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ABSTRACT  

 

The atmospheric total water vapor content (TWVC) affects climate change, weather 

patterns, and radio signal propagation. Recent techniques such as global navigation satellite 

systems (GNSS) are used to measure TWVC but with either compromised accuracy, temporal 

resolution, or spatial coverage. This study demonstrates the feasibility of predicting, mapping, and 

measuring TWVC using spread spectrum (SS) radio signals and software-defined radio (SDR) 

technology on low Earth-orbiting (LEO) satellites. An intersatellite link (ISL) communication 

network from a constellation of small satellites is proposed to achieve three-dimensional (3D) 

mapping of TWVC. However, the calculation of TWVC from satellites in LEO contains 

contribution from the ionospheric total electron content (TEC). The TWVC and TEC contribution 

are determined based on the signal propagation time delay and the satellites’ positions in orbit. 

Since TEC is frequency dependent unlike TWVC, frequency reconfiguration algorithms have been 

implemented to distinguish TWVC. The novel aspects of this research are the implementation of 

time stamps to deduce time delay, the unique derivation of TWVC from a constellation setup, the 

use of algorithms to remotely tune frequencies in real time, and ISL demonstration using SDRs. 

This mission could contribute to atmospheric science, and the measurements could be incorporated 

into the global atmospheric databases for climate and weather prediction models. 

 

Keywords: total water vapor content; total electron content; frequency reconfiguration; 

intersatellite link; software-defined radio; small satellites. 
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CHAPTER 1  

INTRODUCTION 

 

1.1 Overview  

The atmospheric water vapor content (TWVC) is a critical meteorological measurand for 

the hydrological cycle, weather forecasting, climate modeling, Earth's energy budget, and ozone 

chemistry [1,2]. Recently, the unprecedented global climate change crisis due to TWVC has been 

evidenced by frequent and intense disruptive weather patterns such as catastrophic floods, extreme 

droughts, heatwaves, rising sea levels, massive snowfalls, storms, and stronger hurricanes [3,4]. 

As shown in Figure 1, for the past five decades, the severity and impacts of some of the 

aforementioned disasters led to huge loss of lives, infrastructure, global economies, businesses, 

and natural ecosystems on Earth [5–7].  
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Figure 1. Depicts the global distribution of (a) catastrophes, (b) mortality, and (c) economic 

losses by hazard category and decade. Source: World Meteorological Organization[8] 

Over the next decade, the devastating impacts due to climate change as a result of TWVC 

are predicted to plunge 130 million people into poverty, unravelling hard won development gains, 

and by 2050 could force migration of over 200 million people [8]. Taking immediate actions to 

combat TWVC driven climate changes and its effects is therefore critical to save lives and 

livelihoods, as well as making the 2030 Agenda for sustainable development goals (SDGs) and its 

goal number 13 on Climate Action a reality [6]. These problems demand the creation of accurate, 

reliable, resilient, and adaptative remote sensing techniques that predict, monitor, and mitigate the 

occurrence of these events with sufficient temporal resolution and spatial coverage for climate risk 

management and control as illustrated in Figure 2.  

 
Figure 2. Climate risk management and adaptation framework 

Close monitoring of TWVC and related hazards aids disaster relief operations by allowing 
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early detection of events, recognition of their scope, and reduction of overall damage by 

responding quickly and effectively. The techniques must provide invaluable TWVC data needed 

to develop scientific solutions, and make informed decisions that combat climate change and the 

resulting adverse and extreme weather patterns. 

 

1.2 Problem Statement 

Conventional ground, air, and space technologies are being used to predict, monitor and 

measure TWVC distribution as shown in Figure 3.  

 
Figure 3. Atmospheric water vapor measurement techniques 

Terrestrial remote sensing techniques that use ground or upward-looking observation 

infrastructure such as surface meteorology, Raman light detection and ranging instruments (R 

Lidar), microwave radiometry, differential absorption Lidar, and Sun photometers have proven 

successful in mapping the TWVC distribution with high temporal resolution and adequate 

precision [2,9–15]. However, these techniques are usually immovable, costly, require continuous 

maintenance, and have small spatial coverage. Also, surface meteorology related data is closely 

tied to land-air and cannot sufficiently map the complete boundary of atmospheric water vapor. 

Moreover, meteorological sensors on microwaves, Lidar instruments and Sun photometers are 
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greatly affected by rain, clouds, and intensity of sun, respectively. These effects greatly limit the 

efficiency and effectiveness of using these techniques in measuring parameters of the atmosphere. 

Very-long baseline interferometry is another ground-based technique that can detect atmospheric 

water vapor based on the delay of radio signal when observing extragalactic radio emitters such as 

quasars using a minimum of two terrestrial radio antennas [16,17]. Nevertheless, it is usually 

characterized with low temporal resolution depending on operation schedule.  

Meteorological station data from 1966 to 2017 and ERA5 reanalysis data from 1979 to 

2020 over Russia were used to study the incremental correlation between land-air temperatures 

and extreme daily precipitations as represented by the Clausius-Clapeyron (C-C) equation[18]. 

Northern Eurasia has not been adequately examined, despite major temperature shifts and a rapid 

transition from large-scale to convective precipitation. Reanalysis data might have inconsistences 

and station data might have limited spatial coverage, especially in remote regions, potentially 

leading to spatial bias. Gaining insight into the mechanisms driving intense precipitation, 

necessitates improved weather predictions and climate projections that rely on enhanced satellite 

technologies for improved accuracy. 

Polar orbiting satellites, radiosondes, interferometric synthetic aperture radar (In-SAR), 

imaging spectroradiometers such as the moderate and medium resolution imaging (MODIS 

onboard Terra and Aqua and MERIS onboard ENVISAT), remotely piloted vehicles, instrumented 

aircrafts, and global navigation satellite systems (GNSS) satellites are among the air and space-

inclined techniques utilized to detect and measure TWVC [2,19–27]. These methods proved to be 

convenient and have large spatial resolutions; however, the space measurement technologies have 

low temporal resolution and compromised accuracy compared to ground-based methods. 

Furthermore, the use of imaging spectroradiometers (MERIS and MODIS) is affected by clouds 

in addition to their low temporal resolutions [27].  

Two distinct Iranian regions with diverse climate conditions were explored to investigate 

the impact of shifts in meteorological indicators such as water vapor and temperature on 

groundwater reserves [28]. The application of Sentinel-1A acquisitions, InSAR technique, and 

advanced integration methods were implemented to determine meteorological indicators. General 

circulation models, meteorological data, synoptic observations, and the statistical downscaling 

models (SDSM) were all used to project the indicators. The prediction of groundwater levels was 

accomplished through a combination of groundwater level observations, water vapor data derived 
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from GPS estimations, and an evapotranspiration index relying on an artificial neural network 

(ANN) [28]. However, the ANN model's accuracy and reliability strongly rely on the quantity and 

quality of accessible data. Also, inadequate or inconsistent geodetic measurements and 

groundwater level data may further affect the analysis's robustness. 

Optimal approaches that enhance downscaling process from the function-based 

tomography technique sourced from GNSS satellites was suggested [29]. The dependency on 

GNSS data and the related hardware infrastructure is one possible downside of adopting the 

function-based troposphere tomography approach for effective precipitation downscaling. This 

reliance on GNSS signals could pose challenges in areas prone to signal interference or regions 

with limited or disrupted satellite signal reception, such as densely forested regions, and urban 

canyons. The precision and reliability of the tomography approach may be affected in such areas, 

resulting in inaccuracies in the downscaling process.  

Hussein et al [30] utilized copulas functions to depict the seasonal dependency of 

precipitation and temperature. Whilst they managed to captured the statistical dependency, they 

could not completely account for the complex physical mechanisms that drive these interactions 

in the atmosphere. Furthermore, copulas frequently assume stationarity, which implies that the 

interactions between variables remain constant across time. In reality, climate change and other 

variables might cause non-stationarity, this could impact risk prediction accuracy. 

Geostationary (GEO) satellites like the geostationary operational environmental satellites 

(GOES) have been vital in effectively monitoring and tracking severe weather environments like 

storms and hurricanes in real time due to their high temporal resolution and ability to repeat 

observations over a specific area [31]. Nevertheless, for detecting water vapor, their high orbital 

attitudes contain large amounts of plasma. Additionally, the spatiotemporal interpolation methods 

used to derive water vapor from GEO satellites are computationally demanding, requires 

sophisticated algorithms, and likely biased by data anomalies [31]. 

Small satellites technologies such as CubeSats are also increasingly gaining relevance in 

climate and meteorology studies [32]. As part of space precision atomic-clock timing utility 

mission (SPATIUM), Kyushu Institute of technology (Kyutech) launched and successfully 

operated two low Earth orbit (LEO) satellites, which are SPATIUM-I (2U CubeSat), and 

SPATIUM-II (1U payload on a 6U CubeSat), for technology demonstration towards ionospheric 

electron density mapping [24,33,34]. Even though SPATIUM mission has an objective of three-
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dimensional (3D) ionospheric mapping for TEC by a constellation of small satellites, SPATIUM I 

and II missions demonstrated technologies related to chip-scale atomic clock and onboard 

processing capabilities to receive and demodulate spread spectrum (SS) signal for time delay 

measurements between a satellite receiver and the ground stations (GS). As a result, two satellites 

have not investigated the influence of TWVC on the time delay measurements, 3D mapping of the 

atmospheric parameters, and employing an orbital constellation in addition to the intersatellite 

communication yet.  

On a global scale, GNSS satellites have carried out modeling and mapping of the 

atmosphere’s geophysical parameters, such as TWVC, TEC, temperature and pressure [35]. The 

GNSS constellation utilizes either the carrier phase or the pseudo-range radio occultation (RO) 

techniques to estimate the signal delay as a result of the mentioned geophysical parameters. The 

measurements are deduced along the GNSS signal array paths [14,20,36]. Models such as 

numerical weather prediction (NWP) models, global ionospheric models (GIM) and global 

circulation models were developed to map and model the vertical and horizontal profiles of the 

atmospheric parameters from GNSS satellites [37–39]. However, the precision of TWVC and TEC 

from GNSS carrier waves is compromised because GNSS higher L-band frequencies 

(L1 = 1570 MHz and L2 = 1220 MHz)  are less affected by the atmospheric geophysical 

parameters. GNSS satellite were not developed to monitor water vapor distribution or electron 

density but rather for locating or timing purposes. Therefore, their precision in determining TWVC 

or TEC is limited. Like GEO satellites, GNSS high orbital altitudes have strong plasma 

contribution which influences measurement accuracy [24,40]. Furthermore, when estimating water 

vapor time delay using GNSS technique, the satellites antenna phase center (APC) is prone to 

fluctuations and they require correct APC modelling. Incorrect APC modeling could yield to false 

and extra trends in TWVC profiles [41]. Furthermore, GNSS satellites can assess atmospheric 

water vapor with spatial resolution that fluctuates within the range of tens of kilometers. This 

spatial resolution is contingent on factors such as the quantity of receiving stations and the revisit 

period, which can span from seconds to an hour [16]. Therefore, improving the accuracy and 

spatiotemporal resolutions still remains as an essential task for the measurements of TWVC in 

addition to the TEC.  
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1.3 Motivation, Challenges and Research Questions 

Lower orbital altitude performs better for obtaining higher accuracy, temporal and spatial 

resolutions of TWVC measurement from satellite signal. Furthermore, lower frequencies than 

GNSS L-Band are more impacted by atmospheric TWVC and ionospheric TEC and these 

measurements can be acquired reliably and with better quality. This became the primary motive 

for this research.   

Detecting atmospheric water vapor using low frequency radio signals from a constellation 

of LEO small satellites is proposed as an alternative method. Radio signals through space are 

primarily influenced by atmospheric water vapor content and total electron density. Approximately 

99% of TWVC is in the troposphere, whereas TEC plasma density is dominant in the ionosphere 

[42]. Troposphere is a layer in the atmosphere’s neutrosphere region. TWVC and TEC profiles 

could be acquired by a satellite constellation with high spatiotemporal resolutions and better 

accuracy than the GNSS and other conventional technologies. As a result, small satellites could be 

considered due to their short development span, affordable costs, and effectiveness in solving space 

scientific missions. Unlike SPATIUM-I and SPATIUM-II missions, the influence of both TWVC 

and TEC are taken into consideration and TWVC is separated from TEC. SS ranging signals which 

allow multiple signals to share the same frequency are transmitted from a network of satellites 

using intersatellite link (ISL) communication [24]. Software defined radio (SDR) technology has 

been adopted to transmit and receive the SS signals. SDR technology is significantly effective in 

that communication digital signal processing (DSP) hardware can be implemented as software, it 

supports a wide range of radio frequencies, and its architecture is reconfigurable, extensible, 

reprogrammable, and upgradable in real time [43]. The SS signals are modulated with binary phase 

shift keying (SS-BPSK) modulation because BPSK-modulated data travels long distances, and the 

original message is easily detected at the receiver due to the efficient properties of BPSK 

technology [44]. ISL technology has been employed for various satellite communication and 

formation flight applications, enabling ranging, commanding, timing control, and data transfer in 

a distributed network system [45]. In this proposal, the intersatellite ranging from satellites in 

different LEO orbital planes is performed in all directions to acquire three-dimensional mapping 

of atmospheric water vapor and ionospheric density along each line of transmission. Each satellite 

in the ISL network has a mission payload for TWVC derivation. The mission payload is designed 

to fit small satellites limited constraints of power, mass, and size. To derive the water vapor and 
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electron density three-dimensional distributions, we solve the inverse problems [24]. For a given 

set of water vapor and electron density distribution, we integrate the two quantities along each 

measurement path and compare TWVC and TEC with the ones derived from the measurement. 

We find the 3D water vapor and electron density distribution that best matches with the 

measurement. Figure 4 depicts the main notion of water vapor and electron density dispersion 

measured from a constellation of satellites.  

 
Figure 4. 3D Mapping of atmospheric TWVC 

The TWVC and TEC are detected based on signal propagation time delay, and the delay of 

SS signals along the intersatellite ranging path is calculated onboard each satellite. Since the total 

electron density varies inversely to the square of the radio signal frequencies, whereas TWVC does 

not, solving the inverse problem and manipulating multiple radio frequencies (RF) help to 

distinguish and separate TWVC from TEC [46]. Two remotely tuned algorithms that utilize 

extensible markup language remote procedure call (XML-RPC) and transport control 

protocol/internet protocol (TCP/IP) were coded to remotely reconfigure SDR transmitter and 

receiver frequencies in real time [47,48]. The algorithms were built using GNU Radio digital 
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processing blocks and the Python programming language. The algorithms achieve frequency 

translation within a second of reconfiguration. This is the shortest possible time to retrieve the 

mission data with high accuracy based on this method. Meteorological ultra-high frequency (UHF) 

bands were selected for communication since they are more vulnerable and influenced by the 

parameters of the atmosphere compared to GNSS L-band frequencies. The network of ground 

stations (GS to GS network) uses GS to satellite networks to operates missions, control the 

satellites, and acquire mission data from satellites in the ISL network. However, there are 

technological hurdles and research questions that must be addressed in the development of this 

technology which are:   

1. Determining the TWVC measurement and calculation concept based on a constellation of 

small satellites using radio signals. The concept mathematical modelling should take into 

consideration all the parameters and assumptions that deduce the TWVC with very high 

accuracy.   

2. Deducing TWVC measurement is based on time delay. However, on ground test there is 

no influence of TWVC not TEC. Therefore, a method that simulate atmospheric water 

should be implemented to demonstrate the feasibility of mission success in orbit. 

3. Implementing a robust ISL network on a constellation of CubeSats. The ISL architecture 

is required to fit within the limited constraints of Kyutech based satellite architectures. In 

line with Kyutech projects incorporation of an ISL network has not been implemented.  

Moreover, laser-based systems have been so much implemented in kind of a mother and 

daughter satellite architecture, however no clear demonstration has been given using RF 

signals [49]. 

4. The most viable choice for the transceiver in both the satellite and ground station for SS 

transmission and reception is the commercially available SDR. This is because the SDR 

architecture supports remote reconfiguration of radio communication parameters. Also, 

SDR are scalable, upgradable, can be updated over time and they operate on a wider 

frequency bands and bandwidth. However, they have time offset errors which distort the 

accuracy of data.  

5.  To distinguish atmospheric water vapor from total electron content, frequency 

manipulation algorithms are required to remotely tune the SDR frequency parameters. 

Python and c++ based GNU Radio software has been proven the best method to 
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implemented the software transceiver that controls and tune the SDR. However, GNU 

Radio software parameters including the SDR radio frequency parameters are not easily 

accessed for tuning frequency outside the GNU Radio itself. Also, the reconfiguration 

algorithms if implemented they must achieve the frequency translation in the shortest 

possible time to attain accuracy.  

6. To attain maximum performance of the TWVC mission system, onboard processing of 

TWVC data shall be done. The onboard processing time depends the microcontroller 

processing capacity and efficiency of the algorithms. High speed processing is required 

for system optimization, efficiency in processing, transmission and reception of SS signals. 

Processor choice and efficiency of processing algorithms is of paramount importance.  

7. Can the mission success be achieved on the implementation based on SDR technology, on 

small satellite and using commercial off the shelf components (COTS). 

This thesis will discuss the likely best approach for deducing atmospheric water while 

addressing all the challenges and unproven research questions present. 

 

1.4 Research Aim 

To invent space technology solutions that support atmospheric geophysical databases with 

water vapor data for  

1. Accurate TWVC in orbit prediction,  

2. Trend analysis of TWVC distribution in orbit over time, 

3. Disaster and emergence preparedness  

4. Insurance estimations 

5. Informed decisions on climate and weather changes.  

 

1.5 Research Objectives 

The main objectives of this research encompass:  

1. To deduce the TWVC measurement concept. 

2. To design a satellite payload that measures atmospheric water vapor, determines the 

system requirements, selects the components and specifications, and conducts system 

interfaces and integration. 

3. To implement a GNU radio-based SDR transceiver with both transmitting and receiving 
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capabilities of SS ranging signals. 

4. To perform ISL ranging. This is essential for 3D mapping when all LEO orbital planes 

will be considered. 

5. To demonstrate dual frequency reconfiguration of SS ranging signals by remotely 

tuning SDR parameters during runtime onboard each satellite. This is required for 

mission measurement accuracy and to distinguish TWVC and TEC. 

6. To eliminate instruments’ clock offsets and errors as much as possible. 

7. To simulate how the signal time delay due to water vapor and electron density can be 

estimated. This is vital in deducing the final TWVC measurement. 

 

1.6 Mission Requirements 

The most critical requirements of this study are listed below: 

▪ The frequency reconfiguration time and data processing time should be ≤ 1 s. 

▪ A water vapor column of approximately a few mm and a delay measurement accuracy 

≤100 ns. 

▪ The size of the constellation should be more than 1000 small satellites [24]. 

▪ The temporal resolution should be between 5 min and 15 min, whereas spatial coverage 

should be between 15 km and 4600 km. 

▪ The payload should be able to fit within the limited constraints of power, size, and mass 

for a small satellite. 

 

1.7 Research Scope 

The research was conducted in parallel to Kyutech satellite development projects where l 

earned a lot of skills to develop the TWVC mission concept and implementation. The scope of this 

thesis will include the mission concept design, selection of mission components, system design 

configuration for mission and bus subsystems, programming, hardware and software integration, 

testing and validation. The TWVC measurement concept and separating TWVC from TEC based 

on radio signals with the use of SDR technology shall be addressed. The scientific research on 

atmospheric radio sensing gives a comprehensive grasp on determination of the TWVC 

estimations and the fluctuations in atmospheric water vapor profiles. The hardware section of this 

study involves the integration of the SDR as the transceiver, Raspberry Pi (RPi) for processing, 
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GPS modules for clock accuracy and time reference, radio frequency (RF) switch for time 

stamping of the incoming and outgoing signals, delay pulse generator for delay simulation, 

antennas for electromagnetic radiation transmission and reception, and power bus. These hardware 

components are mounted on each satellite in the ISL network. Other hardware such as power meter, 

oscilloscope, RF shield box, current probe, spectrum analyzers, and power supplies has been used 

to support the test requirements. The software was mainly implemented utilizing Python 

programming and GNU Radio DSP software. The software was implemented to emulate DSP 

hardware functions, to control the SDR and to manipulate frequencies. The software was also made 

to do onboard processing of the mission data based on time delay.  

 

1.8 Research Methodology  

This research was conducted following several phases of implementation required to 

achieve the mission success. The milestones have been implemented in detail achieve the desired 

goal of TWVC measurement. The methodology was simplified as shown in Figure 5. 

 
Figure 5. Atmospheric water vapor implementation methodology 

1. Literature Review: An intense literature review was performed to comprehend the science 

of the atmosphere, variation of atmospheric geophysical parameters, and the influence of 

atmospheric water vapor to climate change, communication networks and weather patterns. 



