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Abstract

Several satellite engineering domains already adopt a standardised digital format,
however the communication subsystem still uses and outdated approach, namely link
budget tables. Because of this, the concept of the Link Budget Data Format (LBDF)
is introduced which is a standardised, digital format to share link budget data. This
thesis presents a conversion tool to convert the satellite link budget data from Redwire
Space’s calculation tool to the LBDF standard. The impact of this approach is stud-
ied by taking interviews of both Redwire Space and European Space Agency (ESA)
employees. These interviews show that the LBDF tool has a great impact on the time
consumption of the data exchange and verification process, the error reduction due
to the elimination of the manual copy-paste process and finally, cost savings. On top
of this, the newly created tool provides opportunities within the company to automate
their own processes such as the verification and optimisation of the link budget. A
new verification tool shows a fully verified link budget of the Analysis of Resolved
Remnants of Accreted galaxies as a Key Instrument for Halo Surveys (ARRAKIHS)
mission, while a new optimisation tool calculates the maximum achievable data rate
for different modulation and coding schemes considered for the ARRAKIHS mission.
The theoretical optimal solution deemed to be 8 Phase Shift Keying (PSK) modulation
with concatenated coding of Reed-Solomon and convolutional coding. Both tools use
the new LBDF file as input and greatly improve the speed of these processes.
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1. Introduction

The engineering world, and specific to this thesis, the space engineering world is be-
coming more and more a digital world, where processes and data exchange have
to be done efficiently. This means that many processes are being digitalised and
automated to improve efficiency and make life easier. However, the communication
subsystem of a satellite design still opts for an outdated approach for sharing link bud-
get data. It is time for this subsystem to follow the automation trend and because of
this, the LBDF concept is created by ESA.

This thesis is performed at the company Redwire Space in Kruibeke, Belgium and
aims to create a conversion tool to convert the satellite link budget from the com-
pany’s calculation tool to the LBDF standard and study the impact this tool has on the
data exchange process. A second goal is that the output of the conversion is used
to verify the satellite link budget of the Analysis of Resolved Remnants of Accreted
galaxies as a Key Instrument for Halo Surveys (ARRAKIHS) mission. This is an ESA
fast mission [2], which is currently being designed at Redwire Space. The last goal
of this thesis is to maximise the data rate of the ARRAKIHS mission by analysing dif-
ferent modulation and coding schemes with the converted LBDF file as input. These
objectives are defined by the three stakeholders of this thesis, namely the Technical
University of Delft, Redwire Space and ESA.

This thesis starts by performing a literature review in Chapter 2 to provide the reader
with the required background information and to identify any knowledge gaps that
lead to the definition of the research questions of this thesis. Chapter 3 discusses
how the work is split up and the methodology taken to answer the research questions.
Chapter 4 explains the conversion tool and researches the impact it has on the data
exchange process. Then, in Chapter 5, the ARRAKIHS link budget is verified using
the results from the conversion tool as input. Next, the LBDF file is used as input
for the optimisation process to identify the most suitable modulation/coding scheme
for the ARRAKIHS mission in Chapter 6. Finally, in Chapter 7 the conclusions of this
thesis are drawn and in Chapter 8 recommendations are given for future work related
to this topic.



2. Literature review

This thesis revolves around the communication subsystem of a satellite with a main
focus on creating a conversion tool for the satellite link budget data to improve the data
exchange process, with the application to the ARRAKIHS mission. A short introduc-
tion of the mission is provided in Section 2.1. On top of this, the conversion tool output
has other applicabilities such as being used as an input for a link budget optimisation.
Before starting on this, it is important to get a good understanding of what is involved in
a satellite link budget. This is explained in Section 2.2. Next, the different considered
modulation types for the ARRAKIHS mission are discussed in Section 2.3. The mod-
ulation types are Quadrature Phase Shift Keying (QPSK), Offset Quadrature Phase
Shift Keying (OQPSK), 8 Phase Shift Keying (PSK) and 16 Amplitude and Phase Shift
Keying (APSK). Afterwards, different coding types are presented and a comparison
between them is made in Section 2.4. The next section, Section 2.5, discusses the
concept of the LBDF. Finally, the information gaps found during the literature review
result in the definition of the research questions in Section 2.6.

2.1. ARRAKIHS mission

ARRAKIHS is an ESA mission proposed by the ARRAKIHS Mission Consortium [3]. It
is a fast mission which was selected in November 2022 and is planned to be launched
in the early 2030s. The goal of the mission is to investigate the accuracy of the A-
Cold Dark Matter (ACDM) model compared to observations of smaller-scale struc-
tures, such as galaxy halos [4]. It will look for potential mismatches between model
predictions and real life observations. These potential mismatches will determine the
need of refinements or even alternative models [3]. It will achieve this by observing the
number and shapes of tidal stellar structures, the shape and extent of the diffuse stel-
lar halo and finally the abundance and locations of satellite galaxies [3]. It will analyse
these across Milky Way-like galaxies beyond the Local Group, which is a cluster of
over 30 galaxies including our own Milky Way [5]. To achieve these goals, a binocular
telescope assembly is designed to reach ultra-low surface brightness imaging, which
can be seenin Figure 2.1. Itincludes near-infrared and both red and blue visual bands
to image nearby Milky Way-like galaxies with the focus on their faint outer regions of
their halos. These contain information about on how galaxies are formed and evolve
over time [3]. The instrument will be in operation for three years part of a small satellite
in Sun-Synchronous Low Earth Orbit at an altitude of approximately 800 km [4].
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Figure 2.1: Binocular optical system developed by the Spanish micro satellites company
Satlantis for the ARRAKIHS Instrument [6]

The ARRAKIHS satellite design is performed by Redwire Space, which is an American
space infrastructure technology company headquartered in Jacksonville, Florida. The
company has 11 facilities with eight in the United States (US) and three in Europe [7].
The design of the ARRAKIHS satellite is done at the Belgian location of the company
in Kruibeke, which can be seen in Figure 2.2. This facility is focussed on the delivery
of entire satellites and satellite equipment, such as on-board computers and power
control and distribution units. There are two cleanrooms, one of which can be seen
in Figure 2.3, and multiple laboratories where science instruments and life support
systems for the International Space Station (ISS) are being build [8].

'?@ RED'WIRg

ki

Figure 2.2: The facility of Redwire Space at
Kruibeke, Belgium [8] Figure 2.3: State-of-the-art clean room at the
Kruibeke facility [9]

2.2. What is a satellite link budget?

The communication subsystem is a crucial part of a satellite which enables a reliable
transfer of data between the satellite and Earth. A conceptual diagram of this link is
presented in Figure 2.4. An important aspect in designing this subsystem of any space
mission is the link budget. This is a quantitative assessment of the gains and losses
a signal experiences as it propagates from transmitter to receiver [10]. It includes key
parameters such as transmit power, antenna gains, attenuation losses, propagation
losses, coding gain, the Signal-to-Noise Ratio (SNR) and others. These calculations
give the engineer an estimation of how well the communication link will perform under
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realistic conditions.

Space station
(space segment)

Down lin
Up link
Up link
Down link

Earth station
ound segment

F,arth station

Figure 2.4: Conceptual diagram of satellite communication systems [11]

2.3. Data modulation

Sending signals directly from the satellite to Earth would create some problems such
as requiring very long antennas or interference of multiple transmitters with each other
[12]. To avoid this, a signal needs to be modulated onto a radio frequency carrier. This
means that the bit stream is turned into an analogue signal with the following form [12]:

s(t) = a(t)cos(wt + 0) (2.1)

where a(t) is the amplitude, w /27 the frequency and 6 the signal phase. These three
variables can be altered to define the modulation technique. The three basic forms that
are used for transmitting digital signals are Amplitude shift keying (ASK), Frequency
shift keying (FSK) and Phase Shift Keying (PSK). Where for ASK the frequency and
phase remain unchanged, for FSK the amplitude and phase are not altered and for
PSK the amplitude and frequency stay the same. A combination of these methods
can be used for example APSK where both the amplitude and phase can change and
only the frequency stays constant [12]. For the ARRAKIHS mission, multiple mod-
ulation types are considered, namely QPSK, OQPSK, 8PSK and 16APSK. A short
introduction to each modulation type is provided in this section followed by a Bit Error
Rate (BER) comparison between the four.

2.3.1. QPSK

The first considered modulation type is QPSK, which is the most-widely used digital
modulation type [13]. QPSK contains four possible signals with a phase shift of 90°
which is shown in the constellation map in Figure 2.5. Every signal phase represents
two bits of data which means that the symbol rate is half the data rate. Each phase
is represented by two bit streams, namely | and Q. When one of the components
changes sign, a phase shift of 90° occurs, while if both components change sign, then
a phase shift of 180° occurs. This causes additional errors due to an amplitude change



2.3. Data modulation 5

in the detected signal. This can be avoided by introducing an offset between the two
bit streams | and Q, which is called OQPSK.

Q IFM5B Q=L5B

'
00

10

1
>

n 01

Figure 2.5: QPSK constellation map [14]

2.3.2. OQPSK

OQPSK is a variant of QPSK and differs from it by creating a delay between the odd-
bit stream and the even-bit stream of half a symbol interval. This offset makes sure
that during the half symbol period, either the I-signal or the Q-signal changes. This
avoids the amplitude of the signal going through the "0” point which results in minimal
amplitude fluctuations because the phase never changes by 180° [12]. The advantage
of OQPSK over QPSK is found in bandwidth limited channels where non-rectangular
pulse shaping is used. The envelope fluctuations is lowered by 70% in OQPSK sig-
nals compared to QPSK [15] [16]. This means that OQPSK is a low Peak-to-Average
Power Ratio (PAPR) modulation scheme, resulting in the possibility of using a non-
linear power amplifier, which increases the power efficiency of the system [17].

2.3.3. 8 PSK

8PSK has four more phase states compared to QPSK and OQPSK. This means that
each phase is separated by 45° and that each symbol contains 3 bits of information
and thus that the symbol rate is a third of the data rate [18]. The advantage of 8PSK
is that it can achieve a higher transmission rate compared to QPSK with the same
Occupied Bandwidth (OBW). However, the disadvantage is that it requires a higher
signal-to-noise ratio to obtain the same error rate as QPSK [19]. The constellation
map of 8PSK can be found in Figure 2.6.
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100

110
000
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001
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101
111

Figure 2.6: 8PSK constellation map [14]

2.3.4. 16 APSK

16APSK differs from the other three in the sense that not only the phase changes but
also the amplitude of the signal. This results in an inner and outer ring with a different
amplitude. Each ring contains multiple phase states where on the inner ring there are
four separated by 90° and on the outer ring there are twelve separated by 30°. Each
symbol contains four bits of information and thus the symbol rate is one fourth of the
data rate [20]. Figure 2.7 shows the constellation map of 16APSK. These rings result
in amplitude variations which increases the number of errors and complexity of the
modulation.

1010 4 1000

0010 0000 MSB

) va

0110 1110 R, J 1100 0100
1
_
—»
0111 1111 1101 0101

0011 0001

1011 1001

Figure 2.7: 16APSK constellation map [14]

2.3.5. BER curve comparison between modulation types
A BER curve comparison between QPSK, 8PSK and 16APSK is made by The Consul-
tative Committee for Space Data Systems (CCSDS) [21], as can be seen in Figure 2.8.
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The BER is the same for OQPSK as for QPSK and thus the graph of QPSK is a rep-
resentation for both modulation types [13]. The simulations are evaluated over the
Additive White Gaussian Noise (AWGN) channel. This shows that QPSK is the most
reliable option of the three at low SNR. For example, at SNR of 7, QPSK has a BER
value of around 10~2 where as 8PSK and 16APSK have a BER value of around 107!,
with 8PSK slightly lower than 16APSK. At a BER of 10, QPSK requires a £+ of
13.35 dB, 8PSK of 18.75 dB and 21.2 dB for 16APSK. Th|s shows again that QPSK
requires a lower SNR than 8PSK who in turn also requires a lower SNR than 16APSK
to achieve the same BER. However, 8PSK and 16APSK have a higher efficiency in
terms of bits per symbol and thus have a higher data throughput compared to QPSK
and OQPSK [21].

10
107!
102
|
=10
04| ACM 1-6 (QPSK) -
ACM 7-12 (8PSK) —e-
ACM 13-14 (16APSK)
1075} ACM 15 (16APSK)
ACM 16 (16APSK)
06 _ ACM 17 (16APSK) - ‘ ‘ | |
0 2 4 6 8 10 12 14 16 18 20
E/N, [dB]

Figure 2.8: Uncoded BER on linear AWGN channel for PSK/APSK constellations [21]

2.4. Coding

During satellite communication, information can get corrupted due to noise and fading.
This results in what is called bit errors [22]. A way to overcome this problem is to in-
troduce coding. This means, adding redundant bits of information to the original data.
These redundant bits are calculated from the original data using a 'code’ [23]. The
received message is then decoded and checked for any errors, which are repaired
using the redundant bits. This process of coding in advance before sending the mes-
sage is called Forward Error Coding (FEC). The advantage is thus that it detects and
correct errors without the need for retransmission and it allows to operate at a lower
signal-to-noise ratio. A disadvantage is that it lowers the effective data rate due to the
redundant bits [22]. There are two categories of FEC, namely block codes and convo-
lutional codes. With block codes, the message is divided in fixed-length blocks which
are all encoded separately. While with convolutional codes, the data is encoded as
one continuous stream of bits [23].
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The following section starts by giving an introduction to Serial Concatenated Con-
volutional Code (SCCC) and Parallel Concatenated Convolutional Code (PCCC) in
Subsection 2.4.1 and Subsection 2.4.2 respectively. This is followed by and expla-
nation on Low-Density Parity-Check code (LDPC) and Reed-Solomon coding in Sub-
section 2.4.3 and Subsection 2.4.4 respectively. Afterwards, a comparison is done
between the coding types itself in Subsection 2.4.5. This comparison shows why the
SCCC option is preferred over PCCC and LDPC and then a comparison is made be-
tween the different considered modulation types combined with either Reed-Solomon
coding or SCCC.

2.4.1. Serial Concatenated Convolutional Code (SCCC)

SCCC is a type of forward error correction coding which uses two or more convo-
lutional codes in series. As can be seen in Figure 2.9, the information blocks are
encoded by the outer convolutional encoder, followed by a fixed puncturing to a spe-
cific rate. Puncturing is a technique used to increase the code rate by selectively
removing some of the parity bits produced by the encoder [24]. This punctured output
shall be interleaved, which then forms the input for the inner convolutional encoder
[24]. To obtain the wanted coding rate, the output of the inner encoder is punctured
using two different algorithms. One is used to puncture the systematic output while
the other is used for the parity output. For the upper register, systematic bits, the
puncturing depends on the Adaptive Coding and Modulation (ACM) format selected.
ACM involves varying the modulation and coding based on the channel conditions,
user needs and system restrictions to achieve the most optimal transmission param-
eters. For example, with poor channel conditions, modulation techniques like Binary
Phase Shift Keying (BPSK) and QPSK are preferred due to their robustness while in
better conditions, 8PSK and 16APSK can be used. The coding rate can be adjusted
to achieve more error correction during poor channel conditions and less during good
conditions. This flexible technique makes a great trade-off between data throughput
and a stable link. A disadvantage to this method is an increase in complexity and due
to a delay in signal feedback, a suboptimal combination of modulation and coding can
occur during fast changing channel conditions, due to weather changes for example
[25].

Based on the ACM format, the number of surviving bits in each 300-bit segment after
puncturing changes. The puncturing order within this 300-bit segment is fixed. The
puncturing of the lower register, parity bits, is done using a rate matching algorithm.
The number of parity bits deleted can be found using Equation 2.2 [24].

