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POLARIZATION DIVERSE TRACKING ANTENNA
WITH HIGH SENSITIVITY

by

Michael T. Pace

B.S.E.E, New Mexico Institute of Mining and Technology, 2007
M.S.E.E, University of New Mexico, 2009

ABSTRACT

The design of an S-band aperture coupled microstrip antenna array for use on
airborne telemetry platforms is presented. The High Sensitivity Diverse Tracking
Antenna (HSDTA) is capable of receiving both left and right hand circular
polarizations and has RF auto-tracking capability. Novel placement of RF
terminations throughout the design allows for HSDTA to be installed in multiple
configurations aboard different airborne platforms while maintaining consistent
mechanical mobility and high sensitivity. The HSDTA was successfully simulated,
fabricated, and deployed. Measured RF performance, including the operational
bandwidth, gain, and sensitivity, are discussed and compared to the simulation.
The HSDTA was designed to withstand the environmental conditions present
while flying at altitude. The system has been successfully used to collect
telemetry while deployed on an airborne platform flying over the South Pacific at
35000 ft.
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CHAPTER 1

Introduction

1.1. Introduction

The most important component of an airborne telemetry platform is the
antenna system. In order to collect telemetry data with high fidelity, the
antenna system must be capable of receiving and amplifying small amplitude
signals without introducing significant amounts of noise. Additionally, the
antenna system must be sensitive to both the frequency and the polarization
of the source signal. The link margin of the telemetry stream can be further
improved if polarization diversity is used. Polarization diversity can only be
implemented if the receiving antenna system can simultaneously receive two
polarization senses. In the absence of externally supplied tracking data an
antenna system which is capable of auto-tracking the target further augments
the capabilities of the telemetry platform.

Very few off-the-shelf antenna systems exist which meet all system
requirements while remaining flexible enough to be quickly integrated on
different aircraft. In an environment where both the aircraft and the target are
dynamically moving, a mechanical pedestal is typically used to maintain
proper pointing of the antenna system. The pedestal must be installed within
a radome on the aircraft to block the flow of air and protect the antenna from
the environment. The radomes on different airborne platforms vary; thus, the
size of the antenna must be customized for each aircraft. In an industry where
it is possible to use a different aircraft for each mission, the proposition of
creating a unique antenna for every mission is complicated, cost restrictive,
and risky. This thesis proposes the design of a single antenna system which
can be modified to fit on any aircraft.



The High Sensitivity Diverse Tracking Antenna (HSDTA) consists of an active
planar array of microstrip elements which are fed by a network of Low Noise
Amplifiers (LNA) and equal amplitude and phase power dividers. Each array
element is capable of receiving both orthogonal linear polarizations. When
each polarization is fed by a hybrid coupler, the HSDTA is capable of
receiving both senses of circular polarization. The HSDTA is laid out into four
quadrants which simplifies the design of the array and allows for RF auto-
tracking capability. Strategic placement of unpopulated RF terminations
throughout the array allow for the design to be modified, without
compromising the integrity of the feed network. Having this flexibility allows
the HSDTA to be customized for different airborne assets while maximizing

the available array size.

1.2. System Requirements

The basic required design goals for the HSDTA are listed below.

e Sensitive to Right Hand Circular (RHCP) and Left Hand Circular
(LHCP) Polarization senses

e Maximum physical dimensions defined by a 34” diameter, 1” thick
cylinder

e (Capable of generating RF auto-tracking signals

e S11 under-10dB from 2.2 to 2.4 GHz

e Arealized gain of 21 dBi at mid-band

e Operating temperatures of -50° C to +80° C.

e A G/T of 3 dB/K at mid-band



Additionally, the following design goals were desired:

e Arealized gain of 25 dB or greater at mid-band (2.3 GHz)

e A G/T of 3.5 dB/K at mid-band

e QOverall weight of under 50 Ibs

e Aflexible design that can be easily modified for multiple aircraft

radomes

The antenna system must be able to withstand the environmental conditions
outside of the pressure vessel on an aircraft at 40,000 ft and have the
capability to RF auto-track when paired with an auto-tracking receiver (ATR)

and an antenna control unit (ACU).

1.3. Thesis Organization

The organization of the thesis follows the design process used for the
HSDTA. The thesis will begin by presenting two different base antenna
candidates for the HSDTA design: the rectangular microstrip patch antenna
and the circular microstrip patch antenna. For each candidate, relevant
design parameters will be discussed. The modes supported by each
candidate will be discussed and compared to polarization capabilities.

With a base antenna element chosen, the thesis will discuss an aperture
coupled feed network for the selected candidate. Additionally, the active
components of the selected element will be discussed. This will include a
discussion on the importance of locating low noise amplifiers at the feed of
the antenna to meet the G/T requirements. To meet the requirement of auto-
tracking, mono-pulse and electronically scanned auto-tracking configurations

will also be discussed.



The thesis will then present antenna array theory and the final array design of
the HSDTA. The HSDTA was simulated and optimized in CST Microwave
Studio prior to fabrication; the results of the computer simulation will be
discussed along with the optimization. The thesis will then discuss how the
HSDTA was fabricated using a novel composition of microwave materials to
decrease the overall thickness of the antenna while satisfying all design

requirements.

The results from the fully fabricated and tested HSDTA will be discussed
including a non-standard method of measuring an active array’s S11
parameters. The results from an open air antenna range farfield radiation
patterns and gain measurement will be compared with simulated results and
similarities will be discussed. The measurement of the system noise
temperature by two methods will also be discussed which leads to the
estimated antenna Gain over Temperature (G/T) figure of merit.

