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Abstract 
 
AMSAT-UK and the Surrey Space Centre are cooperating in delivering an educational communication 

payload for the ESA European Student Earth Orbiter (ESEO) mission, comprising a payload computer, 

an L-band receiver, an X-Band transmitter, and a transponder. The primary purpose of the payload is 

to provide downlink telemetry that can be easily received by schools and colleges for educational 

outreach purposes [1]. We present the new proposed chains of the X-Band transmitter along with their 

technical configuration. An extensive analysis of the advantages of each system is illustrated to suggest 

the chosen chain to start hardware development. The selected chain involved an X-Band upconverter 

module, a power amplifier, and filtering solutions. We give an outlook on the work performed to 

achieve the key deliverables, which included a hardware design of the upconverter module and a novel 

method to realize an Ultra-Narrowband X-Band bandpass filter with a Q-factor of 1.9 * 10-3. The 

proposed compact transmitter system can transmit +27 dBm at 10.489 GHz with 20 MHz bandwidth 

and a gain of 53.2 dB. 
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1. Introduction           
The European Student Earth Orbiter (ESEO) is a 20 kg 3-axis stabilised and nadir pointing micro-

satellite mission to low Earth orbit at a baseline of 530 km [2]. The payload is a learning opportunity 

for European university students to build, integrate, and test a space system design as part of a hands-

on ESA education office project [3]. Surrey Space Centre, in contribution with AMSAT-UK, is building  

the transceiver and transponder of the payload of this mission [4]. This project aims at designing the 

ESEO X-band transmitter with ultra-narrowband filtering. We will need to create, assess, and develop 

the hardware design of a new chain to transmit +27 dBm at 10.489 GHz with a bandwidth < 200 MHz. 

This will involve partners from AMSAT-UK and other organisations. This report documents the 

development process of the ESEO X-Band transmitter in the context of a hardware RF undergraduate 

project.  

 

The proposed X-Band transmitter is capable of upconverting an input downlink frequency from UHF 

to X-Band with ultra-narrowband filtering through a custom hardware model design. To address the 

aim to design the X-Band transmitter, we set the following deliverables: 

 

1- Propose and assess new transmitter chain links with different topologies and choose the 

optimum design for the application. 

2- Design a hardware model for an X-Band upconverter to achieve the X-Band downlink 

frequency with an output power of +27 dBm.  

3- Design an ultra-narrowband filter with good electrical performance for transmitting the RF 

signal at 10.489 GHz with < 200 MHz bandwidth. 

4- Build a MATLAB calculator model that computes the even and odd impedances of a 

Chebyshev microstrip filter. 

5- Build a MATLAB RF budget analysis model that verifies the system performance by 

calculating the gain, noise, SNR, expected output power, and frequency. 

 

The design work needs to be reproducible and suitable for easy expansion for future work. Therefore, 

the MATLAB models were added to the key objectives of the project. The delivered models were 

developed to define and verify the system specifications. Design automation software tools were also 

employed to realise the designed filters and Printed Circuit Board (PCB) layouts.  

 

The PCB of the hardware model was required to be manufactured in the EEE surrey laboratories. 

However, due to the ongoing impact of the COVID-19 global pandemic, the labs were shut effectively 

as of last April. With the extended leading times for PCB manufacturers abroad and the exacerbated 

costs of local companies, there was an inhibition to manufacture the hardware design of the 



upconverter module and the filter. Alternatively, having the hardware design optimized and ready for 

production was set as the optimum goal for this project with a prime focus on the X-Band filtering 

solution.  

 

There are several challenges to developing an X-Band transmitter hardware with narrowband filtering:  

Firstly, in high-frequency designs, many factors can lead to system failure. This makes the hardware 

development process a time-costly process as high-end background research, and multiple design loops 

are required. Secondly, as this project spans over one academic year only, an efficient work plan that 

considers other academic tasks and exam time needed to be in place to ensure key deliverables can be 

achieved in this time frame. Additionally, realising a compact and light X-Band filter with a Q-factor 

less than 10 % is an intricate design and manufacturing challenge [5]. Finally, the dissipation factor of 

the substrates rises massively in the X-Band regions, which makes achieving a reasonable loss in the 

specified bandwidth onerous [6].  

 

This report is organised as follows: Chapter 2 describes the literature review, including background 

information about the ESEO space flight communication system, SDR design basics, and the state-of-

the-art. Chapter 3 describes the initial design work and the proposed transmitting link chains along with 

a corresponding assessment of the advantages of each system. While Chapter 4 gives an outlook on the 

X-Band transmitter system design, including the final design plan, the different stages of the 

development process along with an analysis of their corresponding tasks. Chapter 5 highlights a 

discussion of the results and the system verification strategy. Chapter 6 is a conclusion of all the findings 

and data presented in this report, and Chapter 7 is a list of references and appendices.  

 

 

 

 

 

 

 

 

 

 

 

 

 



2. Literature Review 
 
A radio in a space flight mission is a key component needed for both navigation and communication. 

The requirements for transponders to provide new functionality is elevating at a higher rate comparing 

to the rate of evolution [7]. Today, software-defined radios (SDRs) offer high flexibility and efficiency 

to perform various payload telecommunication functions [8]. 

 

This section presents the structural functionality of the RF front end in an SDR as well as an overview 

of the ESEO communications chain. Finally, we showcase the current ESEO communications chain to 

highlight how we plan to build our transmitter chains.  

2.1 ESEO Communications Chain Overview  
 
ESEO has command control and mission telemetry from the platform on 70 cm with the support of 

three ground stations in Spain and Italy [9]. The science data transmitting equipment is on commercial 

S-band. It has an uplink and downlink to provide an approved verification protocol that downloads data 

and sends an acknowledgment specifying that the data was sent without an error [4]. Due to the lack of 

a backup for the data being transmitted from the payload on the S-Band, AMSAT-UK and Surrey space 

centre have designed and built a new communications chain to provide the required backup for the 

transmitted data. To avoid impacting the receiving capability on this commercial allocation, the 

arrangement, shown in Figure 2-1, was proposed to develop a communications system with an on-board 

computer to perform all the telemetry, data gathering, and modulation generation [10]. 

 

 
Figure 2-1 ESEO flight Mission Communications system [10] 

This arrangement involves two L-band receivers. One is a command uplink to enable us to command 

the payload into its various operating modes directly, and the other one is an L-Band receiver at 1263.5 



MHz, which is the input frequency for the transponder. Due to power considerations, the telemetry 

downlink and the transponder are two different systems that operate over the same frequency, which 

means that they are unavailable to be used simultaneously. 

2.2 Software Defined Radios 

Software Defined Radio (SDR) is the key foundation for most modern wireless communication systems. 

They can be defined as a versatile radio that can be tuned to different frequency bands, implement 

various modulation and demodulation schemes by utilizing hardware and powerful software [11]. There 

has been a growing trend in building SDR in multi-standard, flexible, and upgradeable radio equipment 

for both the military and space wireless communications infrastructure [12].  

 

Two major advantages of SDR are flexibility (switching channels, modulations, etc.) and easy adaption 

[12]. SDR improvements can be made with software updates due to its modular hardware design that 

can be set up and enhanced efficiently using software — an impossible feature with hardware radio 

solutions [13]. SDR can provide the functionality of a transmitter or a receiver. Figure 2-2 shows a 

typical SDR transmitter design architecture.  

 
Figure 2-2 SDR typical system architecture [13] 

The host, including the DAC, produces the ranging/voice information using a carrier signal that was 

modulated to carry the intelligence. A mixer then upconverts the modulated signal to the RF frequency. 

Furthermore, The RF signal is amplified to fulfil the specified output power level that will be radiated 

to the ground station after being filtered. Many mixers, amplifiers, and filter designs offer different 

features with corresponding trade-offs. To provide a fair assessment of all the available solutions and 

design an efficient chain to transmit the data from the payload, the first step was to research the 

functionality of mixers and understand the key figures of amplifiers and filters. As a result, different 

chain architectures can be designed to allow a comparison to be drawn. This will aid in choosing the 

appropriate design for the application. Section 2.3, 2.4 and 2.5 presents a summary of the background 

data attained on the functionality of mixers, amplifiers, and filters. 

 

 



2.3 RF Mixers  
 
To make frequency synthesis and fulfil various communication standards, mixers are required to 

upconvert the carrier signal from the intermediate frequency (IF) to the specified RF frequency. The 

output frequency of a mixer, RF, can be computed by satisfying Equation 2-1 [14]. 

 𝑅𝑅𝑅𝑅 = 𝐼𝐼𝑅𝑅 + 𝐿𝐿𝐿𝐿 (2-1) 

, Where 𝐿𝐿𝐿𝐿 is the local oscillator frequency. 

However, as shown in Figure 2-3, the mixer outputs other spectral components that must be filtered in 

any transmitter system. These frequencies are usually called “intermodulation products” [15]. 

Transmitters require filtering of the intermodulation products to meet the bandwidth and out-of-band 

attenuation requirements. Therefore, The filter of a mixer is designed to provide a specific out-of-band 

attenuation for the 𝐿𝐿𝐿𝐿 − 𝐼𝐼𝑅𝑅 and 𝐿𝐿𝐿𝐿 frequencies as they would be the closest in the frequency spectrum 

to the RF. 

