integrals the excitation waveform is assumed to be identically zero
before some tum-on time. In (18) and (19) the utility of focusing at 7 is indicated by the
simple form the results take in time domain. If the aperture sources did not all reach 7o
at the same time the three time-domain terms (derivative waveform, waveform, and
integral waveform) would be sineared out. This is another way of considering that the
fields are maximized at 7o by focusing.

Now we have the coefficients which depend on 7, and the spatial distribution
on the source. The coefficients of the derivative terms for the electric field are
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o = B [ [ -x) + (r0-y7 + 2] sl y)as

ayy = -21;5‘;‘]‘ [0 + o=y + 2] sylx. y)as

o = 5 [ [ + Go-y) + 2] o-r)aule )5 @
az.y-—fff (% =x)? + (vo-y) +zz]— (Yo - ¥) 8y(x’, y)dS’

The coefficients of the terms proportional to the source waveform for the electric field are

= -21;%.[5'[("0 -x) + (yo - y) + 2 ]'4/2 8(x’, y)ds’

ayy = %&:‘&L[("o—f)z +o-yP + 2] gix,y)es
oR = 2B [ [P + oy + 2] (o -x) sl y)as O
o8 = 2 [ [T + 0=y + 4] Go-y)gyle. y)as

The coefficients of the derivative terms for the magnetic field are

= 2B [ [P + G-y + 2] o= x)o- )8l )4
= _Zl?.[s.[("v-"’)z + (Yo-y) + zfr /2[(% -y + 2 8ylx. y)as

B = =5 [ oo -x + Go-7 + 2] [t -2+ B)eute: )5




B = 5 [ [o-x + Ga-y7 + 2] (=)0 -¥) gy’ v)as
3l

[0 =x)* + (yo-y* + 23]4/2 (Yo -¥) 2 8x(x’ y) d5°

k’l.-.

pY = 3 [to-xP + o-yP + 2] (o -x)2 gyl )5

a
(22

The coefficients of the terms proportional to the source waveform for the magnetic field
are

82 = 25 [ [ + bo- + 2] (e -¥)lr-) s )5
83 - 1% [ ,{2[(xo-x')’ +o-yP + 4]

-3t + o=y + 2T [ire-7* + Z]} syl y)as
B = %?L{'Z[(xo—x')’ s -y + 2]

+ 3= + Go-y) + 2 (-1 + 2]} s, 15
8 = 25 [ [oo-xP + Go-yP + 2] bu=x)00-¥) gyl y)ds
82 = 258 [ [ + 0u-F + 2] 00-¥) aule. y)as
8 = 255 [ [ + o=y + 2] u-x) gyl y)as

(23)
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The coefficients of the integral terms for the magnetic field are

B2 = 25 [ Jow-xP + 00-yP + 2] (e -¥)l0e-7) sl )45
8 - 2 % [ fofln P + G0y + 2T

=3[t + ro=yP + 2] -3 + 2]} gy, y)as
82 = 25 [ Lofe-x + Gu-y + 2]

+ 3o + ro=yP + 2] (-2 + 2]} aule y)as
83 = 25 [ to-x + 0u-37 + 2] b -)0-7) 56 785
82 - 255 [ [ + oy + 2] 007 s )5

By = ;i--’%?— L[(xa-x’)2 + (o-y) + ﬁ]m (xo = x) gy(x, y)ds’
4)

4 CASE OF FOCUS AT LARGE DISTANCE FROM APERTURE

Now let R,/a — < where a is some characteristic dimension of the aperture.
Specifically let all source fields be zero outside of some radius on §’ given by some
constant times a. For this purpose we have coordinates (cartesian, cylindrical, spherical)
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x = '¥cos(¢), y = Y¥sin(¢)
z = rcos(0), ¥ = rsin(0) (25)
x = rsin(0) cos(¢), y = rsin(0) sin(¢)

-
r

'l‘iaearesubecriphedwithOfortheobserverat‘r’ =

Considering that §, and ¢, are fixed as R, /a — <, we have to order (a/Ro)"!
for the electric coefficients in (20) and (21).

1 1 o e
alt = aB = 2% (%) 7 Lxx(x,y) ds

oy = o - ooe) [ gl y) a5

'a“

1 1 ,y') dS’
ag,)( = ag = ’z;sm(oo) ms(’o)a_z' J;,x"(x’)') ds

ofy = o2 = 3 ain,) sinih) 5 [ g0, y) a5’ 2

a a
Similarly for the magnetic coefficients in (22) through (24)
B = 3 AR = 3 B = 51 sin’(8) coolt) sinlae) 1 [ s, ) a5

5’

By = -;% [cos2(8,) + sin®(6,) sin?(g,)] al, L 8y(x, y) dS°

BD = 5. [2-3eoe?() + sin’(6s) sin®(4,)] ;17 L gy(x, y) 48’
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B = 3 [2-deor’(0) + ani(e) st )] & [ gylxy) a5

B = 3 eoe®(6) + an’) eoe’(w)] 7 [ sl y) a5

B2 = 5 [2+ (@) + s?(0) )] 1 [ s y) o5

B3 = 51 [+ dfost(er) + sin’(e) o] I [ s, y) a5

BY = 6B = 1 B2 = 3 cofsn) sin(6) i)y [ gl y) a5

BY = 3 85 = 3 B = 5 coler) sine) coulw) [ (¢ y) a5

=% o)

