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Abstract

Small satellites orbiting in low-Earth orbits enable new applications requiring
the transfer of information between the satellites and ground stations. However,
such a system demands both a substantial signal-to-noise ratio at the receiver
and broad system bandwidth to have good data throughput. Therefore, the goal
of this master thesis is to study a high gain X-band beamsteering-capable space
antenna to improve the system signal-to-noise ratio. Furthermore, the system scan
requirement is broad to maximize the link availability duration. This work is a
collaboration with Aerospacelab, active in geospatial intelligence.

Worst-case analysis of the link budget sets the requirements to close the link and
predicts the achievable spectral efficiency. It fixes a minimum directivity of 10.2
dBi for the antenna.

We studied conformal phased array antennas to accommodate the high scan
requirement. Nevertheless, planar phased arrays maximize the performance for this
application while limiting the manufacturing complexity.

Selecting the beamformers and power dividers sets the minimum radio-frequency
input power (0.048 W) and DC supply power (28.8 W) for the antenna. We made
a first layout proposal based on several considerations.

Finally, we designed an aperture-coupled antenna with a specific microstrip-to-
stripline transition to avoid using blind vias. It has a 6.4% impedance bandwidth
and linear polarization. Sequential rotation of the antennas in a two-by-two array
improves the axial ratio of the system, which targets a circular polarization.

This microstrip-to-stripline transition through coupling enables feeding the antennas
without requiring blind vias. In an environment like space where significant thermal
expansion provokes mechanical stress on the structure, such a transition is of interest
as it improves the system’s robustness.
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1 Introduction

Small satellites orbiting in low-Earth orbit enable new applications like broadband
and low-latency internet access worldwide. This document targets a similar mission
and collaborates with Aerospacelab, a company active in geospatial intelligence.
Their in-house designed satellites fly in low Earth orbits, capture images of the
Earth and send those wirelessly to a ground station for post-processing.

The application requires a sufficiently high signal-to-noise ratio at the receiver
to close the link and to have a high payload data downlink to the ground. The
system can use a high-gain antenna to increase it, which requires ground station
tracking as it creates a spatially selective beam. The company chooses to avoid
mechanical pointing for the satellite’s antenna to reduce the system complexity,
which implies designing a phased array antenna capable of beamforming. The
radio-frequency antenna system targets an X-band operating frequency, a broad
bandwidth, a circular polarization, and a wide scan range to maximize the link
availability duration.

The conception of such an antenna implies multiple challenges starting with
the strong requirement in terms of scan angle. During the design, we considered a
conformal phased array antenna. This technique allows boosting the directivity for
low grazing angles. However, it implies that the structure hides some antennas for
certain look angles, which reduces the available power at the transmitter, degrading
the link budget. We also selected part of the electronic circuits required for the radio
frequency communication chain. Finally, we discussed some layout considerations
and proposed an antenna design with a specific microstrip-to-stripline transition,
avoiding the use of blind vias.

This work investigates the achievable data throughput, the shape of the phased
array, the integrated circuits required by the communication chain, the layout, and
the antenna with a microstrip-to-stripline transition. First, Chapter 2 presents an
antenna overview to remind aspects of the antenna theory. Chapter 3 gives the
different system requirements, which will serve as the basis for the link budget.
Next, Chapter 4 studies the system link budget, allowing a prediction about the
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achievable system throughput. Then, Chapter 5 investigates the best shape for the
phased array antenna, giving a comprehensive comparison between two different
conformal phased array antennas and one planar phased array antenna. Chapter
6 aims to select the beamformers and the power dividers, estimate the power
requirements, and give layout considerations. Finally, Chapter 7 examines the
design of an X-band antenna suitable for this application and the placement of
such antenna in a two-by-two array using sequential rotation to improve the axial
ratio of the system.



2 Antenna overview

Antennas are passive circuit elements enabling the radiation of electromagnetic
waves in space. Reciprocally, it allows capturing ambient electromagnetic waves
and transfers a signal to the underlying electronics. Such element finds various
applications such as wireless communication between devices, radar application,
astronomy, and, more recently, wireless power transmission toward low power
devices (energy harvesting). When studying those systems, several characteristics
are of interest. This chapter gives an overview of antenna design and presents
valuable concepts for the rest of this work.

2.1 System of coordinates

We will mainly use a spherical coordinate system during this work, defining any
point in space using three components: the angle 6, the angle ¢, and the radial
distance r. We will name the angle 6, the elevation angle, and ¢, the azimuth angle.
Figure 2.1 gives a representation of the coordinate system.

We will also map the spherical coordinates to U-V coordinates. It gives a
two-dimensional representation of the positive hemisphere (f < 90°). The mapping
is as:

u = sin(6) cos(¢) (2.1)
v = sin(f) sin(¢)

2.2 Reciprocity

The reciprocity principle is a crucial property of antenna theory. It allows linking
the different antenna’s characteristics in transmit and receive. For instance, after
characterizing the antenna’s radiation pattern in transmit, the same radiation
pattern is valid in receive too.
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Figure 2.1: From [1]: Spherical coordinate system.

2.3 Radiation pattern

An antenna radiates electromagnetic waves from current excitation flowing through
the structure. Integration over the antenna’s volume of these infinitesimal current
contributions allows computing the generated electric field at a given position in
space. We can express the resulting electric field as:

e (I —aJ(x) - a) es*rdy’ (2.3)
In Equation 2.3, E is the electric field, j is the imaginary number, 7 is the free-
space impedance, A is the wavelength, and J is the current distribution. Figure
2.2 gives a geometrical representation of the problem and a definition of the other
quantities. This expression simplifies under the far-field assumption, implying that
the observer is sufficiently far away from the antenna. That is: R >> A\, R >> D,
and R >> 2D?/), with D the largest antenna’s dimension. Under this assumption,
we can re-write Equation 2.3 as:
o—JkR
E(r) = F(a) (2.4)
R

In Equation 2.4, F(4) is the antenna’s radiation pattern. That quantity gives the
field intensity of the antenna solely based on the direction of observation. Figure 2.3
gives a two-dimensional example (cut of a three-dimensional radiation pattern). We
notice that it has a main beam and several sidelobes. It also defines the half-power
beamwidth and the null beamwidth.
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Figure 2.2: From [2]: Geometry for field computation based on the current distri-
bution J over a volume V.
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Figure 2.3: From [3]: Radiation pattern characteristics.
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2.4 Directivity

Directivity is one of the primary radiation pattern’s figures of merit. It defines
the selectivity of the antenna, the gain of the antenna in a specific direction. It
corresponds to the ratio between the power density of the system in a specific
direction and the power density of an isotropic radiator with equivalent power. We
commonly express this gain in dBi (decibels-isotropic).

e SE R
PO ey T TR 2
D(@) (dBi) = 10log,o(D(@)) (2.6)

2.5 Polarization and axial ratio

The wave polarization is the direction of the electric field. In the far-field, where
the electric field only has components perpendicular to the direction of propagation,
we can see the wave propagation as a planar wave. We can decompose the electric
field into its ¢ and # components in this plane, as represented in Figure 2.1. Let us
write the electric field decomposition as:

E = Eyf + Ey (2.7)

During this work, the system targets Right-Handed Circular Polarization (RHCP)
(R). Left-Handed Circular Polarization (LHCP) (L) also exists and is orthogonal
with the latter. We can define these two polarizations from linear components as:

R=—=(0-jo) (2.8)

(0 +j9o) (2.9)

We can then express the electric field as a sum of its right and left-handed circular
polarization components [3]:

E = E.L+ ERR (2.10)
E,=E.-L* (2.11)
Ep=E-R* (2.12)

As those two bases are orthogonal, if E has a perfectly right-handed circular
polarization, its £ component will be zero. From there, we can introduce a new
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quantity, the Axial Ratio (AR). This metric allows checking the quality of the
Circular Polarization (CP). We define the RHCP and LHCP axial ratios as [3]:

|ER’ + ’EL’
AR=—" "= RHCP 2.13
Brl = |2 (2:13)

\Eu| + |
AR=—— "> LHCP 2.14
B2 = |Exl (2.14)
AR (dB) = 201og,,(AR) (2.15)

For perfect RHCP or LHCP, the axial ratio is equal to 0 dB.

2.6 S-parameters

A scattering matrix is a necessary formalism for microwave circuits. Indeed,
defining voltages and currents for non-transverse electromagnetic lines is difficult.
Measuring voltage and current at microwave frequencies is also a challenge because
direct measurements involve the magnitude and phase of a travelling or standing
wave. The scattering matrix represents direct measurements and gives ideas of
the incident, reflected, and transmitted waves. It gives a complete description of
any N-port network by relating the incident voltage waves on the ports to those
reflected by the ports [4].

‘/1* 511 812 SIN ‘/'IJF
Virl _[Sa - CoL Ve (2.16)
Vil [Swvi ... ... Sww] VN
Vo
Sy = (2.17)
V; V,:rfork;éj

For instance, the Sy, parameter gives the reflection coefficient for a two-port network.
We can express it as:

V-
S = —r =W (2.18)
‘/14‘ V2+ “o V2+:0
For a lossless structure, the following property holds:
N
>SSy =1 (2.19)
k=1

When placing an antenna in an array, it interacts with the other elements. The
interactions highly depend on the different elements’ excitation phase shifts, which

7
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SiN
Si2
AR/

Figure 2.4: From [5]: N elements antenna array.

motivates the usage of the active impedance formalism. The term active comes from
the interactions between the different elements. Figure 2.4 depicts the interplay
between antennas through the different S-parameters. It considers an N elements
antenna array with the incident and reflected voltages.

The i" element reflected voltage, which accounts for mutual coupling, is as [5]:

()

The active impedance of that same element is the ratio between the incident and
reflected voltages when we fully excite the antenna array. That is:

_ ‘/i_ _ ZnNzl SinvvnJr
- ‘/]+ - V;—i—

Sii (2.21)

2.7 Beamforming

We can scan a beam electronically using a technique called beamforming. Several
antennas compose the antenna module. Applying a specific phase shift to each
antenna allows for the difference in propagation distance compensation and achiev-
ing constructive interference in a specific direction [2]. We first need to introduce
the superposition principle. Thanks to the linearity of Maxwell’s equations, the
equivalent electric field at a point in space is simply the sum of the different antenna
contributions. It is essential to mention that those may vary when we place the
antennas close to each other in a network due to mutual coupling. We then care
about the antenna pattern in the presence of the other antennas.