13 
 

From the literature review, conventional and current technologies that are being used to 

predict TWVC were investigated to discover the research gaps and novelty of this research 

area.  

2. Mission Design: Derivation of the mission concept, TWVC calculation mathematical 

modelling, determination of mission requirements and execution were done at this stage. 

Also, the design configuration at the satellite side and ground station sides were decided in 

terms of the hardware and software that achieves mission accuracy with better resolutions 

compared to conventional methods. After all the software and hardware were selected the 

system integration was conducted and tested.  

3. Transceiver Implementation: All satellite in the ISL network has the capability to 

transmit and receive SS ranging signals. An implementation of the transceiver and 

frequency translation algorithms with GNU Radio was done.  

4. ISL Implementation: A network of two satellites was implemented to demonstrate the 

feasibility of being able to exchange information between satellite in an automated fashion. 

All satellites in the ISL network can also be controlled from a network of ground stations 

in order to downlink mission data to the ground station  

5. Frequency Reconfiguration Implementation: Frequency translation algorithms were 

implemented for mission accuracy. Two robust algorithms implemented in the client and 

server architecture were implemented. Doppler shift correction was also implemented to 

improve signal transmission and detection accuracy.  

6. Data Analyses. Data analyses was done at several stages of the TWVC mission 

development. Acquisition of GPS location, clock and time reference data was done. The 

implemented transceiver performances were analyzed using digital and graphical method. 

Time delay detection and mission data processing was also investigated at this stage.  

7. Graduation Requirements. All the requirements for doctoral graduation were fulfilled.   

 

1.9 Research Novelty and Contribution  

The novelty of the present paper is the use of SDR technology to deduce atmospheric water 

vapor delay based on radio signals, frequency manipulation, and the ISL network from a 

constellation of small satellites in LEO. Also, time stamps were implemented with RF switches in 

order to deduce the signal propagation time delay. The SDR capabilities were adopted to 
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implement an automated software transceiver that performs digital signal processing (DSP) and 

frequency manipulation remotely in the shortest possible time. Instead of each satellite being 

composed of several radio devices that operate at different frequencies, only a single SDR 

transceiver is mounted onboard each satellite to perform the communication mission requirements 

and this reduces the cost and strain on the limited resources of small satellites. In this way, the size 

of individual satellites becomes smaller and the number of satellites in the constellation can be 

increased. In the present paper, we propose a constellation of small satellites to carry out 3D 

mapping of ionosphere and troposphere with improved spatiotemporal resolutions on the condition 

that the satellite constellation is large enough to cover a wider area. Moreover, the feasibility of 

ISL ranging based on a low-cost commercial off-the-shelf (COTS) SDR transceiver and RPi 

microcomputer is uniquely demonstrated. 

The ultimate goal of this study is to contribute to the advancements of climate and scientific 

studies of the atmosphere concerned with the influence of atmospheric water vapor and total 

electron content. In fact, prediction of TWVC assists in understanding the risks and impact of 

climate change and weather patterns so that mitigation and adaptation measures can be completed to 

safeguard life on Earth. The TWVC data acquired will be vital in the development of advanced climate 

and weather prediction models. Moreover, to a certain extent, this study finds its use in space 

communication and SDR technology applications 

 

1.10 Dissertation Organization 

This thesis is partitioned into five major sections. The first section (Chapter 1) introduces 

an outline on the climatology of the atmosphere. Statistical information on the destructive 

calamities as a result of atmospheric water vapor has been given. After that research aim, and 

problem statement was given based on the conventional and current measurement techniques and 

models of water vapor. The implementation of this mission is still work in progress and several 

developments needs to be implemented to optimize the system performance to achieve the best 

results. Research motivation, challenges, research questions, objectives, scope and methodology 

were discussed in detail. In Chapter 2, a survey of the literature on the science of space weather 

conditions, traditional and modern TWVC measuring techniques, and their comparisons is 

provided. This chapter also summarizes Kyutech projects related to this research. Chapter 3 details 

the mission measurement concept and proposed method mission design configurations. Chapter 4 
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detail all the implementations and results obtained. All the challenges on the system and how they 

are addressed is discussed in this section. In Chapter 5, conclude this research, provides future 

studies and discussion. An appendix section with all the codes implemented is provided. 
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CHAPTER 2  

LITERATURE REVIEW 

 

2.1 Overview 

          The literature review or the foundation for this research is detailed in this chapter. An 

overview of atmospheric water vapor composition and the impact it poses on catastrophic 

atmospheric weather events will be explained. The theoretical fundamental is composed of 

numerous themes and subthemes that support the core notion of TWVC measurements. The 

chapter proceeds with analyses of many related published studies on TWVC, and comparisons 

between the findings of these researches are given. The author will give a deep insight into GNSS 

signal analysis. Other radio sensing technologies for atmospheric water vapor will be discussed as 

well, as the approaches may complement one another. Conceptualization, application of the 

methodology, evaluation of each processed data set, drawbacks, and suggestions for improvement 

are all aspects of the measurement of the TWVC that may be achieved. 

 

2.2 Atmospheric Water Vapor and Impact of Climate Change 

 

2.2.1 Contribution of Atmospheric Water Vapor to Greenhouse Effects  

            Every planet in the solar system, as well as other celestial objects, including comets and 

even huge asteroids, contain water vapor, making it a common atmospheric component. 

Considering the Earth’s atmosphere, WV stands out as the dominant greenhouse gas that extends 

up to 30km above the earth’s surface, contributing to more than 95 percent of the current 

greenhouse gases and at most 4 percent of the atmospheric air, as shown in Figure 6 [50,51] . Since 

most of our weather events occur within the first 10 to 15 kilometers (km), water vapor has a 

significant impact on climate change and weather patterns. 

           Water consumption for aviation, agriculture, domestic use, and power plant cooling all 

contribute to human activity-related water vapor emissions. Such emissions result in an increase 

in atmospheric humidity and the greenhouse effect of water vapor, and they also have an impact 

on cloud cover, which might either raise or decrease the emissions' "direct" effect. Although 

anthropogenic water vapor emissions are not typically thought of as a significant climate forcing 
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factor since they are minor relative to ocean evaporation, they are considerable compared to 

emissions of other greenhouse gases like carbon dioxide (CO2). 

 

 
 

(a) (b) 

Figure 6. Percentage of atmospheric water vapor to (a) Greenhouse gases (b) The troposphere 

             Increased TWVC increases the warmth induced by other greenhouse gases. The mechanics 

underlying a positive and negative water vapor feedback loop [52]are depicted in Figure 7.   

 

Figure 7. Positive and negative contribution of TWVC to greenhouse gases 

The sensitivity of the Earth's climate system is mostly governed by feedback loops or 

processes. Within the system, feedbacks occur that can either dampen or increase the reaction to 

external influences impacting the climate. In other words, the effect of one process produces 
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changes in another, which then influence the first. Positive feedback increases the direct impacts 

of the initial process, whereas negative feedback decreases them. 

In the positive loop, Earth's temperature rises in reaction to an increase in greenhouse gases. 

This causes more evaporation from land and water surfaces. Warmer air has a higher moisture 

content; hence, it has more water vapor in it. This occurs because at higher temperatures, water 

vapor does not condense and precipitate out of the atmosphere as readily. The heat from the Earth 

is then absorbed by the water vapor, preventing it from escaping into space. As a result, the 

atmosphere becomes even warmer and contains even more water vapor. of the climate, such as sea 

levels, rainfall patterns, ocean and surface air temperatures. As shown in Table 1, unlike other 

greenhouse gases like nitrous oxide, carbon dioxide, and methane, water vapor does not stay longer 

in the atmosphere; therefore, it causes short-term but devasting impacts on climate changes and 

weather patterns. 

Table 1. Comparison of greenhouse gases [53]. 

 
Within the negative feedback loop, the water vapor in the atmosphere will undergo 

condensation, leading to the formation of clouds. Clouds can have a dual impact on the greenhouse 

effect, as they might intensify it by trapping heat within the atmosphere or reduce it by reflecting 

solar radiation back into space. Depending on where the clouds grow, they can either warm or cool 

the environment, further complicating matters. High-level clouds tend to trap heat, hence boosting 

warming. Cloud formation at low altitudes has a cooling impact, offsetting some of the heat. 
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2.2.2 Resultant Disruptive Weather Patterns and Climate Changes 

       Water vapor related climate change threatens water resources, agriculture, human health, 

forests, animals, and coastal regions. For instance, [5,7]: 

1. Warmer temperatures are predicted to raise the risk of heat-related diseases and fatalities, 

as well as some forms of air pollution. 

2. Sea level rise has the potential to degrade and inundate coastal habitats as well as remove 

wetlands. 

3. Climate change has the potential to drastically alter present ecosystems by changing where 

species dwell and how they interact. 

4. Warmer climate is projected to bring more severe disasters including: 

i. More rain and flooding: Storms can create more severe rainfall events in some 

regions due to increased evaporation since there is more water in the air. The global 

water cycle is also accelerated by increases in atmospheric water vapor. They help 

to make wet areas wetter and dry areas dryer. The more water vapor there is in the 

air, the more energy it contains. This energy feeds violent storms, especially over 

land.  

ii. More extreme drought: As a result of increased evaporation brought on by warmer 

temperatures, some parts of the world experience drought. Over the next century, it 

is predicted that drought-prone areas will get progressively drier. Farmers might 

expect fewer crops in these circumstances, which is unfavorable news for them. 

iii. Stronger hurricanes: Warmer Ocean surface waters have the potential to strengthen 

hurricanes and tropical storms, making landfalls more dangerous. The frequency of 

storms will increase due to climate change. 

iv. Heat waves: Heat waves have probably become more frequent in more parts of the 

planet. 

 

2.3 Measurement of Atmospheric Water Vapor and Total Electron Content 

 

2.3.1 The Normalized Differential Spectral Attenuation (NDSA)  

Theoretically, a unique measurement concept for monitoring the vertical distribution of 

tropospheric WV has been validated, and presently being developed for space deployment [54]. 
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The NDSA approach utilizes a linear relationship between spectral sensitivity (S) and integrated 

water vapor (IWV) to calculate IWV along the radio link using data from two low Earth orbiting 

satellites. One of the satellites was mounted with a receiver and the other one with a transmitter 

[54]. The NDSA method converts S measured along the way from a transmitter to a receiver into 

the appropriate path IWV utilizing predefined S-IWV linear relationships.  

The very significant association between Sf0
  and integrated water vapor at distinct 

tangential altitudes (TAs) for frequency f0 (17-21) GHz was validated through simulations using 

an extensive dataset of radiosonde data [54].  The integrated water vapor along a specific 

microwave link operating at f0 may be determined mathematically using linear relationships: 

𝐼𝑊𝑉 = 𝑎0𝑆𝑓0
+ 𝑏0  1 

Ideal values of f0 corresponding to various tangent height intervals, as well as the related values 

of constants a0 and b0, are presented in [55]. The spectral sensitivity corresponding to a specific 

frequency is computed through approximation of finite differences applied to the attenuation 

function of the spectral. This function quantifies the total attenuation experienced by a tone signal 

during its propagation at the mentioned frequency, as expounded in reference[56]. It's worth noting 

that the setup involved two distinct LEO satellites, with one acting as the transmitter and the other 

as the receiver. One technique for determining S at f0 involves sending two sinusoidal tones with 

very near channels f1 and f2  (f1   f2 ), symmetrically arranged around f0 , which is known as the 

channel frequency. The powers, denoted as Pw1 and Pw2 pertaining to the two acquired sinusoids, 

are determined at the receiver using appropriate filtering, such that the spectral sensitivity 

associated with  f0 is easily computed as follows: 

Sf0
=

Pw2 − Pw1

∆fPw2
 2 

where ∆f = f1 − f2 denotes the spectral separation, which should be 200 or 400 MHz. This denotes 

the standardized scaling ratio of spectral attenuation within the K/Ku dual frequency bands in 

relation to the gradient of the WV suction line occurring at ≈22.2 GHz. Inverting a IWV data 

sequence taken in limb geometry at different tangent heights yields vertical profiles of WV. The 

focus was placed on the most recent findings derived from the endeavors of the Italian Space 

Agency SATCROSS project, with special attention to the improvements made to the prototype 

instrument [56]. These improvements have significantly augmented its operational capabilities, 

particularly in the aspects of the stability of power and resolutions of time. The SATCROSS project 
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focuses on implementing the NDSA approach in a scenario involving a series LEO satellites 

traversing common orbits. These satellites generate sets of integrated water vapor measurements, 

which can be used to derive two-dimensional WV fields on perpendicular planes to the surface of 

the Earth. Through this research, it was shown that tropospheric turbulence scintillation can 

considerably affect water vapor estimations obtained from limb observations between dual low 

Earth orbit satellites operating within the mentioned frequency band. 

 

Limitations 

Two critical issues impacted the trustworthiness of the empirical IWV-S relationships 

discovered in the NDSA technique: 1) the precision of the radiosonde data used to create them, 

and therefore their placements, is not consistent in the south and north hemispheres; 2) the quantity 

of radiosonde samples above 10 km is restricted, and their dependability is rare, affecting the study 

of the IWV-S relations. The link budget necessitates a shorter distance, not exceeding 400–500 km, 

between the transmitting and receiving satellites. Similarly, ionizing radiation effects rule out 

altitudes over 400 km because radiation shielding equipment would overload the CubeSat payload. 

This implies that TEC considerations were omitted in this mission. The simulation's major purpose 

has been to minimize the temporal gap between a pair of consecutive satellite traversing over a 

specific mid-latitude region, at the same time also ensuring consistent spatial resolution; therefore, 

its temporal resolution is low. Additionally, in terms of the orbital inclination of the two satellites, 

a sun-synchronous orbit is chosen to cover all latitudes effectively, while also extending the 

average duration of coverage when contrasted with alternative values of inclination. In order to 

derive two-dimensional fields, inversion methods were utilized to reconstruct information from 

sequences of individual integrated water vapor estimations linked between low Earth orbit 

satellites pairs. 

 

2.3.2 The GNSS Concept  

a. Ground Based GNSS Measurement of Water Vapor 

The GNSS RO and ground-based techniques have been conventionally and recently 

employed to detect atmospheric water vapor [57–59]. The GNSS based GPS approach for 

monitoring atmospheric water vapor was introduced in early 1992 [60]. Currently, ground-based 

GNSS technology (see Figure 8), which has tens of thousands of stations globally, provides vital 



22 
 

information regarding water vapor variability. GNSS computation for the parameters of the 

troposphere have emerged as a crucial data source for applications in climatology and meteorology 

due to their fundamental characteristics, including year-round functionality, acceptable accuracy, 

moderate time resolution, and widespread coverage over terrestrial regions [61] 

 
Figure 8. GNSS satellites probing of the troposphere and ionosphere and received with ground-

based GPS receiver [62]. 

The core concept behind remote sensing of WV using GNSS revolves around the 

observation that the GNSS signal, as it propagates between the satellite and the terrestrial receiver, 

encounters delay predominantly influenced by the troposphere and ionosphere [63–65]. The GNSS 

computation for determining the receiver's location must consider slant tropospheric delay (STD). 

This delay is commonly expressed as a function of zenith tropospheric/total delay (ZTD) because 

it's independent of specific satellites. Converting STD to ZTD requires the use of mapping 

functions [66]. The delay is influenced by atmospheric conditions and can be transformed from 

slant paths at a 90-degree angle to vertical paths using mapping functions, resulting in the ZTD. 

After the calculation of the ZTD, meteorological data, mainly the surface atmospheric pressure, is 

utilized to derive the non-dipolar constituent of ZTD, commonly referred to as zenith hydrostatic 

delay (ZHD). After deducting ZHD from ZTD, the resultant value solely represents the dipolar 
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component, which is solely attributed to the existence of WV. The WV is the sole atmospheric 

constituent characterized by a consistent dipolar moment. This residual element is denoted as 

zenith wet delay (ZWD) and is determined as follows: 

ZWD = ZTD – ZHD  3 

A linear correlation exists between precipitable water vapor (PWV) and ZWD shown in Equation 

4 [67]:  

PWV = Π·ZWD 4 

The symbol Π denote the translation factor of precipitable water vapor and zenith wet delay. In a 

physical context, PWV represents the altitude at which the water vapor within a unit area of the 

Earth's atmosphere becomes saturated and converts into liquid water through condensation. The 

symbol Π is dependent on average temperature Tm of WV: 

𝛱 =
106

𝜌𝑤.
𝑅

𝑚𝑤
. (

𝑘3

𝑇𝑚
+ 𝑘2 −

𝑚𝑤

𝑚𝑑
. 𝑘1)

 
5 

In the equation  ρw liquid water density, R = 8.314 kg⋅m2⋅s−2⋅K−1⋅mol−1 stands for the universal 

gas constant, md = 28.96 kg/kmol is the dry atmosphere’s molar mass and mw = 18.02 kg/kmol 

refers to the TWVC molar mass. Additionally, there are three physical factual constants denoted 

as k1  = 77.6 K/hPa, k2  = 70.4 K/hPa, and k3  = 3.7 × 105 K2/hPa. Finally, Tm  is a variable 

associated with temperature and vapor pressure various atmospheric altitudes. In practical terms, 

the utilization of long-term radiosonde datasets in the analysis of linear regression yields an 

empirical equation for surface temperature and Tm [60]. The measurements of tropospheric WV 

tomography involve integrating the WVC along the path of the ray, referred to as slant water vapor 

(SWV). Equation 6 elucidate the aforementioned.  

𝑆𝑊𝑉 = ∫ 𝜌𝑙(𝑙)𝑑𝑙 = 𝑃𝑊𝑉. 𝑀𝑤 + 𝑅 6 

where ρl(l)  is the water vapor density, dl  is the signal element length, Mw  is the wet 

mapping coefficient, and R is the non-uniform changes in WVC, and it is determined as a product 

of the post-fit residual and factor of conversion. 

 

Limitations 

The ZTD estimations uncertainty, and the quality and availability of pressure (Ps) and Tm 
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data at the GNSS sites, restrict the precision of the IWV retrievals. Ps and Tm should ideally be 

properly determined utilizing radiosondes and co-placed synoptic barometers [57,68]. The 

uncertainties of IWV obtained from GNSS can approach 600 g m-2 in this situation [41]. It's 

important to note that not all GNSS stations are equipped with barometers, and only a few of them 

are situated in close proximity to radiosondes.  

Furthermore, high orbital altitudes do not give enough accuracy to determine WV due to 

high contribution of plasma. Moreover, GNSS were not developed to monitor atmospheric water 

vapor distribution but rather for locating or timing purposes; therefore, their precision in 

determining IWV is compromised. Because GNSS meteorology is a very indirect approach, errors 

can occur at any stage of the processes. For instance, the presence of patterns in the WV gradient 

can cause mistakes in GNSS-derived PWV to the point that strategies to adjust for this must be 

devised. The satellite Antenna Phase Center (APC) fluctuations are also essential when estimating 

ZTD from GNSS measurements. Correct modeling for APC is needed because incorrect modeling 

can yield false and extra trends in PWV.    

 

b. Radio Occultation Technique Measurement Water Vapor  

            The satellite-based GNSS RO [38,69,70] technique has been developed over the last two 

decades as a novel remote sensing technique which offers Earth’s upper and lower atmosphere’s 

global vertical profiling with numerous applications, including tropospheric, ionospheric, space 

weather, and climate sciences [71,72]. The GNSS signal can be captured by a LEO spacecraft 

while it travels in a limb sounding configuration through the troposphere using a GNSS receiver 

aboard the satellite at an altitude lower than 1000 km. From the perspective of the LEO receiver, 

the transmitter of the GNSS signal, can attain lower than zero elevation angles, as illustrated in 

Figure 9. The occurrences of rising and setting occultations are identified by changes in the heights 

of the signal, resulting in signal bending as the satellite moves relative to the LEO receiver's line 

of sight. Because of the vertical fluctuation of the air refractive index, the bending strength will 

fluctuate. The neutrosphere index of refraction is affected by humidity and temperature, whereas 

the ionospheric one is affected by electron density [36]. The accuracy of GNSS and LEO satellite’s 

location and speed is essential for the assessment of the RO measurements. The ultimate output 

data from GNSS-RO encompasses profiles of refractivity, temperature, refractivity, and air 

pressure spanning altitudes of approximately 4000m. Additionally, it provides data on lower 
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tropospheric WV content and profiles of plasma within the ionosphere. 

 
Figure 9. GNSS radio occultation rising and setting scenarios for assessing the ionosphere and 

the neutrosphere.             

          Using just a single LEO satellite, approximately 500 atmospheric profiles, distributed across 

the globe, become available for daily utilization exclusively with GPS data. This number grows 

dramatically when the satellite receiver has multi-GNSS capabilities (considering, for example, 

Galileo satellites). GNSS-RO observations in the lower troposphere can be used to estimate 

planetary boundary layer height and determine water vapor in the troposphere. Main 

meteorological centers use GNSS-RO information, and GNSS-RO data has a considerable 

influence on prediction error reduction. 