Note the common factors in the above. If we choose as a special case a uniform
illumination (after focusing) of a circular aperture of radius a, with a single polarization

in the x direction, we have
" y) lfor0s ¥ <a
&(xy) = 0for ¥ >a
gy(x,y) =0

:ITL&(*'. y) ds' == @8)

1
’ ds’ =0
;ery(" Y)




These can be substituted in (26) and (27) to give the usual results for a uniformly
illuminated circular aperture focused at «o

In a more general sense, let the aperture be of area A with uniform illumination
8:.“\&\

_[ 2, ) 45" = A 29
s’

which is a well-known result for uniformly illuminated apertures focused at infinity.

5. CIRCULAR APERTURE WITH UNIFORM TANGENTIAL
ELECTRIC FIELD FOCUSED ON AXIS

Now consider the special case of a circular aperture with uniform illumination
(tangential electric field)

. . lfor0sy <a
gX(x’Y) = {o fot Vl >a
(30)
Sy("" y') =0
Furthermore, specialize the case to an observer at a distance zp on the z axis.

The non-zero electric-field coefficients are

o=k B[ [ vy s L sley)as
R [ e

- éjo‘[\rz + z%]'1 ¥ 2y
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5[ ds
4
8-k %[y e [ slx y)as
1 %” [#2 + 3] v ay av
-5 [+ 3] v v
-5 f o+ A a0
a5}

3477

Substituting these results in (18) we have

d atlo
Ex(z, 15,8) = s,{% ln[l + 2-]3; /(: - -‘;t)

e

'i’l

b’

(32)




which is a quite compact result valid for z5 > 0. 'l‘hisanbeecpandedforsmallaz/zﬁ o

give

iy
&N
..:.4,
M
<
Rl
l_;_\
+
é‘...l ®,
—
®|o
N
M
o |°N
N’

-1l 43-2)

This exhibits the usual far-field results (derivative term) proportional to (aperture
area)/zp. In addition for the term proportional to the excitation waveform there is a

leading term proportional to (aperture area)/ z2.
The non-zero magnetic-field coefficients are

M= [ ey e 2V + et y)es
= ;1‘. 3[ f‘[\,,.z . 23]'3/2 [¥2 cs?(#) + 2] a#’ a¥
-3 [l e 2T e v 2t o

[ i

o
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e f;L{‘Z["" syt e

+3[,‘.2 iyt 23]-5/2[,‘,2 . 23]}xx(X’. y)ds*

<3 3 [t

+3 [\P’z + 231-5,2 [‘l"2 cos?(¢") + zf]}‘l" de’ av’

= % §£{4[\r’ +zf]4/2+3[w'2 +z§]’5’ 2 [w'2+zz§]} v av
SRS s

-1 5{3{[3 .

-335'}- 4:2{

23]-1/2 _ 2;1}_‘_ p { -{az . 23]-1/2 +2;! +§-[¢2 + z}]’a/z

s

T2 _af,, 2 2
]

(34)

Substituting these results in (19) we have
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Z, Hy(z 12,0 = s.{%-’?{[u_:é_]”’_'lﬁi; "’}%,(t-fg-)
B e
S IR

which again is valid for zo > 0. This can be expanded for small a2/z2 to give

Z, Hy(z, T, = &{%[Iw(i;)]% -2
g2
o -

as 2- -0
Note in the far field the leading terms (going as z;') agree for electric and magnetic
fields. As one approaches the aperture so that a/zo becomes not small compared to 1,

even the derivative terms for electric and magnetic fields have different coefficients (i.e.,
not related as in a plane wave).




6. SUMMARY

The case of Section 5 is not the only specific aperture distribution one could
consider. Considering a focused aperture other distributions of aperture fields can be
investigated and the coefficients in Section 3 determined. Perhaps some other interesting
distributions will give closed-form results as in Section 5.
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THE RADIATION PATTERN OF REFLECTOR IMPULSE RADIATING
ANTENNAS: EARLY-TIME RESPONSE

Everett G. Farr
Farr Research

Carl E. Baum
Phillips Laboratory

Abstract
We generate here an approximation to the step response of reflector
Impuise Radiating Antennas (IRAs) in the E- and H-planes. These step responses
are then convolved with the derivative of the driving voltage to find the radiated
fields. This allows a determination of the radiation pattern of reflector IRAs.

L Introduction

Reflector Impulse Radiating Antennas (IRAs)

consist of a paraboloidal reflector fed by a TEM feed T

(Figure 1). Such an arrangement creates a planar field

distribution in an aperture plane. In order to calculate D

the field radiated by an IRA, one must understand the

transient fields radiated from apertures. The transient v

radiation from a general planar aperture field was 6-FH

developed in [1]. This was further specialized to two-

wire apertures in [2], but only on boresight, The of-  8%° 1. AnImpulse
boresight fields created by a two-wire aperture were

never developed. We do so in this paper.
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The results we provide here are valid for a wide variety of practical cases.
Although it is true that these results are valid only at high impedances, this is not
very confining in practice, because at low impedances one incurs significant feed
blockage anyway. Furthermore, our expressions are derived explicitly only for
round wire feeds. But since the feed arms are relatively thin at high impedances,
the specific shape of the feed should not matter very much. Thus, the results
developed here are useful for other feed arm shapes, such as coplanar plates and
curved plates [3].

