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Abstract 

Ionospheric irregularities can adversely affect the performance of Global Navigation Satellite System (GNSS). How-

ever, this opens the possibility of using GNSS as an effective ionospheric remote sensing tool. Despite ionospheric 

monitoring has been undertaken for decades, these irregularities in multiple spatial and temporal scales are still 

not fully understood. This paper reviews Virginia Tech’s recent studies on multi-scale ionospheric irregularities using 

ground-based and space-based GNSS observations. First, the relevant background of ionospheric irregularities and 

their impact on GNSS signals is reviewed. Next, three topics of ground-based observations of ionospheric irregulari-

ties for which GNSS and other ground-based techniques are used simultaneously are reviewed. Both passive and 

active measurements in high-latitude regions are covered. Modelling and observations in mid-latitude regions are 

considered as well. Emphasis is placed on the increased capability of assessing the multi-scale nature of ionospheric 

irregularities using other traditional techniques (e.g., radar, magnetometer, high frequency receivers) as well as GNSS 

observations (e.g., Total-Electron-Content or TEC, scintillation). Besides ground-based observations, recent advances in 

GNSS space-based ionospheric measurements are briefly reviewed. Finally, a new space-based ionospheric observa-

tion technique using GNSS-based spacecraft formation flying and a differential TEC method is demonstrated using 

the newly developed Virginia Tech Formation Flying Testbed (VTFFTB). Based on multi-constellation multi-band GNSS, 

the VTFFTB has been developed into a hardware-in-the-loop simulation testbed with external high-fidelity global 

ionospheric model(s) for 3-satellite formation flying, which can potentially be used for new multi-scale ionospheric 

measurement mission design.
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Introduction

Ionospheric irregularities are associated with the plasma 

density structures in the ionosphere and can severely 

impact the performance of various modern technolo-

gies such as satellite communication and Global Naviga-

tion Satellite System (GNSS) Kintner et al. (2007). When 

GNSS Radio-Frequency (RF) signals encounter iono-

spheric irregularities, effects like signal delay, scintillation 

(phase and intensity fluctuations), cycle slips, or Faraday 

rotation can be induced. From the perspective of GNSS 

applications, the positioning accuracy, precision and 

integrity may be reduced. Positioning accuracy refers 

to a time average offset between positioning solutions 

and true positions. While positioning precision refers 

to a standard deviation of the offsets between position-

ing solutions and true positions. In severe scintillation 

cases, the GNSS observability might be lost (e.g., loss-of-

lock) due to strong signal interruptions prior to receiver 

antenna reception. These irregularity impacts can 

increase the dilution of position and degrade the Kalman 

filter’s estimation performance. The space weather 
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impacts on GNSS applications were not fully appreciated, 

until recently when more and more mass-market GNSS 

products (e.g., high-level autonomous vehicles, mobile 

and Internet-of-Things devices) featuring high-precision 

positioning techniques (e.g., Precise Point Positioning 

or PPP, Real-Time Kinematic or RTK) became available. 

Under the effects of low-latitude ionospheric scintilla-

tion, Luo et al. (2018) observed the residuals of the Bei-

Dou Navigation Satellite System (BDS) dual-frequency 

PPP can be up to 7.096 m in code-phase and 0.469 m in 

carrier-phase. The three-dimensional root-mean-square 

of BDS PPP under scintillation can be 12 times larger 

than that in non-scintillation conditions. More details of 

ionospheric irregularity and scintillation effects on GNSS 

positioning and navigation are reviewed in Luo et  al. 

(2020).

Depending on the type and location, the scale size of 

ionospheric irregularities can range from sub-meters 

(Kelley 2009) to thousands of kilometers (e.g., super 

plasma bubbles) (Fejer and Kelley 1980). Due to nonlin-

ear turbulent cascade and other nonlinear wave mixing 

processes, irregularities seeded at one spatial scale may 

evolve to exist over a broad range of smaller spatial scales. 