N
E=Y E, (2.22)
n=1

The electric field radiated by the antenna follows the relation in Equation 2.4 in the
far-field. Taking two antennas, we want to sum their radiated electric fields at a
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Figure 2.5: From [2]: Translation principle example.

point far from them. Looking at Figure 2.5 and using the Fraunhofer approximation
allows us to write:

U U~ Uu

ry T —p-u
L ikrs o Lk ik
) A

E, ~ E ek

In Equation 2.24, we notice that the difference in magnitude between r; and rs is
small and thus negligible in the denominator. For the argument of the complex
exponent, on the other hand, the phase difference is considerable. We thus need
to have a phase factor to compensate for it. We can put the radiation pattern
in evidence for a planar antenna array when summing the electric field from the
different antennas. It allows us to write an equivalent radiation pattern as:

F(u) = Fo(u) }_ a,e/neikon (2.27)

In Equation 2.27, «,, is the amplitude, and [, is the phase shift applied to the
antenna element number n. The designer uses those two parameters to steer the
beam in a particular direction by creating a constructive interference between the
contributions. We obtain that by compensating for the phase difference that stems
from the difference between propagation distances for a planar array.



3 System requirements

3.1 Application target

The mission targets a Low Earth Orbit (LEO), with an altitude of 500 km. From
there, a small satellite will orbit and transfer data to a ground station. The antenna
system, which is the focus of this work, aims at establishing a communication link
between the satellite and the ground station. As the application requires a high
payload data downlink to the ground, we require a sufficiently high Signal-to-Noise
Ratio (SNR) at the receiver such that the system can use a higher-order modulation
scheme. That is why the system requires a high gain and beam steering towards
the ground station as it flies above it in orbit. The initial gain requirement is 18
dB over the whole scan range.

3.2 Ground station

We will consider the Svalbard Satellite Station (SvalSat) as the satellite ground
station during this work. This facility supports L, S, C, X, and K bands. Table 3.1
lists several of its characteristics. Part of this data comes from Reference [6]. The
G//T metric is valid for an elevation of 20° above the horizon.

3.3 Operational requirements

This section will gather the different operational requirements. Those are available
in Table 3.1, along with the different mission’s orbit parameters. We will give
additional details about the frequency and scan requirements.

3.3.1 Frequency requirements

The system needs to operate in the X-band, which ranges from 8 to 12 GHz. More
precisely, the antenna shall transmit in the frequency range between 8025 and 8400

10
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MHz for this application, corresponding to the band reserved by the International
Telecommunication Union (ITU) for Space-to-Earth operation. That gives us a
system bandwidth of 375 MHz, close to 4.5 % of the operating frequency.

3.3.2 Scan requirements

We have to scan the beam electronically. Indeed, we do not allow mechanical
pointing of the antenna module as it adds extra complexity to the system and a
single-point-of-failure. In addition, we should not block the module’s field of view
with any other component of the satellite. The antenna module needs an elevation
scan, 0 going from 0 to 65°, and a full azimuth scan, ¢ going from 0 to 360°. Those
angles are defined in Figure 2.1. The angular range is broad to maximize the
communication duration between the satellite and the ground station. We require
a full azimuth scan as the satellite will not always fly strictly above the ground
station. We will compute the elevation scan requirement by solving a geometric
problem.

Figure 3.1 describes this scenario. In that figure, Rp is the Earth radius (6371
km), h; is the satellite’s orbit distance from Earth, h, is the ground station elevation,
0 is the antenna system look angle, € is the ground station elevation angle, and d is
the distance between the satellite and the ground station. The minimum elevation
angle corresponds to when the satellite initiates the communication link and starts
the beam tracking. As some physical obstacles like trees may block the field of
view, we will choose a typical € of 10°. Solving this problem allows isolating the
maximum antenna look angle. The solution is in Reference [7]:

o cos(€)(Rg + hq)
0 = asin ( o ) (3.1)

By introducing the numerical values into Equation 3.1, it gives § = 65.94°. That
value sets the maximum scan angle of our system.

3.4 Design requirements

Table 3.1 lists the system design requirements. Those refer to radiation pattern
characteristics. They also include the physical requirements for the antenna.

11
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Requirement Value Unit

Satellite ground station parameters

Longitude 15.3975103 °
Latitude 78.2297492 ©
Elevation sea level 458 m
X-band G/T 26.5 dB/K
Antenna dish diameter 3.7 m

Orbit parameters

Orbit type circular -
Orbit inclination 98 °
Orbit altitude 500 km
System operational requirements
Frequency range 8025-8400 MHz
Bandwidth 375 MHz
f scanning range 0-65 °
Scanning precision 1 °

System design requirements

Copolar gain 18 dBi
Maximum azimuthal gain variation 1 dB
Polarization RHCP -
Axial ratio 3 dB
Maximum physical size 150 x 150 x 100 mm X mm X mm

Table 3.1: System requirements.

12
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Re

- — —

Figure 3.1: From [7]: Relative position of the satellite and the ground station at
the farthest communicative distance.
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4 System link budget

A proper link budget analysis is crucial to ensure the link feasibility under various
conditions. It will allow cross-validation of the specifications mentioned in Chapter
3. For a specific technology choice, bit rate computation is possible using the SNR
and the bandwidth of the system. This chapter focuses on establishing this link
budget and discusses the different system requirements.

Section 4.1 will introduce the Digital Video Broadcast Second Generation (DVB-
S2) standard, give its Bit Error Rate (BER) requirements, and yield the associated
achievable bit rate. In Section 4.2, we will identify and analyze the different system
loss origins. In Section 4.3, we will analyze the system noise and link it to the
system bandwidth. Finally, in Section 4.4, we will introduce the transmission power
to allow the global link budget. We will perform a worst-case analysis during this
work to make sure that the link is achievable in all foreseen circumstances.

4.1 Standard overview and BER requirements

To set the BER requirements appropriately, we need to analyze the communication
chain and fix parameters such as the modulation, the coding, and the roll-off factor.
The DVB-S2 standard is for multimedia broadcasting by satellites. We will use the
release TR 102 376-1 throughout this work [8]. For the sake of completeness, we
will present the Amplitude and Phase-Shift Keying (APSK) modulation and the
coding scheme. Finally, we will include a graph of the achievable rate versus SNR.

4.1.1 Modulation scheme

The DVB-S2 standard uses four constellations: Quadrature Phase-Shift Keying
(QPSK), Phase-Shift Keying (PSK) 8, APSK 16, and APSK 32 (showcased in
Figure 4.1). The system can hop from one constellation to the other to relax the
SNR requirements by reducing the constellation order while lowering throughput.
Those modulation schemes offer intrinsic robustness against non-linear amplifiers’
distortions and good spectral efficiency [9]. They are thus perfectly adapted for

14
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Figure 4.1: From [8]: The four possible DVB-S2 modulation schemes and their
respective constellations.

satellite communication applications.

4.1.2 Coding scheme

The standard uses a concatenation of Bose-Chaudhuri-Hocquenghem (BCH) and
Low-Density Parity Check (LDPC) codes [8]. BCH codes are block codes meaning
it requires that we transmit the information in packets with a length of K symbols.
The coding efficiency becomes more significant as the packet length increases. Its
goal is to avoid unwanted error floors at high SNR. LDPC codes are linear block
codes and support highly parallelized decoding procedures (parity-check equations
with many iterations) [10]. The DVB-S2 standard fixes the LDPC code block
length to 64800 bits for a standard frame and supports 50 decoding iterations.

15



CHAPTER 4. SYSTEM LINK BUDGET

5
45 —
— T g T 0 R S T Lo A[i
T Dotted lines = modulation constrained Shannon Limit | 32APSK 1A
4 > /b/g
L
5 35 ; 16APSK =1
I ; P
2 ‘ DVB-S2 g
= A 7 i
: 3 /
E [ 16QAM
z. s
7 T e .g-,,.j"f
E 25 8PSK A
= -
;— =7 p
~ ~
I b 7T 8PSK T T DVB-DSNG
Z P [ a
2 :
g 15 ‘ QRSK L L
4
> od AT
1 ‘ r -~ DVB-S
P
{
0,5 i
|
{
d 1
-1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
C/N [dB] in BW=Rs

Figure 4.2: From [8]: Required C/N versus spectrum efficiency for the four DVB-S2
modulation schemes and various coding rates.

4.1.3 Achievable rate

Let us start by stating that the system operation targets a quasi-error-free operation.
That represents a packet error rate of 10~7. The standard fixes the packet length
to 188 bytes, translating into a BER of less than 1071° to 107!, Figure 4.2 gives
the required Carrier to Noise ratio (C/N) (measured in a bandwidth equal to the
symbol rate), equivalent to an SNR for the carrier, versus the spectrum efficiency
(effective bit rate per unit symbol rate). The system can operate with C/N from
-2.4 dB (QPSK with 1/4 coding rate) to 16 dB (32APSK with 9/10 coding rate).
The curve is valid under the Additive White Gaussian Noise (AWGN) channel
assumption.

4.2 Transmission losses

Several effects will affect the Earth-satellite communication link. Some of them are
time and location-dependent, such as the additional losses coming from heavy rain.
Thus, it is essential to determine the location of the ground station before analyzing
the link. Other parameters of the system, such as the operating frequency, will also
play an important role. This section presents a non-exhaustive list of loss sources.

16
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4.2.1 Free space losses

Free space losses are the most significant source of losses. It comes from the power
density (in %) reduction due to the spread of finite power over a growing surface.
That power density translates into the received power after multiplication with the

receiver’s effective area.

