TERE | ﬁi_ﬁ]ﬁ%ﬁﬁuﬁ-_} TR R U |

Tokyo Tech =

esearch Repository

Od/dodn
Article / Book Information

oo(@o)

Citation(English)

Type(English)

Ka-Band CMOS Active Phased-Array Transmitters for Power-Efficient
Small-Satellite System

0o:00@O),
oooooo:0o0o0ooo,

0000:00125850,

00 000:20230 90 220,

ooooo:oooo,
000:0000,0000,0000,000,0000,0000

Degree:Doctor (Academic),

Conferring organization: Tokyo Institute of Technology,
Report number:[J [0 1258501,

Conferred date:2023/9/22,

Degree Type:Course doctor,

Examiner:,,,,,

Doctoral Thesis

Powered by T2R2 (Tokyo Institute Research Repository)



http://t2r2.star.titech.ac.jp/

|

Ka-Band CMOS Active Phased-Array
Transmitters for

Power-Efficient Small-Satellite System
by
Dongwon You

A Ph. D. dissertation submitted in partial satisfaction of the
requirements for the degree of

Electrical and Electronic Engineering
in the
School of Engineering
of
Tokyo Institute of Technology
Supervised by
Prof. Kenichi Okada
Assoc. Prof. Atsushi Shirane

Summer 2023






To my family,






Acknowledgment

Throughout my doctoral studies, I have spent more than five years in the Okada-lab, and
this thesis represents the most challenging work I have undertaken during this time. The
research process was demanding, requiring extensive time and effort to transform initial
ideas into a coherent and rigorous study. Each idea required careful consideration and
thorough examination to ensure that any potential issues or problems were addressed.
Implementation was also a significant challenge, necessitating numerous verification pro-
cesses to ensure accuracy and reliability. Through it all, I could not have accomplished
this work without the invaluable help and support of my supervisor and lab mates.

Above all, I wish to express my deepest gratitude to Professor Kenichi Okada, my
supervisor. I am indebted to him for providing me with the opportunity to explore my
career direction and for his unwavering support throughout my studies. Despite his busy
schedule, Okada-sensei always made himself available to offer guidance and advice when
I faced difficulties. He was always generous with his time and resources, and his unwa-
vering support was the cornerstone of my doctoral journey.

I would also like to express my sincere appreciation to Professor Akira Matsuzawa for
his invaluable guidance and support throughout my doctoral study. His insightful com-
ments and constructive criticisms have been instrumental in shaping my research work. I
am also grateful for his kind invitation to his house and the opportunity to socialize with
everyone, which enriched my experience in Japan beyond the laboratory and provided me
with many unforgettable memories. Our conversations have been a source of inspiration,
opening up new perspectives and broadening my vision.

I would like to express my sincere gratitude to Professor Atsushi Shirane for his un-
wavering support throughout my doctoral study. As a supervisor and mentor, he always
offered me valuable advice and helped me break free from the cycle of overthinking and
unproductive thoughts. His encouragement and support were instrumental in the success
of my research. Moreover, Professor Shirane is a role model for me in terms of his work
ethic, economic approach, and inspiring leadership. He constantly inspires me to gener-
ate innovative ideas and think critically when facing technical challenges. Thank you for

being a great supervisor and mentor to me.



iv Acknowledgment

I would also like to express my sincere gratitude to the members of the Ph.D. commit-
tee, namely Prof. Jiro Hirokawa, Prof. Takashi Tokuda, Prof. Hiroyuki Ito, Prof. Atsushi
Shirane, and Prof. Takeo Fujii for taking the time to review and evaluate my disserta-
tion, and for attending my final presentation. Their valuable feedback and suggestions
have greatly contributed to improving the quality of my work and inspiring me to further
pursue my research interests.

I would also like to express my heartfelt gratitude to the most thoughtful individuals
in our laboratory: Hiroyuki Sakai, Yoshino Kasuga, Makiko Tsunashima, Ayumi Okubo,
Teruki Someya, and Kiyoshi Yanagisawa. Their support and guidance have been invalu-
able throughout my time here. Their insightful advice, clear explanations, and timely
reminders have greatly assisted me in both my academic and personal pursuits. Thank
you all so much for your kindness and generosity.

I would like to express my sincere gratitude to my seniors, Bangan Liu, Zheng Sun,
Jian Pang, Yuncheng Zhang, Yun Wang, Rui Wu, and Seungjong Lee. Their invaluable
advice has been instrumental in achieving the results presented in this dissertation. Ad-
ditionally, I am grateful for the time we spent together and the enjoyable moments we
shared, which greatly enriched my life in Japan.

I would also like to extend my gratitude to the SATCOM group members: Xi Fu,
Zheng Li, Hans Herdian, Chun Wang, Waleed Madany, Ashivir Aviat Fadila, Carrel,
Dingxin Xu, Y1 Zhang, Chenxin Liu, Wenqian Wang, Michihiro Ide, Abanob Shehata,
Minzhe Tang, Xiaolin Wang, Yudai Yamazaki, Jun Sakamaki, Keito Yuasa, Yuan Gao,
Sena Kato, Yasuto Narukiyo, Takeshi Nakamura, Rattanan Saengchan, Atsuhiro Kawaguchi,
Joshua Alvin, and Muhammad Amar Maruf. Their contributions and support have been
invaluable, and I am grateful for their knowledge-sharing and the moments of joy we
shared. I wish them all the best in their future endeavors.

I would like to express a special thank you to my non-school colleagues: Minkyuk
Sung, Juyeong Kim, Inchan Ju, Sangyeop Lee, Hyun-cheol Park, Junghwan Kim, and
Heejae Jeon. When faced with problems that could not be solved with school colleagues,
they provided me with fresh perspectives and expanded my field of knowledge. They
have been a great source of inspiration, and I am grateful for their friendship.

I also would like to thank everyone who has supported me during my doctoral studies.
It has been an unforgettable journey, and I am grateful for the opportunity to pursue my
research in such a supportive environment.

Finally, I want to thank my parents and sister. Even though they are all far from me in

the distance, I feel warm in my heart.



Abstract

This dissertation represents a significant contribution to the development of a Ka-band
CMOS deployable active phased-array TX for the LEO small satellite constellation. To
achieve high data throughput, low-cost, and low power consumption in SATCOM using
LEO small satellite constellation, the TX design must satisfy these three key requirements.

To address these challenges, this dissertation proposes several novel techniques, in-
cluding a phased array load tuner for low-power consumption, a dual circular polarization
calibration for higher data rate, a low-power single circular polarization coupler, and a
new deployable substrate implemented with a hetero-segmented liquid crystal polymer
(LCP) substrate to lower launch cost. Moreover, a systematic array design for small satel-
lites is introduced to further reduce the DC power consumption.

Experimental results demonstrate that the proposed techniques successfully achieve
the three key requirements for the phased-array TX in the LEO small satellite constella-
tion. Specifically, the phased array load tuner achieved x1.39 power efficiency improve-
ment at a -40° beam angle, while the proposed circular polarization calibration method
improved the cross-polarization discrimination (XPD) by 36.3 dB, doubling the data rate
with dual circular polarization. The single circular polarization coupler reduced 38.3% of
the DC power consumption in signal circular polarization mode compared to conventional
single circular polarization generation methods. Additionally, the proposed deployable
phased-array TX with hetero-segmented LCP substrate demonstrated deployability and a
lightweight form factor of 9.65 g.

Taken together, the results of this dissertation represent a significant step towards re-
alizing LEO small satellites that can provide high data throughput at low cost and low

power consumption.
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Chapter 1
Introduction

Terrestrial communications such as WiGigs [9-18], 5 generation cellular communica-
tions (5G) [19-35], sensing radars [36-39] is well developed to benefit human beings.
Terrestrial networks provide tremendous conveniences, covering all over the globe where
human beings can conquer. However, there are limitations that the terrestrial networks
cannot overcome: 1) vulnerability to terrestrial disaster, 2) no connection to air, or mar-
itime.

Satellite communication (SATCOM) has been the essential communication infrastruc-
ture for various purposes since the emergence of satellite history. Providing various pre-
cious services that cannot be delivered with terrestrial networks, SATCOM is conducting

irreplaceable roles in our daily life.

Global positioning services (GPS)

Satellite broadcast systems

Earth explorations

Communication to air, maritime, underprivileged areas

e Communications even when terrestrial disasters attack

Furthermore, the internet of things (IoT) accelerated needs of the massive terminal con-
nectivity. Because the SATCOM system can provide wide coverage areas. This results in
an increase in demand for the SATCOM networks. Again, this demand brought out high
data throughput handling ability to the SATCOM systems. SATCOM is one of the most

important communication resources for human beings in present and the future.
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0 LEO:
< 2000 km

. G
5 / 5 AN

I:I 35,786 k
24 Hr

Figure 1.1: Various types of satellite orbit by altitudes: their altitude, and revolution time.

1.1 LEO Small Satellite

SATCOMs can be categorized by different satellite orbits: geostationary-earth orbit (GEO),
medium-earth orbit (MEQO), and low-earth orbit (LEO) as shown in Figure. 2?.

o GEO: Geostationary-earth orbit is 35.786 km high. The satellite revolution period
is synchronized to the earth’s rotation period. This enables the satellite to see the
fixed spot on the earth’s surface. This means that ground station antennas are not
required to track satellite locations. Because its orbit is far away from the earth,
the communication coverage is widest even with a narrow beam-width antenna.
However, it suffers from long propagation delays due to the long communication

distance.

e MEQO: Revolution period is around half a day. For the wide coverage, more satel-
lites are required than GEO but fewer than LEO. This orbit is popular for many
navigation systems. Propagation delay is more than LEO but shorter than GEO.

e LEO: Low-earth orbit has around 500 to 2000 km height. LEO satellites’ revolution
period is around 1 2 hours. This means that fixed-spot ground stations can commu-
nicate with the satellite for a very short time. If wide coverage is required, then
a satellite constellation required with a number of satellites. Thanks to the short

distance, propagation delay is the shortest among the three types of orbit types.

While the GEO and MEO satellites have been popularly used for decades, the LEO

satellites are becoming a prominent SATCOM solution for their low latency, and low
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Figure 1.2: Launch cost of the LEO satellites over the satellite history [1].

price. Furthermore, the emergence of the NewSpace businesses boosted the drop of the
rocket launch cost. In Figure. 1.2, the trend of the rocket launch cost to the LEO for
several decades is shown. As shown in Figure. 1.2, the 2020s launch cost per mass is dra-
matically reduced by around 100 times compared to the 1960s. With the reduced launch
cost, many satellites can be launched into space, thus it is possible to build a satellite con-
stellation. By communicating between satellites, the LEO can break through the trade-off
between latency and coverage area which comes from orbit altitude. This boosted the
LEO satellite system as one most prominent and important SATCOM systems. Espe-
cially, the LEO satellite shows its competence in remote sensing such as earth-exploration
satellite service (EESS) utilizing low orbit altitude for higher optical cameras, and high

data rate and low-latency communication to provide internet service to all the globes.

1.1.1 Earth Exploration Satellite

One most adequate applications for the LEO satellite is the EESS. This is because of
the higher optical resolution due to the low altitude of the satellite. As the various types
of terrestrial problems such as global warming, earthquake, marine pollution, aerosols,
and typhoons as shown in Figure. 1.3 are becoming more and more vicious, the EESS
shows its true worth. Utilizing various types of optical observation equipment and their

imagery data, human beings can analyze the phenomenon, grasp the symptom, and be
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Figure 1.3: Internet of things and its application.

prepared for the problem breaking. For these reasons, the demand for data from the EESS
is increasing, making the EESS one of the most important SATCOM applications.

By composing the constellation of the small satellites, the EESS performance incred-
ibly increases. Figure. 1.4 illustrates how the EESS achieves high performance with the
satellite constellation. The satellites form orbits by passing through the north pole and
south pole which are called polar orbits. Every single polar orbit is called an orbit plane.
In each orbit plane, several satellites fly. This constellation composition has several ad-

vantages.

e All the areas of the globe can be observed concurrently.
e Abundant data enables predictions much more accurately.

e Only a single ground station can be built for reduced cost because all the satellites

pass through the north and south pole.

Because of the above advantages, EESS with the satellite constellation can satisfy
the market need, thus many EESS operators are changing their paradigm from a single
satellite to satellite constellations.
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Figure 1.4: LEO satellite constellation build-up for EESS.

1.1.2 High Data Rate SATCOM

Not only the remote sensing applications but also high data rate SATCOM is one promi-
nent application with the LEO small-satellite SATCOM. As the same as the EESS constel-
lation, high data rate SATCOMs also utilize satellite constellations to cover all over the
globe. The satellites connect to not only the ground terminals but also adjacent satellites
to connect one ground point to another.

While the conventional SATCOM systems have used X-band or K-band, many NewS-
pace enterprises such as SpaceX, Amazon, Telesat, OneWeb, etc are moving to the Ka-
band for its wider bandwidth. The wider bandwidth provides a faster data rate by the
Shannon-Hartely theorem as depicted in Equation. 1.1
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Figure 1.5: Maximum oscillation frequency of the CMOS along with the evolving nodes.

s
C:Bleog2(1+N) (1.1)

where C denotes channel capacity in bits per second, B is the bandwidth, and S/N is the
signal-to-noise ratio. Furthermore, because the low altitude of the LEO satellite exhibits
low latency, LEO SATCOM became one most important SATCOM solutions.

1.2 CMOS Millimeter-Wave

The fast-evolving CMOS technology has brought numerous benefits to millimeter-wave
wireless transmitters (TX), enhancing their capabilities and improving their overall per-
formance. Although CMOS technology is less expensive, compound semiconductor tech-
nologies were previously used for mm-wave frequencies due to their ability to handle
higher frequencies that CMOS technology could not cover. However such compound
semiconductors suffer from high fabrication costs, low integration levels, and additional
package costs. As shown in Figure. 1.5, the CMOS technology successfully shifts the
paradigm by their reduced nodes [40]. With the highly integrated mm-Wave systems,
minimized manufacturing and package costs are realized [41—43]. Furthermore, as elab-
orated upon in Chapter 2 and discussed in previous sections, the implementation of active
phased array and LEO small satellite constellations necessitates a significant number of
integrated circuits (ICs), thereby driving up demand for CMOS technology and facili-
tating mass production. This increase in demand leads to reduced manufacturing costs,
highlighting the economic benefits of using CMOS technology for these applications.
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Figure 1.6: Relationship diagram between the research objectives and social contribution.

1.3 Research Objectives and Thesis Overview

The research objective of this thesis is to implement the Ka-band CMOS active phased-
array TX for small satellites, targeting low power consumption, high data throughput, and
low cost as summarized in Figure. 1.6.

This thesis is organized as shown in Figure. 1.7 and explained as follows.

Chapter. 2 mainly presents the challenges for the LEO small satellite TX implementa-
tion. For that, Chapter. 2 summarizes standard TX design challenges and special require-
ments from the Ka-band CMOS active phased-array TX for LEO small satellite constel-
lation. Then, the research objectives will be revisited.

Chapter. 3 presents how the phased-array TX can be space-efficient. For the space-
efficiency, the chapter proposes a new flexible liquid crystal polymer (LCP) substrate
structure for the deployable phased-array TX. With the proposed hetero-segmented LCP
substrate, The deployable phased-array TX shows excellent space efficiency. The discus-
sion about mechanical deformation calibration of the proposed deployable phased array
is presented, as well. Showing the measurement results of the deployable phased-array
TX, the chapter supports the idea of the proposed deployable phased-array TX on the
hetero-segmented LCP substrate.

Chapter. 4 presents about two main techniques: a power-efficient load tuner for the
SATCOM phased-array TX and a novel circular polarization calibration for the data rate
doubling. Circuit details on the proposed phased array load tuner and the proposed cir-
cular polarization calibration detection are discussed. Not only the circuit details but the

principle of the two techniques are also represented in detail. The measurement results
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Figure 1.7: The chapter organization and overview of this doctoral thesis.

of the proposed techniques over the air (OTA) well-supports that the idea is critical to the
implementation of the LEO small satellite constellation.

Chapter. 5 demonstrates the systematic design methodology about how to make the
LEO small satellite power-efficient, and a novel single circular polarization coupler for
better power-efficiency. A comparison of the various circular polarization is discussed
and why the proposed active quadrature coupler is important is well addressed. Showing
the benchmark on effective isotropic radiated power (EIRP) and DC power consumption,
the chapter concludes that the proposed techniques are suitable for low-power TX design
for LEO small satellite constellation,

Chapter. 6 summarizes the social contribution of the SATCOM using the LEO small
satellite constellation, research objectives, and technical solutions to the technical chal-

lenges to achieve the research objectives introduced in this thesis.






Chapter 2

Challenges to Phased Array for Small
Satellite

2.1 TX Design Considerations

This section discusses design considerations of the standard TX including noise, linearity,
the relationship between bandwidth and data rate, digital modulation, and phased array.
Although the SATCOM application requires lots of specific requirements in TX design,
still standard TX design consideration is significant. Especially, the linearity considera-
tion is a crucial consideration in all the TX designs including terrestrial and non-terrestrial
systems. The noise might be less important in TX design, but for the correct TX power

level decision, the noise of the RX in the ground station must be considered.

