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Preface

Whether you believe it or not, although this is my first time trying to write an academic
book, and the topic of this book is about phased array antennas, however, my profes-
sional career began with parabolic reflector antennas. When I earned my bachelor’s
degree in electronic engineering in 2008, I was fortunately awarded a job that involved
the design, construction, and maintenance of the Chinese deep space stations [1]. In
the following ten years, our team has developed three globally distributed ground
stations with large reflector antennas (66 m in the Jiamusi station and 35 m in the Kashi
and Argentina stations), providing continuous telemetry, tracking and command
(TT&C), reliable communication, and precise navigation services for all Chinese
deep space missions, such as the ambitious Lunar exploration missions Chang’E and
the first Chinese Mars exploration mission Tianwen-1. These deep space stations are
giant and powerful by integrating with state-of-the-art technologies, including low-
loss beam waveguide, centralized high power transmitter, and cryogenic low noise
amplifier. I even became the Project Manager and was responsible for all technical
matters of the 4 x35 m Kashi deep space antenna array [2].

Along with these projects for deep space missions, I also participated in some
other projects for Earth orbit missions. There are many aspects of mission demand
differences between them. The deep space missions involve receiving extremely weak
signals from vast interplanetary distances, hence its focus requires the ground station
with better accuracy and higher sensitivity. However, with the increasing number of
satellites in the low earth orbit (LEO), one of the most urgent requirements is multiple
mission support capability for the LEO satellite ground station. Recently, the concept
of LEO satellite constellation accelerates this problem.

The traditional reflector antennas are powerful but can only produce one beam
once at a time. On the contrary, phased array antennas have the natural capability to
produce multiple beams simultaneously, thus meeting the requirements for ordinary
management and control of future satellite constellation. Compared to the reflector
antennas, the architecture of phased array antennas are quite different with thousands
of antenna elements, integrated transmit/receive (T/R) modules, decentralized power
amplifiers, and agile beamforming networks. Furthermore, phased array antennas
have many other advantages over reflector antennas, such as better performance,
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higher reliability, and lower cost. All of these make it a very attractive candidate as
next generation LEO satellite constellation ground station.

There are already a large number of excellent books about phased array antennas
available in the open literature, the readers are encouraged to understand the basics of
them first (see e.g. [3—5], I also learn and benefit a lot from them!). However, phased
array antennas are still new as satellite ground stations. This book is mainly focused
on some engineering practices and fills the gap between the well-known phased
array theory and satellite ground station application, such as array excitation error
impact analysis and calibration methods, array geometry design for hemispherical
coverage, multiple beam resource management, etc. Hope you can find something
useful. Finally, if you have any comments or questions, please do not hesitate to
contact me.

Beijing, China Guolong He
June 2023 heguolong @alumni.sjtu.edu.cn
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Chapter 1 ®)
Introduction Check for

1.1 The New Era of Small Satellite Constellation

Since the beginning of the new millennium, the whole aerospace community
has evolved rapidly into a new era by revolutionized small satellite technologies
[1-3]. Traditionally, satellites were rather complex, heavy, bulk, and also expensive.
Benefiting from the increasing availability of advanced hardware and technologies,
satellites now can be made with much smaller size in the order of centimeters and
much less weight of only a few kilograms. These small satellites are often classified
according to their weights, i.e., mini (100-500 kg), micro (10-100 kg), nano (1-10
kg), pico (0.1-1 kg), and femto (<0.1 kg) [3]. A well-known type of small satellite
is called CubeSat, which is made of several units with the fundamental size of 10 x
10 x 10 cm? cube (1U). For their low size and weight, small satellites have attracted
not only traditional institutional players such as governments, universities, and space
agencies but also intensive investment from private companies.

The main reason that making small satellites so popular is the dramatic overall
cost reduction of a satellite project than ever, including shorter development time,
advanced manufacturing process, and more affordable launch. First, widely com-
mercial off-the-shelf (COTS) components for small satellites significantly reduce the
development time and the total cost of a project. Even a complete satellite platform
can be purchased directly from the commercial market now. Therefore, scientists
who are not familiar with satellite engineering can keep their focus on mission goals,
concept design, payload development, and data analysis. Compared to may over a
decade from proposal to launch for a traditional satellite project, the average time for
a small satellite project can be shorten to one year or even less. Second, advanced
streamlined manufacturing processes accelerate the mass production of small satel-
lites. Standard and highly automated production lines are set up to manufacture small
satellites up to several satellites per day. Integration, assembly, and testing tasks are
conducted with very high efficiency. Moreover, development of fully reusable rockets
is the main reason to dramatically reduce the launch cost. Besides this, minimization
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and standardization of small satellites also in a parallel effort to ease the deployment
process. Utilizing spare launch capacity as second payloads, much more frequently
shared launch chances can be gained access to the space. For a dedicated small satel-
lite launch, more than one hundred small satellites can be deployed into space in a
standardized container once.

Unlike the classical single big satellite in geostationary orbit (GEO) and medium
earth orbit (MEQ), small satellites in low Earth orbit (LEO) are typically organized as
a satellite constellation. The satellite number of a LEO satellite constellation would
be several hundred or even tens of thousands to realize a fully global coverage. Groups
of satellites are deployed at the same altitude and inclination in several orbital planes,
ensuring a continuous coverage of any location on Earth. There are a large number
of advantages for LEO satellite constellation, such as small propagation delay, low
propagation loss, and high fault tolerance as well as network robustness. With the low
orbit up to two thousand kilometers, the one way propagation delay of LEO satellites
is only up to 15 ms, which is commensurate with that of terrestrial links. Meanwhile,
much less power is required to overcome propagation loss and other atmospheric
attenuation. Antennas of user terminals can be made as portable or hand-set to meet
the link budget easily. Moreover, such modularization and network structure of LEO
satellite constellation provides resilience as a space network, which can never be
possible with single large satellite.

The concept of LEO satellite constellation has the potential to open exciting
innovation opportunities for space exploration and lead to unpredictable scientific
breakthroughs. Table 1.1 lists some of recent LEO satellite constellation projects cov-

Table 1.1 Some recent small satellite constellation projects

Name Number of satellites Status Goals

Lemur-2 100 Operational Weather monitoring

OLFAR 50 Demonstration Astronomy cosmic radiation
observation

QB50 50 Completed Earth’s upper atmosphere
observation

Flock 475 Completed Earth observation

ExactEarth 9 Completed Ship tracking and maritime
situational awareness

Doves 200 Partially operational Earth observation and remote
sensing

StarLink 4,2000 Partially operational Global broadband Internet
access

OneWeb 6372 In deployment Global broadband Internet
access

Kuiper 3236 In deployment Global broadband Internet
access

TeleSat 298 In deployment Global broadband Internet
access
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Fig. 1.1 Live Starlink satellite constellation coverage map, it contains 3447 active satellites on
service by the end of April 2023. Figure reproduced with permission from https:/satellitemap.
space

ering a wide range of possible applications, including space exploration [4, 5], Earth
remote sensing [6, 7], weather monitoring [8], navigation, worldwide telecommuni-
cations [9-11], and connectivity to Internet of Things (IoTs) [12, 13]. For example,
the orbiting low-frequency antennas for radio astronomy (OLFAR) project is com-
posed of a swarm of 50 or more nano-satellites to develop the large aperture required
for very low frequency (below 30 MHz) observation of the cosmic noise [14]. The
QB50 constellation is a recent model of international space cooperation contributed
by many countries. The project includes 50 CubeSats, 40 of them for scientific explo-
ration and the other 10 for in-orbit technology demonstration, which aims to perform
simultaneous and distributed measurements of the Earth’s upper atmosphere [15].
Moreover, there is a booming trend of newly emerging LEO satellite constellation
projects for providing global broadband Internet access from space, especially in
remote areas that are hard to access via a terrestrial infrastructure. Interestingly,
most of them are invested by giant Internet companies [16]. For example, SpaceX
conducts the manufacturing of the satellites and launch them using their own Falcon
vehicles. Figure 1.1 illustrates a live Starlink satellite constellation coverage map.
As of April 2023, 4370 satellites of the Starlink constellation have been deployed,
and 3447 of them are active and on service.
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1.2 Simultaneous Multiple Satellite Support Requirement
on Ground Station

For ordinary management and control operation of a LEO satellite constellation, the
ground station is required to communicate with the satellites and provide telemetry,
tracking and command (TT&C) services. It steers the antenna beam to follow the
satellite during the brief interval from its rise above the horizon until it sets below
the horizon. The period of a pass is relatively short for a LEO satellite, with a typical
duration of a few minutes, depending on the relative position between the satellite
and the ground station. Figure 1.2 shows a typical parabolic reflector antenna that is
used as satellite ground station with high performance and medium cost. However, it
can only support one satellite in its very narrow beam. This problem can be alleviated
by increasing the number of reflector antennas at the mission control site. However,
the total cost of land, infrastructure, and antennas forbid such a mode of ‘antenna
farms’. Hence, reflector antennas is no longer proper for ordinary management and
control operation of future LEO satellite constellation.

To solve the aforementioned problem, phased array antennas are considered as
an attractive candidate for future LEO satellite constellation ground station. The
primary reason is that phased array antennas can produce numbers of concurrent
but independent beams by the beamforming network thus support multiple satellites
simultaneously. Previously the cost of phased array antennas are very expensive,
thus early phased array applications were confined to military and defense areas
only. However, this has changed in recent years. Thanks to advancements in highly
reliable solid state devices and Microwave Monolithic Integrated Circuits (MMIC)

Fig. 1.2 A 18 meter in diameter reflector antenna built by the authors’ team at Qingdao, China
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technologies, phased array antennas now become much affordable for commercial
and industrial applications by increasingly matured mass production and dramatically
reduced cost.

1.3 Advantages of Phased Array Antennas as Satellite
Ground Station

There are many advantages of phased array antennas compared to parabolic reflector
antennas as satellite ground station. As shown in Fig. 1.3, they can be generally
divided into three categories, i.e., better performance, higher reliability, and lower
cost.

1.3.1 Better Performance

Multiple beams. Reflector antennas usually have only one beam at once. Theoreti-
cally, phased array antennas can generate an arbitrary number of beams as desired by
the beamforming network (this is restricted by the actual capacity of hardware). In the
past, multiple analog microwave components are used to realize analog beamforming
for phased array antennas. The connections and interfaces are very complicated, strict
microwave parameters and specifications are required. With the advance of digital
beamforming (DBF) technology, the beamforming process is much more straight-
forward to be implemented in the digital domain, where digitized data from antenna
elements can be duplicated and combined easily.

Better performance
e Multiple beams
s Agile beam steering
s Pattern reconfiguration

Lower Cost
e Lessland and
infrastructure
e Mass production
Easier maintenance

Higher reliability
Eliminating single-point
failure

No mechanical rotation

Decentralized power amplifig

Fig. 1.3 Advantages of phased array antennas as satellite ground station
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Agile beam steering. The reflector antennas rely on the mechanical driving system
(including motors, gearbox, and servo) to steer the parabolic dish and the correspond-
ing beam direction. Satellites in LEO move rapidly with respect to the Earth’s surface,
atup to 7.6 km/s for the altitude of 500 km, imposing a large beam shift speed require-
ment on the antenna mechanical driving system. Sometimes it would cause loss of
tracking if the satellite moves too fast. A long preparation time is required if the
reflector antenna changes to track another satellite with a large direction difference,
possibly two or three minutes. For phased array antennas, the beam direction is elec-
tronically steered by setting the value of phase shifts of the antenna elements, with
a much faster speed in the order of milliseconds.

Pattern reconfiguration. Due to the parabolic geometry of the reflector surface,
the reflector antennas usually produce a pencil beam and have little way to reduce
the sidelobe. The first sidelobe level (SLL) may be as high as —13 dB. Such high SLL
sometimes even causes mis-tracking by the sidelobe rather than the main lobe. By
amplitude tapering and phase control of the antenna elements, phased array antennas
can control the SLL and present the nulls on the interfere directions conveniently.

1.3.2 Higher Reliability

Eliminating single-point failure. Some possible single-point failures exist in the
reflector antennas. When one part of them fails, it will cause the whole ground station
unable to work. However, when some antenna elements of the phased array antenna
fail, it will only suffer part of performance degradation without loss of functionality,
making them much more reliable than reflector antennas.

No mechanical rotation. As the structure of phased array antennas are stationary
and no mechanical rotation is required, it is much more stable than that of parabolic
reflector antennas, whose motors and servo will suffer friction and loss during daily
use.

Decentralized power amplifier. For reflector antennas, centralized high power
amplifiers are used to boost the output signal. Usually, the capability of several
hundreds of Watts is required for a typical satellite ground station. While in phased
array antennas, each antenna element has its own power amplifier of only several
Watts. Such a decentralized mode is much more reliable than the centralized one.

1.3.3 Lower Cost

Less land and infrastructure. To support multiple missions with reflector antennas,
a large area of the site and many antenna bases need to be constructed, along with
concrete roads, water pipes, electrical supply, and optical fibers, etc. Since phased
array antennas can produce multiple beams simultaneously, it reduces the need for
land and infrastructure construction to meet the same requirements.
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Mass production. Over the years, the high cost and complexity of phased array
antennas were the major obstacles to use in commercial applications. Recently, the
cost of phased array antennas has been reduced drastically by leveraging the advanced
manufacturing technology, volume production, and adaptation of COTS components.
Significant cost reduction of the transmit/receive (T/R) module is contributed by the
advanced integration technologies. The area of the multilayer RF boards and the
number of connectors and cables are dramatically reduced to save the cost.

Easier maintenance. The maintenance and impairment processes for reflector
antennas are complicated. Sometimes it requires a down time, dedicated tools (like
derrick, crane, and scaffold), and also crews of highly skilled workers. However, if
some antenna elements of the phased array antenna fail, they can be easily non-stop
replaced without down time. The maintenance process is rather simple, one worker
with basic training is usually enough to deal with the ordinary maintenance work. A
much lower life cycle cost and budget saving can be expected.

1.4 Outline of This Book

Reflector antennas have been used as satellite ground station for a long history [17,
18]. The phased array antennas, although extensively used for radar applications,
are still in the infancy for this purpose. Before its truly operational in practice, there
are some technical issues and challenges that must be carefully considered. To the
authors’ personal opinion, it has come to a point that phased array antennas can
replace reflector antennas as future satellite ground station. However, the aerospace
industry seem to still hesitate to do so. Even some of the most recent LEO satellite
constellation projects still use traditional reflector antennas as their satellite ground
stations. This book aims to provide a tutorial-like review by providing researchers
and engineers with summarization of some key points in a convenient way. This
book is mainly based on the authors’ experience gained in the processes of design
and construction of several phased array antennas. Because there are so many good
introductory books existed in the open literature [19-23], we try to present some
considerations for engineering practice only.

The rest of this book is organized as follows. First, some basic principles and
theories about phased array antennas are shortly presented in Chap. 2, including the
architecture evolution, major components, and array pattern synthesis. Then array
excitation errors are treated in detail in Chaps. 3 and 4, with probabilistic and inter-
val arithmetical analysis methods, state-of-the-art calibration schemes, and some
innovative signal process techniques in a comparative manner. In Chap. 5, some
designing issues and key technologies required as satellite ground station applica-
tion are studied, such as array geometry design for hemispherical coverage, multiple
beam resource management, and space-ground link analysis.
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2.1 Evolution of Phased Array Antenna Architecture

The architecture of the phased array antennas has undergone a steady evolution over
the years [1-3]. In the first generation of phased array antennas, as shown in Fig.
2.1, the antenna aperture was divided into a large number of antenna elements to
realize beam agility, each with an electronically controlled phase shifter. However,
the centralized high-power transmit and receive amplifiers were still used. In the
1980s, thanks to advancements in highly reliable solid state devices and MMIC
technologies, solid-state transmit amplifiers were distributed and moved much closer
to the antenna elements. As shown in Fig. 2.2, all the transmit amplifiers, low-
noise receive amplifiers, phase shifters, and attenuators are integrated together and
known as transmit/receive (T/R) module. Analog microwave components are used to
realize analog beamforming. It has the adavantages of wide bandwidth and low power
consumption. However, connections and interfaces for this type of beamforming are
very complicated, strict microwave parameters and specifications are required. To
form M simultaneous beams, the phase shifters and analog beamformers must be
implemented in M times. Thus phased array antennas with analog beamforming were
inherently constrained by the front-end beamforming electronics. As the number of
beams increases, so does the analog components and the cost of a phased array
antenna. As a result, it’s very difficult to generate multiple independent beams by
analog beamforming in actual application.