We begin by providing a review of the static fields between two wires.
This is the field we find in the aperture of a reflector IRA. Next, we radiate this
field with a step-function driving voltage. Expressions are provided for the E-
plane and H-plane fields (pattern) created when the aperture fields are turned on
suddenly. Furthermore, we demonstrate that on boresight our results are
consistent with earlier results calculated by contour integration. Finally, we
convolve the step response with the derivative of a typical driving voltage, in order
to get the response to a realistic driving voltage. With this information, we can
calculate a gain and antenna pattern, according to the definitions of [4].

2. Static Fields in the Two-Wire Aperture

Let us review first the static fields in a two-wire aperture. We assume a
Reflector IRA with a relatively high feed impedance, so we can ignore aperture
blockage for early times. We can estimate the error incurred by ignoring aperture
blockage from [3].

Recall that the effect of the paraboloidal reflector is to convert a spherical
TEM wave into a (locally) planar TEM wave [5, Appendix A]. Thus, we must
radiate an aperture field that turns on suddenly, as shown in Figure 2. We assume
the tangential aperture field has the form

2
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Ewyn) = By -jE, =~ 228 ) @

where V is the voltage between the two wires, u(7) is the Heaviside step function,
and w({) is the complex potential between the two wires described by

w({) = u($) + jv(¢)
{=x+jy 22)
#({) & v({) = real functions

Furthermore, we restrict ourselves to round wires, which makes the math
considerably simpler. For this case, the potential function is [6]

w(Q) = 2jarccot((/a) = m(i’ﬁ) @.3)

§+ja

where a is the aperture radius. This potential function is plotted in Figure 3. The
real and imaginary parts of the potential can be separated as [10]

wQ) = 1 ln[x2+(a+y)2-

2 1+t +a-y )2: @.4)
Finally, the impedance is
o= 3 @5)

where Au is the change in u from one conductor to the other, and Av is the change
in v as one encircles a conductor (in this case 2x).

3
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Figure 2. The aperture field to be radiated.
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So far, this theory has just been a review. But in looking ahead, we know
that certain additional functions will be of use to us later. Thus, let us define the
following normalized potential function.

W) = 2. Ed X

where the contour Cy(x) is a vertical line through the point (x,0) for the length of
the circular aperture (Figure 4). We will see later that the radiated field in the H-
plane is proportional to the above integral. As time progresses, the field will be
proportional to tb(")(x) as the contour C)(x) sweeps across the aperture. To
simplify this integral, we use a standard formula for the y component of the electric
field,

- _V duxy)
By =2 3y @7

where u(¢) is defined in (2.4). Thus, we have

(")(x) = —IC, 3y An l(x \la - ' (2.8)

This is just the relative change in u along the path C;(x). When C; cuts through
the metal conductor, the relative change in u is unity. To the left and right of the
conductor, the change in » tapers off, reaching zero at the edge of the aperture.
Using (2.4), after some simplification we find

1/(1g"g)arcsech(-x/a) —ans—asech(ftfg)

o®Mix) = {1 ~asech(rfg)sx< asech(xfy)
1/ (nfg) arcsech(x/ a) asech(rfg)sx< a

(2.9)

This is plotted in Figure 5 for several values of /.
6
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Figure 5. Plots of ®()(x) as a function of x/a and f.
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There is a similar function we can define which is useful for a pattern cut in
the E-plane. We will see later that the field in the E-plane is proportional to the

line integral
o€)(y) = -;,-1- Jo, ) Br & 2.10)

where C,(y) is a horizontal line through the point (0, y), for the length of the
circular aperture (Figure 6). The field in the E-plane is proportional to the above

integral as C,()’) sweeps across the aperture. We now write the usual expression
for E,, and convert to a derivative with respect to x with the Cauchy-Riemann
equations [9]. Thus, we have

E, = -—Z2 = =2 2.11)

Combining the above two equations, we find
90 = _Iczmax - [v(““ Ik ’y) "(oy)] @12

We can simplify the above by noticing that for almost all values of y, the
expression in square brackets is — Av/4. If Cy(y) intersects one of the wires,
there is a small deviation from this simple result. But at high impedances the error
is negligible because the wires are small. Thus, we have

¥9() = {” Cr)  blsa @13)

This is just a pulse function of width @ and magnitude 1/(2f;). Another way of
expressing this is
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o(y) = 5—}-1’(}',0) 2.14)
8

where P(y,a) is a pulse function of value unity for |y| < a and zero elsewhere.

This completes the review of the static fields in the aperture. Next, we
apply this theory to the radiated field.

/:
N
7

/TN
( \
A
X—t>—/

Cz(;)\?/

Figure 6. Location of C(y).

3. The Radiated Field

In [1] a general expression for the radiated far field generated by an
arbitrary apesture field was derived. We now wish to specialize that expression to
the field resulting from the aperture field between two wires.