A=T—(N-S-2) (2.2)

where | is the overall number of parity bits before puncturing, N is the length of the
encoded blocks and S is the overall number of transmitted systematic bits. The punc-
tured systematic bits followed by the punctured parity bits form the input for the row-
column interleaver, which is used to pseudo-randomise the selection of bits that are
allocated to one modulation symbol. The number of rows equals the length of the
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encoded block (8100 symbols) and the number of columns is equal to the modulation
order, which depends on the selected modulation: QPSK = 2, 8PSK = 3, 16APSK =4,
32APSK = 5, 64APSK = 6. This process allows for a wide range of coding rates and
modulation techniques [24].
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Figure 2.9: Block diagram of the SCC turbo coding scheme [24]

2.4.2. Parallel Concatenated Convolutional Code (PCCC)

PCCC is a forward error correction coding technique widely used in satellite communi-
cations and also known as ’turbo codes’ [26]. It belongs to the family of concatenated
codes where it combines two or more recursive systematic convolutional encoders in
parallel with an interleaver in between the two [27]. The function of the interleaver
is to shuffle the input data bits into the turbo encoder, which randomises burst errors
and improves the correction capabilities [28]. The codeword generated consists of
the parity bits (.1, zx2) and the information bits (z;s). A diagram of this is shown in
Figure 2.10.
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Figure 2.10: Turbo encoder block diagram [28]

The codeword output can then be punctured to change the overall code rate. The de-
coding process is an iterative process employing two soft-input soft-output decoders.
The two decoders exchange soft information messages which represent the bit value
probability. This process continues until the decoders converge [28].
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2.4.3. Low-Density Parity-Check code (LDPC)

LDPC codes are a form of block codes which was proposed by Robert Gallagher in
1960 in his doctoral dissertation [29]. They were neglected for around 35 years be-
cause of their very high computational complexity [30], however they are now widely
used such as in the DVB-S2 standard [31], which is a digital satellite video broadcast
standard. They became more attractive in 1993 when turbo codes were introduced
together with more modern hardware and technology [32]. D.McKay and R.Neal cre-
ated a new class of block codes containing many features of turbo codes and this
turned out to be a rediscovery of the LDPC codes introduced by Gallagher [32].

A LDPC code can be described using a graphical representation called a Tanner graph
which is shown in Figure 2.11. This is a bipartite graph showing two types of nodes,
namely the variables nodes (¢, — ¢7) which represent the symbols of the codeword,
and the parity control equations are represented by the parity nodes (f, — f3) [33].

Figure 2.11: Representation of a LDPC code in a Tanner graph [34]

Another way of representing a LDPC code is with the parity check matrix H, which can
be seen in Figure 2.12. The two type of nodes in the Tanner graph are connected by
branches and represent the non-zero elements in the parity check matrix. The number
of variable nodes indicates the number of columns in the matrix while the number of
parity nodes represent the number of rows.

01011001
11100100
H=10010011 1
10011010

Figure 2.12: Corresponding 4 x 8 parity check matrix H

This is only a very small representation as in practice, the parity check matrix can have
hundreds to thousands of rows and columns. This is why it is a 'low density’ parity
check, meaning that only a very small percentage are non-zero entries. Otherwise,
the system would become too complex [33]. The main advantages of LDPC codes is
that their performance is very close to the Shannon capacity [32].
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2.4.4. Reed-Solomon coding

Reed-Solomon coding is an error-correction code created by Irving S. Reed and Gus-
tave Solomon in 1960 [35]. Itis a subgroup of the Bose, Chaudhuri and Hocquenghen
(BCH) codes, even though their work was independent of each other. To be more spe-
cific, Reed-Solomon codes are non-binary, BCH, cyclic, linear block error correction
codes [36]. A block code means that the information transmitted is split up into sepa-
rate blocks of data. Every block contains a parity protection as a self-contained code
word. It is thus added as a separate block without altering the original message sym-
bols during the encoding. This can be seen in Figure 2.13. Linear means that two
code words are added together to form another code word, while cyclic means that
the symbols of a code word are shifted to create another code word [37].

code word (n symbols)

symbol !
(m bits) | | !
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original message (k symbols) Ty
parity
(n-k=2t symboils)

Figure 2.13: Reed-Solomon code definition [37]

2.4.5. Comparison

Now that the different coding types are introduced, a comparison can be done between
them. It should be noted that Redwire Space is very familiar with Reed-Solomon as
this has heritage on previous missions and this is thus definitely a contender for the
ARRAKIHS mission. A comparison between SCCC, PCCC and LDPC is made to find
the most suitable option of the three to contend with Reed-Solomon. SCCC, PCCC
and LDPC are powerful forward error-correcting codes, but they show different perfor-
mance characteristics. PCCCs generally perform better than SCCCs and LDPCs at
low SNR, while SCCCs and LDPCs tend to outperform PCCCs at higher SNR. This is
due to the fact that PCCC has an error floor problem, which is the flattening of BER at
high SNR due to a small number of low weight codewords. This can limit the effective-
ness in achieving extremely low bit error rates. An in depth comparison between the
three can be found in Figure 2.14 where four characteristics are taken into account,
namely performance, complexity, flexibility and maturity. For the performance and
complexity criteria, a distinction between short and long block size is made. On the
first row of both the short and long block size distinction in the performance section
of Figure 2.14, it shows the E,/N, at the target Frame Error Rate (FER) of 107 for
every coding type and different code rates. The second row states the gain loss of the
coding type compared to the best coding type for the three code rates. It shows that
PCCC outperforms the SCCC with a gain from 0.3 to 1.05 dB (rate 1/3 to rate 9/10)
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and LDPC with a gain from 0.5 to 1 dB at the same rates for the short block size, while
for long block size, LDPC performs slightly better than SCCC and PCCC (gains from
0.05 to 0.25) except for PCCC at rate 9/10 due to the error floor [38]. For this latter
case, the gain loss of PCCC becomes increasingly large.

Code PCCC - Turbod® SCCC LDPC
Criterion 13 | 56 | 910 13 | &6 | 9M0 13 | 56 | 910
Eb/NO @ Target FER 2 54 67 23 B 7,75 25 5.9 8
‘b(pﬂ- Loss to best 0 0 0 03 0.6 105 05 05 =1,0
"s? /dmin, Nmin 36-107 5-32 4 4-337 01 5-1 43 X X X
qﬁf’ Eb/NO @ Target FER 0.8 34 »5,0 0,85 34 4,35 0,75 3,25 4.1
&
Loss to best 0,05 0,15 »1,0 0.2 0,18 025 0 0 0
'dmin, Nmin 66-1366  11-1365 7-500 66-2 7-1 71 X X X
RAM Memory 12 B40 B 988 8798 10914 7058 6 869 34 413 12 641 10435
ROM Memory B4 64 64 6420 6420 6420 47 988 15829 12661
£ |SUM 1860 1730 1730 730 730 730 950 350 250
#.P MAX 1280 1280 1280
MAX* - - - ar 70 70 1600 200 700
6’-}@ Number of iterations 8 8 8 10 10 10 50 50 50
C,J“\ RAM Memory 163840 286720 303104 | 139260 225276 236742 | 552313 614137 630713
ROM Memory B4 B4 64 106490 307183 331763 | 1142383 1202527 1332783
\P& SUM 1860 1730 1730 T30 730 730 1250 550 550
MAX 1280 1280 1280
MAX* - - - a7 a7 70 2500 1600 1500
Mumber of iterations 8 8 8 10 10 10 50 50 50
Sensitive to interleaver High Code must be designed for
@"’f Flexibility optimization all cases
dsp‘ High Medium Low
Maturity

Figure 2.14: Summary of complexity and performance comparison for the three classes of
PCCC, SCCC, and LDPC [38]

When looking at the complexity, SCCC is the simplest compared to PCCC and LDPC
in terms of Random Access Memory (RAM) usage while for the Read-Only Memory
(ROM), PCCC requires very little and is thus superior. LDPC is by far the most com-
plex scheme of the three. From a mathematical point of view, SCCC is two to three
times less complex than PCCC and two to six times less complex than LDPC [38]. The
number of iterations are similar for PCCC and SCCC with eight and ten respectively,
while LDPC has five times as many iterations with 50.

The third comparison that is done in Figure 2.14 is flexibility. For this criteria, SCCC
outperforms the others with PCCC close in second. SCCC can easily adapt to dif-
ferent code rates, modulation schemes and block sizes, which is also true for PCCC,
however, it is sensitive to interleaver optimisation. LDPC is less flexible as the code
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should be designed for every case [38].

The last criteria is the maturity level of the codes. PCCC easily has the highest maturity
level as it is widely used before. Figure 2.14 states that LDPC has a low maturity
level, however, the table was published in 2005. By now, LDPC has been used as
standards in WiFi, 10GBASE-T and WiMax [39]. The maturity level of LDPC can
thus be increased from low to high. SCCC remains at medium as it has not yet been
implemented. An overview of the main advantages and disadvantages of the three
coding types is given in Table 2.1.

Table 2.1: Advantages and Disadvantages of SCCC, PCCC, and LDPC

Code Type Advantages Disadvantages

SCCC - Improved error floor over | - Higher latency than
PCCC PCCC
- Lower complexity com-|- Slightly worse perfor-
pared to PCCC and LDPC | mance at low SNR

PCCC - Excellent performance at | - Higher error floors
low SNR - Performance degrades at
- High Technology Readi-| high SNR
ness Level (TRL)

LDPC - Excellent overall perfor- | - High decoding complexity
mance - Code must be designed
- Very low error floors for all cases

This comparison shows that for the ARRAKIHS mission, the SCCC option is preferred
over PCCC due to a lower complexity and a better behaviour related to the error floor.
Compared to the LDPC option, it is preferred due to the much lower complexity even
while having a slightly worse performance.

For the ARRAKIHS mission, multiple modulation schemes are being considered at
the moment. A comparison between these combined with Reed-Solomon and SCCC
is presented to highlight the differences between them. The modulation schemes
that are considered are QPSK, OQPSK, 8PSK and 16APSK with Reed-Solomon and
SCCC coding.

In Table 2.2 a comparison for the first modulation type is done, namely QPSK, QPSK
with Reed-Solomon coding and QPSK with SCCC. QPSK has a spectral efficiency
of 2 bps/Hz [21], however, this decreases when coding is applied by a factor R (code
rate, typical values are 1/2, 1/3, 2/3,...). If no coding is applied, then the code rate is 1
and thus the spectral efficiency remains at 2 bps/Hz. For the options with coding, the
spectral efficiency decreases by a factor R and thus the occupied bandwidth increase
with a factor 1/R. The envelope of the options is non-constant as during transitions,
the envelope can go to zero when the amplitudes of both the in-plane and quadrature
components change at the same time their polarity [40]. The option with SCCC coding
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has a range for the required E,/N, qs multiple code rates are link to one modulation
type and thus a range of coding gains. It outperforms the options with no coding
and Reed-Solomon coding as SCCC concatenates two or more convolutional codes
which thus improves the error correction. A disadvantage of this is that it increases
the complexity and latency of the system.

Table 2.2: Comparison between QPSK, QPSK with Reed-Solomon and QPSK with SCCC

Feature QPSK QPSK with Reed- | QPSK with
Solomon SCCC
Modulation Type Phase shift key-| Phase shift | QPSK + SCCC
ing keying + Reed-
Solomon
Spectral efficiency 2 2R 2R
Envelope Variations | Non-constant en-| Non-constant en-| Non-constant en-
velope velope velope
Error Correction None Strong Excellent
Complexity Low Moderate High
Required > @ ]
BER 10-¢ [4B] 10.34 4.14 0.9-3.3
Latency Low Moderate High

The difference between QPSK and OQPSK is the offset between the in-plane and
quadrature component. This results in the fact that they can not change polarity at the
same time which eliminates the non-constant envelope changing it to a near-constant

envelope. The other considerations remain the same. This is shown in Table 2.3.

Table 2.3: Comparison between OQPSK, OQPSK with Reed-Solomon and OQPSK with

SCCC
Feature OQPSK OQPSK with | OQPSK with
Reed-Solomon SCCC
Modulation Type Offset Phase shift | OQPSK + Reed-| OQPSK + SCCC
keying Solomon
Spectral efficiency 2 2R 2R
Envelope Variations | Near-constant en- | Near-constant en- | Near-constant en-
velope velope velope
Error Correction None Strong Excellent
Complexity Low Moderate High
Required ¢ @
BER 10-° [dB] 10.34 4.14 0.9-3.3
Latency Low Moderate High

Table 2.4 compares 8PSK, 8PSK with Reed-Solomon and 8PSK with SCCC. The
spectral efficiency of 8PSK is 3 bps/Hz [21], which is multiplied with the code rate for
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the cases with coding applied, resulting in the coding options having a higher occu-
pied bandwidth. The robustness to noise of 8PSK is lower due to a smaller phase
separation compared to QPSK which makes it more error prone, which thus requires
a higher E,/N,. However, Reed-Solomon and SCCC improve the robustness, which
lowers the required E,/N, again. Due to the more phases and smaller separation,
the complexity increases [41]. For 8PSK, the latency is still low as there is no decod-
ing process while for the options with coding, the latency increases due to iterative
decoding.

Table 2.4: Comparison between 8PSK, 8PSK with Reed-Solomon and 8PSK with SCCC

Feature 8PSK 8PSK with Reed-| 8PSK with SCCC
Solomon

Modulation Type 8-Phase Shift | 8PSK + Reed-| 8PSK + SCCC
Keying Solomon

Spectral efficiency 3 3R 3R

Envelope Variations | Constant enve-| Constant enve-| Constant  enve-
lope lope lope

Error correction None Strong Excellent

Required ¢+ @

BER 10-¢ [4B] 13.98 7.78 2.41-6.69

Complexity Low-Moderate Moderate-High High-Very High

Latency Low Moderate High

Finally, Table 2.5 makes a comparison between 16APSK, 16APSK with Reed-Solomon
coding and 16APSK with SCCC. The spectral efficiency of 16APSK is 4 bps/Hz [21],
which decreases due to the code rate for the coding cases. The 16APSK constella-
tion consists of two concentric rings which results in larger envelope variations [42].
Due to this constellation, the robustness to noise decreases compared to the other
considered modulation schemes and the complexity increases.
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Table 2.5: Comparison between 16APSK, 16APSK with Reed-Solomon and 16APSK with

SCCC
Feature 16APSK 16APSK with | 16APSK with
Reed-Solomon SCCC
Modulation Type 16- Amplitude | 16APSK + Reed- | 16APSK + SCCC
and Phase Shift | Solomon
Keying
Spectral efficiency 4 4R 4R
Envelope Variations | Amplitude varia- | Amplitude varia- | Amplitude varia-
tions tions tions
Error correction None Strong Excellent
Required ¢ @
BER 10-¢ [4B] 15.18 8.98 4.45-7.58
Complexity Moderate High Very High
Latency Low Moderate High

These comparisons show that the more phases a modulation type has, the less robust
they are to noise and thus a higher E, /N, is required. For this, the coding comes into
play which lowers the required E,/N, at the cost of decreasing the spectral efficiency
and increasing the complexity and latency of the system. SCCC has a higher coding
gain compared to Reed-Solomon but also a higher complexity and latency. The ad-
vantage of the more phases of the modulation is having a higher spectral efficiency
and thus the capability of having a higher data rate for a certain given bandwidth, how-
ever this then also increases the complexity of the system. There is no clear ideal
option and thus a trade-off is required which will be done later on this thesis.

2.5. LBDF concept

The satellite link budget data is till this day shared using link budget tables. The
first three pages of an empty CCSDS satellite link budget table [43] are shown in
Appendix A. This is the official way to share the link budget between ESA and con-
tractors. However, this is an outdated method as it is very inefficient and error prone
because the values have to be manually copy-pasted to and from the link budget ta-
bles. Therefore, the idea of the LBDF is created, which is to introduce a standardised
Extensible Markup Language (XML) format for exchanging satellite link budget data
between ESA and contractors. A diagram of the concept is shown in Figure 2.15. The
structure of the standardised XML files is defined by XML Schema Definition (XSD)
files. These files define which parameters are required or optional, the order of the
parameters and the attributes required. The XSD files are set up by ESA according
to their expectations on how they want and which data they want to receive. They
are made available online in the Space Assigned Numbers Authority (SANA) registry
[44]. This method is a Model Based System Engineering (MBSE) approach with the
aim of creating a more efficient and accurate way of sharing data between ESA and
contractors. MBSE is a method which uses engineering models and digital systems
as primary way of exchanging information [45].
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Figure 2.15: Diagram of LBDF concept in use

The ARRAKIHS mission is one of the first for which the LBDF concept will be used in
practice’. This shows that the concept is still in an early experimental stage and the
impact it has on the data exchange process is still unknown.