Finally, the thesis summarizes future work and lessons learned from the
design of the HSDTA. The results of airborne testing of the HSDTA will also
be discussed.



CHAPTER 2

Design Approach

The design of the HSDTA began with the design and simulation of a base
antenna element for the array including the aperture coupled feed network
(ACF). Next, a series of low noise amplifiers and equal amplitude and phase
power dividers were designed in order to provide the necessary feed network for
the array. Once the base antenna element was completed, a single quadrant of
the array was modeled and simulated.

With a quadrant of the array optimized, the design was transferred into a Printed
Circuit Board (PCB) layout software suite where the DC components were
added. Finally, the array was fabricated and tested.

2.1. Microstrip Patch Antennas
2.1.1. Rectangular Patch

The most common microstrip patch antenna element is the rectangular
patch. The patch consists of a very thin sheet of metal which is located on
top of a dielectric substrate of thickness “h”. On the opposite side of the
substrate is a ground plane. The basic rectangular microstrip patch

structure can be seen below in Figure 1.



\PEC Grounid Plane

Figure 1: Basic rectangular microstrip patch configuration.

The area between the patch and the ground plane form can be modeled

as a cavity which supports several different electric field configurations or
modes. When properly excited by the fundamental mode, the rectangular
patch radiates from the top and bottom edges as can be seen in Figure 2.
If the length L is such that the separation between these two edges is A2,
then the total radiated fields of the patch will be broadside (normal) to the

surface of the metallic patch (See Figure 3).

Type E-Field (peak)
Honitor  e-fleld (F-2.3) [a]
Component  Abs
SsmUmGaON 29207 Wm Bt 07 07 0
v 2.3

Figure 2: Time average of the Electric fields present on a rectangular patch.



Figure 3: Farfield radiation pattern of a probe feed rectangular patch antenna.

In order to determine the optimal dimensions of the patch, one must first
specify the substrate material’s dielectric constant and thickness as well
as the desired resonant frequency [8]. The next step is to determine the
width of patch as defined by [6]:

C 2

W=—
2f Ve +1

With:
C

£

r

Speed of light

Dielectric constant of substrate

Once the width has been determined by (1), one must find the effective
dielectric constant of the substrate. Note, this is different from the material

dielectric constant due to the effects of fringing [8] and is defined by [7]:

™
|

= . 1+12—
reff 2 W
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Also due to the effects of fringing, the electrical length of the patch differs

from the physical length and is defined by [9]:

(6., + 0.3)(‘: + 0.264j

AL =0.412h -
(e, —0.258{+0.8j
h

The length of the patch is determined by using the following approximation

[8]:

C = Speed of light

Effective dielectric constant of substrate

It is clear that (4) takes into account both the decrease in wavelength due
to the effective dielectric constant of the substrate and the effects of
fringing on the electrical length patch. The polarization of a rectangular
patch is linear and parallel to the "L" dimension of the patch. To implement
dual polarization using a rectangular patch, two patches must be used
which are placed orthogonally to each other. This design adds complexity
and space to the array; therefore, it was not selected for the HSDTA.

A circular patch with two feeds will support two separate modes and will
generate two orthogonal polarizations. The circular patch was selected for

this design and is presented in the following section.



2.1.2. Circular Patch

Similar to the rectangular patch, the circular patch consists of a circular

metallic disk located above a ground plane on a dielectric substrate of
thickness “h” (Figure 4).

4k

\ PEC Ground Plane

Figure 4: The structure of a circular microstrip patch.

The resonate frequency of the circular patch varies with the radius of the
patch while the impedance bandwidth of the patch varies with the feed
location. Assuming the cavity formed by the circular patch is in the
dominate TM110 mode, the resonate frequency of the patch is given by [8]:



_1.8412C

S aane, (5)
a =a \/1+ 2h [ln(ﬂ+1.7726ﬂ (6)
arwe, 2h
With:
a = radius of patch
h = height of substrate
C = Speed of light

£ = Dielectric constant of substrate

When the circular patch is fed properly, the edges of the patch will act as
slot radiators as can be seen below in Figure 5. If the radius of the patch is
dictated by (5, 6), then the radiation from the two edges will add in phase
in the farfield.

Type E-Field (peak)

Honitor e-Field (F=2.3) [1]
Component  fibs

Maxinup-3d  5736.62 U/n at 8/ 8/ 0
WE"“E jw’ cy 2.3

Average Plot

Figure 5: Average electric field for a horizontally fed circular patch.

The circular patch was designed to operate in the fundamental TM11¢
mode. In order to generate dual polarization, the circular patch was fed at

two orthogonal locations. By placing the feeds 90° apart, the nulls of one

- 10 -



TMi10 mode are located at the maxima for the other TM11o mode which
provides isolation between the feeds (See Figures 5 & 6). By exciting the
circular patch in this manner, the structure will also simultaneously
generate two orthogonal linear polarizations. Co-locating both linear
polarizations on a single antenna element helps to reduce the overall size
of the array and allows for more array elements per polarization to be
used, which increases the efficiency of the array. For applications which

require circular polarizations, one must simply allow a 90° phase shift

between the feed ports.

E-Field (peak)
Honitor e-field (f=2.3) [2]
Component  Abs
Maximum-3d  3732.29 U/m at 0/ 0/ @
Frequency 2.3
Auerage Plot

Figure 6: Average electric field for a vertically fed circular patch.