Let us first provide some definitions.
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s = Laplace Transform variable

y = slc

¢ = speed of light @3.1)
1 =LL+LI,+1,

i: = .l.'.iziz = Ty-y"'iziz

Furthermore, we define the tangential aperture field as

E(x.y.t) [LE (=, ) + T, B\ (x', )] ()
[l g:(x, ")+ 1,8, (", y)|u(r) 32

E, g(x',y")u(t)

where E, is the field at the center of the aperture. The radiated far field is now [1]

2xcr

(@91 - G [ a0y a5

EGF,s) F(,,s)

i 1 (33)
F (T,,S) 'Z

where we have assumed a step-function time dependence of the driving voltage.
To get the result for arbitrary time dependence, one would convolve the step
response with the derivative of the driving voltage.

It can be shown from symmetry arguments [7] that the radiated field in the
dominant planes (E-plane and H-plane) can be represented by just the dominant
polarization, without a secondary or crosspol component. Another way of saying
this is that it is only E,, in the aperture that contributes to the radiated far field in
the two major plane cuts. If we now specialize the above relationship to include
just E,, we have in the principal planes

10
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EF,s) = e 'i%;ﬁ(ins)
Ed.s) = ['1', xTx]fa(TnS)
= [sin()y + cos(@)cos($)y] fa(l,.9)
fuGr) = [, gy was

3.4

This is the expression we integrate over to get the field for the dominant

polarization. Note that we have used the vector expression
Ax(BxC) = (4-C)B-(4-B)YC

to get the result in (3.4).

3.5

Let us simplify further (3.4), which is the complete radiated far field in one
of the principal planes. The y component of the aperture electric field can be

expressed in various ways as
{ - o0 - V é‘u
E‘y(x’y) - Eogy(x ’y) = —K;;;
so the function g), is
vy . __V  ou(x,y)
gy(x sy) - Eo Ay ay
The function £, (1,,s) in (3.4) now simplifies to
F(L.s) = ——0V r(3,#) 2=, Y") 4o
fd(lr’s) AEO Au‘[sae ay' dS'
Converting to the time domain, we find

11
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vV I ‘ ou(x’

s X) ge+T, -7 lc)ds  (3.10)
(/]

fd(lr’t) = ay,

This is the result we must evaluate in both the E- and H-planes.

In the H-plane, where ¢ = 0 or x; the function f,(1,,) simplifies to

__r ¢ I é‘u(ct/sin(ﬂ),y')@.
AE, Au sin(f) IC.(x) 3y’

V ¢ a®W(m/a
AL, sin(a)d’ (ct/sin(6))

fa(")(o»') =
(3.11)

]

where we have used the function ®(*)(x) as defined in Section I. The superscript
h indicates that the expression is specialized to the H-plane. Combining this with
(3.4), and noting that ¢ = 0 or x in the H-plane, we find

. = (=¥
EM@n = 1, (7)33;%’ 0""(;375) 6.12)

Recall that in the H-plane, 1, =+ 1, , where the "+" sign applies if ¢ =0 and the
"-" sign applies for ¢ =z This is the final expression we need for the field in the
H-plane. Note that we have normalized out a time delay of 7/, to keep the
expression simple.

We can now plot some examples of these fields (Figure 7). If we
normalize the time scale properly, the step response is dependent solely upon Je
and 6. Thus, it is convenient to normalize the time scale to 7, = a/c.
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Figure 7. H-plane step response, for various values of 6. For these plots,
Z, =400 Q (fz = 1.0631).

We can find similar expressions now for the E-plane. Proceeding from
(3.10), and confining ourselves to the E-plane, where ¢ = 272 or 322, we find

V¢ | ou(x',ct/sin(8)) .,
AE, Au sin(6) 'C:(») 3y’

yV ¢ | ov(x',ct/1in(8)) .,
AE, Au sin(6) ‘() ax'

40 =

(3.13)

Expressing this in terms of the normalized potential function for the E-plane,
®)(y), we find

vV c
AE, sin(6)
V c 1
"4E, sin(6) 2/, P(x,a)

13

JARCY) (et /sin(8))

(.19
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where P(x,a) is the pulse function described in Section 2 of this paper. Combining
this with (3.4), and noting that ¢ = 272 or 372 in the E-plane, we have

= (-V 1 @ ct
“"(r)zxsin(a)d’ (sinw))

ﬂ"(—ry )ufglsin(a) P{sinc(te)’“) -

EC)r,01)

where the "+" applies if ¢ = /2, and the "-" sign applies if ¢ =32/2. This is the
final expression for the field in the E-plane due to the y component of the aperture
field. Some examples of these fields are plotted in Figure 8.
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Figure 8. E-plane step response, for various values of 6. For these plots,
Z,= 400 Q (f, = 1.0631).
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Let us review now the approximations we have used. We have ignored
aperture blockage, which limits us to higher feed impedances. We have also
ignored some of the fine detail in the E-plane step response that occurs close to the
wires. This has the effect of making the E-plane step response a slightly sharper
pulse function than it actually is. We have not invoked any small-angle
approximations, however, so our expressions should be approximately valid out to
6= 900,

We now have the step response in the E- and H-planes of an IRA in
equations (3.12) and (3.15). Before going further, we check that our two
expressions provide the correct result on boresight.