2.6. Research questions

The idea of introducing a standardised way of sharing satellite link budget design data
was introduced by ESA. However, it is not in practical use yet, which means that the
impact this new standard has on the data exchange process is still unknown. This
will thus be the first goal of this thesis to create a conversion tool which converts the
satellite link budget design data from the Excel file of the contractor to the LBDF stan-
dardised format for exchange and then study the impact this tool has on the data
exchange process. This results in the first research question to study the impact of
the LBDF approach. This can be split up in multiple sub-questions where the first one
focusses on the time saved by using the tool. The idea is to automate the process
more which is expected to result in saving time spent on the data exchange and ver-
ification process. The goal of the first sub-question is to identify if this is actually the
case and how much exactly. The second sub-question is related to an error reduction
due to the elimination of the manual copy-paste process. In the old way of sharing
the link budget data, the information was copy pasted into and from link budget ta-
bles. This process often came with manual errors. The goal of the second question
is thus to identify if the tool has reduced these errors. These time savings and error
reductions can lead to cost savings as engineers have to spend less time on the entire
process. This is always beneficial for the companies the engineers work for. The final
two sub-questions are to identify the operability and adaptability of the tool to see how
easy it is for the engineers to work and edit the tool. These sub-questions will answer
the overall research question to study the impact the tool has on the data exchange
process and the company itself. A second research question is raised with a prac-
tical use to the ARRAKIHS mission to find the most suitable modulation and coding
scheme. As identified during the literature study, many combinations are a possibility
for the ARRAKIHS mission and thus a detailed study is required to find the most suit-
able one. This is first done by looking for the coding gain of the considered coding
types, resulting in the first sub-question. Secondly, the maximum data rate should be
calculated using an optimisation process for every considered option, which is impor-

'Information obtained due to verbal communication with ESA engineer
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tant to assess the performance of each option. Thirdly, the cost is an important factor
which should be investigated and finally the practical availability of the combinations
is required. These aspects can then be used to find the most suitable modulation and
coding scheme for the ARRAKIHS mission.

1. What is the impact of the model based system engineering approach of the
LBDF?

(a) What is the time saved using the tool compared to the outdated method?

(b) What is the error reduction due to the elimination of the manual copy-paste
process of the data to and from the link budget tables?

(c) What is the cost reduction that can be achieved with the LBDF?
(d) How is the operability of the tool?
(e) What is the adaptability of the tool?
2. What is the most suitable modulation and coding scheme for the ARRAKIHS
mission?
(a) Whatis the coding gain of the considered coding types SCCC, Reed-Solomon
and concatenated coding?
(b) What is the maximum data rate each configuration can achieve?
(c) What is the cost difference between the coding types?
(d) What is the availability of the modulation and coding schemes in practice?



3. Methodology

To tackle this thesis project, the work is split up in five main Work Packages (WPs)
with the addition of two work packages related to the writing and finalisation of the
thesis itself. A Gantt Chart is presented in Appendix B to provide a visualisation of the
timeline of this thesis. This Gantt Chart has been updated throughout the project as
some timings differed from the initial plan and opportunities, such as the optimisation
tool, were thought of during the project itself. This addition was thus made while work-
ing on this thesis.

WP 1: Literature review:

The literature review provides the reader with a fundamental understanding of the
LBDF concept and the satellite link budget with the focus on modulation and coding.
The goal of the literature review is to define the research questions of this thesis by
identifying the knowledge gaps.

WP 2: Conversion tool

During the literature review, it is identified that the LBDF concept is not in practical
use yet and thus the impact is still unknown. To tackle this problem, it starts by cre-
ating a conversion tool to convert the satellite link budget data from the calculation
tool from Redwire Space to the LBDF standard. This tool is created in Python. The
idea is to define the required path in the LBDF file for every parameter and search
for the parameter name in the Redwire Space calculation tool. Once the parameter is
found, it extracts the corresponding information and uses the defined path to write the
information in the correct place in the LBDF file. A more detailed explanation is given
in Chapter 4.

WP 3: Conversion tool impact assessment

The third WP focusses on the impact of the tool to the data exchange process, which
is studied by taking interviews of Redwire Space and ESA employees. The first step
to these interviews is to create a set of questions that cover every aspect on the im-
pact the tool can have. This means taking into account the advantages but also the
disadvantages. But before going into these (dis)advantages, a better understanding
of the old method is required. This is crucial to know in order to make an impact as-
sessment. And thus the first set of questions identified is related to getting a better
understanding of how the link budget data was shared previously:

1. How was the satellite link budget data typically shared before LBDF?
2. How long did this process take?

3. Were there any issues with inconsistencies, such as missing parameters, incon-
sistent units,...?

4. How often did errors occur during this process and what was their impact?

The second set of questions is related to the exact impact the tool itself has. It focusses
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on the time consumption, the errors made, inconsistencies and other advantages and
disadvantages of the new LBDF process.

5. How long does the data exchange and verification process take using the LBDF?

6. Has the LBDF tool reduced the number of manual errors due to the elimination
of the copy-paste process?

7. Has the LBDF tool reduced misunderstandings, unclarities and inconsistencies?
8. Has the LBDF tool made it easier to verify the satellite link budget?

9. Has the LBDF tool introduced any unexpected problems that did not exist with
the old method?

10. Are there any other advantages to this method of data exchange?

The final set of questions are related to the tool usage itself. These questions are
directed towards the Redwire Space employees as they will be using this tool in the
future for other missions. The set focusses on the operability of the tool, the limitations
or bugs and the possible improvements that can be made.

11. How user-friendly do you find the LBDF tool?

12. lIs training or additional documentation required to use the LBDF tool properly?
13. Have you encountered any limitations or bugs?

14. Do you see any improvements that can be made in the future?

The first ten questions are thus meant for both Redwire Space and ESA employees,
while the last four are only for the Redwire Space employees. The questions will ei-
ther be send out by e-mail and thus the questionnaire will be performed in writing or
an actual interview will be set up. This interview can either be face-to-face or via a
Teams meeting. This will depend on the time availability of the interviewees.

The results of the questions can then be used to perform a cost saving analysis. This
is done by looking for the salary of an ESA employee and multiplying the hourly rate
with the time saved due to the tool. This results in the costs saved during the design
of one mission and it can then be estimated how much could have been saved in the
past by using the tool.

WP 4: Verification tool

The impact of the tool does not end there. It creates the opportunity to make other
processes within the company more efficient. A first example of this is the verification
process. The generated LBDF file can be used as input for a newly created verifica-
tion tool. This tool can extract the required values to recalculate the entire satellite
link budget and compare the values to the original calculated ones. When there is a
mismatch between the original and recalculated signal-to-noise ratio, all the interme-
diate results can be printed which provides the engineer with a clear overview. This
makes it easier to see during which step a mistake has been made and fix it. A more
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detailed explanation is provided in Chapter 5.

WP 5: Optimisation tool

A second example of making processes easier is a link budget optimisation tool. This
will focus on maximising the data rate, while respecting the bandwidth and SNR con-
straints, for the different considered modulation and coding schemes of the ARRAKIHS
mission to find the optimal configuration. The constraints for the optimisation tool are
requirements set up by ESA for the ARRAKIHS mission and they are defined in Ta-
ble 3.1. The requirement relating to the maximum downlink occupied bandwidth is
derived from International Telecommunication Union (ITU) regulations [46], while the
link margin requirement, which is the difference between the received and required
]’i—g, is derived from the ’'Model philosophy for science assessment studies’ document
created by ESA [47].

Table 3.1: ARRAKIHS requirements related to the maximum downlink occupied bandwidth
and minimum link margin set by ESA

Req ID Description

. . . . 5
ARK-REQ-1 The maximum downlink occupied bandwidth (99% of power)
shall not exceed 10 MHz.
Link budgets for all phases shall be computed with a nominal
link margin of at least 3 dB.

ARK-REQ-2

Each modulation and coding combination has its own required 1’3—3 code rate and num-
ber of bits per symbol. This should firstly be defined for every considered option. On
top of this, other required values such as gains and losses can easily be extracted
from the LBDF file. The idea is then to loop through a range of bandwidths and calcu-
late the data rate using the code rate and number of bits per symbol. The occupied
bandwidth requirement of ARRAKIHS is set to a maximum of 10 MHz and thus this
value is used as the upper limit of the range. The data rate, together with the defined
and extracted values, can then be used to calculate the link margin and as long as this
value stays above the threshold of 3 dB, the bandwidth, data rate and achieved link
margin are stored. This loop keeps running until either the link margin becomes lower
than 3 dB or the occupied bandwidth reaches the limit of 10 MHz. This process will
be applied to every defined option. A more detailed explanation is given in Chapter 6.

WP 6: Thesis writing

This work package focusses on documenting all the findings in a single document.
This will be done throughout the project and extra focus will be allocated towards the
end. This will result in a draft version of the thesis.

WP 7: Thesis finalisation
The last work package focusses on implementing the feedback received on the draft
version, preparing the final presentation and handing in the final thesis.



4. Conversion tool

The new way of sharing the satellite link budget data will be through the LBDF. How-
ever, the link budget at Redwire Space is still done in Excel and thus a conversion
tool is required to convert the information from Excel to LBDF. This will be presented
in this chapter, starting with the purpose of the tool in Section 4.1. The next section,
Section 4.2, explains how the tool is set up, followed by an explanation on how to use
the tool in Section 4.3. Afterwards, the tool constraints and validation are discussed
in Section 4.4 and Section 4.5 respectively. Finally the impact the tool has made on
the data exchange process is detailed in Section 4.6.

4.1. Purpose

During ESA missions, several engineering domains, such as Thermal, Structure and
Radiation adopt standardised and shareable digital formats and mathematical models.
This is part of a broader MBSE approach, with the objective to quickly and efficiently
exchange engineering information between ESA and industry. However, Telemetry,
Tracking and Command (TT&C) and Payload Downlink Telemetry (PDT) engineering
still today adopts an outdated approach, namely the sharing of documents with link
budget tables. Although this approach guarantees an independent cross-check of
analyses by ESA and by the industry, it has the drawback that engineers must import
all data manually, thus being subject to a very inefficient process with potential manual
errors.

The aim of LBDF is to implement a standardised and shareable digital format for link
budgets allowing efficient engineering iterations between ESA and companies and
among companies themselves in the field of Space Communication Subsystem. For
this, a conversion tool needs to be created to convert the information from the link bud-
get calculation tool to the standardised and shareable digital format. In the case of
Redwire Space, the link budget calculation tool is based on Microsoft Excel and thus
a conversion tool from Excel to LBDF standards needs to be created. The LBDF file
is in XML, which means that the tool should convert the link budget data from Excel
to XML format.

4.2. Tool set-up

The first step to create the conversion tool is to compare the XSD schema files pro-
vided by ESA with the link budget calculation tool of Redwire Space to see if all the re-
quired parameters by ESA are in the Redwire Space calculation tool and if the param-
eter names match. Missing parameters are included in the Redwire link budget and
some parameter names are updated to the matching ESA equivalent. The structure
of the XSD files is presented in a diagram in Unified Modeling Language (UML) format,
of which an example is shown in Figure 4.1. This is only a small part of the structure,
namely of the ground segment. The full structure can be found in Appendix C. Pa-
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rameters marked with a '+’ are considered as mandatory, while parameters with a ’-’
are optional. Every parameter has a certain data type assigned which indicates which
values and unit are expected. This entire structure is used to check the Redwire link
budget for completeness of the required values and correctness of the units and pa-
rameter names.

GroundStation

_?

f=ahstract>>
< GSTransceiver [

GSReceiver

GSTransmitter lP

GSTransponder

<
<

GSTransparentRanging GSPNRanging

GSAntenna

Figure 4.1: Ground segment LBDF structure in UML format [48]

To clarify how the checked and complete Redwire Space calculation tool looks like,
an example is shown in Figure 4.2. This example shows the gain, pointing loss, axial
ratio and the noise temperature of the spacecraft during uplink. These values are
dummy values and thus does not related to any ongoing mission. The first column
of the calculation tool shows the parameter names and the second column shows
the unit in which the corresponding parameter is expressed. The next three columns
show the nominal, adverse and favour value of the parameter. The nominal value is
the design value of the parameter which serves as the reference point. However, in
reality, this value might differ slightly and that is where the adverse and favour value
come into play. The adverse value represent a slightly worse value compared to the
nominal one, whereas the favour value represents a slightly better one compared to
the nominal value. The next column shows the mean value of the parameter, which is
the calculated average value of the nominal, adverse and favour value. The second
to last column is the variance which represents the spread of the data values around
the mean. Finally, the last column indicates the type of Probability Density Function
(PDF) used for the corresponding parameter. The PDF defines the probability of a
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parameter value falling within a specified range. Examples of a PDF are a Gaussian
distribution (GAU), Uniform distribution (UNI) and in the case of the gain and pointing
loss in the example: Triangular distribution (TRI) [49]. This completes the full lay-out
of the Redwire Space calculation tool on which the conversion tool is based. This
Excel file thus forms the template for the future missions designed by Redwire Space
as well.

|sPacecrAFT RX Unit NOM ADV FAV MEAN VAR | PDF
GAIN dBi 2.00 0.50 3.50 2.00 0.38 TRI
POINTING LOSS 5C dB 0.00 0.00 0.00 0.00 0.00 TRI
AXIAL RATIO dB r 850 r 10.50 I 650

NOISE TEMPERATURE K r 180.00 r 195.00 [ 185.00

Figure 4.2: Snapshot of a section of the calculation tool of Redwire Space

Once all the checks are done, the next step is to create the tool. This tool consists
of three parts. The first part is the defining of different XML writing functions. As
mentioned before, parameters have required values based on the assigned data type.
However, these required values differ from parameter to parameter. Some require
only one value, while others need a 'nominal’, ’adverse’ and favour’ value. Other pa-
rameters need specific attributes, for example ’telemetry coding’ requires the type of
coding and then depending on the type of coding, it needs extra attributes related to
this specific type of coding, such as the code rate for example. Because of this, multi-
ple functions are defined such that every parameter can be written into the XML file as
expected by ESA. Once it is defined which information should be read out of the Excel
file, then it can be written into the XML file using the xml.etree.ElementTree package.
This package can be used to parse and create XML files [50]. It was originally tried
using the package ’Yattag’ [51]. However, it was found using this package that not for
every parameter the required format was achievable. This is when other options were
explored and the xml.etree.ElementTree package was found and tried. This package
is part of the standard Python library since Python 2.5 [52] and it turned out to be more
successful. The second part is the definition of the parameter path where for every
mandatory parameter, the XML path is defined. This makes sure that every parameter
is written under the intended parent tag. In the same step, the correct writing function
from step one is assigned to every parameter so that the required information is writ-
ten into the XML file. The final part is the main part were everything comes together.
The input from the user is asked such as the file name of the file that needs to be con-
verted, the type of conversion, the Excel sheet that needs to be converted and the title
for the output LBDF file. A more detailed explanation will be given in Section 4.3. The
next step in the main part is to look for every parameter in the Excel file and write the
corresponding information in the XML file under the correct path. A problem with this
is that for a TT&C link budget both uplink and downlink is required. However, some
parameter names occur in both which resulted in uplink values placed in the downlink
section and vice versa. To resolve this, a function is created which sets boundaries
for the search area for parameters in the Excel file. The tool thus automatically sets
a search grid for the uplink parameters and one for the downlink parameters. It then
looks for the correct parameter name, reads out the corresponding information and
writes it in the XML file under the defined path. Once the conversion is completed,
the tool opens both the XSD files and the converted XML file and validates the XML
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against the XSD. The tool goes through the generated XML file and compares it to the
XSD file to see if the generated file is first of all complete and secondly, that no errors
are made. Possible errors could be the use of a wrong unit, parameters not structured
in the way it is supposed to be, a value given for a parameter which is not considered
possible. An example of the latter is for the option 'Convolutional coding’, predefined
code rate options are set to be ’1/2, 2/3, 3/4, 5/6, 7/8'. When a different code rate is
provided, then an error will be raised. These occurring errors are written in a separate
text file, which will be created in the same folder as where the conversion tool is saved.
This file can then be checked and used to fix the errors. This is the internal validation
process which is further explained with a test example in Section 4.5. Once all the
errors are fixed, the final converted LBDF file can be found in a separate folder which
will automatically be created. A part of the final result is shown in Figure 4.3. This
snapshot of the converted file corresponds with the example given of the calculation
tool in Figure 4.2, and thus includes dummy values. A full example of a converted
LBDF file can be found in Appendix D.