 

Limitations 

       One of the significant disadvantages of atmospheric sensing by radio occultation analysis is 

the rank deficiency problem in determining the most significant atmospheric parameters, namely 

temperature, pressure, and humidity concentrations, only from refractivity data. Also, the 

obscuration of radio waves by celestial bodies with atmospheres causes an excess of the Doppler 

shift of signal frequency. This excess, in comparison to the usual Doppler shift observed in vacuum 

when the transmitter and receiver are in relative motion, is due to atmospheric refraction deflecting 
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the ray lines connecting the two satellites from the straight-line path. Because the local air 

refraction index is affected by local pressure, temperature, and chemical breakdown, bending angle 

measurements must be accurately determined to provide some information about these variables. 

 

2.3.3 Medium and Moderate Resolution Imaging Spectroradiometer (MODIS and MERIS) 

With a viewing swath that spans 2,330 km, MODIS is capable of observing the whole planet 

at a temporal resolution of 24 - 48hrs across 36 distinct multispectral bands [73]. MODIS surpasses 

other Terra sensors in tracking a wider array of crucial Earth indicators, rendering it an 

indispensable tool for scientific research. For instance, MODIS routinely quantifies the cloud 

cover percentage across the Earth's surface. The extensive spatial coverage provided by MODIS, 

combined with instruments like CERES and MISR, empowers scientists to evaluate the influence 

of aerosols and clouds on Earth's energy budget. 

Furthermore, MODIS records cloud cover frequency and distribution, while also examining 

cloud properties such as the distribution and size of droplets found within liquid water and ice 

clouds. The instrument also measures aerosol properties, which are tiny solid or liquid particles 

present in the atmosphere, resulting from human actions such as biomass burning and pollution, 

as well as natural occurrences like dust storms, volcanic eruptions and forest fires. In addition, 

MODIS helps researchers in evaluating the quantity of WV present in the atmosphere’s WV 

column, alongside the vertical disposition of temperature and water vapor. These measurements 

are paramount in understanding Earth's climate system. 

However, the MODIS and MERIS spectroradiometers are greatly influence by clouds 

which affects the accuracy of measurements. Also, they have low temporal resolutions. 

 

2.3.4 The Interferometric Synthetic Aperture Radar (In-SAR)  

            Satellites may carry water vapor imaging spectrometers [57,74,75](see Figure 10) 

resembling MERIS [25] or MODIS [26]. In clear atmospheric conditions, the determination of 

IWV can be accomplished using infrared sensors. These sensors exhibit horizontal resolutions of 

1 km for MODIS and 300 m for MERIS. The calculation of IWV relies on the assessment of the 

reduction in near-infrared (IR) solar radiation due to the presence of water vapor. The calculation 

of IWV involves the measurement of ratios between two nearby channels, one located inside the 

water vapor absorption spectral region and the other exterior of it. When clouds are present, the 
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IWV value reflects the WVC from the sensors to the topmost layer of the clouds [16] To ensure 

clarity in the interpretation of IWV data, water vapor readings from areas within the cloud coverage 

in MERIS images are systematically excluded. 

 
Figure 10. Tropospheric delay effect on SAR 

SAR MODIS IWV, also known as the spectrometer correction technique, is a troposphere 

correction method that employs IWV data in near-infrared wavelengths [76]. This information 

gives a comprehensive measure of atmospheric moisture content in both terrestrial and marine 

regions. Equation (7) is used to calculate IWV. 

𝐼𝑊𝑉 =
1

𝜌𝑤𝑅
∫

𝑊

𝑇𝑚

∞

𝐻

𝑑𝐻 
7 

The variables denoted as ρw, R , W, H, and Tm, represent the WV density, specific gas constant, 

WV, tropospheric height, and temperature, respectively. The equation (8) can be utilized to express 

the estimated delay of the spectrometer in the phase. 

∅𝑡𝑟𝑜𝑝
𝑤𝑒𝑡 =

−4𝜋

𝜆

𝛱

𝑐𝑜𝑠𝜃
. 𝐼𝑊𝑉 8 

The symbol Π is a factor of conversion which is equal to 6.2, and is subsequently deducted from 

the tropospheric phase value acquired from MODIS." 

 

 Limitations 

Synthetic aperture radar satellites are often placed in low Earth, sun-synchronous orbits. 
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SAR systems capture images through a side-view approach, utilizing incidence angles of typically 

between 18° to 50°. This method leads to integrated delays occurring along a slanted ray that 

correlates with the line of sight (LOS). The problem of signal decorrelation arises when working 

with In-SAR data for extended periods due to the fluctuating backscatter characteristics of the 

Earth's surface. In order to address this issue, InSAR analysis directs attention towards Persistent 

Scatterers (PS) - stable elements that endure over time.  

InSAR-derived zenith delays provide excellent coverage. However, their reliability in capturing 

large-scale regional trends and establishing an absolute reference is limited due to the discrete 

characteristics of interferometric measurements. Furthermore, residual orbital errors, tidal loading, 

and crustal tides introduce long-wavelength signals that may result in potential inaccuracies. To 

address data inconsistencies and modify spatial patterns, particularly the elongated wavelength 

signal component associated with the expected IWV, it is imperative to incorporate supplementary 

inputs or external data as constraining factors [76]. While InSAR was initially developed for 

purposes such as generating Digital Elevation Models and monitoring surface displacements, it 

also possesses the capability to deduce partial variations in Integrated Water Vapor, employing 

specialized spatial and temporal filtering techniques. This capability bears resemblance to that of 

GNSS[16]. In-SAR mounted on US AQUA and TERRA orbiting satellites are well-established 

tools for acquiring water vapor information [77]. Nevertheless, the majority of sun-synchronous 

satellites have low temporal resolution which ideally occurs between 24 – 48 hrs., rendering them 

incapable of observing rapid atmospheric fluctuations. 

 

2.3.5 The Very-long-baseline interferometry (VLBI) 

Geodetic sensors offer the means to determine atmospheric water vapor content through 

various techniques, including VLBI, In-SAR and GNSS. VLBI relies on simultaneous 

observations of radio signals from extragalactic sources, such as quasars, using minimum pair of 

radio antennas on the ground. The received signals are analyzed with a wired link between two 

antennas and a correlator. Nonetheless, VLBI requires each observation place to maintain a precise 

atomic clock for the integration of signals received from remote antennae, facilitating the study of 

radio waves. The primary objective of VLBI is the accurate computation of the coordinates and 

the Earth orientation parameters (EOP) designated radio source locations. However, as argued by 

Böhm [17], an accurate modeling of WVC is critical for determining EOP or VLBI site coordinates, 
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as these parameters are closely linked to the neutral atmospheric delay and atmospheric water 

vapor concentration. To achieve this, methods outlined in Niell et al. [78] can be employed to 

predict a site's position, and prevalent wet delay. 

 

Limitations 

           VLBI, much like GNSS, was originally designed primarily for location and timing 

applications, rather than the monitoring of atmospheric water vapor distribution. Consequently, its 

measurements of IWV can be subject to compromises. Several factors contribute to imprecise 

ZWD estimation in VLBI: 

1. Observational Noise: Variability in measurements introduces noise into the data. 

2. Inaccuracies in A Priori Hydrostatic Delay: Errors can occur in the initial calculation of 

hydrostatic delay. 

3. Inaccuracies in Hydrostatic and Wet Mapping Functions: The functions used to map 

the delay can contain inaccuracies. 

4. Systematic Delay Changes with Elevation: Delays may change systematically with 

elevation, affecting measurements. 

5. Unmodeled Effects: Azimuthal asymmetry of atmospheric delay and other unaccounted 

factors contribute to errors. 

These factors collectively impact ZWD predictions over various time scales. Inaccuracies in the 

constants used for a priori computation of zenith hydrostatic delay result in inaccuracies in 

tropospheric delay estimates. Additionally, the hydrostatic mapping function changes daily, and 

observation noise and errors in surface pressure readings can occur, spanning from minutes to 

hours [78]. 

 

2.3.6 The Geostationary Satellite Observation  

       GEO satellites like the GOES, Japanese multi-functional transport satellite (MTSAT) and the 

Chinese Feng-Yun satellite [31] in geosynchronous orbits, on the other hand, provide regular 

observations of the atmosphere. The utilization WV data from GEO satellites supplements existing 

techniques that rely mostly on measurements from sun-synchronous satellites and in-situ data. The 

split-window approach is used to calculate the IWV column from the brightness temperature of 

geostationary satellite data infrared channels. A linearized radiative transfer model that applies the 
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split-window technique to the atmospheric sounder of GOES VISSR is usually employed  [79]. 

The physically based split-window strategy, however, involves starting value assumptions.  

Geostationary satellites [31] maintain a fixed position relative to Earth, enabling continuous 

atmospheric monitoring.  

 
Figure 11. https://www.sciencedirect.com/topics/earth-and-planetary-sciences/geostationary-

satellite 

Limitations 

The water vapor retrieval techniques specified for Geostationary Satellites (GEO Sats) are 

exclusively applicable under cloud-free atmospheric conditions. This means that the estimation of 

the PWV column cannot be directly obtained from pixels affected by cloud cover. Nevertheless, 

there is a strong demand for a comprehensive water vapor dataset devoid of missing data due to 

the contamination of clouds or other factors, particularly for its utilization in weather and climate 

prediction models. To address this, numerous interpolation techniques for spatial analysis, like 

spline and Kriging interpolation, were employed to interpolate missing information from images 

of the satellites [80]. Achieving high temporal information is crucial to enhance interpolation 

performance, given the fixed field of view and high temporal resolution of geostationary satellites. 

However, these spatiotemporal interpolation techniques entail significant computational demands 

and may be susceptible to data anomalies. An alternative approach proposed by Sobrino et al. 

involves using the split-window covariance-variance ratio (SWCVR) to calculate IWV content. 

This method considers the substantial variation between surface temperature and air temperature 

within a limited observational range. Nonetheless, their research findings suggest that the SWCVR 
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method is vulnerable to instrumental errors [81,82]. 

2.3.7 SPIRE Satellite Constellation  

          In the year 2019, SPIRE launched a constellation of 3U CubeSats into LEO, augmenting the 

total number of nanosatellites to eight-four. Among these, twenty to thirty satellites are dedicated 

to the collection of RO data [83]. The GNSS transmissions from Spire's radio occultation satellite 

constellation contain a wealth of ionosphere-related data. RO serves as a remote sensing technique 

for monitoring the electron density profile (EDP) of the ionosphere, and SPIRE aims to establish 

a comprehensive constellation comprising more than 100 satellites concurrently conducting RO 

measurements. Each Spire satellite presently employs zenith and limb pointing antennas to capture 

1 Hz, dual-frequency GNSS phase measurements. These measurements are subsequently 

processed to generate low-latency estimations of slant TEC. Inversions of the plasma density 

profile are conducted using GNSS connections with low-elevation angles that pass through the 

ionospheric layer located beneath the satellite's orbit. Additionally, high-rate 50 Hz phase data is 

utilized to identify smaller ionospheric features such as gravity waves, sporadic E-layers, and other 

irregularities. These features are primarily employed on Earth's lower neutrosphere for remote 

sensing. To ensure clarity and objectivity, technical terms are explained upon their initial use, and 

unnecessary jargon is avoided. Spire has the capability to continuously receive GNSS signals that 

extend to the E-region from near-zenith angles. This capability enables the processing of electron 

density profiles and the acquisition of long TEC data arcs. Upgrades to the receiver technology 

implemented by Spire enhance the accuracy of differential code biases estimation and enable the 

collection of high-rate 50 Hz data when scintillation events are detected, similar to the constellation 

observing system for meteorology, ionosphere & climate (COSMIC-2) mission. However, it's 

important to note that Spire's primary focus is on determining TEC, and it does not provide 

information on IWV. 

 

2.3.8 Kyutech Spatium Projects  

Kyushu Institute of Technology developed, launched, and operated two satellites, 

SPATIUM-I (2U) and SPATIUM-II KISTUNE (6U) (see Figure 12), based on commercial-off-the 

shelf-components. The two satellites were developed for the scientific study of the atmosphere in 

the ionospheric region. Ionospheric density, also known as TEC, was determined based on the 

signal propagation time delay due to ionosphere’s plasma.  The SPATIUM-I mission was designed 

https://space.oscar.wmo.int/satelliteprogrammes/view/cosmic
https://space.oscar.wmo.int/satelliteprogrammes/view/cosmic
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with the primary goal of demonstrating the practicality of creating a global three-dimensional map 

of the ionosphere. This endeavor was achieved through the deployment the CubeSat mounted with 

a precise atomic clock [84]. 

  
(a) (b) 

Figure 12. Kyutech SPATIUM satellites (a) SPATIUM-I (b) KISTUNE carry SPATIUM-II payload 

 On October 6th, 2018, the SPATIUM-I satellite was released from the International Space Station 

(ISS). SPATIUM mission successfully attained the following predefined objectives: 

a. Utilization of chip scale atomic clock (CSAC) onboard the satellite to provide a highly 

accurate clock signal for measuring radio wave propagation delay. 

b. Demonstrating transmission with SS modulation at 467 MHz using CSAC as the clock 

source. 

c. Conducting an onboard transmission and reception at 401 MHz. 

d. Demodulation of the SS signal at Kyutech GS. 

e. Achieving time synchronization among several GSs through the use of CSAC clocks 

and GPS. 

f. Reading the carrier wave phases at frequencies of 467 MHz and 401 MHz from the 

SPATIUM-I satellite. 

The Spatium-II mission achieved the successful demodulation of SS signals on board, 

enabling precise time delay measurements of electron content [33]. The UHF signal transmission 

was conducted by ground stations as part of the SPATIUM-II mission. Subsequently, the signal 

delay time was calculated by KITSUNE's onboard SDR and RPi computer. This calculation 

allowed for the determination of TEC, which reflects the overall plasma density between the GS 

and satellite. The SPATIUM-II mission primary objective was to demonstrate the capability to 
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identify signal delay time with a high precision of 100 ns. However, currently, no Kyutech mission 

has been implemented to demonstrate the ability to measure atmospheric water vapor. 

 

2.3.9 Others: Surface Meteorology, Radio Sonde, Lidar, Microwave Radiometers, 

Stratospheric Ballons 

 

a. Surface Mereological Sites 

Surface meteorological locations primarily gather temperature, pressure, and humidity 

readings [12]. However, surface meteorological findings, as highlighted by Braun [85], do not 

comprehensively capture the entirety of the atmospheric water vapor boundary layer, as they are 

closely tied to interactions between the atmosphere and the Earth's surface. Data collection from 

surface meteorology are collected at least once a day, sometimes more frequently, and their spatial 

coverage is uneven. 

 

b. Radiosondes 

A radiosonde is an instrument designed to monitor meteorological variables throughout the 

vertical profile of the atmosphere and transmit the collected information to a terrestrial-based 

processing and receiving station. Over an extended period [30,85], networks of radiosonde 

instruments served as main in-situ monitoring stations for WV data. Radiosondes allow for the 

acquisition of various climate and weather indicators, such as pressure, temperature, and relative 

humidity. These instruments routinely measure the variations in temperature, pressure, and 

humidity as they ascend via balloon from the Earth's surface to altitudes of approximately 30 

kilometers. Radiosondes are regarded as the standard of accuracy in meteorology, often capable of 

providing IWV measurements with a precision of just a few millimeters. Equation (9) is employed 

to calculate the value of the IWV column: 

𝐼𝑊 =
1

𝑔
∫ 𝑥𝑑𝑝

𝑝1

𝑝2
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The IW represents column of IWV column in millimeters within a specific layer. The atmospheric 

pressures at the top and bottom demarcations of each layer are denoted as p2 and p1, respectively, 

with units in pascals. The mixing ratio, represented by x and measured in grams per kilogram can 

be determined using Equation (10): 
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𝑥 =
0.622. 𝐸

𝑝 − 𝐸
 10 

In Equation (10), the pressure of the atmosphere p, while the pressure of vapor (E) and can be 

calculated as E = rh·Es (T), where rh represents the atmospheric relative humidity as a percentage 

and it is a parameter available in data files of radiosondes. Additionally, Es signifies the pressure 

of the vapor in the saturation phase, and it is dependent on the temperature (°C) [67]. 

         Radiosondes are typically launched twice daily, which imposes limitations on their temporal 

resolution. This restricted temporal resolution hinders the ability to capture critical meteorological 

events like the formation of the layer of convective demarcation and the passage of warm and cold 

fronts. Additionally, radiosondes collect only one data point per height measurement, leading to 

potential inaccuracies in the measured relative humidity profiles. On average, radiosonde data is 

associated with an uncertainty of approximately 5% [86]. Notably, Vaisala RS2-80MB radiosondes 

have been observed to exhibit IWV errors as high as 0.6 cm, with 0.45 cm and 0.15 cm attributed 

to pressure and humidity sensor inaccuracies, respectively [87].  Radiosondes are constrained in 

their utility due to several factors, including their high operational costs, susceptibility to dry bias, 

time lag in data transmission, potential calibration errors, declining sensor performance under cold 

and dry conditions, and limited coverage, particularly in overseas and Southern Hemisphere 

regions. 

 

c. Microwave radiometric measurements 

The determination of IWV along the line of sight of a terrestrial-based WV radiometer 

(WVR) hinges on the monitoring of brightness temperatures associated with water vapor at two 

distinct spectral bands. One of the spectral frequency bands exhibits sensitivity to WV, while the 

other is responsive to liquid water, enabling the differentiation of these two components. Vertical 

profiles of WV can subsequently be inferred through the application of the optimal estimation 

technique, leveraging the observed water vapor brightness temperature spectrum [16]. Notably, 

observations conducted with water vapor radiometers offer excellent time resolution. However, 

instruments designed for ground-level water vapor detection often lack spatial resolution. In 

contrast, WVRs with downward-looking configurations from orbit provide high spatial resolution 

but suffer from reduced time resolution.  

The TP/WVP-3000 employs radiometric microwave technology to conduct sequential 
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scans at twelve microwave frequencies, measuring brightness temperatures at each frequency. This 

encompasses five frequencies within the K-band, ranging from 22 to 30GHz, strategically 

positioned on the periphery of line of absorption of WV at the 22 GHz. Moreover, there are seven 

frequencies within the V-band, spanning from 51.3 to 58.8 GHz, strategically positioned adjacent 

to the 60.0 GHz molecular oxygen complex. Every channel possesses a bandwidth of 300 MHz 

[88]. The combined analysis of the IR sensor's data on cloud-base temperature and the retrieved 

temperature profile facilitates an estimation of the height of the cloud base, which encompasses 

ice, mixed clouds or warm liquid. Relative humidity estimations at various altitudes are achieved 

through the integration of temperature and water vapor content (WVC) data.  

For calibration, the 22-30 GHz channels undergo automated tipping processes to achieve a 

calibration precision of 0.3 K RMS, whereas the calibration of 51-59 GHz spectrums to a precision 

of 0.5 K RMS using nitrogen liquid as the target. The radiometer undergoes regular calibration 

using liquid nitrogen, typically at monthly intervals and whenever it is relocated. The complete 

scanning process involving all twelve channels necessitates approximately 23 seconds to complete. 

However, this study observed a negligible 92-second disparity in duration across the profiles under 

examination. Also, the radiometer's radome experiences a decrease in accuracy when confronted 

with the presence of liquid water and heavy precipitation, a characteristic shared with other 

microwave radiometers. Consequently, retrievals cannot be effectively conducted under such 

meteorological conditions. During rainy events, the microwave radiometer's operational 

performance is compromised. 

 

d. Rahman Lidar Measurements 

LiDAR sensors may operate satellite-, air-borne, or ground-based on aircraft and satellites. 

The fundamental principle underlying atmospheric Lidar measurements involves the emission of 

signal using dual closely spaced frequency bands. One of bands is sensitive to the presence of WV, 

while the other remains unaffected by it. Through the analysis signals shifted by Raman originating 

from both nitrogen and WV, Lidar data can be utilized to estimate the water vapor mixing ratio. 

This approach is employed because nitrogen is known to be consistently proportional to dry air. 

Relative humidity profiles can be derived through the integration of Raman-lidar 

technology, which has been developed for the profiling of both temperature and moisture [13]. 

This approach involves the concurrent monitoring of temperature and WV ratio of mixing utilising 
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two distinct Raman-lidar channels which are the pure rotational and the WV channels of Raman 

lidar. The theoretical framework for deriving relative humidity profiles from Raman-lidar data is 

elucidated through a set of lidar equations. Lidar measurements are feasible when the laser beam 

encounters no obstruction from cloud cover. The amalgamation of traditional radiosonde 

observations with state-of-the-art lidar technology represents a significant enhancement in the 

quality of observed tropospheric humidity datasets 

The Raman lidar system, utilized for temperature and humidity measurements, is 

anticipated to furnish relative humidity profiles with a relative error of approximately 10%. This 

system offers a vertical resolution spanning from the 100-meter boundary layer to altitudes ranging 

from 500 to 1000 meters within the free troposphere. The temporal resolution varies, with 

measurements available every 10 minutes within the boundary layer and extending to 1 hr within 

the free troposphere. These measurements are feasible up to heights of 5000 to 7000 meters during 

daylight hours and encompassing the entire troposphere during nighttime observations [13]. While 

both differential absorption lidar and Raman lidar possess the capacity to determine absolute 

humidity and water-vapor-to-dry-air mixing ratios, the accuracy of lidar-based measurements is 

hindered when estimating tropospheric relative humidity profiles. This limitation arises from the 

necessity of concurrently measuring both temperature and water vapor. 