 
Figure 2-3 A plot of the RF mixer spectral components vs. frequency 

2.4 Filters  
 

To reject the intermodulation products of the mixer, the bandwidth of the filter must be defined such 

that the out-of-band attenuation at the LO frequency is at least 30 dB. If the intermodulation products 

are too close to the IF frequency, then a high Q-factor filter is required. In the case of UHF and X-Band 

frequencies, it can be challenging to design a filter with a narrow bandwidth compared to the RF 

frequency. The complexity of the design lies in the need to achieve a high roll-off/decade, therefore a 

filter of a high nth-degree. Thus, multi-stage upconversion is required to realise a filtering solution.  

 

Multi-stage upconversion is an upconversion process that involves one or many intermediate stages. 

For instance, In the ESEO X-Band downlink transmitter, the audio signal will be upconverted from 45 



MHz to an intermediate frequency (IF) in the UHF range, 916 MHz. The output of the upconverter 

would primarily contain three signals, the wanted mixing product at the IF frequency and the two 

unwanted signals resulting from the LO leakage and the sideband output. The unwanted frequencies 

can be filtered out using a UHF filter. Following the same procedure, the signal would be furtherly 

upconverted from 916 MHz to the target RF frequency in X-Band. This allows the filter bandwidth to 

be defined at around 700 MHz, which is reasonable for such a high RF frequency.  

 

Two main types of filters can be employed to design the system filtering solutions, Chebyshev and 

Butterworth. Chebyshev filters provide a high roll-off and a significant out-of-band rejection in their 

higher nth topologies [16]. However, as the frequency increases, designing these filters using LC 

damped components becomes harder to realise. Thus, microstrip line filters are employed to 

accommodate microwave frequencies [17]. Microstrip lines are considered transmission lines that are 

low pass filters with a very high cut-off frequency (usually in the range of microwave frequencies). The 

cut-off frequency changes according to the size, dielectric material, and length of the lines. By adjusting 

these factors, a Chebyshev filter can be attained to filter out the intermodulation frequencies. 

2.5 Amplifiers 

RF amplifiers highly vary based on many factors: gain, operating frequency, output power level, 

efficiency, linearity, mismatch loss, and noise figures (NF). The gain of the amplifier is calculated based 

on the conversion losses, link losses, and signal attenuation, as expressed in Equation 2-2 [18]. 

 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑔𝑔𝑇𝑇𝑔𝑔𝑔𝑔 = 𝐿𝐿𝑂𝑂𝑇𝑇𝑂𝑂𝑂𝑂𝑇𝑇 𝑂𝑂𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 −  𝐼𝐼𝑔𝑔𝑂𝑂𝑂𝑂𝑇𝑇 𝑂𝑂𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑐𝑐𝑇𝑇𝑔𝑔𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑔𝑔𝑇𝑇𝑔𝑔 𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐 (2-2) 

Furthermore, if the circuit were to have several amplifiers, as shown in Figure 2-4, the NF must be 

considered to provide a high output signal to noise ratio (SNR). Equation 2-3 [19] shows how the first 

amplifier in the chain dominates the NF of the output, specifically if the first amplifier has a high gain. 

 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑔𝑔𝑇𝑇𝑔𝑔𝑐𝑐𝑝𝑝 𝑓𝑓𝑔𝑔𝑔𝑔𝑂𝑂𝑝𝑝𝑝𝑝 (𝑁𝑁𝑅𝑅𝑇𝑇) = 𝑁𝑁𝑅𝑅1 +
𝑁𝑁𝑅𝑅2 − 1
𝐺𝐺1

+ ⋯ (2-3) 

 
Figure 2-4 Illustration of RF concatenated-amplification system 



2.6 Transponders 

The transponder on the payload plays the role of an RF interface with the ground. A transponder is a 

communication relay system that receives the data, alters the frequency, and re-transmits it back. There 

are two types of a transponder: a non-regenerative (linear) transponder and a regenerative transponder. 

2.6.1 Regenerative Transponder 

A regenerative transponder reproduces the received signal via the on-board processer. It demodulates 

the signal and provides error correction before modulating and re-transmitting it back to the ground. 

Regenerative transponders are employed in most modern communication satellites as they hold the 

following advantages:  

 

1- They provide orders-of-magnitude improvement in the SNR of the transmitted data at low 

telemetry rates [1].  

2- They are operationally simpler for ground station operations due to the benefit of faster 

signal acquisition. Therefore, deep space missions drive the use of regenerative ranging, 

such as the New Horizons mission to Pluto with huge propagation loss, or the BepiColombo 

mission with ultrahigh ranging precision requirements [8]. 

3- They perform error correction on the downlink data that result from potential uplink noise, 

thus re-generates the original signals before exposing them to possible errors on the 

downlink [1]. 

 

2.6.2 Non-Regenerative Transponder 

In contrast to regenerative transponders, a non-regenerative transponder receives and re-transmits the 

signal without exploiting any processing resources from the on-board computer. It re-transmits the 

received signals, along with some of the uplink noise, through a mixer, a filter, and a gain-controlled 

amplifier. 

 

As shown in Section 2.6.1, regenerative transponders provide improved performance compared to the 

non-regenerative. However, the advantages equate to system trades for reduced transmit power, reduced 

ranging modulation index, or smaller antenna aperture. This reduced cost to the mission is mostly 

favourable for highly power/mass-constrained spacecraft, such as CubeSats and SmallSats [8]. 

Additionally, for our mission, a non-regenerative transponder can allow the transceiver to re-transmit 

the received original voice signal from other payloads due to its unreliability on the redundant 

transmission path in the case of the failure of the primary communication system. Regenerative 

transponders also create additional load on the processor for re-generating the voice signal. 

 



2.6 Current ESEO Communications Chain 

The development of this L-Band Receiver, and non-regenerative transponder, shown in Figure 2-5, was 

completed over a span of years [10].  

 

 
Figure 2-5 The block diagram of the current ESEO Communications Chain [10] 

 

The Atmel AT32UC3C processor was chosen as the on-board processor. It meets the interface baseband 

requirements of the transmitter, transponder, and receiver by utilising dual CANopen and I2C telemetry 

buses [12]. The need for the payload to be controlled via telecommand ensured the existence of an 

uplink channel. The payload was also required to downlink telemetry data. On the receiving side of the 

L-Band uplink, A demodulator demodulates the received signal and presents the decoded audio 

baseband signal to the on-board processor to be sampled by the ADC. A modulation scheme that is 

spectrally efficient and can be decoded by a real-time operating system (RTOS) embedded system, with 

low processor cycles and a tight memory budget, had to be selected, so the incoming data is decoded in 

the modulation software [12]. As a result, Audio Frequency Shift Keying (AFSK) was chosen for use. 

The main hardware and software control interfaces were built up for I2C, CANopen, and a 1200 baud 

AFSK receiver using open-source demodulator C code [12]. 

 

The key requirement of the payload communication system is the processing and transmission of 

telemetry data to the ground so the payload can be controlled via telecommand. However, the payload 

must also act as a redundant downlink system that transfers the science data received from other 

scientific payloads by utilising the alternative active transmission route that does not involve signal 

processing requirements. Thus, the science and telemetry data transfer needs to happen at a high enough 



rate that allows for the data to be transferred in a ‘reasonable’ time period, reasonable was defined as 

being within a typical LEO ground station pass ~7 minutes [12]. 

 

As shown, the uplink L-Band receiver was developed. However, the X-Band downlink transmitter and 

transponder block was still undeveloped. Therefore, the first task in this project was to create the 

envisioned chains of X-Band downlink communication systems. The proposed chains are discussed in 

Section 3.  

2.7 Summary 

This section showcased a summary of the key information required to understand and design a 

communication transmitter chain fully. We also presented the current state of the ESEO 

communications system, which highlighted the need for an X-Band downlink communication system.  

This literature review inspired the initial design work to modify the design in Figure 2-5 by proposing 

different chains that can provide the functionality of regenerative and non-regenerative transponders. 

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



3. Initial Design Work 
 
There were originally six different designs that were proposed in the initial phase of this process. After 

a comprehensive understanding of the requirements of the transmitter and the space flight mission, and 

re-evaluating the designs in terms of feasibility, three designs were presented as the final candidates in 

the final phase along with the corresponding research findings required to design the hardware. This 

section details the operation overview of each system. Finally, we present a comparison between the 

features of the systems and suggest the final design of the downlink communications chain. 

3.1 System A – X-Band Downlink transmitter & Linear Transponder 

System A represents the design of a transmitter and a linear transponder that transmits an uplink voice 

signal and a downlink telemetry transmitter that transfers the data from the payload to the ground as an 

audio signal. Figure 3-1 is composed of two main blocks, L-Band Uplink & FM Modulator and X-Band 

Downlink & Linear transponder. The operation of each block is discussed in Sections 3.1.1 and 3.1.2. 

 
                             Figure 3-1 System A - X-Band Downlink transmitter & Linear Transponder Block Diagram 

3.1.1 L-Band Uplink & FM Modulator 

On the receiving side of the uplink, the RF voice signal is received at 1284 MHz in the L-Band. It is 

then introduced to a low-noise amplifier (LNA) after filtering out the S-Band frequencies by a Sound 

Acoustic Wave (SAW) filter. The RF signal is downconverted from the L-Band to 45 MHz by double-

balanced RF mixers. The output from the downconverter is then equally split with a 90-degree phase 

shift by the hybrid coupler. The outputs from the uplink and the modulator are: 



1- The FM modulated audio input signal of the linear transponder (BB FM Voice) 

2- An input data stream that is sampled by the ADCs of the processor to generate the command 

signal, which is the carrier signal to be modulated and transferred via the downlink chain. 