<rx_antenna>
<gain nom_value="2.88" adv_value="0.58" fav_value="3.50" mean_value="2.08" variance="0.38" pdf="TRI" unit="dBi"/>
<axial_ratio nom_value="8.50" adv_value="18.58" fav_value="6.58" unit="dB"/>
<pointing_loss nom_value="@.88" adv_value="8.08" fav_value="0.00" mean_value="0.00" varlance="0.80" pdf="TRI" unit="dB"/>
<noise_temperature nom_value="188.00" adv_value="195.88" fav_value="165.80" unit="K"/>

</rx_antenna>

Figure 4.3: Snapshot of a section of the converted LBDF file

4.3. Tool usage

In order to use the tool, the three parts described in Section 4.2 should be placed in
the same folder as the XSD files provided by ESA and together with the Excel file that
needs to be converted. The next step is to run the main part of the tool which will then
ask for the user input. An example of the process is shown in Figure 4.4. The first
question is to fill in the name of the file that needs to be converted, which in the case
of the example is ’'S-Band'’. It is not necessary to include the extension of the file such
as ’.xIsx’ for example. Next, is to choose the type of conversion. The options are:
PDT, Uplink and TT&C. The S-Band file consists of both an uplink and downlink and
thus for this reason, it is opted for the third choice: TT&C. Thirdly, the correct Excel
sheet needs to be chosen. The Excel file consists of multiple sheets and their titles
are displayed. In this case, there are two relevant sheets, namely the third sheet 'Link
budget - H_DL’ and the sixth sheet’Link budget - L_DL’. These are the files containing
the link budget data with the first one having a high downlink data rate and the second
one a low downlink data rate. The one that needs to be converted can thus be selected
during this step, where in the example, the third sheet ’'Link budget - H_DL’ is chosen.
Finally, a title should be chosen for the converted file under which it should be saved.
Also here, no extension (.xml) is required as this is added automatically. Afterwards,
the conversion is performed and automatically validated against the XSD files. Any
occurring errors are printed in a separate text file which can then easily be checked
and the errors can be fixed manually. An example of this is provided in Section 4.5.
The same process can then be run again until no more errors occur and the converted
file is valid against the schema files.
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el CAWINDOWS\py.exe

Please enter file name (without extension): S-Band
Please choose the type of conversion:
1. PDT
2. Uplink
3. TTA&C
Enter 1, 2 or 3: 3
[You selected: S-Band.xlsx
iAvailable sh :
1: Change Record

: Summary
3: Link budget - H_DL

: PFD H_DL

: DSP H DL
6: Link budget - L_DL

: PFD L_DL
8: SBA
9: RF CABLE

B: GS DATA

: RFDU
Other LB input
TM RATE
: DOC LB

6: DOC DSP
Please enter the sheet number you want to convert: 3
Selected sheet: Link budget - H DL
Please enter a title for the output XML file (without extension): Test
XML is valid against the XSD schema.
Press Enter to exit...

Figure 4.4: Conversion tool example

New parameters can easily be added by firstly checking the LBDF structure to find
the exact required parameter name, unit and values. Secondly, the parameter can
be added to the Excel file following the format of the other parameters and finally the
parameters path and writing function have to be defined in the conversion tool to make
sure the correct values are being read out and written in the XML file.

4.4. Tool constraints

The tool has a number of constraints that should be followed by the user in order for it
to work properly. The first one is for parameter names that occur twice in the same link
budget such as the 'pointing loss’ of the ground station and the one of the spacecraft.
When no distinction was made between the two in the beginning, the tool placed the
value of the ground station pointing loss at both the ground station and the spacecraft
pointing loss in the LBDF file. To solve this, a two letter marker was added to the
parameter name in the Excel file. The markers are 'GS’ for 'Ground Station’ and 'SC’
for 'Spacecraft’, which are recognised by the tool and it can then make a distinction
between the two parameters and place them under the correct path in the LBDF file.
These markers should thus always be used for parameter names that occur twice
within the same link budget.

A second constraint is that no new columns can be added without adapting the tools
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code. As mentioned in Section 4.2, parameters require different values and attributes
and for this, different functions are defined. This ends up in reading out the informa-
tion in a fixed way with the parameter name in the first column, the unit in the second
column followed by the nominal value, adverse value and favour value for most pa-
rameters. If a new column is added in between here, then the wrong information will
be read out and written in the XML file. On the contrary, unlimited rows can be added
to the Link Budget Excel file without having to make adaptations to the tools code.

The third constraint is that for a TT&C Link Budget, the Excel file requires an ’uplink’
and 'downlink’ separation with both sections marked with the title 'uplink’ and ’"down-
link’ respectively. The uplink and downlink contain a lot of the same parameters, but
the values are off course different, such as the frequency, transmitter power, Effective
Isotropic Radiated Power (EIRP), etc. When no distinction was made, the values of
the uplink parameters were placed in the downlink section of the LBDF file. To avoid
this, the section titles were introduced to create the parameter name search area.
This way it can make a distinction between up- and downlink where many parameter
names are the same.

4.5. Tool validation

An important process, once the tool is created, is to properly validate it. It should be
checked if the tool works as intended; which means that all the required parameters
should be correctly and completely be converted from the calculation tool to the LBDF
file. For this, the conversion tool has two validation processes. The first one is, as
mentioned in Section 4.2, an internal validation. Once the tool is run, it converts the
file and automatically validates the converted LBDF file against the XSD files. When
the tool recognises a difference between the two, an error is raised which is written
in a separate text file and can then easily be solved by the user until the converted
file is valid against the schema files. A snapshot of the text file containing the vali-
dation errors is shown in Figure 4.5. Every single error is always written on a a new
line, which means that in this example, six separate errors are raised. It first speci-
fies which element is incorrect and then secondly, it states the actual error. It can be
seen that the first error is related to the element 'circuit_temp’. The error says that this
element is not expected because it is expecting the element 'g_over_t’. This means
that either the element 'g_over_t’ is missing or the order of the elements in the con-
verted file is incorrect. In this case the 'g_over_t’ was missing. Once it was added, the
error was solved. The second error is related to the element ’eirp’. The error states
that the attribute 'value’ is not allowed. This is because in the XSD files, it is defined
that the element ’eirp’ requires the attributes 'nom_value’, 'adv_value’ and 'fav_value’.
However, these attributes are missing as only one value for the element ’eirp’ is given
under the incorrect attribute name ’value’. This thus raises the errors that the attribute
'value’ is not allowed and that the attributes 'nom_value’, ’adv_value’ and ’fav_value’
are missing. These errors are shown on line two, three, four and five of the text file
respectively. The final error concerns the element 'tx_power’, which is the transmitter
power. It shows that the unit is expressed in dBW, however it is expected to be in
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dBm. Once all these errors are resolved, the file is ready to be sent to ESA for an
external validation check.

Element '{https://www.esa.int/LBDF}circuit_temp': This element is not expected. Expected is ( {https://www.esa.int/LBDF}g_over_t ).
Element '{https://www.esa.int/LBDF}eirp’, attribute ‘value': The attribute ‘value' is not allowed.

Element '{https://www.esa.int/LBDF}eirp': The attribute ‘nom_value' is required but missing.

Element '{https://www.esa.int/LBDF}eirp': The attribute 'adv_value' is required but missing.

Element '{https://www.esa.int/LBDF}eirp': The attribute ‘fav_value' is required but missing.

Element '{https://www.esa.int/LBDF}tx_power', attribute 'unit’': The value 'dBW' does not match the fixed value constraint 'dBm'.

Figure 4.5: Example of internal validation errors

The second validation is performed by ESA. The converted file, once internally valid,
is sent to the ESA team working on the ARRAKIHS mission on their side. They import
the file into their own calculation tool to verify the link budget. This is thus mainly to
check the values itself of the link budget, however, it also serves as a first round of
validation as well. If a required parameter is missing, it will raise an error on their side
which can then be communicated to Redwire Space. On top of this, they generate
their own LBDF file which is then used for a comparison with the one provided by
Redwire Space. This is done using a tool that highlights any differences between the
two files. This thus shows the differences between units, order of parameters, missing
parameters and the actual values. During the validation of the X-band downlink link
budget, an error was noticed where the 'antenna efficiency’ was expressed as a value
between 0-100 by Redwire Space. In this case as 60%. However, ESA expected
this as a value between 0-1 and thus for this case as 0.6. This resulted in an antenna
efficiency multiplied by a factor 100 in their calculation tool, which became clear during
the verification of the link budget. Secondly, this difference is then also highlighted
using the comparison tool to check the differences between the generated LBDF file
from Redwire Space and ESA. Thus due to this external validation, the error was
quickly communicated between the two parties and solved.

4.6. Tool impact assessment

After the tool is created and validated, an impact assessment is done. The goal of this
assessment is to get a better understanding of how this conversion tool makes the link
budget data exchange process easier and better. This is done by taking interviews
of both Redwire Space and ESA employees that come in contact with the LBDF. In
total, three interviews were done of which two with Redwire Space employees and
one with an ESA employee. Both Redwire Space employees have experience in
the electronic engineering department, which involves the power, command & data
handling and communication subsystem. The interviewee of ESA is an experienced
engineer with the focus on the communication subsystem of a satellite. The answers
of these interviews are shown in Subsection 4.6.1. The conclusions drawn from these
answers are discussed in Subsection 4.6.2.

4.6.1. Questionnaire impact assessment
This section is split up in three parts where the first set of questions is related to how
the link budget data was shared before the introduction of the LBDF. This is done
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to get a better overview of the changes it creates. The second set of questions is to
evaluate the exact impact of the tool with relation to time consumption, errors made,
inconsistencies and other advantages and disadvantages. The third and last set is
specific for Redwire Space alone as it focusses on the use of the conversion tool it-
self. This results in a set of fourteen questions which are shown below, together with
a combination of the answers of the interviewees.

Previously:
1. How was the satellite link budget data typically shared before LBDF?

There was not one fixed method. The most common methods were by putting snap-
shots of the Contractors calculation tool directly in the technical report, which would
be shared during reviews, or by sending these snapshots by email. Another method
is by sharing the full calculation tool with ESA. In the case of Redwire Space, this
would be by sharing the full Excel file.

2. How long did this process take?

Creating a link budget analysis is a long, iterative process. During reviews, the results
of this process are shared between contractor and ESA in the way described above.
ESA then cross checks the link budget by manually copy pasting the values from the
snapshots into their own calculation tool. The results are then compared to the ones
provided by the contractor to verify that there are no mistakes. Contractors have their
own calculation tool and they all differ from each other, and because parameter defini-
tions and naming is not standard defined, it sometimes becomes hard to even locate
some parameters. When the link budget of a new contractor needs to be verified, it
takes around 30-40 minutes per link budget to perform the full verification '. There are
at least 5-6 link budgets per major review that need to be checked and there are at
least 6 major reviews during the design phase '. This means that at the very minimum,
there are 30-36 link budgets that need to be verified during a mission design phase.
Taking into account 40 minutes for one link budget, an engineer usually spends at
least 24 hours on verifying link budgets. This process is thus time consuming.

3. Were there any issues with inconsistencies, such as missing parameters, inconsis-
tent units,...?

As mentioned above, parameter definitions is not standard defined and thus every con-
tractor can have a different approach to calculate some parameters. One contractor
could include a certain loss into the calculation of parameter A, while another contrac-
tor includes this same loss in parameter B. In the end, it comes down to the same final

'Data obtained through communication with ESA employee
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result but in the steps between, there is a difference. This can lead to confusion and
misunderstandings. Taking into account the tens of link budgets that are shared be-
tween contractor and ESA during the lifetime of a mission, these misunderstandings
add a lot to the time wasted due to this process. On top of this, some parameters can
be expressed by different units, for example transmitting power can be expressed in
dBm or dBW. These inconsistencies between contractors itself and ESA can result in
more misunderstandings or errors in the calculations.

4. How often did errors occur during this process and what was the impact of these
errors?

No exact data has been collected in the past on the number of errors, however, it
became clear from the interviews that errors occurred quite often to even every time.
These were considered part of the process. The first step when it is realised that the
results from ESA’s cross check and the contractors results do not match, is to start
the process from scratch. The values are copy pasted again into the calculation tool
to make sure that no error was made during this process. If there is still a mismatch
between the results, then extra discussions were required between ESA and the con-
tractor for any clarifications and ultimately finding the mistake. This again shows how
time consuming this process was, especially when a mistake happened which is very
likely.

Tool Impact:
5. Has the LBDF tool improved the speed of data exchange?

Yes, greatly! The importation process is now fully automated. No more values need
to be copy pasted manually which saves a lot of time. As mentioned before, the old
method was time consuming where at least 24 hours was spend on the verification
of the link budget for every mission. While with the LBDF tool, one verification can
be performed in a couple of minutes '. This results in a time spend of 1.8 hours on
the verification using the LBDF when taking 3 minutes into account per link budget.
This results in a time gain of at least 22.2 hours for every satellite design, which is
a reduction of 92.5%. Secondly, ESA have a comparison tool, which compares the
LBDF provided by the contractor with the LBDF generated by themselves. It immedi-
ately highlights the differences in assumptions and results. This makes the process
of identifying errors and inconsistencies much easier and faster.

6. Has the LBDF tool reduced errors?

Yes! The elimination of the manual copy paste process reduces the number of errors
during the cross checking process. It does not reduce the possible errors made in
the calculations itself off course, however it makes it much easier to identify them as
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the cross checking process goes way faster and the comparison tool highlights any
differences between the generated LBDF files from the contractor and ESA.

7. Has the LBDF tool reduced misunderstandings, unclarities and inconsistencies as
the required format and parameters are precisely defined?

Yes! Each parameter name is clearly defined and what the parameter represent.
These definitions need to be adopted by the contractor into their own calculation tools.
By creating this same standard for everyone, many of the misunderstandings are elim-
inated. It is now also clearly defined for every parameter in which unit they need to be
expressed which reduces many inconsistencies as well.

8. Has the LBDF tool made it easier to verify the satellite link budget?

Yes, very much. This was part of the goal of the LBDF standard. The process is now
automated which makes it much easier to fully verify the satellite link budget. As men-
tioned before, ESA can now import the generated XML file into their calculation tool to
verify the link budget. They also have a second tool that compares the LBDF provided
by the contractor with their own and it highlights the differences. This makes it easier
to see in which parameter calculation an error could have been made when the link
budget is not verified. On the side of Redwire Space, the creation of this conversion
tool became a great opportunity to also create a verification tool. The generated LBDF
is used as input for this from which the parameter values are extracted. These values
are then used to calculate the link budget again and the final results are compared to
the results from the original calculation tool. A more detailed explanation is given in
Chapter 5. So also on the contractor’s side, the tool created the opportunity to auto-
mate the verification process resulting in an easier and less time-consuming process.

9. Has the LBDF tool introduced any unexpected problems that did not exist with the
old method?

So far, not yet. However, both on Redwire Space’s as ESA’s side, the tool and the
entire process is very new. Redwire Space is one of the first to introduce this and
thus will this be evaluated further in the future when the tool is used more often. At
Redwire Space, the ARRAKIHS link budget calculation tool was adapted such that it
matches certain standards set by ESA for the LBDF, namely some parameter names
had to be changed and some units had to be converted to match LBDF standards.
These changes now form the template for the satellite link budget calculation tool of
all future missions at Redwire Space. During these future missions, the possibility ex-
ist that unexpected problems arise but during the tests performed for the ARRAKIHS
mission, no problems were found.