The bandwidth of the circular patch is primarily dictated by the substrate
thickness and the dielectric constant (&) of the substrate material. As can
be seen in Figure 7, the bandwidth of the patch increases both as the
thickness of the substrate increases and as ¢, decreases [25].

“11 -
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Figure 7: Plot showing patch bandwidth variations versus substrate height and dielectric
constant [25].

The desired antenna system must operate from 2.2 to 2.4 GHz. With a
center frequency of 2.3 GHz, the operational bandwidth must be 200MHz
or 8.69%. At the center frequency the wavelength is: A = 13.04 cm. Based
on Figure7, if a substrate ¢, of 2.2 was selected, in order to get ~9%
bandwidth, the thickness of the substrate would have to be on the order of
9.4 mm or 0.370”. While it is possible to fabricate a board with these
dimensions, the board would be complicated and cost restrictive;
therefore, another technique needs to be investigated.

The primary options were to either increase the substrate thickness or
lower the dielectric constant of the substrate. The ideal case for bandwidth
enhancement would be a thick air dielectric. While this method of gaining
bandwidth has been used in several places, [16]-[19] it is typically used in
applications where the overall thickness of the array is not a major
constraint on the design. Another popular technique uses a foam
substrate to separate the patch and feed boards [11][21]-[23]. For S-band,

- 12 -



where the antenna structure is large relative to the design constraints, a
foam dielectric was chosen which has very similar electrical properties to
air. The foam has a very low ¢, of 1.03 and an extremely low loss tangent
of 0.0001. The foam also provides additional structural support for the
patch layer and allows the top and bottom PCBs to be bonded together
using adhesives.

Circular Patches
Patch Substrate

Foam Microstrip

\Aluminum

honeycomb

Figure 8: The layers of the HSDTA.

The final stack up of the antenna can be seen in Figure 8. The circular
patch is printed on a thin (12mil) substrate of microwave material. This top
board is located on a layer of PP-2 foam. Following the foam layer is the
antenna back-end board which contains the antenna feed structure, LNAs,
and the DC components of the HSDTA. In order to meet the structure
requirements for airborne applications, the antenna was mounted onto an
aluminum honeycomb support structure. The aluminum honeycomb
provides the stiffness of a solid plate without the added weight. Since the
antenna structure was limited to an overall height of 17, the dimensions
between the aluminum honeycomb and the feed network which is located
on the antenna backend board are small. The proximity of this metal
structure to the feed network led to mutual coupling issues and RF
interference between the different feed lines on the back of the antenna
backend board. To fix this problem, the aluminum honeycomb structure
was lined with a low profile RF absorber. The absorber cuts down on the

- 13-



reflections off the metallic surface by nearly 30dB at mid-band and
successfully eliminated mutual coupling between the feed lines on the
antenna backend board and the aluminum honeycomb.

2.2. Feed Network

There are several methods of feeding a microstrip antenna. Some of the
more common feeding techniques are: recessed microstrip, offset
microstrip, coaxial, proximity coupling, and aperture coupling. The HSDTA
requires a feed network which supports both the thick substrate as well as
the extended bandwidth of the patch. The aperture coupled feed (ACF)
was chosen because it is capable of supporting bandwidths on the order
of 10% and it is innately compatible with the multilayer stack-up of the
HSDTA. The small size and geometric layout of the ACF allows for two
ACFs to be located close to each other. This allows for a dual polarization
feed for each patch element.

The ACF does not require a direct connection between the patch on the
top layer and the feed lines on the bottom layer. Due to this freedom, the
material between the patch and the feed line can be a thick composite of

multiple materials.

2.2.1. Single Element, Dual Polarization

In order to have dual polarization, the feed network must excited two
orthogonal modes of the patch while maintaining isolation between the two
feed lines. It is also important that the feed structure is capable of
supporting the entire bandwidth of the patch. By modifying the shape of
the slot in the ground plane to an H-Slot, one is able to increase the
coupling and operational bandwidth of the feed network while maintaining
isolation between the two ports and thus lowers the axial ratio of the

- 14 -



antenna [5]. It was also important that the feed network was symmetric per
antenna element pair without having a phase or amplitude imbalance. This
symmetry also makes the layout of the array simpler. The final feed of a

single antenna element can be seen below in Figure 9.

g
Matching stubs

H-siots cut in lower ground plane

Circular Patch on upper subslrate

Microstrip feed lines on lower substrate

Figure 9: Dual polarization aperture coupled feed for the circular patch.

~+———Circular Patch Layer

-«——Foam

«—DC Layer
- Ground Plane with H-slots
Microstrip Feed Lines

<«—RF Absorber

-<——— Aluminum Honeycomb

Figure 10: Detailed view of the stack up of the HSDTA.
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Energy is coupled from the microstrip lines through the H-slots, which are
cut into the ground plane, onto the patch. With the H-slot placed
orthogonal to each other, they excite orthogonal modes on the circular
patch which is turn radiates two orthogonal linear polarizations. If one
introduces a * 90° phase shift between the orthogonal slots feed lines,
circular polarization is present in either the RHCP (+90° phase) or LHCP (-
90° phase) sense. The radial placement of the slots, along with the slot
width, slot length, and the additional microstrip matching stub length are
used to tune the feed and optimize the input reflection coefficient of the

antenna using CST Microwave Studio.