2.1.1 Noise

While the upper limit of a system’s performance is determined by linearity, the small-
est signal that the system can detect is dictated by noise. Achieving higher resolution
in phase and amplitude detection requires lower noise levels compared to the signal it-
self. In the context of analog-to-digital conversion, the signal-to-noise ratio (SNR) is
critical, and this subsection focuses mainly on the noise figure (NF) at the input of the
ADC. Several noise performance metrics are commonly used, including noise tempera-
ture, input-referred voltage and current noise, and NF or noise factor (F). Among them,
NF and F are particularly useful as they are SNR-friendly noise metrics. Thus, NF and F
can be defined as follows:

SNRy

= — 2.1
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Figure 2.1: Block diagram for cascaded amplifiers with varying gains and IP3s.

NF[dB] = 10log,, F (2.2)

To ensure systematic design, it is necessary to derive the cascaded NF from the in-
dividual blocks’ NF and gain in Figure. 2.1, under the condition of matched inter-stage
impedances [44]. The expression for cascaded NF is as follows:

F,-1 F;-1 F,-1
+

F =1+F -1+ + ..+
TOTAL (Fy ) G, Ga1Gan G41Ga2..Gapmi

(2.3)

where, F is noise factor of k" amplifier and G, is available power gain of k" amplifier.

In SATCOM system design, noise temperature is more important and practical than
NF for system noise evaluation. The NF metric is mainly concerned with the signal-to-
noise ratio (SNR), while the noise temperature metric is focused on the noise itself. The

relationship between NF and noise temperature can be expressed as

T = Trer(F - 1), (2.4)

where the Tgr is the reference temperature of the system. In the room temperature, Trgp
becomes 290°K.

Because any lossy component has noise including the antenna, antenna feed lines, and

active amplifiers, cascaded total noise temperature also must be considered as same as the
NF case.

T, T Ty
+ + ...+
Ga1  Ga1Gan Ga1Gan...Gan-i

Trorar =T + (2.5)
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Figure 2.2: Conceptual diagram of (a) a nonlinear amplifier system, and (b) gain com-
pression response.

2.1.2 Linearity

In any system, it is well-known that signals cannot be infinitely large. There are several
upper limiting phenomena, but most commonly, nonlinearity is used to analyze the upper
limits of a system. Nonlinearity does not cause a unique phenomenon; rather, it gives rise
to numerous issues such as gain compression, desensitization, cross modulation, inter-
modulation distortion (IMD), and amplitude modulation to phase modulation (AM-PM),
among others. In many system designs, the most influential metrics are gain compression
and IMD, and therefore, the analysis of gain compression and IMD is often prioritized.
Additionally, 3rd order harmonic analysis, such as IMD analysis, will be discussed later,

as the 3rd order harmonic is used for the main linearity analysis in this work.

Under the assumption of weak nonlinearity and memorylessness, the nonlinearity of

a system can be characterized using a Taylor series expansion, as shown below [45].

y(y) = ax(t) + @ x4 (1) + agx3(t) + ... (2.6)

To examine the output of a system, a single tone signal x(#) = A cos wt can be sub-

stituted into Equation. 2.6 resulting in the frequency components shown in Equation.
2.7.

y(y) = ajAcoswt + @, A% cos? wt + a3A> cos® wt + ... 2.7

By applying trigonometric identities, the output can be factored by frequencies:
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3 2 3

a,A? azA
= cos 2wt + —

3034
y(y) = +(a1A+ @

> cos 3wt + ... (2.8)

) cos wt + 24
The output of a system can be factored by frequencies using trigonometric identities as
shown in Equation. 2.8, which reveals important information about the system. First,
signals at integer multiples of the input signal frequency, known as harmonics, appear
at the output with amplitudes proportional to the input signal amplitude raised to the
corresponding power. Harmonics are easier to suppress when the input frequency is high
due to the larger frequency difference with the desired signal. Second, the fundamental
gain is modified as the gain a; + 3a3A%/4. In the CMOS process, where a3 < 0, the
fundamental gain is compressed with high input signal amplitudes. The 1dB compression
point, where the gain is compressed by 1dB compared to the small signal gain, is used to

evaluate the linearity of system components.

A theoretical calculation can be done using the coeflicients in Equation. ?? to find the
value of the 1dB compression point simply by equating the gain to 1dB less than the ideal

linear gain a;.

(03]

Agp = 4/0.145 2.9

as

When systems send a modulated signal, the signal is a frequency-spanned signal and
not a single tone. It can be thought of as a series of multiple tones, which cause intermod-
ulation. For the sake of simplicity, the analysis usually considers two tones as input. By
substituting the signal x(f) = A; cos w1t + A, cos w,t into Equation. 2.6 we can examine
the output results.

Y(t) =a; (A cos wt + A, cos wyt)
+a@, (A; COS Wit + Ay cOS wot)?
R (2.10)
+a3 (A cos wit + Az COS wat)

+...

Thus, Equation. 2.10 can be derived. Again by applying trigonometric identities, a more
meaningful form can be obtained. For further simplification of the analysis, the most

important terms are:
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Figure 2.3: Conceptual diagram of (a) a nonlinear amplifier system, and (b) intermodula-
tion response.

G G, G;

A 0OIP3,1 A OIP3,2 A OIP3,N

Figure 2.4: Block diagram for cascaded amplifiers with varying gains and IP3s.

30’3A%A2
y(t) = cos 2w — wy)t
2.11
3CL’3A1A§ ( )
+T cos 2wy — wq)t

The third-order intermodulation (IM3) components are the result of the third-order
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nonlinearity, occurring at frequencies that are not multiples of any of the input frequen-
cies. They are commonly referred to as third-order IMDs because they are more important
than any other IMDs, as they occur at frequencies too close to the signal to filter out eas-
ily. Higher-order IMDs or harmonics are generally more degraded than lower-order ones
and can be filtered out more easily. Therefore, a new important metric for nonlinearity is
defined, called the third-order intercept point (IP3), as shown conceptually in Figure. 2.3.

To calculate the IIP3, two sinusoidal signals with the same amplitude should be input
to the nonlinear amplifier. Then, the amplitude of the IM3 signal can be simplified to
3/4 - a3A3. The IIP3 point can be obtained by equating this value to the fundamental

signal:

(2.12)

3 3
la1Aprps| = '_Q3A11p3

4

Solving this equation:

Arrps 4
= 4/ ~ 9.6dB (2.13)
Ap 0.435

an intriguing relationship that allows us to use both values interchangeably can be
found.

In practical situations, it’s possible for the value of OIP3 to exceed the supply voltage,
and the higher order nonlinearities can also affect the intercept point of the fundamental
signal and the IM3 signal. As a result, the intercept point may deviate significantly from
the defined IP3 point. To address this issue, extrapolation techniques are often used to es-
timate the IP3 point that aligns with the established definition, as demonstrated in Figure.
2.3.

When designing a transceiver system, it is common to have multiple stages with vary-
ing levels of gain and linearity connected in series as depicted in Figure. 2.4. The overall
linearity of the system, which is represented by the IP3 point, can be estimated using the
following approach:

L1 @ af
— + + (2.14)
A? A? A? A?
11P3 11P3,1 11P3,2 11P3.3

where Aj;ps ; is the input amplitude at the IP3 point of the ;™ cascaded stage. ; and j3; are

the ideal linear gains of the first stage and the second stage, respectively. It is important
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to note that the linearity of later stages must be higher than that of earlier stages in order
to avoid degradation of the overall linearity. This is due to the fact that the IP3 of each
stage 1s scaled down by the gain of all the previous stages. Equation. 2.14 is applicable

not only for IP3 but also for other nonlinearity component descriptions, such as P1dB.

The Equation. 2.14 can be alternatively expressed in terms of the output IP3, Ap;p3 by
multiplying it with the total system gain. This yields:

1 1 1 1

Y
Abipsn

+ + ... (2.15)
A201P3 GNA201P3,N—1 GNGN—1A2OIP3,N—2
where Gy is the gain of last stage and A201P3,i is output IP3 point of the i stage. Here,

again, the linearity of the last stage is most dominant to cascaded linearity.

2.1.3 Bandwidth and Data Rate

As mentioned in the introduction, boosting the frequency and bandwidth is the funda-
mental way to enhance the data rate of a transmitter system. At higher frequencies, more
bandwidth resources become available, allowing us to use 10% of the center frequency.
To calculate the channel capacity in bits per second, Nyquist’s formula is employed for a

multi-level signaling communication system:

C =2Blog, M (2.16)

where B is the baseband signal bandwidth, and M is the number of different symbol
values. The term 2B can be substituted by the symbol rate (symbols per second or baud).

However, designing a high-bandwidth transmitter can be challenging for designers
due to the limitations of the mixer and power amplification. Increasing the bandwidth in-
finitely seems impossible. Therefore, shifting the different PA stages is a possible solution

to enhance the bandwidth and, in turn, the data rate of our system.

In practice, the frequency spectrum is not rectangular, so raised cosine filtering is used
to limit the infinite time-domain characteristics [46]. This type of filtering results in some
excess bandwidth that can be characterized by the roll-off factor, usually ranging from
0.25 to 0.35. Designers must carefully consider the factor’s impact on the system design
procedure. Fig. 2.5 illustrates the frequency response of a raised-cosine filter with various

roll-off factors.



2.1 TX Design Considerations 17

/N
H(f)

—p=0.00

—pB=0.25

—pB=0.5

=1
f
>

AT /2T 0 12T UT

Figure 2.5: Frequency response of the raised-cosine filter with different roll-off factors.

2.1.4 Digital Modulation

Integrating three design parameters from three previous sections, noise, linearity, and

bandwidth, one comprehensive signal quality metric can be defined:

SNDR = 10log,, %, (2.17)
where the S denotes signal power after passing a noisy and nonlinear gain system, N is for
the output noise power of the system, and D is for the newly generated interference output
power of the system by distortion. D is normally considered as adjacent channel power
(ACP) which comes from 3™ order intermodulation terms. The concept of the ACP is
exactly the same as the IMD3, but with a non-zero bandwidth signal, not two tones. The
noise, N can be calculated with the signal bandwidth:

N [W] = (kTo(F — 1)BG) (2.18)

or in dBm unit,

N [dBm] = —174dBm/Hz + 101og,, (F — 1) + 101og,, B + 101og,, G (2.19)
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Figure 2.6: Calculated BER over the E, /N, of the QAM modulations.

where the k is Boltzmann constant, T is the system temperature, F is the noise factor, B is
the signal bandwidth, and G is the system gain. The SNDR is a very important parameter
to decide the success and failure of communication under a given modulation scheme.

Compared to analog modulation, digital modulation offers greater noise immunity and
better compatibility, making it the preferred choice for modern wireless communication
systems. Digital data can also benefit from encryption and error-correcting algorithms to
ensure data integrity. Our daily electronic devices, such as personal computers, smart-
phones, tablets, and cars, rely heavily on digital data processing centers to operate effec-
tively.

Various digital modulation schemes are available for different types of communica-
tion systems. Simple communication systems, such as onboard direct connections, often
use amplitude shift keying (ASK), frequency-shift keying (FSK), and phase-shift keying
(PSK) modulation. ASK is used for amplitude modulation in analog domains, while FSK
and PSK are used for frequency and phase modulation domains, respectively.

More advanced modulation schemes, such as M-array digital modulation, allow one
symbol to represent multiple bits (N) with several signal levels (M). The values of N and
M are related by the equation:

N =log, M (2.20)

This thesis will focus on two typical digital modulation schemes for analysis and mea-
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Figure 2.7: Constellation figure of 16-APSK modulation for the definition of the EVM.

surement: quadrature PSK (QPSK) and M-array amplitude and phase shift keying (M-
APSK). The reason APSK is chosen instead of quadrature amplitude modulation (QAM)
is that APSK is much more immune to signal compression due to the system nonlinearity
at a fixed power level compared to QAM. This means that the average signal power with
APSK is higher than that with QAM under the same power amplifier (PA). Quadrature
modulation involves 90-degree phase shifting for modulated signals at the same carrier
frequency. This method can help distinguish different signal symbols that have different
signal phases, even if their amplitude levels are the same. Quadrature modulation can
improve spectrum efficiency by doubling the transmission rate compared to conventional
PSK or FSK modulation schemes. QPSK can support 2 bits in one symbol, while APSK
can support more than 2 bits modulation scenarios with a higher signal-to-noise ratio
(SNR). The APSK modulation scheme can use different amplitudes and phases to form
the symbol, increasing the link speed while keeping the same occupying bandwidth. For
example, 16-APSK modulation is composed of 16 constellations with 4 bits of informa-

tion in one symbol.
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Various indicators have been introduced in the past to evaluate communication system
performance, with bit error rate (BER) being one of the most common. BER shows the
ratio between the number of bit errors and the total number of transmitted bits during a
time interval. A BER of 1073 is considered acceptable for wireless communication. To
make the BER value more relevant to the wireless system design process, it can be directly
linked to the signal-to-noise ratio (SNR) or bit energy per noise density, E; /Ny, which can
be derived using probability functions. Figure. 2.6 shows the relationship between BER
and E, /Ny as aplot. A 7dB E, /N is required to achieve QPSK wireless communication,
while a 14 dB SNR is required to achieve a 64-QAM link.

Another commonly used method for evaluating digitally modulated wireless links is
the error vector magnitude (EVM). The definition of the EVM is illustrated in Figure. 2.7.
The resulting error vector is normalized to average signal amplitude and then converted

to decibels using the following formula:

Perror
EVM(dB) = 10log,, P , (2.21)
average
where P,,,,, 1s the average RMS power of the error vectors for each symbol, and P
is the power of the maximum point in the constellation. The EVM can also be represented

as a percentage:

P
EVM(%) = P”"" x 100%. (2.22)

average

2.1.5 Phased Array

The emergence of 5G networks has brought about a significant shift in the way we think
about wireless communication systems, and the phased-array system is at the forefront of
this revolution. This technology is set to play a dominant role in the future of wireless
communication, particularly in the context of the extremely wider coverage of the Low
Earth Orbit (LEO) satellite terminals.

Compared to conventional isotropic antennas, phased-array antennas offer a number
of advantages: electrical beamforming, high array gain, etc. The radiation pattern of
an ideal isotropic antenna is the same in all directions, while a phased-array antenna
with many elements can focus its radiation pattern in a specific direction. This allows

for greater directional control, with reduced radiation strength in other directions. The
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Figure 2.8: Diagram to show how the phased array increases the communication duration.

main difference between the ideal isotropic and phased-array antenna is referred to as the
direction gain.

The use of phased-array antennas in SATCOM will help to improve the overall perfor-
mance of wireless communication systems. These antennas can be used to enhance signal
strength, increase coverage range, and provide better interference management. In addi-
tion, the directional control offered by phased-array antennas can help to reduce energy
consumption and improve overall system efficiency. As such, the phased-array system is
set to become an essential component of not only the cellular network but also SATCOM

infrastructure, providing reliable and efficient wireless communication for a wide range
of applications.

The phased-array antenna, which consists of multiple antenna elements, can signif-
icantly improve the directivity and reduce the sidelobe radiation pattern. By adjusting
the RF signal phases among the different antenna elements, the beam direction can be
controlled and the radiation pattern can be focused in a specific direction. The more an-

tenna elements are used, the higher the radiation pattern will be in the main direction
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Figure 2.9: Principle of the phased array operation.

and the narrower the beam will be. Therefore, the phased-array system is widely used in
modern communication systems, especially in the upcoming 6G network communication
system, and is expected to play a dominant role in the extremely wider coverage using
LEO satellite terminals.

In addition to the advantages discussed earlier, phased arrays can enhance data through
put. While the phased array itself cannot increase data bandwidth, it can increase commu-
nication duration, which in turn improves overall data throughput. Figure. 2.8 illustrates
how the phased array can achieve this. By steering the beam angle, the satellite can initi-
ate communication during the early phases of an orbit cycle and maintain it until the late
phases, thus increasing communication duration. A conventional single antenna system

can achieve similar results by adjusting the direction of the satellite. However, many other
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optical cameras or mission equipment are typically aligned or fixed to the satellite body.
This means that when communication starts and the satellite body is turned towards the
ground station, any other missions will be interrupted. In summary, the phased array can
increase communication duration without interfering with other missions.

The implementation of the phased-array system is depicted in Figure. 2.9. On the
TX side, the RF radiation signal is generated by implementing different phase shifts for
different elements. For a certain beam angle 6, the linear progressive phase difference «

between different elements can be expressed using the following equation:

a = —fdsinf (2.23)

where the  is the wave number which can be defined using wavelength, A as:

_27r

. (2.24)

B

As noted earlier, it should be emphasized that the equation provided is specifically for
a half-wavelength spaced linear element array, and the beam angle may vary for different
distances between the transmitter elements.

After the signal is radiated by the PA and antennas, the RF signal will be added coher-
ently with the in-phase amplitudes of the different antenna elements at a set beam-steering
direction. This results in an additional antenna gain of 20log,, N for the transmitter,

where N is the number of elements in the linear array.

