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Abstract/Resiimee

Architecture development and testing for the engineering model of SUTS satellite commu-

nication system

This bachelor’s thesis presents the development and testing of the communication subsystem
for the Strategic Upgrades Test Satellite (SUTS), a 3-unit PQ picosatellite developed by the
Estonian Student Satellite Foundation. The primary goal was to design an engineering model of
the UHF communication system that meets the constraints of small satellite architecture while
maintaining reliability and regulatory compliance. The system, which operates in the 435-438
MHz amateur band using Gaussian Frequency Shift Keying (GFSK) modulation, was designed
with a focus on simplicity, efficiency, and space optimization by omitting a dedicated MCU
and instead relying on control via the main Command and Data Handling System (CDHS). Key
components include the Silicon Labs Si4468 transceiver and the GRF5504 power amplifier. The
thesis provides an in-depth analysis of the architecture, link budget, PCB layout, and RF chain
design, as well as a comprehensive suite of performance tests including gain, efficiency, thermal
tolerance, out-of-band emissions, and receiver sensitivity. The results validate the communica-

tion subsystem’s performance and inform further development toward a flight-ready model.

CERCS: T120 Systems engineering, computer technology; T170 Electronics; T180 Telecom-

munication engineering; T320 Space technology

Keywords: PocketQube, CubeSat, Satellite communication, SUTS, UHF



SUTS satelliidi sidesiisteemi insenerimudeli arhitektuuri arendus ja testimine

See bakalaureusetto kisitleb Strateegiliste Uuenduste Testimise Satelliidi (SUTS) sidesiisteemi
arendamist ja testimist. SUTS on kolmeiihikuline PQ-pikosatelliit, mille on vélja to6tanud Ees-
ti Tudengisatelliidi Sihtasutus. T60 peamiseks eesmirgiks oli luua UHF-sidesiisteemi inseneri-
mudel, mis vastaks viikesatelliitide arhitektuurilistele piirangutele, séilitades samas tookindluse
ja vastavuse regulatsioonidele. Siisteem to6tab 435-438 MHz amatoorsagedusribas, kasutades
Gaussi sagedusnihkega modulatsiooni (GFSK), ning see on kavandatud lihtsuse, tdhususe ja
ruumi kokkuhoiu pohimdtetest ldhtuvalt — eraldi mikrokontrolleri (MCU) asemel toimub juhti-
mine peamise kdsu- ja andmetootlussiisteemi (CDHS) kaudu. Olulised komponendid on Silicon
Labs Si4468 raadiosaatja ja GRF5504 voimendi. T60 sisaldab pohjalikku analiiiisi siisteemi
arhitektuurist, raadioside eelarvest, triilkkplaadi ja raadiosagedusahela disainist, samuti ulatus-
likku testide komplekti, mille hulka kuuluvad véimenduse, tShususe, termilise taluvuse, sa-
gedusviliste kiirguste ja vastuvotutundlikkuse mootmised. Tulemused kinnitavad sidesiisteemi

tookindlust ja pakuvad sisendit edasiseks arenduseks lennuvalmis mudeli suunas.

CERCS: T120 Siisteemitehnoloogia, arvutitehnoloogia; T170 Elektroonika; T180 Telekom-

munikatsioonitehnoloogia; T320 Kosmosetehnoloogia

Votmesonad: PocketQube, CubeSat, Satelliitside, SUTS, UHF
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1 Introduction

Access to space has become cheaper and more accessible over the last decades, mainly
due to the standardization of spacecraft such as CubeSat and PocketQube (PQ) standards [1].
CubeSats are small satellites made of 10x10x10 cm units that can weigh up to 2 kg per cube [2].
In 2018, the PQ standard was established. This standard proposes an even smaller form factor of
5x5x5 cm, which further reduces the cost and helps universities build satellites for educational
purposes [3].

The most common way satellites communicate with Earth is through a radio frequency sig-
nal in the range of 30 MHz — 60 GHz. The Institute of Electrical and Electronics Engineers
(IEEE) divides this frequency range into letter-designated frequency bands [4]. The commu-
nications link consists of a radio transmitter, a free-space communication channel, and a radio
receiver. In the case of satellite communication, both the satellite and the operator on the ground
require a transmitter and a receiver for two-way communication. If the satellite is transmitting,
the communication is called downlink, but if the ground station is transmitting, the communi-
cation is called uplink. In the case of satellites, both a receiver and a transmitter are required,
which in many cases are combined into a transceiver. Typically, a communication system of a
small satellite mission consists of a transceiver comprised of a radio, a power amplifier, and an
antenna. [5]

This bachelor’s thesis focuses on the development and testing of the communication system
for the Strategic Upgrades Test Satellite (SUTS). SUTS is a 3-unit PQ developed by the Estonian
Student Satellite Foundation. The development of SUTS began in 2023 and the satellite is
expected to launch in 2028. The main mission of SUTS is to test two payloads provided by
industry and academic partners: an optical communications module developed by Estonian
companies Golbriak Space and Skudo, and a lunar regolith solar cell test area developed by
Tallinn University of Technology. The planned orbit of SUTS is a 550 km Sun-synchronous
low Earth orbit. The satellite platform includes the aluminum structure, the Command and

Data Handling System, the Electrical Power System, the UHF Communication System, and the
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Attitude Determination and Control System. The platform is entirely designed by the Estonian
Student Satellite Foundation.

The thesis provides an overview of the communication system architecture for SUTS and
describes the development and testing of the engineering model. This thesis gives an overview
of the communication systems of similar missions in chapter 2, and describes the work done in

this thesis in chapter 3 and chapter 4.
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2 Similar missions

The following chapter provides a brief overview of the Estonian CubeSat mission ESTCube-
2 and the PQ missions MRC-100 and Delfi-PQ, and their communication system hardware

architecture.