2.3. Active Antenna components
2.3.1. Low noise amplifiers

For a receive antenna system, it is paramount to use a low noise amplifier
(LNA) as close to the feed as possible in order to establish a favorable
signal to noise ratio (SNR). The further away from the feed point of the
antenna, the more loss and degradation of the antenna system’s
maximum possible G/T. Over the last two decades, extensive research
and development has been conducted in the field of Gallium Arsenide
(GaAs) Monolithic Microwave Integrated Circuit (MMIC) devices. The
growing popularity GaAs MMICs has allowed for mass produced, low
noise amplifiers to become readily available from multiple manufacturers.
These compact (typically on the order of 9-25 mm?) units are relatively low
cost and enable modern antenna designers the luxury of implementing low
noise amplification to antenna arrays at locations which have been hard to

access in the past.

- 16 -



For this design, a single LNA was used for each polarization of each
antenna element. The specifications for the LNA used in the HSDTA can
be found below in Table 1.

Temperature (°C)
25 -40
Gain (dB) 19 18
Noise Figure (dB) 0.9 0.6
Frequency Range (GHz) 21-29

Table 1: LNA specifications

Since the HSDTA will be used in an airborne application, the system is
designed to operate at altitude, outside of the aircraft pressure vessel,
where the temperature is approximately -50°C. The lower temperature
lowers the noise figure of the LNA which in turn increases the G/T of the
HSDTA. The LNA which was selected for the HSDTA requires only
minimal external components and draws ~95 mA at 5 VDC. The final
layout of the amplifier section of the feed can be seen below in Figure 11.

Figure 11: The LNA layout for the HSDTA

-17 -



The layout of the LNA section of the HSDTA was designed to minimize the
space used by each amplifier. It was critical to locate the amplifiers as
close to the ACF as possible while allowing room for the feed and DC
lines to be routed. DC block capacitors (C9, C10) were used to prevent
DC on the RF lines while power decoupling capacitors (C1, C2, C3) and a
bias resistor (R1) were used to properly stabilize the amplifier and provide

the correct amount of current for proper operation.

2.3.2. Auto-tracking network

An antenna system which is capable of dynamically adjusting azimuth
(AZ) and elevation (EL) pointing based on the movement of a signal
source in the farfield is consider to be auto-tracking. The ability to
maintaining proper pointing information for the Antenna Control Unit
(ACU) regardless of the target deviating from the expected trajectory,
errors in track files, or the lack of a track file is highly desirable in the
telemetry field. Different configurations of auto-tracking systems include
conical scan, mono-pulse, and electronic scan [12]. The conical scan
configuration is primarily used with large reflector antennas and is not
directly applicable to this design; therefore, it will not be discussed. To
auto-track with mono-pulse and electronically scanned tracking, in both
elevation and azimuth, the antenna must consist of four separate
antennas which are placed in quadrants. An easy way to implement this
with an array is to section the overall array into quadrants and provide a
single RF output for each section which is isolation from the other
quadrants.

With a mono-pulse system, a mono-pulse comparator adds each quadrant
in sum (X) and difference (A) and generators an overall £ channel, AAZ
channel, and AEL channel (See Figure 12). The outputs of the mono-

pulse comparator are then fed to a mono-pulse scan converter which

- 18-



effectively modulates the difference channels onto the sum channel. This
modulated channel can then be used by a tracking receiver to generate
pointing data for the ACU.

BASIC MONOPULSE AUTOTRACKING CONFIGURATION

%)
+ 5 DATA — TRACK+DATA— TO ATR
c
A | B |5 o —
o |-A RACK
®
3 MONOPULSE
g B COMPARATOR [AAZ——0 | 180 J
© -o/c o/o' __>_
Slg— AEL—] of—t—0°
C D 2 D1 D2 D3 D4
<

3TO ACU

Figure 12: Mono-pulse tracking configuration.

An electronically scanned system is similar to a mono-pulse system. Four
quadrants are used to generate a modulated channel which contains a
sum channel, and difference channels which can be used to point the
antenna. By rapidly switching between each quadrant and applying proper
phase shifting, the output of an electronically scanned system is that of a
mono-pulse system (See Figure 13).

BASIC ELECTRONICALLY SCANNED AUTOTRACKING CONFIGURATION

25 DAT, f TRACK + DATA—TO ATR
A B |& L I~

g —F | 1

] b3

G |-B o 2

© 1

Slc o

c
C D 2 /

S -D———o

< TAAY

1117

>TO ACU
Figure 13: Electronically scanned tracking configuration.

Electronically scanned auto-tracking was selected for the HSDTA. It uses
less components than mono-pulse tracking and was easily implemented
on the HSDTA.
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2.4. Array Design

2.4.1. Basic Array Theory

An antenna array is defined as a set of individual radiating elements which
are used together to acquire a desired radiation pattern. While there are
many different types of arrays, such as: linear, planar, circular, etc..., this
section will discuss planar broadside arrays. A broadside array has a
maximum radiation pattern normal to the plane in which the array is
defined. When solving for the power pattern of an array, one must perform
pattern multiplication as defined below:

E(Total) = E(single element of array)e (ArrayFactor) (7)

Therefore, in order to determine the electric fields of the overall array, one
must know both the Array Factor (AF) and the single array element
electric fields. For a planar rectangular array the array factor is defined by

[8]:

sm| — @ sm| — @
1 ( 2 j 1 [2 j
Sm > S —_—
Where:

@. = kd_sin(0)cos(@) + S,
¢, = kd, sin(B)sin(¢) + 3,

M = Xx-axis number of elements
N = y-axis number of elements
dx = Xx-axis element separation
dy = y-axis element separation
B. = x-axis progressive phase shift
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B,

y-axis progressive phase shift

For broadside radiation, the progressive phase shifts should be:
B.=p8,=0
Also, in order to limit the number of maxima to one or two [8],
dyy <A

Using these parameters, one may design a broadside rectangular array
with desirable radiation characteristics; however, now it is required to have
a network of power dividers in order to supply equal amplitude and phase

energy to the individual antenna elements.