2.2 TX Design Challenge for LEO Small Satellites and

Research Objectives

This section discusses small-satellite-specific research objectives for the TX design. To
run an LEO small satellite constellation, there arise three important requirements for de-
signing in TXs. This thesis targets these three requirements as research objectives in

Ka-band CMOS phased-array TX implementation.

1. High Data Throughput

As mentioned in Chapter 1, the demand for high data throughput is increasing
rapidly to meet the requirements of the 10T era, handle high-resolution imagery

data from EESS satellites and satellite constellations, and manage the massive data
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traffic from inter-satellite data links in satellite internet access services, among oth-

Crs.

. Low Cost

Constructing an LEO small satellite constellation involves launching a large number
of satellites, which can be costly. To mitigate launch costs, satellites must be small
and lightweight so that multiple satellites can be launched using a single rocket,
thereby reducing expenses. However, the low altitude of LEO satellites exposes
them to air and atmospheric friction, which can shorten their lifespan, necessitating

frequent management and re-launching.

In addition to launch costs, IC fabrication represents a significant expense that can
increase the overall cost of LEO satellite constellation systems. In the past, discrete
compound semiconductor components were used for SATCOM systems, as they
were manufactured in low volumes. However, the implementation of LEO small
satellite constellation systems requires a high volume of satellite launches, which,
in turn, necessitates a significant amount of IC fabrication. As discussed in Sec-
tion 2.2.2, the implementation of phased arrays can further increase the number of

required ICs.

. Low Power Consumption

Due to the small size of small satellites, the area available for solar cells, which
are the main source of energy for the satellite, is limited. Furthermore, unlike GEO
satellites, LEO satellites orbit closer to Earth’s surface, resulting in more frequent
eclipses during each revolution. This not only limits the amount of solar energy that
can be generated but also the time during which it can be generated.

2.2.1 High Data Throughput

Dual Circular Polarization

In order to achieve a higher data rate, it is widely recognized that there are two standard

methods: 1) increasing the bandwidth of the signal, and 2) increasing the SNR to support

a higher M-ary modulation signal. Not only the ways listed above but also polarization

multiplexing can increase the data rate. For example, two linearly polarization, horizon-

tally, and vertically polarized signals can be independently received by the two differently

polarized antennas, i.e. horizontally and vertically polarized antennas. This means that if

the two polarized antennas are used for loading two independent random signal streams

with the same carrier frequency to double the data rate. Likewise, any two independently
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Figure 2.10: Graphical description of the left-handed elliptical polarization.

defined polarized signals can be selectively received, thus doubling the data rate. The
one most popular two independent polarizations are circular polarizations: left-handed
circular polarization (LHCP), and right-handed circular polarization.

Circular polarization has been adopted for decades for the SATCOM systems for their

polarization because circular polarization has a lot of advantages [47]:

e Antenna orientation alignment is not required in both TX and RX
e Less susceptible to discrimination by multi-path propagation

e Resistant to signal degradation due to inclement weather conditions for reflectivity,

absorption, phasing, and multi-path.

Thus this thesis also targets the implementation of dual circular polarization. To un-
derstand polarization including circular polarization, linear polarization, or generalized
polarization, elliptical polarization, which is a general case of polarization, is illustrated
in Figure. 2.10. Not only circular polarization but any type of polarization can be repre-
sented with two linear polarization basis vectors, a,, Zz}. The generalized polarization can

be expressed as [48]:

e(t) = a,E, cos (wt) + a,E, cos (wt + 1), (2.25)

where E, is the electric field intensity in the X-axis direction, E, is the electric field

intensity in the Y-axis direction, and ¢, is the phase difference between two X and Y-axis
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Figure 2.11: Mathematical description of the left-handed elliptical polarization.

direction signals. Again, this expression can be reproduced using phasor and dividing the

equation by E,:

e=a, +a,pre’. (2.26)

Noted that the new parameter, p; is the amplitude difference between two X and Y-axis
direction signals. Using the Equation. 2.26, several extreme cases can be categorized.

o if (o, = 00) & (0 : don’tcare), then Horizontal LP
o if (o, =0) & (0 : don’tcare), then Vertical LP

o if (o, =1) & (6, = +90°), then RHCP

o if (o, =1) & (6, = —90°), then LHCP

o if (0 # 1) & (6, = £90°), then Elliptical CP

Here, the other polarization description parameters, major axes, and their tilt angle can be

defined as shown in Figure. 2.10.
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Here, extreme cases are considered again with the Equation. 2.27 and 2.28.

e if (£, = 0) : only one major axis remains, Horizontal LP
e if (E, = 0) : only one major axis remains, Vertical LP

o if (E, = E,) & (6, = +90°): OA = OB = 1, 7 = +90°, LHCP or RHCP

From the above expressions, one metric, axial ratio (AR) for evaluating how the polariza-

tion is close to the ideal polarization can be defined.

_OA
OB

AR (2.29)
If the AR becomes oo, then it means the signal is linearly polarized. If the AR equals 1,
then the signal is circularly polarized. In the dual linearly polarized system case, once
the measured AR is not oo or 0, that means the coupling to each opposite polarization RX
antenna happens as the same amount as the AR value. AR is a very convenient metric to
measure the coupling of one polarized signal to the other independently polarized signal.
However, AR does not provide the intuition to observe the coupling between two inde-
pendently circularly polarized signals. In the circular polarization case, cross-polarization

discrimination (XPD) is much more convenient and it can be defined as:

AR+ 1
AR -1

XPD = (2.30)

The Equation. 2.30 does not give intuition on how the XPD is related to the coupling,
yet. Because the LHCP and RHCP are orthogonal to each other, any type of polarized
signals can be decomposed into the LHCP component and RHCP component. Figure.

2.12 illustrates decomposed polarizations with vector relationship further extended from
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Figure 2.12: Mathematical description of the left-handed elliptical polarization.

Figure. 2.10. As illustrated in the Figure. 2.12, electric field intensities of the two polar-
ized signals can be intuitively compared. The two intensities ratio is the definition of the
XPD.

While circular polarization is widely used in SATCOM applications, its implemen-
tation is not as easy as linear polarization. In literature, [6, 7], two ways of circular
polarization generation are presented. One is to use a circularly polarized patch antenna.
The other is to re-use the phase shifter (PS) and variable gain amplifier (VGA) in a phased
array beamformer. The first methodology gives the non-complex implementation of the
circular polarization, but the circularly polarized patches are fabricated on printed circuit
board (PCB), thus suffering from huge process variation and low XPD. The other method-
ology synthesizes the circularly polarized signal with the two linearly polarized signals.
Because it uses PSs and VGAs, even though there process variation happens, the XPD
can be recovered as well as the resolution of the PSs and VGAs. However, reusing the
beamformer cannot support dual circular polarization. The details will be discussed in
Chapter. 5. As discussed, the generation of clean dual circularly polarized signals with
high XPD is challenging.
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Figure 2.13: Relationship between data rate and the number of elements.

Large Array Size

A large array size also can be helpful for higher data rate. Figure. 2.13 shows the relation-
ship between data rate and the number of elements. For this model, received power level
is assumed to be proportional to the number of elements to the power of 2. In addition
to the received power level, DVB-S2X standard [49] is referenced to found out the rela-
tionship between a data rate and required SNR, which is proportional to the power of 2/3.
Thus, the total data rate is proportional to the number of elements to the power of 4/3. To
address only proportionality, data rate is set to 1 [bps/Hz]. From above discussion, it is

obvious that the more the number of elements is, the faster data rate is.

2.2.2 Low Cost
Launch Cost

Figure. 1.2 shows overall LEO sat launch costs per kg are being reduced, however, it
is still too much expensive to build a full constellation. Even worse, building a satellite
constellation requires a lot of satellites. Even though the satellite size is small, launching
a lot of satellites is costly, thus the satellite size and weight must be reduced as small as
possible.

One more factor that boosts the required launch number is that the lifetime of the LEO
satellite is around 5 years which is very short compared to other orbits. This is because

there is atmospheric friction that slows the satellite’s flying speed down. Because of the
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Figure 2.14: Relationship between launch cost and the number of elements.

short lifetime, the more frequent re-launch of rockets to replace the fallen satellites is
mandatory.

Figure. 2.14 shows simplified launch cost to the LEO of two different types of satellite
over the number of elements: deployable antenna with cube-sat, non-deployable antenna
with square shape satellite by 1 U satellite body unit size. the 1 U is the unit satellite
body size of the CubeSat, which is 10cmx10cmx10cm. In order to evaluate the cost,
the price of SpaceX rideshare (5,500 $/kg) is referenced being addressed that the launch
cost is proportional to the weight. The non-deployable case is assumed to have quantized
satellite size increase by 1U CubeSat. Thus, the volume or weight is proportional to the
number of elements. The deployable case is assumed that the antenna is stowed into 1 U
of the CubeSat size, and the area or the weight is proportional to the number of elements.
A volumetric mass of the non-deployable array is assumed to be 1,360 kg/m>, and an areal
mass of the deployable array is assumed to be 0.82 kg/m?. From the above comparison,
at the 4096-element case, deployable array antenna expected to have 1/15 times lighter
weight than non-deployable array case.

Fabrication Cost

In addition to the cost of rocket launches, the manufacturing cost of the TX IC is another
significant expense. Conventionally, lots of SATCOMs have used a single expensive
compound semiconductor transceiver (TRX) with a single antenna. Because the single
antenna provides wide coverage and the single compound semiconductor TRX provides
high output power, a single compound semiconductor TRX, and a single antenna solution

is an adequate solution for a single satellite system. However, this solution is not the best
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Figure 2.15: Appropriate process depending on single power amplifier’s output power
over the number of the elements.

solution anymore in LEO small satellite constellation system. With the emergence of the
phased array in SATCOM, the LEO satellite constellation requires countless TX IC chips.
Figure. 2.15 shows the appropriate process depending on single power amplifier’s output
power over the number of the elements. The graph intuitively first shows, under the fixed
EIRP, what single PA power should be over the number of the array elements. And then,
depending on the single PA power, what process is appropriate can be represented. With
relatively lower power level, silicon is much appropriate than compound semiconductors.
Thus, together with low-cost silicon process, the lowered fabrication cost is expected.
This paradigm shift made the compound semiconductor processes not charming solutions
anymore with their pathetic yield and fabrication cost. Instead, the CMOS TRX solution is
more prominent in this situation which requires mass production. With its fast-increasing
performance, high yield, and low mass-production cost, the CMOS process became one

of the distinguished processes for TRX fabrication.

2.2.3 Low Power

Limited Solar Energy

Small-sized satellites in LEO orbits can solely rely on solar energy as a power source. Al-
though nuclear power or chemical-combustion energy sources may be considered, a nu-
clear power source is typically too large to be mounted on a small satellite, and chemical-

combustion energy sources require oxygen which is not readily available in space. The
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Figure 2.16: Satellite and solar cell geometry condition for the orbit average power sim-
ulation.

small size of the satellite not only limits nuclear power sources but also the solar energy
source itself. Because solar cells generate more energy with more solar light reception
area. Under this energy-limited environment, SATCOM systems, propulsion systems, at-
titude determination and control systems (ADCS), and control computers should share
solar energy. Thus, power budgets for satellites must be carefully considered. While this
thesis does not delve into the design of power budgets, it does present data on the amount
of solar energy that can be generated and the amount of power that small satellites can

consume.

As will be discussed in Chapter. 3, deployable membranes and antennas will be con-
sidered to reduce the volume and weight [50]. Because the shape of the satellite is impor-
tant in obit average power (OAP), the satellite with a deployable membrane is considered
to calculate OAP as shown in Figure. 2.16. For the OAP calculation, a 0.8mx0.8m-sized
membrane is considered and both the front and back surfaces of the membrane are cov-
ered with solar cells except for the area for TX. Because the TX area is small enough to

ignore here, the TX area is not considered for OAP calculation. For the calculation, the
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Figure 2.17: orbital condition for the orbit average power simulation: (a) north pole view,
and (b) equator view.

power generated by solar cells is set to 95 [W/m?].

Now the orbit conditions should be discussed as shown in Figure. 2.17. A satellite
flies at a 585 km altitude and passes the north pole and south pole in a revolution. This
orbit is called the polar orbit. The orbit plane is defined as the surface drawn by the
orbit trajectory. While the earth rotates counter-clockwise over 24 hours period, the orbit
plane rotates counter-clockwise over 48 hours period which is two times as slow as the
earth’s rotation speed. The orbit plane is set to rotate with the sunlight direction to let all
satellites receive even solar energy during an orbit plane cycle in the satellite constellation.
The angle, @ between sunlight and the orbit plane in Figure. 2.17(a) can be represented

as a(t) = 2n/48 x t and projection of the sunlight to the solar cell can be represented as:
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Figure 2.18: Simulated generated solar power in a satellite orbit cycle.
2n
cos —t (2.31)

48

where t is the time in "hour". One more dependency on the projection of the solar energy
is the angle § in an orbit motion in Figure. 2.17(b). The attitude of the satellite is set
that one side of the membrane forward to the earth’s direction. The time-varying 8 can be

expressed as B(r) = 2/1.6 X t and sunlight projection to the solar cell by the angle £ is:

2r
—t. 2.32
coS 6 ( )

Then, solar cell power per area, solar cell area, and all the projection terms are calculated

together to achieve power generated by the solar cells.

Pooiar(t) [W] = 95 [W/m?*] x 2 x 1 [m*] X cos (i—gt) X COS ( 127;t). (2.33)

Furthermore, to include the eclipse effect, Equation. 2.34 can be considered as a condi-

tional expression.
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Figure 2.19: power dissipation reduction by large array antenna.
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Finally, a full description of the power generated by the solar cell is achieved in Equation.
2.33 and 2.34. With the equations, the resultant generated power is shown in Figure. 2.18.
Blue curves denote generated power by the solar cells, Py, and the red curves denote
accumulated energy in [Wh]. if the total generated energy during the cycle can be divided
by the total cycle period, which is 48 hours, then, finally 35.6 [W] of the OAP can be
calculated.

From the calculation, the desired satellite generates 35.6 W of average power. Con-
sidering power consumption by important satellite central control systems, 28% of power
is deposited for SATCOM power consumption, which is 10 W of power consumption.

Thermal Radiation Issues

One critical reason to reduce power consumption is that black body radiation is the only
mechanism to cool down the system unless the active cooling system is adopted, which is

difficult to mount on small satellites. Unlike convection, the black body radiation cooling
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performance is deadly limited. Because of this issue, absolute thermal energy generation
must be avoided for small satellite system realization. If the array size becomes larger
and the thermal area for black body radiation becomes larger, as well, thus better cooling
performance. Furthermore, with a larger array size, total DC power consumption can be

reduced, and the temperature of the system cools down further.

Lowering Cost by Large Array

The total DC power consumption in phased array can be reduced with large-sized ar-
ray. This is because the larger array gain means the reduced single PA power and DC
consumption under fixed EIRP. Figure. 2.19 demonstrates how the large array size can
reduce the total DC power consumption. Under fixed EIRP, if the number of the elements
increases, then single PA power must be reduced. In other words, under the same PA ef-
ficiency, DC power consumption of PA must be reduced, proportionally. As shown in the
Figure. 2.19, while the single PA power reduces proportional to the number of elements
to the power of -1, the total power consumption reduces proportional to the number of

elements to the power of -2.

2.3 Satellite Phased Array TX

The previous discussion reveals that low cost, high data throughput, and low power con-
sumption TX design in LEO small satellite constellation are essential requirements. To
achieve the above three objectives for an LEO small satellite TX, this thesis proposes and

realizes the below seven techniques:

e Dual circular polarization: High data throughput
e K-band: High data throughput

e CMOS: Low cost

e Phased array: High data throughput, Low power
e Deployability: Low cost

The first challenge is to implement dual circular polarization. By utilizing dual polar-
ization, polarization multiplexing becomes possible, effectively doubling the signal band-
width and data throughput. However, dual polarization is susceptible to process variations
and temperature, among other factors. High-quality dual circular polarization requires

elaborate circular polarization generation or calibration. The second and third challenges
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are Ka-band and CMOS technology. Combining these two technologies results in wider
bandwidth and low-cost TX fabrication. The fourth challenge is the phased array, as dis-
cussed in Section 2.1.5. A phased array can increase communication duration and EIRP
by increasing array gain without requiring a power output increase from the PA. This
means that total PA power consumption can remain constant while EIRP increases. In
other words, a phased array can reduce total power consumption while maintaining the
given EIRP. The fifth challenge is the implementation of deployability. As a phased ar-
ray is utilized in this thesis, a deployable phased array is one possible solution, but there
may be manufacturing issues to address. Figure. 2.20 provides a clear overview of the
relationship diagram between challenges and research objectives.

Moving forward in this chapter, we will analyze the link budget of the phased-array
TX to determine the appropriate architecture. Subsequently, we will delve into the design
targets and their potential social contributions, while also addressing the challenges that

must be overcome.

2.3.1 Link Budget

While the success of SATCOM is decided by many factors, the most important design
consideration is the careful design of the link budget. To achieve enough EIRP with
limited power resources, the appropriate link budget design becomes more crucial.
Figure. 2.21 illustrates the designed link budget of the phased-array TX for the satel-
lite segment in this thesis. For the link budget calculation, -6 dBm output power PA and
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Figure 2.21: Link budget of the phased-array TX for the satellite segment in this thesis.