PGy

= 4.1
4rr? (4.1)
PrGrAcg
Pr=——— 4.2
R 47r? (42)
47
GR :FAeR (43)
Grouping those equations together leads to the free space loss definition:
PTGTGR (471'7“) 2
Lre = = 4.4
e~ (1.4

In Equations 4.1 to 4.4, Lrg is the free space loss, S is the power density, Pr is
the transmitted power, Py is the received power, Gr is the gain in transmit, Gg is
the gain in receive, r is the distance expressed in meters, A is the wavelength, and
Acr is the receiver’s effective area. At this stage, we need to compute the maximal
distance between the satellite and the ground station for our worst-case analysis.
Reference [11] gives a solution to address this problem:

: T : Rg
sm(§ — €min — a81n<RE+hs cos(emm)))
Rg A
o e €08(€min)

o = Ri (4.5)

From Equations 4.4 and 4.5, we can compute the maximal distance and the
corresponding losses. Figure 4.3 gives the evolution of the free space losses versus
the propagation distance at 8.4 GHz. The maximal distance between the ground
station and the satellite for this application is 1694.6 km, translating into a loss of
175.5 dB for a frequency of 8.4 GHz.

4.2.2 Attenuation by rain

Attenuation by rain comes from the scattering of electromagnetic waves by a
random distribution of various-sized water droplets. This attenuation varies with
frequency and rain rate expressed in mm per hour. We are interested in the rain
statistics of the ground station because computing the attenuation requires fixing
a rain rate. Typically, we target a link availability of 99.99% of the time, such
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Figure 4.3: Free space losses vs. propagation distance at 8.4 GHz.

that the location’s rain rate does not exceed that level for more than 0.01% of the
time. The International Telecommunication Union provides recommendations to
compute those attenuations. Recommendation P.838-3 [12] gives the procedure to
compute the specific attenuation vz in dB per km, and recommendation P.837-7
[13] gives the 0.01% rain rate.

i = kR® (4.6)

In Equation 4.6, k and « are fitting parameters available in Reference [12]. R
is the 0.01% rain rate, which is about 10 mm/h in Svalbard. It gives a specific
attenuation of 0.092 dB/km. The maximal path length affected by rain is close to
9 km. We will thus consider a rain attenuation L,,;, of 0.82 dB.

4.2.3 Polarization losses

The system targets RHCP polarization. Nevertheless, perfect CP is not achievable,
and polarization mismatch is present. The polarization mismatch introduces an
additional loss, depending on the antenna module’s axial ratio. Chapter one of
Reference [3] and Reference [14] present the computation procedure.

1+ |pw!’|pal’ +2\pprA|COS(29)) (47

L, (dB) =101
pot (4B) g( A+ low )L+ oaP)
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Figure 4.4: Polarization losses vs. transmitter axial ratio for various receiver axial
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rw + 1

= 4.8
e (45)

T‘A—|—1

= 4.9
oal = 21 (19)

In Equations 4.7 to 4.9, L,y is the polarization mismatch loss in dB, 7y is the
incident wave’s axial ratio in natural units, r4 is the receiving antenna’s axial ratio
in natural units and 6 is the angle between the major axes of the polarization
ellipses. We may fix 6 such that we maximize the cosine for our worst-case analysis.
We will fix the receiver antenna’s axial ratio to 1 dB, independent from the look-
angle. As for the antenna array in development, the axial ratio will depend on the
implementation.

Figure 4.4 depicts the evolution of the polarization losses versus the axial ratio
of the transmitter and various receiver axial ratios. Equation 4.7 gives negative
values in dB to add to the link budget. The graph depicts its inverse, such that the
values are positive. When both the receiver and the transmitter have identical axial
ratios, we notice losses of 0 dB. For a receiver with perfect circular polarization,
the polarization losses tend to 3 dB as the transmitter axial ratio increases. We
notice losses increasing to 2.51 dB and 1.74 dB for a 1 dB and 3 dB axial ratio at
the receiver, respectively. Having a 3 dB axial ratio at the receiver mitigates the
polarization losses.

We can define the co-polarization (co-polar) directivity as the proportion of the
total directivity contributing to the desired polarization. For perfect RHCP, if the
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system has linear polarization, the co-polar directivity falls 3 dB below the total
directivity [15]. We can connect this to the polarization loss assuming a perfect
axial ratio at the reception, which leads to |p4| tending to infinity. In that case,
we can develop Equation 4.7 as:

2
p
Ly (dB) = 101ogy, (W) (4.10)

Finally, the co-polar directivity is as:

2
Dco—pol (dBl) =D + 10 ]‘Oglo ((1—|i_p|m’;||2)> (411)
W

4.3 System noise

As we are interested in the ratio between the signal and noise powers at the receiver
to study the link feasibility, we must compute the system noise power. For that
purpose, we will integrate the noise power spectral density, expressed in W/Hz, by
the system bandwidth. Let us start by writing the noise power spectral density Ny
as:

N = kT, (4.12)

In Equation 4.12, k is the Boltzmann’s constant, and 7T is the complete system
temperature. We now need to write the ratio between received power and noise
power.

_ Pr PrGrGpg
B NOB B kTsBLtrans

In Equation 4.13, Ly.qns is the total transmission losses, and B is the system
bandwidth. We can expand the complete system temperature [11]:

SNR

(4.13)

TS - Tant + Tr (414)

Tone is the antenna temperature, which corresponds to the environment temperature
seen by the system through the antenna radiation pattern. T, is the equivalent noise
temperature coming from the various circuit elements of the receiver connecting
the antenna to the digital demodulator. The antenna temperature includes a
dependence on the ground station elevation angle and frequency.

Table 3.1 contains the Gr/T; ratio of the receiver. The latter is valid for an
elevation angle of 20°. We can estimate its value for an elevation of 10°, which
corresponds to the worst case. The ITU provides recommendations for brightness
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Elevation Temperature

10° 14 K
20° 8 K
30° 2.5 K
60° 3 K
90° 28 K

Table 4.1: Brightness temperature vs. ground station elevation angle.

temperature for various frequencies and elevation angles [16]. If the radiation
pattern main beamwidth is narrow and encompasses a single noise source, the
antenna temperature is equivalent to the brightness temperature. Table 4.1 gives
the brightness temperature at 8 GHz for various ground station elevation angles.
We can approximate the gain of a dish antenna by:

72 D?
\2
D is the dish diameter in the last equation, and by inputting the problem data, we
obtain a directivity of approximately 48.5 dBi. We fix the efficiency to 70%, which
is standard for such antennas. It translates into a Gr/T} ratio of 26.34 dB/K for
an elevation of 10°.

G =07

(4.15)

4.4 Global link budget

Finally, we should gather the results to compute the total link budget. It is common
to express it in dB. In that case, we write the SNR as:

SNR (dB) = Py + Gr + ?FR — kB — Lps — Lyain + Lpo — M (4.16)
We notice an additional term in the latter. M represents the additional margin we
take for the link budget. Typically, we take a 3 dB margin. To compute the link
budget, we will consider a transmitted power of 1 W. Note that we add L, as the
definition given in Equation 4.7 gives negative values. As the radiation pattern
and, more precisely, the axial ratio allows us to compute the polarization losses,
we will group this quantity with the gain in transmit.

Grerr = Gr + Lo (4.17)

We define a new quantity, the effective gain in transmitting G s, corresponding
to the radiation pattern’s directivity, taking the polarization losses into account.
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Grepp dB SNR dB  Bit per symbol

7.7 -24 0.5
11.2 1 1
16.8 6.68 2
18 7.88 2.2

Table 4.2: Achievable spectral efficiency for various antenna effective gains.

We can also name this quantity the effective directivity. We consider a 1 dB AR at
the receiver. Table 4.2 gives the achievable bit rate for several effective gains. For
a minimal SNR of -2.4 dB, we need a gain of 7.7 dB. The target gain of 18 dB will
allow for transmitting 2.2 bits per sent symbol. In the worst case, the polarization

losses are about 2.5 dB. Closing the link requires, in the worst case, a directivity of
10.2 dBi.
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5 Conformal antenna array

As the application targets a broad scanning range, we will investigate conformal
antenna arrays, where the antenna arrays conform to a shape. This technique is
appealing because the effective area of a planar array is proportional to the cosine
of the elevation scan angle. Conformal arrays allow for boosting the antenna array
effective area for more grazing angles. The drawback of such arrays is to have part
of the antennas hidden behind the structure for particular scan-shape combinations.
It is also worth noting that the beamforming weights are more challenging to
optimize than in the planar array case and that the conformal nature of the system
involves additional difficulties for the design and manufacturing process.

In Section 5.1, we will review the literature and present various state-of-the-
art conformal array systems. We will select three geometries that may suit the
application target. Section 5.2 presents the antenna placement on the three different
shapes. To test-bench the different geometries, we coded a MATLAB software. We
will describe this piece of software in Section 5.3. To improve the system directivity,
we investigated different optimization strategies for the individual weights of the
antenna elements. This investigation is the topic of Section 5.4. Finally, we will
compare the different geometries in terms of performance in Section 5.5.

5.1 Literature review

We can find various geometries on which an antenna array can be conformed. We
get a complete evaluation of the effective area for several shapes in Reference [17].
Based on the scanning objectives and the manufacturing complexity, we settled
on a cone and a half-cylinder. This section will analyze both shapes, compare
them with the planar array, and connect the discussion with the state-of-the-art
literature.
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(a) (b)

Figure 5.1: From [17]: Cone geometrical properties. (a) Cone apex angle and
diameter. (b) azimuthal width of the active area 2¢y.

5.1.1 Cone

The cone has the advantages of being symmetric and will provide a constant
effective area for an azimuthal scan. Let us write its effective area as in Reference

[17]:
c0S(Opmaz — 05 sin(6;/2))

cos(¢o) = sin(6;) cos(6,/2) (5.1)
Aeff = R2 (W + ¢0 COS<08)> (52)

Figure 5.1 gives a representation of the cone parameters. The effective area depends
on the cone radius R, the cone apex angle ¢, maximum element look angle 6,,,.
(equivalent to the element radiation pattern beamwidth), and the elevation scan
angle 0. From Equation 5.2, we note that the effective area decreases as the scan
angle increases.