4, Consistency Check on Boresight

We need to check that the expressions we have just developed for the H-
plane and E-plane fields generate the correct results on boresight. Recall that the
high-impedance approximation on boresight calculated by contour integration is
[2]

V a

E(rt) = Tm 0a(?) 4.1)

where J,(7) is the approximate delta function [1], which converges to a true delta
function in the limit as 7 — . Thus, the expressions for the E-plane and H-plane
fields must approach this answer at #=0, and at high impedances. Since it is
simplest to show this for the E-plane result, we do this first.

The E-plane expression for the field on boresight is

=(e) - - 4 1 ct
E9.an = “"( ; )nfgsin(a) P(sin(a;’“) “2)
15
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In comparing (4.1) and (4.2), we find that if the two expressions are equivalent on
boresight, then the following must also be true

c ct
&1 = 8->0 2asin(f) \sin(6)’ ) “3)

Recall now the characteristics of a function that make it a & function. First, the
value of the function must approach infinity at = 0. For the above function, this is
obviously true. Second, the integral of the function (area) must be unity.
Integrating (4.3), we find

- a sxn(ﬂ)
0—»02asm(0) '[P(sm(ﬂ) ) } g—?oZasm(U)I P(r.a)

1

"

4.4)
Thus, the area under the curve is unity, and the function approaches the & function
on boresight. Therefore, our E-plane expression is consistent with previous results
or boresight.

In the H-plane, the proof is only a little more complicated. The field we
calculated is

EWen =1 (r )°°2‘£f) d>(’"(m ( 0)) 4.5)

Comparing this with (4.1), we find that for the two to be the same on boresight, it
must also be true that

¢ fg cot(6)
= £Jg MO ph)
04(2) hm . o ( ( ) 4.6)
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where

l/(;f‘)arcsech(-xla) ~asx<-asech(xfg)

oM(x) = —asech(xfg)sx< asech(xfy)
ll(dg)arcsech(xla) asech(xfg)sxs a

4.7

Clearly the expression in (4.6) approaches infinity at #=0. Next we check that the
integral is equal to unity. Integrating (4.6), we find

tim 729 [, 2 o0y ax
a-»o a -a

hmc_f&_“_’ﬂ | (h)( )d, _
sin(6)

- L oWiya

4.8
To carry out the integral, we need the result from Dwight([8, #738]), that
Iarcsech(x/a)d: = xarcsech(x/a) + aarcsin(x/a)
[arcsech(x/a) > 0] (4.9)
This leads to a final result for the integral of
a 2
[[, o®yde = 2asech(zf,) + A j: st (7 MTOSEChCx /@) e
- _2
= 7, (l zarcsm(sech(:rfg )))
(4.10)

At high impedances sech(x fz)—> 0, so the second term in the above expression
approaches 0. Combining this with (4.8), we find the area under the function is
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lim cJgoot& | o""(,—“—)dr =1 " (4.11)
6-0 a sin(6)

This is the second condition required for the H-plane field to approach a & function
on boresight. Thus, the proof is complete and all our off-boresight fields are
consistent with known results on boresight.

s. Sample Field Calculations

Now that we are assured that the step responses are correct, we use them
to plot some sample fields. To do so, we convolve the derivative of a typical

driving voltage with the step response.

We use the integral of a Gaussian waveform to drive the antenna. Thus,
the step response is convolved with a Gaussian waveform to get the actual radiated
field. It is convenient to define the driving waveforms as

2
gv_(’_) = Z—e—‘(”‘d) . trwrnm = 0.94014 (s.1)
dt ta
t av(t') ,,
v(t) = I—w%zd s tio-90 = 1023¢, 5.2

where tryng is the Full Width Half Max of dw/dt, and #)g.g¢ is the 10-90%
risetime of W(7). These waveforms are plotted in Figure 9. Recall the definition of
the derivative risetime of a waveform is

_ __max (¥(7))
‘d = ax(av(t)/ &) 3)

Thus, the derivative risetime is inversely proportional to the maximum deiivative
of the driving voltage. This is a useful property, since the peak of the radiated field
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is proportional to the peak of the derivative of the voltage. Note also that for the
integrated Gaussian waveform shown above, the derivative risetime 74 is within
two percent of the 10-90% risetime, #;9.90.