By the end of the 1990s, subarray level digital (or hybrid analog-digital) beam-
forming was extensively investigated, which performs partial beamforming digitally
and maintains the low overall cost. As shown in Fig. 2.3, the antenna elements on
a subarray are first combined by a dedicated analog beamforming network. Using a
second-stage digital beamforming network, the subarray outputs are weighted and
summed digitally to produce a set of digital beams. After entering the 21st century,
there is a trend of fully digital beamforming (DBF) as shown in Fig. 2.4, signals are
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digitalized at the element level. The T/R module still performs the usual amplifica-
tion and filtering operations. However, phase shifting, signal distribution, and core
beamforming are shifted to the digital domain. Now a phased array antenna is a
comprehensive system combing RF engineering in the front and massive data flow
and computational power on the back end. DBF is implemented by the combination
of antenna array technology and modern digital signal processing technology. The
most significant advantage of DBF is its ability to generate a large number of inde-
pendent beams in the digital domain. Increasing the number of beams is as simple as
adding some more beamforming processing processes in the program, thus simplify
the physical design of a phased array antenna while maintaining performance.

2.2 Major Components of a Phased Array Antenna

2.2.1 Antenna Element

The antenna elements are used to transmit/receive electromagnetic waves from the
T/R module to the free space. They are usually arranged in lattice or conformal with
the surface to radiate the energy with high efficiency. The satellite ground station
is required to have dual polarization capability that can support left-hand circular
polarization (LHCP) and right-hand circular polarization (RHCP) simultaneously.
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Fig. 2.4 The element level digital beamforming architecture of a phased array antenna

However, high isolation between cross-polarization are not easily achieved in dual-
polarized antenna element. In [4], cross-coupling mechanisms between orthogonal
polarizations are discussed according to cross coupling between radiation elements.
The most classical dual polarization antennas, such as crossed dipole and crossed
slot, is to duplicate a radiation element and position it at a right angle to the original
one [5]. Recently, there are also very popular with patch antennas excited with two
orthogonal modes, each corresponding to an individual polarization [6].

2.2.2 T/R Module

The T/R module is usually viewed as the most important part and accounts for
approximately half of the overall cost of a phased array antenna. Over the past few
decades, the T/R modules have undergone significant changes in terms of material,
design, and layout technologies [7, 8]. Figure 2.5 illustrates the typical layout of a
modern T/R module. It contains several basic components such as duplexer, filter,
phase shifter, power amplifier, low noise amplifier (LNA), mixer, local oscillator
(LO), analog-to-digital converter (ADC), and digital-to-analog converter (DAC).
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Fig. 2.5 The typical layout of a modern T/R module

2.2.2.1 Duplexer

As a satellite ground station, full duplex communication is required for simultaneous
uplink and downlink with the satellite. This is achieved by employing a component
called the duplexer (or circulator). It isolates the Rx path from the Tx path with
interference suppression while permitting them to share a common antenna element.

2.2.2.2 Filter

A filter is a frequency selective component that allows to pass signals of certain
frequency band while suppressing signals outside the band of interest. For example,
the filter follows the duplexer in the Rx path is a bandpass filter (BPF), to pass the
received signal and attenuate the transmitted signal leaked and coupled from the
Tx path. This is very important especially for satellite communication application,
which works as frequency multiplex mode rather than time multiplex mode in the
radar application.

Figure 2.6 illustrates the transfer function of a typical BPF. Ideally, it’s desired
to pass a range of frequencies and completely eliminate those signals outside the
band. The insertion loss of the filter means the level of attenuation in the passband. A
gradual transition region exists between the passband and the suppressed region. The
goal in filter design is to provide sharp transitions while maintaining an acceptable
insertion loss.

2.2.2.3 Power Amplifier

The power amplifier is to boost the input signal before it is transmitted to the free
space via the antenna element. Due to the nonlinearity of the power amplifier, it
generates various distortions of the output signal, containing high-order harmonic
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distortions and intermodulation products. Suppose the transfer function of the power
amplifier has the following expression,

Vour (1) = ko + k1vin (t) + kv, (1) + k3v}, (1) + ... 2.1

where ko, ki, ko, k3 are constants.
Consider the input signal is comprised of two tones in different carrier frequencies,

Vin(t) = aj cos(wit + ¢1) + az cos(wrt + ¢3) (2.2)

Then the output signal is derived as,

Vour (1) = ko + 0.5k2a? + 0.5kya3

+ (klal + 0.75k3af + 1.5k3a1a§) cos(wit + ¢1)

+ (k1a2 + 0.75k3a§ + 1.5k3a12a2) cos(wat + @7)
+0.5k2a? cosQwit + 2¢1)

+0.5kya3 cos(Quat + 2¢2)

+kaaia; cos (w1 + w2)r + (1 + ¢2))

+kaaras cos (w1 — w2t + (¢1 — ¢2)) (2.3)
+0.25ksa? cosGwit + 3¢1)

+0.25k3a3 cosBwat + 3¢2)

+0.75k3ata; cos (2w + wa)t + (2¢1 + ¢2))
+0.75k3ata; cos (2w — wa)t + (2¢1 — ¢2))
+0.75kza1a3 cos (wy + 2wa)t + (¢1 + 2¢2))
+0.75kza1a3 cos (wy + 2w)t — (1 + 2¢2)) + ...
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From Eq. (2.3), it shows that, due to the quadratic and cubic terms, the output
signal gives rise to second- and third-order harmonic distortions (HD2 and HD3),
and intermodulation products (IMP2 and IMP3). Among these, the third-order inter-
modulation product (IMP3) is the most important, because two interfering signals
spaced in the frequency domain such that their IMP3 will fall in the frequency band
of interest.

Figure 2.7 illustrates the typical input and output power relationship of a power
amplifier. the fundamental line have a slope of 1, which means a 1 dB increase in input
power causes a 1 dB increase in the output power. However, the third-order products
have a slope of 3. The third-order intercept point (OIP3 referred to the output and
IIP3 referred to the input) is used to quantify nonlinearity of the amplifier. It occurs
when the ideal linear IMP3 equals the ideal linear, uncompressed fundamental output.
The 1 dB compression point (P1dB) is another descriptive measure of the amplifier
linearity. It occurs when the actual output power is 1 dB less than it would be in the
ideal linear value. It is a figure of merit for the maximum power for linear operation.

2.2.24 LNA

The main function of the LNA is to amplify the signal received from the antenna
element and then sent it to subsequent components, e.g., mixers, filters. Each com-
ponent in the Rx path contributes additional noise over the signal. The signal to noise
ratio (SNR) at the output SN R,,,; of a given device will be less than the SNR at the
input SN R;,,. This noise factor, F, is characterized as the loss of SNR caused by the
device,

_ SNRin
SN Rou

(2.4)
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The overall noise factor of a cascaded set of components is given by

-1 F—1
+ + ... (2.5)

F=F .
ey GG,

where F; is the noise factor and G; is the gain of the ith component.

What this equation indicates is that the first element in the RF cascade dominates
the resulting noise figure for the system. This indicates that all passive components
(cables and filters) prior to the first amplifier will have a negative impact on the noise
figure. Likewise, components that follow a high gain amplifier in the cascade will
have a minimal effect on the overall noise figure. For a high performance LNA, it
has a relative low noise factor and high gain, thus the total noise factor is mainly
determined by the first component LNA. To achieve good link sensitivity, the LNA
has to be placed as close as possible to the antenna element.

2.2.2.5 Phase Shifter

Phase shifter is used to change the phase of the signal. An ideal phase shifter should
have low and near-equal insertion loss for all phase states. Phase shift is a con-
stant with respect to frequency, hence phase shifter is usually used in the narrow-
band beamforming implementation [9]. For wideband beamforming, true time delay
(TTD) units are required, where time delay is a linear function of frequency [10].

2.2.2.6 Mixer and Local Oscillator

Alocal oscillator (LO) generates the desired frequency using a phase lock loop (PLL)
combined with the crystal oscillator. In the Rx path, the mixer is used to downconvert
the input signal from the RF band to the intermediate frequency (IF) band. While
in the Tx path, the mixer is used to upconvert the output signal from IF band to
RF band. The output of a mixer is the sum and difference frequencies of two input
signals. The second BPF following the mixer is used to select the desired difference
frequency component and minimize any intermodulation products from the mixing.
This heterodyne style of carrier frequency conversion is well proven in engineering
practice and has been used for many years [11]. However, many filters are required to
keep the challenging frequency bandwidth. Nowadays, the mixers and the frequency
conversion process are not mandatory. The direct sampling approach allows direct
RF sampling and achieves large input bandwidth [12].

2.2.2.7 ADC and DAC

The ADC is used to convert the signal from the analog domain to digital samples,
while the DAC implements the reverse process [13, 14]. The ADC dynamic range is
determined by the effective number of bits (ENOB),
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SNR(dB) =602« ENOB +1.76 (2.6)

which gives the maximum dynamic range that can be achieved if the signal level is
at the full-scale value of the ADC. Notice that the ENOB is used in the calculation
because it accounts for the nonideal factors in the ADC, which limits the number of
bits achieved.

Sample clock synchronization for ADC and DAC must be carefully designed
to minimize the time difference. For analog beamforming and subarray level dig-
ital beamforming, signals from several antenna elements are combined first and
then digitalized to save the number of ADCs and DACs. With element level digital
beamforming, every antenna element has its own ADC and DAC. Such high level
of digitization allows increasing functionality and better performance compared to
their predecessors.

2.2.3 Beamforming Network

The beamforming network is to combine signals from multiple antenna elements. It
forms the main beam in the desired direction of the signal, and places nulls in the
direction of interferences or clutters.

For satellite tracking, it needs to determine the angular position of the target. They
are based on comparison of the so-called sum and difference signals. Towards this
aim, the phased array antenna is required to provide both sum and difference patterns
for estimating the azimuth and elevation coordinates to identify the target direction.
The former has one main lobe along the target direction and the latter exhibits a null
in the same direction. The basic principle of monopulse tracking is shown in Fig.
2.8. The sum and two difference patterns are obtained by subdividing the array into
four symmetric quadrants,

Fig. 2.8 Schematic view of monopulse tracking. a the target is located at the center of the beam,
and b the target is off the center of the beam
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Foym=A+B+C+D

Fji?, = (A+C) — (B + D) 2.7)
Ffk = (A+B) - (C+ D)

where the sum mode is generated when all quadrants are excited with the same
phase, while the two difference patterns are obtained by adding a phase shift to the
excitations of a couple of quadrants.

As shown in Fig. 2.8a, when the target is located at the center of the beam,
the quadrants will receive the same target echo because they are equidistant from
the target. Azimuth and elevation differences will ideally give zero values. If the
target is shifted from the center as shown in Fig. 2.8b, then quadrants A and C
receive different target echos compared to those received by quadrants B and D.
The azimuth difference now gives a nonzero value. The situation is the same for the
elevation difference pattern.

If the sum and difference beam patterns are synthesized independently, it results
in different excitation coefficients. This requires the adoption of two separate beam-
forming networks, thus unavoidably increasing the complexity and cost. These dif-
ficulties can be alleviated if both sum and difference beams share full or partial
common antenna elements, by aggregating the elements into clusters or sub-arrays
where each one is controlled by single amplitude coefficients. A set of numerical
examples is reported and discussed to show the versatility and effectiveness of the
proposed approach [15]. This can be achieved through various methods, for example
as discussed in the Sect. 2.3.

2.2.4 Digital Signal Processor

Digital signal processors usually adopt the general purpose hardware platform by
using field-programmable gate array (FPGA) and digital signal processing (DSP)
technologies, and the advanced software defined radio (SDR) architecture. Sophisti-
cated functions are implemented by software to realize satellite communication and
TT&C service. For satellite communication, digital signal processors handle various
modulation and coding schemes to interchange the information with the satellite. By
receiving and decoding the telemetry (TM) data from the satellite, one can know the
status, configuration, and health state of the satellite. Telecommands (TC) are sent
from the ground station to the satellite for altitude adjustment, mission operation
control, and onboard software upgrade.

For satellite tracking, the speed, range, and angle of the satellite are the most
common measurement parameters. The speed of the satellite can be easily estimated
from the Doppler frequency of the carrier signal. By sending a series of tones [16] or
a pseudo-noise (PN) code [17] modulated on the carrier signal, the distance between
the satellite and the ground station is measured equal to the speed of light times the
travel round time. The angular position of the satellite is obtained by the monopulse
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tracking technique based on the comparison of the so-called sum and difference
signals.

2.2.5 Cooling Equipment

With the progress of solid-state microwave technologies, the radiated power of ampli-
fiers increase steadily. Meanwhile, miniaturization of T/R modules results in very
compact size. Both of these two trends lead to increased heat generation and a rise
in the working temperature of the T/R module. These would negatively affect the
performance and reliability of the module. Experimental studies have shown a corre-
lated relationship between the failure rate of electronic components with the working
temperature of the T/R module [18]. A model coupling the temperature variation and
performance of the phased array is also proposed and verified in [19].

In order to keep the reliable operation of the T/R module, it is necessary to dissipate
the generated heat and below the temperature at a reasonable value. Air and liquid
cooling are two commonly used techniques to cool the T/R module. Although with
simpler equipment and relatively low cost, air cooling has limited capacity for heat
dispassion. For liquid cooling, the T/R module is cooled by pumping cold liquid
through cooling channels of the cold plate, which is made of high performance heat
conducting material and installed closely with heat generating components [20]. The
cooling channel guides the cold fluid through first the region with active components
(power amplifiers) then the low-heat region, thus transforms the heat generated by
the T/R module. The cost of a liquid cooling system is relatively expensive because
of more complicated system with pumps, pipe networks, non-spill connectors, and
heat exchanging units.

2.3 Array Pattern Synthesis

The phased array antennas generate desired array patterns such as nulls toward the
directions of jamming signals or clutter returns, amplitude and or phase tapering
for sidelobe reduction, subarray for beamforming simplification, thinned array, etc.
Antenna array synthesis is a process to trade off between different aspects of per-
formances in order to meet specified design goals, we can not improve one aspect
significantly without scarifying another. This section briefly introduces the basics
of array factor analysis, and presents several popular methods for synthesizing the
array pattern.
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2.3.1 Array Factor Basics

Considering a phased array antenna with N isotropic elements, each element has the
position 7, and the complex excitation w, = a, exp(jp,), where a, and p, are the
amplitude and phase of w,, respectively, n = 1,..., N. The array radiation pattern or
the array factor f (6, ¢) can be mathematically expressed as follows,

[0, 9) = Z VG

a exp(jkro(0, @) - Fy + jpa) (2.8)

Il
Mz

3
Il
-

Il
M=

a, exp(jb,)

3
Il
—_

where k = 27 /\is the wavenumber, 7o(6, ¢) = [sin 0 cos ¢, sin 8 sin ¢, cos ]7 is the
unit vector of the observation direction (6, ¢), f,, (0, ¢) is the array factor contributed
by the nth antenna element and b, is its phase.

Linear and planar arrays are the most common array configurations. For linear
case, 7, = [0, 0, z,,]7, then the array factor is represented as,

N
FO.6) = anexp(jkz, cos 0 + p,) (2.9)

n=1

For planar case, 7, = [X,, Y, 017, then the array factor is represented as,

N
f@, o) = Zan exp(jk(x, sinf cos ¢ + y, sinfsin ¢) + p,) (2.10)
n=1

From Eq. (2.8), the array factor is a function of several parameters, including the
element amplitudes, phases, positions, and the working frequency. Apparently, array
pattern synthesis is an optimization process, which can be single-objective or multi-
objective. If there are multiple goals considered in the synthesis process, then these
goals can be summed with weight to formulate as a single cost function. However,
it is usually very difficult to know a priori what values to choose for the weights,
and this approach does not provide any insights into potential tradeoffs. In contrast,
multi-objective optimization can show right balance between multiple conflicting
objectives, and allow the engineer to choose the best design for a given application.
Its ultimate goal is to efficiently find a set of points called the Pareto front with a set
of solutions [21]. Every solution in the Pareto front is nondominated, which means
that improving one objective leads to degradation of at least one other objective
(Fig. 2.9).
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2.3.2 Analytical Algorithms for Array Amplitude Tapers

If all antenna elements have uniform weights, the highest gain and the narrowest half-
power beamwidth (HPBW) can be achieved, but unequal and relatively high SLL
will be suffered. Often it is desirable to lower the highest sidelobe, at the expense of
raising the lower sidelobes. There are many approaches to synthesize amplitudes of
the array elements that reduce the SLL, analytical algorithms are one of the simplest
kinds of methods among them, which can be directly calculated from mathematical
expression easily. The binomial array that follows the binomial coefficients as the
array amplitude taper can produce the array pattern with no sidelobe. However, errors
in real practice will always produce some sidelobe. Moreover, the taper efficiency
for the binomial array is very low. Hence, it’s more desirable to balance the sidelobe
level and the taper efficiency.