3.1.2 X-Band Downlink & Linear transponder 

The key function of this block is to transmit the baseband voice and command IF signals via the X-

Band downlink.  The current ESEO X-band communications chain is using a BPSK modulation scheme 

to increase the reliability over a lossy link and be spectrally efficient [4]. The processer modulates the 

audio command signal. Therefore, the baseband audio command signal is created. Utilizing the multi-

stage upconversion method, the baseband command signal is upconverted at the first stage by a UHF 

mixer from 45 MHz to 916 MHz. 

 

Furthermore, a SAW filter is employed to filter out the intermodulation products. The LNA is critical 

to compensate for the conversion loss before the signal could be furtherly upconverted in the final stage 

by the X-Band mixer. Similarly, the unwanted intermodulation products are rejected by the X-Band 

filter, and the output is amplified to +27dBm to meet the transmit output level requirement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.2 System B – X-Band Downlink Transmitter & I/Q Linear Transponder 

As mentioned in section 3.1, the current ESEO X-band communications chain is using a BPSK 

modulation scheme. AMSAT-UK proposed the possibility of switching to I/Q modulation if a smaller 

and quicker transmitter chain can be achieved. System B represents the design of a downlink transmitter 

and a linear transponder that transmits analog audio and I/Q telemetry data to the ground via an X-Band 

patch antenna. The communication system, shown in Figure 3-2, utilises the same uplink chain 

described in system A. However, modifications were introduced to the downlink chain to allow 

generating and transmitting I/Q data. These modifications are discussed in this section. 

 

 
                              Figure 3-2 System B - X-Band Downlink Transmitter & I/Q Linear Transponder block diagram 

 

The key function of the X-Band downlink and linear transponder block is to transmit the baseband voice 

and command IF signals via the X-Band downlink. The output of the processor is an audio command 

signal, so to generate the differential baseband I/Q inputs to the I/Q modulator, the 90-degree hybrid 

coupler is employed. The differential baseband I/Q is then modulated by the I/Q modulator that supports 

single up-conversion and I/Q modulation to generate the RF command signal at 10.489 GHz. To allow 

the system to operate as a transponder, the I/Q modulator is controlled by the processor via SPI to switch 

from IQ mode to IF mode. In transponder mode, the voice input signal is upconverted by the UHF mixer 

from 45 MHz to 916 MHz. Furtherly, the I/Q modulator upconverts the IF output from the previous 



stage to 10.489 GHz in the X-Band. The RF output is then filtered out and amplified to be radiated via 

the antenna. 

3.3 System C – X-Band Downlink Transmitter & Regenerative Transponder 

System C represents the design of a regenerative transponder that transmits I/Q voice and telemetry 

data to the ground via an X-Band patch antenna. The communication system, shown in Figure 3-3, is 

composed of the same uplink chain described in systems A and B. However, modifications were 

introduced to the downlink chain to allow generating and transmitting I/Q data in a regenerative 

transponder topology. These modifications are discussed in this section. 

 

 
                 Figure 3-3 System C – X-Band Downlink Transmitter & Regenerative Transponder block diagram 

 

The key function of the X-Band downlink & regenerative transponder block is to transmit the baseband 

voice and command IF I/Q signals via the X-Band downlink. In this system, both the command and 

voice signal will be generated by the processor. The FM modulated voice signal will not be passed 

down to the downlink chain as an input, as it was previously in systems A and B. Alternatively, it will 

be sampled by the ADCs of the processor to be re-generated. The current output of the processer is an 

analog audio signal. A DAC driver interface circuit, shown in Figure 3-4 [20], is required to generate 

the differential baseband I/Q inputs to the I/Q modulator.  



 
Figure 3-4 DAC Interface Circuit [20] 

The interface circuit features two op-amps that generate a bipolar differential I/Q output from a 

unipolar DAC channel. As the processor has two DAC outputs, two circuits will be required to 

generate the I/Q differential signal. This is another effective method for generating the baseband I/Q 

modulator inputs from the DAC output. This interface circuit can also be used in System B as an 

alternative to the hybrid coupler method. 

The differential baseband I/Q is then modulated by the I/Q modulator that supports single up-

conversion and I/Q modulation from DC to produce the RF command signal at 10.5 GHz. The I/Q 

modulator will only operate in I/Q mode no matter whether the radio in transponder or transmitter 

mode as both voice and command signals are baseband I/Q. 

3.4 Comparison 

This section compares the key features of each system and showcases the effect of said features on the  

ESEO X-Band downlink communications system requirements in Table 1. Green is used to highlight 

the features that fit the requirements or show an advantage of efficiency. Yellow highlights less 

efficient features or potential trade-offs to the system requirements. 

 

Criterion System A  System B System C 

System Complexity DAC Driver circuit is not 

required as the output 

from the DAC is already 

an audio signal and this is 

compatible with the BPSK 

modulator inputs 

A DAC interface circuit is required to generate 

the differential baseband I/Q inputs from the 

DAC output as the current output is not 

compatible with the I/Q modulator. 

Transponder  & its 

effect on the space 

mission 

requirement 

The transponder is linear, which means it supports 

two different transmission paths for the transponder 

and the downlink telemetry data. This means in case 

of failure of the processor, the transponder can still 

act as a redundant transmission downlink system. 

The transponder is 

regenerative and only 

supports one 

transmission path for 

both the transponder 



This is a big requirement of the ESEO X-Band 

downlink communication system. 

and the downlink 

telemetry data. This 

means in case of 

processor failure, the 

transponder can no 

longer transmit any 

data to other payloads. 

Chain Link Size The size of the chain link 

is big due to the presence 

of multiple filters, 

amplifiers and modulators 

to support the two-stage 

upconversion of the 

baseband signal 

The size of the chain 

link is reduced, but the 

system still requires an 

additional 

upconversion stage to 

upconvert the voice 

signal in transponder 

mode. 

The size of the chain 

link is furtherly 

reduced than the other 

systems as both the 

upconversion and 

modulation is 

performed by a single 

chip. 

Time requirement More Development time 

is required as the system is 

composed of many 

components, and 

acquiring evaluation 

boards to assess the 

performance of each will 

not fit the project budget. 

Less Development time is required as most of the 

system relies on the I/Q modulator chip, and an 

evaluation board can be attained for the chip 

assessment and provide the ease of integration in 

the system. In addition, testing would be more 

efficient and less time-consuming 

Power 

Consumption 

Less power consumption 

when compared to the I/Q 

modulator. 

High power consumption as the I/Q modulator is 

a multi-function system integrated on a single 

chip.  

Table 1 Comparison between the design features of systems A, B, and C and an outline on the effect of said features on 

ESEO communication system requirements. Green  -  features that fit the requirements. Yellow – features that don’t fit the 

requirements 

3.5 Summary 

After the evaluation of the space flight mission requirements and consultation with AMSAT-UK, it 

was concluded that the system that can meet the project requirements and introduce an efficient 

transmitter chain link without compromising efficiency or performance is system A - the linear 

transponder and X-Band downlink transmitter. Thus, this design was finalised to start the hardware 

development phase. 



4. System Design 
 
This section describes the primary design considerations of the project as well as the development plan 

to reach the key deliverables. Due to the diverse nature of this project, the work breakdown structure 

was developed to define different design stages along with the tasks of each phase.  

4.1 Final Design Plan 

An engineering design process involves a work breakdown structure that is constructed from many 

design stages. Therefore, the project was broken down into descriptive stages with pre-defined tasks. 

Each stage contributes to the realization of the hardware design of the X-Band transmitter. 

1- Design Specifications Stage: This stage aims to define the design specifications and source the 

key parts of the X-Band transmitter. 

2- Transmitter Hardware Model Design Stage: This stage aims to design the PCB of an X-Band 

upconverter module to achieve the X-Band downlink frequency with the required output power 

+27 dBm. Only the upconverter module is designed at this stage. X-Band filter is designed in 

the next stage. 

3- X-Band Filter Design Stage: This stage aims to design the specified filter required for 

transmitting the RF signal at 10.489 GHz with < 200 MHz bandwidth. The filter specifications 

are inherited from the findings of the Design Specifications stage, along with some input from 

AMSAT-UK. 

4-  System Verification Stage: This stage aims to simulate the frequency response of the designed 

filter. Any further tuning and refining needed will be performed at this stage. In addition, a 

MATLAB-modelled budget analysis of the transmitter chain simulates the PCB design through 

input and output simulation. 

4.2 Design Specifications stage  

This stage aims to source the key parts of the X-Band transmitter design. As a result, the system 

specifications are defined and utilized as a binding criterion for the following design stages. 

 

4.1.1 Design Considerations 

The features of the X-Band downlink communication system design were abstracted and simplified to 

fit the limited development time and budget. The system was reduced to a transmitter only as AMSAT-

UK was building the transponder, but the X-band transmitter is still undeveloped. 

 

As mentioned in Section 3.1, the upconversion process requires two LO frequencies in the UHF and X-

band range to upconvert the baseband signal to RF. In the final transmitter system needed for the 

mission, a Phase-locked loop LO generator is a key part of generating the noted LO frequencies. 