2.1 ESTCube-2

ESTCube-2 was a three-unit CubeSat developed by the Estonian Student Satellite Founda-
tion. The main goal of ESTCube-2 was to demonstrate the electric solar wind sail (E-sail) in
the ionosphere of Earth, where it can be used as an ionospheric plasma brake for deorbiting. As
secondary payloads, the satellite had two cameras on board to measure the normalized differ-
ence vegetation index, and a corrosion testing experiment was conducted to test the corrosion
behavior of different coating materials. ESTCube-2 launched on 9 October 2023, on board the
Vega rocket from Kourou, French Guiana, but failed to deploy from the rocket. [6, 7]

The communication system of ESTCube-2 consists of two hot redundant subsystems: pri-
mary communications (PCOM) and a backup subsystem called secondary communications
(SCOM). PCOM can transmit and receive on the 70 cm radio amateur band, and SCOM can
receive on the 2 m band and transmit on the 70 cm band. The processing unit of PCOM is an
STM32L4 series microcontroller from STMicroelectronics, and Radio Frequency (RF) connec-
tivity is achieved by the Silicon Labs Si4463 transceiver. An NXP high-robustness wide-band
RF power Laterally Diffused Metal-Oxide—Semiconductor (LDMOS) transistor amplified the
transmission signal. SCOM uses a Silicon Labs EZR32WG330 series Microcontroller Unit
(MCU) with a built-in RF transceiver module. For transmission, the subsystem can change its
carrier frequency to the 70 cm band and use PCOM’s RF path to transmit the signal as a backup

transmitter. [8, 9]
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2.2 MRC-100

MRC-100 is a 3-P PQ class student satellite developed by the Budapest University of Tech-
nology and Economics. It is a continuation of previous Hungarian satellites: SMOG-P, ATL-1,
and SMOG-1. The main goals of the mission were to test multiple RF payloads developed
in-house, including a spectrum analyzer (30 — 2600 MHz), 1 Mbit/s S-band downlink, an au-
tomatic identification system receiver, and a Ultra High Frequency (UHF)-band LoRa-GPS
Tracker. MRC-100 was launched on June 12th, 2023 on board a Falcon 9 rocket. [10]

The communication system of the MRC-100 is based on the Acsip S62F LoRa and FSK ra-
dio module type S62F with an external MCU. The antenna is a V-shaped 2x quarter-wavelength
dipole. Due to subsystem-level redundancy, two independent telecommand receivers and two
telemetry transmitters were connected to the antenna, creating a cold redundant, half-duplex
system. The telemetry and telecommand system uses On-Off Keying (OOK), 2-Gaussian Min-
imum Shift Keying (GMSK) and LoRa-type linear Frequency Modulation (FM) chirp. The
internationally coordinated operation bandwidth of the communication system of MRC-100 is

12.5 kHz for uplink and 20 kHz for downlink [11].

2.3 Delfi-PQ

Delfi-PQ is a 3-P PQ class student satellite developed by the University of Delft. The mis-
sion’s main goals were to provide students with practical experience in the space engineering
field, to develop a baseline PQ platform for future missions, and to test several payloads from
the University of Delft that need in-orbit validation. The long-term overall goal is to develop 3P
PQ and to manage, through miniaturization, to fit the core bus in 1P, micropropulsion, and At-
titude Determination and Control System (ADCS) in the second 1P, and an innovative payload
within the remaining 1P. Delfi-PQ was launched on January 13th, 2022, on board a Falcon 9
rocket and was operational until January 1st, 2024. [12, 13]

The communication system of the Delfi-PQ is based on the Semtech SX1278, a LoRa
transceiver intended for Internet of Things (IoT) applications. The transceiver features a Gaus-
sian Frequency-Shift Keying (GFSK)/GMSK radio engine and a separate LoRa one. AX.25
support has been implemented to allow radio amateurs to receive telemetry, and a custom pro-
tocol was also implemented to experiment with advanced forward error correction schemes.
A high-power high-efficiency power amplifier has also been designed, allowing a maximum

1 W output power with an efficiency greater than 64%. Additionally, a low-power mode (250
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mW) was implemented with an efficiency greater than 60%. The antenna system consists of
monopole antennas connected to the satellite using rotating elbows and springs. The system
uses the 140 — 170 MHz frequency range in the VHF band for uplink and the 390 — 450 MHz
frequency range in the UHF band for downlink. [14]

2.4 Takeaways from similar missions

The missions discussed in this chapter: ESTCube-2, MRC-100, and Delfi-PQ, show differ-
ent approaches to developing communication systems for small satellites. Each project has its
own requirements and design priorities which affect the design and development of the system.
Despite their differences, they share several common features, such as reliance on COTS com-
ponents and operation within amateur radio bands. These examples are useful reference points
for the SUTS mission in terms of system architecture, component selection, and the trade-offs

involved in balancing complexity, reliability, and available resources.
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3 Design of the communication system

engineering model

The main functionality of the SUTS Communication System (COM) system is to provide
a data link between the ground station and the satellite’s Command and Data Handling System.
SUTS COM is a half-duplex system that uses a time division duplexing scheme. The system
will use the 70 cm radio amateur frequency band. Two prototypes of the SUTS COM system
were previously developed by Ergo Haavasalu as part of his bachelor’s thesis [15]. This thesis
aims to continue the previous work and design and verify the engineering model of the SUTS
COM system. The main design aspect of the SUTS mission is that everything must fit in the PQ
satellite form factor. This imposes constraints on the redundancy and complexity of the system.

This chapter describes the design of the SUTS COM system.

16



3.1 Communication system requirements

Firstly, requirements for the COM system had to be defined based on the overall mission and system requirements, and regulatory standards. The

defined requirements can be seen in 3.1.

Table 3.1. Communication system requirements

L1

ID Requirement Rationale Verification
REQ-COM-01 COM shall provide uplink and downlink Both the up- and downlink between Testing
between the satellite and the ground station. the satellite and the ground station are
needed for successful satellite
operations.
REQ-COM-02 COM shall be able to transmit with at least A minimum data rate of 9600 bps Review of
9600 bits per second. ensures that the satellite can efficiently | design, testing
transmit telemetry, payload data, and
operational status updates within the
available communication windows.
REQ-COM-03 COM shall operate without a dedicated Omitting a separate microcontroller Review of
microcontroller and be controlled directly by reduces system complexity and design
the Command and Data Handling System conserves space within the satellite’s
(CDHS) limited form factor.
REQ-COM-04 COM shall communicate through RF link with | This is the planned frequency range Review of
435 - 438 MHz frequency range. for SUTS in the 70 cm amateur radio | design, testing
frequency band.
REQ-COM-05 COM shall have a transmit power of at least 30 | A minimum transmit power of Review of
dBm. 30 dBm ensures a strong signal that design, testing
can reach the ground station reliably,
overcoming potential interference and
path loss.