4096-element array size is used on the TX side. A 4096-element phased array antenna
outputs 48.2 dBW EIRP. The 48.2 dBW signal travels a long distance, 1900 km, which
is calculated from 585 orbit altitude and 10° ground station antenna elevation angle. The
free space path loss (FSPL) from the 1900 km is calculated by:

FSPL =20log,, % —20log,,d — 20log,, f (2.35)

where c is the speed of the light and d is the link distance, and f is the center frequency
of the signal. From the Equation. 2.35, the FSPL is given as 187.3 dB. Because the
Ka-band is susceptible to rain loss, 9 dB of the rain loss should be taken into account, as
well [51-55]. However, for best link scenario, rain loss is set to O dB in Figure. 2.21.
On the ground station RX side, a 3.7 m of commercial-of-the-shelves parabola antenna is
utilized. The RX antenna has 35 dB/K of G/T. After multiplying the received signal by the
Boltzmann constant, a carrier-to-noise ratio of 124.5 dBHz is achieved. Now the signal
SNR can be calculated by applying noise bandwidth from the symbol rate information,
which is 4.0 GHz. The SNR of the received signal is 28.5 dB. The above calculation can

be summarized as:
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Figure 2.22: Conceptual diagram of antennas and RFIC (a) 1:1 Antenna/RFIC drive ratio,
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S
N = PTX + GTX - FSPL - Lsum + G/TRX — 2010g10k — 2010g10 RS (236)

where, S/N is the SNR of the received signal, Pry is the output power of a single PA,
L., 1s other additional losses except for FSPL, G/Tgx is the RX antenna figure of merit
(FoM), Ry is the signal symbol rate for noise calculation, and Gry is the TX array gain.
Grx can be represented as below:

Grx = 201og,y N (2.37)

where N is the number of the element antenna in TX.

The above link budget reveals that the received SNR, 18.5 dB can support the highest
modulation scheme in DVB-S2X standard which is 256-APSK with 3/4 code rate [49].
Targeting to support the DVB-S2X standard, the required PA output power and the num-
ber of elements are 6 dBm and 4096, respectively, under 585 km LEO, 10° elevation

angle, and 4GHz symbol rate conditions.

2.3.2 Element Integration Level

Not only the number of element of an array, but also how many elements are integrated
into IC or antenna/radio frequency integrated circuits (RFIC) drive ratio is one important

consideration. Figure. 2.22 shows three different scenarios upon different antenna/BFIC
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Figure 2.23: Summarized quantitative targets.

drive ratio of the RFIC. As compared in Figure. 2.22(a) and Figure. 2.22(a), depending on
the antenna/BFIC drive ratio, the complexity and length of the routings between antennas
to an RFIC (output routings) and the complexity and length of the routings between an
RFIC and system input (input routings) vary in opposite direction. Here input routing
contains RF distribution lines to RFIC, digital control lines, and power distribution lines,
and the output routings includes antenna feed lines.

If the antenna/RFIC drive ratio is 1:1, minimum rate, the length of the output routings
is the minimum, while the length of the input routings become the maximum. In this
scenario, the lowest output loss which is critical to the output linearity and TX efficiency is
expected. However, complexity of the input routing becomes the maximum. The complex
input routings including input RF distributions, control lines, power supply lines may
require a number of layers of substrate. A number of layers results in cost increase and
fabrication inaccuracy. In other hand, If the antenna/RFIC drive ratio is high, say 16:1 as
shown in Figure. 2.22(b), the complexity of the input routings is mitigated, while output
routings, antenna feed lines become long and complex. The long and complex antenna
feed lines may cause huge loss and coupling between lines.

The above discussion derives one optimization rule: As short output routings as possi-
ble under input routings are allowed by process design rules. With the optimization rule,
the antenna/RFIC drive ratio is set to 4:1 as shown in Figure. 2.22(c) in this thesis. The
single output antenna feed line may consist of two lines for dual polarization signaling or

a single line for single polarization.

2.3.3 TX Design Target

The quantitative targets from previous discussion are summarized in Figure. 2.23. Set-
ting the link speed as maximum which can be exploitable from the 27-31 GHz DVB-S2X

communication, required EVM is set to 27 dB under dual circular polarization transmit-
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ting mode. From the required EVM, EIRP and allowed DC consumption at dual circular
polarization mode are decided as 48 dBW and 500 W with 4096-element active phased
array, respectively. Likewise, single circular polarization mode DC consumption is set to
250 W. To stow the 4096-element size array into 1U small-sat, required areal stow rate is
required to be 1/16. Lastly, total TX weight is set to 0.1 kg and the power efficiency over
the steered beam angle (-50 +50°) is set to >15 %.

Finally, the summarized research background is demonstrated in Figure. 2.24 includ-
ing realized techniques to achieve quantitative research targets. The first is to implement
dual circular polarization. To realize dual circular polarization, a comprehensive under-
standing of polarization is required. The second is to design the Ka-band phased-array TX
in CMOS technology, which requires elaborate modeling at high frequency and careful
measurement to evaluate the TX. Furthermore, systematic-level design with PCB is also
required with full 3D electromagnetic simulation. The third technique involves develop-
ing of Ka-band CMOS phased-array TX to a deployable substrate. The fourth technique
is the use of a load tuner, which will be introduced in Chapter 4. The load tuner can
adjust the load impedance against the deteriorated antenna impedance caused by element
coupling and beam steering, thus improving efficiency. Improved efficiency, under the
given RF output power, leads to reduced DC power consumption. Next, a clever circu-
larly polarized signal can further reduce TX DC power consumption. Considering all of
the above, a systematic array design that minimizes loss while maximizing array gain will

be explored to reduce the total DC power consumption.
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Chapter 3

Space-Efficient Deployable
Phased-Array

This chapter discusses Ka-band CMOS deployable phased array TX. Specifically, for im-
plementing the deployability, this chapter concentrates on how to build the deployable
substrate for TX integration. In Section. 3.1, the concept of the deployable phased ar-
ray, and the prior arts will be presented. After that, the practical deployable phased array
implementation will be discussed in the Section. Because this chapter focuses on how
deployability is implemented, details on deployable PCB and RF components on the PCB
will be addressed rather than active ICs. 3.2. Finally, measurement results and the sum-

mary of the chapter will be deliberated on in the Section. 3.3 and 3.4.

3.1 Introduction

3.1.1 Deployable Phased Array

As depicted in Chapters 1 and 2, one of the most crucial concerns in the satellite business
is the exorbitantly high launch cost. To reduce costs as much as possible, every com-
ponent in satellites must be minimized in volume and weight. However, antennas are a
component that has performance dependent on their size. In terms of transmission (TX),
a larger antenna size is preferred in order to focus the radiated power, which would other-
wise spread out in all directions. Conversely, in terms of reception (RX), larger antenna
size is preferred in order to collect small radiated signal energy that is spread out over the
air. Specifically, for space applications, communication distances are too great to estab-
lish communication links with small antennas. These two conflicting factors result in a

trade-off between antenna size and satellite cost.
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Figure 3.1: (a) Trade-off between cost and EIRP in antenna on satellites, and (b) break-
through of the trade-off with the deployable array antennas.

The Figure. 3.1(a) explains the trade-off relationship between antenna size and satel-
lite cost. Especially, in terms of the TX, antenna size is directly related to the EIRP.
Thus, the trade-off was re-visited as the relationship between EIRP and satellite cost. To
break through the trade-off, as an old solution, deployable antennas are well developed as
shown in Figure. 3.1(b). By doing so, a satellite with folded antenna can be launched at a
reasonable cost, and deploy the antenna for higher EIRP.
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Figure 3.2: Conventional deployable antennas:(a)Two rigid substrates [2], (b) Fully flex-
ible substrate [3], and (c)hybrid rigid-flex substrate [4].
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Figure 3.3: Comparison of conventional deployable array antennas.

3.1.2 State-of-the-Arts

There has been significant research regarding deployable array antennas with various

types of deployability [2—4, 56—67]. As shown in Figure. 3.2, three different types of de-

ployable antennas can be selected as representative deployable structures. One approach

is to implement deployability with two rigid substrates fixed on a flexible membrane [2].

This structure offers the advantages of rigid substrates, such as multi-metal layers, low-

loss substrates, less process variation, and a mechanically solid and stable footprint for IC
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Figure 3.4: Proposed deployable phased array antenna structure.

soldering. However, this type of substrate cannot be scaled up to a large array, and it is
also relatively heavy. Another approach is to use a fully flexible substrate [3]. This type
of antenna array is straightforward to build and is lightweight. However, arrays on a fully
flexible substrate cannot provide solid IC soldering footprints and enough multi-metal
layers to integrate many control routings for an active phased array. These disadvantages
make it challenging to build large-size active phased arrays. The third approach is to
utilize hybrid rigid and flexible substrates [4]. This structure combines the advantages
of both rigid and flexible substrates, offering solid and stable IC soldering footprints,
convenient crease formation, and a wide patch-to-ground gap for patch antenna design.
However, hybrid rigid-flex substrates have a significant challenge: the process variation
is too significant to implement mm-wave frequency TX building blocks. Additionally,
the work in [4] does not have a sufficient number of metal layers for active phased array
implementation. The comparison between three types of deployable array antennas is

summarized in Figure. 3.3.

3.2 Deployable Phased Array Implementation

3.2.1 Phased Array Architecture

Figure. 3.4 illustrates the proposed substrate structure for a deployable active phased array
TX. The substrate is composed of LCP and copper metal layers. The place for the IC sol-
dering and antenna implementation is manufactured with 6-layer substrate. The place for
the foldable crease is manufactured with 2 layers of LCP substrate. Two different numbers
of layers are implemented by laminating different sizes of the LCP substrates composing

a hetero-segmented LCP substrate. The 6-layer substrate has a wider substrate thick-
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Figure 3.5: Architecture of the proposed deployable phased-array TX on the hetero-
segmented LCP substrate.

ness in patch antenna side layers for higher antenna efficiency and wider bandwidth. The
hetero-segmented LCP substrate can achieve solid and stable IC soldering footprints, less
process variation unlike rigid-flex fabrication, lightweight, and multi-metal layers for han-
dling the large active phased array control signals. By solving all the disadvantages of the
aforementioned conventional deployable array antennas, the proposed hetero-segmented
LCP substrate displays remarkable achievements. The advantages of the deployable ar-
rays on the proposed hetero-segmented LCP substrate are summarized together with the

conventional deployable array antennas in Figure. 3.3.

The Architecture of the proposed deployable phased-array TX on the hetero-segmented
LCP substrate is shown illustrated in Figure. 3.5. For the proof of concept, an 8x8 ele-
ment array is constructed. Eight antennas are driven by a single beamformer IC (BFIC).
The BFIC in [8] is adopted for the active phased array functionality implementation. The
BFIC is originally designed for dual circular polarization. Because of that, the BFIC has
two independent inputs. However, in this proof of concept, two inputs are tied together
with a power divider to prove the phased array on the proposed hetero-segmented LCP
substrate without implementing a circular polarization scheme. The antennas and BFICs
are integrated on the 6-layer substrate which is highlighted in cyan color in Figure. 3.5.
The RF power distribution lines are also drawn in the 6-layer substrate avoiding passing
the 2-layer substrate as possible. In the proof-of-concept phased-array TX, the RF distri-

bution lines pass the 2-layer substrate only once. At the input of the distribution lines, a
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small form factor of an SMPM connector is integrated not to interrupt deployability.
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3.2.2 RF Components on the Hetero-Segmented LCP Substrate

Although active beamforming integrated circuits (BFICs) play a crucial role in conducting
phase shift and gain variation of signals in each element of the active phased-array trans-
mitter, they are not critical components for implementing deployability in the deployable
phased array. To achieve deployability, a flexible or foldable substrate is necessary, and
on-PCB RF blocks are essential for combining and distributing RF signals to the active
BFICs. Therefore, careful design of on-PCB RF blocks is crucial for the successful im-
plementation of a deployable phased array. This subsection presents about the designs of
RF distribution lines, and antenna patch designs.

Figure. 3.6 illustrates three different types of RF distribution lines that are distin-
guished by color. The first line is a microstrip line (MSL) on the L, layer, referred to as
L1_MSL. These lines are used for antenna driving by BFICs, and the signal patterns are
on the L; layer, while the ground plane is on the L, layer. High frequency simulation
software (HFSS) is used to evaluate the designed L1_MSL, which has a line width of 0.1
mm. The second RF distribution line is a stripline (STL) on the L; layer called L3_STL in
short. The L3_STL consists of an L3 signal line and two ground planes, and the designed
line width is 0.05 mm, with the line being sandwiched by two L, and L, ground planes.
The third line is the L3_MSL on a 2-layer substrate. Although the signal line of this line is
patterned in L3, it forms a microstrip line structure in the absence of L;, L4, Ls, and L lay-
ers, as shown in the lateral view of the board in Figure. 3.6(a). The designed line width of
the L3_MSL is 0.09 mm. The two lines on L3 are used for input RF signal distribution to
the BFIC from the input SMPM connector. Two lines are also designed for switching be-
tween two different substrates, the 2-layer substrate, and the 6-layer substrate. When the
signal running on the L3_STL on the 6-layer substrate encounters the 2-layer substrate,
the signal layer does not change, while only one of the two ground planes disappears. To
prevent increasing return loss due to the abrupt line cross-section shape change, signal
transition structures are also designed. The 3D models of the L3_MSL-to-L3_STL and
L3_STL-to-L1_MSL transition structures are shown in Figure. 3.6(a). In the L3_MSL-
to-L3_STL transition design, the L3 ground plane is cut in a triangular shape to distribute
the electrical field smoothly. In the L3_STL-to-LL1_MSL transition design, L; to L3 via is
used, and the L, ground hole diameter size is carefully selected to emulate a coaxial-like
structure. The simulation results of the two transitions and three lines are presented in

Figure. 3.6(b), which shows well-matched and low transmission loss performances.

In addition to the challenges posed by the RF distribution lines, the patch antenna
design in a hetero-segmented LCP substrate presents another difficulty. Due to the incon-

sistent distribution of the substrate’s geometry, the antennas located far from and near the
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Figure 3.7: Designed patch antenna far from the crease (a) 3D model, and (b) simulated
antenna gain in E-plane and H-plane.

geometry change exhibit different characteristics. For example, on a 2-layer substrate, the
patch located far from the crease is called patchl, while the one located near the crease
is called patch2. This inconsistency can result in degraded return loss and antenna gain

pattern. Therefore, a careful RF electromagnetic simulation is required, and an HFSS unit
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Figure 3.8: Designed patch antenna near the crease (a) 3D model, and (b) simulated
antenna gain in E-plane and H-plane.

cell simulation is utilized. The unit cell simulation assumes that a unit cell is periodically
deployed, thereby assuming an infinite array. This simulation takes into account the ad-
jacent field coupling between elements. Figures 3.7(a) and 3.8(a) show the 3D models of

the two designed patch antennas. Both antennas are designed to be fed using the proxim-
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ity coupling feed methodology. The signal comes from L1_MSL and is connected to the
L;-to-Ls via. At the end of the via on the Ls side, there is a 0.55 mm diameter via land
metal pattern. The signal couples to the L¢ patch pattern from the Ls land pattern. Around
the L;-to-Ls via, L,, L3, and L, form a circular ground ring to emulate the coaxial-like
shape for the 50 Q matching. Not only the circular ground ring pattern, but the vias be-
tween L,-to-L; and Ls-to-L,4 also surround the L;-to-L, via. As discussed, the antenna in
Figure. 3.8(a) has a 1 mm back-off defect in the substrate on the right side, which causes
differences in gain and matching. To compensate for these differences, the location of the
feeding vias is slightly adjusted. The feeding via for patchl is located 1.2 mm away from
the patch center, and the feeding via for patch2 is located 0.8 mm away from the patch
center. The simulated results are shown in Figures 3.7(b) and 3.8(b), taken at 25.5 GHz,
26.25 GHz, and 27 GHz, as the utilized BFIC is designed for EESS downlink band. As
can be seen, both antennas show the same gain values in both the E-plane and H-plane.

3.2.3 Calibration of the Crease

After the deployable substrate is folded, a crease remains which may not be completely
restored to a flat surface after deployment in space, and the angle of the crease can be
random. The random angle makes it difficult to predict, and thus calibration of the crease
is required.

In Figure. 3.9, a simple one-dimensional phased array diagram is shown for un-
derstanding the phased array calibration. As the designed deployable phased array TX
has a single crease, the conceptual diagram also has a single crease. To calibrate the
phased array, first, two sub-arrays divided by the crease must be well-calibrated and well-
controllable phased arrays. This operation can be done on the ground in the measurement
room before launching into space. For the calibration, the rotating-element vector (REV)
algorithm [68] can be utilized. After the deployment of the antenna in space, the REV
algorithm can be used again for further calibration.