However, designing and testing the generator can be another stand-alone project with a separate budget 



and time plan. Alternatively, AMSAT-UK suggested that we direct the focus onto the upconversion and 

filtering. The LO generators available in the surrey 5G innovative centre can be used to facilitate the 

setup and testing of the final system being designed. 

 

To summarise all the system modifications, Figure 4-1 shows the final architecture design of the system 

to be achieved during the scope of this project. 

 
                                    Figure 4-1 the final architecture design of the X-band downlink transmitter system  

 
4.2.2 Key Parts 

Understanding the key blocks in the system architecture, shown in Figure 4-1, was important to initiate 

the research process behind identifying the available mixer and amplifier parts that can feature in 

producing the PCB. This stage of research resulted in identifying a high number of parts. However, 

only the parts used in the final design will be discussed in this section. 

 

4.2.2.1 Mixer to UHF – LT5578 

The LT5578 mixer is an upconverting mixer that produces RF output in the 0.4GHz to 2.7GHz range. 

The mixer benefits from a balanced design that provides low LO to RF leakage output.  In addition, it 

provides a conversion gain of –0.7dB, high output order intercept (OIP3) of 24.3dBm, and a low noise 

floor of –158dBm/Hz at a –5dBm RF output signal level [21].  

 

4.2.2.2 X-Band Mixer – HMC220B 

The HMC220B mixer is an upconverter mixer optimized to output RF frequencies from 5 GHz to 12 

GHz. The HMC220B provides excellent LO to RF and LO to IF isolation and operates as low as 7 dBm. 

Compared to other mixing solutions found, it offers lower conversion loss at only 6 dB [22].  



4.2.2.3 UHF LNA – PMA2-33LN+ 

PMA2-33LN+ is an LNA operating from 0.4 to 3.0 GHz. The NF of this amplifier was found to be the 

lowest, only 0.38 dB, compared to its high gain and high OIP3, making it ideal for this application [23]. 

However, this comes at the expense of a slightly higher current consumption of 56 mA. The design 

operates on a single 3V supply and is internally matched to 50 ohms.  

 

4.2.2.4 X-Band LNA – PMA2-133LN+ 

PMA2-33LN+ is an LNA operating from 10.0 to 12 GHz, making it ideal for the choice of our X-Band 

low-noise amplification. This device operates with a current consumption of 13 mA at 3V with 

comparably efficient gain and NF of 14.1 and 1.4 dB, respectively [24]. No external matching circuits 

are required as input and output ports are matched to 50 ohms.  

  

4.2.2.5 X-Band PA – HMC952A 

HMC952A is an X-Band power amplifier with a high gain of 31 dB at 9-13 GHz. This justifies the high 

current consumption of 1.4 A. As the bandwidth of the transmitted signal is very narrow compared to 

the RF frequency, sourcing a power amplifier with a high OIP3 was required to avoid the presence of 

unwanted signals resulting from the non-linearities of the amplifier in the transmitted bandwidth [25]. 

As the OIP3 is above the +27 dBm level, the bandwidth of the voice signal would be defined earlier in 

the chain and protected throughout the multi-stage upconversion process. The employment of LNAs in 

the chain would result in a low NF. This due to the dominance of the LNAs NF to the overall system 

NF, as shown in Equation 2-3.  

 

4.2.2.6 Filters 

The system benefits from two main filtering solutions that attenuate the unwanted intermodulation 

products, a UHF SAW filter and an X-Band microstrip filter. Considering the +27 dBm output power 

level, the bandwidth and the order of the filters were chosen as such to attenuate the intermodulation 

frequencies with at least 40 dB. The insertion and return loss figures of each filter were specified by 

AMSAT-UK to be < 3 dB and > 20 dB, respectively.  

 

SAW filters were chosen as a filtering solution for the UHF upconversion stage due to their redundant 

availability as they are highly featured in mobile phones and remote sensing solutions [26]. Choosing 

the UHF LO frequency at 871 MHz was mainly to upconvert the IF signal to 916 MHz, which lies 

within the LTE band ranges. This eases sourcing a filter with a high Q-Factor at this specific frequency. 

Qualcomm’s B3718 fulfils this specification with a filter of 3 MHz bandwidth at a maximum insertion 

loss of 1.0 dB at 916 MHz. 

 



For the X-Band filter, using Equation 2-1, the intermodulation products from the X-Band upconversion 

stage were found to be 9.574 GHz and 8.659 GHz, respectively. Realising X-Band filters with a Q-

factor less than 10% imposes a design and manufacturing challenge. Figure 4-2 shows an example 9th 

order filter with a bandwidth of 1.0 GHz designed such that the desired RF frequency, m1, is positioned 

in very close proximity to the lower cut-off frequency, m2. This example solution can attenuate the 

unwanted frequency, m3, with more than 40 dB as specified by AMSAT-UK. 

 

 
                Figure 4-2 An example filtering solution with 0.7 GHz bandwidth and a -150 dB attenuation at 9.574 GHz 

 
However, AMSAT-UK specified the X-Band filter to be of a bandwidth < 200 MHz to reduce the 

possibility of transmitting any non-linear signals that might arise as a result of any component failure 

in the system. Thus, The Q-factor of the filter must be < 0.019, which represented the biggest design 

challenge in this project. 

 

4.3.3 Final System Specifications 

Table 2 summarises the final specification of the X-Band downlink transmitter that was defined at this 

stage. These specifications resemble the criterion that the system will be compared against in the 

verification stage. 

                                           X-Band Filter Specifications 
Bandwidth  < 200 MHz 
Q-Factor < 0.019  
Insertion loss  < 3 dB 
Return loss > 20 dB 
Out-Of-Band rejection  > 40 dB @ 9.57 GHz 
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                                             Amplifier Specifications 
Gain > 50 dB 
NF > 8 dB 
OIP3 > 28 dB 
                                               General Specifications 
Output Frequency  10.489 GHz 
Output Power +27 dBm 

Table 2 The final specifications of the X-Band transmitter system 

 
 
4.3 Transmitter Hardware Model Design Stage: 
 

A multi-stage RF X-Band upconverter module at 10.489 GHz has been designed in a conventional PCB. 

The module consists of a UHF upconverter, an X-Band upconverter, a SAW bandpass filters, two 

LNAs, and a power amplifier. Distributed components and sub-circuits based upon impedance matching 

theory have been utilized for the module design [27]. This section highlights the design considerations, 

the schematic key blocks, and the PCB design layout of the module. 

 
4.3.1 Design Considerations 
 
In the Design Specifications Stage, It was noted that the X-Band power amplifier manufacturer, Analog 

Devices (AD), can provide the Gerber files for the evaluation board of the HMC952A device optimized 

for operation at 10.489 GHz [25]. Additionally, the X-Band filter might require multiple development 

cycles that involve tuning and optimization to account for manufacturing tolerances. Therefore, it was 

decided for the X-Band power amplifier and the filter designs to be implemented on separate PCBs that 

will be integrated into the system using 50Ω SMA connectors, which are resembled in the arrows in 

Figure 4-3. 

 
      Figure 4-3 The integration of the X-Band downlink transmitter PCBs 



4.3.2 The X-Band Upconverter Schematic 

 
 This section presents the application circuit of all the key parts in the upconverter module. The full 

schematic of the module can be found in Appendix A. 

 

4.3.2.1 UHF Mixer Application Circuit 

 
Figure 4-4 presents the LT5778 application circuit and showcases the external components required to 

provide full functionality. 

 
Figure 4-4 UHF Mixer - LT5778 application circuit 

The mixer input impedance is approximately 10Ω [21], so external inductances L3 and L4 provide 

impedance matching by stepping up the impedance to about 12.5Ω. The 4:1 impedance ratio of 

transformer T1 completes the transformation to 50Ω and changes the IF input from single to differential. 

Similarly, C12 steps up the input LO impedance, and C14 and L5 provide the RF input impedance 

matching to achieve minimal return loss. The impedance matching circuit parameters were calculated 

using the Smith Chart Tool in Advanced Design Systems software tool. ADS19 [28]. 

 

The purpose of the inductors (L1 and L2) is to reduce the loading effects of R1 and R2, which limit the 

DC current in the mixer core to 40 mA, the optimum level specified by AD. The impedances of L1 and 

L2 were picked such that they will be greater than the IF input impedance at 45 MHz 

 



Capacitors C1 and C2 cancel out the parasitic series inductance of the IF transformer. They also provide 

DC isolation between the IF ports to prevent unwanted interactions that can affect the LO to RF leakage 

performance. The purpose of capacitor C3 is to improve the LO-RF leakage in some applications. C4, 

C5, and C6 are decoupling capacitors for the 3V power rails.  

 

In the PCB Layout, L1 and L2 should connect to the signal lines as close to the package as possible. 

This location will be at the lowest impedance point, which will minimize the sensitivity of the 

performance to the loading of the shunt L-R branches.  

 

The SAW filter is a 4-pin passive device with two pins allocated for inputs and outputs, while the other 

two are for grounding. The input and output ports are internally matched to 50Ω, so no external 

components were required. 