81

REQ-COM-07 COM shall use GFSK as the modulation GFSK offers narrower bandwidth and | Review of
scheme. improved spectral efficiency, making | design
it well-suited for low-power systems.
However, it introduces inter-symbol
interference (ISI), which increases
receiver complexity.
REQ-COM-08 COM shall have a receiver sensitivity of at A receiver sensitivity of at least -100 | Review of
least -100 dBm. dBm ensures the communication design, testing
system can reliably receive weak
signals from the ground station
REQ-COM-09 COM shall comply with ITU regulations [16] Ensures legal operation and prevents testing,
for satellite communication. interference with other services in the | Compliance
allocated spectrum. review
REQ-COM-10 COM should support adaptive power control Dynamically adjusting the transmit Testing

based on link quality.

power based on signal strength helps
optimize power consumption and
improve link reliability.




3.1.1 Link budget

Since SUTS uses COM only to send commands on the uplink and receive telemetry on the
downlink, high data rates are not needed. Dependent on REQ-COM-02, a data rate of 9600 bps
was chosen. Based on preliminary simulations using a Two-Line Element (TLE) that matches
the proposed orbit of SUTS, there should be approximately seven communication windows per
day. The passes were simulated in the Orbitron open source satellite tracking system [17], with
an average communication window length of eight minutes, where the satellite is above 5 de-
grees of elevation. This gives a total data budget of around 32 MB per day. The link budget
is split into two separate budgets: one for the uplink and another for downlink. The ground
stations in the TUT Mektory building in Tallinn, the University of Tartu Physicum building
in Tartu, and the Tartu Observatory in Toravere will be used for mission operations, but the
link budget is calculated for the ground station in Toravere on the roof of the Tartu Observa-
tory (58.2654509°N, 26.4651677°E). For the link budget calculation, the transmit power of
the ground station, ground station antenna gain and pointing loss, free space path loss, satel-
lite receiver antenna gain, polarization loss, and losses in the satellite receiver are considered.
The transmit power of the ground station is expected to be 47 dBm, and the antenna gain is 23
dBi for the UHF Yagi antenna. The transmit power of the satellite is 30 dBm and the satellite
antenna is a monopole with an imperfect ground plane. An antenna prototype was developed
by Katarina Aas and a gain of 2 dBi was measured [18]. The largest contributor to attenuation
in a satellite link is Free-Space Path Loss (FSPL). It is the attenuation of energy as it spreads
spherically into space from the transmitter’s antenna. The formula for FSPL can be derived

from the Friis transmission formula:

P, A2
s =Ga, (E) . G.1)

Where P, is the power received by the receiving antenna, F; is the transmitted power, G/ is
the gain of the transmitting antenna, G, is the gain of the receiver antenna, A is the wavelength of
the signal used and r is the distance between the antennas. This equation gives the relationship

between the received and transmitted power, where the remaining term is FSPL. The free space

2
Ly = <4Wf > (3.2)

c

path loss is given as 3.2 [19]

Where f is the frequency of the used signal, r is the distance between the antennas and c is

the speed of light in vacuum. When expressed in decibels, with frequency f in megahertz and
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distance r in kilometres, we obtain where the last term needs to be multiplied by 10° to account

for the change in units in the previous terms.

47 - 10°
C

The lowest angle of elevation of the satellite considered for communication is 5°. Below
this angle, there might be interference from objects such as trees or hills. The distance to the

satellite or slant range can be found with the following formula:

_ B : .1 R
r—\/R2+(R+H)2 2R(R+H)sm{€+sm <R+HCOS8)‘| (3.4

Where R is the radius of the Earth, H is the altitude of the satellite, and ¢ is the elevation

angle [20]. A visualization of this can be seen in Figure 3.1.

Satellite

o
A
(]
& H
5
v

Ground station

Figure 3.1. Slant range

At 5 degrees, the distance from the satellite is around 2200 km. Based on this,

Ly = 2010g;0(2200) + 20 log,(437) + 32.4 = 152.1 dB. (3.5)

The crossed Yagi antenna of the ground station is circularly polarized, and the antenna on
the satellite is linearly polarized. The reception of the circularly polarized signal with a linearly
polarized antenna introduces polarization loss of 3 Decibel (dB) [21]. The receiver’s noise floor,

estimated losses in the receiver and the F},/N, requirement for the bit-error rate are included

20



in estimating the theoretical sensitivity. The receiver noise power can be calculated with the

following equation.

Pn(dBm) = ]_0 loglo (kTSySB) + 30 (36)

Where k is the Boltzmann constant (1.38 - 10723 J/K), T, 18 the system noise temperature,
and B is the bandwidth. 30 is added to get the result in dBm. The system noise temperature
is not simply a direct sum of noise contributions; rather, it is a weighted combination that
accounts for losses and efficiencies along the signal path. As shown in equation 3.7, each noise

component is scaled according to the corresponding radiation or chain efficiency. [22]

1 1 1 1
Tsys = T4 +Tp (— — 1) + —Tre (— — 1) + TR, 3.7
\t/ N €A &4 €r €ACL
external Tap, TL internal receiver

antenna internal

Where Ty, is the noise temperature of the system, 7'y is the antenna temperature, e is the
antenna radiation efficiency, Tz is the reception chain temperature e, is the reception chain
efficiency and 7. is the receiver noise temperature.