For the mathematical details, let’s say the beam angle to the test receive antenna of

the left-side sub-array and right-side sub-array be a; and ag, respectively. Because

ar =0+«
3.1

and ap =6 —a,

The « and 6 can be solved. Here, the « is the direction to the test receive antenna from the
flat-state full array. Because the « is the direction to the test antenna, for real communi-
cation operation, the « is a redundant parameter for the beam steering. In communication

and beam steering, only the ¢ is added or subtracted from the wanted beam angle at each
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Figure 3.9: One-dimensional phased array diagram for comprehensive calibration under-
standing.

left and right-side sub-array. In this way, phased arrays with more than one crease can
find their crease angles and be calibrated.

Here is the summarized calibration algorithm.

e Each sub-array turns on and steers the beam until the test antenna measures the

highest power.

e Save each beam angle that achieves the highest receive power:

ar=0+a,ar =0 — a.
e Find ¢ from the Equation. 3.1
e apply crease angle ¢ to the wanted beam direction.

One more important consideration in calibration is calibration time. For calculating
the calibration time, a 4x4 array consists of 16x16 sub-array, thus a 64x64 array in total,
is assumed. In addition to the array size configuration, beam switching speed for a sub-
array is set to 38 msec from SPI command write time. Lastly, assuming each sub-array
sweeps beam by 30 steps of azimuth angle and 30 steps of elevation angle, totally 900

steps are taken into account. The calibration time can be derived as below.

tcar = tBeam—sup X # of beams X # of subarrays = 9 mins. 3.2)

Here, tgeam—sup 18 the sub-array beam switching time, 38 msec, # of beams are set to 900,

and # of subarray is set to 16. From the above result, a single calibration time is 9 minutes.
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Figure 3.10: Satellite launch phases for deployable phased array.

Figure. 3.10 shows satellite launch phases including several important initial missions.
After the satellite sits on the orbit, it starts deploying membrane which includes solar
cells and deployable phased array. When the deployment of the flexible membrane is
done, the satellite begins the calibration with external probe antenna on satellite body. As
aforementioned in previous discussion, the calibration takes 9 minutes. Because there is
no air in the space, once the deployment and vibration due to the deployment are finished,
mechanical deformation does not change. Until the space mission is finished, calibration

is not conducted anymore.

Weight Comparison LCP flexible substrate is inherently lighter than rigid substrates.
Figure. 3.11 shows two different fabricated phased array on deployable substrate and
Megtron 6 rigid substrate. Measured areal mass of rigid substrate is 2.96 kg/m?* with nine
layers and areal mass of flexible substrate is 0.82 kg/m? with six layers. While single layer
thickness of each substrate is similar, comparing nine layers and xix layers substrate is not
fair. For the fair comparison, nine layers substrate is normalized to six layers substrate by
simply multiplying 6/9. The normalized areal mass of the phased array on Megtron 6 rigid
substrate is 1.98 kg/m?. Comparing this directly to areal mass of flexible substrate, 0.82
kg/m?, the results tell that flexible substrate is as lighter as x1/2.4 than rigid substrate.
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Figure 3.11: Weight comparison between: (a) a phased array on Megtron6 rigid substrate,
and (c) a phased array on LCP flexible substrate.

3.3 Measurement Results

To further evaluate the proposed hetero-segmented LCP deployable phased array TX, the
design depicted in Figure. 3.5 was fabricated, as shown in the photographs of Figure.
3.12. Figure. 3.12(a) displays a side view of the fabricated TX in the IC, where eight
BFICs and L1_MSTLs leading to the antenna feeding points can be observed. The 6-
layer substrate was used to successfully route not only RF lines, but also control lines for
the serial peripheral interface (SPI) and all the necessary power lines. On the other hand,
Figure. 3.12(b) displays a side view of the fabricated TX in the antenna, with a 10x10
array of implemented antennas. Only the inner 88 array is activated by the BFICs, while
the surrounding outside antennas are dummy antennas that reduce the different coupling
effects in edge antennas and inner antennas. The blue area, covered by solder resist,
represents the 6-layer substrate zone, and the white area represents the 2-layer substrate
zone, which can be easily distinguished visually. The measured weight of the fabricated
deployable phased-array TX on the hetero-segmented LCP substrate is only 9.65 g.

To demonstrate the proposed hetero-segmented LCP substrate folds appropriately, the
pictures of the fabricated deployable phased array in various bent-angle states are shown
in Figure. 3.13.

One of the most important functions of a phased array is beam steering, and the ex-
act beam steering function is essential for the successful operation of the array. This is
especially true for deployable phased arrays, as their mechanical deformation can affect
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Figure 3.12: Fabricated deployable phased-array TX: (a) IC-mounted side view, and (c)
antenna-implemented side view.

the beam steering function, making it a major concern. In order to test the beam steering,
Figure. 3.14 shows the beam patterns under various substrate bent angles: 6 = —10°,
0 =0°06=+10° and 6 = +20°. The beam patterns in each sub-figure are distinguished
by colors and were measured at -50°, -40°, -30°, -15°, 0°, 15°, 30°, 45°, and 5°. All data
were measured with the above calibration. Even as the bent angle increases, causing the
beam patterns at large beam angles to deviate from those at the flat state, the beams still
direct towards the expected direction accurately.

One interesting observation in Figure. 3.14 is that the beam patterns are asymmetric
when they are switched. The reason for asymmetric beam pattern is uneven power dis-
tribution by trace resistance. Measured power supply voltage near ICs are shown in Fig-
ure. 3.15. As shown in the figure, each chip receives power supply with +1% variation.
Because digital-to-analog converters for mosfet gate bias refer to the power supply for
output signal generation, gate biases of amplifiers also changes thus bias current changes
abruptly. This results in abrupt change in each element gain control a lot.

In both TX and RX phased arrays, accurate beam steering is essential, but in TX, the
most critical performance metrics are the EIRP and power consumption, as the output
power level of the PA determines the communication distance, which is particularly im-
portant for long-distance space applications. Figure. 3.16 illustrates the measured EIRP
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(b)

Figure 3.13: Fabricated deployable phased-array TX in various bent angles: (a) bent
inside the antenna surface, (b) flat state, and (c) bent outside the antenna surface.

plotted against the swept input power. The measurement shows that a saturated EIRP
of 46.7 dBm is achieved with 64 elements radiating, and the power consumption at the
saturation point is measured to be 4.1 W. The EIRP at the 1 dB compression point is 38.0
dBm under 2.9 W DC power consumption. The EIRP measurement is conducted at a flat
state with 0° bent angle.

Not only the measured performances with a single tone but also the performances

with the modulated signal are measured. Figure. 3.17 illustrates the measured EVM over
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Figure 3.17: Measured EVM along with the swept EIRP.

swept EIRP and under the various modulation schemes. The EVM is measured with an
8-element array setup. From the simple calculation, the saturated EIRP in this setup is
28 dBm. There are several observation points. The first is that while the EVM decreases
in a 1 dB/dB slope on the left side of the lowest EVM point, the EVM increases in a 2
dB/dB slope on the right side of the lowest EVM point. This is because, on the left side,
the constant level of RX noise is dominant signal-degrading component, on the right side,
the 3-dB-increasing ACPR is the dominant signal-degrading component, while the signal
increase in a 1 dB/dB slope. The second is that the signals with a 200 MHz symbol rate
are 6 dB as low as the signals with an 800 MHz symbol rate on the lower EIRP side.

Another is, on the higher EIRP side, the EVM of the higher order modulation is higher
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Figure 3.19: Measured EVM under bent-angle conditions.

than the EVM of the lower order modulation because the higher order modulation has a
higher peak-to-average power ratio (PAPR). From the data, with the measurement setup,
the maximum EVM is the -36 dB with a 200 MHz QPSK signal at 18 dB back-off from
the saturated power point, and the -32 dB EVM is achieved with an 800 MHz 32-APSK
signal at 15 dB back-off point. At the 6 dBm back-off point, -25 dBm and -20 dBm of the
EVMs are achieved with QPSK and 32-APSK modulations, respectively.

The measured EVM with various modulations and a higher symbol rate of 1.5 GBaud
are summarized in Figure. 3.18. Ataround 15 dB back-off from the saturated power level,
the EVMs of 32-APSK and 256-APSK modulation are achieved at -28.9 dB and -28.3 dB,
respectively. The constellations for each modulation are also shown in Figure. 3.18 and
are clearly measured. At the 6 dB back-off point, QPSK and 32-APSK modulations show
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EVMs of -19.1 dB and -21.6 dB, respectively. The constellations for both modulations
also show distinguishable symbols.

In addition, the EVMs under various bent angle conditions were measured and are
presented in Figure. 3.19. The measurements were conducted for both the board bent
angle and the various beam angles. Specifically, 0° and +10° bent angles, as well as 0°
and +30° beam angles, were chosen for this measurement. Despite the degradation of
EIRPs at +10° bent angle, the constellations were still clear, with -34.5 dB and -31.3 dB
EVMs measured at 0° and +30° beam angles, respectively.

All the measured EVM results with modulated signals are evaluated with nearest-
approximation algorithm not with comparing with source symbol sets. While EVM mea-
surement by comparing with source symbol can bit error rate (BER) because bit-decision
correctness can be known, the nearest-approximation method does not provide BER mea-

surement because the resultant symbol is decided as the closest symbol.

3.4 Summary

The proposed Ka-band 64-element deployable active phased-array TX on the proposed
hetero-segmented LCP substrate achieves lightweight and small volume for the small
satellites. Thanks to the new structure of the deployable substrate, which combines a
2-layer LCP substrate and a 6-layer substrate, the TX also achieved solid and stable 1C
soldering footprints, less process variation, and multi-layer routing for active phased ar-
rays.

In the measurement, it is proven that the deployable phased array TX works properly
at -10° to +20° board bent angle. The proposed deployable phased array TX can outputs
46.7 dBm EIRP with the 64-element array. The phased array TX supports 32-APSK
modulation with a 1.5 GBaud symbol rate at 6 dB back-off from the saturated power
point.






Chapter 4

Power-Efficient LL.oad Tuner and
Circular Polarization Calibration

This chapter discusses two techniques aimed at addressing the challenges faced by small
LEO satellites. The first technique is the use of a load tuner in a phased array to reduce
power consumption. The second technique is the dual circular polarization calibration
method which addresses the impact of cross-polarization discrimination on signal quality.
Section 4.1 will discuss the need for a load tuner in a phased array, followed by an expla-
nation of how cross-polarization discrimination affects signal quality. In Section 4.3, the
implementation of the load tuner for the phased array will be presented. Section 4.4 will
present the dual circular polarization method. Measured results from the combination of
both techniques applied to the fabricated Ka-band CMOS phased-array TX will be pre-
sented to support the presented ideas. Finally, Section 4.6 will provide a summary of the

chapter.

4.1 Introduction

4.1.1 Dual Circular Polarization

In Section. 2.2, the mathematical description of circular polarization is well described
and the importance of the XPD is simply introduced. In this section, the details about
how XPD is related to the signal quality. For a short review of the intuitive understanding

of circular polarization. Some important descriptions are summarized below.

e A single circular polarization consists of two signals that are linearly polarized in
the horizontal and vertical directions, spaced 90 degrees apart in either a positive or

negative direction.
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Figure 4.1: Description of impacts of dual circular polarization to signal SNR (a) ideal
circular polarization, and (b) non-ideal circular polarization.

e The direction of the circular polarization is decided by the sign of the phase between

two linearly polarized signals.

e The LHCP and RHCP are the new two orthogonal bases set to represent any kind
of polarization, likewise the two linearly polarization do.

e The ratio of the electric field intensity of the two decomposed circular polarization
is defined as XPD.

Figure. 4.1 demonstrates the impact of erroneous circular polarization on the SNR in
dual polarization mode. In this configuration, the TX contains two paths for two different
signals, with one antenna transmitting LHCP signals and the other antenna transmitting

RHCP signals. Once the polarized signals are radiated into free space, they mix together.
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Figure 4.3: XPD contour map by the amplitude and phase error.

The ideal LHCP and RHCP RX antennas filter only their respective polarized signals.
However, there are differences between ideal and practical cases, which are illustrated in

Figures 4.1(a) and 4.1(b), respectively. In the ideal case (Figure. 4.1(a)), the red signal
forms only LHCP, and the blue signal forms only RHCP without any unwanted compo-
nents. Thus, the ideal LHCP and RHCP RX antennas can effectively filter the signal ac-
cording to their polarization. In contrast, in the non-ideal case (Figure. 4.1(b)), the LHCP
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Figure 4.4: Description of the load variation in a dual circularly polarized phased array:
(a) antenna array diagram, (b) simulated antenna impedance of H- and V-port.

and RHCP signals become left-handed and right-handed elliptically polarized (LHEP and
RHEDP) signals, respectively, due to imperfect circular polarization generation by the TX.
These signals can be linearly decomposed by simple mathematics into LHCP and RHCP
components. As a result, the ideal LHCP and RHCP antennas cannot filter out the op-
posite polarization components, invoking coupling between the two signals. As shown
in Figure. 4.1(b), the two coupled signals become noise or interference for the opposite
polarized signal, leading to reduced SNR.

In this chapter, circular polarization is synthesized by two linearly polarized signals,
so it is preferred to use parameters defined in the linear polarization sense. As a refresher,
Figure. 4.2 illustrates the error parameters for circular polarization definition: « and 6.
Furthermore, Figure. 4.3 displays the XPD variation in relation to the amplitude error «
and phase error 6. For instance, when the errors are @ = 0.5 dB and § = 0° or @ = 0 dB
and 6 = 4°, 30 dB of XPD can be achieved. As explained earlier, XPD is equivalent to the
SNR in dual circular polarization mode.

4.1.2 Load Variation by Phased Array Beam Steering

In addition to the dual polarization issue, load variation caused by beam steering and inter-
antenna port coupling is another concern in phased array TX for small LEO satellites. As
shown in Figure. 4.4, the loads at the antenna ports change significantly as the beam is

steered. The antenna array with dual linearly polarized antennas is designed and simulated
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Table 4.1: Comparison of load tuners in hand-held front-end and satellite phased array.

Hand-held front-end Satellite phased array
JSSC2020_Mannem [35] .
References o This work
VLSI12019_Chappidi [69]
. Beam steering &
Load variation source Random hand-hold ) )
inter-element coupling
Predictable? Random By simulation
Required Wide Narrow
tuning coverage (because of randomness) | (because of predictability)
) Multi-stage tunable Fewer-stage tunable
Solution i _
matching network matching network
Loss in mm-wave High Low

in HFSS, where the port supporting horizontal polarization is referred to as H-port and
the one supporting vertical polarization is called V-port. To emulate circular polarization,
the phase difference between the two ports is set at 90° with equal amplitude. In the beam
steering setup, both H- and V-ports are steered simultaneously from 6 = 0° to 8 = 70°
with fixed ¢. As shown in Figure. 4.4(b), the load variation due to the beam steering can
greatly affect the efficiency and maximum output power of the PA, which is designed to
operate at a fixed optimum load for maximum efficiency and output power. This suggests
the need for a load tuner at the output of the PA.

However, designing a load tuner for a dual circularly polarized phased array encoun-
ters different challenges compared to conventional load tuners used in hand-held termi-
nals, as reported in the literature [8, 35, 69—73]. Table. 4.1 summarizes the differences

between hand-held front-end and satellite phased array load tuners.

One significant difference is the source of load variation. While antenna impedance
variation in hand-held front-ends is caused by random user interactions, beam steering
and inter-feeding-port coupling induce load impedance variation in satellite phased ar-
rays. These different characteristics affect the predictability of load variation. The antenna
impedance variation in hand-held terminals is random and difficult to predict, whereas, in
phased arrays, the load variation can be predicted through careful electromagnetic simula-
tion. The predictability of load variation determines the required tuning coverage during
the design phase. Hand-held front-ends require wide coverage as the load variation is
unknown, whereas a phased array load tuner can cover only the predicted load variation

range. A wide tuning coverage load tuner design has a critical issue, however. To cover
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Figure 4.5: Block diagram of the proposed Ka-band dual circularly polarized CMOS TX
BFIC.

the wide tuning coverage, multiple stages of tunable matching networks are required,
which can be very lossy. This is especially problematic in mm-wave design, where pas-
sive component loss increases significantly due to the skin effect. Thus, a solution with

fewer stages of load tuner in a mm-wave phased array is preferable.

4.2 TX Architecture and Circular Polarization Genera-

tion

4.2.1 TX architecture

Figure. 4.5 illustrates a block diagram of the proposed Ka-band dual circularly polarized
CMOS TX BFIC. The TX is designed to cover the 25.5 GHz to 27 GHz frequency band
which is the EESS downlink band. In a BFIC, four dual-channel TXs are implemented. A
single dual channel includes two TX replicas for the H- and V-path. The two independent
TXs are driven by the lumped wilkinson power divider, independently. The blocks af-
ter the output of the power divider are referred to as distributed paths (D-path) including
D-PS, D-VGA, drive amplifier (DA), and PA. The path before the power divider is re-
ferred to as the centralized path (C-path) including C-PS, and C-VGA. The role of D-PS
and D-VGA are used for beamforming to control amplitudes and phases of the signals
from each element. The C-PS and C-VGA are for compensating the circular polarization
imperfection that emerged in inter-chip variations. At each PA output, the load tuner is
implemented as combined with the matching network. At the end of a single D-path, an
RF coupler is implemented and a power detector reads the coupled signal to detect phase
and amplitude differences between the H- and V-path.
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4.2.2 Circular Polarization Generation.