The optimal sidelobe level (for a given beamwidth) will occur when the sidelobes
are all equal in magnitude. For uniformly spaced linear arrays, a popular weighting
method named the Dolph-Chebyshev taper, the SLL of the array can be set to a
specified level by mapping the array factor to a Chebyshev polynomial, and the
minimum possible null-null beamwidth can be obtained. Figure 2.10 illustrates a 10-
element, half-wavelength equally spaced, Dolph-Chebyshev tapered linear antenna
array with SLL™ =20 dB, and the corresponding excitation amplitudes are a; =
ayp = 0642, a; = dag = 0594, as = dag = 0778, ag = ay = 0921, and as = dag =
1.000. Note that the increasing amplitude weight at the array edge (a; > a»), hence
this taper method is usually used for small arrays only.

Although the Chebyshev window has the narrowest possible mainlobe for a spec-
ified sidelobe level, the Taylor window allows one to make tradeoffs between the
mainlobe width and the sidelobe level. The Taylor taper reduces the first n —1 side-
lobes at a specified level by moving the nulls on either side of the main beam, while
other remaining sidelobes decrease at the same rate as the corresponding sidelobes
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Fig.2.10 A 10-element, half-wavelength equally spaced, Dolph-Chebyshev tapered linear antenna
array with SLL™" =20 dB

in a uniform array. Figure 2.11 illustrates the same linear antenna array with Taylor
tapered SLL™ =20 dB and 7 = 2, and the corresponding excitation amplitudes are
a; =ayp=0.542, a, = a9 =0.629, a3 = ag = 0.771, ay = a7 = 0.913, and a5 = ag
= 1.000. The Taylor taper avoids edge discontinuities, and the sidelobes decrease
monotonically.

2.3.3 Genetic Algorithm

The aforementioned analytical algorithms can synthesize amplitude weights for lin-
ear or grid planar array only. For other geometries or more complicated array synthe-
sis problems, it must be synthesized by other numerical methods. Two very popular
evolutionary algorithms, genetic algorithm (GA) is shortly introduced here, and par-
ticle swarm optimization (PSO) is introduced in next subsection.

Genetic algorithm (GA) is an optimization technique based on Charles Darwin’s
theory of natural selection. It has been one of the most widely used optimization
algorithms in modern nonlinear optimization [22]. Let as take an thinned array pattern
synthesis problem as an example. Since each element of the phased array has a state
‘on’ or ‘off’, array pattern synthesis can be realized via state adjustments of the array
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Fig. 2.11 A 10-element, half-wavelength equally spaced, Taylor tapered linear antenna array with
SLL™ =_20dB and /i =2

elements, which allows simplified uniform amplitude excitation feed networks while
avoiding additional hardware and cost.

Figure 2.12 illustrates a general flowchart of GA algorithm. It uses binary
sequences to encode parameters as genes, and a set of genes is a chromosome.
For example, a chromosome with N gene bits is represented as,

chromosome = [b1b;...bngenel- (2.11)

where b, is the nth bit of the chromosome, and ‘1’ and ‘0’ represent state ‘on’ and
‘off” of the nth array element, respectively.

The GA algorithm begins with defining a fixed number of chromosomes with
random genes Nchrom, which is called population sometimes. The fitness value
fitval of each chromosome, here the fitness value is the sidelobe level in sidelobe
region, is evaluated,

fitval(chrom) = SLL in sidelobe region (2.12)
Then these chromosomes are ranked by the fitness value. Under evolutionary biol-

ogy of natural selection, chromosomes with low fitness are discarded, and superior
chromosomes are survived,
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Fig. 2.12 The general flowchart of the GA

hrom: — survived if fitval(chrom;) < mean] fitval(all chromosomes)]
chromi = discarded if fitval(chrom;) > mean|fitval(all chromosomes)]
(2.13)
Only the first Nsurv chromosomes are survived in the ascending way.
fitval(chrom;) < fitval(chrom;) for i <j (2.14)

The survived chromosomes become as parents, Usually, the chromosomes with
better fitness value have higher probability to be chosen. A simple strategy can be
adopted,

Nsur +1—1i

(Nsur+1)Nsur
2

p(chrom;) = (2.15)

where
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Fig. 2.13 The SLL convergence process of a 40 x 40 thinned array by the GA algorithm

Nsur
Z p(chrom;) = 1 (2.16)
i=1

Two chromosomes are randomly chosen as father and mother, then they are
mating and creating children,

mask = random a new chromosome
of fspringl = mask. * mother + not (mask). x father (2.17)
of fspring2 = not(mask). x mother + mask. x father

These children are created to offset the discarded chromosomes and keep the total
number of chromosomes in the population remains constant.

Finally, mutations cause small random variations in the survived chromosome.
By defining the mutation rate p,,,, and generating a random value p between 0 and
1, the bits of a chromosome are updated as,

. bj lf P = Pmur
bi = {not(b,-) if P = P (18)

The fitness values are evaluated for all the offsprings and the mutated chromo-
somes, and the process is repeated. The algorithm is terminated if an acceptable
solution is found, or the maximum times of iteration is reached. Figure 2.13 illus-
trates the convergence process of a 40 x 40 thinned array. The best SLL decreases
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Fig. 2.14 The array pattern of a 40 x 40 thinned array obtained by the GA algorithm, a AZ cut,
and b EL cut

gradually during the iteration, means that better solutions are found. Figures 2.14
and 2.15 present the synthesized array pattern and the array layout after 30 iterations,
respectively. It has the SLL of —17.5 dB and a filtrate of 76.5%.
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Fig. 2.15 The layout of a 40 x 40 thinned array obtained by the GA algorithm

local

Fig. 2.16 A Cartoon view of the PSO algorithm

2.3.4 Particle Swarm Optimization
2.3.4.1 The Classical PSO Algorithm
As shown in Fig. 2.16, Particle swarm optimization (PSO), a swarm based stochastic

evolutionary algorithm, was first developed by Kennedy and Eberhart in 1995, and
introduced to the antenna community by Robinson and Rahmat-Samii in 2004 [23,
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Fig. 2.17 The general
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24]. Believed to be very robust and effective in multidimensional and nonlinear
problems, it has been applied to many different applications. Compared to other
evolutionary methods, PSO is much easier to understand and implement and requires
the least computational costs. In the PSO scheme, particles fly throughout the problem
hyperspace to search for the optimal solution. Suppose there are N undetermined
parameters in the optimization problem, then the position of each particle is denoted
by an N-dimensional vector x = {xy, ..., X,, . .., Xy} to represent a possible solution
with a velocity vector v ={vy, ..., v, ..., vy}. As shown in Fig. 2.17, first without
any prior knowledge of the optimal solution, particles are initialized with random
positions and velocities. Then for the kth iteration, these two vectors are updated
according to the following equations,

VE = wof 4 ey (pbest,]f — x;f) + 2 (gbest,]f - x,’j)

(2.19)
=k

where w is the inertial weight, ¢; and ¢, are acceleration constants that specify how
much each particle is influenced by the personally encountered best position, pbest,
and the global best position ever found by the entire swarm, gbest, which control the
relative proportion of cognition and social interaction in the swarm, respectively, ¢,
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and ¢, are two random variables uniformly distributed on [0, 1]. Once an updating
process is implemented, the new solution found by each particle is evaluated by
a fitness function, then both the pbest of each particle and the gbest of the entire
swarm are updated. If a criterion is met (usually a sufficiently good fitness value or
a maximum number of iterations), the iteration process is terminated and the results
are obtained.

It’s generally believed that PSO is superior to deal with optimization problems
having only real variables, while genetic algorithm (GA) is more effective than PSO
to handle optimization problems with integer variables, because PSO was intended
to deal with real variables only while GA can translate a binary string to integer value
directly. Therefore, how to modify the classical real PSO (RPSO) algorithm suitable
for integer optimization problems while maintaining its simplicity and outstanding
performance has become great of interest in recent years.

2.3.4.2 The Unified PSO Algorithm

Usually, in many mixed integer optimization problems, real and integer variables are
treated separately and different updating mechanisms are applied. Here we propose a
method that works with real and integer variables in the same updating scheme. First
a unified vector u = [u;, u,] having continuous values between 0 and 1 is defined,
where u; and u, are the real and integer part that will be mapped to the corresponding
real and integer parameters, r and n, respectively. During the optimization process,
the unified vector is updated by Eq. (2.19), and then the mapping and rounding
operations are implemented during fitness evaluation process,

I = Fiin + U X (Fjax — Fmin) (2.20a)

n = n,;, +round {u, X uex — Ppin +1) — 0.5} + m
{un x ( ) } (2.20b)
where m = random {1, 0, —1}

where min and max are the lower and upper bounds for the variables, r,,;, <r <
Tmaxs Bmin < N < Apax. The round function is rounding the real value to the nearest
integer. In former mapping methods, integers in the range have different possible
probabilities to be selected, thus the performance of the algorithms will be influenced.
Here we add the term ‘—0.5” in the bracket of Eq. (2.20b) to make each integer in the
range can be selected with equal probability.

For integer variable mapping in Eq. (2.20b), a new vector m consisting of random
ternary variables is introduced. Generally speaking, there are two aspects for one to
evaluate the performance of an optimization algorithm. The first aspect is how much
time the algorithm costs to find a suitable solution, whereas the second aspect is
concerned with the best possible solution ever found by the algorithm. The random
ternary vector will influence the algorithm in both aspects. At the beginning stage of
the iterations, it may (only may) have some negative effects on the convergence speed
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of the algorithm. Because updating of the integer part u, is the main contribution in
Eq. (2.20b) during this period, so the effect of the ternary vector is considered to be
very tiny. But at the latter stage of the iterations, the ternary vector can be regarded
as additional searching operations nearby the ever found solutions, which leads to
better solutions and improved topology exploration capability.

In order to give better understandings of these explanations and demonstrate the
effectiveness of the proposed method, we revisit three previous problems in the fol-
lowing sections. We use UPSO-m and UPSO to represent the unified PSO scheme
with and without random ternary variables for simplicity, respectively. During the
optimization process, the parameters of PSO algorithm are set as suggested by pre-
vious literatures, w is decreased linearly from 0.9 to 0.4 during iterations, ¢; and ¢;
are chosen to be 2 for better convergence performance, and number of particles are
a little larger than the dimension of the optimization problem.

2.3.4.3 Synthesis of the Linear Array with Subarray Configuration

It is a well-known technique to partition a large antenna array into contiguous sub-
arrays in order to reduce cost via common use of components and simplified feed
networks. Unfortunately, placing amplitude weights at the subarray ports will create
grating lobes (GLs) due to the periodicity and larger spacing between subarrays. A
2N-element linear array is centro-symmetrically placed along the x-axis, and each
side is divided into Q subarrays, with different amplitude weights at the subarray
output ports. The elements are equally spaced and the distance d between adjacent
elements is 0.5\. The corresponding array factor f(6) is given by,

0 ng
£(0) =Y wy Y cos(kx,sin) 2.21)

q=1 i=1

where x,, is the position of the nth element in wavelength, 6 is the angle relative to
boresight, n, and w, are number of elements and the amplitude weight of the gth
subarray, respectively.

Firstlet us consider each subarray having the same number of elements. In RPSO, a
Q-dimensional vector is defined to represent the corresponding amplitude weights. A
10-agent swarm is used in optimization for 1000 iterations. Figure 2.18 illustrates the
optimized pattern of a 128-element linear array divided into 16 equal sized subarrays,
along with the pattern of the uniform array. The obtained peak sidelobe level (SLL) is
—31.4 dB. Table 2.1 summaries the best solutions obtained by different optimization
methods. The same array with uniform tapering has a peak SLL of —13.3 dB. For
a 31 dB and n = 5 Taylor tapering, the peak SLL is —30.5 dB. The result is —30.9
dB obtained by GA with Nelder Mead downhill simplex method. Although PSO has
found the best solution than any other algorithms, but it has been clearly showed that
the GLs prevent the optimization process to find better solutions.



2.3 Array Pattern Synthesis 31

0 T T T T T T T T

EEEEEEEEER UnlfOfm

10 Optimized | |

Grating lobe

Pattern (dB)

O »
-10 0 10 20 30 40 50 60 70 80 90

Fig. 2.18 The optimized radiation pattern for the 128-element linear array with equal subarray
sizes

Table 2.1 The best results obtained by different optimization algorithms

Method Subarray sizes SLL (dB)
Uniform Equal -13.3
Taylor tapering Equal -30.5
GA Equal -30.9
Unequal -35.1
UPSO-m Equal =314
Unequal -36.1

Many methods have been proposed to break the periodicity and redistribute the
energy of GLs through the array pattern. One of these methods is to allow each
subarray having a different number of elements. Since there are two different types
of parameters in this optimization problem, i.e., integers for the subarray sizes and
real numbers for the amplitude weights, UPSO-m is applied for further simulation
rather than RPSO. A 2Q-dimensional unified vector u = [0y, ug] = {uy, uz, ..., uzp}
is designated to each candidate design. The first part wy = {u1, us, ..., up} repre-
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Table 2.2 Comparison of gbest convergence performance of different PSO algorithms over 10
independent trials

Method Average (dB) Best (dB)
IPSO -33.67 -35.04
UPSO -34.24 -35.30
UPSO-m -35.19 -36.10

sent the normalized amplitude weights of the subarrays, and the latter part u, =
{ug,up+1,...,uz29} are mapped and rounded to the subarray sizes. In order to
demonstrate the effectiveness of the method proposed in this paper, UPSO-m is val-
idated and compared with other existing PSO schemes. For each method, a 20-agent
swarm is used in optimization for 5000 iterations. Figure 2.19 illustrates conver-
gence of gbest values averaged over 10 independent trials, and the performances
are summarized in Table 2.2. At the end of iteration, an averaged gbest value of
—35.19 dB is obtained by UPSO-m, compared with —33.67 dB and —34.24 dB by
IPSO and UPSO, respectively. As can be seen in Fig. 2.19, at the beginning stage
of the iterations, convergence performance of UPSO-m is a little worse than UPSO.
But in the latter stage of the iterations, while the other two PSO schemes have little
improvements, UPSO-m continues to find better solutions.

During the 10 independent trials, the best solution ever found by UPSO-m is —36.1
dB, which is also better than IPSO (-35.0 dB), UPSO (-35.3 dB) and GA (-35.1
dB).These results have been clearly showed that, UPSO-m has the best convergence
performance and topology exploration capability, and most of the improvements
should be attributed to the random ternary variables. Figure 2.20 illustrates the opti-
mized subarray sizes and amplitude weights, which n = [10, 6, 8, 6, 8, 6, 10, 10]
and w = [1.0000, 0.9264, 0.8463, 0.7018, 0.5748, 0.4308, 0.2964, 0.1529]. Since the
array is symmetric, only the right hand side is shown. The corresponding optimized
array pattern is illustrated in Fig. 2.21, which has nearly equal sidelobe levels without
GLs.

2.3.5 Convex Optimization

A convex optimization problem is one of the form [25],

min fo(x)
skt fi(x) <bj,i=1,...m (2.22)

where the objective and constraint functions fy, ..., fi, : R, — R are convex, which
means they satisfy the inequality,

filaxy + fx2) < afi(x1) + B fi(x2) (2.23)
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Fig. 2.19 Comparison of convergence performance of different PSO algorithms over 10 indepen-
dent trials

forallx € R,andalla, B € Rwitha+ =1, a > 0, 8 > 0. There are very effec-
tive algorithms that can reliably and efficiently solve even large convex problems.

As an example, consider the minimization of the beampattern level over a given
zone with the possibility of level constraints in other areas. The way to express it
as a standard convex optimization problem is rather natural and very similar to a
framework [26],

min — | £ (6o, ¢o)l
s.0.1/ (6. 6,)] < UB, (224
where (6, ¢g) indicates the main beam direction, (6;, ¢5) and UBs represent the
sidelobe region and upper bound of the desired SLL, respectively.