Reference [18] presents a cylindrical-and-conical conformal phased array (CYL-
CON). Figure 5.2 gives a representation of this structure. It has three distinctive
arrays: a conical array and two cylindrical arrays. Array I is a conically conformed
microstrip antenna array designed for achieving forward beam coverage. Array
IT is a cylindrically conformed microstrip antenna array designed for achieving
broadside beam coverage. Finally, array III is a cylindrically conformed microstrip
Yagi antenna array designed to achieve backward beam coverage. Thanks to these
three different arrays, the system offers a broad scanning range.

Figure 5.3 presents the directivity of the conically conformed microstrip antenna
array in the YZ plane. As the prototype array does not cover the whole cone
azimuthal width, the directivity is the highest when the observer faces the elements.
When the array covers the whole azimuthal width, the directivity is the highest at
the zenith as the cone hides no antenna and more antennas are in the line of sight
with the observer.

Figure 5.4 presents the directivity of the cylindrically conformed microstrip
antenna array in the Y Z plane. Like for the planar antenna array, the directivity
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Forward

Array 1: Conical
Conformal Array

Array III: Cylindrical
Conformal Endire Array
PEC Cylinder

PEC Cone Array II: Cylindrical
Conformal Array

Figure 5.2: From [18]: Representation of the CYLCON conformal arrays com-
posed of a conically conformed microstrip antenna array (Array 1), a cylindrically
conformed microstrip antenna array (Array II), and a cylindrically conformed
microstrip Yagi antenna array (Array IIT).

decreases as the cosine of the elevation scan angle in that plane. That angle
corresponds here to 90° — 6. We notice a decrease of about 3 dB between the curves
6 = 30° and 6 = 90°, which corresponds to cos(60°).

5.1.2 Half-cylinder

The half-cylinder will offer a broad elevation scan if the direction of observation
is perpendicular to the half-cylinder height, meaning that the observer faces the
shape curved surface. We obtain the effective area by projecting the shape surface
onto the plane perpendicular to the propagation direction (cf. Figure 5.5b). The
effective area of the cylinder depends on the cylinder radius R, the cylinder height
h, and the active sector A, defined in Figure 5.5a. We can write it as [17]:

Aeff = 2Rhsin <A2¢> (53)

It decreases as the active sector decreases. For a half-cylinder, A, varies from 7
to 5. It thus does not go to zero as the elevation angle goes to 3. Still, it suffers
from having hidden elements for certain scan angles, which leads to a decrease in
the active sector. If the observer faces one of the flat surfaces, on the contrary,
the effective area will also vary as the cosine of the elevation, and the performance
will degrade for grazing angles. In between those two extremes, we have a hybrid
situation where we experience both effects.
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Figure 5.3: From [18]: Directivity of the conically conformed microstrip antenna
array in the Y Z plane for various elevation scan angles.
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Figure 5.4: From [18]: Directivity of the cylindrically conformed microstrip antenna
array in the Y Z plane for various elevation scan angles.
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(a) Cylinder active sector Ay defini- (b) The half-cylinder effective area, obtained

tion. by projecting the shape surface onto the
plane perpendicular to the direction of prop-
agation.

Figure 5.5: From [17]: Cylinder properties.

Reference [19] proposes a Cylindrical Phased Array (CPA) allowing quasi-full-
space scanning thanks to the pattern reconfigurable technique with a subarray
scanning method. The reconfigurable pattern technique consists of modifying the
antenna elements’ radiation pattern using a specific bias of the PIN switch diodes
present in the elements. This technique improves the scanning in the azimuthal
plane (parallel with the cone height), reaching a range of £70° for the main beam
and a 3-dB coverage of +88°. The CPA offers a complete scanning in the elevation
plane (perpendicular with the cone height) thanks to the alignment of the elements
with the direction of observation. Figure 5.6 represents both the scanning resolution
and a prototype of the system, composed of six facets.

5.2 Antennas placement

This section will describe the placement of the different antenna elements over three
different shapes: a planar surface, a cone, and a half-cylinder. As we target a high
gain, we will try to fit as many elements as possible on the shapes. The different
geometries need to satisfy the system maximum physical size given in Table 3.1.
We usually target a half-wavelength distance between the successive antennas to
lower the level of the radiation pattern side lobes. That is close to 18.3 mm at 8.2
GHz. Considering faceted shapes allows the design of planar antennas and makes
it easier to build and feed such structures. It may also allow designing only one
facet and replicating it to build the whole structure finally. In the following figures,
we represent, each antenna by a color dot.
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(b)

Raciofion bedrn __ Peak gain scanning profile

-

. -3 dB gain
.~ Tscanning profile
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(d)

(a) - (a) and (b) Scanning resolution in the third and fourth sectors of the cylindrical
carrier’s azimuth plane. (c) Elevation plane patterns of the cylindrical carrier when all

the elements are active with the correct configurable patterns. (d) Sketch diagram of the
3 dB coverage.

(b) Prototype of the proposed architecture. Half-cylinder made of 6 facets.

Figure 5.6: From [19]: CPA scanning space division illustration and prototype of
the proposed architecture.
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Figure 5.7 depicts the placement of the antennas on the conical conformal
antenna array. The cone has an apex angle of 80°, a radius of 7.5 ¢cm, and contains
three rings of 16 elements for a total of 48 antennas. The distance between the
rings along the generatrix is half-wavelength. Within the top ring, the distance
between the elements is close to a half-wavelength. For the two lower rings, the
distance is more significant than that due to the cone geometry.

Figure 5.8 depicts the placement of the antennas on the half-cylindrical conformal
antenna array. The half-cylinder has a radius close to 4 cm and a height of 15
cm. Within the rows, the elements have a half-wavelength distance between them.
Because of the angle between two rows on the half-cylinder surface being 7/7 and
because of the half-cylinder radius, we obtain a separation of a half-wavelength
between two rows. We place two extra 2 x 2 arrays on the cylinder’s flat surfaces
with a half-wavelength distance between the elements. Those small extra arrays
will boost the directivity for specific azimuthal angles. As we have seven rows of
eight elements each plus two arrays of four elements each, the system has a total
of 64 antennas.

Figure 5.9 depicts the placement of the antennas on the planar array. We
separate the elements by a half-wavelength in both the  and y dimensions. The
array is an 8 x 8 array composed of 64 elements in total.

At this stage, we can point out that both the planar and cylindrical arrays have
the same number of elements. That is not the case with the conical array. We still
want to compare the three and are aware that it will mitigate the performance of
the conical array. However, because the specifications restrict the geometry of the
array and that we want to standardize the facets composing the cone, we had to
limit the number of antennas. In practice, if we were to build such a structure, we
would care about this aspect. That is why we are dealing with a reduced number
of antennas for the conical array.

5.3 Test-bench description

To properly compare the different topologies, we had to build a test bench. For
doing so, we wrote a MATLAB software. We designed a simple X-band antenna
using CST STUDIO SUITE by 3ds (CST) to get an accurate far-field radiation
pattern for the computations. Figure 5.10 gives the antenna directivity and axial
ratio. The software will place the antennas with the proper orientation as depicted
in Section 5.2. It will then sum the different radiation patterns to measure the
equivalent radiation pattern for specific antenna weights. Note that we do not
include the effects of coupling between the antennas. Placing the antennas in an
array will modify their radiation patterns. We talk about the embedded pattern
of the antenna, that is, the pattern of one antenna in the presence of the other
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(a) Placement of the antennas on the conical conformal antenna array. The cone has an
apex angle of 80° and a radius of 7.5 cm.
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(b) Top view: Placement of the antennas on the conical conformal antenna array. It
contains three rings of 16 elements for a total of 48 antennas. The distance between the
rings along the generatrix is half-wavelength. Within the top ring, the distance between
the elements is close to a half-wavelength.

Figure 5.7: Placement of the antennas on the conical conformal antenna array.
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(a) Placement of the antennas on the half-cylindrical conformal antenna array. The
half-cylinder has a radius close to 4cm and a height of 15 cm. Within the rows, the
elements have a half-wavelength distance between them.
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(b) Side view: Placement of the antennas on the half-cylindrical conformal antenna
array. The angle between two rows on the cone surface is 7/7 to obtain a separation of a
half-wavelength between two rows. We place two extra 2 x 2 arrays on the cylinder’s flat
surfaces with a half-wavelength distance between the elements.

Figure 5.8: Placement of the antennas on the half-cylindrical conformal antenna
array.
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Figure 5.9: Placement of the antennas on the planar array. We separate the
elements by a half-wavelength in both the  and y dimensions.

antennas of the array. Still, as the elements are spaced by a half-wavelength, not
taking the coupling effects into account is a valid first approximation. We must
then compute the directivity and axial ratio of the pattern in the direction of
observation. Those two figures of merit will characterize the performance of the
system. It is also essential to measure the amplitudes of the coefficients as those
will dictate the transmitted power. Finally, we can perform an optimization of the
different phases and amplitudes to improve the directivity.

5.4 Weight optimization applied to conformal ar-
rays

The weight optimization for a conformal array is more challenging than for a planar
array. As the problem is complex and has numerous local optimums, choosing a
proper initial vector is critical. We developed two possible initial vectors. The
first one only corrects the phase, where the second also tunes the amplitude of the
elements. We finally compare the two and showcase the possible improvement from
using MATLAB’s implementation of the interior-point algorithm on top of these
initial vectors.

5.4.1 Phase compensation

Applying the proper weights to the array’s antennas allows scanning a beam, as
presented in Section 2.7. In Equation 2.27, we developed the radiation pattern as
the sum of the different contributions. We can put the antenna element radiation
pattern in evidence for a planar array as all the antennas have the same orientation.
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Figure 5.10: Far-field radiation pattern characteristics of the X-band antenna used
by the MATLAB software.