4.3.2.2 UHF Mixer Application Circuit 

 
The LNA amplifies the signal by 18.1 dB. As shown in Figure 4-5,  C19, C20, C22, and C23 are 

decoupling capacitors for the power rails. The values of C22 and C23 are high to minimize variations 

in the bias rails and ensure LNA stability. Additionally, Bias tee circuits are applied at the input and the 

output of the LNA, which works as follows; The LNA is powered by the bias applied via L6; C17 and 

C24 block the DC signal from appearing on the RF port while L6 and L7 prevent the RF signal from 

flowing through to the power rails.  

 
                                                       Figure 4-5 UHF LNA- PMA2-33LN+ application circuit 

 
4.3.2.2 X-Band Mixer and  X-BAND LNA Application Circuits 

The signal is upconverted and amplified by the X-Band mixer and the X-Band LNA, as shown in Figure 

4-6. C15 and C16 are DC blocking capacitors with low impedance. The LNA has internal bias tee 

circuits, and input and output ports are internally matched to 50Ω, so no external components were 

required. 



 
Figure 4-6 2 X-Band Mixer - HMC220B and  X-BAND LNA - PMA2-133LN+ Application Circuits 

 
4.3.4 PCB Design 
 
The schematic design was exported and implemented on a 4-Layer PCB. The PCB must effectively 

integrate the devices and other elements while avoiding signal transmission problems associated with 

RF lines and components interacting with each other. The following guidelines were followed to 

reach the best RF performance: 

 
1- An effective layer function was set to avoid electromagnetic interference (EMI) and crosstalk. 

A solid ground plane next to the power layers creates a set of low ESR capacitors, thus reducing 

system noise. Splitting the bottom layer with signal tracks was avoided to maintain a solid 

power plane bounded by two ground planes. A 3D visualization of the layer stack, Figure 4-7, 

was created to demonstrate the dielectric thickness and the via topologies. The dielectric 

material used is RT/Duroid® 5880 with a dielectric constant of 2.2 and a dissipation factor 

0.0009. 

 
Figure 4-7 3D Visualization of the Layer Stack 



 
2- The self-resonant frequency of the inductors and capacitors is at least several times the IF/RF 

frequency. 
 

3- As many stitching vias as possible should connect the topside ground to other ground layers 
to aid in thermal dissipation and reduce inductance. 
 

4- Shielding vias applied to signal tracks, especially at the UHF and X-Band range. Whenever 
possible, the lengths of the tracks were kept to a minimum [29]. 
 

5- All the not connected (NC) pins were connected to ground via the polygon pour. 
 

6- The decoupling capacitors and bias tee circuits are connected as close to the package as 
possible 
 

7- All the exposed pads are connected to the low impedance topside ground plane of the board. 
 

8- To avoid impedance mismatch, the tracks widths were adjusted such that the impedance is 
matched to 50Ω at the signal frequency. 

 

The PCB X-Band upconverter module, shown in Figure 4-8, was designed using Altium Designer, 

AD19 [30]. A student license was acquired to start the development. For further analysis, the PCB 

layout of the Top Layer can be found in Appendix B. 

 

 
Figure 4-8 The X-Band upconverter module PCB 

 
 



4.4 X-Band Filter Design Stage 

 
In the process to fulfil the passband requirements discussed in Section 4.2, Several strategies were taken 

in the realization of the X-Band filter. Among others, parallel-coupled microstrip filters, Stub-loaded 

filters, and Dielectric resonator (DR) filters were the main solutions that were investigated during the 

scope of this project. This resulted in two main designs for the filtering solutions. This section reports 

the development process of each design. 

 

4.4.1 Dielectric Reasonator Filters 

 
DR filters are well-known for their high Q-factor, greater temperature stability, and allowing a narrow 

bandwidth in the microwave frequency range [31]. However, they are bulky, heavy, and hard to tune 

[32]. In addition, manufacturing dielectric resonators require advanced techniques that were not 

available in the Surrey EEE laboratories. Thus an external manufacturer would have been required, 

which would not allow them to fit the time, budget, or the space envelope of this project. 

Microstrip line filter design technology is used to overcome these drawbacks of dielectric resonators. 

Due to their low volume and ease of integration with microwave circuits [33], Edge-Coupled microstrip 

filters were designated as the first filtering solution to be proposed.  

 

4.4.2 Microstrip filters 

 
Although, A narrow band filter is hard to realise by using microstrip line as the dimensions of the lines 

can be very small when manufactured at high dielectric substrates [34]. In addition, some substrates 

have high dissipation factors at microwave frequencies resulting in great losses in the transmitted power 

[35]. Therefore, FR4 substrates were not considered in designing the proposed filter. However, due to 

advancements in the substrate technology, new Rogers RT/duroid®5880, low-loss high frequency 

substrates, which are filled PTFE (random glass or ceramic) composite laminates, are available for use 

in microwave transmitters in aerospace and defense applications [36]. 

 

4.4.2.1 Designing Bandpass Filters Using Microstrip Lines 

 
The filter type observed in this section is known as”  Edge-Coupled” microstrip filter [33]. Figure 4-9 

shows the typical structure of a parallel-coupled bandpass filter of the nth order. The strips of length, 𝑇𝑇𝑛𝑛, 

are arranged parallel to each other while being spaced with a distance, 𝑐𝑐𝑛𝑛. This results in the strips 

coupling with certain coupling factors.  



 
                            Figure 4-9 A typical structure of a parallel-coupled bandpass filter of the nth order [33] 

The derivation of the J parameters of a Chebyshev microstrip filter, which are derived from the ABCD 

parameters of a coupled line, are defined in relation to the characteristic impedance, 𝑍𝑍0. If the ratio of 

bandwidth to centre frequency is denoted as ∆, the first J parameter can be derived to satisfy Equation 

4-1 [37]. 

 
𝑍𝑍0𝐽𝐽0 =  �

𝜋𝜋∆
2𝑔𝑔0𝑔𝑔1

 
 

(4-1) 

 

Where 𝑔𝑔𝑛𝑛 is the prototype element values of a Chebyshev filter. A table with the values of g for a 0.01 

dB ripple can be found in Appendix C.  

For the middle stages, the following parameters satisfy Equation 4-2 [37] format: 

 

 𝑍𝑍0𝐽𝐽𝑛𝑛 =  
𝜋𝜋∆

2�𝑔𝑔𝑛𝑛𝑔𝑔𝑛𝑛+1
 (1-2) 

 

Until the final parameter which has the same relation as the first: 

 

 
𝑍𝑍0𝐽𝐽𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  �

𝜋𝜋∆
2𝑔𝑔𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑔𝑔𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓+1

 
(4-3) 

 

Finally, once the J parameters are derived, the odd and even mode impedances, 𝑍𝑍0𝑒𝑒 and 𝑍𝑍0𝑜𝑜, are derived 

using Equations 4-4 and 4-5 [37]. 



 
 𝑍𝑍0𝑒𝑒 =  𝑍𝑍0(1 + 𝐽𝐽𝑍𝑍0 + 𝑍𝑍02) 

 

(4-4) 

 𝑍𝑍0𝑜𝑜 =  𝑍𝑍0(1 − 𝐽𝐽𝑍𝑍0 + 𝑍𝑍02) 

 

(4-5) 

4.4.2.2 MATLAB Microstrip Impedances Calculator 

 
This calculator was developed in the process of making this filter design reproduceable and available 

for future projects in AMSAT-UK and Surrey Space Centre. Therefore, it was specified to produce a 

calculator model that computes the even and odd impedances of a Chebyshev edge-coupled microstrip 

filter. Figure 4-10 shows a snippet of the calculator code where it calculates the even and odd 

impedances. 
% User is prompted to enter the specifications of the filter 
X1 = "Please Enter the order of the Chebyshev microstrip filter: "; 
X2 = "Please Enter the bandwidth of the Chebyshev microstrip filter in Hz: 
"; 
X3 = "Please Enter the centre frequency of the Chebyshev microstrip filter 
in Hz: "; 
X4 = "Please Enter the passband ripple of the Chebyshev microstrip filter 
in dB: "; 
Order = input(X1); 
BW = input (X2); 
Fc = input (X3); 
Ripple = input (X4); 
  
% Calculations 
Delta = BW / Fc; 
J_Parameters(1) = sqrt((pi * Delta)/(2 * g(Order,1) * g(2))); 
J_Parameters(Order+1) = sqrt((pi * Delta)/(2 * g(Order) * g(Order+1))); 
  
% Middle Components 
for i = 2 : Order 
    if (i < Order) 
    J_Parameters(i) = (pi * Delta)/(2 * sqrt(g(i,1) * g(i+1))); 
    end 
end 
    
% Calculate even and odd impedances 
Even_Impedance = 50 * (1 + J_Parameters + J_Parameters.^2); 
Odd_Impedance = 50 * (1 - J_Parameters + J_Parameters.^2); 
  
% Display output 
disp(Even_Impedance); 
disp(Odd_Impedance); 
                              Figure 4-10 Snippet of the calculator code that displays the even and odd impedances 

To showcase the operation of the model, the steps to design the first proposed filtering solution is 

illustrated. This filter is a 6th order filter with a bandwidth of 200 MHz, 10.489 GHz center frequency, 

and a 0.01 dB passband ripple.  

As shown in Figure 4-10, the user is prompted to input the order of the filter, the center frequency, the 

bandwidth, and the passband ripple. As a result, the model calculates the even and odd impedances and 



outputs the results in a matrix. It can be noted that the parameters are all symmetrical around the fifth 

value.  

 
                 Figure 4-11 The output of the MATLAB microstrip impedances calculator.  