 

e. Sun Photometry [89] 

Sun photometry is a remote sensing method utilized to measure various characteristics of 

the atmosphere, including the concentration of atmospheric water vapor. This method relies on the 

principle of spectroscopy to analyze the sunlight passing through the troposphere. Here's an 

overview of the sun photometry method for atmospheric water vapor measurement: 

Principle of Sun Photometry: 

• Solar Radiation: solar arrays are emitted by the Sun across a broad range of wavelengths, 

including visible and NIR light. 

• Atmospheric Interaction: As sunlight passes through the Earth's atmosphere, it interacts 

with atmospheric constituents, including water vapor molecules. 

• Absorption and Scattering: Water vapor molecules absorb specific wavelengths of solar 

radiation in the NIR and infrared regions. This absorption is due to the presence of water 

vapor's molecular vibration and rotation bands. 
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• Transmittance and Radiance: Sunlight that reaches the Earth's surface has undergone 

absorption and scattering by atmospheric constituents. The amount of sunlight transmitted 

through the atmosphere depends on its wavelength, with certain wavelengths being more 

affected by water vapor absorption than others. 

Sun Photometer Instrumentation: 

• Sun Photometer: A sun photometer is a specialized instrument designed to measure the 

intensity of sunlight at various wavelengths. It typically consists of a telescope, optical 

filters, and detectors. 

• Optical Filters: Sun photometers use specific optical filters that isolate the wavelengths of 

interest for water vapor measurement. These filters allow only the desired spectral bands 

to pass through. 

• Detectors: Detectors in the sun photometer measure the intensity of sunlight within the 

selected spectral bands. These measurements are often converted into radiance values. 

Measurement Procedure: 

• Solar Observation: The sun photometer is pointed at the sun, and measurements are taken 

when the sun is at its highest point in the sky. This ensures that sunlight passes through the 

maximum atmospheric path. 

• Spectral Measurements: The sun photometer measures the intensity of sunlight at multiple 

wavelengths within the NIR and infrared regions. These measurements are collected as the 

sunlight passes through the atmosphere. 

• Data Analysis: The recorded radiance values are analyzed to determine the quantity of WV 

in the atmospheric column. The analysis involves comparing the observed radiance with 

reference spectra and applying retrieval algorithms to derive the water vapor content. 

Advantages of Sun Photometry for Water Vapor Measurement: 

• Sun photometry provides column-integrated water vapor measurements, giving insights 

into the WV vertical distribution. 

• It is a non-intrusive and remote sensing technique that can be used for atmospheric 

profiling over various locations. 

• Sun photometers are relatively portable and can be deployed in the field for atmospheric 

research. 
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Limitations 

• Sun photometry measurements are highly dependent on atmospheric conditions, including 

cloud cover and aerosol concentrations, which can affect the accuracy of retrievals. 

• Calibrating and maintaining sun photometers is essential to ensure accurate measurements. 

• It provides integrated water vapor content along the instrument's line of sight but does not 

offer vertical profiles. 

In summary, sun photometry is a valuable technique for measuring atmospheric water vapor 

content by analyzing the absorption features of water vapor molecules in sunlight. This method is 

used in atmospheric research, climate studies, and environmental monitoring to assess water 

vapor's impact on radiative processes and weather patterns. 

 

f. Ballon-Borne Radiation Measurement for Water Vapor 

Balloon-borne water vapor measurements involve the use of specialized instruments and 

sensors carried by balloons to collect data related to water vapor in the Earth's atmosphere [90]. 

These measurements are conducted at various altitudes as the balloon ascends, providing valuable 

insights into the vertical distribution of water vapor in the atmosphere. Balloons are equipped with 

instruments such as radiometers and spectrometers designed to detect and quantify radiation 

associated with water vapor. Measurements are taken at different altitudes, from near the surface 

to the upper troposphere or stratosphere, depending on research objectives. Instruments detect 

radiation emitted or absorbed by water vapor molecules, including microwave, infrared, or other 

electromagnetic radiation. As the balloon ascends, it collects data on radiation levels at multiple 

altitudes. Data can be transmitted to ground stations or stored onboard. The primary goal is to 

obtain vertical profiles of water vapor concentration, providing information on how water vapor 

varies with altitude. These measurements are used in studies of atmospheric moisture distribution, 

humidity gradients, cloud formation, and other processes influenced by water vapor. Instruments 

are calibrated and validated to ensure measurement accuracy. Data contribute to our understanding 

of climate systems, weather patterns, atmospheric dynamics, and improve weather forecasting and 

climate research. Balloon-borne water vapor measurements play a crucial role in advancing 

atmospheric science and enhancing our ability to predict weather and understand climate change. 
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2.4 Summary of Atmospheric Water Vapor and TEC Measurement Techniques 

Table 2 displays meteorological, geodetic, and planned sensors and methodologies for 

monitoring atmospheric water vapor concentration. The initial five lines detail methodologies for 

meteorological water vapor measurement, followed by three lines for geodetic techniques. Finally, 

a recommended methodology for water vapor sensing is outlined. The primary column uses 'M' to 

indicate meteorological sensor and measurement techniques, 'G' for geodetic sensors, and 'COTS' 

for commercial off-the-shelf components. If no criteria are specified for sensing, the sensors or 

procedures can measure both day and night, irrespective of the conditions of weather. Yellow 

markers are used to indicate the sensors and methodologies employed in this research. 

Table 2. Comparison of water vapor measurement methods 

Technique 
Observing 

Geometry 
Temporal Resolution Spatial Resolution Accuracy Conditions 

Surface meteorology ground 1–60 min 
few meters–tens of 

meters 
few mm 

affected by 

environment 

Lidar 

ground, 

air, and 

space 

low–high depending 

on observing 

geometry 

low–high few mm cloud-free sky 

Microwave 

radiometers 

ground, 

air, and 

space 

5–15 min low–high 1–5 mm rain-free sky 

Sun photometer ground 

few times with high 

solar illumination 

intensity 

High few mm 
direct sunlight 

and clear sky 

VLBI ground 
mins–days (depends 

on schedule) 
very low (few sites) few mm none 

Polar satellites space 6–12 h 1–10 km 
few mm–1 

cm 
none 

Radio sondes air 1–4 times a day low 1–3 mm none 

Imaging 

spectroradiometers 
space 

MODIS (1–2 days) 

MERIS (3 days) 

MODIS  

(250 m–few km), 

MERIS (300 m) 

few mm–1 

cm 
cloud–free sky 

Remotely piloted 

vehicles and 

Instrumented aircraft 

air 

depends on flight 

duration (few mins–

few hrs.) 

few meters–tens of 

meters 
few mm 

depends on 

weather 

In-SAR space 6–12 days high 1–2 mm none 

GNSS satellites (radio 

occultation) 
space 1–60 min high 1–5 mm none 

GNSS satellites to 

standard GPS ground 

receivers 

ground 30 s–few mins 
tens–hundreds of 

km 
1–5 mm none 
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Geostationary 

satellites 
space Mins–hourly updates one–tens of km 

few mm–

few cm 
none 
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CHAPTER 3  

SATELLITE AND GROUND SYSTEMS DESIGN CONFIGURATION  

 

3.1 Overview 

In this chapter, the author discusses the proposed systems design configuration for the 

ground and space segments that can be utilized to measure atmospheric water vapor. Several 

commercial off the shelf hardware components that are used to make the satellites mission board 

are given and how they integrate is explained in detail. On the ground station, design configuration 

of channels of communications for atmospheric water vapor measurement as well as downlink of 

mission data are elaborated. 

 

3.2 Proposed System Design Configuration for Measuring TWVC 

The system design architecture for each satellite in the ISL network is made utilizing COTS 

components integrated within the limited power, volume, and size constraints of small satellites 

(CubeSats). Each satellite in the ISL network has the water vapor mission measurement board, 

which comprises the Ettus research universal software radio peripheral (USRP) - software defined 

radio (SDR) model b205 mini-i, the RaspberryPi-4 (RPi-4) model B, GPS module, RF radio 

frequency (RF) switches board, the amplifier and the antenna. For ground tests only, attenuators 

and delay pulse generator were utilized.   

 

3.2.1 Satellite Mission Board Hardware 

Table 3 below shows the mission hardware and their functions used in this research 

Table 3. List of satellite mission hardware and functions. 

Component  Functions 

USRP SDR ❑ Transmit data 

❑ Receive data 

❑ RF tuning 

Raspberry Pi ❑ SS-BPSK signal processing 

❑ Frequency manipulation algorithms 

❑ Data processing 
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❑ Saving mission data 

❑ Acquire GPS data from GPS module 

GPS Module ❑ Acquire GPS data from GPS satellites 

❑ Generate 1PPS signal for time stamping 

❑ Generate 10 MHz clock for accuracy timing 

Switch  ❑ Time stamps incoming and outgoing signal 

❑ Switching transmitter and receiver functions 

RF Amplifier ❑ Amplifies transmitted signal  

Delay Pulse Generator ❑ Simulate time delay only ground test 

Attenuators ❑ Attenuate signal. Only for ground tests 

 

3.2.1.1 USRP 205mini-i Software Define Radio (SDR) Transceiver  

         SDR, which incorporates most of the recent technological advancements is becoming the 

ultimate transmitter and receiver for modern and next generation communication systems [91]. 

The integration of cognitive and software control intelligence to the radio design enabled SDR 

anatomy to have a scalable, extensible, reprogrammable, and modular design that support 

evolution over time and that can be remotely configured based on operator requirements for a 

particular application. In SDR, the digital domain of the communication system is implemented in 

software rather than the conventional hardware circuits [43]. The SDR hardware supports software 

developments environments such graphics processing units (GPUs), field programmable gate 

arrays (FPGAs), general purpose processors (GPP), and digital signal processors (DSP) to build 

remote or automated controls that alters the SDR operations. Furthermore, on small satellite, SDR 

can be implemented in a miniaturized and lightweight way that fits the constraints of limited power, 

size, and weight of CubeSats.   

           The detailed architecture of the SDR hardware is shown in Figure 13 (board), Figure 14 

(schematic). The typical specifications of the SDR used in this research is given in Table 4. The 

experiment was conducted using the USRP-SDR b205mini-i as the transceiver. It consists of two 

main functional partitions: the transmission (TX) and the reception (RX2) paths. The hardware 

design of the transceiver is divided into three blocks: the RF front-end (AD9364 RFIC), the digital 

buffer (Spartan6 FPGA), and the USB 3.0 controller [92].  
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Figure 13. USRP B205 mini-i SDR board 

 
Figure 14. USRP B205mini-I schematic | ETTUS research SDR architecture [92] 

 

Table 4. Details the main specifications of the SDR in both paths. 

Parameter Specification 
Radio spectrum 70MHz - 6GHz 

Bandwidth <200kHz -56 MHz 
Resolution (ADC/DAC) 12bit 

Sample Rate (ADC/DAC) 61.44 Msps 
Duplex Full 

Programmable Logic Device Xilinx Spartan-6 
Chipset AD9364 RFIC 
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a. RF Front End 

        The RF front-end section, which includes the AD9364 RFIC, is a highly integrated, 

reconfigurable, and reprogrammable RF agile transceiver designed to handle analog 

signals with high performance. The SDR parameters of the FR front end such as the 

frequencies, gains, BW, sampling rate can be configured. Weak radio signals input from 

the RX2 pin are amplified by the low noise amplifier (LNA) and then the radio frequency 

is converted by a downconverter consisting of mixer and receiver local oscillator (RX LO). 

Subsequently, extraneous signals are filtered out using the band-pass filter (BPF), and the 

data is transformed into a digital signal through the analog-to-digital converter (ADC). The 

discreet signal stream is transferred to the next digital buffer portion for further processing. 

Conversely, the transmitted data received from the digital buffer section is translated into 

an analog signal by the digital-to-analog converter (DAC). Subsequently, the data is 

upconverted using a mixer and a transmitter local oscillator (TX LO), amplified by the 

power amplifier, and then output from the TX pin. 

 

b. Data Buffer 

        The data buffer portion which is the Xilinx Spartan-6 XC6SLX150 field 

programmable gate array (FPGA) is a block that temporarily stores data received (or 

transmitted) from the AD9364. It performs processing such as decimation, interpolation, 

and frequency conversion by numerical calculation of the digital down conversion (DDC) 

and digital up conversion (DUC). These processes reduce the burden on the processor (in 

this case RPi) responsible for SDR signal processing. 

 

c. USB Controller 

       The USB controller part exchanges data flowing from the data buffer part with 

raspberry   pi microcomputer. 

 

Interface (Speed) USB 3 (5 gigabit) 
Frequency Accuracy +/-2ppm 

Rx Noise Figure <8 dB 
Operating Temperature -40-75 degrees 

Transmit Power  10 dBm 
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3.2.1.1.1 USRP 205mini-i SDR Output Power 

           The SDR Output Power was measured using a Rhodes and Schwarz Power Sensor NRP18T 

with DC to 18 GHz frequency range as well as -35dBm to +20dBm level range. SS- transmission 

were executed from RPi’s GNU Radio, transmitted through the Tx terminal of the SDR, measured 

with the power meter sensor and recorded with the R& S Power Viewer software v11.3 installed 

in another PC as shown in the Figure 15.  By varying the gain of the SDR Tx, the maximum output 

power obtained from the SDR is 16 dBm as shown in Figure 16. 

 
Figure 15. Power meter measurement test for SDR output power 

  
(a) Maximum Output Power @400.15 MHz (b) Maximum Output Power @460 MHz 

Figure 16. (USRP B205 mini-i maximum output power) 
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Power meter readings were collected at various gain values of the receivers in order to retrieve the 

maximum gain with the maximum performance, as well as to understand the saturation points of 

the USRP SDRB 205 mini-i. As a result, the following powers and corresponding gains were 

acquired as represented in the Table 5 below.  The graph in Figure 17 shows that saturation is 

reached a gain of around 87 dB. Beyond 87 dB, the performance of the SDR degrades.  

Table 5: SDR output power vs corresponding gains 

 

 
Figure 17. USRP output power vs gain curve 

 

3.2.1.2 Raspberry Pi and Software’s 

The SDR is manipulated and controlled by the GNURadio Companion, an open-source 

platform running on the Raspberry Pi as a processing computer. and Raspberry Pi-4 model B as 

the processor that controls the SDR transceiver operations as shown in Figure 18. The Quad core 

Cortex-A72, 64-bit edition, 4GB RAM, RPi-4 microcomputer was used. USRP hard drives (UHD), 

GNUOctave and GNURadio Companion (GRC) are installed in UBUNTU Linux version 20.04 
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LTS operating system environment. The USRP UHD is an open-source software driver and API 

that is freely available. It operates on a general-purpose processor (GPP) and is responsible for 

communication with and control of all USRP SDR devices. UHD facilitates cross-platform support 

for multiple industry standard development frameworks, including radio frequency network on 

chip (RFNoC), LabView, MATLAB, GNUOctave and GNURadio. 

 
Figure 18. Raspberry Pi-4 model B configuration with SDR 

UHD GPP driver and firmware code is scripted in Python or C/C++ whereas the FPGA 

code is developed in Verilog or very high-speed integrated circuit (VHSIC) hardware description 

language (VHDL). GNURadio is an open-source signal processing platform based on Python and 

or C/C++ that provides the necessary tools to implement software radios and it is licensed under 

the GNU general public license (GPLv3 or later) [93]. For this project, GNURadio Release 3.8.0 

was utilized. To stream, plot and visualize the flow of information within the GNURadio using 

external software in 2D/3D in real time a powerful mathematics and command based oriented, 

GNUOctave software can be utilized. 

 

3.2.1.3 GPS System  

Orion B16 GPS module manufactured by SkyTraq company [94] is mounted on each 
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station satellite in the ISL network to provide the location and time data, 10 MHz lock, and inject 

1PPS signal of the incoming and outgoing signals through the RF switch. The module was selected 

based on its flight heritage, tracking sensitivity of -165dBm, time-frequency hypothesis testing of 

16 million per second and 2.0 CEP accuracy. Figure 19 shows the module and the display of the 

location, time and 1pps signals obtained during the test.  

 

 
(a) GPS Hardware Module (b) Schematic 

Figure 19. GPS module Orion B16 

The data was saved with .nmea file and the data is sent through ASCII characters every 1 

second. The RPi receives data from GPS on UART with Baud Rate 9600. During mission 

execution data from GPS is saved simultaneously with data from SDR to map timing of signal 

reception with UTC. The saved data combined with SS signal during transmission in ISL networks. 

Results of GPS test is discussed in Chapter 4. 

 

3.2.1.4 RF Switch Mechanism 

          The RF switch synchronized to the time signal from the GPS is used to timestamp the 

incoming and outgoing signals by cutting off the signal once per second in sync with the time 

signal from the GPS. Incoming and outgoing signals passes through the RF cables via the UFL 

and MMCX connectors on the board. In either way 1 PPS time stamps from GPS module are 

superimposed on the signals for time detection. Jumper wires are used to interface internal and 

external components through the 50-pin connector on the back plane board. Figure 20 shows the 

hardware design and configuration of the RF switch [39]. 
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Figure 20. RF switch schematic and board (credit: Inherited from KITSUNE satellite) 

 

3.2.1.5 RF Amplifier and Delay Pulse Generator 

          The RF amplifier has not been used in the tests. Decisions will be made when the actual 

satellite project starts and when the satellite size is decided. At this stage a proposal of having a 

30dB RF +amplifier [95,96] qualified for small satellites has been made. Consideration of 

frequency, input and output power, power consumption, gain, size, mass and receiver loss are 

critical when selecting a power amplifier.  

Since there was no influence of TWVC or TEC in this research, a delay pulse generator 

was used to simulate the delays due to water vapor and total electron content. The delay pulse 

generator is only used for ground test but it will not be employed in the actual satellite 

configuration. Below is the Stanford Research Systems Inc. model DG535 four channel 

delay/pulse delay pulse generator that was used in this research. 

 

 

✓ Four delay channels 

✓ 5 ps delay resolution 

✓ Two pulse channels 

✓ Delays up to 1000 seconds 

✓ Adjustable amplitude & offset 

✓ Standard GPIB interface 

✓ Optional ±32 V output 

(a) Physical Hardware (b) Specifications [97] 

Figure 21. Delay pulse generator and specifications 
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3.2.2 Satellite Design Configuration 

The system design architecture for each satellite in the ISL network is made using COTS 

components. The use of small standard satellites has been chosen for the satellite design because 

of their fast development time and low cost. The design configuration is divided into two parts, 

the satellite bus and the TWVC mission portions, as illustrated in Figure 22 below.  

 
Figure 22. System design configuration block diagram 

The satellite bus can be a generic one. The interface between the mission payload and the 

satellite bus is simply made of power lines (5 V and 3.3 V) and a digital data line universal 

asynchronous receiver/transmitter (UART). The satellite bus turns on the mission payload based 

on either the command uplink from the ground station or through reserved commands in the 

satellite’s onboard computer. The mission data will be downlinked to the GS via the satellite bus. 

The water vapor mission measurement board is composed of the universal software radio 

peripheral (USRP) SDR model B205 mini-i, the RPi 4 model B, the amplifier and RF switches 

board, a GPS module, and the antenna (Antenna 1).  

Antenna 1 serves as the primary channel of communications. This channel is only used to 

transmit (Tx) and receive (Rx) SS ranging signals. Meteorological dual frequency bands (f1 =

400.15 MHz and f2 = 460.00 MHz) with a frequency gap of 59.85 MHz are reconfigured and 

used for SS transmission and reception. The SDR transceiver is used to transmit and receive the 

SS signal. To realize mission success in orbit, especially when the distances between the satellites 
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is large, an RF amplifier is required to amplify the transmitted signal. The RPi 4 conducts digital 

signal processing on the mission data and is used to control the SDR parameters using GNU Radio 

software (v3.8.2.0). A GPS module is mounted on each satellite and at the ground stations. The 

GPS module provides the location, time, a 10 MHz clock, and a one pulse per second (1PPS) signal. 

The location and time data are carried along with the SS signals. The 10 MHz clock eliminates the 

SDR’s clock and instrument errors at both the transmitting and receiving SDRs. The 1PPS time 

reference markers are superimposed on to the incoming and outgoing signals through the RF 

switches.  