Therefore, irregularities originally generated at one spa-

tial scale may ultimately be sensed by ground-based diag-

nostics over a range of smaller spatial scales. Possible 

driving mechanism of ionospheric irregularities include 

but not limited to geomagnetic storms (commonly 

known as solar storms) (Parkinson et  al. 1996), plasma 

instabilities, e.g., Rayleigh-Taylor instability (Eltrass and 

Scales 2014; de Larquier et  al. 2014; Eltrass et  al. 2014, 

2016), and gravity waves (Hooke 1968). The associated 

effects of solar storms on GNSS signals (measured by 

ground-based Global Positioning System or GPS receiv-

ers) and geomagnetic field (measured by ground-based 

magnetometers) will be discussed in Section Passive 

measurements of high-latitude ionospheric structure.

Irregularities often believed to be associated with 

GNSS scintillations exist in the Fresnel-scale range of 

100’s of meters or so (Kintner et al. 2007). However, the 

irregularities of observational signatures that can be 

sensed at smaller spatial scales typically thought not to be 

associated with GNSS scintillations, may have important 

consequences in GNSS scintillation production. Dur-

ing active space experiments in which high power High-

Frequency (HF) radio waves interact with the ionosphere, 

the irregularities of decimeter (10 cm) scale are generated 

to produce GNSS phase scintillations since the GNSS 

wavelength is of the decimeter scale. This is considered 

in Section Active measurement of high-latitude iono-

spheric structure and impacts on GNSS. Another exam-

ple recently considered is HF space weather radars that 

sense decameter scale irregularities, not typically thought 

to be associated with Fresnel-scale GNSS scintillations. 

These may provide a significant insight into the mecha-

nisms producing GNSS scintillations. This is discussed in 

Section Modelling and observation of mid-latitude iono-

spheric irregularity effects on GNSS.

Due to the remote observation nature, ground-based 

observational methods such as GPS receivers, mag-

netometers, radars, and ionosondes, cannot fully cover 

the global ionosphere. Space-based observation tech-

niques such as sounding rockets or satellites can be bet-

ter suited to closely measuring ionospheric irregularity. 

Space-based GNSS measurement technique and a new 

ionospheric mission incubating platform will be reviewed 

in Section A new space-based observation technique.

Ground-based GNSS remote sensing

A great number of ground-based receivers have been 

deployed in different regions around the world to detect 

and measure ionospheric space weather including the 

plasma irregularities that disturb GNSS signals. The typi-

cal examples include the global Total Electron Content 

(TEC) maps in Madrigal database, produced by the Mas-

sachusetts Institute of Technology (MIT) (Vierinen et al. 

2016) and the National Aeronautics and Space Admin-

istration (NASA) Jet Propulsion Laboratory (JPL) global 

TEC map (Pi et  al. 1997). In this section we present a 

few examples of passive and active GNSS remote sensing 

studies. These measurements are made simultaneously 

with other techniques (radar, magnetometer, HF receiv-

ers, etc.). These simultaneous measurements facilitate 

remote sensing possibilities with enhanced multi-scale 

observation capabilities.

Passive measurements of high‑latitude ionospheric 

structure

On the East Antarctic Plateau, a chain of Autonomous 

Adaptive Low-Power Instrument Platforms (AAL-PIP) 

had been established on the ice sheet along the 40° mag-

netic meridian to observe ionospheric activity in the 

South Polar region (Clauer et  al. 2014; Xu et  al. 2019). 

The AAL-PIPs comprise an array of four CASES dual-

frequency GPS receivers (developed by ASTRA, LLC 

ASTRA, http:// www. astra space. net/) with Antcom GPS 

antennas. Other scientific instruments include a flux-

gate magnetometer and a search-coil (i.e., induction) 

magnetometer. They were deployed together with each 

CASES GNSS receiver currently at four AAL-PIP stations 

(namely PG2, PG3, PG4, and PG5) for space weather 

observations. An overview on the project motivation, 

system design, deployment, and GPS operation protocols 

of the AAl-PIP will be given in Section System overview 

and GPS receiver operation. The data processing of AAL-

PIP will be explained in Section GPS data processing. The 

http://www.astraspace.net/
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AAL-PIP GPS receiver chain has been used to observe 

ionospheric irregularities (that led to GPS scintillation), 

as well as to capture Ultra Low Frequency (ULF) waves 

(that led to geomagnetic pulsations of GPS TEC) associ-

ated with geomagnetic storms (Kim et al. 2014; Xu et al. 