10. Are there any other advantages to this method of data exchange?
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Yes, multiple ones. The first one is that it creates an easier transition between the pro-
curement phase and the operation phase of a mission lifetime, since the European
Space Operation Centre (ESOC) is able to import LBDF files into the link budget tool
used for operations. A second advantage is that the uniform format creates opportuni-
ties to make other processes, besides from the verification, easier or even introduce
other processes. An example of this is the link budget optimisation at Redwire Space
for the ARRAKIHS mission. This optimisation process focusses on maximising the
data rate for multiple considered modulation/coding schemes. It uses the generated
LBDF file as input. This is a new tool created as part of this thesis which is made
possible by the conversion tool. A more detailed explanation on the optimisation is
given in Chapter 6.

Tool usage:

11. How user-friendly do you find the tool?

The tool seems very user-friendly and easy to use. Itis very intuitive on how to use the
tool as the user inputs are asked very straightforward. Together with the user manual,
the preparation before using the tool also becomes clear. The main preparation steps
are to use the correct template for the link budget Excel file and to put all the required
files into the same folder. Once this is all done, the tool is very straightforward. The
tool asks clearly for the name of the file that needs to be converted, followed by the
type of conversion that is required. Afterwards, the user should select the correct Ex-
cel sheet to convert and name under which the converted file should be saved. These
steps are very clear and easy. Once the file is converted, it is simple to find the file
in the newly created folder and if any errors occurred during the validation, they are
clearly specified in a separate text file. This makes it easy to fix these inconsistencies.
On top of this, the steps to take to add new parameters are clearly documented and
straightforward.

12. Is training or additional documentation required to use the tool properly?

The most important document that is required is the Excel template. Without this doc-
ument, the tool will not work properly. For the user itself, to use the tool, the user
manual definitely helps to clarify how the tool works and what is required. Mainly for
the preparation steps. A short training could provide some guidance on what is impor-
tant to use the tool. This is also explained in the user manual, however an in-person
explanation can clarify any doubts. Secondly, a training on how to edit the tool could
be useful as understanding and editing someone else’s code can be very tricky. It was
proposed to include a ReadMe file which explains all the different parts of the code
and how these can be edited without breaking the tool.
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13. Have you encountered any limitations or bugs?

Sofar, not yet. The tool has been tested to convert the satellite link budget of ARRAKIHS
without any problems. The tool has also been checked by another employee at Red-
wire Space and also here, no limitations or bugs have occurred yet. However, this
does not mean that there are no limitations or bugs to the tool. The chance is great
that there definitely are, but they are just not found yet and they will occur during future
missions when the tool is used more often. The user manual and constraint document
contains information on how to edit the tool and make changes. This document can
thus be used to correctly improve the tool without breaking it.

14. Do you see any improvements that can be made in the future?

At the moment, not yet. During the performed tests, the tool worked fine and no bugs
or limitations have been found. This means that the tool works fully as intended and
thus no improvements are necessary at the moment. However, as mentioned before,
this does not mean that there are no bugs or limitations. These will probably arise
while using the tool more often and once these are found, the tool can be fixed and
improved to avoid any errors in the future.

Cost saving:

As mentioned before, the LBDF tool has increased the speed of the data exchange
and the verification process. This results in a reduction in cost as an engineer has
to spend less time on these processes and can focus on other tasks during the time
gained. The salary of an engineer at ESA with a master’s degree in the Netherlands
equals €4824.25 net monthly for an engineer with less than 4 years of experience
while for one with 4-14 years of experience, it increases to €6163.63 net monthly [53].
This results in an hourly rate of €30.15 for a less experienced engineer and €38.52
for a more experienced one, when taking into account a 40-hour work week. These
salaries are for 2025. This results in cost savings of €669.4 for a less experienced
engineer and €855.2 for a more experienced engineer during a satellite design. This
might sound insignificant, however, firstly, this is without any manual mistakes. As
mentioned before during the questionnaire, using the outdated method, many mis-
takes were made during the copy-paste process resulting in having to start all over
again. This is a waste of time only adding on to the extra costs saved. Secondly,
taking into account the number of satellites in space at the moment, the amount that
could have been saved goes drastically up. According to N2YO, ESA has 99 satellites
in orbit [54]. Every single satellite requires a link budget analysis and by taking the
previous calculated saving of €855.2, the tool could have saved €84664.8. However,
this is only for the satellites fully designed by ESA themselves. They also have many
partnerships with other organisations and companies, such as European Organisation
for the Exploitation of Meteorological Satellites (EUMETSAT) and European Telecom-
munications Satellite Organization (EUTELSAT) for example. By taking their satellites
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into account as well, the total amount that could have been saved equals €141963.2.
A step further would be to make it a European standard to incorporate the tool. By
summing the number of satellites of every European country and organisation, a total
of 1322 European satellites is found. This would result in a cost saving of €1130574.4.
This is all for past European satellites. The number of satellite launches per year is
only increasing and thus the cost savings will only further increase. However, this
should be put into perspective. On November 26 and 27 of 2025, ministers and high-
level representatives of the 23 Member States, Associate Members and Cooperating
States confirmed the budget for ESA to be 22.1 billion euros for the next three years
(2026-2029) [55]. This is a record breaking budget with an increase of 32% compared
to the budget of the last three years. This immense amount put into perspective how
insignificant the cost saving of the conversion tool actually is. But, no matter how small
the contribution, cost savings is always a positive thing and beneficial to any company
or organisation.

4.6.2. Conclusion
To conclude from the interviews, each sub-question to evaluate the impact of the tool
is addressed with its own conclusion.

(a) What is the time saved using the tool compared to the outdated method?

During the outdated method, it took a minimum of 24 hours to verify the link bud-
gets during the mission design phase of one mission. While with the LBDF tool,
it only takes around 1.8 hours, which results in a time reduction of 92.5%.

(b) What is the error reduction due to the elimination of the manual copy-paste pro-
cess of the data to and from the link budget tables?

No exact data has been collected on how many errors were made in the past,
however, the interviews made clear that errors occurred quite often to even ev-
ery time. It was considered part of the process. This is fully eliminated using the
LBDF tool as the import and exportation process is fully automated. No more
manual mistakes can be made.

(c) What is the cost reduction that can be achieved with LBDF?

After taking the time savings and the salary of an ESA engineer into account, it
was found that €855.2 can be saved during every mission. This does not take
into account the potential errors made during the manual copy-paste method
and having to start over again. However, with or without the errors made, the
cost savings are insignificant compared to the total budget of ESA. So relatively
speaking, the impact on the cost can be neglected.

(d) How is the operability of the tool?

It can be concluded that the tool is very straightforward and easy to use, es-
pecially with the user manual. The preparation steps are clearly defined and
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the asked user inputs are very simple. An in-person training is always recom-
mended as this can clear up any doubts.

(e) What is the adaptability of the tool?

Adding parameters seems straightforward, however an in-person explanation is
again recommended to avoid any confusions. On top of this, a ReadMe file was
proposed to explain what each part of the code does and how it can be edited
without breaking the code. An in-person training can also be useful for this as
editing a code created by someone else can be tricky.

This shows that the tool has a great impact on the time and error reduction due to the
elimination of the manual copy-paste process. It also decreased misunderstandings
and inconsistencies as the format and parameters are clearly defined. However, the
impact on the cost is insignificant due to the immense total budget of ESA. This means
that the tool just makes the life of the communication engineer much simpler with
regards to the link budget data exchange and verification.



5. Link Budget Verification

The link budget calculations were already performed by Redwire Space by the start
of this thesis. However, as the results are of importance because they are an integral
part of the thesis, a verification of these calculations is required. For this, a verification
tool is created which calculates the SNR taking into account all the gains and losses.
How the tool is set-up is explained in Section 5.1 and all the different steps to calcu-
late the SNR are explained in Section 5.2. Finally, the results of the verification are
discussed in Section 5.3 for the S-band uplink, the S-band downlink with both a high
and low data rate and lastly the X-band downlink.

5.1. Verification tool set-up

The tool uses the generated XML file from the conversion as input for the verification
calculations. This way, the process of verifying the Link Budget calculations also re-
sults in a verification of the converted file by checking if the values written in the XML
correspond with the values from the Excel file. To parse and read out the information
from the LBDF file, the Python package xml.etree.ElementTree is used. A function
is written which uses the parameter path and attribute name as input to extract the
wanted value from the XML file. An attribute name is required as many parameters
have multiple values such as the 'nominal value’, 'favour value’ and 'adverse value’
and thus a specification is required. The next step is to define constant parameters that
are not part of the LBDF file such as Earth’s radius and Boltzmann constant. Thirdly,
all the formulas that are required for the SNR are defined. More information on these
steps is provided in Section 5.2. Finally, a verification check is performed between the
calculated SNR value and the extracted value from the LBDF file. When the values,
rounded to two decimals, match exactly, then only the SNR will be printed. However,
when there is a difference, then the following parameters will be printed for both the
calculated and extracted values: Ground station gain, Slant range, EIRP, Polarisation
mismatch, Free space loss, Total propagation loss, G/T, C'/N, and SNR. These are
the intermediate calculations which can then be compared to easily find a mismatch
between the two to see in which step something is going wrong. Due to the fact that
the values are rounded to two decimals, there is a possibility that the calculated value
differs from the original value extracted from the LBDF file by a maximum of 0.01 dB.
Typical link margins adopt a policy of having a 3 dB margin [56] and others even up
to 20 dB [57]. This shows that a discrepancy of 0.01 dB is much smaller than the
required margins and thus can be neglected.

On top of this, the tool is integrated into the conversion tool. This means that one
single tool converts the Excel file to XML, then validates the converted file against the
XSD files and finally verifies the calculations. It then saves the converted file in the
dedicated folder, writes errors, if there are any, in a separate text file and finally says
if the link budget is verified or not. If not, it also shows the table with calculated and
extracted values to easily find the mismatch.
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5.2. Verification tool calculations

The first parameter to be calculated is the antenna gain G using Equation 5.1 [58],
where 7 is the antenna efficiency, A is the physical aperture area in m? and )\ is the
wavelength in m. The power gain value is then converted to dB by taking the logarithm
and multiplying by ten.

4T A
G[dB] = 10log;(n—5-) (5.1)

with

where c is the speed of light in ms~—! and f is the frequency in Hz.

The next parameter to be calculated is the EIRP, using Equation 5.3 [59]. The first
term in this equation is the transmitter power P,, minus 30 as the transmitter power
is expressed in dBm according to LBDF standards. However, for the calculations, it
should be converted to dBW and thus the value 30 should be subtracted [60]. G, is
the transmitting antenna gain, L., is the circuit loss and L, is the pointing loss.

EIRP[dB] = Py — 30 + Gyp — Leiy — Ly (5.3)

The next step is to calculate the Slant Range using Equation 5.4 [61]. Rg is Earth’s
radius, h represents the orbit altitude and ¢ is the minimum elevation angle.

Slkm| = \/(RE + h)? — R% cos?e — Rpsine (5.4)

The slant range, in km, is then used to calculate the Free Space Path Loss (FSPL)
as can be seen in Equation 5.5 [62]. The second variable in this equation is f which
represents the frequency in MHz this time. The last factor to this equation is the value
32.44, which comes from taking the logarithm of 47 /c and then multiplied by twenty. As
the slant range is expressed in km and the frequency in MHz, the speed of light must
be adapted accordingly [63]. This then results to a contribution of 32.44 dB added to
the FSPL.

FSPLIdB] = 201og,,(S) + 20log,o(f) + 32.44 (5.5)

The polarisation mismatch can be calculated using Equation 5.6 [64]. @ is the an-
gle between the polarization vectors. p,, and p,, are the circular polarization ratio of
the transmitted wave and receiving antenna respectively. These can be found using
Equation 5.7 where AR stands for the absolute axial ratio (not in dB) [64].
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L+ p}. P2y + 2012 pra €OS 20
Lyoi[dB] = 101log, ( (t1 o (1t+ ) (5.6)
tx rT

where

The total propagation loss can then be found by adding the atmospheric loss (Lg:..,),
the ionospheric loss (L;,,), the polarisation mismatch loss (L,,;) and the FSPL. This
is shown in Equation 5.8 [61].

Lyrop|dB) = Latm + Lion + Lyt + FSPL (5.8)

The system noise temperature 7 can be calculated using Equation 5.9 [63]. 7). is
the reference temperature and N F' represents the noise figure.

NF[dB]

T,=T., (10T _ 1) (5.9)

Because the system noise temperature consists of multiple factors, the Friis’ formula,
Equation 5.9, should be taken into account [65].

Te, Te,

T, =T, 5.10
S Gl + Gl + G1G2 ( )
where
1 1
G = E - NFl[dB] (511)

Equation 5.12 for the system noise temperature is found by combining Equation 5.9,
Equation 5.10 and Equation 5.11 [63]. VI3 is the noise figure of the Radio Frequency
Distribution Unit (RFDU), N F; of the diplexer and N F; of the transceiver.

NFq N Fy NFq NF3 NFq NFy
T[K] = Ty (10750 = 1) 4T (1075 — 1) (1075 )+ (1076 — 1) (107" ) (107"
(5.12)

The system noise temperature is then used to calculate the gain-to-noise-temperature
ratio using Equation 5.13 [63]. G, stands for the receiving antenna gain and T, for
the system noise temperature.

%[dB] = Gy — 101log,,(T5) (5.13)
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The next step is to combine the gains and losses to calculate the carrier-to-noise ratio
which can be seen in Equation 5.14 [63]. This includes the EIRP, the propagation
loss, the Voltage Standing Wave Ratio (VSWR) loss L., the cable loss, the modu-
lation loss L,,,.q, the implement loss L;,,,,;, the pointing loss L,,;,:, the gain-to-noise-
temperature and finally the Boltzmann constant ’k’ in dB.

C G
F[dB ' HZ} = FEIRP — Lprop - Lvswr - Lcable - Lmod - Limpl - Lpoint + T —k (514)
0

Finally, the Signal-to-Noise Ratio (SNR) margin is calculated by subtracting the bit rate
'BR’ and the required ]’ff—g from the carrier-to-noise ratio [66].

C Ey
SNRI[dB] = N 10logyo(Rp) — (m>req (5.15)
It should be noted that the verification tool is created from scratch and independent
from the Redwire Space calculation tool. This means that the formulas are found in
available literature and thus could differ from the method applied in the Redwire Space
calculation tool. This independent approach is crucial for the validity of the verification
tool. An example of this difference is that certain losses can be taken into account in
step A in the verification tool while the same loss is only taken into account in step
B in the Redwire Space calculation tool. For example, the L,,,; is included in the
C'/N, calculation during the verification, but only in the SNR margin calculation in the
original calculation tool. It does come down to the same result in the end, however
the intermediate results could differ.

5.3. Verification results

Once all the required parameters are extracted from the LBDF file and the calculations
are defined, then the actual verification can be performed. There are four cases for
which the verification is done, namely the S-band uplink, the S-band downlink with
a high data rate, the S-band downlink with a low data rate and finally the X-band
downlink. The first case is the S-band uplink and the results can be seen in Table 5.1.
The ground station gain, slant range, EIRP, polarisation mismatch, free space loss and
total propagation loss are calculated to be exactly the same as the extracted value.
The first real difference is found in the gain-to-noise-temperature ratio, which can be
explained by a different formula definition between the Redwire Space calculation tool
and the verification tool. Redwire Space already took the cable loss and the VSWR
loss into account in the G/T while in the verification calculations, these losses are only
included later on in the carrier-to-noise ratio. The same happens for the carrier-to-
noise ratio where there is a difference of 3.01 dB between the calculated value and
the extracted one. The modulation loss and the implement loss are already taken into
account in the C'/N, in the verification while in the original calculation, these losses
are only added at the SNR margin itself. This accounts for a difference of exactly
3.00 dB. The remaining 0.01 dB difference can be explained due to a rounding error.
This difference of 0.01 dB is then also seen in the SNR margin value of the S-band
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uplink link budget itself. It is up to the communication engineer then to notice that
this is only a rounding error between the two and that it can be disregarded. This can
be done by retrieving both the original and recalculated value with more significant
digits, meaning with more precision. These values can be subtracted from each other
and if this difference is smaller than 0.01 dB, then it could be classified as a rounding
error. On top of this, the engineer can re-run the calculations again manually as a final
resort.