The computed numerical values of the impedances of the Edge-Coupled filter can then be exported to 

ADS19, the RF software tool exploited in this project for designing and simulating the RF filters. The 

even and odd impedances of the microstrip transmission lines are translated into dimensions using the 

LineCalc tool [28]. The substrate used in this design is RT/duroid® 5880, whose specifications are 

highlighted in Table 3.  

Substrate permittivity (Er) 2.2 

Substrate thickness (H) 635 um 

Conductor thickness (T):  10um 

Dielectric loss tangent (TanD):  0.0009 

Conductor surface roughness (Rough):  0.06 um 

Relative permeability (Mur): 1 

Cover height (Hu):  3.9X10^34 um 

Conductor conductivity (cond):  6.2X10^7 
Table 3 The Duroid 5880 substrate properties in the X-Band edge-coupled microstrip filter 

The schematic and simulated frequency response of the edge-coupled microstrip design is shown in 

Figure 4-11 and 4-12, respectively. 

 



 
                             Figure 4-12 X-Band Edge-Coupled Microstrip filter schematic with 200 MHz bandwidth  

 
                             Figure 4-13 Simulated frequency response of the X-Band edge-coupled Microstrip filter  

 
Table 4 summarises the simulated specifications of the X-Band edge-coupled bandpass filter. 
 

Lower Cut-off frequency  10.36 GHz 
Higher Cut-off frequency 10.58 GHz 
Bandwidth  220 MHz 
Q-Factor 0.02 
Insertion loss  1.426 dB 
Return loss 46.225 dB 

          Table 4 The simulated Specifications of the X-Band edge-coupled bandpass filter 
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The insertion loss is mainly due to the dissipation factor of the substrate. The bandwidth of this filter is 

slightly higher than the specified bandwidth. However, this comes at the cost of a low insertion loss and 

a high return loss.  

 

Finally, the PCBA layout was designed and generated using ADS. Figure 4-18 illustrates the obtained 

stub-loaded microstrip bandpass filter 51.04 * 36.83 mm2 PCB layout. 
 

 
Figure 4-14 PCB of Edge-Coupled Microstrip Filter 

 
4.4.3 Microstrip Filters and Stub Tuning 
 
This section reports the second proposed filtering solution, a compact filter employing open stubs in a 

microstrip transmission line. A novel method for finding the resonant frequency, dimensions of the 

stubs, and impedance of the transmission line is also presented. 

 

4.4.3.1 Transmission line Stubs 

 
At high frequencies, transmission line segments in parallel can be used instead of lumped elements to 

deliver compatible performance.  These segments are frequently referred to as “open stubs” [38]. They 

can be defined as short and long line segments terminated in high impedances to behave like inductors 

and capacitors. A short open parallel stub behaves inductive, and a long open parallel stub behaves 

capacitive.  

 

The input impedance of a transmission line, 𝑍𝑍𝑖𝑖𝑛𝑛, can be computed by satisfying Equation 4-6 [39]. 

Where 𝑍𝑍𝐿𝐿 is the load impedance of the stub, and 𝜃𝜃 is the electrical length of the transmission stub. 

 

 𝑍𝑍𝑖𝑖𝑛𝑛  =  𝑍𝑍𝑜𝑜 ∗  
(𝑍𝑍𝐿𝐿  +  𝑗𝑗 ∗ 𝑍𝑍𝑜𝑜 ∗ tan𝜃𝜃)
(𝑍𝑍𝑜𝑜 + 𝑗𝑗 ∗ 𝑍𝑍𝐿𝐿 ∗ tan𝜃𝜃)

 
(4-6) 

 



 

Terminating the stub in high impedance, Equation 9 can be rewritten as Equation 4-7 [39]. 

 

 𝑍𝑍𝑖𝑖𝑛𝑛  =  𝑗𝑗 ∗ 𝑍𝑍𝑜𝑜 ∗ tan𝜃𝜃   (4-7) 

 

From Equation 4-7, it can be noted that the realization of a capacitive or inductive 𝑍𝑍𝑖𝑖𝑛𝑛 can be achieved 

by choosing the characteristic impedance and the electrical length properly. In the case of the electrical 

length of the line equal quarter of a wavelength,  𝜋𝜋
4

 , then tan𝜃𝜃  = 1. Therefore, 𝑍𝑍𝑜𝑜 can be chosen to 

equate 𝜔𝜔𝐿𝐿 or 1
𝜔𝜔𝜔𝜔

. The equivalence between the impedance of the transmission line and a reactance that 

resonates at a singular frequency is called Richard’s Transformations [38]. Applying a two-step 

frequency-variable transformation to the well-known low-pass prototype can achieve the narrow 

passband capability [40]. However, it should be noted that these transformations do not generate exact 

replacements for lumped capacitors and inductors [41]. Therefore, if they were exploited to realise a 

conversion of a lumped element low pass filter to a stub-loaded microstrip filter design, shifting in the 

passband, different stopband and passband behaviour might occur. Tuning the behaviour to meet the 

design specifications can be a lengthy process of numerical calculations, especially in the case of higher-

order filters. Alternatively, A novel method to design stub filters that utilises an RF design software 

tool is proposed in Section 4.4.3.2.  

 

4.4.3.2 Stub Filter Novel Design Method 

 
This method utilises the simulation and tuning functions of ADS to design a narrowband bandpass filter 

by the use of stub-loaded microstrip transmission lines. Figure 4-15 shows a typical structure of a stub 

bandpass filter of the 3rd order. TL1 and TL2 are the stubs, while TL3 is the transmission line connecting 

the stubs. 

 

 
Figure 4-15 a typical structure of a stub bandpass filter of the 3rd order. 



 
The following steps define the method presented here to design an Ultra-Narrowband filter with a centre 
frequency of 10.489 GHz: 
 
Step 1: Create an ADS schematic and place the components at the desired position. Edit the component 

impedance parameters with the initial calculated values from the Richard transformation Equations such 

that the stubs resonate at the lower and the upper cut-off frequencies. In this case, the values are as 

shown in Figure 4-16. A good starting point for the length of the stubs is 90 degrees. This will be 

changed in the next steps. The frequency of the stubs is the specified centre frequency. 

 

 
                                                                         Figure 4-16 Stub-loaded Bandpass Schematic 

 
Step 2:  Click on the Tuning function and select the stubs parameters, as shown in Figure 4-17. The data 

display window appears whenever a simulator is launched and displays messages about the status of 

the current process. A variety of plot types are available so that data can be viewed in different ways. 

Choose the S-Parameters Plot to simulate the S11 and S12 of the design.  

 

 
                                                                                Figure 4-17 Tuning tool in ADS 19 

 



Step 3: Tunability is achieved by varying the length and the impedance of the stubs till the response 

shown in Figure 4-18 was achieved. During tuning, the trade-off between the realisation of the narrow 

bandwidth and the insertion loss became more obvious. The bandwidth of the filter designed was 20 

MHz, which resembles a Q-factor of 1.9 * 10-3.  

 

 
                             Figure 4-18 Simulated frequency response of the X-Band Stub-loaded Microstrip filter  

 
Step 4: PCBA design: In a similar fashion to the edge-coupled microstrip filter, The values of the 

impedance of the stubs were exploited to calculate the dimensions of the components of the filter using 

the LineCalc Tool [28]. Consequently, a schematic was created with the components, as shown in 

Figure 4-19.  
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Figure 4-19 Schematic of the X-Band Stub-loaded Microstrip filter 

Additionally, the PCBA layout was designed and generated using ADS. Figure 4-20 illustrates the 

obtained stub-loaded microstrip bandpass filter 51.04 * 36.83 mm2 PCB layout. 

 

 
Figure 4-20 PCB Layout of the X-Band Stub-loaded Microstrip filter 

 
4.4.3.3 Stub-Loaded Filter Issues 

 
As shown in Figure 4-18, The ultra-narrow bandwidth was successfully achieved as the bandwidth of 

the Stub-loaded Microstrip is 20 MHz, which is ten times better than the figures specified by AMSAT-

UK. However, as shown in Figure 4-21, Stub-loaded microstrip filters offer inferior out-of-band roll-

off at frequencies that are far from the range of the carrier frequency [17]. Especially with such a high 
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Q-factor filter, even higher 9th order filters would not meet the out-of-band specification of 40 dB at 

9.57 GHz.  

 

 
Figure 4-21 The extended simulated frequency response of the stub-loaded filter 

 
 To mitigate this, a modification, highlighted in red in Figure 4-21, will be imposed on the architecture 

design of the X-Band transmitter system. 

 

 
 

        Figure 4-22 The structure design of the X-Band transmitter with an addition of the Stub-Loaded Microstrip filter  
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The stub-loaded filter will be placed after the X-Band power amplifier, which will be preceded by the 

edge-coupled microstrip filter designed in Section 4.4.2 since the out-of-band attenuation figures of this 

filter are in compliance with the figures specified by AMSAT-UK. 

 

Table 5 presents the final specifications of the second filter design, stub-loaded edge-coupled microstrip 

filter. As expected, a higher insertion loss is traded with a narrower bandwidth and cut-off frequencies 

closer to the RF.  