2.4.2. Array Feed network

Designing a feed for an array of dual polarized antenna elements, while
maintaining high levels of efficiency and isolation, is not a trivial task. For
broadside radiation characteristics, the splitters used in the feed network
were required to be equal phase and equal amplitude. The feed network
was required to fit in a single plane behind the antenna array. An
additional constraint on the feed network was that the DC biasing circuitry
and the low noise amplifiers are located as close to the ACF as possible.

The most common method of feeding an aperture coupled array is to
design a cascade of microstrip T-junction splitters for each pair of antenna
elements. The T-junction splitters use quarter-wave transformers to match
the parallel impedance of the two output legs of the divider with the input
50 Q line (See Figure 14).
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Figure 14: Example of a microstrip T-junction power divider design.

The required impedance of the quarter-wave transformer was found by:

ZQW = \/Zn *Z, (9)

While this type of feed network was initially investigated, the relatively low
frequency of operation and the implementation of dual polarization (which
effectively doubles the number of elements), made the T-junction
microstrip splitter not practical. Another method of power division for an
array is to use discrete components.

Discrete components main advantage compared to microstrip T-junction
splitters is size. At S-band, the quarter-wavelength is ~ 3.26 cm. With
these dimensions it is challenging to fit a single polarization on the back
of an antenna let alone two polarizations. The main disadvantage of
discrete components is insertion loss. For this design, the added insertion
loss is not a significant problem provided the LNAs have sufficient gain.

The final HSDTA feed network design uses a cascade of two way power

combiners to first combine a single antenna pair, then combine two

antenna pairs. After a row of four elements is combined, the additional
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combination of the elements is taken through a surface mount SMA
connector to external power combiners which are located on the rear of
the aluminum honeycomb. Having the first two stages of power
combination on the actual circuit boards saves significant amounts of
money, time and removes the added complexity of connecting 32 SMAs
to each antenna tile. Feeding the HSDTA this way proved to be ideal for a
dual polarized antenna system. The different feed points of each antenna
element could all run parallel to the center of the antenna tile and then be
taken off the board for additional combination and to feed the auto-

tracking circuitry as can be seen in Figure 15.
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Figure 15: Single element pair final feed network including the SMA connector.

The layout of the feed lines, power combiners, and LNAs as can be seen
above in Figure 15 was done using a commercial PCB layout code, Altium
Designer. In order to provide sufficient isolation between the feed lines,
care was taken to separate each line by a minimum of three times the
width of the microstrip. This distance was chosen to allow the electric and
magnetic fields between the ground plane and the microstrip line sufficient
distance to decay significantly. The DC layer of the board, as indicated by
the blue traces, is used to provide power and proper biasing to the LNAs.
As can be seen in Figure 10, the DC layer was placed on the opposite
side of the microstrip feed layer separated by the ground plane. Care was

also taken to locate the DC lines as far away from the H-slots of the ACF
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to minimize the interaction between the DC and RF performance of the
HSDTA.

A complete quadrant of the HSDTA can be seen below in Figure 16. Note
the eight SMA connectors running down the center of the tile which carry
the RF signals and the BNC connector located at the center of the
antenna tile which provides the DC power for the active components of the
tile. The violet curves seen on the tile are placed there for reference

showing where each tile could possibly be cut to build a 34” antenna.

Figure 16: A complete quadrant of the HSDTA. Note the violet curves showing possible
cut points to for each quadrant.
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2.4.3. Final Array Design

The final array was designed to be resonate at 2.3 GHz. The maximum
radiation pattern was desired to be broadside with an E-Plane half power
beam width (HPBW) on the order of 10 degrees and an H-plane HPBW on
the order of 10 degrees. The gain of the antenna was designed to be 25
dBi. To meet these requirements while remaining within the size restraints,

the number of elements was determined to be: M = 16 and N = 16.

The X and Y spacing between the patch elements was chosen to be
approximately 0.7 Ag. This was chosen as a compromise between the
optimum spacing for broadside radiation ( ~0.5 Ag) and the ability to
physically fit the entire feed network compactly behind the patches. The
actual dimensions of the array can be found below in Table 2.

An important constraint on the design of the antenna system was that it
was flexible enough to be physically resized to fit in a variety of different
aircraft radomes. The most cost effective solution to this problem was to
make a base antenna tile which is comprised of a 4x4 antenna array. The
base antenna tile was then placed into quadrants to expand the size of the
array to 16x16. Each of the antenna tiles was fed separately so that
quadrant based electronically scanned auto tracking could be
implemented (See Figure 17).
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Figure 17: Full modeled array. Note the violet curves denoting a 34" diameter circle

The HSDTA was designed to go on a variety of airborne assets each with
different radome shapes and mounting locations. By designing an antenna
system that can be used on multiple assets, overall program risks
decrease along with significant cost savings. The HSDTA will be
physically rotated by a pedestal from +90°to -90°in azimuth and -10°to
+90°in elevation. Without changing the thickness of the array, the main
dimension constraining movement is the diameter.

A single HSDTA can be permanently cut into different diameters as can be
seen in Figure 18. Elements of the HSDTA are lost as the diameter of the

array is decreased; however, apart from the inherent reduction in gain, the
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performance of the array remains comparable between different
diameters. This was accomplished by properly terminating the inputs of
the power dividers which are not in use due to the decreased number of
elements. This also allows for only one base antenna design to be
qualified for flight.