In all generality, we can re-write that equation as:
F(u) =Y Fo(u,)a,efrekom (5.4)

The element radiation pattern is inside the sum in Equation 5.4, and the direction of
observation varies with the selected element. Indeed, when dealing with a conformal
array, the antennas have different orientations. It involves an additional challenge
as we must compute the phase shift introduced by each antenna to compensate
for it. We do not include coupling effects in the test bench and use the element
radiation pattern knowledge to obtain perfect phase compensation. In practice, it
involves measuring the embedded pattern for every antenna.

F(u) = Z(Ee(un)ejee(u")é + E¢(un)ej6¢(un)¢/\))anej,3nejkpn~u (5.5)
In Equation 5.5, Ey (E,) is the magnitude of the field’s theta (phi) component,
and ey (ey), its phase. To compensate for this phase shift, we must set 3, as:

Bn = kpn - u+ eg(uy,) (5.6)

Due to the geometry of the array, the shape may hide some antennas for specific
scan angles. Enabling these antennas would spill energy in non-desired directions,
decreasing the directivity. That is why we disable these antennas when not in the
observer’s line of sight. For the other antennas, we use a constant amplitude.
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5.4.2 Amplitude normalization

Using a phase compensation technique with constant amplitudes may be sub-
optimal when dealing with conformal arrays. Indeed, a conformal array allows for
different orientations of the antennas on the structure. As the antenna radiation
pattern is more directive towards the broadside, we could feed more power to the
elements facing the scan direction more closely than the other elements. To formalize
this intuition, we can fix the radiation pattern magnitude’s weights amplitude at
the scan direction normalized to its maximum. Note that the amplitude is upper
bounded not to saturate the amplifiers.

o VIFno () + [ Foo(un)] -

max (\/|Fn79(un)|2 + |Fn7¢(un)|2)

5.4.3 Comparison and further improvement

We can further improve the system directivity by optimizing the initial weights.
For that, we use the MATLAB implementation of the interior-point algorithm.
We decided to optimize the directivity taking the polarization losses into account.
To test the different procedures, we apply them to the half-cylinder geometry
introduced in Section 5.2. We scan a beam for increasing elevation in the ¢ = 0°
plane (facing the half-cylinder curved surface), and we distinguish serval cases for
the weights:

o Phase compensation with no additional optimization.
» Phase compensation with phase optimization (5 iterations).

o Phase compensation and amplitude normalization with no additional opti-
mization.

o Phase compensation and amplitude normalization with phase optimization
(5 iterations).

e Phase compensation and amplitude normalization with joint phase and
amplitude optimization (5 iterations).

Figure 5.11 gives the directivity for these five cases. We notice that modifying the
amplitudes of the different elements of the arrays allows for improving the directivity.
We notice peaks in directivity when the elevation angle is a multiple of 7/7, when
the observer faces a row of antenna. That effect is enhanced when we perform
amplitude normalization as it increases the relative power fed to those antennas.
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Figure 5.11: Directivity comparison for the half-cylinder in the ¢ = 0° plane
between the two initial vectors and various optimizations.

As the elevation angle increases, the directivity decreases as fewer antennas are in
sight with the observer, and the structure hides some.

The drawback of the amplitude normalization is that reducing the amplitudes
of some coefficients will decrease the system transmit power. That is because the
amplifiers will saturate, which fixes an upper bound for the amplitudes. That
implies decreasing the system power instead of keeping it constant and redistributing
it. The total available power is the sum of the power fed to the different antennas:

Py = Z = (5-8)
=>_ Ra;, (5.9)
=P ol (5.10)

In Equations 5.8 to 5.10, P, is the total Transmitter (TX) power, and P, is the
element nominal TX power. Let us now compare the total system power with its
maximum power.

Pot  PoXnop

— 11
Pmaac PONant (5 )

Py

Pt L dB = 101log;(>" a2) — 101og;( Nyye) dB (5.12)

Equation 5.12 gives the expression of the power loss due to the coefficient reduced
amplitudes. In these equations, N, is the system total number of antennas. Figure
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5.12 compares the two initial vectors (phase compensation only; phase compensation
and amplitude normalization) with the additional effect of power normalization.
We notice that modifying the amplitudes will decrease the performance even if
it gives better directivity than the initial vector using the phase compensation
technique. We also notice a power loss coming from the switched-off antennas
hidden by the structure.
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Elevation angle 6°

Figure 5.12: Directivity comparison for the half-cylinder in the ¢ = 0° plane
between the two initial vectors, including power normalization correction.

5.5 Shape comparison and selection

We need to rank the shapes introduced in Section 5.2 and select one of them for the
application. For that, we compare the directivity for the entire scan range with a one-
degree precision. We also take the polarization losses and the power normalization
losses into account. We will use only the phase compensation technique for each
shape as we saw in the previous section that modifying the weights amplitudes
decrease overall performance. We will not perform any additional optimization
since the performance increase is limited compared to the required computation
time. Let us now define the total transmitter gain as:

P,
Gior AB = Gy + Ly + % dB (5.13)

That expression takes the polarization losses and power normalization losses into
account.
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5.5.1 Planar array

Figure 5.13 depicts both the directivity and total transmitter gain for the 64
elements planar array using only the phase compensation technique to compute
the beamforming weights. It gives a small variation in the azimuthal scan. Since
all the elements have unit amplitude, and no element is hidden, the total gain only
suffers from the polarization losses. Indeed, between Figure 5.13a and Figure 5.13b,
we notice only a tiny gain variation.

5.5.2 Conical conformal array

Figure 5.14 depicts both the directivity and total transmitter gain for the 48
elements conical conformal array using only the phase compensation technique to
compute the beamforming weights. We note a slight variation in the azimuthal
scan. In this case, we notice significant differences between the directivity and
the total gain. We normalize the power to 64 elements to compare the system
to the two others better. It is challenging to place 64 antennas on a cone of this
size, so we only have 48 antennas. As mentioned previously, we want to propose a
relatively easy-to-build conformal array. The conformal array also suffers from the
hidden antennas for high elevation angles, adding extra power losses. These hidden
antennas cause the discretization effect for the total gain. Indeed, antennas remain
visible for a specific scan range, then some become hidden, and the gain drops.

5.5.3 Half-cylindrical conformal array

Figure 5.15 depicts both the directivity and total transmitter gain for the 64 elements
half-cylindrical conformal array using only the phase compensation technique to
compute the beamforming weights. We note the substantial variation in the
azimuthal scan. That is because of the shape itself, non-symmetric along ¢. We
also notice the power losses coming from the hidden and disabled antennas.

5.5.4 Shape comparison

Finally, we can compare the three different shapes and make a selection. Figure
5.16 compares their best and worst directivity, Figure 5.17, their best and worst
total transmitter gain along the azimuthal angle ¢. The use of conformal arrays
allows boosting the directivity for high elevation angles that are not of interest
to this application. Indeed, we target elevation angles # < 65°. In addition to
that, the power loss coming from the hidden and disabled antennas further reduces
the conformal array performance for the scanning range of interest. The minimal
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(a) Full scan directivity in dBi.

(b) Full scan total transmitter gain in dB.

Figure 5.13: Full scan results for the 64 elements planar array using only the phase
compensation technique.

total gain for the planar array outperforms the maximal total gain for the half-
cylinder for elevation angles # < 60°. Furthermore, the planar array is less complex

38



CHAPTER 5. CONFORMAL ANTENNA ARRAY

Directivity dBi

16

(a) Full scan directivity in dBi.

(b) Full scan total transmitter gain in dB normalized to 64 elements.

Figure 5.14: Full scan results for the 48 elements conical conformal array using
only the phase compensation technique.

to manufacture. For these reasons, we select the planar antenna array for the
remaining chapters.
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(a) Full scan directivity in dBi.

(b) Full scan total transmitter gain in dB.

Figure 5.15: Full scan results for the 64 elements half-cylindrical conformal array
using only the phase compensation technique.
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Figure 5.16: Best and worst case directivity comparison along with the azimuthal
angle ¢ versus the elevation angle.
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Figure 5.17: Best and worst case total transmitter gain comparison along with the
azimuthal angle ¢ versus the elevation angle.
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6 Beamforming network

This chapter will focus on the system beamforming network. To properly feed the
antennas, we must use devices to modify the phase and amplitude of the incoming
Radio Frequency (RF) signal. Those devices are beamformers. We also need power
dividers to feed the RF signal among them.

First, Section 6.1 will introduce a potential RF transmitter chain and define
the parts and components present on the antenna board. In Section 6.2, we pick
several beamformers references and compare them to several criteria. We will also
present a selection for the power dividers. Section 6.3 gives a non-exhaustive list
of considerations for the system layout. Finally, Section 6.4 gives a first layout
proposal.

6.1 Communication chain

Figure 6.1 gives the block diagram of a radio frequency transmitter. First, the
modulator modulates the incoming data according to the modulation scheme of
choice. We then filter this signal using an intermediate frequency filter. Next, a
mixer mixes the signal to a frequency set by the local oscillator. Then, a bandpass
filter filters the signal and mitigates the signal power outside the application band.
Power dividers will then split this RF signal and feed it to the different beamformers,
modifying the signal phase and amplitude to feed it to the antennas finally. The
power dividers, beamformers, and antennas will be onboard. The board will have
an RF connector connecting the bandpass filter output to the circuit.

6.2 Chip selection

This section focuses on selecting the onboard circuit components: the power dividers
and the beamformers.
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[ Offboard ] [ Onboard ]
1
1
Data : Power
A A
—>» Modulator » / 0\ / 0\ ; > divider
1
IF filter Bandpass Beamformer
filter
Local
oscillator

Figure 6.1: Block diagram of the RF transmitter. The power dividers, beamformers,
and antennas will be onboard. The board will have an RF connector connecting
the bandpass filter output to the circuit.