Lower Cut-off frequency  10.48 GHz 
Higher Cut-off frequency 10.50 GHz 
Bandwidth  20 MHz 
Q-Factor 1.908 * 10-3 

Insertion loss  3.54 dB 
Return loss 39.5 dB 
Table 5 The simulated specifications of the X-Band Stub loaded edge-coupled microstrip filter 

 

Additionally, It should be noted that although the second design overly fulfils the bandwidth 

specification set by AMSAT-UK, the bandwidth of the filter can be furtherly reduced. However, as a 

result, the system would be too lossy, and higher power consumption would be required to maintain the 

specified output power levels. Similarly, the insertion loss can be reduced, but this will also directly 

affect the return loss. 

4.5 Summary 
 
This section highlighted the fulfilment of the X-Band upconverter module and the corresponding 

filtering solutions designed to meet the defined system specifications. A schematic and a PCB of the X-

Band upconverted module were presented. Two filtering solutions were proposed, while the 

specifications of each design were simulated and illustrated. The stub-loaded edge-coupled microstrip 

filter allowed the final design to reach an ultra-narrow bandwidth of 20 MHz, which enhanced the Q-

Factor 10 times better than the specified number by AMSAT-UK, with a trade of a higher insertion loss. 

Although the system did not meet the insertion loss requirement, it achieved an exceptional bandwidth, 

which was welcomed by the AMSAT-UK team as the bandwidth was considered the biggest challenge 

to the X-Band filter design.  The additional 0.54 dB insertion loss can easily be compensated by the 

high gain provided by the upconverter module, which is > 50 dB.  

 
 
 
 
 
 
 
 



5. Results & Discussion 

This section presents the results of the simulation and verification of the hardware model, including the 

filters. First, an analysis of the Electromagnetic (EM) simulation results is presented along with a 

discussion of any modifications introduced to the final design to mitigate any issues that were uncovered 

during the verification process. The section continues with an outline of the MATLAB link budget 

analysis simulation model. Furthermore, the input and output of the X-Band upconverter module are 

simulated. 

5.1 System Verification Stage 

5.1.1 Filters Verification Strategy 
 
Although the circuit simulations consider numerous lossy parameters when modelling the filter design, 

they usually dismiss many non-linearities that can change the filter response. Therefore, simulations 

must also be performed using one or two EM simulation tools to predict a different response that might 

prevail during manufacturing [42].  

Instead of simulation of individual components and analysing an ideal circuit behaviour, The EM 

Simulation is based on numerical solutions and dense meshing that consider several adjacent 

components’ coupling effects, wall/cover effects, end effects, step or junction discontinuities, and other 

no-ideal factors that can change the ideal circuit performance [43]. Thus, the edge-coupled and the stub-

loaded microstrip filter designs were verified in the ADS EM simulation toolbox [44]. Verification 

simulation and results for the X-Band filter are discussed in Section 5.2.1. 

 
5.1.2 Hardware Model Verification 

 
Link budget analysis in an RF transmitter system accounts for the non-linearities of the different design 

system components such as NF, gain levels, and losses. The analysis attempts to cascade the 

specifications of the components in the transmitter chain to ensure the system compliance with the 

specifications defined in the earlier stages. In addition, it verifies the overall system performance 

through input/output simulations.  

 

There are various ways of calculating the losses and gains in a budget link chain. Methods diverge from 

simple Excel spreadsheets to complicated hardcoded models. A MATLAB-coded method of the budget 

link analysis is presented here. The choice for MATLAB stems from the available functions that 

compute the mixer, amplifier, and filter equations while considering the non-linearities of each 

component [45]. The budget link model can be used to analyse the input signal, simulate and calculate 

the overall system output frequency, power, gain, NF, OIP3, and SNR. Calculations at each stage of the 

cascaded chain are also available, which is advantageous for showcasing the effect of the non-linearities 

of each component on the output figures.  



The MATLAB code is divided into two parts, with the first part responsible for building a cascade row 

of RF components populated with the key parts’ main specifications. The code can be found in 

Appendix D.  

 

Another part of the model reads the input signal and upconverts the IF frequency to the desired RF 

frequency; therefore, the input and output of the system can be visualized. Figure 5-1 shows a snippet 

of the code where the model extracts the signal from a WAV file, performs a Fast Fourier Transform 

(FFT), and upconverts the data to the desired RF signal. 
% Read the input from a WAV file 
[xn,fs]=audioread('EMrecording1_20130922_193609Z_145941kHz_IQ.wav'); 
% Perform a fast Fourier transform, define the bandwidth and upconvert the 
signal with the overall gain.  
nf = 1024; 
Y = fft(xn,nf); 
Z1 = abs(Y(1:nf/2+1)); 
f = ((fs/2*linspace(0,1,nf/2+1))); 
f1 = (f + UHF) ./ 1000000; 
f2 = (f + X_Band) ./ 1000000000; 
for c = 1 : 513 
    if (Z1(c) > 2) 
     Z2(c) = Z1(c) + Gain; 
    else 
     Z2(c) = Z1(c);    
    end 
end 
%Plot the input signal 
plot(f1,Z1); 
title ('Input signal'); 
xlabel('Frequency (MHz)'); 
ylabel ('Magnitude (dBm)'); 
%Plot the output signal 
plot(f2,Z2); 
title ('Output signal'); 
xlabel('Frequency (GHz)'); 
ylabel ('Magnitude (dBm)'); 
              Figure 5-1 A snippet of the MATLAB model that simulates the input and output of the RF upconverter module 

The code was utilised and run during the hardware model verification process which is discussed in 

Section 5.2.2. 

5.2 Verification Results 
 
5.2.1 Filter Verification Results 

 
The edge-coupled microstrip filter design was imported in the ADS EM simulation toolbox. Figure 5-

2 shows the EM-simulated frequency response of the edge-coupled microstrip bandpass filter, which 

was the first design specified in Section 4.4.2. 



 
                     Figure 5-2 The EM simulated frequency response of the edge-coupled microstrip bandpass filter 

As shown in Figure 5-2, a band shift happened as the lower and higher cut-off frequencies shifted to 

10.47 and 10.61 GHz, respectively. This defined the bandwidth of the filter to be 140 MHz instead of 

220 MHz. The narrower bandwidth corresponded to a higher insertion loss and lower return loss at the 

RF frequency. 

Similarly, the stub-loaded filter schematic design was imported in the ADS EM simulation toolbox. 

Figure 5-3 shows the EM-Simulated frequency response of the stub-loaded microstrip bandpass filter  

 

 
        Figure 5-3 The EM simulated frequency response of the stub-loaded microstrip bandpass filter 

 
As shown in Figure 5-3, no band shift or changes to the bandwidth were noted, and the bandwidth of 

the filter was still capped at 20 MHz. There was an improvement in the insertion loss, 1.318 dB. 
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However, this also came at the expense of a lower return loss, 21.21 dB. The figures of this design and 

the edge-coupled design were utilised to define the EM-Simulated specifications of the edge-coupled 

stub-loaded microstrip filter, which was the second design proposed in Section 4.4.3. To summarise the 

results, Table 6 compares the EM-simulated specifications vs the ideal-simulated specifications of the 

two designs to highlight the difference between the two responses. 

 

 Edge-coupled Microstrip Filter Stub-loaded edge-coupled Microstrip Filter 

Type Ideal EM Ideal EM 

Bandwidth  220 MHz 140 MHz 20 MHz 20 MHz 

Q-Factor 0.019  0.013 1.9 * 10 -3 1.9 * 10 -3 

Insertion loss  1.426 dB 2.942 dB 3.54 dB 4.26 dB 

Return loss 46.225 dB 25.438 dB 39.5 dB 21.2 dB 
Table 6 the EM-simulated specifications vs the ideal-simulated specifications of the two designs 

 
Furthermore, The EM-Simulated filter figures of the stub-loaded edge-coupled microstrip filter were 

imported in the hardware verification model to provide the simulated system specifications that will be 

compared to the system specifications defined in Table 2.  

 

5.2.2 Hardware model verification results 
 
The verification model code runs in the MATLAB desktop environment by typing Rf_Budget_Analyzer 

after importing the .m source code file. Figure 5-4 shows the simulated system specifications that verify 

the performance of the overall system. 

 

 
                                         Figure 5-4 the simulated X-Band transmitter system specifications. 



 

Table 7 summarises the X-Band transmitter system specified figures and the simulated figures that were 

produced by the model and the tools observed in this section. It shows the compliance of the system 

with all the system specifications defined in the earlier stages except for the insertion loss. 

Type  Specified Value Simulated Value 
                                           X-Band Filter Specifications 
Bandwidth  < 200 MHz 20 MHz 
Q-Factor < 0.019  1.9 * 10 -3 

Insertion loss  < 3 dB 4.26 dB 
Return loss > 20 dB 21.2 dB 
Out-Of-Band rejection  > 40 dB at 9.57 GHz 80.5 dB at 9.57 GHz 
                                             Amplifier Specifications  
Gain > 50 dB 53.24 dB 
NF < 10 dB 8.745 dB 
OIP3 > 28 dBm 34 dBm 
                                               General Specifications  
Output Frequency  10.489 GHz 10.489 GHz 
Output Power +27 dBm +27.04 dBm 

Table 7 The X-Band transmitter system specified figures and the simulated figures 

 

Additionally, The model can visualize the budget link through the RF budget analyser toolbox in 

MATLAB and produce the architecture of the transmitter chain, with the input/output power levels 

highlighted, as shown in Figure 5-5. 