Base HSDTA

Figure 18: Model of multiple cut HSDTAs.

At each of the inputs of the power dividers, an unpopulated pad was
placed where a RF termination could be populated if needed (Figure 19).
The terminations are required to maintain the amplitude and phase
balance of the feed network. This system proved to be a cost effective
method of using a single base antenna tile for multiple aircraft, while
maintaining high levels of efficiency for each asset.
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Figure 19: Layout of power dividers to provide termination for the multiple configurations of the
HSDTA.

2.5. Simulation

The design of the HSDTA was completed in CST Microwave Studio. The
goal of the simulation was to obtain a parameterized model of the entire
array which could be optimized for a specific band of interest. The
simulation was used to validate the design of the circular patch, the feed
network, and the composite material stack-up of the HSDTA. Due to
symmetries in the feed network, the base element for the HSDTA was a
pair of two patches (See Figure 20).
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Figure 20: Model of the base antenna element pair.

Since dual circular polarization was an important design goal for the
HSDTA, the farfield electric fields generated by the feed network and the
patch were analyzed to determine polarization purity and sense based on
different input phasing conditions. The electric field from the two

orthogonal feeds can be seen below in Figure 21.
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Figure 21: The electric field from both linear polarized ports to the circular patch.

The initial simulation of the base element pair did not include the LNAs or
discrete power dividers. By placing these components after the
electromagnetic simulation was completed, the model was greatly

simplified. This model works assuming the input impedance to the array is
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real, and equal to 50 Q. The parameters which relate directly with the
center frequency of the HSDTA are: the patch radius, X and Y array
spacing, and microstrip line width. With these parameters defined, the
arrays input impedance bandwidth had to be optimized. The primary
parameters which affect the impedance bandwidth of the array are: the
height of the substrate, dimensions of the H-Slot, and the length of the
matching stub associated with each slot. These parameters were
optimized in CST Microwave Studio to produce acceptable S11

performance.

Once the base antenna element pair was optimized for the band of
interest (2.2 — 2.4 GHz), it was used to form a quadrant of the overall
array. This quadrant was then simulated to ensure that mutual coupling
would not adversely affect the performance of the HSDTA. The final model

of a quadrant of the array can be seen below in Figures 22 and 23.

Figure 22: Front side of fully modeled array.
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Figure 23: Back side of fully modeled array.

are summarized in Table 2:

Once, a quadrant of the array was completely simulated in CST MWS, the
finished model was transferred to PCB layout software where the
remaining components were added along with connectors and mounting
holes. The final parameters used to fabricate a prototype antenna array

Patch Antenna:

a 2.958 | cm
h 0.6654 | cm
Aperture Coupled Feed:
Microstrip width 0.1138 | cm

Microstrip substrate

thickness 0.0508 | cm

Array Quadrant

dx 9.782 | cm
dy 9.782 | cm
M 4

N 4
Overall X Length 41.91 | cm
Overall Y Length: 41.91 | cm
Overall Thickness 2.020 | cm
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Table 2: The final parameters of the simulated array.




2.6. Fabrication

The substrate material used to fabricate the array is a glass woven fiber
based substrate which is easier to manufacture than Teflon based
substrates. The characteristics of the material are summarized below in
Table 3. The data shown in Table 3, was provided by the manufacturer of
the material at a frequency of 10 GHz. The material properties are
sufficiently frequency independent for use on the HSDTA which operates
from 2.2 to 2.4 GHz. Using a glass woven fiber based substrate helped to
lessen the cost and lead time of the final array. The RF input ports to the
array are surface mount SMA connectors. The final assembled base

antenna quadrant tile can be seen below is Figures 24 and 25.

Substrate Material Characteristics

Dielectric Constant, ¢, 3.38
Dissipation Factor, tand 0.0027
@ 10 GHz/ 23°C

Table 3: Properties of the substrate material.

-32-



Figure 24: Front side of the base antenna tile.

Figure 25: Back side of the base antenna tile.
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After the base antenna tiles were populated with the passive and active
RF components, each tile was sent through a conformal coat process to
protect the active components from condensing liquids while flying. Next,
each tile was cut to form a 34” diameter quadrant and was assembled on
the aluminum honeycomb base plate which was coated with RF absorber.
Finally, the external components for auto-tracking and quadrant combining
were installed on the back side of the aluminum honeycomb. The final

assembled antenna system can be seen below in Figures 26 and 27.

Figure 26: Front side of the fabricated and cut 34" HSDTA.
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Figure 27: Back side of the fabricated and cut 34" HSDTA, note the auto-tracking
components mounted on the aluminum honeycomb structure.
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CHAPTER 3

Results

After the HSDTA was simulated and fabricated, it was tested at Ktech
Corporation’s outdoor antenna range. Using a HP 8753D vector network
analyzer, the HSDTA was swept in frequency to verify the input reflection
coefficient. Next, the HSDTA was placed on Ktech’s airborne pedestal and the
radiation pattern was recorded in both the E and H-planes. Using a set of
standard gain horns, the gain versus frequency was measure followed by a
measurement of the system noise temperature of the HSDTA. Finally, the
antenna G/T was calculated. The G/T was further verified through a successful
mission deployment of the HSDTA where the system collected telemetry of a
launch event while flying on an airborne asset at 35000 ft. The receiver power
levels and data quality from the mission were in close concordance with

simulated values.