2019). These studies will be highlighted in Section Space 

weather observations.

System overview and GPS receiver operation

The high-latitude (or polar) ionosphere is the region 

above 60° magnetic latitude (e.g., auroral zone, polar cap), 

where plasma instabilities and other dynamic processes 

(e.g., coupling physics between solar wind, magneto-

sphere, ionosphere and thermosphere) cause ionospheric 

structures and irregularities (Kelley 2009). Additionally, 

space weather phenomena such as aurora, plasma waves 

and turbulent flows often occur in these regions (Xu et al. 

2017). Because of the uniqueness and complexity of the 

space weather in high-latitude regions, it is pivotal to 

monitor and study the geo-space environment in these 

regions. Comparably, the northern polar region is more 

instrumented than the southern polar region. A chain of 

magnetometer ground stations was deployed (then oper-

ated by the Danish National Space Institute at the Tech-

nical University of Denmark) along the western coast 

of Greenland. Later, the development and deployment 

of AAL-PIPs at the magnetic conjugate points of these 

Greenland stations fulfilled the 40° magnetic meridian 

chain. This enables the study of interhemispheric mag-

netic asymmetries (Kim et al. 2013; Hartinger et al. 2017; 

Xu et al. 2020).

The AAL-PIP system is designed to operate remotely 

and autonomously in a configurable manner for at least 

3–5 years of mission duration. For the details of system 

operation, see (Clauer et  al. 2014; Xu et  al. 2019). Six 

AAL-PIP systems, including four CASES receivers at 

PG2, PG3, PG4, and PG5, are presently deployed. The 

system locations are shown as red hollow stars in Fig. 1.

The operation of the CASES receivers must follow a 

number of protocols in order to accommodate the sys-

tem engineering requirements of AAL-PIP. The consid-

erations include limited power arrangement (due to the 

unique remote locations), AAL-PIP’s thermal control 

protocols, data storage capacity, and Iridium commu-

nication system bandwidth. The CASES GPS receiver 

operation is highly autonomous (based on the computer 

script from operation manager) and re-configurable (by 

conducting remote firmware update via the Iridium com-

munication network).

There are a number of CASES data collection strate-

gies that are tailored to fit different scientific objectives. 

Low rate data can be collected when scintillation meas-

urements are not needed. This strategy has the advantage 

of generating smaller datasets that can be more readily 

transferred over the Iridium. Higher rate data can be col-

lected in a variety of modes where the time and duration 

of data collection are altered to examine substorm effects 

on the ionosphere (e.g., data from a few hours near local 

midnight are collected), dayside transients (e.g., a few 

hours near local noon), or conduct a more variable sam-

pling of all magnetic local time (e.g., turn on for one hour, 

off for three hours) (Kim et al. 2014). CASES can also be 

run continuously, but this runs the risk of overheating the 

system. Regardless of the mode of data collection, CASES 

data files tend to be the largest collected by AAL-PIP, 

and there is often a backlog of data files awaiting transfer. 

Standard practice in the recent seasons has been to trans-

fer all CASES measurements from the previous season 

when the system enters low power mode in April. Low 

rate data is typically collected around local dawn, noon, 

and dusk, while high rate data is collected in a period 

around local midnight. A GPS data inventory is available 

on this MIST website: “http:// mist. nianet. org/ GPS/”.

GPS data processing

In AAL-PIP, the CASES receivers are utilized to generate 

several different data products, including Receiver Inde-

pendent EXchange format (RINEX) observation files, 

CASES log files, TEC estimations, ULF-wave modulation 

stack plots, and ice sheet movement measurements. This 

section briefly overviews the data processing methods for 

each data product. A GPS data processing routine flow-

chart is given in Fig. 2.

First, the binary raw GPS data transferred from the 

AAL-PIP system are converted into human-readable 

Fig. 1 Antarctic 40° magnetic meridian chain (AAL-PIP stations are 

shown in red)

http://mist.nianet.org/GPS/
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format data. By default, CASES raw receiver data are 

automatically collected and saved as compressed binary 

files (.dat) with a sampling cadence of 10 min. As the 

receivers are not continuously operated, the availabil-

ity of raw binary data depends on the operation modes. 