Table 5.1: Verification results for the S-band uplink

TT&C Uplink Calculated | Original
GS gain [dBi] 41.58 41.58
Slant range [km] 2783.85 2783.85
EIRP [dB] 53.00 53.00
Polarisation mismatch [dB] 0.38 0.38
Free space loss [dB] 167.47 167.47
Total prop loss [dB] 169.36 169.36
G/T [dB/K] -32.51 -33.57
Uplink C'/N, [dBHZz] 75.65 78.66
Uplink SNR margin [dB] 17.99 18.00

The next verification is the S-band downlink with a high data rate of which the re-
sults are shown in Table 5.2. The first difference that is noted, is in the gain-to-noise-
temperature ratio where in the original calculations by Redwire Space, the pointing
loss is already taken into account while in the verification, this is done later on. A
second real difference is found in the carrier-to-noise ratio where the '"demodulation
tech loss’ results in a 1.00 dB difference. However, this difference disappears in the
final SNR margin where the '"demodulation tech loss’ is also taken into account in the
original calculation. This means that the S-band downlink with a high data rate is fully
verified with a downlink link margin of 5.04 dB.

Table 5.2: Verification results for the S-band downlink for high data rate '

TJIZ'E cli)aot‘:?:t:k Calculated | Original
GS gain [dBI] 42.30 42.30
Slant range [km] 2783.85 2783.85
G/T [dB/K] 18.04 18.01
Polarisation mismatch [dB] 0.38 0.38
Free space loss [dB] 168.54 168.54
Total prop loss [dB] 170.43 170.43
EIRP [dB] -7.56 -7.56
Downlink C'/N, [dBHZ] 67.62 68.62
Downlink SNR margin [dB] 5.04 5.04

'Intermediate values may differ due to a different parameter definition between the verification and
original calculations.
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The final S-band verification is for the downlink with low data rate, which is shown
in Table 5.3. Again, a mismatch between the gain-to-noise-temperature ratio can be
seen due to the pointing loss being already taken into account in the original value,
but not yet in the verification. The same difference is noted for the carrier-to-noise
ratio in this case as for the the high data rate case. In the end, the S-band downlink
with low data rate is fully verified with a downlink margin of 11.11 dB.

Table 5.3: Verification results for the S-band downlink for low data rate 2

TT&C Downlink Calculated | Original
low data rate
GS gain [dBi] 42.30 42.30
Slant range [km] 2783.85 2783.85
G/T [dB/K] 18.04 18.01
Polarisation mismatch [dB] 0.38 0.38
Free space loss [dB] 168.54 168.54
Total prop loss [dB] 170.43 170.43
EIRP [dB] -9.56 -9.56
Downlink C'/N, [dBHZ] 65.62 66.62
Downlink SNR margin [dB] 11.11 1.1

The final case to verify is the X-band downlink case. The results of this verification
are shown in Table 5.4. The ground station gain, polarisation mismatch, free space
loss, total propagation loss and EIRP are exactly the same for the verification as for the
extracted values. The first difference is noted in the gain-to-noise temperature which is
due to the pointing loss being taken into account already in the original calculation and
not during the verification calculation. This is taken into account in a later step. The
second difference can be found in the carrier-to-noise ratio due to the '"demodulation
tech loss’ being taken into account in the verification but not yet in the extracted value.
The final SNR comes both down to 4.61 dB and thus the X-band downlink link budget
is fully verified.

Table 5.4: Verification results for the X-band downlink 2

PDT Downlink Calculated | Original
GS gain [dBi] 59.05 59.05
Slant range [km] 2783.85 2783.85
G/T [dB/K] 36.70 36.10
Polarisation mismatch [dB] 0.02 0.02
Free space loss [dB] 179.93 179.93
Total prop loss [dB] 181.42 181.42
EIRP [dB] 0.69 0.69
Downlink C'/N, [dBHZ] 82.46 83.96
Downlink SNR margin [dB] 4.61 4.61

2Intermediate values may differ due to a different parameter definition between the verification and
original calculations.




6. Link Budget Optimisation

One of the most important aspects of a satellite link budget is the bit rate as this
determines how much data is send back to Earth. Due to the constraints, as defined
in Chapter 3 as ARK-REQ-1 and ARK-REQ-2 of having a maximum bandwidth of 10
MHz and a minimum link margin of 3 dB, an optimal data rate exist while still satisfying
both constraints. For this, a link budget optimisation tool is introduced which uses
the generated LBDF file as input. In Section 6.1, the coding gain of the different
coding options is explained to show how this choice impacts the optimisation results.
The three considered options are SCCC, Reed-Solomon and concatenated coding of
Reed-Solomon and Convolutional code. Concatenated coding is only introduced here
for the first time as it was not originally considered as an option for the ARRAKIHS
mission. However, during the optimisation analysis, this option was investigated and
deemed as a feasible option to include in the process. Section 6.2 explains how the
optimisation tool is set up and finally, the results are discussed in Section 6.3.

6.1. Coding gain

Coding gain is the decrease in the required E,/N, for the same BER by the use of
an error-correction code compared to an uncoded system [67]. This means that the
same BER can be achieved by using less power or a lower energy-per-bit is required.
To define the coding gain of SCCC, firstly the required energy-per-bit to noise density
ratio needs to be found for an uncoded signal. Looking at Figure 6.1 and using a
Web Plot Digitizer, a value of 13.35 dB is found as f,—o at a BER of 107°¢ for QPSK
modulation. For 8PSK modulation, a value of 18.75 dB is found at a BER of 10~ and
for 16APSK it ranges from 20.75 to 21.2 dB. The constellation of 16APSK consists
of two rings and the radius ratio of these two rings differs for the ACM formats with
16APSK modulation. This results in a range of required E,/N, for the options with
16APSK modulation [21]. One problem still is that these are the E,/N, and thus this
needs to be converted to £,/N, using Equation 6.1.
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0t ACM 1-6 (QPSK) -
ACM 7-12 (8PSK) -e-

ACM 13-14 (16APSK)

1075+ ACM 15 (16APSK)

ACM 16 (16APSK)

ACM 17 (16APSK) -
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E/N, [dB]

Figure 6.1: BER on Linear AWGN Channel for PSK/APSK Constellations Adopted by the
ACM Formats (Uncoded BER) [21]
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Ey E.
— = ——10log1 — 10log 1 A
No N, 0log 10(k) 0log 10(r) (6.1)

where f,—o is the energy-per-symbol to noise density, k is the number of bits per symbol
and r represents the code rate. As for Figure 6.1, it is uncoded an thus it has a code
rate of one resulting in the last term of this equation being zero. By using Equation 6.1,
and the values mentioned above for the £: of QPSK and 8PSK, an E" of 10.34, 13. 98
and arange of 14.73t0 15.18 dB are found for QPSK, 8PSK and 16APSK respectively
at a BER of 1075.

Similarly to before, the required energy-per-bit to noise density can be found for the
cases where SCCC is applied. This is shown in Figure 6.2 for the ACM formats one
to twelve which corresponds with QPSK and 8PSK modulation.

ACM 1
ACM 2
ACM 3
ACM 4
ACM 5
ACM 6
ACM 7
ACM 8
ACM 9

ACM 10

ACM 11

ACM 12

2 3 4 5 6 7 8 9 10 11 12
Ey/N, [dB]

ARARAREERLEE:

Figure 6.2: BER on Linear AWGN Channel for ACM Formats from 1 to 12 (PSK
Modulations) [21]

The same needs to be done for 16APSK, which corresponds to ACM format thirteen
to seventeen and can be seen in Figure 6.3. ACM formats 18 till 27, corresponding to
32APSK and 64APSK, are also shown in this figure, however these are not considered
as an option for the ARRAKIHS mission due to the low robustness to noise and thus
a very high required .
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Figure 6.3: BER on Linear AWGN Channel for ACM Formats from 13 to 27 (APSK

Modulations) [21]

The coding gain can then be found by taking the difference between the required
energy-per-bit to noise density of the uncoded system and the SCCC coded one. This

results in Table 6.1.

Table 6.1: Theoretical required E; /N, and coding gain per ACM format up to ACM format 17
in Linear AWGN channel

Req E,/N, | Coding gain
ACM | Code rate CE dB]/ BER 3096 [ dé@]’
1 0.36 0.90 9.44
2 0.43 1.08 9.26
3 0.52 1.44 8.90
4 0.61 1.87 8.47
5 0.70 2.39 7.95
6 0.81 3.30 7.04
7 0.46 2.41 11.57
8 0.54 2.90 11.08
9 0.61 3.50 10.48
10 0.70 4.45 9.53
11 0.79 5.40 8.58
12 0.88 6.69 7.29
13 0.59 4.45 10.73
14 0.66 5.03 10.15
15 0.73 5.67 9.06
16 0.80 6.50 8.23
17 0.87 7.58 7.15

Other considered options for the ARRAKIHS mission are OQPSK and 8PSK modula-
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tion with Reed-Solomon (RS) coding and OQPSK and 8PSK modulation with concate-
nated coding of RS + Convolutional code. The coding gain for Reed-Solomon only at
BER of 107¢ equals 6.2 dB with a code rate of 0.88 according to ECSS-E-ST-50-01C
[68], which can be seen in Table 6.2.

Table 6.2: Code rate and coding gain of (255, 223) Reed-Solomon code [68]

, Coding gain @
Coding Scheme Code rate BER 10 [dB]
(255, 223) Reed-Solomon 0.88 6.2

The coding gain of a punctured convolutional code only with a code rate of 7/8 at
BER of 107 equals only 3.9 dB [68]. This shows that Reed-Solomon achieves higher
coding gains for the same code rate and on top of this, Reed-Solomon is better at
correcting burst errors [69]. The advantage of convolutional coding is that it is better
suited for random errors [69]. Even with this advantage, Reed-Solomon is deemed to
be the superior one of the two if a choice had to be made. However, a combination
of the two can exploit the advantages of both coding types and thus a concatenated
code of the two is also a considered option during the optimisation. The code rates
and coding gains of the concatenated options are shown in Table 6.3, which are found
in ECSS-E-ST-50-01C [68].

Table 6.3: Code rate and coding gains of concatenated (255, 223) Reed-Solomon and
punctured convolutional code [68]

, Coding gain @
Coding Scheme Code rate BER 10-° [dB]
(255, 223) R_S and punctured 0.76 770
convolutional rate 7/8
(255, 223) R_S and punctured 0.73 8.40
convolutional rate 5/6
(255, 223) RS and punctured 0.66 9.60
convolutional rate 3/4

Using the previously found required ﬁ—g for uncoded OQPSK, 8PSK and 16APSK, the
required ﬁ—g with Reed-Solomon coding only can be found and is shown in Table 6.4.

Table 6.4: Theoretical required E,/No for the Reed-Solomon code options

Modulation/Coding Scheme

Req £, /Ny [dB]

OQPSK with Reed-Solomon 414
8PSK with Reed-Solomon 7.78
16APSK with Reed-Solomon 8.98
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The same can be done for the concatenated coded options and the results for the
required E,/N, are shown in Table 6.5.

Table 6.5: Theoretical required E;, /N, for the concatenated RS and convolutional code

options
Modulation/Coding Scheme Req E,/N, [dB]
OQPSK with RS and punctured
. 3.64
convolutional rate 7/8
8PSK with RS and punctured
. 6.28
convolutional rate 7/8
16APSK with RS and punctured
) 7.48
convolutional rate 7/8
OQPSK with RS and punctured
. 1.94
convolutional rate 5/6
8PSK with RS and punctured
. 5.58
convolutional rate 5/6
16APSK with RS and punctured
) 6.78
convolutional rate 5/6
OQPSK with RS and punctured
. 0.74
convolutional rate 3/4
8PSK with RS and punctured
) 4.38
convolutional rate 3/4
16APSK with RS and punctured
) 5.58
convolutional rate 3/4

This shows that SCCC can achieve higher coding gains compared to Reed-Solomon
coding and concatenated coding, however this is also due to having a lower code
rate. This thus means that more coding is applied which results in a higher occu-
pied bandwidth. This proves the necessity of an optimisation process to find the best
combination.

6.2. Optimisation set-up

The idea of the optimisation tool is presented in Figure 6.4, where the blue boxes are
the inputs, the orange one is the optimisation process itself and the green one is the
result.
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Modulation and Signal-to-Noise Maximum Occupied
coding schemes Margin Bandwidth

| |
l

Optimisation tool

l

Option with highest
possible data rate

Generated LEDF File

Figure 6.4: Diagram of the optimisation tool set-up

The optimisation tool uses the generated LBDF file as an input and thus the values
are extracted from this file in the same way as it is done for the verification process.
Secondly, the required energy-per-bit to noise density and code rate have to be de-
fined for every considered option. These values are presented in Section 6.1. The
final inputs to set are the constraints which are a maximum OBW of 10 MHz and a
minimum link margin of 3 dB. Once all the inputs are set, the actual optimisation can
be started. There are 29 considered options of which 17 with SCCC coding, three with
Reed-Solomon coding and nine with concatenated coding. For every considered op-
tion, the tool loops through a range of bandwidths starting at 1 Hz until the constraint
of a maximum occupied bandwidth of 10 MHz in ten thousand steps. This means that
a step increase of 999.99 Hz is applied. This range starts at 1 Hz instead of 0 Hz be-
cause an occupied bandwidth of 0 Hz would result in a data rate of 0 bps. To calculate
the SNR, the data rate is converted to dB using a logarithmic function as can be seen
in Equation 5.15. This conversion is not possible when the data rate would be 0 Hz
and this is why the range starts at 1 Hz. The ten thousand steps taken in this range is
found iteratively. On the first try, a thousand steps was chosen, however this resulted
in some options having a link margin of 3.01 dB. This shows that not the full limits are
used and there is room for more optimisation. The accuracy of the tool should thus be
improved by decreasing the step size and thus increasing the number of steps. The
number of steps was increased with a factor of 10 and 100. In the latter case, the
tool took eight times longer to run compared to the factor increase of 10, while the
performance was the exact same rounded to four decimals. This shows that having
ten thousand steps results in a high accuracy while being much faster than the option
with one hundred thousand steps and this is why it was opted to have ten thousand
steps.

The next step is to take Radio Frequency (RF) filtering into account. A Squared Root
Raised Cosine (SRRC) filter is used for pulse shaping with as goal to minimise inter-
symbol interference and to control the spectral width [70]. The bandwidth occupied by
the transmitted signal is restricted by filtering and thus less data can be transmitted
when a high roll off factor is used. The roll-off factor indicates how much filtering is
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applied and should be a value between 0 and 1 with typical values used between 0.2
and 0.5. The CCSDS often opts for 0.35 [43] which is also used in this case. This
results in the following relation between the bandwidth, symbol rate and the roll-off
factor as can be seen in Equation 6.2 [71].

B=R,*x(1+a) (6.2)

For every bandwidth in the loop, the symbol rate can be calculated using a roll-off
factor of 0.35. From this, data rate can be calculated by multiplying the symbol rate
by the code rate and the number of bits per symbol, as can be seen in Equation 6.3.

Rb:Rs*T*/{Z (63)

The bit rate is then used to calculate the SNR margin using Equation 6.4. Every time
that the link margin is below the threshold of 3 dB as specified in ARK-REQ-2, the
value for the best data rate is updated to the corresponding one. This loop continues
until either the occupied bandwidth limit of 10 MHz (ARK-REQ-1) is reached or the
link margin goes below the threshold of 3 dB (ARK-REQ-2). The optimisation process
is thus a brute force optimisation which is deemed feasible because the number of
options considered is very limited.