The above expression for w(f) can also be expressed in terms of the
complementary error function. Thus,

| wyededxl )] t<0
o = {V[l - (/2)efe(Vrt/ty )] 120 G4
where the complementary error function is defined in [11].
The radiated field is now calculated simply from
= 1) oot
E(’:Q‘:’) = V dt E“p(',ﬁfyf) (55)

where the © operator indicates a convolution, and E¥P(r, 6,4,7) is the step
response in the E- or H-plane, as calculated in Section III of this paper. We can
reduce the number of cases that need to be calculated by defining a rise parameter

T =4 -5 (5.6)
1, a

All problems with equal rise parameters have the same shape radiated field. Thus,
a field pattern is a function only of T, f, and 6. There is no need to include a
dependence upon both the aperture radius a and the derivative risetime, 75 because
all the information is contained in 7.
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Figure 9. Derivative of driving voltage (top), and its integral (bottom).
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Let us now provide a typical example. Consider an IRA with a 400 Q feed
impedance and a radius of 0.3 m, driven by an integrated Gaussian voltage with
13=250 ps (tj0.90 =256 ns). For this configuration, T;=0.25, so all possible
configurations with T;= 0.25 and Z, =400 Q can be plotted on the same graph,
with proper scaling. The fields in the E-plane and H-plane are shown in Figure 10.
The time scale has to be normalized to either #, or #; ; it does not matter which.
We have chosen to normalize to 7, = a/c,. For this configuration ¢, = 1 ns, so it is
trivial to normalize the x axis.

With these resuits, we may now establish an antenna pattern. We do so in
the section that follows.
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Figure 10. Radiated electric field vs. 8 and ¢ in the H-plane (top) and E-plane
(bottom) for Z, = 400 Q and Ty=0.25. Note that the curves in the E-
plane at 0° and 2.5° nearly overlap.
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6. Antenna Pattern

With the off-boresight fields now calculated (at least approximately), we
can establish the antenna pattern. Recall from [4] the gain of an antenna in a
particular direction for transmit mode is

. 2ch};|rL*°d(r,o,¢,r)l
G(4¢) = IdV‘"‘(t)/d:' 6.1)

It is simplest to think of the norm operator | | as being the peak of the waveform
(co—-norm). Of course, other interpretations are possible, such as the area under
the curve (1-norm) or square root of power in the waveform (2-norm). Recall the
definition of an arbitrary p-norm

® Vp
vor, = (Tvopa) . VoL -l

The norm one chooses must correspond to the experimental technique used in
detecting the pulse. Thus, when we use the peak norm (ewo-norm) in these
calculations, we assume an experimental system that responds to the peak in the
received waveform, as cpposed to the power in the waveform (2-norm) or area in
the waveform (1-norm).

The above gain definition may seem unusual at first, because it defines a
gain with units of meters. This definition, however, has a critical property that
other definitions sometimes lack; i.e., it provides information about antenna
performance in receive mode. Thus, in receive mode, if the incident waveshape is
a derivative of the driving volitage used in transmit mode (in this case a Gaussian),
then the received voitage wave is described by
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pec.ae| = 7 6o |E™@01) 63)

In other words, the peak received voltage is a simple function of the peak incident
field. Some other gain definitions do not offer such simple interpretations
consistent with reciprocity.

We now plot the gain as a function of angle for the configuration of the
previous section (Figure 11). It is interesting to note that on boresight, the gain is
just the aperture radius divided by f;1/2. Furthermore, the pattern in the E-plane is
somewhat more compressed than that in the H-plane.

0.30 1 —%— H-plane

0.20 + E-plane

0.10 +

0.00 + 4 4
1] 5 10 18 20

Angle (deg)

Figure 11. Gain (co-norm) in the H- and E-planes as a function of angle. For this
plot, Z, =400 Q, and 7= 0.25 (a=0.3 m and 7;=0.25 ns).
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Figure 12. Gain (co-norm) in the H- and E-planes as a function of angle. For this
plot, Z, =400 2, and T3=0.1 (a=0.3 m and ;= 0.1 ns).

The particular choice of parameters we have used until now has a slower
rise parameter T than what may be more typical. In order to see the difference,
we plot the gain for a faster configuration, with 7;=0.1 and the same feed
impedance, Z, =400 Q. If we assume the same radius as before (@ = 0.3 m), we
have 7;=0.1 ns., which is 2.5 times faster than the first case. The gain for this
arrangement is shown in Figure 12. The overall effect is to make the patterns
narrower. Also, we can see here more clearly that the E-plane pattemn is narrower
than the H-plane pattern.

It may be surprising, at first, to notice that the boresight gains of the two
arrangements are the same. The faster configuration has a larger radiated field on
boresight by a factor of 2.5, so one might think that the boresight gain must also be
2.5 times larger. But our definition of gain in (6.1) is such that the faster risetime
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appears in the denominator of (6.1) (the dv/dt term), not in the gain. One could
define a gain that included the factor of 2.5, but it's meaning in receive mode
would then become less clear.

We can define a beamwidth as being the angular width where the pattern is
down by a factor of two from its peak. Since this angular width depends upon the
selection of the norm used in the gain definition, we call this beamwidth the Half
Norm Beam Width (HNBW), analogous to the full-width half max (FWHM)
beamwidth commonly used in the frequency domain. At higher T,;s (larger
apertures or faster risetimes) the beamwidth becomes narrower.

7. Discussion

There are a number of ways of controlling antenna pattern. Let us assume
we have calculated a pattern, and we wish to make it broader. There are several
ways of doing so.

The first technique for broadening pattern is to defocus the feed point of
the aperture. Although this is conceptually simple, no simple models exist yet for
predicting the effect. If one wanted to pursue this, one might use a technique
similar to that used to predict TEM hom performance [12], which is another
defocused aperture.