The daily aggregated “.dat” files are converted to “.bin” 

files by using “sbcclient” executable program (a CASES 

client-side software available from ASTRA, http:// cases. 

astra space. net/ softw are. html). Then RINEX files and 

CASES log files are extracted from “.bin” files. For Ant-

arctic AAL-PIP CASES data processing, only observation 

files are extracted (in RINEX version 2.11 ASCII format) 

as the GNSS navigation files can be downloaded from 

the NASA Crustal Dynamics Data Information System 

(CDDIS) (NASA 2010). The CASES log files, in ASCII 

format, consist of low rate data in “channel.log”, high 

rate data in “iq.log”, scintillation data in “scint.log”, iono-

spheric (raw TEC) data in “iono.log”, navigation data in 

“navsol.log”, and transmitter data in “txinfo.log”. Formats 

of these log files can be found at ASTRA, http:// cases. 

astra space. net/ docum entat ion/.

The RINEX (v2.11) observation files (collected from the 

AAL-PIP’s PG2, PG3, PG4, and PG5 stations) are used by 

the MIT Madrigal GPS database MIT to generate global 

GNSS/GPS TEC maps (Vierinen et al. 2016). GNSS TEC 

is the total number of electrons integrated along the line-

of-sight between a GNSS satellite and a GNSS receiver 

antenna. Unless the GNSS satellite’s elevation angle is 

90°, the actual integrated value is referred as slant TEC. 

The “iono.log” files can directly provide the “pseudorange 

slant TEC” and “raw carrier-phase slant TEC”. Using a 

first order residual fitting method, the “fitted relative slant 

TEC” can be obtained by smoothing the “pseudorange 

slant TEC” by “raw carrier-phase slant TEC”. A sample 

case is shown in Fig. 3 for illustration, where the blue line 

is the “fitted relative slant STEC” and TECU is Total Elec-

tron Content Units with 1 TECU being 1 ×  1016 electrons 

per  m2. The term “relative” here means the slant TEC val-

ues contain Differential Code Biases (DCB). A DCB esti-

mation and elimination process (based on a differential 

linear least-squares method developed by Gaposchkin 

and Coster (1993) and implemented by Peng et al. (2020) 

is taken to further process the “fitted relative slant TEC” 

into “bias-free absolute slant TEC”. The negative STEC/

TEC values are avoided by using the “Zero TEC” method 

described in Rideout and Coster (2006). A sample case 

to correct the TEC DCB is given for illustration in Fig. 4. 

Magnetometer

raw data

Magnetometer

raw data

CASES log

files (ascii)

Iridium links

GPS Rx

raw data

(binary)

Antarctica VT/NIA VT/NIA VT/NIAMIT dadrigal database

GPS Rx

raw data

(binary)
RINEX obs

file (ascii)

MIT madrigal

GPS TEC data 

txinfo.log

navsol.log

iono.log Bias-free TEC

ULF-waves

modulated TEC

and Bx stack plots

VT = Virginia Tech

NIA = National Institute of Aerospace

MIT = Massachusetts Institute of Technology

scint.log

iq.log

channel.log

Fig. 2 GPS data processing routine flowchart

Fig. 3 Smoothing pseudorange TEC using carrier-phase TEC. The 

blue line is the “fitted relative slant STEC”

http://cases.astraspace.net/software.html
http://cases.astraspace.net/software.html
http://cases.astraspace.net/documentation/
http://cases.astraspace.net/documentation/
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This dataset was collected by PG3’s CASES receiver on 

January 13, 2016. Before and after the DCB estimation 

and correction, the Vertical TEC (VTEC) plotted for dif-

ferent GPS Space Vehicles (SV) are shown in Fig. 4a, b, 

respectively. Starting from 23.7 h, the divergence of GPS 

bias-free vertical TECs between different Pseudoran-

dom Noise (PRN) is possibly associated with relatively 

low PRN elevation angle (e.g., elevation angle of SV #8 < 

3016) and ionospheric irregularities (e.g., electron den-

sity structures). To calculate VTEC, the elevation angles 

of a GNSS satellite calculated from ephemeris are used 

to compute a thin shell mapping function (F) (Klobuchar 

1987): F = 1 + 16 × (0.53 − E)3 , where E is the elevation 

angle in semicircles.