When the GPS modules at both the receiving and the transmitting ends are synchronized, 

signal propagation time delay in the ISL network can be derived based on the 1PPS time markers. 

Finally, TWVC mission data are deduced from the signal time delay. When the SDR is in reception 

and transmission modes, the power consumption for this mission subsystem is estimated as 2.81 

W and 8.50 W, respectively. Having one SDR to perform both the Rx and Tx of SS signals at 

different frequencies, not only saves satellite power but also mass and volume occupied by the 

mission subsystem compared to systems with multiple radio devices performing the same function.  

 

3.2.3 Mission Execution Sequency 

Figure 23 sequence diagram elaborates on the mission execution steps. As indicated on the 

sequence diagram for mission execution, the following steps are executed during the mission 

operation. 

1. Scheduled uplink command signals are sent from ta network of GS using ground station to 

satellite (GaS) network to turn on the mission payloads of the satellites. The satellite 

onboard computer (OBC) has two digital inputs/outputs (DIO), which enable turning ON 

and OFF RPi and SDR hardware through a 5 V power line. The booting processing of SDR 

and RPi was observed to take approximately 1 min each.  

2. The RPi runs GNURadio software to transmit and receive data. The frequency 

reconfiguration software that manipulates transmission and receiving frequency modes of 

the SDR is also housed inside the RPi. Data processing and calculation of TWVC data is 

done inside the RPi. RPi receives and save the GPS data. The GPS data is filtered through 

a python program to capture only time and position data. The GPS module operates using 

3.3 V of power and is also enabled through DIO from the OBC. 
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Figure 23. Mission execution scenario. 

3. In transmission mode, SS UHF signals are transmitted at frequency f1 MHz via the primary 

channel.  

4. In receiving mode, the SS transmitted packets are received at frequency f1 MHz at the 

antenna. The received SS signals will have time delayed data due to TWVC and TEC. Each 

data frame of the received signal is superimposed with 1PPS GPS signal required to 

facilitate time delay measurement useful in determining the TWVC and TEC. The 

propagation delay is deduced by synchronizing the received and transmitted clock signals.  
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5. The signal (In-phase and quadrature (IQ) samples) at the SDR is demodulated in RPi using 

GNURadio software and saved as wave file and text data. 

6. The saved WAV file data is processed onboard the satellite. Analysis of the saved .wav file 

includes extracting the relative position of the UTC 1PPS signal and the beginning of the 

packet to calculate the reception time of the signal with a time resolution of (1/sampling 

frequency) of the received signal. 

7. SDR is reconfigured in at least a second interval to alter the frequency parameter from f1 

MHz to f2 MHz.  

8. The process (1) to (6) is repeated  

9. f1 and f2 data are processed in RPi to distinguish TWVC and TEC.  

10. TWVC data is finally deduced. The processed data is transferred to the OBC. During 

satellite pass at a GS, the data is downlinked to the nearest ground station in the GS network 

for analysis.  

11. The data is disseminated and added to atmosphere’s geophysical databases for climate and 

weather prediction modelling. 

 

3.2.4 Mission Succession Criteria 

The mission execution onboard the satellites shall fulfill the following mission success 

criteria in Table. 6. 

Table 6. Mission success criteria 

Mission Success Criteria 

Current Success Requirements Next Success requirements 

1. Demonstration of ISL communication 

network with at least two satellites. 

2. Achieve frequency translation between 

two satellites using dual bands 

3. Achieve mission at one mega sample per 

second (1MSPS)  

4. Deduce point mapping of TWVC data 

from TEC data. 

5. Single orbital plane 

1. Demonstrate ISL with more than two satellites 

at temporal and spatial resolutions of 5-15min 

and 20-4600 km, respectively. 

2. Demonstrate frequency translation to multiple 

satellites with multiple frequencies 

3. Achieve mission > three mega sample per 

second (3 MSPS)  

4. 3D mapping of TWVC and TEC 

5. Multiple orbital planes 
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3.3 Proposed Ground Station Design Configuration 

The ground station was proposed for future work but has not been implemented in this 

research. SPATIUM satellites utilized an approximate similar configuration. The only difference 

is that in this research a multi-channel SDR is required at the GS. Elucidated in the diagram in 

Figure 24, the primary channel configuration is used to execute the TWVC mission, and the 

secondary channel is for satellite bus uplink and downlink.  

 
Figure 24. Ground station setup 

The ground station laptop/desktop computer contains satellite operation software to uplink 

commands and download data. The computer also contains the software to transmit SS signals or 

to receive and process the SS signals for analysis. 

 

3.3.1 Primary Channel Configuration 

In the uplink phase, the SS-BPSK signals are transmitted by the SDR transceiver. The SDR 

can transmit at two frequencies (Tx1 and Tx2) The GPS 1PPS timestamp is superimposed on the 

SS signals and will be utilized as a benchmark for the received signal to identify the signal shift. 

The signal is sampled at the time of the rise of 1PPS on the GS side, and on the satellite side, it is 

sampled at the start of 1PPS. RF switched are also used to superimposed the 1PPS signals. During 

downlink phase, SS data is received at the antenna, amplified by the LNA, time stamped by the 
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GPS, demodulated by the SDR Rx, acquired and processed at the GS laptop and finally TWVC is 

calculated. The time difference between the received and transmitted SS signals gives the 

propagation time delay caused by TWVC. 

 

3.3.2 Secondary Channel Configuration 

This setup is generic. In the uplink case, the data is formatted and assembled by the terminal 

node controller (TNC) for efficient transmission. A signal generator (SG) is used to transmit the 

uplink commands via the antenna. RF power amplifier is used to amplify the transmitted signal. 

In the downlink case, the GS retrieves processed mission data from the satellites at the antenna, 

amplified by the LNA, demodulated with SDR Rx2 using SDR Sharp software and laptop sound 

card. The data is analyzed and disseminated for space weather meteorological uses. 

 

3.3.3 GS Data Budget Computation 

Usually, for each day of satellite operations, only 3 to 4 satellite passes have high elevation 

angles above +30° degrees. The following assumptions were made in estimating the data budget 

at each GS in a network as shown in Table 7.  

Assumptions 

1. Two satellites in ISL 

2. UHF GS  

3. Four or fewer satellites pass a day 

4. Elevation angles of +20° degrees.  

5. Each GS has 90% operation efficiency.  

6. Successful uplinks in 5-8 minutes of the 10 minutes of the mission duration (50 to 80 % 

duty cycle). 

7. The data rate of +4.8 kbps.  

Table 7. Data budget 

Mission 

Period 

(min) 

Frequency 

Bands 

Bitrate 

[Kbps] 

Total Bits 

[Mb] 

Total Bits 

@90% 

margin 

Average 

Data Size 

[Mb] 

Passes 
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5  

UHF 

 

 

4.8 

1.44 0.98  

0.60 

4 

6 1.73 1.56 4 

7 2.02 1.81 3 

8 2.30 2.07 3 

 

Considering the above listed assumption, it is estimated that in four passes, at least 0.6 

megabytes of data are downloaded daily at each ground station using UHF frequency. The more 

the number of ground stations in the network, the more data that can be downlinked.  
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CHAPTER 4 

INTERSATELLITE LINK RANGING AND CONSTELLATION MANAGEMENT 

 

4.1 Overview 

In this chapter, state of art intersatellite link (ISL) communication networks are discussed. 

In this research an improved version of ISL network based on SDR technology in a configuration 

of two satellites is implemented. The SS coding scheme utilized in the ISL network is explained. 

The ISL addressed issues includes effective management of large constellation of satellites, 

satellite deployment, communication, long-term maintenance, and ensuring the accuracy and 

reliability of mission measurement data. Furthermore, frequency manipulation algorithms are 

proposed to ensure exchange of data between satellites in the ISL network, accuracy of mission 

data, and to distinguish TWVC from TEC.  Furthermore, this section gives some comparison of 

the proposed frequency manipulation methods (modified XML-RPC and TCP/IP) with existing 

methods, discussing advantages, drawbacks, and potential scenarios where each approach is most 

suitable.  

 

4.2 Intersatellite Link Ranging 

Intersatellite Link (ISL) communication is a critical component of modern satellite 

operations, facilitating the seamless exchange of data among satellites deployed in different or 

same orbital trajectories [98,99]. Its pivotal role in satellite missions transcends multifarious 

domains, encompassing scientific studies, terrestrial surveillance, navigational undertakings, and 

a spectrum of other applications. The contemporary era has witnessed significant advancements in 

intersatellite communication networks, with notable applications in missions aimed at the 

determination of atmospheric water vapor and total electron content.  

Figure 25 illustrates the graphs with current statistics of deployed ISL satellites in orbit over 

the last two decades. Since 2000 until 2019 every few satellite constellations with ISL ranging 

were lunched. From 2020 until present, there was a more than 10-fold rapid increase on the number 

of ISL satellites. Starlink and OneWeb are the dominating constellation of satellites; however, their 

missions are typically for internet of things (IoT), internet coverage, broadcasting, 

telecommunications and for Earth observation missions. The satellite constellations are usually 
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implemented with satellites of masses above 100 kg, mainly between 201 kg to 300 kg.   

 
 

(a) Number of satellites vs year histogram (b) line graph of number of satellites vs years 

 
 

(c) Number of satellites vs mass histogram (d)Pie chart of satellites mass and percentage 

Figure 25. ISL deployment statistics. 

Table 8 shows some of the satellite mission that used ISL communication. SNAP-1, 

PRISMA and EDSN satellites utilized UHF frequency bands but for different mission purposes to 

TWVC. For related studies, GRACE, QB-50 and GRACE-FO satellite constellations has been 

implemented using S-Band ISL frequencies. However, these satellites did not investigate the 

variation of atmospheric water vapor.  

Table 8. Intersatellite missions between 2000 and 2023 

Mission No. of  

SAT 

Mass ISL Band Range 

(km) 

Mission 

purpose 

Lunch Year  Ref 

SNAP-1 2 6.5/49 UHF 2 Tech Demo 2000,  [100] 

GRACE 2 480 S 220 Earth's 

Magnetic field 

2002 

 

[100] 
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PRISMA 4 145,50 UHF 10 m - 

5 km 

Formation 

Flying 

2010 

success 

[101] 

CanX 4&5 2 5 S 5 PFF demo 2014, 

success 

[102] 

EDSN 8 2 UHF 20 SmallSat 

Networks 

2015, fail [103,104] 

QB-50 50 2,3 S - Thermosphere 

Exploration 

2016 [105] 

Diamond 3 6 S - ISL  2017,  [102] 

PROBA-3 2 320, 

180 

S 144m Formation 

flying 

2017 [106] 

S-NET 4 9 S 100 ISL  2018  [102] 

CPOD 2 3 S 25 Rendezvous 2020 [102] 

eLISA 3 tbd UHF  Optical/Laser 

ISL 

2028 [100] 

MAGNAS 28 210, 5 UHF - Geomagnetic 

Field 

tbd [100] 

GRACE-

FO 

2 600 K/Ka 220 Gravity and 

Climate 

Experiment 

2018 [107] 

 

State of art technology which can and other which has been applied for weather and climate 

studies includes the free space optical/ laser communication (FSOC), radio occultation methods, 

frequency manipulation techniques, swam formation flying, and software defined radio based ISL 

technology. 

 

1. Frequency Manipulation Techniques: GNSS satellites and the GRACE-FO Mission 

Frequency manipulation of GNSS signals has been employed to measure the 

atmospheric WV delay, which is then used to derive IWV and PWV. However, the GNSS 

high frequencies are less prone to the influence of TEC and TWVC, since GNSS satellites 

are typically designed for navigation. The GRACE-FO (gravity recovery and climate 
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experiment follow-on) mission utilizes this method to determine changes in Earth's water 

distribution, including changes in atmospheric water vapor content [108]. However, 

GRACE-FO (two satellites) was not primarily designed for measuring water vapor content 

in the atmosphere, but it can indirectly provide some information related to water vapor 

content and its effects on Earth's mass distribution [107]. The frequency manipulation in 

GRACE-FO microwave K-bands between 24.0 to 24.3 GHz relates to the Doppler shift of 

microwave signals transmitted between the two satellites. As the satellites move through 

the Earth's gravitational field, the distance between them changes due to variations in 

gravity. This causes doppler shift to the microwave frequency which can be measured. The 

limitations are the GRACE-FO measurements are sensitive to changes in Earth's mass 

distribution caused by a variety of factors, including changes in groundwater, ice sheets, 

and ocean circulation. Disentangling the specific effects of water vapor content from these 

other factors can be challenging. Furthermore, GRACE-FO data has a relatively coarse 

temporal and spatial resolution. It provides monthly averages and large-scale 

measurements, which may not capture fine-scale variations in atmospheric water vapor 

content. GRACE-FO measurements primarily reflect changes in water vapor content 

within the entire atmospheric column. It does not provide vertical profiles of water vapor 

at different altitudes, which are valuable for various applications. Therefore, while 

GRACE-FO offers precise measurements of changes in Earth's gravitational field, 

accurately quantifying the specific contribution of water vapor content to these changes 

remains a complex and challenging task. 

 

2. Swarm Mission Formation Flying ISL 

The three Swarm satellites are placed in a formation with different altitudes and 

orbital characteristics [109]. ISL technology allows these satellites to communicate with 

each other and coordinate their positions precisely. This formation flying is crucial for TEC 

measurements, as it enables simultaneous observations at different altitudes and positions. 

To measure TEC, the Swarm satellites use dual-frequency GNSS receivers to acquire 

GNSS (such as GPS and Galileo) signals as they pass through the ionosphere [110]. Each 

Swarm satellite is equipped with GNSS receivers capable of receiving signals from GNSS 

satellites. These GNSS receivers also use ISL technology to share precise timing and 
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positioning information between the three satellites. By simultaneously observing GNSS 

signals from different positions in space (the three Swarm satellites), it is possible to 

calculate TEC values with high accuracy. The ISL communication ensures that the GNSS 

receivers on the Swarm satellites are synchronized and can precisely time the arrival of 

GNSS signals. The TEC data collected by the Swarm satellites are transmitted to ground 

stations on Earth via the ISL communication system. This data is then processed and used 

to create TEC maps and profiles, providing valuable information about the ionospheric 

electron density. However, the Swam formation flying technique suffers the limitation of 

GNSS receivers. Maintaining the precise formation of three satellites in orbit requires 

continuous monitoring and adjustments. Deviations in their relative positions and timing 

can occur due to various factors, including gravitational perturbations, scintillations in the 

Earth's gravitational field and solar radiation pressure. These deviations necessitate 

frequent orbit maintenance maneuvers, which consume onboard fuel and limit the mission's 

operational lifetime. The Swarm formation configuration restricts the spatial coverage of 

the mission. While it provides simultaneous measurements at different altitudes and 

positions, it may not cover all regions of interest uniformly. This limitation can impact the 

mission's ability to provide comprehensive data for scientific studies. Also, precise time 

synchronization is essential for data fusion and accurate scientific measurements. 

Maintaining precise time synchronization among the Swarm satellites can be challenging, 

particularly as they orbit the Earth at different altitudes and velocities. Any timing errors 

can affect the quality of data collected and the accuracy of scientific results. 

 

3. Radio Occultation (RO): COSMIC-2 Mission and the GNSS satellites 

RO involves GNSS satellites transmitting signals from high orbital altitudes, with 

LEO satellites receiving and analyzing the signals to obtain profiles of signal refractions, 

which can be employed to derive WVC. The COSMIC-2 mission is a satellite-based 

program designed for a wide range of scientific observations, including the derivation of 

the parameters of the atmospheric parameters including WV  [111]. The COSMIC-2 

mission, comprising a constellation of six LEO satellites equipped with GNSS receivers, 

in different orbital planes, employs RO to determine atmospheric water vapor profiles. The 

LEO satellites in the COSMIC-2 constellation moves between a GNSS satellite and the 
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Earth's limb (the boundary between space and the atmosphere). As the GNSS signal passes 

through the atmosphere at this critical angle, it undergoes bending or refraction which can 

be precisely calculated. Atmospheric WV affects this refraction GNSS signals. By 

analyzing the refraction angles of the GNSS signals, COSMIC-2 derive information about 

temperature, pressure, and crucially, water vapor content at different altitudes. However, 

for the COSMIC-2 mission there are regions where ISL-based RO measurements are not 

feasible due to the relative positions of the satellites and GNSS satellites. The regions 

include Polar regions where the density of GNSS satellites in view can be lower [112], 

leading to fewer occultation events. Also, in the equatorial belt [113], the inclination of 

LEO (Low Earth Orbit) satellites like those in the COSMIC-2 constellation may limit 

occultation events with GNSS satellites that are primarily distributed at higher latitudes. 

The relative geometry may result in fewer RO measurements. Furthermore, over large 

bodies of water, the density of GNSS signals can be lower than over land, particularly in 

remote oceanic areas [114]. This can reduce the number of occultations and limit the 

coverage of RO data in these regions. Moreover, there are specific periods during a 

satellite's orbit when it enters the solar or lunar exclusion zones. During these times, GNSS 

signals may not be available for occultation measurements, impacting data collection. 

Those are the challenges of using ISL based RO with GNSS satellites.  

 

4. Optical Communication (Free-Space Optical Communication, FSOC): Aeolus 

Mission  

Optical communication can be used for ISL communication. There are no missions 

where it has been used specifically for water vapor derivation.  The European Space 

Agency's (ESA) " AEOLUS " mission employed FSOC to measure atmospheric wind 

profiles by analyzing the backscattered laser signals, enabling the determination of water 

vapor concentrations at different altitudes [115,116] but not in an ISL network. AEOLUS 

carries a high-power laser instrument called the Atmospheric Laser Doppler Instrument 

(ALADIN) that emits laser pulses into the atmosphere. However, using ISL optical 

communication is subject to various atmospheric disturbances, such as turbulence and 

scattering, which can affect the quality of the received signals. Also, precise alignment of 

the laser beam with the receiving station is crucial for efficient data transfer. Maintaining 
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this alignment during satellite movement and under changing atmospheric conditions can 

be challenging. The efficiency of the intersatellite link's optical components and the need 

to minimize signal degradation during long-distance transmission are of significant 

concerns. Using ISL optical communication for missions like AEOLUS is challenging 

because AEOLUS traverse the Earth using sun-synchronous polar orbit, which means it has 

varying line-of-sight angles to ground stations during its orbit. This dynamic orbital 

behavior requires adaptive tracking and communication strategies. On the ground, 

receiving and processing the data from AEOLUS is a complex task. Ground stations need 

advanced equipment and data processing capabilities to handle the unique characteristics 

of laser-based communication. And finally, developing and maintaining a robust 

intersatellite communication system based on this optics technology can be costly. Striking 

a balance between mission requirements and budget constraints is an ongoing challenge. 

Another mission that uses the Laser communication systems is the Laser 

Geodynamics Satellite (LAGEOS) [117]. In this mission Laser is used to determine TEC 

by measuring the delay and phase variations of laser signals as they traverse the ionosphere. 

The Laser Geodynamics Satellite (LAGEOS) and LAGEOS-2 missions incorporate 

retroreflectors for laser ranging, enabling measurements of TEC and aiding in geodesy and 

Earth's gravitational field studies. However, same challenges as the FSOC have also been 

experiences in the LAGEOS missions. 

 

5. SDR Technology: Proposed ISL Mechanism for TWVC and TEC Measurements 

While SDR technology has been used in various satellite missions for 

communication and data processing, the specific application of SDR for water vapor 

content measurement is not a prominent feature of any major satellite mission [43,91,118]. 

Thus, currently there is no widely known or widely used satellites that primarily employed 

SDR frequency manipulation techniques specifically for the measurement of TWVC. In 

this research SDR ISL mechanism with frequency manipulation has been proposed. This 

technique is robust in that it combines typical critical components of frequency 

manipulation, Laser, RO and formation flying to make a more reliable ISL network of a 

satellite constellation. SDR has been opted and demonstrated as most viable based on the 

following aspects: 
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i. Versatility: Using SDR the digital signal processing component of communication 

was implemented in software instead of specific hardware. This significantly 

reduced the mass and volume of the satellites used in this proposed method.  

ii. Flexibility and Reconfigurability: The flexibility and reconfigurability of SDR has 

been adopted to manipulate the SDR frequencies remotely. This also helped in the 

automation of frequency manipulation remotely and smooth frequency shifting 

without physical tuning of the hardware.  

iii. Wider Spectrum: Since SDR frequencies spans between 70 MHz 6 GHz, only one 

SDR was used to demonstrate the frequency manipulation of the two frequencies 

(400.15 MHz and 460 MHz) instead of having multiple radio hardware’s doing the 

same work. This effectively reduced the mass, power, volume and complexity of the 

system. 

iv. Cost-Efficiency: Low-cost SDR platforms, based on off-the-shelf components, 

significantly reduce hardware costs compared to specialized hardware 

implementations. This affordability was particularly beneficial for this research 

prototyping, and practical ground demonstrations. 

v. Reprogrammable and upgradable modular architecture: SDR systems used can be 

updated and upgraded through GNU Radio software changes, eliminating the need 

for hardware replacements. This extends the operational lifetime and adaptability of 

the system. 