As an important special case, the convex optimization is called a linear program-
ming if the objective and constraint functions fy, ..., f, are linear, i.e., and satisfy

min ¢’ x

T .
sta;x <b,i=1,..m.

(2.25)



34 2 Phased Array Antenna Basics

0.9

0.8

0.7

0.6

0.5

Amplitude

0.4

0.3

0.2

0.1

0
64 72 80 88 96 104 112 120 128

Element Index

Fig. 2.20 The optimized subarray sizes and amplitude weights for the 128-element linear array

By adopting the conjugate symmetric weight condition of the phased array, the
expression of the array factor becomes from the abs form to the linear form, thus the
synthesis process is reduced to an even more powerful linear programming.

Figure 2.22 illustrates an example of the 40-element linear array synthesized by
convex optimization. The sidelobe level is limited below —25 dB for all regions.
Suppose there is an interfere from the direction of 30°, then a null is placed at 30°,
and the SLL is suppressed less than -40 dB for the region from 20° to 40°.

2.4 Summary

This chapter reviews some basics of phased array antennas. First, the general archi-
tecture and major components of a phased array antenna are introduced. The antenna
elements are used to transmit/receive electromagnetic waves from the T/R module to
the free space. The T/R module integrates several basic components such as duplexer,
filter, phase shifter, power amplifier, LNA, mixer, LO, ADC, and DAC, and is viewed
as the most important part of a phased array antenna. The beamforming network is
to combine signals from antenna elements. It forms the main beam in the desired
direction of the signal. Sophisticated functions are implemented in digital signal



2.4 Summary 35

O T T T T T T T T
-10 ﬂ i

Pattern (dB)

-10 0 10 20 30 40 50 60 70 80 90
0 (deg)

Fig. 2.21 The optimized radiation pattern of the 128-element linear array with unequal subarray
sizes

Pattern, dB

A
o
T

0, deg
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processors by software to realize satellite communication and TT&C service. In
order to keep the reliable operation of the phased array antenna, air or liquid cooling
equipments is necessary to dissipate the generated heat of the the T/R module and
below the temperature at a reasonable value. The array pattern synthesis is to pro-
duce desired beam that places the nulls in the direction of interferences or clutters.
Several popular methods to synthesize the array pattern are introduced. Analytical
algorithms are one of the simplest kinds of methods among them, which can be
directly calculated from mathematical expression easily. For other geometries or
more complicated array synthesis problems, it must be synthesized by other numer-
ical methods or evolutionary algorithms such as GA and PSO. Convex optimization
is also found be very effective for array pattern synthesis.
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Chapter 3 ®)
Array Excitation Error Analysis i

3.1 Probabilistic Methods

The array pattern synthesis requires precise excitation of each antenna element by
various synthesis techniques to obtain desired array pattern features, e.g., high direc-
tivity, low SLL, and null control. However, the realistic antenna element excitations
inevitably differ from their expected values in practice. These errors would cause
array pattern distortion, gain degradation, worse SLL, and null drifts [1-3]. There-
fore, knowledge about the impacts of the excitation errors and the corresponding cal-
ibration methods are of high importance for phased array antennas. Many methods
have been proposed to analyze the impacts of excitation errors on array performance.
These analysis methods fall into mainly two different types, probabilistic methods
and interval arithmetic (IA) based methods, which are presented in the following two
subsections.

3.1.1 The Mathematical Model

Recalling Eq. (2.8) that a phased array antenna with N isotropic elements, each
element has the excitation amplitude {a,} and phase {p,}, n = 1,..., N. The array
radiation pattern or the array factor f (6, ¢) can be mathematically expressed as the
sum of radiation pattern of individual antenna elements f, (6, ¢),

N
[0, 9) = ; VACH)

N
= > anexplj(kro(0, ¢) - 7 + pa)] (3.1
=1
nN
= > anexp(jby)
n=1
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where 7y(0, ¢) and r;, represent the unit direction and the position of the n-th antenna
element, respectively.

Note that the phase term {b,} is also a function of the observation angle (6, ¢),
however, to simplify the notation this angle dependence is not shown in the following
discussion. Without considering position errors of the antenna elements, the term
7o(0, ¢) - 1, is constant at any given direction, then the two phases {b,} and {p,}
have the same statistics and can be treated interchangeably.

With excitation errors, the real antenna element excitation can be described
according to its referenced value,

a = a, (1 +7,)

p;ea] = pn+ On (3-2)
and without position errors,
b = b, + 6, (3.3)

where a™¥ and p™ are the real excitation amplitude and phase of the n-th antenna

element, the two random variables =y, and ¢, represent its relative amplitude error
and absolute phase error in percentage and degree, respectively.

There are generally two types of excitation errors, namely correlated errors and
random errors. Usually, it is the intent of the designer to ensure that the correlated
errors are appropriately removed once identified, so that all remained residuals are
uncorrelated and random, which are difficult to compensate due to their randomness.
Hence, only random excitation errors are considered in the following discussion.
Without loss of generality, the variances in the amplitude and phase error are assumed
to be identical among antenna elements. According to the central limit theorem, both
of these random variables are Gaussian distributed and have zero mean,

T & N0, 0y)
0, ~ N(O, 012,) 34
where o, and o, are the standard deviations of the excitation amplitude and phase
error, respectively.

Figure 3.1 illustrates an example of a half-wavelength equally spaced (d = \/2)
10-element linear antenna array, which is used as the benchmark architecture in the
following discussion. The referenced array pattern is Taylor tapered with SLL™ =
—20 dB and n = 2, it has the main lobe with the first nulls at § = £17°, and the
highest SLLs (the first sidelobe at § = 4+19°) are approximately equal to —20 dB as
designed. Some Monte Carlo simulations are also presented with 0, =0.05 and o), =
5°, whose results show some performance degradation. The SLL is raised to as high
as —16 dB for some cases.
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----- MC Simulations

5t

P(9), dB

Fig. 3.1 The referenced array pattern of the 10-element Taylor tapered linear antenna array, with
Monte Carlo simulations are presented with standard deviations of the amplitude error o, = 0.05
and phase error o, = 5°

3.1.2 The Expectation of the Array Pattern

The expected array pattern aims to evaluate the average pattern performance and
provide approximate formulas for the confidence boundaries. From Eqs. (3.1)—(3.3),
the real array pattern f real (), ¢) is rewritten as,

N

£N0.8) =" an (1 +7) exp [ (b + 6,)] (3.5)

n=1

Generally, the array pattern is a complex value and can be splitted into the real
and imaginary parts,

N
K0, 0) =Y an(l 4 7) cos(by + 5,)

n=1

(3.6)
N
e, ¢) = Za,,(l + 7,) sin(b, + 5,)

n=1

From the Biggelaar’s work [4], the expectations of these two parts, u (6, ¢) and
u; (0, ¢), can be derived as follows,
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N
ug(0,9) = E (f§"(0,9)) = exp(=07/2) D _ ay cosb,
i 3.7)

ur (0. ¢) = E (f;(0. ¢)) = exp(—073/2) Y _aysinb,

n=1

And the variances of these two parts,o% (6, ¢) and 07 (6, ¢) , have the following
expressions,

M=

0%(0,0) = 3(1+02) [1 —exp(—203)] X" a;

n

+[( +07) exp(=207) — exp(—07)]

M=

2.0q2
a,cos”b,

n

(3.8)

Mz

070, ¢) = 3(1 4 02) [1 — exp(—207)]

3
Il

uMz‘

+[(1 + 02) exp(—2073) — exp(—ai)] 25in?h

Figure 3.2 illustrates the expectations and variances of the real and imaginary parts
of the array pattern. As can be seen, the expectation for the real part is symmetric
while the imaginary part is anti-symmetric. Their variances closely follow each other
at most of the angles except at the boresight and the grating lobe. This is because the
first term of their variances are the same in Eq. (3.8), while the latter term differs in
their values especially in these two regions.

From Eqs. (3.7) and (3.8), the expectation of the array power pattern P (6, ¢) can
be derived as,

E (P, ) = E ((f5"©, 9))°) + E ((f (0, $))*)
= uz(0, ¢) + 00, §) +ui (0, ¢) + 070, $)

N 2 N 2
= exp(—af,) |:(Z a, cos b,,) + (Z a, sin bn> :|
n=1 n=1

L+ o)) [1—exp(—200)] 3 a2 (3.9)
n=1
N
+[(1 4 07) exp(—203) — exp(—02)] X a;
n=1

N
= exp(—03) P (0, ) + [1 + 05 — exp(—07)] ; a?

where P™f (6, ¢) is the normal/ideal array power pattern without excitation errors,
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Fig. 3.2 The expectations and variances of the real and imaginary parts of the array pattern for the
10-element Taylor tapered linear antenna array
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2

N
P, 6) = | f (0, 9)I° = X_: an eXp(jbn)‘

N : 3 2 (3.10)
= |:(Z a, cosbn) + (Z an sinb,,) :|
n=1 n=1

This expression in Eq. (3.9) shows that the effect of random excitation errors
produces the real array power pattern consisting of the ideal pattern reduced by a
factor that accounts for phase error, plus another term that is a constant with no
angular dependence. It is convenient to normalize the latter term to the peak of the
resulting pattern, and the normalized sidelobe level is given by,

[1+(7 —exp(—o )] Z a”
SLL = =2
eXP(—U,Z,)(Z:IOn)

2

N
= [(1 + crfl) exp(az) — 1] Z (Z a,) (3.11)

[(1+02) (1402 /(Zan)

~ (03 +03)/Nna

&

where 17,4 is known as the array taper efficiency [5],

N
na=0_a) /NZa (3.12)
n=1

n=1

The symmetrical form of the amplitude and phase errors in Eq. (3.11) suggests
the convenience of converting them from one to the other. This helps in the trade-off
to determine how much of the error variance to allot between the two. Figure 3.3
presents several curves of average sidelobe level due to the phase and amplitude
errors for the linear array as presented in Fig. 3.1. Due to their interchangeability,
each sidelobe level curve is like an arc.

3.1.3 The PDF of the Array Pattern

As can been seen in Fig. 3.2, for most regions except at the bore-sight, grating lobe,
and other selective regions, it’s reasonable to assume that the real and imaginary parts
of the array factor have identical mean value and share the same variance. Hence, as
sum of these two Gaussian distributed variances, the array pattern at these regions
follows Rician distribution with the PDF defined as,
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Fig. 3.3 Array average sidelobe level due to phase and amplitude errors for the 10-element Taylor
tapered linear antenna array

prob(r(0, ¢)) = 3.13)
r(6,6) r2(0,¢)+u(0,6) ru, (0,9) .
2.0 XP (_ T 200 ) Mo ( 2(0.0)

where () is the modified Bessel function of the first kind with order zero, and

(6. ) =\ 13k (0. &) + 130, ) Gt
020, 8) = } (030, 6) + 036, 9)

Generally, the same variance assumption is good enough for most analyses. How-
ever, it has been pointed out that this assumption is not mandatory and a Beckman
distribution can be derived [4]. For other special regions that have unidentical vari-
ances for the real ad imaginary parts, such as the boresight (1; = 0) and null locations
(ug = u; = 0), detailed mathematical derivation can be found in Bhattacharyya’s
excellent book [6].
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3.2 Interval Arithmetic Methods

For practical antenna array engineering, it’s of great interest to evaluate the worst
performance of the array pattern along with statistical characteristics. Recently, the IA
technique was introduced by P. Rocca et al. [7, 8] to evaluate the effects of excitation
errors and the corresponding upper and lower bounds of the array patterns. Thanks to
the intrinsic of IA to deal with uncertainties, it’s very efficient to determine bounds
of the array pattern in a robust and reliable way. It needs no detailed information
unless the knowledge of the intervals about the excitation errors, which are the only
terms involved in the IA based mathematical operations. According to the geometry
of the excitation error representation, three IA based methods have been proposed,
i.e., the Cartesian IA method, the Circular IA method, and the Polygonal IA method.
One more method call the Matrix IA method is also found be more effective when
dealing with amplitude excitation error.

3.2.1 Interval Arithmetic Basics

A real-valued variable x has its interval which can be represented with the brackets
[xi"f, x*'P] defined by a lower bound x™ and an upper bound x**. It can also be
defined by a midpoint x™¢ and a radius x™¢ and represented with the brackets
< xmid yrad Assuming the actual value of x is the sum of the referenced
(or expected) value x™ and some deviation ¢ with the interval [¢"f, £5P], i.e.,

x = x" 4 ¢. These parameters can be interchanged by the following relationships,

xmf — xret + emt — xmld _ xrad

xSUP — xref eSUP — xmid xrad (315)
. inf sup Einf £5up
mid x -&2-x xref -42-
suy inf suj inf (3. 1 6)
rad X5 —x e —e
X — T — VT

Interval arithmetic have some very interesting properties [9, 10], here we list just
some of them which will be used in the following discussion.

(1) Addition. Supposing x; and x; are two real-valued variables, and y = x| + x3.
Then the interval of y can be expressed as follows,

ym’r — )Cinf +x]2m, ysup — xiup + xsup (317)

(2) Scalar multiplication. Supposing x is a real-valued variable and & is a scalar,
and z = k - x. Then the interval of z can be expressed as follows,

Zinf:k.xinf’ 2P = k. xS if kZO

Zinf =k- xsup7 Zsup =k- xinf if k<0 (318)



3.2 Interval Arithmetic Methods 47

(3) Matrix multiplication. Supposing X is a m x n real-valued variable matrix
and A is an x k scalar matrix, and B = AX is am X k matrix to be determined. Then
the interval of B can be expressed as follows,

Bmid — Axmid, Brad — |A| Xrad (319)

3.2.2 The Cartesian IA (rlIA) Method

As shown in Fig. 3.4, a specified excitation error has a fan-like geometry defined
by the boundaries of amplitude interval [a™, g*"P] and phase interval [bInf, psup],
Please keep in mind that " and b*P are also dependent on the observation direction
(0, ¢). For the Cartesian IA (rTA) method, the error geometry is expanded into the
rectangular form for convenience [7, 8]. Again, the complex array pattern of equation
(3.1) is rewritten with the real part fz (6, ¢) and the imaginary part f; (6, ¢),

fO,9) = fr0,0)+j- f1(0,9)
N N
= > a,cosb,+ j- > a,sinb,

n=1 n=1

(3.20)

The array power pattern P (6, ¢) can be obtained by first squiring these two parts
then adding them together,

Fig. 3.4 Illustration of the b’ 1N
Cartesian IA method. The

boundary of each element is

defined by the amplitude

interval [@'™, a%P] and sup
phase interval [bnf, psury. ﬁ
[a}‘;f, a}?f] and [aiI"f, a?lp]

represent the interval of the

real and imaginary parts,

respectively

_r. fR inf ﬁ% .:-rul) Re
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P(es (b) :PR(6,¢)+P1(9, ¢)

— 1 f2 0, D + 116, D) (3-21)

Since a, > 0, the bound of the real part of the array pattern [ }enf @, o), f ;uP @, P)1
can be derived as

N .
flitnf(g’ ¢) — Z:la’ilnf(cos bn)mt

— (3.22)
21 (0.6) =Y ay" (cosb,)*™
n=1
where
wi [ =1 if Qk+Dre b, 5]
(cos b)™ = {min{cos(bi“f),cos(bs“P)} otherwise (3.23)
1 if 2k e [bM, )
sup __ T
(cos b)™ = {max{cos(b"”),cos(bsul’)} otherwise (3.24)

A similar expression can be obtained for the imaginary part, and the interval of
the array power pattern is as,

PO, $) = P (0, ¢) + P" (0, $) (325)
P00, ¢) = P (0, ¢) + P (0, ¢) '

where
2
b

PR = max [|f}}“f Iz’ 2]
. 0 if fif <0< £ (3.26)
Pr' = min {|f,§“f g s 2} otherwise

It should be mentioned that, due to the intrinsic of the complex notation, the real
and imaginary parts of the array pattern in Eq. (3.22) are dependent and highly corre-
lated to each other. If an interval variable occurs several times in the expression, and
each occurrence is taken independently, then this so-called dependency problem will
cause expansion of the resulting intervals. In the above derivation, the array excita-
tion error occurs in both the real and imaginary parts, this will cause an unwanted
overestimation when adding them together.