The external antenna noise temperature is the weighted average of the physical temperatures
of all objects and backgrounds within the antenna’s field of view, where the weights are deter-
mined by the antenna’s radiation pattern and the angular distribution of the thermal radiation.
As the antenna has an omnidirectional radiation pattern, it can be assumed that half of the an-
tenna is pointed toward Earth with an average temperature of 300 K and half is pointed to space,
where noise at 437 MHz due to galactic radiation is around 250 K [22]. The estimated worst-
case scenario for the physical temperature of the antenna is 380 K and the antenna efficiency is
estimated to be around 90% based on prototype measurements. The loss in the reception chain
was calculated to be around 3 dB by adding together the attenuation of all components given in
their datasheets and the estimated highest possible physical temperature of the reception chain
is 320 K [23] [24]. From this, the efficiency is calculated.

1

The receiver noise temperature was calculated by first finding the noise figure from 3.9 [25]

ensitivit = - lo + + -+ . .
Sensitivity 5, = 10 lg(kTB) 30+ NF+S5NR 3.9

Sensitivity and the corresponding frequency and bandwidth were taken from the datasheet of

the transceiver [26]. Signal to noise ratio(SNR) consists of two terms: the £, /N, corresponding
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to the desired bit-error rate and bitrate divided by the bandwidth. When replacing the values

and solving for N F’ we get

40000
NF = —110 — 10 - log(k - 320 - 40000) — 30 — (12 + 10log(m) =5.53 (3.10)
Then noise temperature can be calculated
T, = (100 — 1) - 320 = 823.27K (3.11)

Now by putting the calculated values into equation 3.7 we get.

1 1 |
Ty = 275, + 330 <®—1>+@.320 (ﬁ”)*

Vv
Tap, TL internal
antenna internal

-823 = 2501.7TK (3.12)
0.5-0.9

receiver

antenna  \_
external

S/

Using equation 3.6 we can now calculate the receiver noise power.

P, = 10log,, (k - 2501.7 - 20000) + 30 = —121.6 dB (3.13)

Table 3.2. Uplink link budget

Uplink link budget, 9600 GFSK
Ground station transmit power 47 dBm

Ground station antenna gain 23 dBi
Free space path loss -152.1 | dB
Satellite antenna gain 2 dBi
Polarization loss 3 dB

Total power at satellite receiver | -87.1 | dBm

Receiver noise power -121.6 | dBm
E} /Ny requirement 12 dB

Theoretical sensitivity -109.6 | dBm
Theoretical link margin 22.5 dB
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Table 3.3. Downlink link budget

Downlink link budget, 9600 GFSK
Satellite transmit power 30 dBm
Satellite antenna gain 2 dBi
Free space path loss -152.1 | dB
Ground station antenna gain 23 dBi
Polarization loss 3 dB
Total power at ground station receiver | -100.1 | dB
Receiver noise power -133.8 | dBm
Estimated receiver noise figure 3 dB
Ey, /Ny requirement 12 dB
Theoretical sensitivity -118.8 | dBm
Theoretical link margin 18.7 dB

3.2 SUTS Communication system architecture

The top-level diagram of the SUTS COM system can be seen in Figure 3.2. The system

consists of the transceiver, the UHF RF front-end, and the analog measurement functional block.

The main difference from other nano- and picosat communication systems is that SUTS COM

does not have a separate MCU. It is controlled by the CDHS MCU. This was chosen to simplify

the overall architecture of the satellite and save space. The transceiver shall communicate with

CDHS via SPI.

— s s s s s s s s e e s e s e ma mm mme mme mms mme s s

Back plate connector

5V

¥

Transceiver
(Si 4468)

_______

' ™

L -

Power amplifier ) Directional o
(GRF 5504) coupler
CXO ) \ . J
W v
Logarithmic

Sensor

i

' L amplifier

i ( i . 4

i

. - ~>{ ADC -
| | Temperature

- - = Balun {---{ BPF ‘-(———

=3V i i E

o 5v
GPIO

Antenna switch}4 - —){ LPF |4 -
y
- = = = RF signal Power
-—- 12C -—- GPIO
——--  SPI STT
signal

Figure 3.2. Block diagram of SUTS COM system
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3.2.1 Transceiver

For SUTS , the Silicon Labs Si4468 transceiver was chosen. A related model, the Si4463,
was previously used on the ESTCube-2 satellite, providing valuable experience with the Si446x
platform. This transceiver was chosen due to its compliance with requirements and previous
experience with the platform. Si4468 is a low-current transceiver with a frequency range of
142-1050 MHz. It supports (G)FSK, (G)4FSK, (G)MSK, and on-off keying as modulation
schemes [26]. GFSK was chosen as it reduces power in the sideband due to smoother transitions

between frequencies [27]. These parameters comply with REQ-COM-04 and REQ-COM-07.

3.2.2 Power amplifier

Based on the work of Haavasalu, the GRF5504 by Guerrilla RF was chosen. Haavasalu’s
thesis presented a comprehensive comparison of power amplifiers, and the GRF5504 was cho-
sen and tested. The test results matched the parameters given in the datasheet, and the power
amplifier was considered suitable for the application [15]. The amplifier has a wide range of in-
put voltage from 2.7 - 5.5 V, a gain of up to 40 dB, and Power-Added Efficiency (PAE) of up to
61% [28]. This complies with REQ-COM-05. Additionally, Guerrilla RF provides predefined
matching networks for 435 MHz, designed to ensure proper impedance matching to 50¢2. Since
437 Megahertz (MHz) is sufficiently close in frequency, these same matching network designs

can be used without modification.

3.2.3 Radio frequency chain

The RF chain consists of the transmit and receive chains, which are connected to the an-
tenna through the RFSW1012 antenna switch. The transmission chain includes the GRF5504
power amplifier and the BDCN-20-13+ directional coupler to measure transmission power. The
receive chain includes the balun and SF2446E band-pass filter. In addition, there is the LFCN-
490D low-pass filter at the antenna switch output. In the transmit chain, impedance matching
is required between the transceiver’s output and the power amplifier’s input. In the application

note AN648 of the transceiver, its load impedance is given as

0.2815 . 0
Z et = (w = ) ¢ 49.0524° (3.14)
0" Vs
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where wy is angular frequency that corresponds to the operating frequency and C’ is given in

the application note as 2.5 pF [29].