By driving H- and V-ports of the dual linearly polarized antenna with the H- and V-path
of a D-path, a BFIC can drive four dual linearly polarized patch antennas. With the
architecture, the below two signals are driven into the H- and V-path inputs of the BFIC

to generate dual circularly polarized signals.

Ae Y 4 Ape™ 4.1)

Ape™” + Age " (4.2)

where the A; and Ay are the amplitudes for the signals to be LHCP and RHCP signals,
respectively. The signal in Equation. 4.1 is to be entered into the input of the H-path, and
the signal in Equation. 4.2 is to be entered into the input of the V-path. Because the H-port
of the dual linearly polarized antenna makes a horizontally polarized signal and the V-port
of the dual linearly polarized antenna makes a vertically polarized signal, the signals in
the Equation. 4.1 and 4.2 are horizontally and vertically polarized, respectively. Once the
signals are radiated outside the antennas, the signal term A; e~ in the Equation. 4.1 and
the signal term A; e~/ in the Equation. 4.2 form an LHCP signal with amplitude A;. In
the same way, the signal term Agze /" in the Equation. 4.1 and the signal term Aze™*"" in
the Equation. 4.2 form an RHCP signal with amplitude A, in the free space. The newly
generated signals can be rewritten mathematically as:

LHCP : a5 - Are ™™ +ay - Ape ™ 4.3)

RHCP : a5 - Age™™ + ay - Age™ " (4.4)

where the ay and ay denote unit vectors in a horizontal and vertical direction, respectively,

in a cartesian coordinate system.

This methodology of the generation of the dual circular polarization requires signal
processing such as quadrature generation and quadrature mixing in the digital baseband
(DBB). Normally those functions demand huge design burdens, e.g. area, and time. Even
though generating circular polarization in DBB requires design burdens, digital signal
processing can benefit their flexible calibration ability against any type of signal impair-

ments.
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Figure 4.6: Circuit diagram of the designed PA and load tuner.

4.3 Load Tuner for Dual Circularly Polarized Phased Ar-

ray

Figure. 4.6 illustrates the designed power amplifier (PA) and load tuner. The PA incorpo-
rates cross-coupled capacitors (CCC) to counteract the parasitic capacitor, C,,, between
the gate and drain terminals. The CCC effectively suppresses the reverse gain, thereby
increasing the available power gain at the millimeter-wave frequency band. To achieve
a low-loss design, the load tuner is integrated with the output matching network. This
enables 2-dimensional load variation by controlling the two variable capacitors, allowing
for complex load control on the Smith chart. The switches are implemented using 4-bit
control for each. The Cy capacitor, located at the PA drain side, has a capacitance varia-
tion range of 120 fF to 300 fF and a Q value range of 75 to 15. The Cp capacitor, located
at the load side, has a variable capacitance range of 60 fF to 160 fF and a Q value range
of 60 to 15.

The detailed design method, regarding how to decide the capacitance values, is de-
scribed in Figure. 4.7(a). The trajectories of the impedances seen at nodes highlighted as
colored arrows are drawn in Figure. 4.7(a). The red and blue arrow denotes the H- and

V-port impedances of the dual linearly polarized antenna or required impedance variation
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Figure 4.7: Load tuner design: (a) conceptual design of PA and load tuner, and (b) sim-
ulated load variation of the array antenna and simulated load tuning coverage of the de-

signed PA and load tuner.
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Figure 4.8: Comparison of the PAs with and without load tuner: (a) Simulated PAE, and
(b) load variation conditions used in PAE simulation.

range. This impedance range is the target impedance to be transformed from the optimum

impedance of the PA. The first starting point is the brown-colored impedance, a conjugate

of Zopr. Then draw the impedance trajectory of the Cg as being grey-colored. Here, the

first-dimensional impedance variation range is decided. By modeling the transformer to
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Figure 4.9: Measured PA and load tuner performances: (a) PAE with various load values,
(b) output power of the PA with various load values, and (c) legend.

an equivalent circuit as shown in Figure. 4.6, draw the impedance change trajectories
from the Cg pax, Csaunv. Then the black arrow, which denotes the impedance trajec-
tory by the shunt variable capacitor, Cp, draws the second-dimensional impedance tuning
range. From the above trajectories, the required variable capacitors and transformer val-
ues are decided. The Figure. 4.7(b) shows the simulated tuned impedance points seen at

the output of the output matching network.

Figure. 4.6 depicts the designed power amplifier (PA) and load tuner, where the CCC
technique is employed to neutralize the parasitic capacitor, C;;, and thereby suppress
the reverse gain, leading to an increased power gain at the mm-wave band. For low-loss

design, the load tuner is integrated with the output matching network, and the two variable
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capacitors allow for two-dimensional load variation, which enables complex load control
on the Smith chart. The switches are designed with 4 bits each, and Cg, located at the PA
drain side, has a capacitance variation range of 120 fF to 300 fF and Q values from 75 to
15. Similarly, Cp, located at the load side, has a variable capacitance range of 60 fF to
160 fF with a Q value of 60 to 15.

The detailed design methodology for determining capacitance values is illustrated in
Figure. 4.7(a). Impedance trajectories for nodes indicated by colored arrows are depicted,
where the red and blue arrows represent the H- and V-port impedances of the dual-linearly
polarized antenna or the required impedance variation range. This impedance range is the
target impedance that needs to be transformed from the optimal impedance of the PA.
Starting from the optimal impedance, Zopr, the impedance trajectory of Cg is drawn in
gray to determine the first-dimensional impedance variation range. By modeling the trans-
former as an equivalent circuit, as shown in Figure. 4.6, impedance change trajectories
are drawn from Cg jyax to Cgayy. The black arrow indicates the impedance trajectory
by the shunt variable capacitor, Cp, and determines the second-dimensional impedance
tuning range. Using these trajectories, the required variable capacitors and transformer
values are determined. The simulated tuned impedance points at the output of the output

matching network are shown in Figure. 4.7(b).

4.4 Circular Polarization Calibration

Circular polarization calibration is a critical issue in dual circularly polarized transmit-
ters. High signal cross-polarization discrimination (XPD) can be achieved by controlling
the amplitude and phase of the signals at the digital baseband (DBB). However, the cir-
cular polarization calibration becomes impossible if the amplitude and phase errors are
unknown. To address this problem, a novel detector for polarization detection is proposed.

As shown in Figure. 4.10, the designed polarization calibration system consists of
couplers at H- and V-paths, which mix the signals at the center of the line, and a single
power detector that measures the mixed signal power at the output of the load tuner. The
amplitude and phase differences between the H- and V-paths are measured sequentially.
In the amplitude measurement mode, only one path is driven, and the power detector mea-
sures the signal power to determine the amplitude of each signal path and the amplitude
offset between the two paths. In the phase detection mode, both paths are driven with
the same amplitude, which is calibrated in the amplitude measurement step. The mixed
signal at the output of the couplers is measured by the power detector, while the phase
difference between the two input signals is swept. The amplitude of the summed signals

changes by the vector sum relationship, with the amplitude becoming maximum when the
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Figure 4.10: Description of (a) amplitude detection in H- and V-paths, and (b) phase
detection in H- and V-paths.
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Figure 4.11: Measured results of (a) amplitude with swept EIRP in amplitude detection
mode, and (b) phases in phase detection mode.

phase difference is 0° and minimum when the phase difference is 180°. This step enables

the phase offset between the two paths to be determined and rejected in the DBB control.

In order to validate this method, the amplitudes and phases were measured while
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Figure 4.12: Die micrograph of the fabricated BFIC.

sweeping the input power and phase between the H- and V-paths, respectively. The mea-
sured results are presented in Figure. 4.11. Figure. 4.11(a) illustrates the detected single-
path power with the swept power. Figure. 4.11(b) displays the measured phase with the
swept input phase difference. The blue curve represents the on-wafer measurement result,
which indicates no phase offset and displays a minimum measured amplitude at 180°. On
the other hand, the red curve shows the measured detector outputs with an intentional
phase offset using the phase shifter. This intentional phase offset implies that the phase
error between the two paths must be calibrated in the DBB.

4.5 Measurement Results

A die micrograph of the BFIC fabricated with TSMC 65nm CMOS process is shown in
Figure. 4.12, with a die size of 4x1.5 mm? integrating four dual paths on a single chip.
The SPI is also integrated to control the amplifier’s biases, while C-path RF blocks are
also present on the die.

Figure. 4.13 depicts the manufactured 8x4-element phased array TX module, com-
prising eight BFICs to drive 32 dual linearly polarized patch antennas in the top layer
view. The bottom view shows the implementation of an 8x4-element array with addi-
tional rows of dummy antennas to maintain a similar coupling between the edge and
inner antennas.

The S-parameters of the fabricated BFIC with on-wafer measurement are shown in
Figure. 4.14. Covering the full downlink band of the EESS, the single path of the TX
achieves 24 dB gain.

The load tuner and circular polarization performance over the air were evaluated, and
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Figure 4.14: Measured S-parameters of the single path in the fabricated BFIC.

the drain efficiency and the XPD over the scan angle were measured, as shown in Figure.

4.15. The data were obtained at seven different scan angles, namely -50°, -40°, -20°,
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Figure 4.15: Measured phased array TX performances over the beam steering angle with
single tone signals: (a) TX efficiency, and (b) XPD.

0°, +20°, +40°, and +50°. The dashed line in Figure. 4.15(a) represents the measured
drain efficiency of the TX before the beam steering. The optimum load tuning state was
set for the highest drain efficiency, both before and after the load tuning, and the beam
was then steered to retrieve the data. As shown in Figure. 4.15(a), the drain efficiency
before the load tuning was very low, whereas the drain efficiency after the load adjustment
significantly improved. At the -40° point, the drain efficiency was found to be 1.4 times
higher than before.

It is worth noting that the load tuner must be differently controlled for the H- and V-
path, as discussed in Figure. 4.4(b). As a result, the phase and amplitude by the load tuner
setting also change. To compensate for these changes, circular polarization calibration
was conducted after the load tuning. Figure. 4.15(b) presents the results before and
after calibration. The dashed line represents the measured XPD before the calibration,
which showed XPD values of less than 20 dB over the scan angles. However, after the
calibration, the XPD was found to be at a very high level, with a maximum value of 47
dB at -40° beam angle and a minimum value of 33 dB at -20° beam angle. In terms of the
increased step, the XPD was maximally recovered by 36.3 dB at -40° beam angle.

The discussion above describes the empirical verification of the fabricated phased
array TX with a single tone. However, a more comprehensive evaluation is needed to
fully assess the performance of the TX. Therefore, in addition to the single tone test,
modulated signals are also used to evaluate the TX. The measurement setup for this test
is depicted in Figure. 4.16, and the measurements are carried out over the air.

To generate the modulated signals, a Keysight M8195 arbitrary waveform generator
(AWG) is used to generate dual circularly polarized signals. The upconverted signals

are then fed into the fabricated phased-array TX. To control the biases and switches, a
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Figure 4.16: Measurement setup for over-the-air EVM measurement.

Modulation 16APSK 32APSK 64APSK
b & . -. .... ..:::‘"

- *‘-" - + %% e : it X TS 'u

Constellation oo gl s 2 e S ERtet

Spectrum

Bandwidth [MHz] 71000
EVM [dB] -21.8

Figure 4.17: Measured EVM and constellations with various modulations.

python script and a Ni-8452 SPI module are employed. Two commercial-off-the-shelf
circularly polarized antennas are located at a distance of 0.8 meters away from the TX.
After down-converting the signal, a Keysight DSO91304 A oscilloscope samples the sig-
nal at an intermediate frequency (IF) of 3 GHz. This setup enables a more comprehensive

evaluation of the TX’s performance using modulated signals.

In addition to the single-tone tests, the performance of the fabricated phased-array
TX was also evaluated with modulated signals. The measurement setup for this test is
illustrated in Figure. 4.16, and the measurements were performed OTA. The Keysight
MS8195 arbitrary waveform generator (AWG) generated dual circularly polarized signals,
which were then upconverted and input into the phased-array TX. All the biases and
switches were controlled using Python and the Ni-8452 SPI module. Two commercial-
off-the-shelf circularly polarized antennas were located 0.8 meters away from the TX, and
the downconverted signals were sampled by the Keysight DSO91304A oscilloscope at an
intermediate frequency (IF) of 3 GHz.
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Figure 4.18: Measured EVM and constellations with dual circularly polarized signal un-
der various beam angles.

The measured EVMs and constellations for different modulation schemes are shown
in Figure. 4.17. With a 16-APSK signal and a symbol rate of 1 GBaud, an EVM of -21.8
dB was achieved, and a very clean constellation was observed. The TX was also tested
with higher-order modulations. With a 32-APSK signal and a symbol rate of 100 MBaud,
an EVM of -30.2 dB was achieved, and with a 64-APSK signal and a symbol rate of 200
MBaud, an EVM of -27.4 dB was achieved. All the measurements were performed at a
0° beam angle with single circularly polarized signals.

The EVMs with dual circularly polarized signals under various beam angles were also
measured. The measured EVMs at different beam angles are shown in Figure. 4.18. For
this measurement, both LHCP and RHCP signals were input simultaneously and mea-
sured at two RX points simultaneously. At the 0° beam angle, the LHCP and RHCP
signals exhibited EVMs of -25.8 dB and -24.4 dB, respectively. However, at a -60° beam
angle, critically contaminated constellations were observed, and the EVMs were -13.1 dB
and -21.9 dB for LHCP and RHCP signals, respectively. To address this issue, load tuning

and circular polarization calibration were conducted, and the EVMs were recovered to -28
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Figure 4.19: Measured phased array TX performances over the beam steering angle with
modulated signals: (a) legend, (b) EIRP, and (c) EVM

dB and -24.8 dB for LHCP and RHCP signals, respectively, with clean constellations.

In addition, EVMs with dual circularly polarized signals were measured under various
beam angle conditions, and the data are summarized in Figure. 4.19. The measured
EIRP of the co-polarization and cross-polarization of the LHCP and RHCP signals is
also presented in Figure. 4.19(b). Before the load tuning and calibration, the cross-
polarization components for both LHCP and RHCP signals were very high. However,
the proposed load tuner and polarization calibration technique successfully suppressed
the cross-polarization components to a great extent. At the -60° beam angle, the cross-
polarization EIRPs were suppressed by a maximum of -18.1 dB and -16.4 dB for RHCP
and LHCP signals, respectively.

Similarly, the EVMs are presented in Figure. 4.19(c). As expected from Figure.
4.19(b), deadly bad EVMs were recorded over the beam steering before the load tuning
and circular polarization calibration. However, after the load tuning and circular polariza-
tion calibration, the EVMs were reduced to below -24 dB. A maximum recovery of -12.2
dB and -14.8 dB of the EVM for the RHCP and LHCP signals were achieved, respectively.

4.6 Summary

The proposed Ka-band dual circularly polarized CMOS TX with load tuning and circular

polarization calibration technique resulted in significant improvements in performance.
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Specifically, the technique helped recover the TX efficiency by 40% from before calibra-
tion and improved the XPD by 36.3 dB. Additionally, the load tuner and circular polariza-
tion calibration circuit achieved -28 dB EVM with dual polarization, demonstrating the
effectiveness of the proposed approach.

In this chapter, two key techniques were presented for the implementation of an LEO
small satellite constellation. The first technique, the load tuner for the dual circularly
polarized phased array TX, successfully increased the efficiency of the system at various
scan angles. By achieving high efficiency, the need for redundant DC power to increase
the output power was eliminated, resulting in a low power consumption design. The sec-
ond technique, dual circular polarization calibration, allowed for the use of dual circular
polarization to double the data rate. These two techniques are crucial for the successful

implementation of an LEO small satellite constellation.






Chapter 5

Power-Efficient Circular Polarization
Coupler

This chapter presents two power-saving techniques for addressing the challenges faced by
small LEO satellites. The first technique involves a systematic array design for low-power
consumption in the LEO satellite constellation. The second technique involves the use of
a novel circular polarization coupler to save redundant DC power in a single circular po-
larization mode. In Section 5.1, the chapter discusses how DC power consumption can
be saved with the proposed systematic design method, and reviews conventional circu-
larly polarized phased arrays’ circular polarization generation methodologies. Section 5.2
presents the implementation of the proposed active phased array and circular polarization
coupler. Section 5.3 provides empirical results showing extremely saved DC power and
excellent XPD with the circularly polarized signal by the proposed circular polarization

coupler. Finally, Section 5.4 summarizes the chapter.

5.1 Introduction

5.1.1 Phased Array for Low Power Consumption

Power consumption has always been one critical key issue in satellite communication.
Because the satellite solely relies on solar power as its energy source, which is not abun-
dant in the space environment, the power consumption of each functional equipment must
be carefully designed. This issue also applies to the phased array for LEO SATCOM too.