3.2.3 The Circular IA (cIA) Method

For the circular IA (cIA) method, as shown in Fig. 3.5, the geometry of the excitation
error is represented into the circular form. It’s denoted as < f™4, f7d > where f™id
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Fig. 3.5 Tllustration of the In 1A\
Circular IA method, where
< fmid grad o genotes the
center ™9 and the radius

f rad

N

is the center and ™ is the radius covering all possible excitation error values [11].
The advantage of the circular IA method is the simplicity of IA calculation, the
radius of the array pattern is the sum of the radius of the interval of each element,
respectively,

N
frad — Z f;ad (327)
n=1

where £ is the radius covering the excitation error of the n-th element,

frd = max{|a, exp(jb,) — a™ exp(jbi")
a exp(jb,) — a™ exp(jb, "
a, exp(jb,) — an "’ exp(jbiM)|,

ay eXP(an) - arSLllp exp(]bftup)“

’

’ (3.28)

The bounds of the array power pattern are obtained by first calculating the bounds
of the array pattern and then squaring it,

PSP — (|fmid| + frad)2
pint _ { (|fmid| _ frad)2 if |fmid| > fprad (3.29)

0 otherwise

In this way, the excitation of the antenna element as an interval variable appears
only once in Eq. (3.27). However, the radius is enlarged due to the expression of the
circular IA form.
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Fig. 3.6 Illustration of the
Polygonal IA method. The
boundary is a convex
polygon with K vertexes

{vn}

3.2.4 The Polygonal IA (pIA) Method

As shown in Fig. 3.6, a more compact geometry is to expand the excitation error
region as a convex polygon. The outer arc of the possible region is surrounded by
several tangent lines, while the inner arc is surrounded by a line between the two
vertices. In such a case, the computation procedure of the sum of two convex polygons
is known as the Minkowski sum. Let V and W be two convex polygons representing
possible regions of the excitation errors of two antenna elements with K vertices
{v1, ..., vg } and M vertices {wy, ..., wy}, respectively. Their Minkowski sum can be
computed as follows [12],

Step 1: initial k =1, m =1;

Step 2: add v; + w,, as the vertex of the sum.

Step 3: if angle(vyvg41) < angle(w,, wy,+1), then k = k+1;

else if angle(vgvry1) > angle(w,, wy+1), then m = m+1;
else k = k+1, m = m+1.

Step 4: repeat step 2 and step 3 until k = K+1 and m = M+1.

The above procedure runs in linear time because at each execution of the repeat
loop either k or m is incremented. Moreover, the Minkowski sum is also a convex
polygon with at most K + M edges. Hence, by sequentially adding each element
with N-1 times of Minkowski sum calculation, the interval of the array pattern can be
obtained with improved bounds thus more reliable results. An extensive comparison
of these three IA based methods with representative numerical results can be found
in [13]. Generally speaking, the Polygonal IA method performs the best for most
scenarios, while the Circular IA method performs the worst. An analytic method
is also proposed to analyze and further dig the information from the shape of the



3.2 Interval Arithmetic Methods 51

convex polygon of the array pattern, and map it into the probability distribution of
the bound interval [14].

3.2.5 The Matrix IA (mIA) Method

If only weighted amplitude is used for antenna array synthesis, the above equations
can be simplified. Recalling that an antenna array with N isotropic elements, each
element located at the position {7, } has the excitation amplitude {a, } and phase {p,},
n=0, 1, --, N — 1. The array radiation pattern or the array factor f(6, ¢) can be
mathematically expressed as follows,

N N
fO,8) =" ayexp(jkio(0, ¢) - Fa + pu) = Y _ ayexp(jb,) =aE  (3.30)

n=1 n=1

where a = {a,} and E is a N x 1 vector with E,, = exp(jb,). Let the interval of the
excitation amplitude of the n-th element is < a4, a™ >, where a™¢ and a™! are
the midpoint and the radius, respectively.

For the cIA method, the interval of the array factor < f™¢, f™d > ig calculated
directly by summarizing the magnitudes of each element,

fmid — amidE’ frad — arad |E| = Za;ad (3.31)

Then the antenna array pattern upper bound can be estimated as [8],

P = (|| + frad)2 = (|a™4E| + am |E|)2 (3.32)
— amidEE*TamidT +2 |amidE| |E|TaradT + qrad |E]| |E|TaradT :
Generally speaking, due to the intrinsic of the complex notation, the radius of the
array factor interval is enlarged relatively too much by Eq. (3.30), which leads to a
poor estimation for antenna array pattern bound estimation.
For the rTA algorithm, the array factor is split into the real and imaginary parts of
the Cartesian form,

N N
1@, o) = Z a,cosb, + j Z ay sin b, (3.33)

n=1 n=1

= fr+ fr=aC + ja$

where C and S are two N x 1 vectors with C,, = cosb, and S,, = sinb,,. And fz and
f1 stand for the real and imaginary parts, respectively, their intervals < f ;;“d, f ,r;‘d >
and < fm™d, frad > can be expressed as follows,
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Irenid — amidC’ flr?ad — arad |C| (334)
f[mid — amidS’ fIrad — amd |S| (3.35)

For the rIA algorithm, the antenna array pattern upper bound is the combination
of these two parts,

P = PR% 4 P = (LA + ) + (L) + )’

— (|amidc| + arad |C|)2 4 (|amids| + arad |S|)2

— gmid (CCT + 587) amid” 4 9 (|amidc| Ic|” + }amidS| |S|T) arad”
+arad (|C| |C|T + |S| |S|T) aradT

(3.36)

It’s noteworthy that, the real and imaginary parts are dependent and highly cor-
related to each other. Thus the array excitation amplitude occurred in both of these
two parts would also cause overestimation of the array power pattern.

A novel matrix-based IA method (mlIA) is proposed for array tolerance analysis
with excitation amplitude errors in [15, 16]. Rather than in the Cartesian form or
the complex form, the antenna array power pattern is expressed in the quadratic
matrix form. This enable us to predict the array power pattern bounds in a very
straightforward way. For the mIA algorithm, the antenna array power pattern is
expressed in the quadratic matrix form,

Poia = |f(O) = f() f*(0) = aEaE* = aEE*Ta’

=a(C+jS(C—jSa" =a(CC” +58")a” =aOa” (3-37)

where
©=EET =ccT +ss7 (3.38)

Hence, the antenna array upper bound derived by the mIA algorithm should be,

PP = amid@amd’ 4 2 lamd@| a™’ 4 2" |@ 2™ (3.39)

By comparing Eqgs. (3.32), (3.36) and (3.39), one can see that the first items
for these three algorithms are all the same. However, the latter two items denoting
amplitude error introduced impacts are different. For the cIA and mIA algorithms,

}amid®| aradT — |amidEE*T‘ aradT < ’amidE} |E|TaradT (340)

arad |®| aradT — arad }EE*T| aradT < arad |E| |E|TaradT (341)

And for the rTA and mIA algorithms,
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|amid®| aradT _ ’amid (CCT + SST)| qrad”
< (|amidCCT| + |amidSST|)aradT (3.42)
< (|amidc| |C|T + |amidS| |S|T) aradT

arad |®| amidT — arad |CCT + SST| amidT
<a™ (|cCT| + [ssT|)amd” (3.43)
<a™ (|ClICI" +151ISI") ame”

Hence, we can conclude that the mIA algorithm has better performance than the
rTA and cIA algorithms for antenna array pattern upper bound estimation.

3.2.6 Numerical Examples for Performance Comparison

In order to demonstrate the effectiveness of the proposed method, a half-
wavelength equally spaced 10-element linear antenna array is used as the bench-
mark architecture in the following discussion. The referenced array pattern is Taylor
tapered with SL L™ =—20 dB and 71 = 2, and the corresponding excitation amplitudes
arca; = ajp = 0542, a; = ag = 0629, a3 = ag = 0.771, ag = ay = 0913, and as =
as = 1.000. Without loss of generality, we assume the possible excitation amplitude
deviates the same along its referenced value in both positive and negative directions,
then we have a™¢ = @™ In such case, the midpoint value of the array power pattern
is equal to the referenced/expected array power pattern. We also assume the excitation
amplitude error is proportional to the referenced value, i.e., a™ = ~, * a,rff, where
vy is the tolerance ratio. Figure 3.7 illustrates the referenced array power pattern and
10000 Monte Carlo simulation results, along with the bounds estimated by the mIA
method when the tolerance ratio v = 5%. During the Monte Carlo simulation, all -,
are assumed to have uniform probability density and independent to each other. It
clearly shows that, all the Monte Carlo simulations vary around the referenced array
power pattern but none of them exceeds the lower and upper bounds. This verifies
the effectiveness of the proposed mIA method.

We further investigate the statistical results of the normalized power level at 6 =
5.7°, which corresponds to the half power level (-3 dB) of the referenced array power
pattern. The bounds at 6 = 5.7° estimated by the rIA methods are [-3.48 dB, -2.52
dB] with the interval of 0.96 dB, while the bounds estimated by the cIA method
are [-3.63 dB, -2.40 dB] with the interval of 1.23 dB. The mIA method shows the
smallest estimation bounds of [-3.45 dB, —2.57 dB] and also the shortest interval of
0.88 dB. Figure 3.8 illustrates the histogram of the Monte Carlo simulation results,
the width of each bin is set as 0.02 dB. It can be seen that, due to the cental limit
theorem, it has a nearly normal probability distribution with the center of —3.0 dB
equal to its referenced value. Most of the Monte Carlo simulation results at § = 5.7°
are in the range of [-3.2 dB, -2.8 dB], and have the minimum value of —3.34 dB
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Fig. 3.7 The referenced array power pattern and the bounds estimated by the mIA method of
the 10-element Taylor tapered linear array with Monte Carlo simulation results (N = 10,d =
A2, SLL™ = —20dB, 71 =2,y = 5%)

and the maximum value of —2.73 dB, which fall in all the bounds predicted by these
three methods.

Since the cIA method performs the worst than the other two methods for most
scenarios, we present much fewer results of cIA in the following discussion for
simplicity. Figure 3.9 illustrates the upper and lower bounds estimated by the rIA and
mlA methods under various tolerance ratios. It indicates that a larger tolerance ratio
leads to a higher upper bound and a smaller lower bound simultaneously, and both
the upper and lower bounds become worse when the tolerance increases. To compare
the performance of the rIA and mIA methods more comparatively, we define their
difference as A PSP = P;L}PA — :;lz and A Pinf = P,ilnlf 4 - Pri}‘fq , and the results
are illustrated in Fig. 3.10. It shows that A P*'P remains negative for all cases, thus
the mIA method has a better performance for the upper bound estimation than the
rIA method. The mean values of A PP are —0.33 dB, —0.53 dB and —-0.61 dB for
the tolerance ratio v = 1%, 3% and 5%, respectively. These values can be viewed
as the average performance improvement for upper bound estimation by the mIA
method. Moreover, it can also been seen that, the improvement at the array pattern
nulls are much larger than other regions. For example, at the second pattern null § =
24°, the PP estimated by the mIA and rIA methods are —35.1 dB and —34.2 dB for
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Fig. 3.8 The statistics of the normalized power level at § = 5.7° (half power level point) by 10000
Monte Carlo simulations

v = 1%, respectively, which means the improvement of 0.9 dB. For the lower bound
estimation, these two methods show comparable performance. Sometimes one is
better than the other, but this does not hold true for all the time.

3.3 Summary

Because of mechanical manufacturing imperfections, component aging, temperature
variation, and circuit differences, the realistic antenna element excitation inevitably
differs from their expected values in practice. Two kinds of impact analysis methods
are introduced to evaluate impacts of array excitation errors. The probabilistic meth-
ods provide simple closed-form expressions of the features of the array pattern by
exploiting the central limit theorem. On the contrary, the IA based methods introduce
intervals to represent the element excitation errors and predict the array performance
with its upper and lower bounds. Thanks to the inclusion property of IA to deal with
uncertainties, the determined bounds of antenna array pattern are finite and inclusive
thus reliable.
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Fig. 3.9 The array power pattern bounds estimated by the rIA and mIA methods of the 10-element
Taylor tapered linear array
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4.1 Calibration Methods

The objective of phased array antenna calibration is to sample each antenna element
in the array, and compare the obtained results to identify the differences among the
elements. Phased array calibration for both transmit and receive are similar, the pri-
mary difference lies in the test-signal distribution at the input and the combination at
the output. For receive calibration, a calibration source and/or a distribution network
is required to inject the test signal into the input of each element, the array beam-
former can be used as a test signal combiner. For transmit calibration, it requires a
calibration source signal into each element and additional equipment or beam com-
biner for combined signal monitoring. Only receive calibration is presented here to
keep the discussion focused, the extension for transmit calibration is straightforward.
The calibration methods vary from different systems and applications, either suitable
for factory test or for in-field test. These calibration methods can be generally divided
into four main categories, i.e., the near-field scanning probe method, the peripheral
fixed probe method, the mutual coupling method, and the built-in network method.
The advantages and challenges of these calibration methods are shortly summarized
in Table 4.1 and presented in the following subsections.

4.1.1 The Near-Field Scanning Probe Method

The traditional near-field scanning probe method, also known as “park and probe",
is one of the most widely used methods in the industry for phased array antenna
calibration [1-3]. It’s considered to be very reliable and accurate with element-level
pattern accuracy as high as 0.1 dB and 0.1 deg, respectively [3]. The procedure is
straightforward, the tested element is excited to its default state, a robotic manipulator
places a near-field scanning probe antenna at the boresight of the tested element,
to directly measure the relative phase and amplitude by Vector Network Analyzer
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Table 4.1 The advantages and challenges of phased array calibration methods

Method Advantages Challenges
The near-field scanning probe | Reliable and accurate Requiring a precise automated
method mechanical system

Time-consuming
Only suitable for in-factory test

The peripheral fixed probe Widely used in-field test Requiring additional hardware
method Calibration can be done in Involving complicated signal
parallel processing
Calibration can be done in
noncoherent
The mutual coupling method | No external equipment ‘Would encounter unwanted
required edge effect
Calibration can be done in
parallel
The built-in network method | High accuracy and efficiency | Requiring dedicated coupling
Calibration can be done in network
parallel
Calibration can be done in
noncoherent

(VNA). Then it moves to test the next element under the same testing condition, and
repeats this procedure until all elements of the antenna array are tested.

As depicted in Fig. 4.1, supposing g}, is the transmit gain of the calibration probe,
C,p, is the coupling coefficient between the probe antenna and the n-th antenna
element under test, and g/, is the receive gain of the n-th element to be calibrated.
Then the signal received by the n-th antenna element R, can be formulated as,

an = g;;cpng; 4.1)

Analogously, the signal received by the m-th antenna element R, can be formu-
lated as,
Rpm = gtp Cpmg:n 4.2)

Since the technique scans and tests all the antenna elements under the same condi-
tion, it assumes that the coupling coefficient between the probe and the tested element
is the same for all array elements, i.e., C,, = C,,,,,. Hence, the relative excitation error
between these two elements can be obtained as,

r
In _ Ron 4.3)
g]';l Rpﬂ‘l

Usually, probe position error will result in some of the measurement error in
near-field measurement [4]. However, for phased array near-field scanning probe
calibration, it is not necessary to keep the probe antenna precisely at the boresight of
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each antenna element under test. It is sufficient to just keep the relative position and
angle between the probe antenna and the tested element unchanged. In that case, even
if the probe is somewhat offset from its desired position for every antenna element,
the amount of offsets and therefore couplings will be still the same for all tested
antenna elements, making this technique still suitable for use [5].

The near-field scanning probe method usually requires a precise automated
mechanical system including elements such as the axes controllers, actuators, motors
for accurate probe movement. This makes the setup suitable to work only in the near-
field environment, but too complicated to arrange it in the field test. Moreover, due
to the mechanical movement of the probe antenna, the measurement process is very
time-consuming, especially for large-scale phased array antennas. For example, for
the THAAD (Theater High Altitude Area Defense) radar, each of the 25,344 T/R
modules had to be near-field scanned individually, result in a very long and even
unacceptable test time [6, 7]. Therefore, the near-field scanning probe method is
most suitable for initial factory test rather than periodic in-field calibration.