P 0.2815
Load =\ 91 4.37.108-2.5-10-8

) 149.0524° _ o +331 Q. (3.15)

At an operating frequency of 437 MHz, this gives a load impedance of 27 + j31 (2. The output
impedance of the transceiver is the complex conjugate of the load impedance, which is 27 —
j31Q. The impedance of the input port of the power amplifier itself is not explicitly specified,
but the custom tuning application note provides a two-element matching network to 50 € for
435 MHz, which is sufficiently close to the system’s operating frequency to be applicable [30].

There is also a parallel RL chain for biasing and a series-resonant LC tank for harmonic
termination. The values of the components were chosen according to the instructions in the
transceiver application note [29]. The pull-up inductor value L ;.x. Was chosen first. The ap-
plication note provides different inductance values for various operating frequencies; the closest
to the system’s frequency is 460 MHz, for which a 220 nH inductor is recommended. Secondly,
values for the Ly — Cj series resonant tank were chosen. A value of 8.2 pF is suggested for Cj,.
Then, the value of L, can be calculated with 3.16 so that it resonates with C at the operating

frequency.
1

Ly = W ~ 16 nH. (3.16)
Next, the value for the voltage limiting resistor Rpc was calculated. In the datasheet of the
power amplifier, it is shown that the amplifier is most efficient at 35 dBm output power. To
this output power corresponds the input power of -4 dBm or 0.4 mW. As the output power of

the transceiver can be reduced in software but not increased, to have a safety margin, a value

of 0 dBm or 1 mW was chosen. The output power F,,; is related to Rpc with the following

equations.

POU

Vop.pa = 1] —24  ~0.22V, (3.17)
WWOCshunt
Ipp pa = mwoCshunt VDD Pa = 4.7 mA, (3.13)
Vop — V;

Rpo = 22— "PD-PA _ 6550, (3.19)

Ipp pa

The closest resistor value available is 680 (2.
The required values of the matching components are calculated to transform the input impedance
of the Power Amplifier (PA) (50€2) to the desired load impedance of (27 + j31 €2). The match-

ing circuit was created in the uSimmics circuit simulation software [31]. Where 27 - j31 €2 was
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used as the output impedance of the transceiver, and this was matched to 50 2. This was done
using an L-shaped matching network consisting of two inductors. Using the tuning tool and a
Smith chart in Usimmics, values for the inductors were determined. The matching network can
be seen in Figure 3.3. To minimize reflections, one needs to get S11 and S22 as low as possible
and in the Smith chart they should be as close as possible to the middle 50 €2 point. The goal
of this network is to match the output impedance of the transceiver to the input of the power
amplifier. As the input impedance of the power amplifier is 50 €2, getting an output impedance
of 50¢2 is the best possible outcome. An inductance value of 2 nH for the series inductor and
an inductance value of 21 nH gave the best result. The series matching inductor was combined

with L for a total value of 19 nH, as this is not a standard value, 18 nH was used.

Al

V=33V
+] 1
R1
R=680 Q
L2
L=220 nH
s-parameter
simulation - - il N - .
P1 c1 L3 P2
SP1 Num=1 C=8.2 pF L=18nH |4 Num=2
Type=lin Z=(27-*31) L=21nH Z=50 Q
Start=0.2 GHz 1
Stop=0.5 GHz -
Points=500
Noise=no - = frequency: 437 MHz
S[2,2]: 0.0031/-98.1°
Z=50/-0.352°
Q Qo ——
@ @ o
[N%) =
= PR}
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frequency: 437 MHz
S[1,1]: 0.0492 / -78.7°
Z=51/-552°
-10 -frequency: 437 MHz
200 250 300 350 400 450 500 dB(S[2,2]): -47.4
Frequency (MHz) frequency

Figure 3.3. Usimmics simulation of PA matching network. In the upper part of the figure, the
matching circuit can be seen. Below are graphs that show the S11, S21, and S22 scattering
parameters. Matching is good at 437 MHz.

In the application note, a different topology is suggested for matching, consisting of a series
inductor and a parallel capacitor. The suggested values for this matching network are given
for 460 MHz. The given values are Ly = 30nH,Cy = 8.2pF, C,,, = 13pF. Simulating this

in Usimmics gives a very poor match, as can be seen in Figure 3.4. This might imply that
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there is a mistake in the load impedance or the matching network given in the application note.
The mistake could also have occurred in setting up the simulation. This shall be verified with

measurements on the assembled prototype.

VA1
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+] 1
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R=680 Q
L2
L=220 nH
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c1 L3
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Start=0.2 GHz 1
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Noise=no h - frequency: 460 MHz
S[1,1]: 0.461 /-141°
Z=252/-36.1°
frequency: 437 MHz
dB(S[1,1]): -5.82
o —
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» ha
= 0

dB(S[2,1])

frequency: 437 MHz
S[1,1]: 0.512/-115°
Z=35/-51.5°
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dB(S[1,1]): 6.75
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Figure 3.4. Usimmics simulation of PA matching network suggested in the application note.
Matching is bad.

After the power amplifier, the transmission chain continues with the BDCN-20-13+ direc-
tional coupler [32]. The coupler is used to measure transmit power. This component was chosen
because it has a low mainline loss at 437 MHz of only 0.15 dB and can handle up to 15 W of
power. The coupled ports of the device are connected to logarithmic amplifiers. All ports of
the coupler are matched to 50 €). The measuring system is described in more depth in the 3.2.4
sub-chapter.