6.2.1 Beamformers

The chip selection implies looking into the manufacturers’ catalogs to find suitable
references. We target digital beamformers with a high level of integration and
control. We use several criteria to perform this selection:

» Suitable for spatial applications: The chip needs to resist cosmic radiation
and large temperature gradients.

o Operating frequency: The chip needs to be functional on the application
band (8025-8400 MHz).

o Power consumption: The chip efficiency and the overall system power con-
sumption is critical as the system works on rechargeable batteries.

e The number of RF TX ports: 64 should be a multiple of the chip’s number
of ports. Numerous ports and a high level of integration also reduce the DC
power overhead.

o Phase resolution: It impacts the precision of the phase compensation, and
thus, the scan precision.

e One dB compression point: It fixes the maximum TX power of the antennas
and thus of the system. In practice, we do not use the amplifier at that level
of power to avoid saturation. Still, it gives an upper bound for the transmit
power.

» Package dimensions: the chip package should have sub-wavelength dimen-
sions.
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Table 6.1 gives the three chips selection based on those criteria. All are suitable for
spatial applications. The Anokiwave beamformer’s datasheet mentions operating
frequencies higher than the application band. According to the manufacturer, the
chip can handle the application band. The phase resolution offered by all devices
is sufficient. The directivity loss is well below 0.1 dBi. The ADAR1000 and the
AWS-0101 support four ports, which is helpful to feed the 64 elements. That gives
a total of 16 beamformers.

We notice a higher one dB compression point for the AWS-0101 than for the
ADARI1000. That metric will fix the chip’s output RF power, and thus, the total TX
power. We can translate the power in Watt using Equation 6.1. The CGY2170YUH
requires a consequent RF power input compared to the other two, challenging to
carry. The ratio between the total RF and total DC power indicates the chip’s
efficiency. The AWS-0101, with its high level of integration, gives better efficiency
than the ADAR1000. It also offers the highest RF output power.

For those reasons, the AWS-0101 stands out from the competition. The
ADARI000 remains a decent alternative. We discard the CGY2170YUH due
to its number of ports and low TX gain requiring a high RF input power.

P [W] — 10(P [dBm]—30)/10 (61)

6.2.2 Power dividers

We choose Wilkinson power dividers for our application. The input power will split
into two output channels. By putting several power dividers in series, we will end
up with 16 balanced channels to connect to the beamformers. For our selection, we
can again select a few suitable references and compare them. We use the following
criteria for this comparison:

« Suitable for spatial applications: The chip needs to resist cosmic radiation
and large temperature gradients.

o Operating frequency: The divider must be functional on the application band
(8025-8400 MHz).

o Amplitude and phase balance: The divider needs to avoid creating phase or
amplitude unbalance between the two channels.

o Excess insertion loss: We have several dividers in series and require a low
excess loss to maintain the input power low. The excess insertion loss is the
common port to output port insertion loss minus 3 dB.
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Parameter Unit Chips
Reference - ADAR1000 CGY2170YUH  AWS-0101
Reference Brand - Ana'log Ommic Anokiwave
Devices
Operating frequency GHz 8-16 8-12 8.5-10.55
Phase resolution ° 2.8 (7 bits)  5.625 (6 bits)  5.625 (6 bits)
Number of RF ports - 4 3 4
Package dimensions mm X mm <7 4.7x3.8 =7
Channel TX gain dB 20 6 20
Channel P1dB dBm 9 11 13
Chip RF input power mW 0.317 9.486 0.798
Chip RF output power W 0.032 0.038 0.079
Total RF input power W% 0.005 0.202 0.012
Total RF output power W 0.508 0.806 1.277
Chip DC power W 1.4 (est.) 0.36 1.8
Total DC power W 224 7.92 28.8
RF/DC Power % 2.26 10.17 4.43

Table 6.1: Beamformers comparison table.

o Package dimensions: The divider package should have sub-wavelength dimen-
sions.

o Power as a divider: The divider must withstand enough power to supply the
beamformers plus a safety margin to carry the losses.

Table 6.2 gives a comparison between three dividers from the brand Marki microwave.
We select the PD-0530SMG as it has the best phase and amplitude balance, the
best output to output isolation, and a well-sized package. We could also select the
PD-0535SM. On the other hand, the package size of the PD-0434SM is larger and
thus more challenging to deal with than the two other dividers.

To get 16 channels from one, we require 15 power dividers. To get similar
amplitude at each beamformer’s input, we will connect them such as we have four
dividers in series for each channel. The system has an additional power loss of 6 dB
in this configuration, which roughly translates into a factor of one over four. The
input power needs to be four times larger than the total RF input power written
in Table 6.1.
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Parameter Unit Power dividers
Reference - PD-0530SMG PD-0434SM PD-0535SM
Reference Brand - Marki microwave
Operating frequency GHz 5-30 4-34 5-35
Amplitude Balance dB +0.1 +0.25 +0.25
Phase Balance ° +2 +3 +3
Excess Insertion Loss dB 1.5 1.5 1.5
Output to Output Isolation dB 25 20 18
Power As Divider \WY 10 10 10
Package dimensions mm X mm 6.1 x 3.81 11.43 x 3.81 6.1 x 3.81

Table 6.2: Power dividers comparison table.

6.2.3 Chip selection summary

We choose the AWS-0101 from Anokiwave for the beamformers and the PD-
0530SMG from Marki microwave for the power dividers. The system requires a
total input RF power of 0.048 W and a total DC supply power of 28.8 W. Note that
extra losses from the propagation of the waves into the feeding lines will increase
the RF input power requirement.

The beamformer has a P1dB of 13 dBm. That translates into a total RF output
power of 1.277 W at most. In practice, we do not operate at the P1dB and take
some margins to avoid saturation. Furthermore, the antennas have a radiation
efficiency of less than 100%, implying additional losses.

6.3 Layout considerations

When considering the placement of the different elements on a board, we need
to study several aspects carefully. We give a non-exhaustive list of important
considerations.

6.3.1 Multi-layer PCB stack-up

The beamformers require multiple inputs to function correctly: power supply,
ground, RF input, control. That motivates the use of a multi-layer Printed Circuit
Board (PCB) stack-up. Indeed, depending on the integrated circuit of choice,
we may dedicate layers to carry the power signals, the ground, and the control.
Reference [20] presents a multi-layer PCB stack-up with ten metal layers and a
dedicated layer for the SPI control. Reference [21] showcases a stack-up with 14
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Figure 6.2: From [20]: Multi-layer PCB stack-up with ten metal layers. The power
and the SPI control have dedicated layers. The stripline layer holds the Wilkinson
power dividers. Blind vias carry the connection between the different layers.

metal layers and dedicated power and control signal layers distributed on six layers.
Figure 6.2 and Figure 6.3 describe these two stack-ups.

6.3.2 Thermal expansion

This system is for satellites flying in LEO. Since then, the system must withstand
a large thermal range. Thermal expansion and contraction will affect the struc-
ture. The displacement coming from the temperature variation applies mechanical
tensions on the structure, especially near the via-interconnect lines [22]. It also
modifies the electrical characteristics of the system [23]. The drawback of using
blind vias lies in this mechanical tension that the designer must characterize to
ensure the functionality and durability of the circuit.

6.3.3 Power balance and phase difference

To avoid a power unbalance at the different beamformers, we must feed each of
them with the same signal power. For that, we must use the same number of power
dividers (four) for the 16 chips. Due to the difference in line length, an extra phase
shift will appear at the different beamformers. We need to include that in the
scanning phase shift.
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Figure 6.3: From [21]: Multi-layer PCB stack-up with 14 metal layers. They weld
the beamformers on top of the stack-up. Blind vias feed the integrated circuits with
their different inputs. The Wilkinson feed network divides the RF input and feeds
the different beamformers. The power and control signals have dedicated layers.
Strip lines excite the antennas through a coupling slot. The parasitic patches
optimize the array performance.
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6.3.4 Digital control

Other parts of the system need to compute the desired scan angle at an instant.
This information must translate into a coefficient set for the 64 elements. Reference
[24] proposes a low-cost commercially available ARM-based microcontroller to
compute those and feed them to the beamformers. The beamformers IC generally
have a small memory capable of holding several coefficients. Nevertheless, these
memories are too limited for a complete scan application with a one-degree precision.
We require an external memory with all the coefficients stored in a look-up table
for fast access. We may send several coefficients at once to the chips depending on
the satellite’s trajectory. We place those microcontrollers offboard.

6.4 Layout proposal

Taking the previously mentioned elements into account, we can make a first layout
proposal. The system is a multi-layer PCB stack-up as the system needs several
signals to drive the beamformers properly. The thermal expansion concern motivates
using a specific microstrip-to-stripline transition to connect the beamformer to the
antennas. The connection is then made through coupling. It also has the advantage
of relaxing the manufacturing process as blind vias require several additional process
steps depending on the technology. Reference [20] gives an example of possible
process steps.

Figure 6.4 gives a representation of the multi-layer PCB stack-up proposal. It
has five metal layers with a 0.508 mm thick dielectric layer between two metal layers.
Between the first and second metal layers, the thickness of the dielectric is 1.524
mm. The first layer is for the antennas, the third is the antenna’s feeding stripline,
and the fifth, the layer holding the electronic integrated circuits and the microstrips.
Layer four is the ground plane with etched apertures for the microstrip-to-stripline
transition, and layer two is a metal plate with etched apertures to couple the
striplines with the antennas.

Finally, Figure 6.5 represents a top view of the layout with the placement of the
components. The different elements apart from the lines are scaled. The different
colors reference the different layers (cf. Figure 6.4). The RF input port is centred
to allow the placement of the different power dividers such that each beamformer
experience the same additional loss. Each beamformer feeds four antennas and is
placed in the middle of a group of four antennas. The distance between antennas is
half-wavelength. We notice a total of 64 antennas, 16 beamformers, and 15 power
dividers.
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Figure 6.4: Multi-layer PCB stack-up proposal with five layers. We may avoid the
blind vias using a specific microstrip to stripline transition.
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Figure 6.5: Multi-layer stack-up layout proposal.
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7 Antenna design

This last chapter focuses on an antenna design suitable for our application. As
introduced in the previous chapter, we plan on having a specific microstrip-to-
stripline transition to avoid blind vias in our layout.

Section 7.1 presents a literature review for both aperture-coupled antennas with
CP and microstrip-to-stripline transitions. Finally, Section 7.2 gives a comprehen-
sive summary of the antenna design. It also includes a two-by-two antenna array
architecture using sequential rotation to improve the axial ratio of the system. CST
commercial software has been used throughout the antenna and array design.