The second technique of broadening an antenna pattern is to use a smaller
radius aperture. The third technique is to use a slower driving waveform (with a
larger 7). Both of these last two techniques increase the rise parameter 7; In
doing so, the on-boresight radiated field is reduced in inverse proportion to T;. If
one defocuses the antenna, the on-boresight radiated field is similarly reduced, but
it is somewhat more difficult to predict the magnitude of this reduction.
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The final technique for broadening an antenna pattern is to change the
norm one is using to detect the signal. Recall that the norm cae chooses in the
gain definition must correspond to the experimental method of detecting the pulse.
We have used the peak norm (c-norm) in this paper, however, both the 2-norm
(power) and 1-norm (area) are reasonable choices. Furthermore, it can be shown
that the 2-norm provides a broader pattern than the «o-norm, and the 1-norm is
broader still. Thus, if one is detecting a pulse using peak detection (w-norm), one
could get a broader antenna pattern by detecting the power in the pulse (2-norm).
One would get a broader pattern still by detecting the integral over the pulse (1-
norm).

Conversely, if one wanted a narrower beam with a larger signal on
boresight, one could use the opposite of these techniques. Thus, one would use
large, well-focused apertures with fast risetimes (small 7. Furthermore, one
would detect the signal using peak detection (co-norm).

8. Conclusion

We have demonstrated a simple technique for calculating the early-time
off-boresight radiated field generated by a reflector Impulse Radiating Antenna.
Aperture blockage is not included in the model, so the model is valid only at higher
feed impedances. This model leads tn a simple interpretation of transient antenna
gain, which we plot for some sample cases. Because the models we developed are
simple, one can readily understand how to control the antenna pattern by adjusting
antenna parameters.
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ABSTRACT: The transformation of array observation data prior to adaptive sidelobe
cancellation with the LMS algorithm may provide an improvement in the adaptive processor
performance. The use of a time-varying step size is a necessary, but not sufficient, condition
for any improvement compared to the standard LMS algorithm. The ability of the transform
to decorrelate the observation data determines the efficiency of the time-varying step size
LMS processor. The optimal Karhunen-Loéve transform and sub-optimal approximations
are considered. The eigenvalue spread and mean-square error performance measures of
the transform domain processor are considered graphically as a function of jammer spatial
arrival angle and temporal frequency. Assuming stationarity, these three-dimensional plots
are provided for the identity operator, DFT and DCT time-invariant transforms in a one

desired signal - one jammer scenario.

1 Introduction

This paper addresses the problem of improving the convergence speed of the least mean
squares (LMS) algorithm. The application considered is linearly constrained wideband
sensor array processing with a Generalized Sidelobe Canceler (GSC) form processor.
The LMS algorithm (1] is a member of the stochastic gradient class of algorithms. It is
a method to descend down the mean-square error contour in the direction of the negative
gradient. Its form is
W(k+ 1) = W(k) + pe(k)X(k), (1)

where u is the step size of the iterative descent, e(k) is the error signal, given by the difference
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between a desired signal d(k) and the array output y(k): e(k) = d(k) — y(k), and X(k) is
the observation data. The term e(k)X(k) represents the instantaeous gradient estimate for
the weight update.

Another popular class of algorithms used in adaptive arrays, the least squares class, in-
cludes Recursive Least Squares (RLS) [2] and Sample Matrix Inversion (SMI) [3]. Stochastic
gradient algorithms are characterized by computational simplicity and an undesireable de-
pendency between their speed of convergence and the signal environment in which they
operate. Least squares algorithms are more complex and cost more in terms of computa-
tional requirements, but exhibit a relative invariance to the signal environment. Because of
physical constraints, such as the platform’s size, weight, and power restrictions, the processor
may be subject to limitations on computational complexity. Thus the simple LMS algorithm
is attractive for use in the adaptation of the array weights. The application often requires
fast performance, such as in the case 6f anti-jam protection for satellite communicatons.
These conflicting goals of simplicity and speed motivate the need to find a methodology for
increasing the speed of convergence of LMS while maintaining its computational simplicity.

The paper presents a clear relationship between the stochastic gradient and least squares
classes and demonstrates that it is possible to achieve the performance benefits of least
squares while maintaining the computational requirements of LMS. The use of a time-
varying step size coupled with an orthogonal transform is the methodology applied to achieve
this goal. The time-varying step size is a necessary, but not sufficient, condition, and the
efficiency of the orthogonal transform in terms of its energy decorrelating and compacting
properties determines the degree to which a performance increase can be realized.

2 Linearly Constrained Adaptive Array Processing

Consider the K-sensor, J-tap uniform linear antenna array shown in Figure 1. The desired
signal S(k) and noise N(k) define the received data vector at the k** sample as X(k) =
S(k) + N(k). The signal X(k) impinges the sensor array and arrives at each element at
a different time determined by the array spacing and the composite signal’s direction of
arrival. The K-dimensional vector of the values of the received waveform X(k) prior to the
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Figure 1: A direct form constrained processor.

i3 tap of the tapped delay lines is written as
zi(t)
z.-(t - 1')
Xi(k) = . . i=12..J,
zi(t - (K - 1)7)
and the resulting K J-dimensional stacked data vector is formed as

[ X1 (k) I
Xa(k)
X(k) = . .