E
SNR[dB] = % —101log,(Ry) — (ﬁ) (6.4)
req

6.3. Optimisation results

The results of the optimisation process for the options with SCCC coding are shown in
Table 6.6. The table presents the modulation type, coding applied, the code rate, the
maximum achievable data rate, the occupied bandwidth, the required ﬁ—g and finally
the achieved signal-to-noise ratio margin. It can be seen that for ACM formats 1 till
11 together with formats 13 and 14, the occupied bandwidth is the limiting factor. For
the other considered options using SCCC, the SNR margin is the limiting factor of the
optimisation.
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Table 6.6: Results of the optimisation showing the maximum possible data rate for every
considered option using SCCC coding

. : Max data | OBW | ReqE,/Ny SNR
ACM | Modulation | Coding | Code rate rate [Mbps] | [MHZ] [dB]/ margin [dB]

1 QPSK SCCC 0.36 5.33 10.00 0.90 13.82
2 QPSK SCCC 0.43 6.37 10.00 1.08 12.87
3 QPSK SCCC 0.52 7.70 10.00 1.44 11.68
4 QPSK SCCC 0.61 9.04 10.00 1.87 10.56
5 QPSK SCCC 0.70 10.37 10.00 2.39 9.44
6 QPSK SCCC 0.81 12.00 10.00 3.30 7.90
7 8PSK SCCC 0.46 10.22 10.00 2.41 9.48
8 8PSK SCCC 0.54 12.00 10.00 2.90 8.30
9 8PSK SCCC 0.61 13.56 10.00 3.50 7.7
10 8PSK SCCC 0.70 15.56 10.00 4.45 5.62
11 8PSK SCCC 0.79 17.56 10.00 5.40 4.15
12 8PSK SCCC 0.88 16.98 8.68 6.69 3.00
13 16APSK | SCCC 0.59 17.48 10.00 4.45 5.1
14 16APSK | SCCC 0.66 19.56 10.00 5.03 4.05
15 16APSK | SCCC 0.73 21.48 9.93 5.67 3.00
16 16APSK | SCCC 0.80 17.74 7.48 6.50 3.00
17 16APSK | SCCC 0.87 13.83 5.37 7.58 3.00

The results of the optimisation for the options with Reed-Solomon coding or concate-
nated coding of Reed-Solomon and Convolutional Code (CC) are shown in Table 6.7.
For the OQPSK with Reed-Solomon coding, again the occupied bandwidth restricts
the maximum data rate while for the 8PSK and 16APSK with Reed-Solomon, it is
again the SNR margin. The options with concatenated coding are all bandwidth lim-
ited except for the ones with 16APSK modulation and a code rate of 0.73 and 0.76.

Those are link margin limited.
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Table 6.7: Results of the optimisation showing the maximum possible data rate for every
considered option using Reed-Solomon or Reed-Solomon concatenated with Convolutional

code
. . Max data | OBW | ReqFE;,/Ny SNR
Modulation | Coding | Code rate rate [Mbps] | [MHz] [dB]/ margin [dB]

OQPSK RS 0.88 12.92 10.00 4.14 6.74
8PSK RS 0.88 13.22 6.82 7.78 3.00
16APSK RS 0.88 10.02 5.17 8.98 3.00
OQPSK | RS+CC 0.76 11.30 10.00 3.64 7.82
8PSK RS+CC 0.76 16.96 10.00 6.28 3.42
16APSK | RS+CC 0.76 14.16 6.26 7.48 3.00
OQPSK | RS+CC 0.73 10.81 10.00 1.94 9.71
8PSK RS+CC 0.73 16.22 10.00 5.58 4.31
16APSK | RS+CC 0.73 16.63 7.69 6.78 3.00
OQPSK | RS+CC 0.66 9.75 10.00 0.74 11.36
8PSK RS+CC 0.66 14.62 10.00 4.38 5.96
16APSK | RS+CC 0.66 19.50 10.00 5.58 3.51

From the two tables, it can be seen that the option with the highest possible data rate
is ACM format 15, corresponding to 16APSK modulation with SCCC coding with a
code rate of 0.73. The details of this option are shown in Table 6.8.

Table 6.8: The optimal modulation/coding scheme showing the maximum possible data rate

Optimal modulation/coding scheme

ACM 15
Modulation 16APSK
Coding SCCC

Code rate 0.73

Maximum data rate [Mbps] 21.48
Occupied bandwidth [MHZz] 9.93
Required E;,/N, [dB] 5.67
SNR margin [dB] 3.00

However, this is just by looking purely at the maximum performance. But this is not
the only aspect that should be taken into account. Other factors to look at are the
availability and the cost. To get a better understanding of this, a X-band transmitter
supplier was contacted. After discussions with this supplier about the requirements
and specifications needed for the ARRAKIHS mission, two proposals were made. One
for OQPSK and 8PSK with Reed-Solomon coding or concatenated coding and another
proposal for QPSK and 8PSK with SCCC coding. It should be noted that neither
proposal includes the option for 16APSK modulation. To include this option, hardware
changes to the transmitter are required which could only be proposed in a later stage.
These changes will off course introduce extra costs. This means that the options with
modulation 16APSK are eliminated. The second best option, in terms of performance,
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is ACM format eleven, corresponding to 8PSK modulation and SCCC coding with a
code rate of 0.79, which now becomes the best option with the elimination of 16APSK.
The newly selected option has a highest possible data rate of 17.56 Mbps and the
details are shown in Table 6.9. It shows that this option is bandwidth limited.

Table 6.9: The optimal modulation/coding scheme showing the maximum possible data rate
excluding the 16 APSK options

Optimal modulation/coding scheme
excluding 16APSK

ACM 11
Modulation 8PSK
Coding SCCC
Code rate 0.79

Maximum data rate [Mbps] 17.56
Occupied bandwidth [MHZz] 10.00
Required E,/N, [dB] 5.40
SNR margin [dB] 4.15

The third factor that was mentioned to be included is the cost. The proposals showed
a significant difference in cost in favour of the Reed-Solomon coding or concatenated
coding option compared to SCCC" 2. This cost increase is discussed internally within
the ARRAKIHS team and is deemed to be too significant. This means that options
including SCCC coding are eliminated, resulting in a choice reduction to either an op-
tion with Reed-Solomon coding or concatenated coding. The best performing one of
these is the option of 8PSK modulation with concatenated coding of Reed-Solomon
and convolutional code with a combined code rate of 0.76. This option has a maxi-
mum data rate of 16.96 Mbps. It achieves a link margin of 3.42 dB while occupying
the maximum allowed bandwidth of 10 MHz. The details of this option are shown in
Table 6.10.

Table 6.10: The optimal modulation/coding scheme showing the maximum possible data
rate taking into account the cost

Optimal modulation/coding scheme
including cost
Modulation 8PSK
Coding RS +
convolutional

Code rate 0.76
Maximum data rate [Mbps] 16.96
Occupied bandwidth [MHZz] 10.00
Required E,/N, [dB] 6.28
SNR margin [dB] 3.42

'Data obtained through communication with X-band transmitter supplier.
2The exact values can not be specified due to commercial reasons.



7.

Conclusions

This thesis set out to develop a conversion tool to convert the satellite link budget data
from Redwire Space’s calculation tool to the LBDF standard and study the impact of
this tool.

What is the impact of the model based system engineering approach of the
LBDF?

Once the tool was successfully created, tested and validated, the actual impact could
be studied by interviewing Redwire Space and ESA employees.

(a) What is the time saved using the tool compared to the outdated method?

During the outdated method, it took a minimum of 24 hours to verify the link bud-
gets during the mission design phase of one mission. While with the LBDF tool,
it only takes around 1.8 hours which results in a time reduction of 92.5%. More
details can be found in question 2 and 5 of Subsection 4.6.1.

(b) What is the error reduction due to the elimination of the manual copy-paste pro-

()

cess of the data to and from the link budget tables?

No exact data has been collected on how many errors were made in the past,
however, the interviews made clear that errors occurred quite often to even ev-
ery time. It was considered part of the process. This is fully eliminated using the
LBDF tool as the import and exportation process is fully automated. No more
manual mistakes can be made. More details can be found in question 4 and 6
of Subsection 4.6.1.

What is the cost reduction that can be achieved with LBDF?

After taking the time savings and the salary of an ESA engineer into account, it
was found that €855.2 can be saved during every mission. This does not take
into account the potential errors made during the manual copy-paste method
and having to start over again. However, with or without the errors made, the
cost savings are insignificant compared to the total budget of ESA. So relatively
speaking, the impact on the cost can be neglected. More details can be found
in Subsection 4.6.1.

How is the operability of the tool?

It can be concluded that the tool is very straightforward and easy to use, es-
pecially with the user manual. The preparation steps are clearly defined and
the asked user inputs are very simple. An in-person training is always recom-
mended as this can clear up any doubts. More details can be found in question
11 and 12 of Subsection 4.6.1.
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(e) What is the adaptability of the tool?

Adding parameters seems straightforward, however an in-person explanation is
again recommended to avoid any confusions. On top of this, a ReadMe file was
proposed to explain what each part of the code does and how it can be edited
without breaking the code. An in-person training is definitely recommended for
this as editing a code created by someone else can be tricky. More details can
be found in question 11 and 12 of Subsection 4.6.1.

It can be concluded that the tool has a great impact on the time and error reduction. It
also reduced the number of misunderstanding and unclarities by having a fixed format
and clearly defined parameters. The impact on the cost is concluded to be insignifi-
cant as it is very small compared to the immense budget of ESA. This means that the
tool mainly makes the life of the engineers much easier with regards to the link budget
data exchange and verification process due to the automatisation.

Secondly, the output of the conversion tool is used as an input for the verification of the
ARRAKIHS link budget. The S-band uplink, S-band low data rate downlink, S-band
high data rate downlink and the X-band downlink are all successfully verified. This
tool is integrated into the conversion tool and thus a single tool converts the satellite
link budget, validates the generated LBDF file against the XSD files and finally verifies
the calculations. This means that if all steps are successful, the file is ready to be sent
to ESA for a cross-check.

What is the most suitable modulation and coding scheme for the ARRAKIHS
mission?

Another goal was to find the theoretical optimal modulation and coding scheme for the
ARRAKIHS mission. The theoretical exercise showed that the most suitable option
was 8PSK modulation with concatenated coding of Reed-Solomon and convolutional
code with code rate of 7/8, however this does not necessarily mean that this option
is baselined for the ARRAKIHS mission. This option provides a maximum possible
data rate of 16.96 Mbps, has an occupied bandwidth of 10.00 MHz and achieves a
link margin of 3.42 dB. This was found by answering the following sub-questions.

(a) What is the coding gain of the considered coding types SCCC, Reed-Solomon
and concatenated coding?

The coding gain of SCCC ranges from 7.04 dB to 11.57 dB depending on the
ACM format. The coding gain for Reed-Solomon is 6.2 dB with a code rate
of 0.87 while the coding gain for concatenated coding of Reed-Solomon and
convolutional code ranges from 7.70 to 9.60 dB depending on the code rate of
the convolutional code. More details can be found in Section 6.1.

(b) What is the maximum data rate each configuration can achieve?

The maximum data rate achieved ranges from 5.33 to 21.48 Mbps for the SCCC
options while it ranges from 9.75 to 19.50 Mbps for the Reed-Solomon and con-
catenated code options. More details can be found in Section 6.3.
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(c) What is the cost difference between the coding types?

Two proposals from a X-band transmitter supplier showed that the option includ-
ing SCCC was significantly more expensive compared to the option with Reed-
Solomon or concatenated coding. More details can be found in Section 6.3.

(d) What is the availability of the modulation and coding schemes in practice?

The same proposals showed that the options with 16APSK could not be pro-
posed at the moment of request. Hardware changes were required for this and
could only be proposed in later stages. This would also add extra costs. More
details can be found in Section 6.3.

This shows that the impact of the conversion tool does not stop at only the directimpact
of time saved, cost saved and errors reduced during the data exchange process. It
also creates opportunities to use the generated LBDF file as an input for other tools
within the company itself. These tools can then make the life of the engineers at
Redwire Space easier, processes faster and results more accurate.



8. Recommendations

The first recommendation is that the conversion tool was designed with the primary
goal of working for the ARRAKIHS link budget Excel file. This Excel file has been
adapted in such a way that it works smoothly and a perfect conversion can be exe-
cuted and thus this file has become the template for other satellite link budges. The
tool has been tested by an independent person at Redwire Space by using this tem-
plate for a different mission. However, this is only for two missions that the tool has
actually been used. Further testing, by using the tool for other missions, is thus defi-
nitely recommended to make sure that there are no bugs in the conversion tool.

A second recommendation relating to the conversion tool is that the tool can be ex-
tended further. As mentioned, the tool was created with the primary goal of working
for the ARRAKIHS mission. For this, only three types of conversion are included
in the tool, namely 'Uplink’, 'TT&C’ and 'PDT’. However, there exist more types of
link budgets such as an intersatellite link for example. As this was not applicable to
ARRAKIHS, it is not included as an option at the moment. However, for future mis-
sions, it could become relevant to have this as an option and thus it is recommended
that the tool is expanded to include these possibilities.

The third recommendation is that the optimisation tool is created for the ARRAKIHS
mission and thus includes only modulation/coding options that were considered for this
mission. This means that only QPSK, 8PSK and 16 APSK with SCCC, corresponding
to ACM formats 1-17, are included together with OQPSK, 8PSK and 16APSK with
Reed-Solomon coding and concatenated coding. This could be extended to other
modulation or coding types to increase the capabilities of the tool for other missions.
An extra addition that could be made is to ask the user which modulation and coding
types should be included in the analysis. This creates the opportunity for the user to
make an easy selection. Right now it includes all the options defined, but this should
not always be the case.
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A. Satellite link budget table

Page 1

1 Owner CCSDS Agency
2 MName of Mission
3 Mame of Spacecraft
4 Mission Category
a. A= Alt<2,000,000 km
b. B = Alt=2000,000 km
5 Link Budget Number
6 Revision Mo. / Conditions
7 Date
8 File Name
Project MName:
Cognizant Person Title:
Address:
]
Telephone No:
Fax No:
Email:
Metwork Mame:
Cognizant Person Address:
10
Telephone No:
FAX No:
Email:

Figure A.1: CCSDS Link Design Control Table General Information [43]
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62

Page 2
(l EARTH-SPACE LINK SPACE-EARTH LINK
[E’'S TRANSMITTING RF CHANNEL: S/C TRANSMITTING RF CHANNEL:
1 RF Carrier Modulation 11 RF Carrier Modulation
a. Ch1 Type a. Ch1Type
b. Ch 1 Format b. Ch 1 Format
c. Ch 2 Type c. Ch2 Type
d. Ch 2 Format d. Ch 2 Format
|E/'S TRANSMITTING DATA CHANNEL: S/C TRANSMITTING DATA CHANNEL:
2 Baseband Data 12 Baseband Data
a. Ch 1 Bit Rate, b/s a. Ch 1 Bit Rate, kb/s
b. Ch 1 Bit Error Rate b. Ch 1 Bit Error Rate
c. Ch 2 Bit Rate, b/s ¢. Ch 2 Bit Rate, kb's
d. Ch 2 Bit Ermor Rate d. Ch 2 Bit Error Rate
3 Data Coding 13 Data Coding
a. Ch1 Type a. Ch 1 Rate
b. Ch 1 No. Info Bits b. Ch 1 Constraint Length
c. Ch 1 Block Length €. Ch 1 Concatenated Code
d. Ch 1 Data/Total Bits
d. Ch2 Type e Ch 2 Rate
g. Ch 2 No. Info Bits f. Ch 2 Constraint Length
f. Ch 2 Block Length g. Ch 2 Concatenated Code
h. Ch 2 Data/Total Bits
4 Subcarrier 14 Subcarmier
a. Ch 1 Waveform a. Ch 1 Waveform
b. Ch 1 Frequency b. Ch 1 Frequency
c. Ch 1 Mod Type c. Ch 1 Modulation Type
d. Ch 2 Waveform d. Ch 2 Waveform
g. Ch 2 Frequency e Ch 2 Frequency
f. Ch 2 Mod Type f. Ch 2 Modulation Type
|[E'S TRANSMITTING RNG CHANNEL: S/C-E/S RNG CHANNEL:
5 a. System Type 15 a. Code Regeneration
b. Tone/Code Wavirm b. Coherent Ops Reqgd
c. Highest Frequency Cc. Required Accuracy (m)
d. Lowest Frequency d. Bandwidth T/C 1 (Hz)
e. Total Comp Mo. e. Bandwidth T/C 2 (Hz)
[EARTH-TO-SPACE PATH PERFORMANCE: SPACE-TQ-EARTH PATH PERFORMANCE:
] a. Weather Avail (%) 16 a. Weather Avail (%)
b. S/C Distance {km) b. S/C Distance {km)

Figure A.2: CCSDS Link Design Control Table Communication System Operating

Conditions [43]