In the design of an active phased array, the number of elements, N, and the output
power of a single element PA, Pyy7, are important design parameters. The number of

elements, N, is related to the array gain, which determines the beam width or communi-
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Figure 5.1: DC power consumption and EIRP of the phased array system over the number
of elements.

cation coverage. The beam width is determined independently by the array shape and the
number of elements. However, the important design parameters, such as EIRP and total
DC power consumption, are determined by both the number of elements, N, and the out-

put power of a single element PA, Pyy7. The relationship between these two parameters
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and the EIRP can be represented by the equation:
EIRP [dBm] = Poyr [dBm] + 20 x log,, N [dB]. (5.1)

The EIRP must be determined by the communication link requirements, such as the re-
quired SNR and link distance. Thus, in the decision-making process for the number of
elements, N, and the output power of a single element PA, Pyyr, the EIRP should be a
fixed value. This fixed EIRP parameter is also helpful for the decision of the number of
elements, N, and the output power of a single element PA, Pyy7, because according to
Equation 5.1, only one parameter, the number of elements, N, needs to be considered in
the further phased array design.

In Figure. 5.1, the relationship between the single element PA output power, Poyr,
and total DC power consumption is shown as a function of the number of elements, N.
The illustration assumes a 0 dBi single element antenna gain and 30% TX efficiency for
simplicity. A significant observation from the figure is that as the number of elements
increases by a factor of 10, the single element PA output power, Py decreases by -20
dB, while the total DC power consumption decreases by a factor of 10. This indicates that
a low-power PA design with a larger array size can achieve lower DC power consumption.
In other words, increasing the antenna gain can lead to a reduction in both the output
power of the PA and DC power consumption. This observation is consistent with Equation
5.1

If the antenna gain is excessively high, the beam width becomes narrower, which
reduces the communication coverage area. However, this narrow coverage area is not a

significant issue in either of the following two cases:
e The system should cover the entire globe.
e The system should communicate with only a single or a few ground stations.

In the first case, since the system already consists of satellite constellations, a narrow
beamwidth is not a critical issue. Instead, narrower beams can increase the data rate by
utilizing space-division multiplexing. In the second case, because the active phased array
can quickly sweep the beam direction, the beam can be sustained for a long time over an

orbit cycle.

5.1.2 Circular Polarization Generation and State-of-the-Arts

While Chapter 4 demonstrates the importance of circular polarization with high XPD in
terms of signal coupling, this subsection highlights the significance of high XPD circular
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Figure 5.2: Two circular polarization scenarios in LEO SATCOM with different elevation
angles.

polarization from a different perspective and provides a comparison of various circular
polarization methodologies in the literature.

As discussed in Section 5.1.1, satellite-to-ground links can be categorized into two
types: a satellite to multiple ground stations, and a satellite to a single ground station.
In the case of multiple ground stations, the link distance between the satellite and each
ground station does not vary much as several satellites are covering the globe at the same
time. However, in the case of a single ground station, the link distance between the
satellite and the ground station varies significantly, as shown in Figure. 5.2.

This thesis focuses on the satellite-to-a-single-ground-station case, which can be fur-
ther divided into two categories:

e Scenario 1: Low elevation and long link distance.

e Scenario 2: High elevation and short link distance.

Scenario 1 refers to situations where the satellite is flying at a low elevation angle,
resulting in a maximum link distance. At 10° elevation angle and 585 km orbit altitude,

the distance in Scenario 1 is approximately 1900 km, which is more than three times the
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minimum link distance of 585 km. This distance difference results in a more than 10 dB
loss difference in free space loss, as shown in Equation 2.35. In Scenario 1, to improve the
survivability against higher free space loss, the satellite can switch its transmitting mode
to a single polarization mode. This is because dual circularly polarized signals may suffer
from signal degradation due to not only low XPD but also low received signal level.

On the other hand, in Scenario 2, the satellite is flying at a high elevation angle of 90°,
resulting in a shorter link distance. In this scenario, the satellite can switch its transmitting
mode to dual circular polarization mode for greater data throughput. As the link distance
in Scenario 2 is much shorter than that in Scenario 1, and the received power at the ground
station is larger, degraded XPD due to dual circular polarization is more durable.

The importance of high XPD circular polarization is evident in both scenarios, but
it is particularly crucial for scenario 2 where dual circular polarization is expected to
be utilized. In this case, the XPD of the circular polarization plays a critical role in
achieving high data throughput. On the other hand, scenario 1 operates with a single
circular polarization, but the XPD is still relevant because other satellite systems may
use opposite polarization types in the same frequency band, necessitating a high XPD for
polarization division multiplexing. Thus, it can be concluded that achieving a high XPD
for circular polarization is a key factor for the successful implementation of SATCOM
using satellite constellations in both scenarios.

Numerous designs for SATCOM phased arrays have been proposed in literature [6, 8,
74-83]. While these designs employ various methods to generate circular polarization,
they can be broadly classified into three categories: using circularly polarized antennas,
reusing the phase shifters (PSs) and variable gain amplifiers (VGAs) in the beamformer,
and mixing circular polarization signals in the digital baseband (DBB). These methodolo-
gies are well summarized in Figure. 5.3.

The first method employs circularly polarized antennas, which is the simplest way
to generate circularly polarized signals. Dual circular polarization can be supported by
driving the left-hand circular polarized (LHCP) and right-hand circular polarized (RHCP)
feeding ports of the antennas. Moreover, by turning off the unused single circular polar-
ization path, either LHCP or RHCP, significant power can be saved. However, this method
has a critical disadvantage: the cross-polarization discrimination (XPD) is inherently low
due to the large process variations in the printed circuit board (PCB). Calibration for the
low XPD is not possible, which is a significant drawback for generating high XPD circu-
larly polarized signals.

The second methodology involves reusing the PSs and VGAs in the beamformer with
dual linearly polarized antennas. By feeding the same signal into the horizontal (H) and

vertical (V) paths and adjusting the phase and amplitude in the beamformer, quadrature



5.1 Introduction

89

(b)

(d)

DOO® * OO ® * QOO ® ®

D0 * *

This Work

Active Hybrid Coupler
SP/DP

XPD>26.8dB

CP Cal

PDC@SP =1.24%Pgiement

IEEE Access 2022

CP Ant.

SP/DP
XPD<18.8dB

No CP Cal

PDC@S P=1 xF'lalen’ne.rllt

TMTT2022

Phase Shifter Reuse
SP only

XPD>26dB

CP Cal

PDC@SP = 2%Pelement

RFIC2022

DBB CP generation
SP/DP
XPD>24.4dB

CP Cal

Poc@SP = 2%Pgjement

Figure 5.3: Block diagrams and their advantages and disadvantages: (a) proposed archi-
tecture [5], (b) circularly polarized antenna [6], (c) phase shifter reuse [7], and (d) DBB

generation [8].



90 Power-Efficient Circular Polarization Coupler

signals in the H- and V-polarizations can be generated, resulting in a circularly polarized
signal. Since this method inherently has PSs and VGAs, the deteriorated XPD can be
calibrated to achieve a high XPD. However, this method also has critical disadvantages.
Dual circular polarization cannot be generated since two different signals are fed into the
H and V paths, and their phase must be shifted in opposite directions, i.e., one in plus
quadrature and the other in minus quadrature. Additionally, power consumption is twice
that of the circular polarization generation using circularly polarized antennas.

The third methodology generates dual circularly polarized signals in the DBB. Unlike
the method that reuses the beamformer, this approach can shift the phase of the two differ-
ent signals in opposite directions, enabling dual circular polarization. Furthermore, with
the flexible waveform generation feature of the DBB, calibration of the deteriorated XPD
is possible, leading to very high XPD. However, this method also suffers from doubled
power consumption in a single circular polarization mode.

In this thesis, a new method of circular polarization is proposed. By generating a
quadrature signal using a proposed active quadrature coupler immediately preceding the
power amplifier (PA), significant advantages can be gained. First, by turning off all pre-
ceding stages before the PAs, power consumption in single circular polarization mode
can be greatly reduced, e.g., 76% of the DC power is reduced in Figure. 5.3(a). Second,
combined with the DBB circular polarization method, dual circular polarization is also
possible. Finally, with the circular polarization calibration feature in the active quadra-
ture coupler, the deteriorated XPD can be calibrated even if there is a drop in the XPD,

offering superior performance.

5.2 Circuit Implementation

5.2.1 Proposed Dual CP Phased Array TX

Figure. 5.4 depicts the architecture of the designed Ka-band dual circularly polarized ac-
tive phased-array transmitter. The transmitter consists of 256-element antennas integrated
into a TX, which is driven by 64 BFICs. Each BFIC integrates eight channels of the TX,
with two individual channels comprising a dual-polarized channel, resulting in four dual-
polarized channels in an IC. In each dual-polarized channel, there are two PAs, one active
quadrature coupler, a D-VGA, and a D-PS for the H- and V-path RF blocks. Each H-
and V-path is independently driven by 4-way lumped-element Wilkinson power dividers
further driven by the C-VGA and CPS. The H-path inputs of the IC are all driven from
a single H-path input and 64-way power divider, as are the V-path inputs. The proposed
BFIC includes a low dropout regulator (LDO) for each dual-polarized channel, bandgap
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Figure 5.4: Block diagram of the proposed Ka-band dual circularly polarized active
phased array TX.

references, and digital controls for bias control.

5.2.2 Circular Polarization Coupler

One of the key components in the proposed BFIC is the active quadrature coupler for cir-
cular polarization generation. A simplified block diagram of the proposed active quadra-
ture coupler is shown in Figure. 5.5, along with conventional hybrid couplers for com-
parison of hybrid coupler performance. Conventional hybrid couplers, which come in
distributed and lumped-element types, provide 90° true phase shift necessary for polar-
ization generation. However, they lack calibration features, making them susceptible to
process variation. Additionally, the conventional quadrature hybrid coupler requires four
quarter-wavelength transmission lines, which are bulky. Even the lumped-element hybrid
couplers, which use transformers, are large and difficult to integrate into a crowded RF
system layout.

In contrast, the proposed active quadrature coupler generates a 90° phase shift us-
ing a pair of quarter-wavelength transmission lines, with amplitude and phase calibration
achieved by deploying DAs at the end of the lines. The coupler area is primarily de-
termined by the quarter-wavelength lines, allowing for flexible layouts that can be fit to
adjacent sensitive RF blocks. Despite its many advantages, the active quadrature coupler
has one disadvantage: it provides not 90° phase shift, but rather 90° time delay. As a
result, the phase may differ from the 90° phase at the upper and lower limits of the signal

frequency band. To evaluate the amount of phase difference from a frequency offset under
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Figure 5.5: Two different types of the hybrid coupler: (a) conventional distributed and
lumped-element hybrid coupler, and (b) proposed active quadrature coupler.

a fixed time delay condition, the following expressions are used:

b = e (5.2)
wc

AP = ¢c X (1 + A—w) (5.3)

wc

where ¢ is the phase delay at the center frequency, ¢ is the time delay, wc is the center
frequency, Aw is the frequency offset from the center frequency, and A¢ is the phase shift
at a frequency offset under time delay 7¢. For example, in the EESS downlink band case,
Aw=+0.75 GHz at the upper limit frequency from a center frequency of wc=26.25 GHz.
With ¢-=-90°, A¢p=-90-2.5° at the upper limit frequency. Similarly, the phase offset at
the lower limit frequency, Aw=-0.75 GHz, is A¢p=-90+2.5°. This +£2.5° phase offset is
negligible in terms of cross-polarization discrimination (XPD) as shown in Figure. 4.3.
Without the gain error, the +2.5° phase offset provides more than 32 dB XPD. Thus
the only disadvantage of the proposed active quadrature coupler is not the disadvantage

anymore. The pros and cons are summarized in Table. 5.1.
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Table 5.1: Comparison of various circular polarization generation methodologies.
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Figure 5.6: Block diagram of the proposed active quadrature coupler.

Figure. 5.6 illustrates in detail how the proposed active quadrature coupler works for

a single circular polarization mode. To save DC power consumption, the lower D-VGA

and all the preceding stages of the lower D-VGA are turned off. After the signal passes

through the upper D-VGA, it is split into two paths. One path is directly connected to

an RF shunt switch, while the other path goes through the quarter-wavelength line before
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Figure 5.7: Measured amplitude and phase of the proposed active quadrature coupler.

being connected to an RF shunt switch. This quarter-wavelength difference generates
the required 90° phase shift. The RF switches then pass the signals to the next stage,
while the RF switches connected to the lower D-VGA are shunted. The signals then pass
through DAs, which act as VGA to compensate for the gain difference in the H- and V-
ports of the antenna. The DA consists of a common source differential amplifier with
gate-drain capacitance neutralization capacitors. The DAs that are connected to the lower
D-VGA without signals act as PSs for phase compensation for the H- and V-ports of the
antenna. The proposed active quadrature coupler provides reduced power consumption
and a circular polarization calibration feature.

The amplitude and phase measurements of the uppermost path in Figure. 5.6 are
presented in Figure. 5.7. By adjusting the bias of the DA, the DA in the signal path
behaves like a VGA, and the DA in the non-signal path behaves like a phase shifter. In
Figure. 5.7, the phase control bias of the upper path is varied. While the gain only changes
by 3 dB, the phase shifts by 80°.

To further investigate the gain and phase errors between the two signal paths in Figure.
5.6, the lower D-VGA and all the paths connected to it are turned off. The measured gain
and phase errors as a function of frequency are shown in Figure. 5.8(a). As indicated
by the dashed lines, the two error curves are far from the zero offset lines for both gain
and phase. However, after calibration (indicated by the solid lines), the two error curves
are almost parallel to the zero offset lines for gain and phase. Furthermore, the gain and

phase measurements can be presented as XPD plots, as shown in Figure. 5.8(b). Before
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Figure 5.8: Measured results of the proposed active quadrature coupler: (a) gain error and
phase error, and (b) XPD before and after calibration.

calibration, the XPD is below 10 dB, but after calibration, more than 20 dB of XPD is
achieved. The maximum XPD improvement achieved is 27.2 dB at 25.8 GHz.
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Figure 5.9: Micrograph of the proposed Ka-band dual circularly polarized active phased
array TX RFIC.

5.3 Measurement Results

Figure. 5.9 depicts a micrograph of the fabricated BFIC. The IC is manufactured using
TSMC CMOS 65nm process, and its size is 4.4 mm X 2.5 mm. The IC integrates four
dual-polarized channels, SPI for biases and digital control, LDOs for each channel, and
bandgap references.

In channels V4 and H4 of Figure. 5.9, the area allocated for the proposed active
quadrature couplers is highlighted in yellow. As shown in the figure, the coupler is laid
out to fit adjacent RF blocks for saving layout area.

Before implementing the BFICs in the phased array, the BFICs are mounted onto an
evaluation board to measure non-OTA performances. The fabricated evaluation board is
shown in Figure. 5.10. The evaluation board has two inputs for the H- and V-paths and
eight outputs for the four H- and four V-ports.

The S-parameters of a single path on the evaluation board in Figure. 5.10 are shown
in Figure. 5.11. The input and output ports are well-matched with under 10 dB return
loss. The gain covers the full downlink band of the EESS. Although the measured S-
parameters include long input and output line effects, the measured performances show
that the frequency characteristics are well-controlled and properly modeled.

The BFICs depicted in Figure. 5.9 were integrated into a Ka-band dual circularly
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Figure 5.10: Evaluation board for a single path in the proposed Ka-band dual circularly
polarized active phased array TX RFIC.
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Figure 5.11: Measured S-parameters from evaluation board.

polarized active phased-array TX, as illustrated in Figure. 5.12 and Figure. 5.13. The
64 BFICs were soldered onto the front side of the phased-array TX and were driven by
two 64-way T-junction dividers for each H-port and V-port. To efficiently manage the
phased-array TX, the 64 ICs were divided into four sections, forming four sub-arrays.
Each sub-array was powered separately and controlled via SPI interfaces. Given that
the phased array needs to withstand the vibrations experienced during rocket launches,

the connectors for power supply and SPI controls were chosen as floating connectors.
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Figure 5.12: Front-side view of the fabricated Ka-band dual circularly polarized active
phased array TX

Surface-mount SMPM connectors were implemented for the input port interface.

On the rear side of the phased-array TX, a 256-element antenna array is implemented
with a single row of dummy antennas to reduce frequency characteristic differences be-
tween edge and inner antennas. The antenna arrays are arranged in a 16x16 array and
spaced at O.94><§:O.52 mm at 27 GHz to avoid grating lobes at the maximum frequency
of the EESS downlink band. As indicated by the solid black box, each 2x2 dual linearly
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Figure 5.13: Back-side view of the fabricated Ka-band dual circularly polarized active
phased array TX

polarized antenna is driven by a single BFIC. To ensure vibration resistance during rocket
launch, floated connectors are used for power supply and SPI control, while surface-
mount SMPM connectors are used for the input port interface.

Figure. 5.14 illustrates the measured EIRP and DC power consumption performances
over swept input power under two different single polarization generation modes: the
proposed single circular polarization generation mode and the conventional single circular
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Figure 5.14: Measured EIRP versus swept input power.

polarization mode [7, 8, 83]. The proposed mode utilizes the active quadrature coupler,
while the conventional mode employs both H- and V-paths as shown in Figure. 5.3(c) and
5.3(d). As depicted in Figure. 5.14, the gain of the proposed mode is 2 dB lower than
the conventional mode, but both modes exhibit the same saturated EIRP. However, the
proposed mode exhibits a significant improvement in DC power consumption. At the 6
dB back-off point from the saturated power level, the DC current consumption is reduced
by 9.7 A from 25.3 A. Although the PA dominates the total DC power consumption of
the TX, in mm-wave CMOS design, a large number of amplifier stages are required to
overcome the high loss of the CMOS devices, making the PAs less dominant in total TX
DC power consumption.