3.1. DC Operation Verification

Each antenna tile was tested to verify the basic operation of the LNAs. As
a first order test, the LNAs were verified to be pulling the correct amount of
current. The overall current draw for each antenna tile was recorded and
compared as can be seen below in Table 4. With 26 amplifiers per tile,

each drawing around 30 mA, the results shown prove to be valid.
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Antenna Tiles Power Draw

Quadrant Current (mA)
1 760
2 751
3 760
4 780

Voltage: 5.09 V

Table 4: Antenna tile current draw.

As an additional verification that each LNA was working correctly, a
thermal image of each quadrant was taken. The heat signature produced
by a correctly operating LNA was used to verify proper operation of the
quadrant as can be seen below in Figure 28.

68.5

09,"302009 11:41:46

Figure 28: Thermal image showing the heat signature of the LNAs during correct operation.
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In the case where an LNA is non-operational, either due to infant mortality
or improper processing and handling, the heat signature would not be
present on the thermal imagery. From the eight antenna tile boards which
were order, only one LNA on a single tile was not operation as can be
seen below in Figure 29.

09/30/2009 - 11:41:19

Figure 29: Thermal image showing an LNA which was not functioning correctly.

The combination of thermal imagery and current draw measurements
verifies the DC performance of the LNAs along with establishing the bias
operating current of each device. While the bias current is useful in
determining the basic RF performance of each amplifier (from the
provided datasheet of the LNA), it is not a validation that the RF portion of
the LNAs is working properly. In order to measure the RF performance of
the HSDTA, each quadrant was tested using a HP 8753D network

analyzer.
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3.2. S-Parameters

The final simulated input reflection coefficient, or S11, of an element pair
can be seen below in Figure 30. Both ports of the element pair are well
matched and track each other well across the band of interest, 2.2 — 2.4
GHz.

S-Parameter Magnitude in dB

-10 1

-15 1

-20 1

-5 1

20 4

35

40 -

45

<50 t t t t t t
16 18 2 2.2 2.4 2.5 2.8 3

Frequency f GHz

Figure 30: The simulated S11 of a base element pair.

Due to the cascade of components following each ACF, the input
reflection coefficient, or S11, of the antenna could not be directly
measured. The method used to determine the pass band of the antenna
involves relies on a standard gain horn and a network analyzer. By setting
up an outdoor antenna range and measuring the through power (S21) of
the system when excited by a wideband standard gain horn, the S11 of
the HSDTA can be interpolated (see Figure 31).
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Figure 31: Antenna range setup for the S11 measurement

The power measured at the HSDTA is plotted as can be seen in Figure
32. The S21 of the system is greatest from 2.2 to 2.4 GHz which implies

that the HSDTA is non-reflective and well matched across that band.
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Figure 32: Measured Receive power of the HSDTA. The desired pass-band of the
system is denoted by the bold lines.
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3.3. Radiation Patterns

The radiation patterns of the HSDTA were measured using the Ktech

Corporation's outdoor antenna range. The HSDTA was excited using a

linearly polarized standard gain horn. The measured verses simulated

radiation patterns were very similar (see Figure 33). The frequency of the

patterns is 2.250 GHz, which corresponds to the best resonant frequency

found in Section 3.2. The pertinent antenna parameters are summarized

below in Table 5.

Array Radiation Pattern Characteristics

Measured | Simulated
HPBW (degrees) 10.0 10.0
E-Plane
Side lobe Level (dB) -16.3 -19.0
Gain 23.71 25.0

Table 5: Radiation pattern measured vs. simulated results.
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Figure 33: Simulated vs. measured E-plane radiation pattern.
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Figure 34: Simulated 3-D radiation pattern with array.

In figure 34 above, the simulated 3-D radiation pattern of a single antenna
tile is shown. As expected, the radiation pattern in symmetric in the E and
H-planes. The similarities in the beam width on nulls between the
measured and simulated radiation pattern shown in Figure 33, verifies that
each element of the array is operating correctly. The measured difference
in side lobe level, while acceptable, can be contributed to the amplitude
variation of each LNA and could be alleviated by implementing an
amplitude distribution on the array. Overall, the results of the radiation
pattern measurement were positive and validated the electromagnetic
design of the HSDTA.
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3.4. Antenna System Noise Temperature

The antenna system noise temperature of the array was calculated using
two separate methods. The first method is typically used for larger
aperture antenna whose beam widths are on the order of <5°. This
method utilizes the difference in the noise floor of the system when varied
between hot sky (the Sun) and cold sky. The second method has been
proven [13] to work on smaller antennas; it involves using an RF absorber

test fixture which is at a known temperature and cold sky.

To measure the antenna system noise temperature of a large aperture
antenna, the noise spectrum of the antenna must be measured while it is
pointing at a “hot” noise source, such as the sun and a “cold” noise source
such as empty astronomical sky. The difference in power between these
noise measurements is used along with the solar flux to calculate the
system noise temperature [12]. The pointing of the antenna must be fined
tuned while on hot sky to maximize the noise levels and on cold sky to
minimize the noise levels [24]. For the HSDTA, the beam-width is on the
order 10° which leads to a spot size with a diameter of approximately 26
million km at a range of 150 million km. For the sun, which is located
approximately 1.4 million km away from the earth and has a diameter of
approximately 1.4 million km, this spot size leads to inaccurate results with
the HSDTA. Another method of measuring the antenna system noise
temperature was explored which did not involve far off celestial objects.