4.1.2 The Peripheral Fixed Probe Method

As shown in Fig. 4.2, in some large phased array antennas, unlike the near-field
scanning method with a moveable probe antenna, one or several fixed probe antennas



62 4 Array Excitation Error Calibration

Fig. 4.2 Simplified diagram
of the peripheral fixed probe
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are placed at the periphery of the array, or moving platform such as a balloon or
unmanned aerial vehicle (UAV). In [8], calibration is made by external fixed probe
antennas at certain locations near the array. A circle around the array center is chosen
for symmetry reasons. It’s proposed that one probe antenna is integrated at the side for
a spaceborne phased array calibration [9]. High calibration accuracy can be achieved
for actual satellite systems because this allows easy realization with high signal-to-
noise ratio (SNR). The Space Fence, used to detect, track, and catalog small objects
in Space Situational Awareness for the U.S. Air Force Space Surveillance Network,
both the transmit and receive arrays are calibrated with horn antennas mounted on
calibration towers in the near-field [10].

If the fixed probe is at the far-field of the array under test, then the effects of each
antenna element can be viewed as the same. Otherwise, the coupling between the
probe and each antenna element is going to be different. In this case, the peripheral
fixed probe method can be applied only if the coupling amounts were previously mea-
sured or calibrated and moved out. This can be done by using a near-field scanning
probe in factory test, then compared with the results from peripheral fixed probes
made in-field to calculate the couplings. For example, the SAMPSON Multi-Function
Radar has four fixed open waveguide auxiliary radiators used for calibration [11].
The signal received from an individual active channel is compared with a stored ref-
erence level obtained during the factory test of the phased array antenna. In this way,
a replacement module or one whose characteristics have simply drifted with time
may be reset to the original RF performance, thus restoring the original factory-fresh
condition of the antenna. With the peripheral fixed probe method, some advanced sig-
nal processing techniques can be adopted to reduce the complexity of measurement
hardware requirements, which is presented in detail in Sect. 4.2.
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4.1.3 The Mutual Coupling Method

As shown in Fig. 4.3, the mutual coupling method was first proposed by Aumann et
al. [12] on a linear antenna array, based on the idea that the inherent mutual coupling
among the array elements can be used by transmitting from an element and receiving
from another. The measured signals between all pairs of elements in the array allow
a complete characterization of the relative amplitude and phase of each element
in the array. Compared to the near-field scanning probe method and the peripheral
fixed probe method, this method utilizes the inherent property of mutual coupling
and requires no external hardware resources, resulting in a much faster calibration
process and more suitable for in-field calibration.

The mutual coupling method was extended to two-dimensional (2D) antenna array
and became more practically useful [13]. The detail of the mutual coupling method
depends on the specific array geometry. Taking the most common rectangular array
as an example, as shown in Fig. 4.4, there are four elements under test and two
parameters need to be calibrated for each element. Let g/, denotes the transmit gain of
the m-th element and g;, denotes the receive gain of the n-th element to be calibrated.
A mutual coupling measurement consisting of a signal transmitted from the m-th
element and received by the n-th element. When the #2 and #3 elements as receive
and the #1 and #4 elements as transmit, two pairs of mutual coupling measurements
are formulated as,

Ri» = ¢iCiags, Riz = g1Ci3gs

“4.4)
Ry = ¢4Cug5, Ruz = g4Cu3g}

From these four measurements, these elements can be calibrated relative to each
other as,
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Fig. 4.4 Coupling schemes
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From the other three topographies with six more pairs of measurements, the rel-
ative transmit and receive gains of all four elements can be solved. Moreover, a
mathematical framework by the least square method is proposed that using measure-
ment results as many as possible [14].

There is also something to be mentioned for the mutual coupling method. It relies
on the assumption that coupling between an antenna element and its neighbors are the
same for all elements in the array. Nonetheless, it was revealed by using a prototype
system, this assumption does not hold for small arrays due to unwanted edge effects
[15]. A before/after approach is introduced to avoid errors introduced by edge effects,
the ratio between the after and before status will quantify the changes suffered by
the elements.

4.1.4 The Built-In Network Method

It’s very common to use a built-in network connected to each antenna element for
periodic in-field calibration of integrated phased array antennas, especially for Si-
based RF and mmWave-band integrated phased array [16-18]. As shown in Fig.
4.5, this technique employs microstrip transmission line as test signal injector or
weak signal coupler embedded under the element for calibration, with the coupling
ratio between the transmission line and the radiating element usually several tens
of dB. These calibration lines sample the signals received or transmitted by the
antenna elements. The measured signals are then used to calculate the amplitude and
phase differences among the elements. An early example of built-in performance
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monitoring system was developed and tested in [19]. Test distribution networks can
also be integrated with advanced signal processing techniques on-chip as described
in Sect. 5.2.

To successfully calibrate a phased array using this method, phase shifts and ampli-
tude losses caused by the transmission lines and the couplers that connect them should
be equal or already known. A high-quality, embedded calibration network near the
array face could source or receive nearly identical signal levels at each element. If
the transmission lines are built using the same material and have the same radius
and length, their effects would be very similar. For example, the ELTA/TAI Systems
used microstrip line couplers near parallel plate waveguide radiators to individually
probe T/R modules through the analog beamformers to supplement initial near-field
calibration. The TerraSAR-X imaging satellite was one of the first SAR systems
using embedded coupling to supplement the initial calibration once it is launched
into space. For the S-band digital array testbed at Lincoln Laboratories, a coupler
was used for injecting in front of the LNAs for receive-only calibration monitoring
[20]. In [21], a coupled line network that is weakly coupled to the antenna array
is designed to provide a calibration signal path without adding any switch after the
antenna port.

4.2 Calibration Signal Processing Techniques

For the peripheral fixed probe method and the built-in network method for phased
array calibration, it’s very convenient to apply advanced signal processing techniques
to save hardware or time requirements. As shown in Fig. 4.6, these techniques can
be distinguished as serial or parallel by the number of elements to be calibrated each
time. In serial calibration techniques, the antenna elements are characterized one
by one, and the characterizations of different array elements are independent. Some
techniques save time by handling several calibrations simultaneously, thus can be
viewed as more efficient. These techniques can also be distinguished as coherent or
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Fig. 4.6 Signal processing techniques for phased array calibration

noncoherent by the measurement requirements between the calibration source and
the element under calibration. For coherent measurement, it’s required that the cal-
ibration source and sink must be coherent to obtain the complex value containing
both amplitude and phase information. On the contrary, noncoherent measurement
requires no such synchronization, which can be done by amplitude or power only
measurements. All these four kinds of techniques can be conducted with both the
peripheral fixed probe method and the built-in network method, only slight differ-
ences in the measurement setup are required depending on practical applications.

4.2.1 Serial and Coherent Techniques

The serial and coherent techniques simply calibrate each element serially and require
a coherent measurement to gather the element excitation information. The near-field
scanning probe method can also be conducted as one of such kind of techniques. For
some smart antenna applications and mobile satellite communication applications,
these simple and direct calibration techniques are very common, especially with the
element-level digital phased array. One of the main advantages of digital beamform-
ing over every element is the ease that amplitude and phase errors among elements
can be calculated in the digital domain.

There are also some measurement setups involving phase toggling. In [19], the
phase of the element under calibration is switched between two states of 0 and T,
while the other elements stay unchanged. Let En is the electric field of the n-th
antenna element, and E,, and ¢, denote its amplitude and phase, n = 1,2, ..., N. The
phased array electric field Ey, the combination of the individual element electric
fields, can be described as follows,
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ol

N -
= En
0 ; (4.6)

= Ex+ E, = Exexp(jén) + Enexp(jé,)

where Eﬁ = Ej exp(j¢y) denotes the combined electric field of the array expect the
n-th element. By shifting the phase 7 of the n-th antenna element,
Ex = Ey+ Eyexp(jm) = Exexp(jon) + Eyexp(ion) exp(jm) o)
= Ezexp(jos) — Eqexp(jon)

By comparing the combined array signal of these two measurements, the element
excitation can be easily determined, while the other stationary element outputs can

be canceled out,
1_a/a
n _

0 2

i

(4.8)

ol

4.2.2 Serial and Noncoherent Techniques

Compared to coherent measurement methods, noncoherent techniques which involve
amplitude or power only measurements are considered to be more convenient. In such
a case, coherent measurements are no longer required with precise synchronization
between the calibration source and the element under calibration. However, this is
usually done with some additional costs. e.g., more power detectors or more times
of measurements.

4.2.2.1 The Rotating Element Electric Field Vector Method

The rotating element electric field vector (REV) method is the most well-known
power only measurement method with only one power detector. It measures the
amplitude of the array combined signal by shifting the element phase from O to 27
continuously [22]. Recalling that the phased array electric field EO is described as
follows,

N N
Eo=Ege!® =Y E, =Y E,el” (4.9)
n=1

n=1

where Eg and ¢ are the amplitude and phase of the array electric field, respectively.
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If the phase of the n-th element is shifted by ¢;, then the array electric field Eo,i
becomes as . . ' ‘
Eo; = Epe/% — E,e/? + E, e/ (@nte) “10)
= Egel® [eJ(c)o @) 4 = (ejv — 1)]
Let k,, and 1), denote the relative amplitude and relative phase of the n-th element
with the array electric field as,

ky = Lz

Ey 4.11
Un = b0 — b (+11)

Then Eq. (4.10) becomes as,

Eo; = Egel® [el' 4k, (e79 — 1)]
= Egel? [(costh, — ky + j sine,) + kye/# ] (4.12)
— Eoejé)n (Ynej<1>n + knejwi)

where

Yn2 = n — Kn : in? n
(cos ?iw )" + sin“% 4.13)
tan d, = e

cos Y, —ky

Then the relative power expression p; become as,

EO,i/EO

From Eq. (4.14), one can see that, the relative power changes in a cosine function
when the element phase from 0 to 27. Figure 4.7 illustrates one of such an example.
The element excitation can be determined from statistics of three parameters, the
maximum and minimum power of the array signal, and the element rotation phase
to maximum power.

2

pPi = = Yn2 + kn2 + 2k, Y, cos (¥, + @1) (4.14)

4.2.2.2 The Two Phase Shift Method

In [23], it was pointed out that measurement results at four orthogonal phase shifts are
sufficient enough to obtain a maximum likelihood estimation for each array element.
An even simpler expression was further derived in [24] that requires only two phase
shifts of 7/2 and 7 to yield the element complex excitation information. In order to
calibrate the n-th array element complex excitation distortion, we can divide Equation
(4.6) into two parts,

Eo = Ez + E, = Exexp(jow) + En exp(jén)

— (E5cos &5+ En 08 d) + j (Exsin ¢ + Ey sin ) (“4-15)
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Then the array power Py can be expressed as,

Py = Eg = (Ejcos ¢ + E, cos %)2 + (E5 sin ¢ + E,, sin ¢n)2 (4.16)
= E2 + E? 4+ 2E;E, cos (¢5 — &) )

We shift the phase of the n-th antenna element by 7/2, the corresponding electric
filed E /> and the array power Py, can be written as,

Erpp = Ezexp(jon) + Enexp(jén) exp(jm/2) @17
= (Ecos ¢y — Eysing,) + j (Exsin ¢ + E, cos ¢,) '

Prjp = (Ejcos ¢ — Ey sin,)” + (Egsin ¢ + E, cos ¢,)’ @.18)
= EZ + E} + 2EzE, sin (¢ — ¢») :

Similarly, by shifting the phase of the n-th antenna element by , the corresponding
electric filed E, and the array power P, can be written as,

Ex = Ezexp(j¢w) + En exp(j da) exp(jm) 4.19)
= (Ez cos ¢ — E, cos ¢,) + j (Ejsin ¢y — E,, sin ¢,) ‘

P, = (Ejcos ¢z — E, cos ¢n)2 + (E5 sin ¢ — E,, sin (;Sn)z

= E2+ E2 — 2E;E, cos (¢5 — ¢,) (4.20)
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From the above equations, we can derive that,

2 2 _ Pt+Pr
Eﬁ + En - OT P_p
E5E, cos (¢ — ¢n) = 27— (4.21)

ExE, sin (¢5 — ¢,,) = L2z fole

It was pointed out that [25], from the mathematical point of view, it’s required at
least two amplitude (power) measurements to determine the complex excitation of
one array element.

4.2.3 Parallel and Coherent Techniques

Compared to serial techniques, parallel techniques that simultaneously calibrate a
number of array elements are more efficient, which is especially suitable for large
phased arrays with small calibration time slots. Some parallel techniques measure
the array combined signals with several measurement probes at multiple positions.
However, this requires some hardware burden. A more popular alternative technique
allows simultaneously measuring excitations of multiple elements relying on code
modulation. A method that controls the element phases based on time multiplexed
orthogonal codes was proposed in [26, 27], thus the individual element excitation
can be derived from the combined array signal. The pseudo-random (PN) code for
phased array calibration has been successfully verified in a space born environment
by TerraSAR-X [28]. In addition, a similar technique with Walsh codes was used for
Sentinel-1 [29]. A recursive matrix-forming method for Hadamard matrix construc-
tion is presented in [30] for phased array calibration.

Besides these aforementioned methods, the spectrum analysis technique can also
be adopted for phased array parallel calibration. In [31], a multi-element phase tog-
gling method with Fast Fourier Transform (FFT) based spectrum analysis is proposed
for parallel calibration. Each element under calibration is toggled with a particular
odd time of fundamental step frequency. By applying FFT analysis of the combined
complex signal, both the amplitude and phase of each element can be found in the
corresponding spectrum.

4.2.4 Parallel and Noncoherent Techniques

The parallel and noncoherent techniques, with multiple element calibration each
time and no coherent measurement required, should be the most preferred technique
at the expense of more complex signal processing. In [32], the phases of multiple
antenna elements are successively shifted with the specified phase intervals. The
measured array power variation is expanded into Fourier series and the terms are
rearranged to put them into the form of the conventional REV method. In [33],
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another spectrum analysis based method is proposed by periodically modulating the
element phase sequentially. The phase of the antenna element is shifted to m on one
time slot while staying unchanged for the other time slots. By applying FFT analysis
of the combined array signal, the element complex excitation is obtained from the
corresponding modulation frequency harmonics.

In [34], a novel calibration technique that employs code-modulated interferome-
try is proposed for parallel measurements. Moreover, it requires only a simple power
squaring detector without the need for a coherent receiver. First, the common test
signal in the form of a single-frequency tone injected into each element, both the in-
and quadrature-phase components of each element are encoding, then combined and
squared using an on-chip power detector. Benefiting those orthogonal code products
(OCPs) where the product of any two codes is another unique code, the squaring
operation downconverts the combined signal to baseband and creates an interfer-
ence pattern between all of the individual elemental responses. This pattern contains
complex cross-correlations that are each modulated according to the OCP. Using
each OCP, the correlation of interest can be demodulated, and then the full set of
correlations can be used to extract amplitude and phase information for all elements.

4.2.5 Machine Learning Based Techniques

The rise and proliferation of artificial intelligence (AI) has found numerous applica-
tions including natural language processing, remote sensing, image recognition, and
fraud detection. Machine learning (ML) approaches are scientific disciplines that
build a mathematical model based on training data, to enable Al by improving an
outcome through the experience without being explicitly programmed. Some popular
ML techniques are radial basis functions (RBFs), support vector machines (SVMs),
artificial neural networks (ANN), and deep neural networks (DNNs), just to name a
few [35, 36]. Recently, it has also been gaining increasing popularity in the antenna
and propagation community to solve complex electromagnetic problems [37-39].
For phased array calibration, a graph coloring theory based method is proposed in
[40], which transforms the calibration problem into a coloring problem that aims
at minimizing the number of used colors. In [41], the number of calibration mea-
surements is minimized by using a compressed sensing (CS) approach. Sparsity is
introduced into the combined signals by assigning binary delay vectors, which allows
to recovery excitation of individual array elements in a computationally effective way.
In [42], the ANN approach is applied to calibrate both transmit and receive chan-
nels for phased array antenna, which allows simple hardware implementation and
requires little computational power. ML techniques are undoubtedly great analysis
tools, particularly for problems with large and complex data sets. As ML techniques
grow in sophistication and are still in boosting, more powerful ML based calibration
techniques and practical applications are expected for phased array calibration and
status monitoring.
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4.3 Array Element Failure Diagnosis

The large antenna array consisting of thousands of elements has the possibility of
failure of some of them. These element failures cause sharp variations in the field
intensity across the array aperture, thus increasing both the side lobe and ripple level
of the array radiation pattern. In such a case, the first thing that needs to know is the
exact locations of the failed elements in the array. It may be too expensive to distribute
a network of sensors integrated with the beamforming network for monitoring the
array status in real time. Therefore, it is best to perform the antenna array diagnosis
by measuring the array radiation field of a given number of spatial directions of the
distorted radiation pattern. Several failure detection methods have been proposed for
antenna array diagnosis and are shortly introduced in the this subsection.