A software tool was developed by Scales et  al. (2019) 

to produce carrier-phase TEC stack plots with ULF wave 

modulation visibility. Pc 5 and Pc 4 waves with frequen-

cies of 1 to 22 mHz were mainly investigated [defini-

tions of Pc waves can be found in Jacobs et  al. (1964)]. 

The overall functionality of the tool is to autonomously 

input GPS TEC and magnetometer data then produce 

the plots which superimpose the fluctuations of TEC and 

geomagnetic field respectively based on a frequency band 

of interest. As a sample case using two GPS PRNs (5 and 

9), GPS TEC and magnetic field superposition stack plots 

from four AAL-PIP systems are shown in Fig. 5. In each 

panel, carrier-phase TEC after detrending and high-pass 

filtering is plotted in blue with the values respect to the 

left y-axis in TECU, while geomagnetic field magnitude 

(Bx) after the same detrending and high-pass (frequency) 

filtering is plotted in orange with the values respect to the 

right y-axis in nT. After 25 mins, the wave modulation on 

Bx can be clearly seen and wave activity with a similar 

period of roughly 4-5 mins is also seen in TEC at most 

locations/PRNs. A light-correlation pattern between TEC 

and Bx can arguably be identified. Note there are multiple 

mechanisms that could lead to a TEC ULF wave modula-

tion, some of which may have TEC modulations in phase 

with Bx and some out of phase.

Space weather observations

Solar storms can induce ionospheric irregularities in the 

polar region (e.g., auroral precipitation) and cause strong 

GPS scintillations. The previous work using AAL- PIP 

CASES receivers has shown that, the Pi2 and Pi1B types 

of ULF waves are correlated with GPS scintillation in the 

high-latitude ionosphere possibly due to a formation of 

plasma instability (Kim et al. 2014). A novel three-dimen-

sional electromagnetic wave propagation model called 

“Satellite-beacon Ionospheric-scintillation Global Model 

of the upper Atmosphere (SIGMA)” is developed to 

simulate GNSS scintillations on the ground in the high-

latitude regions (Deshpande et al. 2014). Two scintillation 

cases on 9 January 2014 were simulated using SIGMA 

with the help of available auxiliary data and the number 

densities and spectral indices were derived for PG2 and 

PG3. The results indicate that the two scintillation cases 

have the same source which may be related to the sub-

storm during the same period (Deshpande 2014).

ULF waves (also known as geomagnetic pulsations) are 

a class of electromagnetic waves with frequencies from 1 

mHz to 1 Hz (Jacobs et  al. 1964). ULF waves were first 

observed via ground-based measurements of the 1859 

Great Aurora events (Stewart 1861). ULF waves have the 

potential to modulate TEC and these modulations can 

potentially affect GPS signal traffic through our atmos-

phere (Pilipenko et al. 2014), but the mechanism(s) caus-

ing the modulation are not well understood. Utilizing 

Fig. 4 GPS vertical TEC plots a DCB included b DCB eliminated
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AAL-PIP, ULF waves were observed over Antarctica 

using multi-station GPS TEC and magnetometer (Scales 

et  al. 2019; Xu et  al. 2019). As shown in Fig.  6, a ULF-

wave modulated TEC event observed by AAL-PIP was 

reported by Xu et al. (2019). In this case, we can clearly 

see the synchronized fluctuations between the blue wave-

forms (TEC data) and the orange waveforms (magnetic 

field Bx). By analyzing a series of these plots that span 

all the available satellites and monitoring stations for a 

given time period, researchers are able to characterize 

the spatial and temporal variations in TEC and determine 

whether these are related to magnetospheric wave activ-

ity (produces magnetic signature) or smaller scale struc-

tures in the ionosphere (e.g., ionospheric irregularities 

with weak/no magnetic signature). Additionally, since 

AAL-PIP stations are spread across the same magnetic 
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meridian, it is possible at times to infer wave propagation 

speeds. Beside Antarctica (southern hemisphere high-

latitude region), similar ULF-modulated TEC events 

were detected in the northern hemisphere high-latitude 

region as well (Pilipenko et al. 2014; Watson et al. 2015).