Page 3

MISSION AND SPACECRAFT CHANMEL 1 CHANNEL 2
UNITS | DESIGN FAV ‘ ADV DESIGN FAV ‘ ADV
VALUE TOL TOL VALUE TOL TOL
E/S TRANSMITTING RF CARRIER CHANNEL PARAMETERS:
1 Transmitter Power dBW
2 Transmitter Frequency MHz
3 Antenna Gain | dBi
4 Antenna Circuit Loss dB
5 Antenna Pointing Loss dB
E/S TRANSMITTING DATA CHANNEL PARAMETERS:
B Information Bit Rate bis
7 Subcarrier Frequency kHz
8 Subcarrier Waveform Sin=5g
9 RF Modulation Index Rad-pk
E/S TRANSMITTING RANGING CHANNEL PARAMETERS:
10 Simultaneous With Data Yes-No
11 Ranging Waveform Sin-5q
12 a. Mod Index Tone/Code 1 Rad-pk
b. Mod Index Tone/Code 2 Rad-pk
EARTH-TO-SPACE PATH PARAMETERS:
13 Topocentric Range km
14 Atmospheric Attenuation dB
15 lonospheric Loss dB
16 Antenna Elevation Angle deg
S5/C RECEIVING RF CARRIER CHANNEL PARAMETERS:
17 Antenna Gain dBi
18 Polarization Loss dB
19 Antenna Pointing Loss dB
20 Antenna Circuit Loss dB
21 Carrier Circuit Loss dB
22 Toial Moise Temperature K
a. Receiver Operating Temp K
b. Feed Through MNoise K
c. Hot Body Noise K
23 Threshold Loop Noise BW Hz
24 Reqd Threshold SNRin 2 BLO dB
S5/C RECEIVING DATA CHANNEL PARAMETERS:
25 Phase Jitter Loss dB
26 Demodulator ! Detector Loss dB
27 Waveform Distortion Loss dB
28 Max Rng Interference to Data dB
29 Reqd Data Ew/N, dB
S/C RECEIVING RNG CHANNEL PARAMETERS:
30 Ranging Demodulator Loss dB
3 Ranging Filter Bandwidth MHz
32 Required Tone/Code 1 SNR dB
33 Required Tone/Code 2 SNR dB

Figure A.3: CCSDS Link Design Control Table Earth-Space Link Input Data Sheet [43]
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C. Link Budget Digital Format Struc-
ture

{
H § H
CREELE

Figure C.1: Link Budget Digital Format Structure in UML [48]
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D. Converted LBDF file

This example shows a TT&C S-band link budget in LBDF format. This is a dummy file
and thus does not correspond to any ongoing mission.

¥ <lbdf xmlns="https://www.esa.int/LBDF">
v<tte_link_budget spacecraft_name="" mission_category="A" date_time="2026-01-03T16:02:24+901:00" lbdf_version="1.0.9">
<slant_range nom_value="2468.02" adv_value="2489.19" fav_value="2448.77" mean_value="2469.02" unit="km"/>
<orbit_altitude value="858.88" unit="km"/>
<min_elevation_angle value="10.00" unit="deg"/>
<coherency coherent_freq_ratio="221/248 (5/5)"/>
¥ <uplink>
v <tc mod_scheme="0QPSK - SRRC ©.5" coding="BCH_SEC_DED">»
<freq nom_value="2200.00" adv_value="2200.088" fav_value="2200.80" unit="MHz"/>
<bit_rate value="100.00" unit="kbps"/>
<req_error_rate value="1e-87" unit="FER"/>
<req_eb_n@ value="8" unit="dB"/>
</t
¥ <prop>
<ionospheric_loss nom_value="0.00" adv_value="0.1@" fav_value="0.00" mean_value="0.05" variance="0.00" pdf="GAU" unit="dB"/>
<atmospheric_loss nom_value="1.30" adv_value="2.88" fav_value="1.80" mean_value="1.50" variance="0.01" pdf="GAU" unit="dB"/>
</prop>
¥ rx>
<g_over_t nom_value="-32.29" adv_value="-34.74" fav_value="-29.77" mean_value="-32.26" unit="dB/K"/>
<noise_figure nom_value="3.30@" adv_value="3.58" fav_valu 3.18" unit="dB"/>
<acquisition_thr nom_value="-124.20" adv_value="-124.80" fav_value="-124.40" unit="dBm"/>
<acq_pll _bw nom_value="580.00" adv_value="680.80" fav_value="480.8@" unit="Hz"/>
<acqg_req_sn value="18.60" unit="dB"/>
<acq_impl_loss nom_value="1.50" adv_wvalue="1.78" fav_value="1.30" mean_value="1.5@" variance="0.01" pdf="TRI" unit="dB"/>
<tracking_thr nom_value="-1@7.89" adv_value="-187.39" fav_value="-108.39" unit="dBm"/>
<trk_pll bw nom_value="0.00" adv_value="0.08" fav_value="0.0@" unit="Hz"/>
<trk_req_sn value="8.80" unit="dB"/>
<trk_impl_loss nom_value="0.00" adv_value="0.00" fav_value="0.00" unit="dB"/>
¥ <rx_antenna>
<gain nom_value="2.08" adv_value="0.508" fav_value="3.58" mean_value="2.80" variance="@.38" pdf="TRI" unit="dBi"/>
<axial_ratio nom_value="8.5@" adv_value="10.50" fav_value="6.5@" unit="dB"/>
<pointing_loss nom_value="0.00" adv_value="0.88" fav_value="0.00" mean_value="0.00" variance="0.0@" pdf="TRI" unit="dB"/>
<noise_temperature nom value="188.80" adv_value="195.80" fav_value="165.00" unit="K"/>
</rx_antenna>
v<rx_rfdn>
<rfdn_tot_losses nom_value="3.35" adv_value="3.55" fav_value="3.15" mean_value="3.35" variance="0.01" pdf="UNI" unit="dB"/>
<vswr_loss nom_value="0.18" adv_value="0.24" fav_value="0.12" mean_value="0.18" variance="0.00" pdf="TRI" unit="dB"/>
<fry_rfdn>
</
¥ <t
<eirp nom_value="84.52" adv_value="84.05" fav_value="84.99" mean_value="84.52" variance="0.84" unit="dBm"/>
<tx_power nom_value="48.00" adv_value="47.93" fav_value="48.07" mean_value="48.080" variance="0.00" pdf="TRI" unit="dBm"/>
¥<gs_antenna>
<circuit_loss nom_value="5.80" adv_value="5.10" fav_value="4.9@" mean_value="5.80" variance="0.00" pdf="UNI" unit="dB"/>
<antenna_gain nom_value="41.92" adv_value="41.72" fav_value="42.12" mean_value="41.92" variance="0.01" pdf="UNI" unit="dBi"/>
<antenna_axial_ratio nom_value="1.68" adv_value="2.08" fav_value="0.5@" unit="dB"/>
<pointing_loss nom_value="0.40" adv_value="0.5@" fav_value="0.30" mean_value="0.48" variance="0.0@" pdf="UNI" unit="dB"/>
<radome_loss nom_value="0.08" adv_value="0.00" fav_value="0.00" mean_value="0.80" variance="0.00" unit="dB"/>
</gs_antenna>
< x>
<data_mod_index nom_value="1.88" adv_value="1.05" fav_value="0.95" unit="rad_pk"/>
Y<rs_rs>
<free_space_loss nom_value="167.15" adv_value="167.22" fav_value="167.08" mean_value="167.15" unit="dB"/>
<polarization_mismatch nom_value="0.37" adv_value="0.56" fav_value="0.89" mean_value="0.32" variance="0.02" pdf="UNI" unit="dB"/>»
<total_propagation_loss nom_valu 168.82" adv_value="169.87" fav_value="168.17" mean_value="169.82" unit="dB"/>
<sn@ nom_value="82.01" adv_value="78.03" fav_value="85.65" mean_value="81.84" variance="8.45" unit="dB*Hz"/>
</rs_rs»

Figure D.1: Part 1 of the dummy TT&C S-band link budget in LBDF format
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¥ <ca_rs»
<rx_sn nom_value="12.87" adv_value="11.93" fav_value="11.66" unit="dB"/>
¥ <margin nom_value="33.27" adv_value="27.15" fav_value="38.00" mean_value="32.75" variance="0.70" unit="dB">
<mean_minus_3sigma value="30.24" unit="dB"/>
<margin_minus_wc_rss value="38.89" unit="dB"/>
</margin>
<fca_rs»
v <ct_rs»
<carrier_suppression nom_value="2.00" adv_value="2.58" fav_value="2.88" mean_value="2.22" variance="0.82" pdf="TRI" unit="dB"/>
<rx_cn nom_value="51.52" adv_wvalue="45.97" fav_value="56.25" unit="dB"/>
<rx_cn@ nom_value="82.01" adv_value="78.03" fav_value="85.65" mean_value="81.84" varianc
¥<margin nom_wvalue="37.44" adv_walue="33.76" fav_value="40.72" mean_walue="31.84" variance=
<mean_minus_3sigma value="29.06" unit="dB"/>
<margin_minus_wc_rss value="35.73" unit="dB"/>
</margin>
<fct_rs»
¥ <dr_rs>
<modulation_loss nom_value="1.5@" adv_value="1.24" fav_value="1.79" mean_value="1.51" variance="0.01" pdf="TRI" unit="dB"/>
<rx_ebn@ nom_valu 29.51" adv_value="24.29" fav_value="33.06" unit="dB"/>
¥ <margin nom_value="21.51" adv_value="14.69" fav_value="23.46" mean_value="19.3@" variance="0.59" unit="dB">
<mean_minus_3sigma value="16.99" unit="dB"/>
<margin_minus_wc_rss value="19.12" unit="dB"/>
</margin>
<fdr_rs>»
</uplink>
¥ <downlink>
v <tme
<freq nom_value="2200.00" adv_value="2200.00" fav_value="2200.00" unit="MHz"/>
<bit_rate value="980.88" unit="kbps™/>
<req_error_rate value="1e-87" unit="FER"/>
<req_eb n@ value="3.1" unit="dB"/>
¥ <standard_mod_coding mod_scheme="0QPSK - SRRC @.5">
¥ <tm_coding>
<reed_solomon i="5" e="16" b_c="2"/>
</tm_coding>
</standard_mod_coding>
</tm>
¥ <prop>
<ionospheric_loss nom_value="8.80" adv_value="8.1@" fav_value="8
<atmospheric_loss nom_value="1.3@" adv_value="2.0@" fav_value="1.
</prop>
¥Lrx>
<g_over_t nom value="17.7@" adv_value="17.29" fav_value="18.51" mean_value="17.90" variance="0.82" unit="dB/K"/>
<noise_figure nom_value="2.88" adv_value="2.28" fav_value="1.88" unit="dB"/>
<antenna_noise_temp nom_value="58.00" adv_value="58.00" fav_value="58.00" unit="K"/>
<demod_tech_loss nom value="1.88" adv_value="1.8@" fav_value="0.90" mean_value="0.97" variance="0.00" pdf=
<req_cn_tracking nom_value="17.0@" adv_value="17.80" fav_value="17.08" mean_value="17.0@" unit="dB"/>
<pll_bw_2bl nom value="200.00" adv_value="200.00" fav_value="200.00" mean_value="200.00" unit="Hz"/>
<radome_noise_temp nom_value="0.00" adv_value="0.00" fav_value="0.80" unit="K"/>
¥<gs_antenna>
<circuit_loss nom_value="@.78" adv_value="@.98" fav_value="0.58" unit="dB"/>
<antenna_gain nom_value="41.92" adv_value="41.72" fav_value="42.12" mean_value="41.92" variance="0.01" pdf="UNI" unit="dBi"/>
<antenna_axial ratio nom_wvalue="1.68" adv_wvalue="2.88" fav_value="0.50" unit="dB"/»
<pointing_loss nom_value="0.82" adv_value="8.04" fav_value="8.@1" mean_value="@.82" variance="0.0@" pdf="UNI" unit="dB"/>
<radome_loss nom value="0.80" adv_value="0.00" fav_value="0.80" unit="dB"/>
</gs_antenna>
</rx>

"0.45" unit="dB*Hz"/>
9.43" unit="dB">

'9.85" varianc
"1.5@" variance=

mean_valu

mean_value;

B"/>

" unit="dB"/>

Figure D.2: Part 2 of the dummy TT&C S-band link budget in LBDF format
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v <t
<eirp nom_value="21.85" adv_value="18.88" fav_value="24.6@" mean_value="21.74" variance= 78" unit="dBm"/>

<tx_power nom_value="25.00" adv_value="24.50" fav_value="25.50" mean_value="25.00" variance="0.84" unit="dBm"/>
¥ <tx_antenna>
<gain nom_value="2.0@" adv_value="0.50" fav_value="3.50" mean_value="2.80" variance="0.38" pdf="TRI" unit="dBi"/>
<axial_ratio nom_value="8.5@" adv_value="10.58" fav_value="6.50" unit="dB"/>
<pointing_loss nom_value="@.8@" adv_value="0.00" fav_value="0.0@" mean_value="0.80" variance="0.80" pdf="TRI" unit="dB"/>
</tx_antennax
¥ <tx_rfdn>
<rfdn_tot_losses nom_value="4.97" adv_value="5.88" fav_value="4,28" unit="dB"/>
<vswr_loss nom_value="0.18" adv_value="0.24" fav_value="0.12" unit="dB" />

<ftx_rfdn>
<t
¥<rs_rs»
<free_space_loss nom_value="167.15" adv_wvalue="167.22" fav_value="167.08" mean_value="167.15" unit="dB"/>
<polarization mismatch nom_value="0.37" adv_value="0.56" fav_value="8.09" mean_value="8.32" variance="0.82" pdf="UNI" unit="dB"/>

<total_propagation_loss nom_value="168.82" adv_value="169.87" fav_value="168.17" mean_value="169.02" unit="dB"/>
<sn@ nom_value="69.33" adv_value="64.98" fav_value="73.54" mean_value="69.22" variance="0.70" unit="dB*Hz"/>
</rs_rs>»
v<pfd_rs>
<power_flux_density nom_wvalue="-170.53" adv_value="-173.57" fav_value="-167.72" mean_value="-178.64" unit="dBW/m"2"/>
<max_flux_density nom_value="-151.5@" adv_value="-151.5@" fav_value="-151.50" unit="dBW/m"2"/>
v<power_flux_density_margin nom_value="19.03" adv_value="22.07" fav_value="16.22" mean_value="19.14" variance="0.0@" unit="dB">
<mean_minus_3sigma value="19.14" unit="dB"/>
<margin_minus_wc_rss value="14.66" unit="dB"/>
</power_flux_density_margin>
</pfd_rs»
¥<ct_rs»
<carrier_suppression nom_value="0.0@" adv_value="0.00" fav_value="0.00" mean_value="0.00" variance="0.00" pdf="TRI" unit="dB"/>
<rx_cn nom_value="51.52" adv_value="45.97" fav_value="56.25" unit="dB"/>»
<rx_cn@ nom_value="82.01" adv_value="78.83" fav_value="85.65" mean_value="81.84" variance="0.45" unit="dB*Hz"/>
¥<margin nom_value="29.32" adv_value="24.89" fav_value="33.53" mean_value="29.21" variance="0.70" unit="dB">
<mean_minus_3sigma value="26.78" unit="dB"/>
<margin_minus_wc_rss value="27.3@" unit="dB"/>
</margin>
<fct_rs>
v <dr_rs>»
<modulation_loss nom_value="8.00" adv_walue="8.80" fav_value="0.00" mean_value="8.00" variance="8.88" pdf="TRI"™ unit="dB"/>
<rx_ebn@ nom_valu ) "4.36" fav_value="13.09" mean_value="8.71" unit="dB"/>
v<margin nom_value="5.69" adv_value="1.26" fav_value="9.99" mean_value="5.61" variance="0.70" unit="dB">»
<mean_minus_3sigma value="3.1@" unit="dB"/>
<margin_minus_wc_rss value="3.67" unit="dB"/>
</margin>
<fdr_rs>»
<f/downlink>»
</ttc_link_budget>
</1bdf>»

Figure D.3: Part 3 of the dummy TT&C S-band link budget in LBDF format
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