The second method offers a more controlled environment where one does
not rely on the daily solar flux values and precise antenna pointing
towards the sun for hot sky measurements. With this method, the antenna

system is placed directly under a large sheet of RF absorber and the noise
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spectrum is measured on a spectrum analyzer [13][14]. Once this
measurement is recorded, the RF absorber is removed and the noise
spectrum is then measured again for the cold sky. Both of these power
spectrums along with the associated Y-Factors can be seen below in
Figure 35.

The delta power level between the absorber and the cold sky is known as
the Y-factor (10). Using the temperature of the absorber and an estimate

of the cold sky temperature, one may calculate the antenna system noise
temperature Ts (11) [24].
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Figure 35: LHCP noise power spectrum of the HSDTA using both RF absorber and cold sky.
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RHCP Noise Power Spectrum
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Figure 36: RHCP noise power spectrum of the HSDTA using both RF absorber and
cold sky.

The spikes in the noise spectrum, which are independent of both the Cold
sky and the absorber, represent local RF interference. In the LHCP case,
it is interesting to see additional interference located around 2300 MHz.
This spike in power is believed to be cause by XM satellite radio which is
located in this band and is LHCP. The significant attenuation of this signal
with the absorber shows that the test setup is functioning correctly and the
noise power is really that of the absorber and not additional celestial
objects. The noise power spectrum is not valid in the regions of either
celestial or local RF interference; therefore, the noise power in these

frequency regions is to be ignored.

From the results seen in Figure 36, the antenna system noise temperature
was calculated using (11) in both LHCP and RHCP (See Figure 37).
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Antenna System Noise Temperature
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Figure 37: The antenna system noise temperature of the HSDTA.

3.5. Gain

The actual gain of the antenna array is difficult to directly measure
because there are active components integrated into the feed structure for
the antenna. The overall system gain was measured using a HP 8753D
network analyzer. The antenna gain at mid-band, 2.3 GHz, can be
interpolated from the system gain as can be seen in Table 6.

Measured Gain 45 | dB
Implementation Loss: 37.29 | dB
STD Gain Horn 16 | dB
Est. Antenna Gain: 23.71 | dB

Table 6: The Gain of the HSDTA measured at mid-band, RHCP.
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Similarly, the antenna gain verse frequency was found as can be seen
below in Figure 38. Across the operational band of the HSDTA, the
average gain is approximately 23.4 dB.

HSDTA Antenna Gain
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Figure 38: Gain verses frequency of the HSDTA. The desired pass-band is denoted by
the bold lines.

3.6. Estimated G / T Ratio

With the gain of the antenna calculated and the antenna system noise
temperature calculated, one may calculate the antenna G/T ratio by [12].

% = AntennaGain(dB) —10log(SystemNoiseTemp(K)) (12)

With the LNAs operating at 25°C and at mid-band, this calculation comes
out to be 2.45 dB/K. If we were able to measure the antenna noise
temperature at altitude where the LNA’s noise figure drops to 0.6 dB,
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lowering the system noise temperature approximately 22 K, the G/T would
be ~ 3.3 dB/K.
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Figure 39: The measured G/T at 25° C along with the estimated G/T of the HSDTA at
altitude (-40°C).
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CHAPTER 4

Conclusion

An S-band aperture coupled antenna array was designed, simulated, fabricated
and tested. The HSDTA is innately capable of receiving both linear polarizations.
When the HSDTA is paired with a hybrid coupler, both circular polarization
senses can be received. Auto-tracking is implemented through electronically
scanning the quadrants of the array. The bandwidth of the HSDTA meets all
design requirements. To optimize the performance of the array, the structure was
simulated in CST Microwave Studio in multiple stages. The final HSDTA design
can be customize for different airborne assets through the use of RF terminations
to maintain the balance of the feed network when antenna elements are lost to
shape the array to a specific radome profile. The HSDTA meets all design
requirements listed in Section 1.3 and has been successfully operationally
tested.

Throughout the process of designing, fabricating, and deploying the HSDTA,
several design parameters and processes have been refined. It was found that
at high altitude and after normal wear and tear, the top substrate material would
tend to crack around fastener holes. This could be easily fixed by using a thicker
substrate for this section of the array or by plating the holes used for fasteners.
To add to the overall stiffness of the PCBs used in the HSDTA, a spray adhesive
was used to adhere the foam layers to the top and backend PCBs. The adhesive
was applied in a thin sheet over a large area and thus does not dramatically
affect the performance of the HSDTA. By doing this, the overall rigidity of the
structure was increased which is helpful in mitigating the adverse effects of long
term vibration of the HSDTA.
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4.1.

Future Work

The HSDTA was used to collect telemetry while aboard an airborne asset
flying at 35,000 ft over the South Pacific. The data quality of the telemetry
collected was in close concordance with simulated data quality for an

array antenna which was defined by the specification in Section 1.3.

Figure 40: The 34” HSDTA installed and ready for flight aboard a DC-8 aircraft.

Future revisions of the HSDTA may include an amplitude distribution
network for each element which would allow for electronically controlled
beam forming and side lobe reduction [3]. Further down the road, the
HSDTA's design is ideal for implementing a large area phased array on
the side of an airborne platform. This design would require both amplitude
and phase control for each individual element. It could be possible to use
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an additional board which was responsible for the array processing and
element phasing to accomplish this.

The design and fabrication of the HSDTA has been a very fulfilling and
interesting topic of research. Designing a base antenna quadrant which
incurs a single Non-Recurring Engineering (NRE) charge to manufacture
yet, is capable of being used for auto-tracking in at least three separate
designs (all for different airborne assets), lowers cost and project risks.
The final test of the HSDTA will be seen over the next few years as Ktech
deploys multiple versions of the system and tests the long term

survivability of the system.
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