The receive chain consists of the balun and SF2446E band-pass filter. Matching of the RX
side of the transceiver is described in the application note AN643: Si446x/Si4362 RX Low
Noise Amplifier (LNA) Matching [33]. The purposes of the matching network are to match
the input of the internal LNA to the source impedance as well as to provide a single-ended-
to-differential conversion, i.e., a balun, as the LNA is a differential amplifier requiring two

input signals. In the application note, three-element and four-element matching networks are
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provided. The four-element matching network was chosen as it provides a theoretically perfect
phase balance 180° between the input pins of the differential amplifier. The input impedance
of the LNA has been measured by Silicon Labs at various frequencies, including 434 MHz,
where the impedance was 182.65 - j233.09 (). The values of the matching network are given
in the datasheet. For verification, this was simulated in Usimmics. In the simulation, the input
impedance was replaced with an equivalent parallel RC circuit (R1-C3), the values of which
were given in the datasheet. Additional ports were added for measuring the phase difference
as there is no way to measure in Usimmics without adding ports to the necessary places. The
port impedance was set to 1 M2 so that it would not affect the impedance measurement. The
ports are used only for the phase measurements and not for simulating the input impedance.

The simulation in Figure 3.5 shows a good match and a phase difference of 183° that is close to

ideal.
frequency: 437 MHz frequency: 437 MHz
phase(S[2,1])-phase(S[3,1]): 183 S[1,1]: 0.0324 / -17.8°
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Figure 3.5. Usimmics simulation of balun and RX matching network in the application note.
Matching is good at 437 MHz and differential ports are 183 degrees out of phase.

The other part of the reception chain is the SF2446E SAW filter, which filters out emissions
at other frequencies[23]. In the frequency range of 430 to 440 MHz, the filter has an average

insertion loss of only 1.9 dB, which is lower than most other available options. Both ports of
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the filter have an impedance of 50 ).

3.2.4 Sensors and power measuring

The measuring system consists of the AD7991 Analog-to-Digital Converter (ADC), two
AD8310 logarithmic amplifiers from Analog Devices [34][35]. The inputs of the logarithmic
amplifiers are connected to the coupled ports of the directional coupler. In addition, there is an
LM?26LYV temperature sensor by Texas Instruments connected to the ADC near the PA [36]. The
goal of the measuring setup is to monitor the temperature and reflected power of the transmit

chain to prevent power amplifier failure due to mismatch or high temperatures.

3.3 COM system printed circuit board layout

In (RF) systems, the design of Printed Circuit Board (PCB) plays a pivotal role in ensuring
the performance, reliability, and efficiency of the overall COM system. An optimized PCB
layout minimizes signal loss, improves power distribution, and reduces the risk of interference,
all of which are crucial to maintaining signal integrity. The key factors in the design of the RF
system PCB include strategic placement of components, signal routing, and careful design of
grounding and shielding. These considerations help mitigate the effects of noise and crosstalk,
improving the overall bandwidth and functionality of the system [37].

The compact form factor of the SUTS satellite restricts the size of PCBs to 48 by 46 mm.
The small size of PCB imposes even further constraints on the layout. For this reason, a 4-layer
impedance-controlled stackup (JLC04161H-2116D) from JLCPCB was chosen. A detailed de-
scription of the stackup can be found in the Appendix A. The top layer and the first internal
layer form a coplanar waveguide. The trace widths for the RF signals were optimized using the
Saturn PCB Toolkit coplanar waveguide calculator, ensuring precise impedance matching to the

50 Q requirement for the transmission and reception chains [38].
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4 Communication system testing

Since the launch of the first satellites, the engineering philosophy has been dominated by
highly reliable and thoroughly tested designs. With the rise of the popularity of CubeSats, this
has changed in favor of using state-of-the-art and commercial-off-the-shelf components to re-
duce development time and cost. These improvements come with the cost of reduced reliability
as the components and satellites are less tested. A survey of 178 CubeSats conducted in 2014
showed that CubeSats had much lower reliability than other satellites. In the breakdown of fail-
ures caused by the subsystem, the communication subsystem is responsible for almost 30% of
all failures. In the event of a communication system failure, the mission is compromised due to
the inability to maintain communication. In contrast, failure of other systems, such as attitude
determination, does not lead to an immediate loss of mission functionality [39]. This shows that
the system must be thoroughly tested before launch. The following parameters were chosen to
be tested as they provide an overview of the efficiency, reliability, and compliance of the system
with the requirements. The testing setup consists of the HAMEG HMP2030 programmable
power supply [40], HM8315 RF synthesizer [41], the HMS3010 spectrum analyzer [42] and
the HP 4396A network analyzer [43]. The testing setup can be seen in figure 4.1.
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Figure 4.1. RF testing setup

4.1 Gain and Output Power

Two important characteristics of a RF PA are the output power and the gain. The gain
describes the relationship between the input and output power of the system and is usually given
in decibels (dB). In most cases, the gain of a PA is constant across a wide range of input power
levels, but drops when the device is close to its saturation region. One of the most common
metrics for characterizing a PAs maximum output power is the 1 dB compression point or P, 45,
which describes the operating point where the gain is exactly 1 dB lower than it would be in the

linear region [44] [45].
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* Pin

Figure 4.2. Input versus output power of a typical PA [46]

The output power, and therefore the gain, can be measured as functions of the input power.
This is done by sweeping the power level of a signal generator with a ramp waveform and
measuring the output of the PA using an RF spectrum analyzer. A simpler test setup involves
the use of a Vector Network Analyzer (VNA), which can act as both the signal generator and
the measuring device. In both cases, attenuators should be used to limit the output power and
prevent damage to the measuring devices, but also to reduce mismatch uncertainty. As the
attenuation factor is constant throughout the frequency spectrum, it can be added back to the
results at the end. [45]

The output power of the PA can be measured by sending a continuous-wave (CW) signal
from the transceiver and measuring the power at the connector placed at the output of the PA

with an RF spectrum analyzer. The results can be seen in table 4.1.

Table 4.1. Measured amplifier performance at different input power levels.