7.1 Literature review

7.1.1 Aperture coupled antenna

We consider an aperture coupled patch antenna as it enhances the antenna’s
impedance bandwidth [25]. The system targets CP with an axial ratio lower than
3 dB.

Reference [26] presents an aperture-coupled annular-ring microstrip antenna
for CP. Such an annular-ring shape, offering a smaller patch size than a circular
microstrip antenna, uses a single series feed configuration, which excites the required
two orthogonal resonant modes. Experimental results prove an achievable CP
bandwidth of 8.9% with a center frequency of around 2.5 GHz. We define the CP
bandwidth as the bandwidth over which the antenna has an axial ratio lower than
3 dB in the direction of the main beam. The achieved impedance bandwidth is
larger than 8.9%. Figure 7.1 gives the antenna geometry.

Reference [27] introduces an aperture-coupled microstrip antenna with switch-
able polarization. This antenna uses a single series microstrip-line-feed configuration.
The ring-slot-coupled microstrip antenna allows producing circular and linear po-
larizations within the impedance bandwidth, depending on the series stub’s length.
Experimental results prove an achievable CP bandwidth of 4.4% with a center
frequency around 2.525 GHz.

52



CHAPTER 7. ANTENNA DESIGN

layer 1
layer 2 — A & i
layer 3

ground plane

50 Q coupling strip

microstrip-line
impedance transformer
~

feed point, Zi

Figure 7.1: From [26]: Aperture-coupled annular-ring microstrip antenna for CP.
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Figure 7.2: From [27]: Aperture-coupled microstrip antenna with switchable

polarization using single series microstrip-line-feed configuration.

Reference [28] investigates an aperture-coupled microstrip line feed circularly
polarized patch antenna. It uses two different line feeds, one circular arc-line feed
and one square arc-line feed visible in Figures 7.3a and 7.3b. The antenna utilizes
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four I'-shaped slots. The geometry offers a CP bandwidth of 78% at broadside
and 72% at endfire. The impedance bandwidth is 15% from 3.1 to 3.6 GHz for the
circular arc-line feed and 14% from 3.1 to 3.5 GHz for the square arc-line feed.

 ~shape slot Patch Grand

o

N

Feed Network

Shorting Pin

(a) Aperture-coupled microstrip line feed circularly polarized patch antenna utilizing a
circular arc-line feed and four I'-shaped slots.

Patch Ground Plane

Feed network

Shorting pin

4 -Shaped slot

(b) Aperture-coupled microstrip line feed circularly polarized patch antenna utilizing a
square arc-line feed and four I'-shaped slots.

Figure 7.3: From [28]: Aperture-coupled microstrip line feed circularly polarized
patch antenna.

Reference [29] showcases a high gain and circularly polarized resonance cavity
antenna for X-band. It utilizes an aperture coupled microstrip antenna and a
frequency selective surface, an array of circular patches, as a superstrate. The
cavity improves the antenna gain while keeping the system compact. It offers a
CP bandwidth of 2.4% (200 MHz) centered on 8.2 GHz and a gain of 20.5 dBic
(dB isotropic for CP antenna). For beamforming, having directive elements is not
optimal.
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Figure 7.4: From [29]: High gain and circularly polarized resonance cavity antenna
for X-band composed of an aperture coupled microstrip antenna and a frequency
selective surface, an array of circular patches, as a superstrate.

Finally, Reference [30] presents an aperture-coupled microstrip patch antenna
with a crossed slot. It gives a CP bandwidth of approximately 20%. This geometry
is the base for the antenna design of this document. That is because it offers good
performance while having a low manufacturing complexity.

<

S1Llength

52 Length

(a) Model: Top view (b) Slots
7
Substrate (RogersRT) GroundPlane Microstrp line
I
| XT 3 mm
Foam Patch

(c) Model: Side View

Figure 7.5: From [30]: Aperture-coupled microstrip patch antenna with crossed
slot.
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7.1.2 Microstrip-to-stripline transition

Thermal expansion motivates the investigation of a specific microstrip-to-stripline
transition (cf. Section 6.3). Similar to the aperture-coupled antennas, we want to
couple the stripline and the microstrip through an aperture. This transition is rare
in the scientific literature. We focus this state-of-art review on Microstrip-to-Slotline
(MS-SL) and Microstrip-to-Microstrip (MS-MS) transitions.

Let us start by presenting a MS-SL transition. The authors build a double
transition to have two ports: one feeding port and one measuring port to measure
such structure. Reference [31] showcases a simple 90° crossing transition between
the microstrip and the slot-line. Using radial stubs allows for a broader bandwidth
than straight ones. The microstrip open circuit radial stub should appear as a
short circuit and the slot-line short circuit radial stub as an open circuit at the
crossing reference plane. From there comes the extensions of approximately 90
degrees on slot and microstrip sides. Figure 7.6 depicts the transition geometry. It
has two transitions in cascade for measurement purposes. Finally, Figure 7.7 gives
the measured and simulated Sy; parameter. It shows good agreement between
simulation and practice. The passband goes from 3 to 15 GHz, and the insertion
loss is below 1.3 dB on the band ranging from 3.2 to 15.5 GHz. As the transition
is double, a simple transition would only introduce half the insertion loss, which is
0.65 dB.

— microstrip

W _f—

90

" siotline -l'm/
m

Figure 7.6: From [31]: MS-SL transition. Geometry of two transitions in cascade
and their dimensions. The transition is a 90° crossing using radial stubs for both
the microstrip and slot-line.

We now focus on the Microstrip-to-Microstrip (MS-MS) transitions. Reference
[32] presents a wideband vertical MS-MS transition. The wide bandwidth comes
from the use of two similar microstrip lines aligned on top of each other and
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Figure 7.7: From [31]: Transmission coefficient of the double transition cascading
depicted in figure 7.6.

perpendicularly coupled with a uniform slot-line resonator on the ground plane.
They achieve three-pole filtering by setting the slot-line length 6, to 90° at the
operating frequency and extending the microstrip’s electrical length 6, to 90°.
Figure 7.8 gives top and side views of the transition’s geometry, and 7.9 compares
the measured and simulated transmission coefficients Sy; and S;;. The 1-dB
bandwidth ranges from 3.61 to 8.16 GHz.

Reference [33] introduces a broadband MS-MS vertical transition based on
broadside coupling between the upper and lower microstrip patches through a wide
slot etched on the ground plane. The authors add an extra patch on the ground
plane to further enhance the bandwidth, introducing a half-wavelength resonance
into the passband. The patch lengths are a quarter-wavelength. The width of the
extra patch is narrower than the slot’s width. Figures 7.10 and 7.11 depict the
geometry of the two transition versions. Finally, Figure 7.12 gives the transition’s
transmission coefficients with maximum and minimum insertion losses of 2.1 dB
and 0.7 dB in the passband, respectively.

Reference [34] investigates a wideband MS-MS vertical transition using an
opencircuited slot-line stepped-impedance resonator. The impedance ratio of the
stepped-impedance resonator control allows placing two transmission zeros to im-
prove the passband selectivity, offering about out-of-band suppression of about
22 dB. The transition is between two open-circuited microstrip lines connected to
feeding lines perpendicularly coupled through a slot-line stepped-impedance res-
onator. Figure 7.13 gives the geometry of the transition, and 7.14, the transmission
coefficients.

Finally, Reference [35] presents a MS-MS vertical transition with slot-line
stepped-impedance resonator, which offers a wideband filtering response with an
extended upper stopband. It has two open-circuited microstrip lines printed on the
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Figure 7.8: From [32]: Wideband vertical MS-MS transition. It has two identical
microstrip lines aligned on top of each other and perpendicularly coupled with a
uniform slotline resonator on the ground plane.

top and bottom layers and a stepped-impedance slot-line resonator etched on the
common ground plane. Figure 7.15 gives the transition geometry, while Figure 7.16
describes its transmission coefficients. It has a 2-dB insertion loss ranging from
1.64 to 4.02 GHz and a stopband attenuation of more than 12.1 dB between 4.78
and 16.75 GHz.
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Figure 7.9: From [32]: Transmission coefficient of the wideband vertical MS-MS
transition.
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Figure 7.10: From [33]: Broadband MS-MS vertical transition based on broadside

coupling between the upper and lower microstrip patches through a wide slot etched
on the ground plane.
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Figure 7.11: From [33]: An extra patch on the ground plane introduces a half-
wavelength resonance into the passband.
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Figure 7.12: From [33]: Transmission coefficients of the vertical MS-MS transition.
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Figure 7.13: From [34]: Wideband MS-MS vertical transition using open-circuited
slot-line stepped-impedance resonator.
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Figure 7.14: From [34]: Transmission coefficients of the vertical MS-MS transition.
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Figure 7.15: From [35]: MS-MS vertical transition with slot-line stepped-impedance
resonator.
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Figure 7.16: From [35]: Transmission coefficients of the vertical MS-MS transition.
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7.2 Design of array and feeding lines

This section presents the design of an antenna element similar to the geometry
proposed in Reference [30], an aperture-coupled microstrip square patch antenna.
We add a specific microstrip-to-stripline transition to avoid using blind vias.

7.2.1 Single element design

The antenna is a five-metal layer stack-up, as depicted in Figure 6.4. The second
layer holds the crossed slot aperture (centered to the square patch) used to couple
the stripline of the third layer with the antenna square patch. The fourth layer
is the ground plane. Rectangular slots tilted by 45°, responsible for the coupling
between the microstrip line and the stripline, are etched on this fourth layer. That
allows avoiding blind vias for the transition between the beamformers and the
antennas. Notice that we place a layer of dielectric (Rogers RO4003C) having a
thickness of 0.508 mm between two metal layers. The layer between the antenna
and its aperture has a thickness of 1.524 mm. Figure 7.17 gives a geometrical
representation of the antenna element, and Table 7.1, its corresponding dimensions.
Note that the colors correspond to the layers depicted in Figure 6.4. For the
antenna simulation, we center the square patch on a 3.6 by 3.6 ¢cm square stack-up.
We connect the microstrip line to a waveguide port and connect the metal layer
underneath the microstrip (layer 4) to the ground.
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SLLUP

Ant W

MS V OFF

SL L DOWN

MS L LEFT VAV

Figure 7.17: Geometry of the antenna.