 

 
                                             Figure 5-5 The simulated architecture of the transmitter chain 

 
To simulate the input and output signals, the BPSK modulated FUNcube telemetry data was provided 

by AMSAT-UK in a WAV file format [46]. Therefore, the model was built to extract the data from a 

WAV file and perform the upconversion, amplification, and filtering processes to the input and 

produce the output. Figure 5-6 shows the simulated input signal normalised and cantered at 45 MHz. 

 



 
Figure 5-6 The simulated input to the hardware verification model 

 

The sampling frequency of the WAV extraction function in MATLAB is very low [47] compared to 

the input data frequency, which was later found to be in the VHF band. This resulted in inaccuracies 

in the FFT in terms of the input bandwidth and power level definitions. Therefore, the bandwidth and 

power levels were inaccurate in the input simulation only. However, the output behaviour was as 

expected, as the model was able to simulate the upconversion and the amplification processes with the 

output power levels increased by the calculated gain and centred around the correct RF frequency, as 

shown in Figure 5-7. This proves the functionality of the code in the presence of data that can be 

sampled and normalised by MATLAB. 

 

 
                               Figure 5-7 The simulated output to the hardware verification model 

 

The model was designed to extract the input signal from a WAV file, as this was the only 

representation for FUNcube telemetry data provided by AMSAT-UK. However, the sampling 

frequency must be at least twice the frequency of the input to derive an accurate FFT of the signal 

[48] , and this cannot happen in MATLAB when the input signal is in the VHF range.  



 

The model can be easily extended to extract the signal from a MATLAB file or a spreadsheet instead 

of a WAV file if the telemetry data cannot be captured except at VHF only. These points were raised 

to AMSAT-UK as future guidance that the frequency in the WAV input telemetry file must be in the 

kHz range. However, if high-frequency input data needs to be simulated, then they must be in an 

EXCEL spreadsheet or a MATLAB file format to derive an accurate representation of the signals.  

 

5.3 Summary 
 
The hardware design of the filter and the transmitter system was verified using a MATLAB-coded 

budget link analysis model and an EM simulation tool. This verification method considered the non-

linearities of the components, filters. It produced the expected system specifications to verify the 

compliance of the system with the standards set by AMSAT-UK. The system was found to fulfil all 

the specifications except for the insertion loss. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



6. Conclusion & Future work 
 

This project has successfully achieved the four key deliverables that were set to produce an X-Band 

transmitter system for a payload that transmits an RF signal of 10.489 GHz at +27 dBm. 

 

In the literature review, we studied the background information of the ESEO flight mission, the 

structural functionality of the RF front end in an SDR as well as an overview of the ESEO 

Communications Chain. The state-of-the-art of the ESEO X-Band Communication System 

highlighted the need to create and assess new X-Band downlink communication chains to upconvert, 

amplify, and filter the bandwidth. 

 

The initial design work showed three different chains that featured regenerative and non-regenerative 

transponders as well as different modulation techniques. After the assessment of the operation of each 

system in terms of power, cost, key parts, and chain size, we decided that the X-Band downlink 

transmitter was the best option for the application. For the time and budget of the project, we focused 

on designing the X-Band transmitter with a narrow filtering solution as the transponder would 

overload the project. Furthermore, we defined a work plan with multiple design stages to provide the 

key deliverables of the project.  

 
The work plan is composed of four different stages. Firstly, the design specifications stage defined the 

key parts required to design a hardware model of the X-Band transmitter as well as the specified 

overall system performance figures. Secondly, in the transmitter hardware model stage, we designed 

the PCB of the X-Band upconverter to achieve the X-Band downlink frequency with the required 

output power +27 dBm. A further stage was required to design the X-Band filter required for 

transmitting the RF signal at 10.489 GHz with < 200 MHz bandwidth. Two high-Q designs were 

developed that have a bandwidth of 220 MHz and 20 MHz, respectively. We showcased a trade 

between a better insertion loss and a lower bandwidth with simulations in ADS. We also introduced a 

novel method to design an Ultra-Narrowband stub-loaded microstrip filter using ADS and a 

MATLAB impedance calculator that was designed to allow the work to be re-generated and available 

for expansion.  

 

Finally, the system was verified in a final stage with EM simulation of the frequency response of the 

designed filters, and MATLAB-modelled budget analysis of the transmitter chain that simulates the 

PCBA design through input and output simulation. The model also verified the system performance. 

However, the input simulation was only limited to low-frequency WAV inputs as high-frequency data 

must be in another compatible format, EXCEL spreadsheet, or a MATLAB file. The system was 

found to be fully compliant with the AMSAT-UK specifications aside from the insertion loss, which 



can be compensated easily in such a high gain system. We were pleased to produce an X-Band 

transmitter with an Ultra-Narrowband filtering solution, as this was regarded as the biggest challenge 

to the project. The work was well-accepted by AMSAT-UK and the supervising team. 

 

This project has faced timing difficulties due to the effects of the COVID-19 pandemic; the work was 

discontinued for three months, as shown in the Gantt Charts that can be found in Appendix F. It was a 

difficult challenge to work on this project remotely from the software and hardware labs. However, 

Overall, the project managed to make good progress on the subject of Ultra-Narrowband X-Band 

filtering opening the field to making new advancements in filtering in the future. 

The project extended the author skillset as software and hardware development were featured in the 

work observed in this paper. 

 
For future work, we plan to build and test the PCBs in the EEE Surrey Laboratories, Surrey space 

centre, and 5G Surrey Innovative Centre. The filters and the upconverter module design files are 

accessible, optimized, and available for the immediate building once the labs reopen again.  
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Appendix A – X-Band Upconverter module Schematic 
 
 
 

 
 
 
 
 
 
 
 
 



Appendix B – X-Band Upconverter Module PCB 
 
 

 

Appendix C – The prototype element values of a Chebyshev filter 
 

Order 𝑔𝑔1 𝑔𝑔2 𝑔𝑔3 𝑔𝑔4 𝑔𝑔5 𝑔𝑔6 𝑔𝑔7 𝑔𝑔8 𝑔𝑔9 𝑍𝑍𝑜𝑜 

2 0.4489 0.4078               0.9085 

3 0.6292 0.9703 0.6292             1 

4 0.7129 1.2004 1.3213 0.6476           0.9085 

5 0.7563 1.3049 1.5773 1.3049 0.7563         1 

6 0.7814 1.3600 1.6897 1.5350 1.4970 0.7098       0.9085 

7 0.7970 1.3924 1.7481 1.6331 1.7481 1.3924 0.7970     1 

8 0.8073 1.4131 1.7824 1.6833 1.8529 1.6193 1.5555 0.7334   0.9085 

9 0.8145 1.4271 1.8044 1.7125 1.9058 1.7125 1.8044 1.4271 0.8145 1 



Appendix D – RF Budget Analyzer MATLAB Code 
% Build a cascade (row vector) of RF elements 
elements(1) = modulator( ... 
    'Name','LTC5578', ... 
    'Gain',1.4, ... 
    'NF',8.6, ... 
    'OIP3',27, ... 
    'LO',871e6); 
elements(2) = amplifier( ... 
    'Name','PMA233LN', ... 
    'Gain',19.1, ... 
    'NF',0.38, ... 
    'OIP3',34); 
elements(3) = rffilter( ... 
    'FilterType','Butterworth', ... 
    'ResponseType','Bandpass', ... 
    'Implementation','LC Tee', ... 
    'PassbandFrequency',[915 917]*1e6, ... 
    'PassbandAttenuation',1.56, ... 
    'StopbandFrequency',[0.9 1]*1e9, ... 
    'StopbandAttenuation',40, ... 
    'Zin',50, ... 
    'Zout',50, ... 
    'Name','saw'); 
elements(4) = modulator( ... 
    'Gain',-9, ... 
    'NF',9, ... 
    'LO',9.573e9); 
elements(5) = rffilter( ... 
    'FilterType','Chebyshev', ... 
    'ResponseType','Lowpass', ... 
    'Implementation','LC Tee', ... 
    'FilterOrder',3, ... 
    'PassbandAttenuation',3.0103, ... 
    'PassbandFrequency',10.489e9, ... 
    'Zin',50, ... 
    'Zout',50, ... 
    'Name','Filter'); 
elements(6) = amplifier( ... 
    'Gain',14.1, ... 
    'NF',1.3); 
elements(7) = rffilter( ... 
    'FilterType','Chebyshev', ... 
    'ResponseType','Bandpass', ... 
    'Implementation','Transfer function', ... 
    'PassbandFrequency',[10.479 10.499]*1e9, ... 
    'PassbandAttenuation',1.35, ... 
    'StopbandFrequency',[10 11]*1e9, ... 
    'StopbandAttenuation',40, ... 
    'Zin',50, ... 
    'Zout',50, ... 
    'Name','Stub'); 
elements(8) = amplifier( ... 
    'Gain',32, ... 
    'NF',10, ... 
    'OIP3',34); 
  
% Construct an rfbudget object 
b = rfbudget( ... 
    'Elements',elements, ... 



    'InputFrequency',45e6, ... 
    'AvailableInputPower',-26.2, ... 
    'SignalBandwidth',50e3, ... 
    'Solver','Friis'); 
  
%Display the output  
disp(b); 
                                                                                                   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



Appendix F – Gantt Chart Semester 1 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



Appendix F – Gantt Chart Semester 2 
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