Input power (dBm) | Output power (dBm) | Gain (dB) | Supply current (A) | Supply power (W) | PAE (%)
-10 28.44 38.44 0.341 1.705 40.95

-7 29.90 36.90 0.415 2.075 47.10

-5 30.35 35.35 0.458 2.290 47.33

-2 30.67 32.67 0.511 2.555 45.67

0 30.75 30.75 0.548 2.740 43.38

2 30.89 28.89 0.570 2.850 43.07

5 30.99 25.99 0.589 2.945 42.65

The measured results show that the amplifier’s output power increases with input power,
reaching a saturation point near 31 dBm around 0 dBm input. Beyond this level, further in-
creases in input power produce only small increases in output power, indicating that the ampli-
fier has reached its saturation region. At the same time, the gain decreases from 38.44 dB at
—10 dBm input to 25.99 dB at 5 dBm input, indicating gain compression typical of power ampli-

fiers as they approach their nonlinear region. The PAE exhibits a peak value of approximately
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47.33% at -5 dBm input power, after which it gradually declines to 42.65% at the highest input
level tested. This behavior suggests an optimal operating range near —5 dBm to —2 dBm input.
The increase in supply current and power with input level corresponds with the higher output
power demands but also contributes to reduced efficiency beyond the optimal point. Overall,
the amplifier demonstrates its best performance in terms of efficiency and gain in the mid-input
power range, while operation near saturation results in diminishing returns in output power and
efficiency.

The measured output power was approximately 5 dBm lower than the values specified in
the manufacturer’s datasheet. To investigate the underlying cause of this discrepancy, the am-
plifier’s scattering parameters (S-parameters) were measured using a vector network analyzer.

The S-parameters can be seen in Figure 4.3.
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Figure 4.3. Power amplifier S-parameters from 400 to 500 MHz

At 437 MHz, the measured values were : |Sy;| = —13.48dB,

S| = 39.97dB,

Sio| =
—46.26 dB, and |Ssy| = —4.47 dB.These results show a satisfactory input match (S;), but a
poor output match, as evidenced by the relatively high Sy, value. Further tuning yielded a
slight improvement in output matching, with |So| = —5.12dB; however, this is still not a

good result. A likely contributor to this mismatch is the printed circuit board (PCB) layout,
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specifically the physical distance between the power amplifier (PA) output and the associated

matching network.

4.2 Out-of-band and spurious emissions

Out-of-band and spurious emissions are unintended signals outside the desired bandwidth.

The ITU gives out-of-band emission limits in the amateur UHF band as an emission mask,

which can be seen in Figure 4.4. Assuming a 20 kHz bandwidth with a center frequency of

437 MHz, the out-of-band emission limits can be seen in the table.
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Figure 4.4. OOB emission limit from ITU-R SM.1541-7. [16]

For evaluating OOB and spurious emissions, the transmitter was connected to a spectrum

analyzer through a calibrated attenuator to prevent damage to the input port. The measurement

was performed with the Rohde&Schwarz HMS3000 spectrum analyzer with the following set-

tings:

* Center frequency: 437 MHz

e Span: 1 MHz (for OOB), 100 MHz-1 GHz (for spurious)

* Resolution bandwidth (RBW): 1 kHz (OOB), 100 kHz (spurious)
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The transmitter was configured to emit a pseudorandom PN9 sequence using GFSK modula-

tion. For out-of-band testing, the spectrum was scanned from 437 MHz 4+ 500kHz, and the

emission levels were plotted against the ITU mask. For spurious emissions, the spectrum ana-

lyzer scanned from 100kHz to 1 GHz, identifying any emissions above the 38 dBc threshold.

Screenshots of the spectrum analyzer screen can be seen in figures 4.5 and 4.7.
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Figure 4.5. Out of band emissions using GFSK modulation

A comparison between the measured emission levels and the corresponding I'TU regulatory

limits reveals that the measured value at an offset of +£45 kHz slightly exceeds the specified

limit. The relevant values are summarized in Table 4.2. Although filtering is already imple-

mented at the transmitter output, this result suggests that the existing filter and output matching

network should be re-evaluated and optimized to improve out-of-band suppression and guaran-

tee adherence with the emission mask.

Table 4.2. Comparison of out-of-band emission limits and measured values

Offset Range ITU Limit | Measured Value
+10kHz (in-band) - -
+24 kHz < —10dBc —12dBc
+45kHz < —-31dBc —-30.3dBc
> 45 kHz < —38dBc —38.5dBc
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When switching from Gaussian Frequency Shift Keying (GFSK) to regular Frequency Shift
Keying (FSK), a reduction in occupied bandwidth was observed. This is shown in Figure 4.6,
where the measured spectrum of the FSK-modulated signal is plotted against the ITU emission
mask. This outcome contradicts established theory, as the Gaussian filtering applied in GFSK
is expected to reduce the bandwidth by limiting high-frequency components. Further analysis
is needed to identify what may have caused this result. The FSK-modulated signal is fully

compliant with the ITU out-of-band emission limits.

Signal strength (dBm)

-128
436,50 436,60 436,70 436,80 436,90 437,00 437,10 437,20 437,30 437,40
Frequency (MHz)

e Measured signal e |TU mask

Figure 4.6. Out of band emissions using FSK modulation, plotted against ITU mask
Additionally, the only spectral component observed beyond the primary emission band was
the second harmonic of the carrier, measured at —42.6 dBc. Although this value complies with

the regulatory limit of —38 dBc, it is still considered relatively high and may indicate suboptimal

harmonic suppression. Further research and testing are needed to find out the cause of this issue.
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Figure 4.7. Spurious emissions

4.3 Power consumption and efficiency

The overall efficiency of the system 7, is defined as the ratio of RF output power (Prr) to

the total DC input power consumed by the communication subsystem (F;,) shown in 4.1.

P
Neys = % -100% (4.1)

]

The COM board was powered through a calibrated digital power supply capable of accurately
measuring voltage and current. The RF output was connected to an RF spectrum analyzer, and

the output power was measured. Results can be seen in table 4.3.

Table 4.3. Power consumption and output power in different operating states

State | Power Consumption (mW) | Output Power

Idle 15 -
RX 53 -
X 2380 29.4dBm
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Overall system efficiency in TX mode is

1070
Mlsys = 7538 % % (4.2)

The measured efficiency of 36.6% is similar to efficiency values of other communication
systems of comparable missions. Still, it remains significantly lower than the efficiency spec-
ified in the datasheet of the PA. This is most likely caused by losses in the RF transmission

chain. To address this, the matching at the output of the PA should be improved.