 

4.2.1 Implemented ISL network with SS- BPSK Coding Scheme 

Figure 26 shows a simplified test bed configuration used to demonstrate ISL network for 

SS transmission, 1PPS time stamping, and frequency reconfiguration between two satellite 

payloads. The ISL network operates as a half-duplex system. The satellites operate in two modes 

for the transmission and reception of SS signals. In Figure 26, Sat A is in transmission mode and 

Sat B is in reception mode. In addition to the system design configuration in Figure 22, a delay 

pulse generator was incorporated at the receiving payload to simulate propagation delay (δT) due 

to the TWVC and TEC in orbit. As a result, the system functionality of deducing atmospheric water 

vapor and total electron content delay was demonstrated as explained in this chapter. Additionally, 

30 dB attenuators were used instead of power amplifiers to decrease the transmitted signal power 
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in order to prevent receiving SDR damage or interference from other communication networks. A 

personal computer (PC) was utilized on one end of the network to serve as the generic satellite bus 

system for monitoring and acquiring processed data.  

 
Figure 26. ISL network test bed. 

4.2.1.1 SS-BPSK Transmitter 

The software for SS-BPSK transmission was implemented on each satellite in the ISL 

network utilizing GNU Radio and Python programming language [93,119]. The SS signal carries 

the time and location data of one satellite to another which is needed when computing propagation 

time delay due to the influence of water vapor and total electron content. Information was 

transmitted from Sat A (SS-BPSK transmitter) to Sat B (SS-BPSK receiver) in the ISL network. 

As illustrated in Figure 27, the SS-BPSK transmitter is where the SS data packets are transmitted 

from the vector source block over a wider bandwidth at a bit-rate of 250 bits per second, with 1 bit 

having 250 chips, and 1 chip recurring at every 16 μs. The SS signal is composed of the header, 

satellite ID, GPS time, and location information as well as the footer. The header and the footer 

are identifiers which show the beginning and the end of each packet of data conveyed in the 

communication network. For simulation purposes, the transmitted information was composed of 

header information: F; satellite identification (Sat ID): 01; GPS data of time (s): 04; latitude (°): 

33.53513942; longitude (°): 130.50418427; altitude (m): 46; and footer information: A. The 

positive polarity of the latitude and longitude represent north and east positions of the GPS’s 
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geodetic coordinates, respectively. 

 
Figure 27. SS-BPSK transmitter at Sat A. 

Likewise, this would indicate the south and west coordinates of the GPS latitude and 

longitude position data in the case of negative polarity, respectively. The precision the longitude 

and latitude data were all obtained with ±1.11 mm location accuracy. The packet format of the 

GPS data is described in Table 9 below. 

Table 9. SS signal data format 

Header Sat ID Time 

(s) 

latitude (°) longitude (°) Altitude (m)  Footer 
 

F 01 04 33.53513942 130.50418427 46 A 00 

1 byte 2 bytes 2 bytes 11 bytes 12 bytes 2 bytes 1.25 byte 

 

The transmitted 250 bits of information received represent header information (1 byte), Sat ID (2 

bytes), time (2 bytes), latitude data (11 bytes), longitude (12 bytes), altitude (2 bytes) and footer 

(1.25 byte). The data in text was converted to hexadecimal data (0x46, 0x30, 0x31, 0x30, 0x34, 

0x33, 0x33, 0x2E, 0x35, 0x33, 0x35, 0x31, 0x33, 0x39, 0x34, 0x32, 0x31, 0x33, 0x30, 0x2E, 0x35, 

0x30, 0x34, 0x31, 0x38, 0x34, 0x32, 0x37, 0x34, 0x36, 0x41) that was transmitted in binary form. 

The SS source software was implemented to add two more bits (00) to the footer in order to have 

250 bits of data transmitted in every second. The original SS data was saved using the file sink 

block at Sat A for comparison with the received data at Sat B. The transmitted sequence with GPS 

data was then modulated with BPSK modulation using a constellation modulator. The modulated 
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data was transmitted with SDR through the USRP Hardware Driver (UHD) sink block. For 

demonstration purposes sample rates of 1 mega sample per second (MSPS) and 500 kilo samples 

per second (KSPS) and two frequencies (400.15 MHz and 460.00 MHz) were utilized 

interchangeably through tuning of the digital signal processing parameters. 

 

4.2.1.2 SS-BPSK Receiver 

Figure 28 shows the implemented GNU Radio-based SS-BPSK receiver software.  

 
Figure 28. SS-BPSK receiver at Sat B. 

The receiver recovered the signal through the UHD: USRP source block. The DC blocker 

then eliminated the transceivers’ DC offset noise from the signal. After that, the signal went 

through a high-performance automatic gain control (AGC) unit which regulated the increase in 

signal amplitude from the original to the amplified state. Synchronization of the transmitter and 

receiver time offsets was carried out at the polyphase clock sync block. The Costas loop corrected 

the phase and frequency offset as well as recovering the carrier. Figure 29 is the recovered 

transmitted data in binary form. At the receiver the two bits (00) added to the footer by software 

for efficient transmission were eliminated.  
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Figure 29. Recovered SS-transmitted GPS data at Sat B. 

By using a decoding software [120]  to transform the binary data to the original information, 

the received binary data conformed to the transmitted SS signal data (F, 01, 04, 

33.53513942,130.50418427, 46, A) as shown in Figure 30.  

 
    Figure 30. Decoded SS-transmitted GPS data at Sat B. 
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The implemented system could recover the transmitted signal from Sat A to Sat B and vice 

versa at both 400.15 MHz and 460.00 MHz in both cases, with and without signal delay. This 

demonstrated the feasibility of ISL communication where each satellite can transmit or receive 

location and time data to or from other satellites in the network. In reception mode the satellites 

could decode and understand the location data of other satellites. As a result, the ISL network 

requirement was proven 

  

4.2.1.2.1 SS Frequency Detection at the Receiver 

At the receiver, the SS-BPSK signal spread over a wider bandwidth of frequencies was 

received at both 460 MHz and 400.15 MHz in wireless ISL network. Figure 31 (a) and (b) show 

the spectrums of the signals received at the SDRs in ISL networks.  

  
(a) (b) 

Figure 31. (a) Frequency spectrum at 400.15 MHz: brown: upper bound, pink: lower bound, 
blue: average spectrum; (b) Frequency spectrum at 460 MHz: brown: upper bound, pink: lower 

bound, blue: average spectrum 

Spread spectrum signal structures that spread a normally narrowband information signal 

over a wideband of frequencies were observed. The USRP SDR gains were adjusted between 40 

dBi and 76 dBi for the SDR receiver and between 40 dBi and 90 dBi for the transmitter. To avoid 

damaging the SDR, maximum power received at the receiver was maintained below 0 dBm as 

recommended by the SDR transceiver datasheet. 
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4.2.1.2.2 SS BPSK Received Signal Constellations  

The constellation of SS-BPSK (Figure 32) was recovered at the receiver after correction of 

time, frequency, and phase offsets.  

  
(a) (b) 

Figure 32. (a) Constellation at 400.15 MHz; (b) Constellation at 460 MHz. 

The inphase and quadrature (IQ) BPSK binary symbols -1 and 1, with 180 degrees of phase 

difference were observed for both 400.15 MHz and 460 MHz frequencies  

 

4.2.1.2.3 SS BPSK Time Oscilloscopes  

The transmitted and the received data sets collected at the transmitter and receiver were 

matched in the time domain. The time domain oscillographs in Figure 33 (a) and (b) show the 

perfect match of signal processing in 1s (1000μs). 

 
(a) 



71 
 

 
(b) 

Figure 33. (a) Time domain oscillograph at 400.15 MHz (b Time domain oscillograph at 460 
MHz 

In the same loopback test, signal processing delay was investigated by correlating the transmitted 

and received signals.  A correlation estimation was implemented to correlate the data parameters. 

Data collected for a period of 1 s was captured and compared as indicated in Figure 34 (a) and (b). 

 
(a) 



72 
 

 
(b) 

Figure 34. (a) Correlated data graph at 400.15 MHz (b) Correlated data graph at 460 MHz 

The test results showed that the transmitted data perfectly correlated with the received signals as 

expected. 

 

4.3 Management of ISL Satellite Constellation  

Currently the precise number of satellites to be lunched is not yet decided. However, 

analysis of the likely challenges and potential solutions for constellation management in terms of 

satellites deployment, coordinating satellite movements, communication, and long-term 

maintenance has been done. The information below provides the challenges and potential solutions 

of implementing a constellation of small satellites with ISL network. The issues to deal with 

satellite deployment, communication and long-term maintenance are also given.  

• Challenge 1: Launching and deployment of a satellite constellation 

o Complexity in maintaining orbits and adequate spacing in satellites (collision 

avoidance) in the ISL 

Potential Solution 

o Precise launch and deployment techniques are essential to ensure correct initial 

configuration. 

o Optimization of number of orbital planes to minimize the number of launches. 

o Depending on the sizes of the satellites, implementing propulsion systems and 

delay 
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advanced deployment mechanisms may be useful for orbit maintenance and 

separation of satellites in a constellation.  

• Challenge 2: Communication Interference and Reliability 

o If performed verification and validation tests were insufficient, maintaining 

communication reliability and avoiding interference may be difficult. 

Potential Solution 

o Perform sufficient verification and validation communication test to check 

interference between the satellites in a constellation. 

o Proper frequency planning, robust and advance modulation schemes and 

communication protocols must be implemented. In this paper, spread spectrum 

technique which allows frequency sharing has been proposed. 

o Proper link budget analysis is critical to ensure there is sufficient system link 

margin.  

• Challenge 3: Long term maintenance 

o Ensuring an operation lifetime of the satellite’s functionality and health. 

o Minimizing the cost of replacing satellites. 

Potential Solution 

o Continuous monitoring of the satellite health by downlinking housekeeping data is 

of paramount important. 

o Implementing remote diagnostic software which allows updating and upgrading of 

systems can be considered. In this paper we proposed the use of SDR as our 

transceiver for the mission because SDR is extensible, modular, upgradable and can 

be update over time remotely.  

o The satellites design must be durable and robust to uncertainties including space 

environment 

o Optimize the satellite lifetime in orbit and the cost associated to ensure the lifetime.  

• Challenge 4: Data Processing and Distribution 

o Large data collection, storing, processing, and distribution from a constellation of 

satellites 

Potential Solution 

o Onboard processing is required such that only water vapor data is transferred for 
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downlink to the ground station. This is what we are doing in this proposed system 

as explained in section 2 and 3 of this paper.  

o Use of high-power processing microcontrollers also helps but consideration of 

power consumptions must be taken into account 

o Use high data rate communication systems like S, C or X bands for data downlink. 

• Challenge 5: Synchronization 

o Achieving precise synchronization between satellites to ensure coordinated 

operations  

Potential Solution 

o This paper has proposed the use of atomic clocks such as GPS or CSAC clock to 

account for any jittering, clock errors and unnecessary delays which affects the 

measurement result. 

o Implement the Polyphase time synchronization and Costas loop which accounts for 

time synchronization and phase recover. These were implemented in this research 

as explained. 

Plans to manage the large constellation are also given below as follows: 

1. Centralized Ground Control Stations: 

Centralized ground control stations shall manage and monitor the constellation, 

overseeing activities like orbit adjustments, health monitoring, and payload operations. 

2. Autonomous Operations: 

Advanced automation and autonomous systems would be essential for routine 

operations, such as collision avoidance maneuvers and satellite repositioning. 

3. Orbital Design and Distribution: 

Satellites within the constellation would be distributed across different orbital planes, 

altitudes, and inclinations to optimize coverage and avoid collisions. 

Considering the future scalability of the proposed technique, strategies for maintaining 

accuracy and reliability of measurements as the number of satellites in the constellation increases 

were also evaluated. Maintaining accuracy and reliability as the constellation size augments is a 

crucial challenge in scalable satellite systems. Here are several strategies to ensure accuracy and 

reliability while scaling up the proposed technique: 

1. To consider an incremental deployment approach, i.e., adding satellites in stages, 
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validate, fine-tune the system's performance, accuracy and reliability as the 

constellation grows. 

2. To continuously test and simulate the behavior and performance of the constellation 

under various scenarios 

3. To enhance the scalable software architecture design that can accommodate the 

increasing number of satellites without compromising performance. 

4. To implement robust monitoring and diagnostics capabilities that identifies issues 

or deviations in real-time and enable swift corrective actions 

5. To implement distributed and redundant systems so that no single point of failure 

can compromise the accuracy of the measurements. Also, critical functions shall be 

distributed across multiple satellites to increase fault tolerance and reliability. 

6. To stay updated on regulatory requirements and spectrum allocations so that the 

increasing number of satellites can operate within legal frameworks. 

Backup and redundancy measures are critical to ensuring the continuity of data collection 

and transmission in intersatellite communication networks, especially in the face of disruptions or 

interference. Given the potential for disruption or interference in communication networks, several 

backup or redundancy measures have been considered to ensure data collection and transmission 

remain uninterrupted and these includes: 

1. Onboard data storage on SD cards and flash memories has been implemented in the 

system. If communication is disrupted, still data is stored in the flash memories and 

can be transmitted once link is established. Regular ground testing and simulation 

exercises of data collection (from the SD cards and flash memories) and 

transmission to assess the effectiveness of backup and redundancy measures under 

various disruption scenarios such as loss of sight were conducted.   

2. Mesh network topology of inter satellites link where satellites can communicate 

directly with multiple neighboring satellites to collect water vapor and TEC data was 

implemented. This provides alternative communication measurements paths in case 

of a disruption in the primary link. 

3. Phase, time and frequency offsets recovery has been implemented to ensure 

successful decoding of receiving signals 

In the near future we intend to further implement the following measures to ensure data 
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collection and transmission remain uninterrupted: 

1. Deploy redundant satellites within the constellation that can take over the 

responsibilities of a failed satellite. This ensures that data collection and 

transmission can continue even if one satellite experiences issues. 

2. Implement dynamic routing algorithms that can reroute data through different paths 

in real-time, adapting to changing communication conditions. 

3. Use multiple ground stations located in different geographic locations to 

communicate with the constellation, providing redundancy in ground-based 

communication. 

Plan to integrate the acquired data into global atmospheric databases for climate and 

weather prediction models, through collaboration or coordination with existing research initiatives 

will be required. Participating and contributing to ongoing research initiatives, adherence to 

accepted standards and data sharing agreements, are necessary for integrating obtained data into 

global atmospheric databases for climate and weather prediction models. The 3D mapped data of 

TWVC shall be aligned with standardized formats, units and metadata acknowledged by the 

atmospheric research community. Additionally, partnership with organizations that specialize in 

collecting and distributing atmospheric data will be considered. To guarantee seamless integration 

of the acquired data with existing global atmospheric databases, data quality control shall be 

conducted by institutions that specializes with data evaluation and validation. Institutions, and 

researchers in-volved in atmospheric modelling and research shall be privileged with open access 

to the acquired data.  Finally, the institute shall do workshops and forums that bring together 

researchers, modelers, and data providers to discuss integration challenges, strategies, and 

opportunities. 
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CHAPTER 5  

WATER VAPOR MEASUREMENT CONCEPT, FREQUENCY MANIPULATION 

AND MISSION DETERMINATION BASED ON TIME DELAY EVALUATIONS  

 

5.1 Overview 

In this chapter, the physical properties of TWVC and TEC that influences RF signals and 

the theoretical evaluations on how atmospheric water vapor can be deduced is explained in detail. 

Additionally, the procedures to determine the mission execution, time detection and selection of 

frequency bands are summarized. Furthermore, this section gives some comparison of the 

proposed frequency manipulation methods (modified XML-RPC and TCP/IP) with existing 

methods, discussing advantages, drawbacks, and potential scenarios where each approach is most 

suitable. and finally link budget analysis is given. 

 

5.2 Physical Properties of TWVC and TEC that Influences RF Signals  [121,122]  

Atmospheric water vapor and total electron density can affect radio waves due to their 

impact on the propagation of electromagnetic waves.  

TWVC affects radio signal propagation through refraction, reflections, absorption, 

dispersion, scattering, and phase shifts. The specific physical properties of water vapor that affect 

radio signal propagation include: 

• Vapor density: The concentration of water vapor in the atmosphere is a crucial factor. Areas 

with higher vapor density will exhibit more significant effects on radio wave propagation. 

• Specific humidity: Specific humidity refers to the mass of water vapor in a unit volume of 

air. Higher specific humidity means more water vapor is available to interact with radio 

waves. 

• Frequency: The impact of water vapor on radio waves varies with frequency. Higher 

frequencies are more affected than lower frequencies due to their interaction with water 

molecules.  

The graphs in Figure 35 [121], illustrate variation of TWVC with temperature and vapor density. 

Water vapor in the atmosphere can cause refraction of radio waves. Refraction occurs when the 

speed of a radio wave changes as it passes from one medium (e.g., air) to another (e.g., air with a 
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different water vapor content).  

  

(a) (b) 

Figure 35 (a) Altitude vs vapor density (b) TWVC variation of altitude vs temperature [121] 

This change in speed causes the radio wave to change its direction. The amount of refraction 

depends on the temperature, pressure, and water vapor concentration at different altitudes in the 

atmosphere. TWVC signal reflections are considered negligible since water molecules are not 

efficient reflector of electromagnetic waves. Also, water vapor can absorb specific frequencies of 

electromagnetic radiation, particularly in the microwave and millimeter-wave bands. This 

absorption weakens radio signals at those frequencies. Water vapor molecules can absorb energy 

from radio waves, leading to signal attenuation. The absorption characteristics depend on the 

frequency of the radio wave and the specific rotational and vibrational energy levels of water 

molecules. Moreover, water vapor can cause dispersion of radio waves, leading to different 

frequencies within a signal arriving at the receiver at different times. This can lead to signal 

distortion and make it challenging to decode or demodulate the received signal. The dispersion 

properties of water vapor are determined by its refractive index, which varies with frequency. 

Water vapor can also scatter radio waves, especially at higher frequencies. Scattering is a 

phenomenon where small water vapor droplets in clouds can deflect radio waves in various 

directions, reducing the strength of the received signal. Water vapor can introduce phase shifts in 

radio waves as they pass through different layers of the atmosphere with varying water vapor 

content. This phase shift can affect the coherence and quality of the received signal. Using UHF 

frequencies for ISL communication, only refraction is dominant as absorption, scattering, phase 
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shift and dispersion can only significantly affect high frequency waves of the orders of microwave 

and millimeter-wave bands.  

Total Electron Content (TEC) is a critical parameter in radio signal propagation, particularly 

in the context of ionospheric effects. TEC is a measure of the total number of free electrons in a 

column of the Earth's ionosphere, and it plays a significant role in the propagation of radio signals, 

especially in the HF (High Frequency), VHF (Very High Frequency), and UHF (Ultra High 

Frequency) bands. The most fundamental property of TEC is the electron density, which represents 

the number of free electrons in a given volume of the ionosphere. The ionosphere consists of 

different layers, such as the D, E, and F layers, each with varying electron densities. These layers 

can influence how radio waves interact with the ionosphere. The ion composition in the ionosphere 

affects TEC. The ionosphere contains various ions, including oxygen ions (O+), nitrogen ions (N+), 

and molecular ions (O2+ and N2+), in addition to free electrons. The presence and abundance of 

these ions can influence the interactions between radio waves and the ionosphere. Figure 36 shows 

the variation of electron density with altitude and the resultant delayed wave in the troposphere 

and ionosphere.  

  
(a) (b) 

Figure 36. (a) TEC variations of altitude vs electron density. (b) Delayed wave in tropo-
ionosphere region [122] 

TEC exhibits both seasonal and diurnal variations. Seasonal changes are influenced by 

factors like solar activity and the Earth's tilt. Diurnal variations are associated with the day-night 

cycle. These variations can affect the behavior of the ionosphere and, consequently, radio wave 
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propagation. Solar activity, such as solar flares, sunspots, and the solar cycle, can significantly 

impact TEC. High solar activity can increase electron densities in the ionosphere, enhancing radio 

signal propagation in the HF and VHF bands, while low solar activity can reduce TEC, leading to 

less favorable propagation conditions. Geomagnetic storms, triggered by solar activity, can disturb 

the Earth's magnetic field and affect the behavior of the ionosphere, including TEC. During 

magnetic storms, TEC can experience fluctuations, leading to signal degradation. Anomalies in the 

ionosphere, such as ionospheric irregularities and plasma instabilities, can lead to spatial and 

temporal variations in TEC. These anomalies can create regions of enhanced or reduced electron 

density, impacting radio wave propagation. And finally, the Earth's magnetic field interacts with 

the charged particles in the ionosphere. The strength and orientation of the magnetic field can 

influence the motion and behavior of electrons in the ionosphere, affecting TEC. Under normal 

ionospheric conditions, 40 MHz is the highest-frequency radio wave that can be reflected from the 

ionosphere, therefore signal reflections are considered negligible compared to refractions. 