Parameter ~ Value [mm]  Parameter  Value [mm]

Ant W 7.6 S2 W 0.9
SL W 1.3 S3 W 2.602
SL L UP 3.758 S3 L 8.991
SL L DOWN 9.891 MS W 0.75
S1L 4.8 MS L 7.3748
S1 W 1.102 MS V OFF 7.35
S2 L 3.9 MS L LEFT 1.7248

Table 7.1: Antenna geometry dimensions.
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7.2.2 Antenna performance

We present in this section different figures of merit of the antenna. First, Figure
7.18 presents the antenna directivity and the upper bounded axial ratio at 8.4 GHz.
Then, Figure 7.19 showcases the real and imaginary parts of the electric field above
the two apertures and the square patch. The application requires an impedance

1 17

o

0.5 05"

Directivity dBi
v
=

-0.5

o - N W A O O N © ©
Axial Ratio dB

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
u u

(a) Directivity. (b) Axial ratio upper bounded at 10 dB.

Figure 7.18: Far-field radiation pattern characteristics of the single antenna at 8.4
GHz.

bandwidth ranging from 8.025 to 8.4 GHz. The system targets a CP with an axial
ratio lower than 3 dB. Figures 7.20 and 7.21 give the element co-polar directivity
and axial ratio, respectively. We notice that the co-polar directivity suffers from
the substantial axial ratio for the frequencies close to 8.025 GHz. Indeed, the
antenna’s polarization is linear, close to 8.025 GHz, and eventually becomes more
circular as the frequency goes towards 8.4 GHz. We notice an axial ratio of 6 dB
at 8.4 GHz and an optimum co-polar directivity close to 8.35 GHz.

Figure 7.22 gives the S7; parameter of the antenna. We notice a 10-dB range
going from 7.947 to 8.471 GHz, which corresponds to a 6.4% bandwidth. Finally,
Figure 7.23 gives the total efficiency of the antenna. We define total efficiency as
the ratio between the radiated power and the input power. The antenna (including
feeding lines) has an efficiency ranging between 73 and 87 % on the band of interest.

During the design of the antenna, the most important design criterion was the
impedance bandwidth. Unfortunately, the polarization is not currently optimized.
We thus do not have CP but a linear polarization. Still, we achieved an impedance
bandwidth matching the application requirements.
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Figure 7.19: E-field above the two apertures and the square patch at 8.4 GHz.

7.2.3 Antenna array architecture

We are now interested in building a two-by-two elements array with the antenna

described in Section 7.2.1.

To improve the axial ratio of the system without

modifying the antenna design, we sequentially rotate the elements by 90° and
feed them with signals sequential phase shifted by 90° [36]. Figure 7.24 gives a
representation of the array. The spacing between the elements is half-wavelength.

Building this setup on CST allows us to benchmark it. We care about the
S-parameters, the active S-parameters for the zenith scan, and the total antenna
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Figure 7.20: Single antenna co-polar directivity vs. frequency for 6 = ¢ = 0°.
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Figure 7.21: Single antenna axial ratio vs. frequency for 6 = ¢ = 0°.

efficiency in the presence of the other antennas. We then introduce the proper
phase shifts to scan in four directions.

Figures 7.25 and 7.26 give the first port’s S-parameters and active S-parameters,
respectively. The other ports’ S-parameters are similar as the system is symmetric.
We notice a slight shift for the S;; parameter compared to the single element’s one.
That gives an impedance bandwidth of 6.51% and active impedance bandwidth of
4.77% (from 8.067 to 8.544 GHz). Figure 7.27 depicts the total efficiency for the
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Figure 7.22: Single antenna S;; parameter vs. frequency.
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Figure 7.23: Single antenna total efficiency vs. frequency.

four different ports of the array. Those are similar and correspond to an efficiency
ranging from 63.1% to 79.4%. We notice that placing the antenna in an array
degrades its efficiency and impedance bandwidth.

We now compute the proper weights to scan a beam in four different positions.
We use unit amplitudes and phase shifts as in Table 7.2. Figures 7.28, 7.29, and 7.30
depict cuts in the ¢ = 0° plane of the array co-polar directivity at three different
frequencies and four different sets of weights. We notice that the sequential rotation
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Figure 7.25: Array first port S-parameters vs. frequency.
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Figure 7.26: Array first port active S-parameters for the default weights (sequentially

increasing phase shifts).
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Figure 7.27: Array ports total efficiencies vs. frequency.

Scan (0,¢) Port 1 phase Port 2 phase Port 3 phase Port 4 phase

(0°,0°) 0° 90° 180° 270°
(30°,0°) 0° 90° 90° 180°
(45°,0°) 0° 90° 52.72° 142.72°
(60°,0°) 0° 90° 24.11° 114.11°

Table 7.2: Phase shift vectors for four different scan angles.

yields an excellent axial ratio at a zero-degree elevation angle, which degrades as
the elevation angle increases. Consequently, the system achieves higher co-polar
directivity as it suffers less from polarization mismatch. We compare those values
to the ones obtained using the MATLAB simulation tool developed in Section
5.3. We observe similar evolution of the directivity with elevation angle. Still,
the MATLAB simulation exhibits better performance and remains a first-order
approximation.
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Figure 7.28: Array co-polar directivity vs. elevation angle for different scan weights.
Cut in ¢ = 0 plane, far-field simulation at 8.025 GHz.
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Figure 7.29: Array co-polar directivity vs. elevation angle for different scan weights.
Cut in ¢ = 0 plane, far-field simulation at 8.2 GHz.
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Figure 7.30: Array co-polar directivity vs. elevation angle for different scan weights.
Cut in ¢ = 0 plane, far-field simulation at 8.4 GHz.
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8 Conclusions and future work

The goal of the master thesis was to design an X-band antenna system capable of
beamsteering to increase the link data throughput between the satellite and the
ground station. Indeed, the high transmitter gain allows to improve the SNR at
the receiver and, therefore, permits higher modulation orders leading to improved
spectral efficiency. The broad bandwidth of 375 MHz (reserved by the ITU for such
applications) and high spectral efficiency allow for high throughput. The extensive
scanning range is also of interest because the satellite does not fly strictly above
the ground station. Narrowing this range too much would lead to a reduced time
over which the system can close the link, and that is a reduced amount of data
transmitted in total.

This document addresses this problem, dividing the design procedure into several
steps, elaborating a link budget to study the project feasibility and predicting the
achievable data rate. We note that the application requires a co-polar gain of 7.7
dB to close the link and that the specified 18 dB gain would allow transmission up
to 2.2 bits per symbol sent by satellite in the worst case. The system polarization
plays a crucial role as it can decrease the co-polar directivity up to 3 dB compared
to the total directivity. Using a linear antenna for the transmitter and considering
perfect circular polarization in the receiver would lead to a minimum directivity of
10.7 dBi to close the link.

We investigated whether to conform the antenna array to a tri-dimensional shape
to improve the system scanning range. Indeed, for a planar array, the directivity
decreases as the cosine of the elevation angle. Conformal arrays allow to have some
antennas facing the direction of observation and mitigate the directivity decrease for
high elevation angles. We thus comprehensively compared two different conformal
phased array antennas and a planar phased array antenna. After comparison,
the planar antenna stands out for such application as it allows maximal power
transmission and presents better directivity for the targetted scan range. In
addition, it will enable reducing the system manufacturing and design complexity.

As we aim at fabricating such a high gain antenna in the future, we must take
the layout and electronic circuits aspects into account. Based on several criteria,

74



CHAPTER 8. CONCLUSIONS AND FUTURE WORK

we scanned the manufacturer catalogs for suitable beamformers and power dividers
references. We selected two components corresponding to the system requirements.
We proposed the first layout with the placements of the electronic I1C’s, feeding
lines, power dividers, and antennas. Due to the system complexity and the choice
of aperture coupled antennas to improve the bandwidth, a multi-layer approach is
preferred. Furthermore, as space application deals with high-temperature gradients,
we tried to avoid dealing with blind vias as those experience high mechanical stress.

Last but not least, we designed an aperture coupled antenna. Such antennas
allow for a high impedance bandwidth desired for this specific application. This
aperture coupled antenna also has a specific microstrip-to-stripline transition—the
two feeding lines being coupled through a 45° rectangular aperture. As a result,
the antenna has a broad impedance bandwidth and total radiation efficiency of up
to 87%. The next step was to place the antenna in an array of two-by-two elements
sequentially rotated by 90° to improve the axial ratio of the system. The full-wave
simulation on CST displays the scanning capabilities of the system.

This document can serve as a base for future developments:

o Building a larger array from the two-by-two array developed in this work is
the logical next step to check the achievable co-polar gain over the scanning
range. To maintain a sufficiently good axial ratio, we could maintain the
nested sequential rotation approach for the four elements sub-arrays and
extend it for the full array. Reference [20] presents a 16-elements four-by-four
phased array antenna using nested sequential rotation to improve the axial
ratio of the system. Such design could be tested with the antenna developed
during this thesis to investigate the system performance.

e During the antenna design, the central figure of merit was the impedance
bandwidth. Consequently, the antenna polarization is not circular, principally
close to 8.025 GHz, where the axial ratio is close to 20 dB. The aperture
coupled antenna designed in [30] on which we based our design has a circular
polarization. It would be beneficial for the co-polar directivity to improve
the axial ratio of the antenna.

o As the goal is to fabricate such a high gain antenna system working at X-
band, it is required to investigate the layout aspect more closely. Indeed, the
antenna we proposed needs to connect to the different beamformers. Applying
the sequential rotation implies additional complexity to drives the different
elements.

o Finally, it is interesting to benchmark this microstrip-to-stripline transition
without the antenna and study its working principle in more details.
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