4.4 Thermal testing

Thermal testing is essential to guarantee the reliability of the communication system un-
der operating conditions similar to the space environment. To simulate prolonged exposure to
elevated thermal loads, the system was subjected to high-temperature stress testing.

For this accelerated life test, the Device Under Test (DUT) was placed inside a programmable
thermal chamber, which was maintained at a constant temperature of 60°C for 6 hours. The
system was set to transmit more for the duration of the whole test. This operational condition
represents the worst-case scenario in terms of power dissipation and thermal stress, accelerat-
ing the aging process and showing system reliability under maximum load. Throughout the
duration of the test, the DUT remained continuously active in TX mode.

After the test, output power, efficiency, and signal bandwidth were measured. No degrada-
tion or significant variation in these parameters was observed, indicating that the system main-
tains stable performance under high-temperature, high-duty-cycle conditions. This suggests

that the design is thermally robust and suitable for operation in space conditions.

4.5 Mismatch resilience testing

To evaluate the resilience of the PA to severe impedance mismatches, a mismatch resilience
test was conducted. This test simulates extreme load conditions that could occur due to antenna
damage or faulty impedance matching. The objective was to assess the PA’s ability to maintain
safe operation and preserve its performance when subjected to high reflection coefficients.

During the test, the output of the communication system was initially left unterminated
(open circuit), resulting in full signal reflection with a reflection coefficient magnitude of |I'| =

1. After this, the output was connected to a short circuit, further stressing the PA with maximum
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reverse power. These two conditions represent worst-case mismatch scenarios.

After the test, the output was connected to the spectrum analyzer, and output power, effi-
ciency, and bandwidth were measured. No measurable change was detected, showing that the
PA remained fully operational and undamaged. These results show that the system exhibits

strong resilience to severe load mismatches.

4.6 Received signal strength indicator

The Received Signal Strength Indicator (RSSI) is a key metric used to evaluate the sensi-
tivity and performance of the receiver. It provides a relative measurement of the power level
received by the radio front end.

To measure RSSI, the receiver module on the COM board was connected directly to an
RF synthesizer capable of generating a stable continuous-wave (CW) signal at configurable
frequencies and power levels. The test signal was swept across a range of input power levels at
a fixed frequency to evaluate the RSSI response.

The RSSI value was obtained by reading the internal register of the Si4668 transceiver via
a serial communication interface. A formula is provided in the datasheet of the transceiver to
convert the value into dBm.

The setup used for RSSI measurements is described below:

* Signal Source: HM8315 RF synthesizer, with output power adjustable in 1 dB steps
* Frequency: 437 MHz

* Power Range: -120dBm to -85 dBm

The measured results can be seen in Table 4.4.
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Table 4.4. Transmitted Signal vs. Received Signal Calculated from RSSI

Synthesizer Output (dBm) | Received Signal (dBm)
- -126
-120 -126
-117 -123
-113 -119
-110 -114
-105 -110
-100 -104
-95 -98
-90 -93
-85 -89
-80 -83
-75 -78

The results in Table 4.4 show a clear and approximately linear relationship between the
signal strength transmitted by the RF synthesizer and the received signal level calculated from
the Si4668 RSSI register. As the input power increases, the RSSI derived signal level also
increases correspondingly. With no input signal, the RSSI value is close to the noise floor
calculated in the link budget.

The measured offset between transmitted and received values remains relatively consistent,

averaging around -5 dB. This offset may be attributed to internal losses in the receiver front end.
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5 Conclusions and future work

This thesis has presented the architecture development and experimental validation of the
engineering model of the UHF communication subsystem for the Strategic Upgrades Test Satel-
lite (SUTS), a 3-unit PocketQube satellite developed by the Estonian Student Satellite Founda-
tion. The main goal was to design a compact, reliable, and standards-compliant communication
system.

The system was implemented using the Silicon Labs Si4468 transceiver and the GRF5504
PA. The system does not have a dedicated MCU but is controlled by the satellite’s CDHS. The
communication subsystem was extensively analyzed and validated through a series of tests,
including gain and efficiency measurements, thermal and mismatch tolerance, out-of-band and
spurious emissions, and receiver sensitivity characterization.

Testing showed that the transmitter was capable of delivering a maximum output power
of approximately 29.4 dBm at the antenna port. While this closely approaches the mission’s
30 dBm requirement, it remains marginally below the ideal target and shows the need for im-
provements in the matching at the output of the PA.

The PAE of the amplifier peaked at 47.3%, with the most efficient operation observed at an
input level of -5 dBm. The overall efficiency of the system, considering the power consumption
of other components and signal losses in the RF front-end was 36.6%.

Emissions testing showed that while the system generally remained within spurious and
out-of-band emission limits, there were minor exceedances at specific frequency offsets. To
determine the cause of these results, further research and testing is needed.

No changes were observed in output power, efficiency, or bandwidth after thermal and mis-
match resilience tests. This shows that the amplifier is thermally robust and capable of handling
severe load mismatch.

The performance of the receiver, as characterized by RSSI measurements, showed consistent
linearity across a wide range of input power levels, with an average offset of approximately -

6 dB.
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Before the subsystem is ready for the flight model, several areas need further work. The out-
put matching network requires improvement to reduce the reflected power and improve overall
transmission efficiency. Better filtering is also needed to bring all emissions fully within regu-
latory limits.

In addition to hardware improvements, proper communication software must be developed.
This includes implementing protocols for packet handling, error correction, beacon transmis-

sion, and power control.
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Appendices

A Engineering Model: Printed Circuit Board

Figure A.1. Top side of the engineering model PCB. This side houses all the components.
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Figure A.2. The top layer houses all the components, RF traces and some signal and power
traces

Figure A.3. The second layer from the top was allocated for ground. Together with the top
layer this forms a coplanar waveguide for the RF traces
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Figure A.4. The third layer from the top was allocated for distributing power to various inte-
grated circuits.

Figure A.5. The bottom layer is used for all the signal traces that couldn’t be routed on the top
layer
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