 

5.3 Theoretical Deduction of Atmospheric Water Vapor 

Figure 37 shows how the atmospheric water vapor and total electron content can be deduced 

considering the communication of two satellites Sat A and Sat B in the ISL network. In orbit, the 

satellites are in motion, so their positions and time change every second. Each satellite carries a 

GPS module which calculates position and time data. The position of a satellite relative to another 

satellite is known as the pseudo-range (Lρ). Signal propagation in space is primarily influenced 

by TWVC and TEC. Atmospheric water vapor content and total electron densities are dominant 

are dominant in the troposphere and the ionosphere, respectively. Signal deviation 𝛼° =

40.3 (
𝑚3

𝑠2
) × 1016(/𝑚3)/𝑓2  due to multipath fading, and other atmospheric factors has been 

computed to be less than 3° , when considering 400.15 MHz and 460 MHz UHF ISL bands. 

Therefore, to detect the atmospheric water vapor, sounding is conducted near Earth using satellite 

constellation. Both Sat A and Sat B have the capability to transmit and receive ranging signals. 

Knowing the satellites’ location in the Earth-fixed coordinate system (ECEF) x, y, and z 

and the signal propagation time delay δT (s), TWVC and TEC can be estimated. Assuming Sat A 

is in transmission mode (Tx) while Sat B is in reception mode (Rx), the combined signal 

propagation delay due to the troposphere’s and ionosphere’s influence at each position along the 
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ISL path is obtained by comparing the transmitted and received signals. If the bit starting times or 

time stamp positions of the Tx and Rx signals can be detected, then the time delay can be calculated 

as described in Figure 38. 

 
Figure 37. TWVC probing with the ISL network. 

 
Figure 38. Time delay deductions 

In a more holistic approach, when the frequency of communication is f1 (MHz), the time 

delay (δT1) of the signal propagation is obtained based on all channel effects. These include the 

influence of integrated electron density and integrated total WV density along the signal path from 
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Sat A and Sat B and vice versa at their positions in orbit denoted by A and B in the integrals, 

respectively. Mathematically, δT1 is deduced as follows: 

δT1 =
Lρ1

c
+  

a

f1
2 ∫ ηe1

(l)dl
B

A
+

1

Π
∫ ηTWVC1

(l)dl
B

A
+  ∆tRx − ∆tTx +∈01

  11 

where Lρ1
 is the true range (m), c = 3.0 × 108 ms−1 is the speed of light, ∆tRx (s) is the Sat B 

clock receiver offset, ∆tTx (s) is the Sat A transmitter clock offset, and ∈01
(s) is the error in the 

range due to various other sources such as satellite instrument delays and relativistic clock 

corrections. The term dl represents the path integral differential, a = 40.3/c ≈ 1.34 × 10−7 m2/

s is a constant for TEC determination [123], and Π [67,124,125] is an experimentally determined 

constant depending on air temperature. The term ηTWVC1
 (kg/m3) is the water vapor density and 

its integral represents integrated total water vapor content along the ray path [67]. The total water 

vapor delay (s) primarily due to the tropospheric influence is deduced along the signal path based 

on integrated TWVC and Π. The term ηe1
 (electrons/m3) is the total ionospheric electron density 

and its integral is TEC. The clock offsets are eliminated by using a precise clock as the clock source 

for both the transmitting and the receiving SDRs. The relativistic corrections and other known 

instrumented delays are compensated in the time delay detection software. The influence of 

multipath fading was neglected due to the smaller angle of deviation of less than 3°. Therefore, 

Equation (11) transforms to: 

𝛿𝑇1 =
𝐿𝜌1

𝑐
+ 

𝑎

𝑓1
2 ∫ 𝜂𝑒1

(𝑙)𝑑𝑙
𝐵

𝐴
+

1

𝛱
∫ 𝜂𝑇𝑊𝑉𝐶1

(𝑙)𝑑𝑙
𝐵

𝐴
  12 

The true range (Lρ) of each satellite relative to another satellite in the ISL network is computed 

from the altitude (m), latitude (°), and longitude (°) geodetic coordinates provided through the GPS 

module. When frequency is reconfigured to f2 (MHz), time delay δT2 is calculated as illustrated 

in Equation (13), where the satellite positions change from A to A’ and from B to B’, respectively. 

𝛿𝑇2 =
𝐿𝜌2

𝑐
+  

𝑎

𝑓2
2 ∫ 𝜂𝑒2

(𝑙)𝑑𝑙
𝐵′

𝐴′
+

1

𝛱
∫ 𝜂𝑇𝑊𝑉𝐶2

(𝑙)𝑑𝑙
𝐵′

𝐴′
  13 

It is important to note that frequency translation is not achieved instantly when the satellites are in 

motion. As a result, the water vapor content and electron density are determined based on signal 

propagation time delay between two positions (A to A’) and (B to B’) of each satellite in the ISL 

network using two different frequencies. Thus, to derive TWVC and TEC, the two-time delays 

(δT1 and δT2) are compared as illustrated in Equation (14): 
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δT1 − δT2 =
1

C
(Lρ1

− Lρ2
) + a (

1

f1
2 ∫ ηe1

(l)dl
B

A
−

1

f2
2 ∫ ηe2

(l)dl
B′

A′ ) +  

1

𝛱
(∫ 𝜂𝑇𝑊𝑉𝐶1

(𝑙)𝑑𝑙
𝐵

𝐴
− ∫ 𝜂𝑇𝑊𝑉𝐶2

(𝑙)𝑑𝑙
𝐵′

𝐴′
)  

14 

In the closest range, when considering a constellation of thousands of satellites in different LEO 

orbital planes and directions, the difference between Lρ1
 and Lρ2

 is assumed to be at least 15 km. 

Assuming that the TWVC and TEC at the two positions of each satellite are the same, with TEC 

varying inversely to the square of the frequencies, this implies: 

∫ ηTWVC1
(l)dl

B

A
≈ ∫ ηTWVC2

(l)dl
B′

A′
= ∫ ηTWVC(l)dl,  and  15 

∫ ηe1
(l)dl

B

A
≈ ∫ ηe2

(l)dl = ∫ ηe
B′

A′
(l)dl  16 

Substituting (5) and (6) into (4), TEC can be deduced as follows: 

a (
1

f1
2 −

1

f2
2) ∫ ηe(l)dl = (δT1 − δT2) −

1

C
(Lρ1

− Lρ2
)  17 

TEC = ∫ ηe(l)dl =
(δT1−δT2)−

1

C
(Lρ1−Lρ2)

a(
1

f1
2–− 

1

f2
2)

  
18 

However, the assumptions in (15) and (16) introduce an error in the measurement accuracy. This 

error is assumed to become negligible when the frequency transition can be achieved in 1 s or less. 

Also, by averaging measurements from multiple frequencies, the introduced error is anticipated to 

be very negligible. This is the other reason why multiple frequencies and frequency reconfiguration 

has been considered as a way of improving the mission measurement accuracy aside from 

distinguishing TWVC from TEC. When TEC variations become known, total water vapor content, 

TWVC, is computed from Equation (12) as follows: 

TWVC = ∫ ηTWVC(l)dl = Π(δT1 −
Lρ1

c
−  

a

f1
2 ∫ ηe1

(l)dl)  19 

The key steps in this method are described as follows: 

• Measuring the signal time delay by utilizing two frequencies between the satellites. 

• Distinguishing the signal time delay due to TEC and TWVC by comparing the two 

frequency measurements. 

• Collecting all the measurement data of TEC and TWVC within a time period 

• In the case of satellites in multiples orbital planes, obtain a 3D distribution of TEC and 

TWVC. 

• Determining the most probable set of distribution that agrees with the measurement data 
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of TEC and TWVC. 

• Deducing only TWVC contribution by removing TEC values. 

In line with Kyushu Institute of Technology satellite development projects, a constellation 

of more than 1000 satellites in low Earth orbit are expected to be launched for scientific studies of 

the atmosphere including for this mission to determine TWVC. These studies will be a 

continuation of the SPATIUM-I and SPATIUM-II missions which were demonstrated in orbit. The 

ISL communication network shall achieve a separation distance of 15 km to 4600 km and a 

temporal resolution of 5 to 15 min.  

 

5.3.1 Procedure to Determine the ISL Frequency Bands 

     The frequency bands for the water vapor mission are limited to the available 

meteorological UHF communication frequencies in the international telecommunication union 

(ITU) region 3 where Kyutech in Japan is located [126,127]. To probe atmospheric water vapor in 

near-Earth regions using the ISL network, two available options (available band pairs) of 

frequencies are listed as shown in Table 10. From the available options, only one frequency from 

each of the two pairs can be selected. Considering the mission requirements, lower frequency 

bands give better estimations of TWVC and TEC. 

Table 10. Frequency selection table 

Bands Band 1 (𝐟𝟏 MHz) Band 2 (𝐟𝟐 MHz) Maximum Frequency Gap 

Available band pairs 400.15-401 460-470 69.85 

Selected bands 400.15 460 59.85 

 

The reason being that lower bands are influenced much more than higher bands. As a result, 

two low frequency bands f1 = 400.15 MHz and f2 = 460.00 MHz have been selected from each 

of the two available pairs. These two frequencies are known and automatically detected by each 

satellite in the ISL network. Furthermore, the two frequencies have a relatively smaller frequency 

gap making it feasible to implement with a single antenna that could be tuned to operate at both 

frequencies while either transmitting or receiving SS signals. Implementation of one antenna to 

perform both the transmission and reception of the SS signal is proposed to reduce complexity of 

the design configuration as well as to save on the occupied volume and mass of the satellite. Also, 

this frequency gap is wide enough to determine and differentiate variation of the TEC from the 

TWVC data. 
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5.3.2 Procedure to Determine the Time Delay 

To detect the time delay, the satellites in the ISL network require SS signals and 1PPS time 

stamp references for both the outgoing (Tx) and incoming (Rx) signals. On the receiving side, data 

transmitted at both frequencies (f1 and f2) is saved as text or recorded wave files. The files are 

analyzed onboard the satellite to detect the delay following the procedure indicated in Figure 39 

below. 

 
Figure 39. Mission execution scenario 

 

5.4 Frequency Reconfiguration in the ISL Network 

 

5.4.1 Feasibility of Frequency Manipulation 

The communication parameters like frequency, sample rate, bandwidth as well as internal 

SDR transmitter and receiver gains are controlled using the GNU Radio software (v3.8.2.0). To 

manipulate these parameters during runtime, there is a need to access the inphase and quadrature 
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(IQ) data stream inside GNU Radio Python and/or C ++ blocks. Various frequency reconfiguration 

techniques are used in satellite communications to optimize performance, increase measurement 

accuracy, and ensure reliable communication under different conditions. Frequency 

reconfiguration algorithms used in satellite communications include dynamic spectrum access 

(DSA) [128], cognitive radio-based frequency reconfiguration [129], frequency-hopping spread 

spectrum (FHSS) [130], adaptive beamforming and frequency steering [131], and adaptive 

modulation and coding (AMC) [132]. DSA algorithms allow satellites to adjust their frequency 

utilization dynamically depending on the availability of spectra in their operational environment. 

They are nevertheless quite sophisticated in terms of real-time spectrum detection, frequency 

reconfiguration procedures, and decision making. This complexity augments the likelihood of 

algorithmic errors. Utilizing cognitive radio approaches, it is possible to identify underutilized or 

unused frequency bands and opportunistically switch to them. Nonetheless, their spectrum 

detection, decision making, and reconfiguration impose delays, rendering them unsuitable for real-

time applications or crucial communication scenarios. 

Moreover, FHSS frequency reconfiguration algorithms provide benefits in terms of security, 

interference avoidance, and fading resilience, they also present issues in terms of complexity, 

synchronization, latency, and possible constraints in data rates and bandwidth efficiency. The 

advantages of adaptive beamforming and frequency-steering frequency reconfiguration algorithms 

include improved signal quality, reduced interference, and dynamic adaptation; however, 

maintaining the accurate calibration and alignment of antenna rays are essential for efficient 

beamforming and steering. Any misalignment significantly degrades performance. AMC 

frequency reconfiguration methods enhance communication efficiency by dynamically altering the 

modulation scheme and error-correction coding dependent on the effectiveness of the communication 

channel. On the other hand, certain AMC algorithms rely on feedback from the receiver to precisely 

determine the optimal modulation and coding parameters, and this potentially adds communication 

overhead. 

In order to improve performance and reconfiguration speed in real time, ensure reliability, 

reduce complexity, ensure interoperability in systems and programming languages, and to lower 

network overhead two algorithms based on server and client architecture were proposed and 

implemented. These techniques are robust and they achieve the software-based manipulation of 

SDR and communication parameters in a remote setup of satellites in the ISL network. The first 
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technique is a modified extensible markup language-remote procedure call (modified XMLRPC) 

and the second one is the TCP/IP method as shown in Figure 40. In previous versions of the GNU 

Radio software from 3.7 and below, the XMLRPC algorithm has been implemented to support this 

function in a server and client setup [48,133]. However, the latest version of GNU Radio from 3.8 

and above are incompatible with the traditional XMLRPC client blocks. 

  
(a) Method 1 (b) Method 2 

Figure 40. Frequency manipulation flow diagrams: (a) XML-RPC algorithm architecture; (b) 
TCP/IP algorithm architecture. 

This study demonstrated an innovation of two techniques that were implemented to grant 

access to interact with the IQ data stream of GNU Radio Python and C++ modules upon starting, 

in the middle or at the end of mission execution. SDR frequency manipulation is facilitated by the 

dynamic and static nature of GNURadio parameters. Figure 41 below shows an example of a UHD: 

USRP Source block in which dynamic and static parameters are highlighted. Dynamic parameters, 

such as the center frequency, automatic gain control, sample rate, antenna type, and bandwidth, 

are indicated with an underline, whereas static parameters, such as the clock source, number of 

channels, et cetera, are not. Static parameters are fixed and cannot be remotely accessed, whereas 

dynamic parameters are accessible, changeable, and can be altered during runtime. The dynamic 

parameters are implemented with call-back or set functions that are called whenever a variable is 

updated. In GNURadio, USRP 205 mini-i is commanded through UHD: USRP sink and source 
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blocks on the transmission and receiving terminals. In this study, frequency parameters were 

remotely tuned; hence, they were made dynamic. 

  
Figure 41. Static and dynamic parameters 

 

5.4.2 Procedure of Modified XML-RPC Algorithm 

The algorithm makes procedure calls through the hypertext transfer protocol secure 

(HTTPS) in a server-client relationship as given in Figure 40 (a). Unlike the traditional client 

blocks which were typically implemented inside GNU Radio blocks, we modified the concept and 

implemented an external Python-based client program which is compatible with the latest versions 

of GNU Radio. The XML-RPC client sends the set messages to the respective XML-RPC server 

through a reconfiguration command. Acceptance of connection by the server program enables the 

client’s commands to alter SDR parameters inside the GNU Radio. The server facilitates access to 

an external client-requesting program. This is done through variable call-back functions in the flow 

graph and procedures that enable tuning of the SDR parameters. The server architecture contains 

handlers in which the tuning functions and variables are stored. The event manager in the server 

controls the operation of events or functions requested by the client program. The returned value 

of the functions is then sent to the client via a secure HTTPS protocol with XML encoding. The 

encrypted HTTPS uses secure sockets and transport layer security for data integrity and protection. 

 

Dynamic 

parameters 

Static parameters 
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5.4.3 Procedure of the TCP/IP Algorithm 

The proposed TCP/IP reconfiguration method also operates in a client-server setup to 

manipulate SDR parameters. The server program uses a Python module block, and the client 

program is implemented with an external Python integrated development environment (IDE) such 

as PyCharm or a Telnet client program [118]. For this program, a Python snippets module was 

implemented to give the client access to the server program and enable tuning of the SDR GNU 

Radio parameters. The snippet is executed as a thread that passes self-arguments to access variables 

from the main GNU Radio flowgraph [118]. Similar to the XMLRPC method, the reconfiguration 

with TCP/IP method is also feasible at the beginning, during, and at the end of mission execution. 

The flow graph in Figure 40 (b) describes the TCP/IP architecture and operation procedure. 

 

5.4.4 Frequency Manipulation Results and Analysis 

Figure 42 demonstrates the frequency translation from the 400.15 MHz to 460.00 MHz 

peaks and vice versa between Sat A and Sat B.  

  
(a) (b) 

Figure 42. Demonstration of frequency manipulation: (a) 460.00 MHz to 400.15 MHz; (b) 
400.15 MHz to 460.00 MHz. 

SS peaks were selected and filter in-order to visualize shifting of frequency peaks. The SDR 

gains were tuned to attain the transceivers’ maximum output power. Initially, the frequency of 

communication between satellite A and B was set at 400.15 MHz. A new frequency of 460.00 MHz 

was set at Sat A and SS signals were transmitted to Sat B. Sat B automatically detected the new 
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frequency and received the SS signal at 460.00 MHz. Observations were made through the 

spectrums of the transmitted and received signals from both satellites. Also, acknowledgements 

were received whenever reconfiguration process succeeded. Both satellites in the ISL network 

showed the same frequency shifts on their spectra. The implemented algorithms can filter SS peaks 

to visualize the frequency shifts of each peak during tuning and they retain both the previous and 

newly set frequencies as shown in Figure 42. Using a combination of the selected SDR as the 

transceiver and RPi as the processing and control unit, these algorithms achieved frequency 

manipulation within a time frame of 1 s after tuning. These tests were conducted for 10 s with 1 s 

accurate frequency transition when mission operations were carried out using 1 MSPS to 3 MSPS 

sampling rates. However, higher sampling rates  3 MSPS and multiple processing systems running 

in the desktop version of the Linux operating system (OS) can cause reconfiguration delays and 

fluctuations in communication. At lower sampling rates, particularly below 1 MSPS, the SDR and 

RPi can continuously operate by accurately switching the frequencies in 1 s for long periods of 

operation. Using more efficient microprocessors than the RPi 4 and lighter operating systems that 

outperform the Linux OS can enhance translation frequency at higher sampling rates. Furthermore, 

the accuracy of the TEC and TWVC measurements can significantly improve if the frequency 

change can be accomplished in less than 1 s.  

Terminals were also used to confirm frequency shift from both satellites using manual and 

automatic configuration as shown in the scripts below (Figure 43) 

  

(a)Manual Frequency Reconfiguration (b) Automated Frequency Shifting 

Figure 43. Demonstration of frequency manipulation 

Frequency Shift functionality was also confirmed inside the GNURadio setting and it was 
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confirmed that client software could connect with the server programs, and parameters inside the 

GNURadio could be accessed and tuned as shown in Figure 44.  

 

Figure 44. Server-Client connection confirmation inside the GNURadio 
 

Table 11 highlights the comparison between the two methods of frequency reconfiguration. 

Table 11. Comparison of XML-RPC and TCP/IP algorithms 

Property XML-PRC Algorithm TCP/IP Algorithm 

Efficiency/speed Translate frequencies in 1s Translate frequencies in 1s 

Client  Eternal Python program, 

GNURadio implemented client 

External Python program, Telnet 

Client, GNURadio Python 

snippets and Python modules 

Server GNURadio implemented server GNURadio implemented server 

Security Secured with HTTPS and 

transport layer security 

Secured with symmetric and 

public encryption 

Programmable flexibility flexible More flexible 

Connectivity HTTPS, IP address and ports Sockets, IP address, and ports 

Reliability Very reliable Very reliable 
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5.5 Determination of Location Data  

Tests were conducted to verify the location, time and 1PPS data from the GPS modules. 

The location data is given by the latitude, longitude, and altitude outputs where the time data is 

given as time in “hr.: mm: ss” following UTC time configuration. The time and location data are 

collected in $GPGGA format from the GPS module by the RPi via UART data lines. The GPS this 

GPS is transmitted as part of SS signals between satellites in the ISL networks. 1PPS signal output 

was also confirmed. The 1PPS signal are superimposed as time stamps on the incoming and 

outgoing signals using the RF switches.  Figure 45 shows tabular representation of GPS data, and 

Figure 46 is the comparison of the Foxtrot GPS map and google maps data to confirm the location 

accuracy. 

 
Figure 45. Results of time and location data 

  
(c) Foxtrot GPS Map (d) Google Maps Data 

Figure 46. GPS location confirmed by google maps  
 

Kyutech Research Lab  
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5.6 Time Stamping with 1PPS GPS Signal 

The 1PPS GPS reference time stamps from the GPS modules mounted on each satellite 

were locked to more than 10 satellites and synchronized as shown in Figure 47. On a duty cycle 

of 1 s, each pulse was detected to be 0.9 s ON and 0.1 s OFF. 

 
Figure 47. Synchronized 1PPS GPS signal for Tx (yellow) and for Rx (blue). 