After measuring the EIRP with a single tone, the beam patterns of the circularly po-
larized RX horn antenna are measured in Figure. 5.15. The beam patterns are measured
at beam directions set to [-50°, -45°, -30°, 0°, 30°, 45°, 50°], and the curves for each beam
direction are distinguished by different colors. As shown in the figure, the circularly po-
larized radiated signals result in clean and well-defined beam patterns, demonstrating that
the proposed Ka-band dual circularly polarized active phased-array TX steers the beam
accurately.

In addition, the circularly polarized signals’ Cross Polarization Discrimination (XPD)
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Figure 5.15: Measured beam pattern with circularly polarized signals.

is also measured using a commercially available circularly polarized RX horn antenna
during the beam pattern measurements shown in Figure. 5.15. The XPD is determined
by measuring the co- and cross-polarized signals and taking the difference between the
two signal components. The measured XPD results in Figure. 5.16 are obtained after
calibrating the circular polarization using the proposed active quadrature coupler. The
results show that the XPD is consistently higher than 30 dB across the entire range of
beam steering, with a maximum XPD of 44 dB.

To provide more details, Figure. ?? shows the beam pattern of the co-polarized and
cross-polarized signals at 0° beam angle before and after calibration using the proposed
active quadrature coupler. The calibration significantly reduces the cross-polarized signal,
while there is almost no effect on the co-polarized signal. The solid line with black color
represents the beam pattern of the co-polarized signal, the gray dashed line denotes the
beam pattern of the cross-polarized signal before calibration, and the black dashed line
represents the beam pattern of the cross-polarized signal after calibration. The XPD of
the signal at 0° beam angle before calibration is only 16.9 dB, while after calibration,
it achieved 43.2 dB of XPD, demonstrating that the proposed active quadrature coupler
accurately calibrates the deteriorated XPD.

The TX is not only evaluated with single-tone measurements, but also with modulated
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Figure 5.17: Measured pattern of the co-polarized and cross-polarized signals at 0° beam
angle.

signals transmitted through free space. Figure. 5.18 shows the measurement setup for the
OTA evaluation. The Keysight M8195A arbitrary waveform generator (AWG) generates

dual circularly polarized modulated signals, which are upconverted by commercial-off-
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Figure 5.18: Measurement setup for over-the-air measurement.
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Figure 5.19: Measured EVMs with various modulations under single circular polarization
mode.

the-shelf mixers and an Anritsu MG3694 signal generator (SG). The external commercial-
off-the-shelf power amplifiers (PAs) amplify the power level to drive the device under
test (DUT). The DUT is controlled by Python to access the serial peripheral interface
(SPI) for switches and bias settings. Two commercial-off-the-shelf circularly polarized
horn antennas are placed 2 meters away from the DUT to receive the dual circularly
polarized signals. The received signals are then sampled and demodulated by the Keysight
UXRO0254 oscilloscope.
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Figure 5.20: Measured EVMs with various modulations under dual circular polarization
mode.

Figure. 5.19 presents the measured EVM and constellation data with various mod-
ulation schemes at a 2 Gbaud symbol rate, using single circular polarization mode. A
64-element sub-array is utilized for EVM measurement. The results demonstrate that the
proposed phased-array TX supports high-order modulation schemes such as 256-APSK,
achieving a low EVM of -32.3 dB with a clean spectrum and constellation.

Figure. 5.20 illustrates the EVM results obtained under the dual circularly polarized
transmitting mode, where both LHCP and RHCP signals are generated and demodulated
simultaneously. The results show that high-order modulation schemes are supported with
-27.1 dB and -26.8 dB of EVMs achieved for 256-APSK modulation. However, an impor-
tant observation needs to be discussed. Although the ACPRs of the signals are achieved
at around 35 dB level, the EVMs of the signals are around -27 dB level. Normally, the ab-
solute value of the ACPR becomes the absolute value of the EVM. However, the roughly
12 dB difference between the measured ACPR and the absolute value of the EVM is ab-
normal and is attributed to the coupling between the LHCP and RHCP signals due to
the imperfect XPD in both signals. Despite the higher than expected EVM values, the
measured data demonstrate the ability of the proposed Ka-band dual circularly polarized
active phased-array TX and the proposed active quadrature coupler to support mm-wave
dual circular polarization.

Finally Figure. 5.21 illustrates the benchmark of the phased-array TXs in literature
with EIRP versus DC power consumption [6, 7, 19, 21, 28, 77, 83-87]. Almost the
phased-array TXs in the literature follow one trend line in EIRP over the DC power
consumption curve. This is because the phased-array TXs in the literature focused on

maximum PA efficiency design, not efficiency phased array system design. In this work,
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Figure 5.21: Benchmark of the EIRP and DC power consumption of the phased-array
TXs in literature.

by taking advantage of the array antenna gain, High EIRP under low DC power consump-
tion is achieved.

5.4 Summary

This chapter discussed two power-saving techniques that aim to overcome the challenges
encountered by small LEO satellites. The first technique introduces a systematic array
design that reduces power consumption in the LEO satellite constellation. The second
technique proposes a novel circular polarization coupler that helps to save redundant DC
power in a single circular polarization mode.

Using the two techniques, the proposed system was able to achieve over 35 dB XPD
over the scan angle with a single tone and -27.1 dB of dual circularly polarized signal
EVM. Additionally, the proposed active quadrature coupler resulted in a 32.3% reduction
in DC current consumption. Compared to similar phased-array TXs in the literature, the
proposed system was able to achieve the same level of EIRP while consuming only 1/2.3
of the DC power.

The results obtained in this chapter demonstrate that the proposed Ka-band dual cir-
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cularly polarized active phased-array TX has achieved high XPD and low-power perfor-
mances, making it an ideal candidate for the phased-array TX used in LEO small satellite

constellations, significantly enhancing their power capabilities.






Chapter 6

Conclusion and Future Work

6.1 Specification Comparison

Figure. 6.1 shows achieved data rate and target data rate comparison. This work success-
fully drove 256 APSK under dual circular polarization transmitting mode with around
27 dB EVM. However, lack of wide band technique for dual circular polarization made
bandwidth is narrower than as targeted. The Symbol rate used in this work is 0.25 GBaud
which is as low as one 1/16 times. Throughout the previous discussion, the proposed dual
circular polarization technique and circular polarization generation technique are proved
prominent techniques for improving the XPD for dual circular polarization, although their

bandwidth is small.

Next target specification is to achieve 250 W of DC power consumption with single

Modulation 256APSK
Polarization

Constellation

Spectrum i
1] I ] il
EVM [dB] 271 26.8
Symbol Rate 0.25 GBaud |:> Symbol Rate 4 GBaud
Link Speed 4 Gbps Link Speed 64 Gbps

Figure 6.1: Comparison of achieved data rate and target data rate.
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Figure 6.3: Comparison of achieved fabrication cost and target fabrication cost.

circular polarization. Figure. 6.2 illustrates where this work research level is. Two red
and blue curves show single power amplifiers output power and total power consumption
of the phased array, respectively, over the different number of the elements. With the
increasing number of the elements, the total power consumption decreases. In previous
chapters, target array size is set to 4096-element. This work implemented 64-element
array for the proof-of-concept demonstrating proposed folding method and concept work
appropriately. The proof-of-concept phased array achieved 6 dBm single PA power and
15.3 A total array power consumption. By fixing the single PA power and increasing only

the number of the elements, 245 W of total array power consumption is expected under
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Figure 6.4: Comparison of implemented array size and target implementation size.

48 dBW EIRP.

The fabrication cost or TX weight was one another important design target. The red
and blue curves in Figure. 6.3 are weight or cost values over the number of the ele-
ments for deployable antenna and non-deployable antenna as visited in previous chapters.
The red curve is drawn based on measured areal mass of the 64-element array proof-of-
concept. As the target is set 0.1kg, The future 4096-element array is expected achieve less
than 0.1 kg weight. Figure. 6.4 illustrate how big the proof-of-concept TX is and where
the research level is. Based on the measured areal mass, 0.82 kg/m?, total weight is 0.089
kg.

Lastly, the efficiency over the beam steering angle is the design target of this work.
Figure. 6.5 shows how well the TX efficiency over scan angle is achieved. Before the
proposed mmWave load tuning, efficiency drops a lot over the scan angle. However with
the proposed mmWave load tuner, their efficiency improved above the 15 % level over the
beam scan angle except for -50°. This is because unloaded Q of load tuner is designed
bad at -50° setting. The results depict that the proposed technique successfully achieved
15 % of efficiency over scan angle except for -50°.
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Figure 6.5: Achieved TX efficiency over swept beam angle.

6.2 Conclusion

The application of the LEO small satellite constellation for SATCOM has made signifi-
cant and widespread contributions to society in various locations worldwide. This paper
discusses two representative systems of this constellation: the EESS and the high data
rate SATCOM internet. The former provides global monitoring, benefiting early detec-
tion and preparation for terrestrial disasters, pollution, and other harmful phenomena on
earth. The latter is capable of handling the ever-increasing demand for high data rates and
providing seamless connectivity, anytime and anywhere.

To fully leverage the advantages of the SATCOM using LEO small satellite constella-
tion, the design of the transmitter (TX) must fulfill three fundamental requirements: high
data throughput, low cost, and low power consumption. Achieving high data throughput
is critical for the LEO small satellite SATCOM to keep up with the explosive increase in
data demands from both EESS and the high data rate SATCOM internet. Additionally,
low cost is a crucial consideration in the construction of the satellite constellation. The
third crucial requirement is low-power consumption, as the trend towards smaller satellite
bodies for cost reduction makes it necessary to minimize power consumption.

To achieve the aforementioned research objectives of high data throughput, low cost,
and low power consumption for the SATCOM using the LEO small satellite constella-
tion, several challenges must be addressed. These challenges include implementing dual
circular polarization, utilizing Ka-band frequency, utilizing CMOS technology, utilizing
phased array technology, and developing deployable large-size antennas.

This dissertation presents several key techniques and solutions to achieve the high data
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Figure 6.6: A further efficiency improvement method at single circular polarization mode.

throughput, low cost, and low power consumption for the realization of SATCOM using
the LEO small satellite constellation. These include the load tuner, circular polarization
coupler, and systematic array design for low-power phased-array TX. Additionally, it
discusses the implementation of dual circular polarization and Ka-band CMOS phased-
array TX to achieve a higher data rate while maintaining low cost and power consumption.
Lastly, a new deployable phased array is presented and analyzed, which enhances space
efficiency and reduces costs.

In summary, this dissertation presents various techniques and solutions to achieve
high data throughput, low cost, and low power consumption for the implementation of
the SATCOM utilizing LEO small satellite constellations.

6.3 Future Research

6.3.1 Near Future

As discussed in the previous section, there are some issues not solved yet. For short-term

future work, the issues are summarized below.

1. Resolve the EIRP and sidelobe level (SLL) degradation in Figure. 3.14.
2. Increase XPD bandwidth to 4GBaud to support 4 GBaud 256-APSK signal.
3. Improve single circular polarization coupler: -38% — -50%.

4. Implement 4096-element Ka-band dual circularly polarized CMOS deployable ac-
tive phased array:

o 1/16 stow rate phased-array TX.

o Mechanical deformation calibration.
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Figure 6.7: The concept of the future LEO small satellite constellation: full connections
of ground and satellites including inter-satellite, satellite-ground links.

As discussed in Chapter. 3, there are EIRP and SLL drop in beam pattern results. First step
for the short-term future work is to resolve this drop. As next step, widening bandwidth
for XPD is required to achieve 4 GBaud bandwidth. The efficiency also can be improved
in a large amount with the method shown in Figure. 6.6. Lastly, implementation of the
4096-element phased array is required. With the 4096-element phased array, 1/16 stow
rate can be evaluated and mechanical deformation test also can be conducted.

6.3.2 Inter-Satellite Link

In this thesis, only satellite-to-ground communication links are discussed. However, to re-
alize the satellite constellation, not only the satellite-to-ground links but also inter-satellite
links are essential as shown in Figure. 6.7. While the work in this thesis focused on re-
quirements for satellite-to-ground links and is well-described, the requirements for inter-
satellite links differ from satellite-to-ground links.

The first crucial issue is that an extremely narrow beam angle is required. The LEO
satellites fly near the earth surface and parallel to each other satellites, many of the satel-
lites will be captured by a beam from a satellite. The arrival of the beam from unwanted
satellites will interrupt communication. If the narrower beam requirement issue is not
solved, frequency division multiplexing is required, thus wasting the redundant frequency
resources. The second is, although the first issue is solved, the accurate beam control to a

wanted satellite with an extremely narrow beam angle.
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To overcome the issued aforementioned, not only the much larger size of the array
antenna is required but also elaborate gain control between the elements to synthesize the
beam shape. In addition to that, a larger array will consume a lot of power. A much more

power-efficient design is necessary.

6.3.3 Fast Beam Switching

To avoid frequent satellite handover and ensure smooth communication with fast-moving
ground stations, it is essential to have a phased array with a narrower beamwidth that can
quickly switch beam direction. One possible solution is to use multi-bank digital control
logic, which can store digital control bits for multiple beam directions in different banks.
This allows for quick hard-wire control to switch beam direction, without the need for
time-consuming hand-shake algorithms. However, this approach assumes that the digital
control uses a serial to parallel interface, which may introduce some delay.

Another approach is to use element location marking for each beamforming integrated
circuit (BFIC), and use two hard-wires to send analog signals for § and ¢ beam direction
information. The BFICs have ID recognition pads with the same number of bits as the
number of BFICs, e.g., for 64 BFICs, six ID recognition pads are required. Each chip
digitizes the analog beam direction information and determines the correct phase and
amplitude control sets based on the ID bits and digitized beam direction information.
This approach only requires the analog beam direction information to be sent, enabling

instant beam switching.

6.3.4 Radiation-Hardened Design

In the space environment, radiation including @ and y rays pose significant dangers to
electronic circuits, especially phased arrays, which can experience uneven radiation ex-
posure across their area. The degradation of phased-array function, such as beam steering
and beam direction, can be a serious problem and can shorten the lifespan of the SATCOM
TX, which is important for reducing the number of launches and lowering costs.

Therefore, a careful investigation of the effect of radiation on RF/analog circuits,
specifically phased arrays, is necessary. While there have been numerous studies on y-ray
effects on RX phased arrays [88, 89], research on TX phased arrays and a-ray effects is
scarce.

In addition to the effects of radiation on circuits, modeling of the radiated circuits is
also important, whether at the behavioral or spice-level. Developing a circuit model is

essential for successfully addressing radiation-related issues.
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After all the technical issues addressed above are solved, the next challenge is the
implementation of the radiation-hardened architecture. Either the sense of the radiation
effect and amount or the feed input control for correcting the deteriorated performance is

required to realize the radiation-hardened phased array system.

6.3.5 Process, Voltage, and Temperature-Insensitive Design

Phased array BFICs are in high demand for constructing inter-satellite and satellite-to-
ground links using large-scale phased arrays. However, mass production of the BFICs
presents a challenge due to the need for high yield from a wafer. The yield is dependent
on process variations in the wafer and lot. To reduce the circuit’s susceptibility to process
variation, an appropriate feedback system is necessary. Analog feedback is easily im-
plemented in low-frequency analog design due to their adequate feedback speed, but full
feedback with mm-wave signals is nearly impossible because silicon transistors cannot
support enough feedback gain at mm-wave frequencies.

Supply voltage distribution can be uneven in a large array due to the high current
consumption. Even small line resistance can result in a large supply voltage drop. The
current flows in a two-dimensional field, leading to uneven current distribution. Designing
the supply distribution and power management units with high power efficiency is crucial
for mitigating the uneven supply voltage drop.

In addition to dangerous radiation effects, dynamically changing temperature in the
space environment is another challenge when building a large phased array system. In
space, thermal energy transfer occurs only through the radiation of electromagnetic waves.
Areas exposed to sunlight receive a significant amount of thermal energy, resulting in ex-
tremely high temperatures, while shaded areas experience extremely low temperatures.
This huge temperature difference across the large array causes different performance

changes by different elements, resulting in degraded phased array performance.

6.3.6 Integrating all Techniques

To achieve a high data throughput, low-cost, and low-power SATCOM phased array for
LEO small satellite constellations, all the aforementioned techniques must be integrated
seamlessly. While this thesis has discussed individual techniques, the future advanced
phased array systems for LEO small satellite constellations will require the integration
of these techniques in a synergistic manner. Only by combining the advancements made
in the areas of BFIC mass production, process variation reduction, efficient power man-

agement, and thermal management, can a reliable and high-performance phased array be
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realized for the LEO small satellite constellation. Therefore, it is crucial to continue re-
searching and developing these areas of study to advance the field of SATCOM phased

array systems for LEO small satellite constellations.
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