4.3.1 The Backward Transform Method

The backward transformation method estimates the array element excitation coeffi-
cients by taking the Fourier transform relationship with the array radiation pattern
[43]. For some applications, the array elements excitation coefficients are processed
through Fourier transform to obtain the far-field pattern of the antenna under test.
On the other hand, the array elements excitation coefficients can also be obtained
through a backward transform to reconstruct the aperture field for diagnostic pur-
poses. Consequently, this method is simple and straightforward.

However, to maintain an acceptable resolution, it is necessary to collect all the
relevant energy radiated by the antenna as much as possible. Using the standard
half-wavelength measurement step, the number of measurement points turns out to
be very large, thus requiring an unaccepted data acquisition time. Moreover, it can
only be used in a planar array limited by the Fourier transform.

4.3.2 The Pattern Mapping Method

A more effective way to reduce the set of data in antenna array diagnosis under a-
priori knowledge of the shape of the antenna under test [44]. The failed elements can
be detected by comparing the measured pattern with the nominal pattern. Suppose
fp(0, @) is the array radiation pattern containing some failed elements,

N
Fp©.0) =" pufu (6, 9) (4.22)
n=1

where f, (0, ¢) is the element pattern and p, is the status of the n-th element, which
‘1’ denotes active and ‘0’ denotes failed, respectively. With several measurements
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y from M directions (8,,, ¢,,), The problem becomes as choosing a set of p,, to
minimize the difference between the measurements and the nominal pattern,

M
miny [y O ow) = fo O, 6m)]° (4.23)
m=1

Several evolutionary optimization techniques have been demonstrated to be effec-
tive to locate the failed array elements. The optimization process is to find a solution
that minimize the difference between the measured array pattern and the supposed
array pattern containing several failed elements. One of the most popular methods
is the genetic algorithm (GA) for its natural advantage to use the gene to represent
the discrete status of array elements [45]. A simple and fast technique is described
in [46], which tabulates the nominal patterns radiated by the array with one failed
element only. it can be applied together with other methods based on the evaluation
of the array to improve the computational efficiency.

Some other stochastic approaches have also been developed in the last years. Neu-
ral networks and support vector machines (SVM) have been used but only within
small arrays, where the number of possible failure combinations is also correspond-
ingly small. In [47], a multilayer perceptron (MLP) was used to locate a maximum
of three defective antennas from a 16-element array.

4.3.3 The Matrix Inversion Method

A different technique, applicable also to non-planar arrays, is based on matrix inver-
sion computation [48]. The inverse problem consisting of processing measured fields
to retrieve the source excitation. The relationship between measurement ¥ = y,,,
m =1, .., M and element excitation W = w,,n = 1, ..., N leads to a N -dimensional
linear matrix equality. Considering a linear problem,

Y = oW (4.24)

where ® € CM*V is the matrix describing the interaction between the individual
array elements and the measurement points. Usually, it requires that a number of
measurements not smaller than the number of the array elements, i.e., M > N. Then
the rank of @ is full, it can be solved as,

w=3aoly (4.25)

However, due to the finite dimension of the measurement volume (the so-
called truncation error [49]), this inverse problem may be ill-conditioned or over-
determined. To solve this problem, several mathematical methods can be used, such
as LU decomposition, Least Squares method, Singular Value Decomposition. A
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parametric study and comparison of some matrix inversion methods can be found in
[50].

4.3.4 The Compressed Sensing/Sparse Recovering Method

A more effective way to reduce the set of data in antenna array diagnosis is to utilize
a-priori knowledge of the failure-free pattern of the antenna array under test. If the
number of measurements is less than the array elements, i.e., M < N, then the rank
of A is not full, thus there are many possible solutions for Eq. (4.24). However, if
there are some more practical restrictions, it can also still be resolved. For antenna
array diagnosis problem as an example, let ref and aut be the antenna array with all
normal and with failed elements. Their array patterns are Y, and Yy, respectively,
and the excitation are W,.r and W,,,,. From these, we have,

Yref — . Wref

Yous — g . o (4.26)
By differentiating these two equations, one can obtain that,

AY =D .- AW “4.27)

where AY is the difference between the normal array pattern and the pattern with fault
elements, and AW is their excitation difference, which contains only little non-zero
elements.

The compressed sensing/sparse recovery (CS/SR) technique discusses the solution
of equation (4.27) under the hypothesis that the unknown vector has a large number
of null (or almost null) entries. It is a novel paradigm that allows representing sparse
data in an efficient and accurate way based on nonlinear interpolation. Under the
hypothesis that there are a large number of nulls (i.e., healthy antenna elements) in
the solution, the required number of measurements is dramatically compressed, even
fewer than the number of array elements [51]. To guarantee the singularity of the
solution, it should satisfy the following condition [52],

A)C1 — A)C2 7é 0, VX], Xy € S (428)
Then Eq. (4.27) can be solved as,
min || x|l ,s.£.|Y — AX|l,, <¢ (4.29)

where ¢ is the measurement noise, || ||, is the mixed norm /1//2,
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To demonstrate the effectiveness of the CS/SR technique, a half-wavelength inter-
spaced, 20 element linear array with uniform excitation is used as an example, i.e.,
d = 0.5\, w, =1 for all elements. Figure 4.8 illustrates the array free pattern and
array pattern containing four failed elements, w, = w4 = wg = w4 = 0. As can been
seen, the array pattern is distorted with much worse SLL. The number and the signal-
to-noise ratio of far-field measurements are set as 12 and 40 dB, respectively. Figure
4.9 presents the exact and estimated excitation with some failed elements. It clearly
shows that the failed elements have much lower weights than the normal ones. Figure
4.10 shows the estimated error of these two array patterns, such low error on the level
of =30 dB demonstrates the high performance of the proposed CS method. Finally,
the impacts of number of measurements on the performance are evaluated by the
Monte Carlo simulations. With the increased number of measurements, the CS/SR
method rapidly reaches a high success rate better than 80% (Fig. 4.11).
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4.4 Summary

To meet the requirements and maintain acceptable performance, phased array anten-
nas must be carefully calibrated to compensate the errors as low as possible. These
calibration methods vary from different systems and applications, either suitable for
factory test or for in-field test. The near-field scanning probe method that employs
a robotic scanner is well-known and widely used as the standard for factory test.
The peripheral fixed probe method requires external probes with calibration signal
processing. In contrast, the mutual coupling method takes advantage of the inherent
property of mutual coupling among elements of the array, and uses it to avoid the
employment of external equipment. Some dedicated coupling network that using
transmission lines connected to each antenna element for the periodic in-field cal-
ibration of integrated phased array antenna, especially for RF and mmWave-band
integrated phased array. It’s very convenient to apply advanced signal processing
techniques to save hardware or time requirements. These techniques can be distin-
guished as serial or parallel by the number of elements to be calibrated each time, or
distinguished as coherent or noncoherent by the measurement requirements between
the calibration source and the element under calibration. Several failure detection
methods for antenna array diagnosis are also shortly introduced, where the CS/SR
technique is found to be very effective.
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Chapter 5 ®
Some Key Design Issues for Satellite e
Ground Station Application

5.1 Array Geometry Design for Hemispherical Coverage

As the satellite ground station, a phased array antenna should have the hemispherical
coverage from the horizon to the zenith. In each pass, once the satellite comes above
the horizon, the ground station sets a link with the satellite, and follows its trajec-
tory until it moves below the horizon. The hemispherical coverage can be defined
as the angular interval {(0, ¢) |0 € [0, 7/2], ¢ € [0, 2x]}, where 6, is the minimum
working elevation angle of the ground station, and ¢, = 0 for the horizontal coverage.
Only a few array geometries have the potential to realize the hemispherical cover-
age, including pyramidal frustum, sphere, geodesic dome, and geodesic dome with
cylinder base.

5.1.1 Pyramidal Frustum

In the past, multifaced planar arrays with pyramidal frustum geometry were the
mainstream style for the hemispherical coverage [1-3]. Figure 5.1 illustrates a photo
of AN/FPS-115 radar. It has two side faces with 3,600 active antenna elements,
each face scans at azimuth angle of 120°, and elevation between 3° and 10° above
horizontal. As shown in Fig. 5.2, it comprises several planar arrays mounted on the
side faces and the top face of a pyramidal frustum. The hemispherical coverage is
divided into several spaces for each face, thus reducing the maximum scan angle and
scan losses relative to a single planar array. Sectoral coverage refers to using the n-th
side face for {(0, ¢) |0 € [0, 621, ¢ € [2n(n — 1)/N, 27wn/N]}, while the top face is
to cover the region of the space {(0, ¢) |0 € [0, /2], ¢ € [0, 27]}, where N is the
number of side faces, and 6, is the elevation angle divided by the top face and the
side faces.

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 81
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Fig. 5.1 The AN/FPS-115 radar. It has two side faces with 3,600 active antenna elements, each
face scans at azimuth angle of 120°, and elevation between 3° and 10° above horizontal. Figure
reproduced with permission from the National Electronics Museum

The planar array would suffer gain degradation and polarization loss when the
beam shifts away from the boresight, usually the scan angle cannot scan beyond
60°. For the top face, the maximum scan angle is equal to 90° — #,. While for the
side faces, it is clear that the maximum scan angle occurs when the beam is scanned
from the boresight direction of the face to either of the vertexes of the side faces.
Figure 5.3 illustrates the relationship between the maximum scan angle 6,,,, and the
side face elevation angle above the horizontal plane ~. It clearly shows that there is
an optimal elevation angle for the side faces to minimize the maximum scan angle.
Following the analysis in [4, 5], the optimal side face elevation angle ~,,, and the
corresponding maximum scan angle 6,,,, are given by,

, (cosf; —cosb,)

Yopt = tan~ (51)

cos  (sin 6 — sin 0;)
Opmax = cos ™! (sin Yopt COS % sin 6 + cos “yopt COS 91> 5.2)

The maximum scan angle can be gradually reduced by increasing the number of
side faces. However, only marginal benefit can be gained by doing this when the
number of the pyramid faces is large. Figure 5.4 shows the maximum scan angle
0max and the number of the pyramid faces N at different scan ranges. It shows that
there is little reduction when increasing the number of side faces beyond six.
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Fig. 5.2 The phased array antenna with pyramidal frustum geometry, the blue region means the
planar antenna arrays at the side faces and the top face
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Fig. 5.3 The relationship between the maximum scan angle 6,,,, and the side face elevation angle
~ for ) = 5°, 0, = 60°
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Fig. 5.4 The relationship between the maximum scan angle 6,,,, and the number of pyramid faces
N at different scan ranges

5.1.2 Sphere

Ideally, the best geometry should be sphere for phased array antenna to realize the
hemispherical coverage. As shown in Fig. 5.5, the beam direction is the axis of the
cone, the antenna elements distributed on the surface of a sphere are symmetrically
activated in the conical projection on the sphere surface. When the array beam moves,
the active region also moves over the spherical surface, hence the antenna elements
are dynamically adjusted to form the desired beam. Compared to the planar array
having reduced gain for large scan angles, a spherical phased array can provide a
practically identical beam that the pattern and gain remain almost unchanged over
the entire hemisphere.

Moreover, the antenna elements required for the spherical array are also the least,
which implies hardware saving and cost reduction. For the multifaced planar array,
the minimum effective area A, occurs at the maximum scan angle, for the side face,

A;S = Ay €OS Omax (5.3)

where A, is the physical area of the antenna array on the side face.
And for the top face,

Al = A cos(90° — 0h) = Ay sin b, (5.4)
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Fig. 5.5 The spherical phased array antenna with sphere geometry

where A/pt and A, are the effective area and the physical area of the antenna array
on the top face, respectively.
For the spherical array, the effective area A’ is,

A, = 7m(Rcos a)? = A,cos’a (5.5)

where R is the radius of the sphere, A; = mR?, and « is the cover cone angle. By
applying equal gain criteria,

A=A, = A (5.6)

s

Therefore, the total area (element number) of a spherical array normalized to its
multifaced planar array is,
_ 4A; _ 4/cos’a
" NA, + Ay N/coSOma + 1/sin;

Ui 5.7
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Fig. 5.6 Comparison of the total area of the spherical array and the multifaced planar array, assum-
ing oo = 45°

Figure 5.6 illustrates the ratio of the total area of the spherical array and the
multifaced planar array. It shows that for a small number of side faces (N < 6), the
antenna elements are comparable that are used in these two geometries. However,
it dramatically becomes that the spherical array requires fewer antenna elements as
the number of side faces increases.

Besides the no gain loss with beam steering, the spherical array has other advan-
tages such as lower polarization loss and wider frequency bandwidth over planar
array [6]. However, the spherical array has rarely been used in practice, only some
cases can be found in the literature [7-9]. This is primarily because that the fabrica-
tion and assembly of antenna elements conformal to the spherical surface are much
more difficult than the planar array.

5.1.3 Geodesic Dome

In order to overcome the fabrication and assembly difficulties of a spherical array,
the geometry of a geodesic sphere or geodesic dome is proposed, which uses planar
arrays to approximate a spherical shape. The geodesic dome geometry can be derived
from any one of the five regular polyhedra or one of the 15 semi-regular polyhedra
[9]. It preserves all the advantages of a spherical array while its fabrication is based
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Fig. 5.7 The architecture of the GDPAA-ATD project. Figure reproduced with permission from
[10], © 2010 IEEE

on the well developed, easily manufactured planar array. Moreover, a geodesic dome
is mechanically very stable, no interior support structure or load-bearing walls is
needed.

Figures 5.7 and 5.8 show the Geodesic Dome Phased Array Antenna (GDPAA)
Advanced Technology Demonstration (ATD) antenna array built by Ball Aerospace
& Technologies Corp. This array was developed to demonstrate multi-beam phased
array capability for next generation Air Force Satellite Control Network station [10-
12]. It consists of hexagonal and pentagonal panels in the geodesic dome, which
contain several hexagonal planar arrays in them. Each hexagonal planar array has
37 elements in a triangular grid. Only 36 of the elements are active, the center
element is devoted to calibration. Several panels and beam management software
were built, integrated, and tested. Four beams were produced to support four satellites
simultaneously, fully meet the goals of the demonstration program.

5.1.4 Geodesic Dome with Cylinder Base

A similar geometry that has geodesic dome with cylindrical base may be easier to
construct. This geometry provides about 0.5 dB more gain at the horizon than full
geodesic dome geometry [13]. This is favorable for satellite ground station with two
main reason. First, it usually has the furthest distance between the ground station and
the satellite for low elevation angle, cause the largest path loss. Second, the corre-
sponding atmosphere attenuation becomes more severe due to multipath effects and
tropospheric scintillation. The GEOdesic Dome Array (GEODA) project designed
by Universidad Politecnica de Madrid falls into this type of geometry [14]. As shown
in Fig. 5.9, the hexagonal panels of the geodesic dome are made of six triangular
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Fig. 5.8 The front view of the GDPAA-ATD project, with one pentagonal panel and five hexagonal
panels. Figure reproduced with permission from [10], © 2010 IEEE

Fig. 5.9 The array geometry of the GEODA-SARAS project. Figure reproduced with permission
from [14], © 2014 IEEE
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arrays. Each triangular array consists of 45 radiating elements. The cylindrical base
is also made by triangular array.

5.2 Multiple Beam Resource Management

5.2.1 The Traditional Work Flowchart of Reflector Antenna

Figure 5.10 illustrates a traditional work flowchart of the ground station to support a
satellite pass. First, the ground station needs to make a plan ahead of time based on
the satellite application tasks. With this plan, it configures channel parameters such as
time duration, carrier frequency, modulation scheme, data rate, and uses satellite orbit
prediction data to rotate the beam to the waiting point several minutes earlier. When
the satellite enters into the antenna beam coverage of the ground station, the ground
station emits an uplink carrier signal toward the satellite. The satellite transponder
receives and locks into the carrier signal’s phase, and coherently forwards it back

Channel
arameters : 3
2 p-| Parameters configuration
Work plan l
Satellite orbit
prediction Beam rotates to the
3 waiting point

)

Satellite acquisition and
autotrack

Two-way link
availability

TT&C Service

Fig. 5.10 A traditional work flowchart of the ground station to support a satellite pass
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Ground
station

Fig. 5.11 TT&C services between satellite and ground station

to the ground station. The ground station also captures the satellite’s turnaround
signal, indicating that the link for full duplex communication has been established
successfully. Then the antenna rotates its beam by tracking the received satellite’s
signal, and the TT&C service is carried out according to the plan as shown in Fig.
5.11.