These 1PPS reference time stamps were marked on both the incoming and the outgoing 

signals. The saved wave file data shown in Figure 48 was analyzed to visualize and to detect the 

time stamp and possible signal delay.   

 
Figure 48. Sample of data at 1 MSPS at 460.00 MHz. 

The horizontal and vertical axis represent the time and amplitude of the signal, respectively. 

Three data frames recorded for 3.675 s were observed with a duty cycle of 1 s (0.9 s ON and 0.1 s 
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OFF). Since both satellite payloads were stationary and there was no influence of TWVC and TEC, 

the time stamps of the transmitted and the received signal were superimposed at the same positions. 

This result signifies that the time stamp function was successful and no delay was detected at both 

400.15 MHz and 460.00 MHz frequencies since the signals were free from TWVC and TEC delays. 

During the table satellite test, the SDR hardware suffered from a 35 μs clock jitter error 

because its internal clock was not fast enough to support the transfer of data. The clock jittering 

distorted the signals by flipping the bits, inducing noise data or causing time offset by shifting the 

positions of the bits. To solve the problem, a 10 MHz GPS clock was integrated to the system to 

eliminate the effects of clock jittering. After the transmission of SS signal from one satellite (Sat 

A), three data frames received on the second satellite (Sat B) were analyzed. Figure 49 shows parts 

of the received data frames when the RF switch was turned ON and OFF.  

 
Figure 49. Analysis of data frames from the received signal at 450 MHz and 1 MSPS. 

Observations were made on the received data in an interval of every 1 s. The data frames 

which contain the same information showed that there was no signal distortion due to clock 

jittering. The positions, patterns, and time for three data frames were analyzed at 0.77330 s, 
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1.77330 s, and 2.77330 s, respectively. From the analysis, the bit patterns were correctly received 

without the flipping or shifting of bits, or unwanted noise. Furthermore, the sections of the time 

stamps when the RF switch is OFF were completely cut off as anticipated. These results 

demonstrated the efficiency of the system for calculating the TWVC data without distortion of 

information or incorrect predictions due to clock jittering. 

 

5.7 Delayed Time Stamp using Delay Pulse Generator 

Since the position of satellites changes continuously in orbit, the signal passes through a 

different part of the atmosphere and ionosphere each second. Therefore, a new true range and new 

propagation time delay should be calculated onboard the satellite. If the signal time shift caused 

by TWVC and TEC can be isolated in each second, TWVC and TEC can be measured from the 

time delay. In that 1 s, frequency manipulation must be achieved to obtain a high resolution of 

TWVC from TEC. To simulate the TWVC/TEC time delay (s), a delay pulse generator was 

connected to the receiving side of each satellite as shown in Figure 26. In this study a time delay 

of δT = 0.3 s was assumed in order to clearly visualize the delay simulation functionality and 

positions of 1PPS time stamps on both the transmitting and receiving side. This delay was added 

to a GPS 1PPS signal (yellow) by a delay pulse generator and a delayed pulse (blue) was formed 

as indicated in Figure 50. 
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Figure 50. GPS 1PPS pulse (yellow) and a delay pulse (blue) output of delay pulse generator. 

As observed on the oscilloscope, the time between the rising or falling edges of the 1PPS 

pulse and the corresponding delayed pulse was 0.3 s as set on the delay pulse generator. Also, the 

delay between a rising and a falling edge of the two 1PPS signals, d, was observed as 0.2 s. When 

Sat A transmits SS signals to Sat B, the superimposition of these time stamps could be visualized 

on the received signal as shown in Figure 51. 

 
           Figure 51. Results of the test with delay pulse generator at 400.15 MHz with large delay. 

Four data frames recorded for 4.85 s were observed. This simulation was performed at 

400.15 MHz at 500 KSPS. The superimposed fixed time delays of δT = 0.3 s and d = 0.2 s, which 

represent the influence of TWVC and TEC, were observed on the received data frames. To validate 

the functionality of time delay detection, δT was tuned to 0.13s, sample rate 1 MHz and frequency 

460MHz were used as shown in Figure 52.  

 
           Figure 52. Results of the test with delay pulse generator at 460 MHz with small delay. 

Even though the delays provided by the delay pulse generator were fixed irrespective of 

frequency change, when the delays were tuned up and down at different frequencies the changes 

in the delay were observed in the data. This proved the efficiency of this system in detecting time 

delay in orbit where frequency change has an impact on atmospheric geophysical parameters. 

From the simulation results, the transmitted SS data could also be decoded perfectly. For an in-

orbit scenario, since TEC is inversely proportional to the radio frequencies, the 400.15 MHz 
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frequency is anticipated to give a higher resolution of the measurement values with more delay 

compared to the 460.00 MHz. TWVC and TEC difference values are then computed with 

processing algorithms. Finally, TWVC can be deduced following Equations (1) – (9). 

 

5.8 ISL Communication Feasibility 

To assess the feasibility of the ISL communication network, a link budget has been 

calculated. Several communication parameters of the ISL network including the SDR output power, 

SDR transceiver sensitivity, antenna gain, and all loses associated with the communication links 

were measured. Frequencies of 400.15 MHz and 460.00 MHz were considered in this study. The 

output transmission power of the SDR transceiver and cable losses were measured as 0.1 W and 

0.2 dB, respectively. Sensitivity (dBm) is the minimum power or signal strength that the SDR 

receiver can detect the transmitted information as having been. The minimum power was obtained 

by continuously attenuating the transmitted SS signal from Sat A with variable attenuators until 

the receiver at Sat B could not decode the SS signals. As a way of ensuring the integrity and 

accuracy of the SDR sensitivity, an RF shield box was utilized as shown in Figure 53. The RF 

shield provides a typical measurement environment which eliminates the influence of external 

unwanted noise, interferences, and internal signal reflections that may distort the signal. Moreover, 

a cable test environment was utilized to determine the optimum and typical sensitivity of the 

transceiver. 

 

Figure 53. Sensitivity test setup. 

The SDR receiver sensitivity value of −116 dBm was obtained based on the following 
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equation: 

Rx = Tx − LVA − Lc 20 

where Rx (dBm) is the received signal power at Sat B, Tx (dBm) is the transmitter output power at 

Sat A, LVA  (dB) is the variable attenuation value, and Lc  (dB) are RF cable losses. Table 12 

summarizes the sensitivity test results. 

Table 12. Sensitivity test results (o: full packets decoded, ∆: partial decoding, x: failed to 
decode). 

𝐓𝐱 

(dBm) 

𝐋𝐕𝐀 

(dB) 

𝐋𝐕𝐀 + 𝐋𝐜 

(dB) 

𝐑𝐱 

(dBm) 

Success Rate Based on  

SDR Internal 𝐑𝐱 Gain (dB) 

40 50 60 70 75 76 

20 −100 −100.2 −80.2 o      

20 −120 −120.2 −100.2 x ∆ o    

20 −130 −130.2 −110.2  x ∆ o   

20 −135 −135.2 −115.2   x ∆ o  

20 −136 −136.2 −116.2    ∆ ∆ o 

20 −137 −137.2 −117.2    x x ∆ 

20 −137 −138.2 −118.2      x 

 

The decoding success rate at Sat B was determined based on the SDR internal receiving 

gain which was tuned from 40 dB to its maximum value of 76 dB. When the variable attenuation 

was increased and the signal could not be decoded, the SDR gain values were increased until 

successful decoding occurred. This process was repeated until the SDR threshold sensitivity of 

−116.2 dBm was reached at the maximum SDR receiver gain of 76 dBi and the decoding 

processing was no longer possible. The internal SDR transmitting gain at Sat A was maintained at 

its maximum value of 89 dB. A maximum separation distance of 4600 km large enough to probe 

water vapor profiles near Earth was assumed. Since this distance is large, use of a power amplifier 

was considered. A power amplifier of 30 W that can be used for small satellite sizes was considered 

[95]. A dipole antenna with theoretical gain of 2.1 dBi was used in the link budget estimations 

[134]. Other losses including antenna pointing, polarization, and transmission line losses were 

measured. The obtained link budget showed that the ISL network has a system link margin of −9.2 

dB and −10.4 dB at 400.15 MHz and 460.00 MHz, respectively. In order to achieve mission 
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success, ways of improving this link budget are explained in detail in the discussion section. Table 

13 shows the link budget estimation for this mission. 

Table 13. Link budget for ISL network. 

Frequency MHz 400.15 460.00 

Modulation  SS-BPSK SS-BPSK 

Data rate kbps 0.25 0.25 

Satellite A (Transmission)    

Transmitter Output Power 

SDR Output W 0.1 0.1 

Amplifier Output W 30.0 30.0 

Total dBw 14.8 14.8 

Gain of Transmitting Antenna dBi 2.1 2.1 

Transmission Line Loss + Hardware Degradation dB 3.0 3.0 

Equivalent Isotropic Radiated Power (EIRP) dBw 13.9 13.9 

Transmission Path    

Distance between satellites km 4600 4600 

Antenna Pointing Loss dB 3.0 3.0 

Polarization Loss dB 3.0 3.0 

Atmospheric and Ionospheric Losses dB 1.4 1.4 

Free Space Loss dB 157.7 159.0 

Isotropic Signal Level at Spacecraft  dBw −151.3 −152.5 

Satellite B (RX Power Sensitivity)    

Antenna Pointing Loss dB 3.0 3.0 

Gain of Receiving Antenna dBi 2.1 2.1 

Transmission Line Loss + Hardware Degradation dB 3.0 3.0 

Received Power at LNA input 
dBw −155.2 −156.4 

dBm −125.2 −126.4 

Required Signal power at the Spacecraft dBm −116.0 −116.0 

System Link Margin dB −9.2 −10.4 

 

 



100 
 

CHAPTER 6  

DISCUSSIONS, CONCLUSION AND FUTURE WORK 

 

6.1 Discussions 

All the mission objectives required to deduce the TVWC as a time delay measurement are 

demonstrated in this study using low-cost commercial off-the-shelf components. Since this study 

is a continuation of Kyutech SPATIUM satellites, as mentioned in the objectives of SPATIUM-I 

and SPATIUM-II [24,34,39], the need for the ISL network to enhance 3D mapping of the 

atmosphere and ionosphere was demonstrated using this system. SPATIUM-I and SPATIUM-II 

satellites primarily focused on technology demonstrations for the measurement of TEC using a 

ground-to-satellite communication network. This study deals with both total electron content and 

atmospheric water vapor measurements using the ISL communication network. Furthermore, the 

procedure for deducing atmospheric water vapor is presented as a time delay measurement. 

Kyutech expects to launch a constellation of satellites, which could be more than a thousand 

satellites, and this makes the desired spatiotemporal resolutions achievable [24]. The ground test 

results demonstrated that the shortest possible time to reconfigure frequencies and processing has 

been found to be within 1 s at sampling rates of 1 MSPS and below. 

The computed system link margin has a deficiency of at most −10.4 dB when the 

transmission frequency and separation distance between satellites are 460.00 MHz and 4600 km, 

respectively. It could be improved by implementing state-of-the-art UHF antennas with high gain. 

Ochoa et al. [135] proposed the use of a 13 dBi deployable helical antenna with a gain which stows 

into a volume of approximately 0.5U. In this research a simulation of this antenna was performed 

as shown in Figure 54. From the simulation the antenna has a directive gain of 13 dBi, efficiency 

of 98 %, reflection ecoefficiency of   -8 dB, voltage standing wave ratio (VSWR) of   3, length 

of 100 cm and impedance of 150 ohm as anticipated for Helix antennas. By adopting a similar 

antenna, the system link margin becomes positive and ISL communication network could be 

established between the satellites. Cross polarized linear arrays such as a Yagi-Uda [136–138] also 

exhibited superior gains of up to 11.5 dBi at UHF frequencies compared to dipole antennas. Using 

the Yagi-Uda type of antenna could also be considered a solution for this mission. The use of a 

directive antennas requires attitude control to point the antenna towards the target [139]. 
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(a) Helix antenna Design (b) Performance simulation 

 
 

(c) Radiation Pattern (d) Reflection Coefficient dB Curve  

  
(e) Impedance Chart (f) Smith Chart 

Figure 54. Deployable helix antenna Simulations 
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Moreover, Abulgasem et al. [137] suggested the utilization of circular polarization in 

antenna designs for small satellites to eliminate polarization mismatch losses due to antenna 

misalignment and this guarantees higher link reliability in ISL networks. Furthermore, the TWVC 

mission subsystem consumes approximately 8.50 W in the transmission mode without a power 

amplifier. Having a power amplifier [95]integrated into the system could significantly improve the 

system link margin. On the other hand, this would negatively impact the power budget, mass, and 

volume of the system depending on the limited resources of a small satellite. As a solution, the use 

of high-power amplifiers demands either the implementation of supplementary power systems 

such as deployable solar arrays [140], or an increase in the size of the satellite or a reduction of the 

mission execution time must to meet the requirements of the limitation factors. If these suggested 

solutions could be implemented, a positive system link margin will be achieved for the proper ISL 

communications in orbit.  

The GPS used in this research has location accuracy of 2 m. In orbit, the location accuracy 

may decline due to signal phase shifts which in turn distort the accuracy of the TWVC 

measurements.  Proposition were made to utilize GPS modules with real time kinematics (RTK) 

correction software’s for real time positioning applications preferably the ones that achieves cm or 

mm accuracy in order to eliminate any distortions. The Table below gives some of the candidates 

in comparison to ones that have been used on Kyutech satellite projects. Option number 2 (No. 2) 

has been confirmed and is available on the market.  

Table 14. GPS performance assessments. 

Property Birds 

4 

Kitsune Leopard 

/Research 

No. 1 No. 2 No. 3 No. 4 

Mission Attitude TEC Ranging Flight 

heritage 

Flight 

heritage 

IoT/Rovers No flight 

heritage 

Brand MT3329 Fireant Orion 

B16 

OEM7600 Mosaic-

X5 

PX1122R 

 

Orion B17 

Location 

Accuracy (m) 

2.5-3 

 

10 2 +0.4 +0.1 0.01, 2 1.5 

Velocity 

Accuracy (m/s) 

0.5 - 0.1 <0.03 0.03 0.05 0.05 
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Time accuracy 

(ns) 

100 - 5 <5 <20 12 12 

Weight (g) 6 - 1.6 31 6.8 1.7 1.7 

Size (mm) 

 

16 x 16 

x 6 

22 x 17 

x 3 

12.2 x 16 

x 2.9 

35 x 55 x 

13 

31 x 31 x 

4 

12 x 16 x 3 

 

17 x 22 X 3 

Voltage (V) & 

Current (mA) 

3.3, 48 3.3, 45 

 

3.3, 65 

 

3.3,400 

 

3.3, 335 

 

3.3, 50 

 

3.3, 250 

 

Temperature (°C) -40 to 

+85 

-40 to 

+85 

-40 to +85 -40 to +85 -40 to 

+85 

-40 to +85 -40 to +85 

RTK Support No  No No Yes Yes Yes Yes 

 

Some limitations due to the processing power of the RPi were encountered as RPi 4 efficiency 

declined at sampling rates above 3 MSPS; however, the SPATIUM-II satellite achieved the in-orbit 

demonstration of SS signal demodulation and time delay detection at 1 MSPS based on the RPi 

CM3+ module, which has a lower processing power compared to the RPi 4 model B [24,39,46]. 

Also, during ground tests, it was observed that when multiple processes run in the RPi desktop 

Ubuntu Linux operating system, communication fluctuations and frequency reconfiguration delays 

occurred. These can be alleviated using high processing power microprocessors, or implementing 

software interrupt functions which allow the prioritization of important tasks such as frequency 

reconfiguration and data processing. Using a lighter OS or running the programs in Ubuntu-based 

servers could also deliver better performance since all system resources would be dedicated only 

to server tasks rather than having additional desktop resources [141]. 

The use of precise atomic clocks such as the CSAC or GPS clock [24,34,40] to alleviate 

the clock jittering effect on the SDR or other radio transceivers has been demonstrated in 

SPATIUM-I and SPATIUM-II. In this study, an external 10 MHZ GPS clock has been used to 

eliminate the jittering error of 35 μs that was consistently recurring. As a result, all errors associated 

with the SDR and instruments’ clock jittering were removed, and the bits of information could be 

perfectly received without noise, shifting or flipping of the information bits. 

Furthermore, considering a constellation of more than 1000 satellites, large volumes of data 

will be captured. In such cases, it is recommended to utilize high-data-rate communication 

networks such as the S, C, or X bands on the satellite bus for data downlink to the ground [137,142]. 
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6.2 Conclusions and Future Work 

The mission measurement concept of TWVC is constructed based on radio sensing of the 

atmosphere. A system design that measures atmospheric water vapor is proposed, the requirements 

and specifications are determined, and system interfaces and integration are done. A GNU Radio-

based transceiver that has the capability of transmitting and receiving SS signal is also 

implemented. The SS-BPSK has shown good reception and demodulation of SS-transmitted 

signals with and without delay. All the transmitted data in 1 s intervals are perfectly recovered, and 

two satellite payloads are utilized to demonstrate the ISL network successfully considering one 

orbital plane. This research can be further developed to demonstrate the full success criteria of the 

TWVC mission based on a constellation of more than two satellites in motion and in different 

orbital planes of the LEO. If that is achieved, 3D mapping of atmospheric water vapor or TEC can 

be perfectly deduced. Moreover, this paper only considered the ISL network configuration; 

however, a combination of fixed and mobile ground stations together with ISL networks can also 

be implemented to ensure a robust system that determines the 3D mapping of TWVC over a wider 

area. The test results demonstrate the possibility of reconfiguring the frequency onboard the 

satellite with the proposed algorithms. The determined duration of frequency translation is 

measured within 1 s as was proposed. The time delay estimation method with the current 

configuration has also been successful, and it can be recommended as an effective technique for 

TWVC or TEC calculations from the signal propagation time delay. For future studies, sweeping 

through much lower available meteorological frequency bands could be considered as a way to 

improve mission measurement accuracy. This is because lower frequency bands are more 

influenced by atmospheric geophysical parameters. However, multiple antennas calibrated for the 

selected frequencies must be implemented. Also, possible phase delays and errors that may occur 

in orbit due to the positioning accuracy of the GPS or frequency reconfigurations shall be 

scrutinized as part of the next objectives. Clock jittering is also successfully removed to ensure the 

incoming and outgoing signals are not distorted with instrument and clock offsets. This improves 

mission accuracy within 35 μs when a 10 MHz atomic clock such GPS clock is used. Low orbital 

attitude, lower frequency bands, and a constellation of more than 1000 satellites can give this 

method improved accuracy and high spatiotemporal resolutions compared to conventional 

techniques. Based on these results, the proposed system demonstrated that it is feasible to conduct 

atmospheric measurements using the radio signals onboard small satellites. 
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The acquired data will be incorporated into the global atmospheric databases of geophysical 

parameters for climate and weather prediction models. Participating and contributing to ongoing 

research initiatives are necessary for integrating obtained data into global atmospheric databases 

for climate and weather prediction models, in addition to adherence to the accepted standards and 

data sharing agreements. The 3D-mapped data of the TWVC will be aligned with standardized 

formats, units, and metadata acknowledged by the atmospheric research community. Additionally, 

partnership with organizations that specialize in collecting and distributing atmospheric data will 

be considered. To guarantee seamless integration of the acquired data with existing global 

atmospheric databases, data quality control will be conducted by institutions that specialize in data 

evaluation and validation. Institutions and researchers involved in atmospheric modelling and 

research will be granted open access to the acquired data. Finally, the institute will hold workshops 

and forums that bring together researchers, modelers, and data providers to discuss integration 

challenges, strategies, and opportunities. This research will be implemented in future Kyutech 

satellite projects involving radio sensing of the atmosphere 
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APPENDIXs 

Systems Integration Configuration 

 

A. Integration configuration of RPi GNU and USRP SDR 
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B. RPi and GPS Integration 
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1. Python code to confirm $GPGGA latitude, longitude, and time data as well as 

comparing the data with google map. 

 



112 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



113 
 

2. C code to confirm $GPGGA latitude, longitude, and time data as well as comparing 

the data with google map. 
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C. SS-BPSK_transceiver_with_XMLPC server algorithm  
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D. XMLRPC external python client program 1 
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E. XMLRPC client program 2 
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F. SS-BPSK with TCP/IP server algorithm 
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1. Python snippet code_gateway_of_client_to server 

 
 

2. Python module code_ server base 
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G. TCP/IP external python client program 1 

 

H. TCP/IP telnet client program 2 
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I. Antenna Simulation Procedure 
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J. Antenna Simulation Python Program for Helix  
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K. Other software 

I. Audacity 

Software to analyze wave files 

 

II. FavBin Edit 

Software to open binary or hex files and analyze the data 

 

III. MATLAB programs 

MATLAB used to program and simulate some codes for testing and verification. 
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IV. SDRAngel/ SDR Sharp 

Software to support RF testing with SDR 

 
 

V. Power Viewer 

Software to measure SDR output power 
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