Xs (k)

2

@3)

The sensor elements are equispaced by a distance d, and 7 = dsin(8)/c is the interelement

delay for a plane wave impinging the elements of the array from an angle § with speed c.
Griffiths and Jim [4] have shown that the linearly constrained array introduced by Frost
[5] is equivalent to the GSC in Figure 2, where the constraint is imposed via the full-
rank M x K matrix filter W and the conventional beamformer W¢. The GSC reduces the
dimension of the observation data by the number of constraints, and for the single constraint
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Figure 2: Tapped-delay-line form of the GSC.

case of interest, M = K = K — 1. The signal blocking matrix filter must satisfy
rfu=0, 4)
where r; is the i** row of W5 and u is an unity row vector. For a minimum variance,

distortionless response the K x 1 vector W¢ and the KJ x 1 vector W¢ are given by

1 - We
We= ' W = o . (3)

The GSC then implements the unconstrained LMS algorithm
W(k + 1) = W(k) + py(k)Xs(k), (6) |

where

Xs(k) = [WsXy(k) WsXa(k) --- WsXy(k)] = WeX(k). (7
W is a MJ x KJ block diagonal matrix composed of J W s matrices of dimension M x K,
and the error signal is the array output (since d(k) = 0 in Equation 1). Extensive details
are provided in [6].




The LMS algorithm in Equation 6 is an iterative solution to the classic Weiner-Hopf
equation for the optimal (in the mean-square sense) array weights shown in Figures 1 and
2. If Rxx represents the correlation matrix of the data vector X and Rxq represents the
cross-correlation vector between X and the desired signal d, then the Weiner-Hopf equation

can be written
Wopr = Rk R (8)

The optimal solution for the GSC weight vector is given by [4]
- ~ T\l - -
Wopt = (Wstst) WsRxxWc, (9)

which may also be written in the form of the Wiener-Hopf equation, Equation 8:

wopt = R};RXb (10)
with the GSC correlation matrix
. - =T
Rxs; = WsRxxWg (11)
and the quiescent response vector
Rxs=WsRxxWc. (12)

The eigenstructure of the MJ x M J-dimensional spatio-temporal correlation matrix Rx,
determines the speed of convergence of the standard LMS algorithm used in the GSC.

3 The Orthogonal LMS Processors

The stochastic gradient algorithms are a family of iterative search techniques for descending
towards the optimal weights at a performance surface minimum. Another method of solving
the Wiener-Hopf equation is to estimate the correlation matrix (or its inverse) and the croes-
correlation vector at time k, and directly plug these estimates into Equation 8. This method
of least squares is termed SMI and said to be deterministic or based on the observation data
itself, while the LMS algorithm is said to be based on the observation statistics [7]. The
least squares solution may be determined recursively using the matrix inversion lemma and

is then termed the RLS algorithm. As will be shown, a better characterization of the least
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squares algorithm is that it is a form of LMS which requires that Equation 8 be satisfied at
each iteration, while the conventional LMS requires this condition only in the limit.
Another equivalent description of RLS is that it incorporates a transformation of the
input data such that the weight vector update points in the direction of the minimum
mean-square error rather than in the direction of the negative gradient. For high eigenvalue
disparity, the LMS algorithm (assuming that the initial weight vector is not on a principal
axis) first walks in the direction of the negative gradient until it reaches a principal axis,
and then proceeds towards the minimum, so that RLS can be considered more efficient.

3.1 Recursive Least Squares and the LMS-Newton Algorithm

The LMS-Newton algorithm (8] is equivalent to RLS, where LMS-Newton utilizes an a pos-
teriori error estimate while RLS uses an a priori estimate. Both the least squares algorithms
and LMS-Newton will be termed Orthogonal LMS (OLMS) algorithms, since they satisfy
the normal equations iteratively.

The OLMS algorithms take the form

W(k +1) = W(k) + Ry x (k)X (k)e(k), (13)

where e(k) is the error signal and X(k)e(k) is again the instantaneous estimate of the
gradient. The issue at hand is the estimation of the correlation matrix inverse in Equation
13. Assuming ergodicity, if the correlation matrix estimate at time k utilizes an average of
the input data vector outer produt;:ts through time k, then the estimate is said to have infinite
memory. It is also the best unbiased estimator. However, in a non-stationary environment,
this would lead to poor tracking capabilities, since the memory of the last environment is
embedded within the estimate. For this reason, an exponential weighting is often used to
place more value on the most current terms and less value on the older memory.

The relationship of RLS to the LMS-Newton algorithm has been examined by Widrow
[9], where both are referred to as first-order adaptive algorithms. Consider the derivation
of the RLS algorithm utilizing the exponentially weighted averages

k k
Rxx(k) =) A*'X()XT(), Rxak)=) M-'X@)d(); 0<A<1,  (14)
I=1 =1

where ) is the exponential weighting factor. The recursion of these estimates may be




achieved by evaluating them at time k — 1 and comparing the two forms to yield
Rxx(k) = MRxx(k—~1)+X(k)XT(k), Ryxa(k) = ARxa(k - 1)+ X(k)d(k). (15)

The correlation matrix inverse may be recu