In general, the working plan for each satellite pass needs to be formulated at least
several hours in advance. Otherwise, even if the satellite is within the visible region
of the ground station, the ground station cannot start TT&C service quickly. For
some time-sensitive tasks, the whole procedure forbids the ground station to respond
to the task requirement in time. Therefore, a more efficient way must be developed
by transforming from the current ‘plan-driven’ manner to a new ‘demand-driven’
approach, which provides TT&C services on demand and achieves space-ground
autonomous information exchange, thus significantly improving the efficiency of
ground station resource utilization.

5.2.2 The Novel Work Flowchart of Phased Array Antenna

To support this new demand-driven approach mentioned above, the ground station
needs to have two different kinds of antenna beams as shown in Fig. 5.12. The
first one is a hemispheric coverage, receive only, low gain beam by a few sparsely
arranged antenna elements, which is used for monitoring incoming signals from all
directions with high reliability, 24 h a day, and 7 days a week. The other is traditional
narrow and high gain beams formed by a large number of antenna elements to enable
high data rate transmission. Table 5.1 compares some aspects of these two kinds of
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Table 5.1 Comparison of ground station beams

Parameter Hemispheric beam Narrow beam

Beam width Hemispheric coverage <1°

Beam scan No need Yes

Number of antenna elements | Tens Thousands

per beam

Gain Low High

Capability Receive only Receive and/or transmit
Data rate Low High

Usage Status monitoring TT&C service

beams to show their differences. As illustrated in Fig. 5.13, with these beams in the
ground station, the work flowchart of a satellite pass is totally renewed, which can
be generally divided into five modes.

5.2.2.1 Satellite Arrival Registration

Nowadays, with the onboard high-sensitivity GNSS receiver, the satellite can sim-
ply achieve real-time precise orbit determination at the centimeter level [15, 16].
The position, velocity, and time of the satellite is obtained by GNSS broadcast
ephemerides and single frequency psedorange observations. As an advantage without
atmospheric effects, the spaceborne GNSS based technique has gradually become
the primary method for precise orbit determination. Thus, with the pre-known ground
station coordinates, the satellite calculates its relative position with the ground sta-
tion in real-time. For already existing ground stations, their coordinates are loaded
into the onboard navigation program prior to the launch of the satellite; while for
newly built ground stations, their coordinates can also be updated through telecom-
mand service. Once the satellite enters the visible region of the ground station, it
sends an arrival registration message to the ground station. This message includes
some basic information such as satellite ID, orbital elements, and important satellite
platform status. Because multiple satellites send arrival registration messages to the
ground station simultaneously, this should be done through code division multiplex-
ing. After receiving and demodulating the arrival registration message and verifying
its legitimacy, the ground station configures a narrow beam to reply by an acknowl-
edgment message, informing the satellite that it has entered its service coverage. If
the satellite does not receive a ground acknowledgment response after waiting for
some time, it should attempt to send the arrival registration message again until the
ground acknowledgment message is received.
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Narrow
beam

Hemispheric
beam

Fig. 5.12 Illustration of the ground station with a hemispheric beam and multiple narrow beams

5.2.2.2 Satellite Periodical Status Reporting

For an LEO satellite, its single pass in the visible range of the ground station is usually
about several minutes. After successful arrival registration, the satellite decides which
operating mode to adopt based on its own needs. If no telemetry information needs
to transmit to the ground, a simple status reporting message is enough to inform the
ground station of its current location and important platform status parameters. This
status reporting message is sent within a certain period (typically one minute or other
values as desired), and also received by the hemispheric beam of the ground station
through code division multiplexing. After receiving and demodulating the status
reporting message, the ground station stores the information in the local archive.
To save the narrow beam resources, the ground station may not reply to the status
reporting message. If the periodic status reporting message of a satellite has not been
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Fig. 5.13 The novel demand driven work flowchart for the ground station with multibeam phased
array antennas

received for several periods, it can be considered that the satellite has left the service
coverage of the ground station.

5.2.2.3 Ground Service Initiation

When the ground station wants to send telecommands to the satellite, or further
inquire about detailed status parameters of the satellite, it needs to initiate a TT&C
service from the ground. Based on the periodic status reporting messages of the satel-
lite in the early stage, the ground station infers the current approximate location of
the satellite, and configures a narrow beam to the inferred direction, sends a service
initiation message to notify the satellite to synchronously start the corresponding
TT&C service mode. This message also contains information about channel param-
eters, thus the satellite could set the parameters as needed. The following two-way
carrier locking process is the same as in the traditional work process, the service link
is established for full duplex communication. After the information transmission
is completed, this link is automatically disconnected and the current narrow beam
resource is released.

5.2.2.4 Satellite Service Initiation

The mode when the satellite wants to initiate a TT&C service is similar. The only
difference is that the satellite first needs to apply for TT&C service from the ground
station through the hemispheric beam. The ground station determines whether to
respond based on current narrow beam resource usage. If all narrow beams have
been occupied, the response to the current application must be temporarily postponed,
otherwise an occupied narrow beam should be released in a mandatory manner. If
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there are still free narrow beam resources available, a response can be made to
satisfy the current TT&C service application. After this, the process of narrow beam
configuration, two-way carrier locking, and information exchange will proceed the
same.

5.2.2.5 Satellite Departure Forecasting

When the satellite is to leave the visible region of the ground station, it sends a
departure forecast message to the ground station. The ground station also does not
need to reply to this message, and the service for this current pass of the satellite
ends. The service will be restarted when its arrival registration message is received
again in the next pass.

5.3 Space-Ground Link Analysis

5.3.1 The Link Budget Equation

For evaluating the performance of a digital communication system, it’s of great
interest to focus on the signal-to-noise-ratio SN R or the bit energy per noise power
spectral density Ej, /Ny, which directly shows the ability to transmit data in the
presence of noise with a certain error probability. For constant envelope modulation
schemes, the pre-detection SN R of the signal can be obtained as follows [17],

Pr . PthGr/mehLatm _ EIRP[ 'Gr/Txyx (5 8)
N kT W kWL panLam '

where P, is the received signal power, N is the received noise power; P; is the
transmitter power, G, is the transmitter gain, their product is denoted as E1 R P; and
called as the effective isotropic radiated power; G, is the receiver gain, Ty, is the
receiver system noise temperature, the grouping of G,/ Ty, is usually known as the
receiver figure-of-merit; k is the Boltzmann constant and equal to 1.38x 10723 W/K-
Hz or —228.6 dB/K-Hz, W is the signal bandwidth, L, is the free path loss and
equal to (4nd/ M2, d is the distance and ) is the signal wavelength, and L, is the
atmospheric induced loss such as ionospheric absorption, ionospheric scintillation,
and rain attenuation.

Assuming that all the receiving power P, is the effective modulation signal, the
expression of Ej /Ny can be derived from Eq. (5.8),

E, PJ/R, P, W _ EIRP -G,/T,
NO N/W N Rh kLpathLatmRh

(5.9)
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where Ej, is the bit energy, N is the noise power spectral density, and R, is the trans-
mission data bit rate. The link margin M can be obtained as the difference between
the received Ej,/Ny and the required E;/Ny to yield a specified error probability
minus the demodulator implementation loss L;,,,. It’s convenient to express them in
decibels as,

M(@dB) = (Ey/No),(dB) — (Ep/No)yeqa(dB) — Limp(dB)
= EIRP,(dBW) + G,/T,y,(dB/K) — k(dB/K —Hz) — Lpun(dB)  (5.10)
—Lam(dB) — Ry(dB—bps) — (Ep/No),ega(dB) — Limp(dB)

The above link budget equation is a very useful tool for allocating resources of a
communication system. It’s valid for both the ground-to-satellite link (uplink) and
the satellite-to-ground link (downlink). Tradeoffs can be made between any items
in the equation, the only limit is to maintain the link margin positive. For example,
to increase the transmission data rate, one can enhance the transmitter power, or
improve the receiver G/ T value, or select efficient coding methods to reduce the
required Ep/Ny.

5.3.2 Case Study for Satellite-to-Ground Downlink
5.3.2.1 Downlink with the Hemispheric Beam

As stated in Sect. 5.2, a hemispheric beam is used for satellite status monitoring.
A relatively low data rate (assuming 1 kbps) is required for these modes. For trans-
mitting such low rate telemetry data, the satellite can use low power amplifier (1
W or 0 dBW) to save onboard battery energy. From the literature survey of cube-
sat antenna design, 18 patch antenna designs are reviewed in [18]. These antennas
operating in S-band can provide a total gain ranging from 4.3 to 8.5 dBi. Here a
relatively conservative value of 5 dBi is taken. These two values result in the E1R P
of the satellite as 5 dBW. On the ground station, a small number of antenna elements
are used to ensure the hemispheric coverage, hence the G/ T value is set as low as
-20 dB/K. The distance d between the satellite and the ground station varies and is
determined by the orbital parameters of the satellite. A maximum distance 3000 km
leads to a path loss of 168.8 dB when the signal carrier frequency f, = 2.2 GHz.
The atmospheric loss of 2 dB is enough for most case in S-band. By combining all
these items and applying the link budget equation, the received E,/Nj is equal to
12.8 dB. Usually, some coding methods can be used to enhance the bit error perfor-
mance and reduce the required Ej/Ny. The Consultative Committee for Space Data
Systems (CCSDS) recommends some of them, i.e., Reed-Solomon, Convolutional,
Concatenated, TURBO, and LDPC codes [19]. Figure 5.14 illustrates their perfor-
mance comparison with coding rate = 1/2. For example, the Convolutional (7,1/2)
coding method requires the E;,/ Ny of 4.3 dB when BER = le-5, which leads to 5.4
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Fig. 5.14 Performance Comparison of CCSDS recommended channel coding techniques. The
rightest blue line is an uncoded scheme, and the lowest possible performance is the Shannon-limit
of a 1/2 rate code. Figure reproduced with permission from [19], © CCSDS

dB more gain compared to the uncoded scheme. In this case, the link has a margin
of 7.0 dB as shown in Table 5.2.

5.3.2.2 Downlink with the Narrow Beam

To transmit satellite payload data back to the ground, a much higher data rate is
required. A data rate of 20 Mbps requires 43 more dB than the low status monitoring
data rate of 1 kbps. Hence, items of the link budget equation should be improved to
compensate for the new requirement. An onboard solid-state power amplifier of 10
W (10 dBW) is larger but still appropriate for power consumption. The G/ T value
of the ground station should be improved to 10 dB/K. This requires thousands of
antenna elements to form such high performance. With these two improvements, the
received Ej,/ Ny is 9.8 dB. To meet this stringent link budget, more efficient coding
methods can be used in the expense of decoding hardware cost. The link still has a
margin of 7.0 dB if the LDPC coding method is chosen.
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5.3.3 Case Study for Ground-to-Satellite Uplink
5.3.3.1 Uplink for the Normal Case

The link analysis for uplink is similar to downlink. The E 1 R P of the ground station
narrow beam is set as 45 dBW for the normal case. Limited by the onboard electronics,
the G/T value and the demodulator implementation loss of the satellite receiver are
usually worse than the ground station. The data rate of telecommand is assumed as
100 kbps. To save the onboard demodulator hardware, a simple RS(255,233) code is
used to send telecommand toward the satellite, the required Ej/Ny is 6.3 dB when
BER = le-5. All the items result in an uplink margin of 9.9 dB for the normal case.

5.3.3.2 Uplink for the Emergency Case

For the emergency case, the satellite loses its attitude control and mis-points with the
ground station. A telecommand must be injected to attempt to control the satellite
with any orientation. The gain of the satellite antenna is very low under this situation,
this leads to a poorer G/ T value of the satellite receiver than the normal case. To
overcome this drawback, the E 1 R P of the ground station must be enhanced. Besides
this, simple emergency telecommands are used with a much lower data rate, and an
uncoded scheme must be used to avoid the case of onboard decoding program failure.
As shown in Table 5.3, this results in a very high uplink margin for the emergency
case.

Table 5.2 Examples of link budget for satellite-to-ground downlink

Parameter Value (hemispheric Value (narrow beam) | Unit
beam)
Psar 0 10 dBW
Gsar 5 5 dBi
(EIRP)yu 5 15 dBW
(G/T)gs -20 10 dB/K
k -228.6 -228.6 dB/K-Hz
d 3000 3000 km
Jdown 22 22 GHz
Lparn 168.8 168.8 dB
Latm 2 2 dB
Ry 30 73 dB-bps
(Ep/No)r 12.8 9.8 dB
(Ep/No)reqd 4.3 1.3 dB
Limp 1.5 1.5 dB
M 7.0 7.0 dB
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Table 5.3 Examples of link budget for satellite-to-ground uplink

Parameter Value (normal case) Value (emergency Unit
case)

(EIRP)gs 45 55 dBW

(G/T)sar —40 =50 dB/K

k -228.6 —228.6 dB/K-Hz

d 3000 3000 km

Sup 2.1 2.1 GHz

Lpatn 168.4 168.4 dB

Latm 2 2 dB

Ry 50 20 dB-bps

(Ep/No)r 13.2 432 dB

(Ep/No)regd 6.3 9.7 dB

Limp 2 2 dB

M 9.9 31.5 dB

5.3.4 Design Tradeoffs for the Phased Array Antenna

As indicated in the link budget equation, the £/ R P and the G/ T value of the ground
station are vital for the overall performance. However, these two parameters behave
somewhat differently. Assuming all the antenna elements have the same receiving
performance, the G/ T value of the antenna array improves N times by capturing

signals N times larger,
G G
(—) =N- (—) (5.11)
T array T ant

Hence, for a required array G/T value, the number of antenna elements is
inversely proportional to the G/T value of the antenna element. The higher the
antenna performance, the fewer elements are required. The choice of practical use
of types of antenna elements comes down to engineering trade-offs of many aspects,
including size, weight, bandwidth, gain, efficiency, and power handling capability.
Figure 5.15 illustrates the relationships between the G/ T value and the number of
the antenna array for ground station use. For the hemispheric beam, the required
G/T value is relatively low, thus only a few high performance antenna elements
are needed. For the narrow beam, the antenna with a relatively simple structure and
low G/T value is preferred. The reason is although the required antenna antenna
number is large, it is still the best choice for low cost and easy to integrate with the
T/R module.

For signal transmission, the phased array provides a very efficient way to combine
power in space. There is an N2 improvement of the EI R P of the antenna array with
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N antenna elements and N times of coherently compiled power,
EIRParray = (NGant) ' (NPant) = NZGantPant = NZEIRPanl (512)

As the antenna gain is determined by the choice of antenna, the power amplifier is
the remainder issue to realize a desired EIRP performance. Currently, there are a lot of
available technologies of power amplifiers, such as Silicon, Silicon Carbide (SiC),
Gallium Arsenide (GaAs), Gallium Nitride (GaN), Indium Phosphide (InP), and
Silicon Germanium (SiGe). These technologies and capacities for power amplifiers
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Fig. 5.16 Technologies and capacities for power amplifier. Figure reproduced with permission
from [20], © 2021 IEEE

have been presented in a recent review paper [20] and reproduced as in Fig. 5.16.
The practical selection of power amplifiers is based on the combined consideration of
power generating capability, efficiency, and cost of the selected technology. When the
required power is less than 0.1 W, Si-based materials are preferred for high density
integration. Meanwhile, GaAs and GaN are usually used for power requirement
of about 1 W. Moreover, the selected power level must fall in the power handling
capability of the antenna element, to avoid saturation or even breakdown of it.

5.4 Summary

Some key design issues for satellite ground station application are discussed in this
section. Only a few array geometries have the potential to realize the hemispherical
coverage. The multifaced planar array with pyramidal frustum geometry is the sim-
plest form, while the spherical array has no gain loss with beam steering, requires the
least antenna elements, but difficult to fabrication and assembly. The geodesic dome
geometry preserves all the advantages of a spherical array while its fabrication is
based on the well developed, easily manufactured planar array. A similar geometry
that has geodesic dome with a cylindrical base provides about 0.5 dB more gain at
the horizon. To support the demand-driven approach, the ground station should have
a hemispheric beam and multiple narrow beams, the work flowchart of a satellite
pass is totally renewed and can be generally divided into five modes. Link budgets
for satellite-to-ground downlink and ground-to-satellite uplink are also discussed,
along with trade offs of phased array antenna of the ground station.
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