The network of AAL-PIP ground-based GPS receivers 

can potentially team up space-based GNSS receivers on 

Low Earth Orbiting (LEO) satellites for conjunctive geo-

space measurements of ULF waves. Further details will 

be discussed in Section A new space-based observation 

technique.

Active measurement of high‑latitude ionospheric structure 

and impacts on GNSS

Modification of the ionosphere by high power HF radio 

waves has had a long and rich history dating back to the 

1960’s (e.g., Gurevich 2007). These experiments consider 

the creation of phenomenon in the ionosphere due to the 

interaction of the high-power transmitted wave (called 

the pump or pumping wave) with the ionosphere. Typi-

cally, the pump frequency ω0 is in the range from 2 to 8 

MHz and maximum transmitter power in the range of 

several megawatt (MW). The interaction altitude with 

the ionosphere is typically in the range of 200 km. This 

type of active space experiment has the advantages over 

typical passive experiments that ionospheric phenom-

enon can arguably be studied in more careful detail since 

initial conditions can be prescribed and be compared to 

theory and models more readily. A plethora of physical 

processes due to nonlinear plasma physics are produced 

during this type of experiment which include the crea-

tion of artificial aurora (i.e. optical emissions), artificial 

ionization layers, heating and acceleration of electrons, 

production of secondary radiation (called Stimulated 

Electromagnetic Emissions or SEE), and others. Because 

of the increase in electron temperature during these 

experiments due to electron collisions under motion in 

the pump wave, these experiments are often called “iono-

spheric heating experiments”.

An important phenomenon, relevant to GNSS scintil-

lations, associated with ionospheric heating experiments 

is the production of artificial ionospheric irregularities 

on spatial scales from kilometers down to centimeters 

(Gurevich 2007). The irregularities, often studied, are 

of spatial scale of several kilometers along the magnetic 

field and 10 meters (decameter) across the magnetic field 

and are therefore called Artificial Field Aligned Irregu-

larities (AFAI) and produced near the altitude when the 

pump frequency ω0 is near the local upper hybrid fre-

quency ωuh . It has been known that there are particularly 

strong effects on ionospheric heating related phenome-

non when ω0 is near a harmonic of the electron gyrofre-

quency n�ce (where n is harmonic number and �ce ≈ 1.4 

MHz) and also ωuh , a condition called double resonance. 

These so-called “gryoharmonic effects” are also preva-

lent in other phenomenon created during ionospheric 
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heating experiments. There is potential to produce GNSS 

amplitude and phase scintillation by the decameter spa-

tial scales across the magnetic field. These lie within the 

Fresnel scale possibly to produce scintillations in the 

classical manner. It should be noted that inside these 

decameter scale irregularities are embedded smaller scale 

irregularities (10 cm-scale) that may be produced by the 

plethora of nonlinear processes during the heating exper-

iment that are expected to be relevant to GNSS scintilla-

tions and have only recently been considered.

It was first proposed by Gurevich and Zybin (2006) that 

strong irregularities termed Super Small Striations (SSS) 

existing on 10 cm scales across the magnetic field could 

produce GNSS scintillation and also the scintillation of 

other Ultra-High Frequency (UHF) signals. These SSS 

irregularities could be generated by nonlinear processes 

that produce plasma waves in this scale size range during 

heating. Particularly, perpendicularly (to the magnetic 

field) propagating Electron Bernstein (EB) waves which 

are produced during heating associated parametric decay 

processes are of 10 cm spatial scale sizes and would be 

embedded with AFAI. The EB waves have long been 

thought to play a crucial role in producing SEE that are 

commonly observed during ionospheric heating experi-

ments (Leyser 2001). Therefore, the observation of both 

specific SEE spectral lines and the enhancement of GNSS 

TEC fluctuations could provide evidence of SSS produc-

ing GNSS scintillations.

Milikh et  al. (2008) reported the first observations of 

GNSS scintillations produced by SSS that could be mod-

ulated by turning the heating ‘on’ and ‘off’ at the High-

frequency Active Auroral Research Program (HAARP) 

facility near Gakone, Alaska. The scintillations were 

typically observed about 10 s after heater turn-on. Milikh 

et al. (2008), Najmi et al. (2014, 2015) also noted the cor-

relation of the GNSS scintillation with specific SEE spec-

tral lines which are measured with ground-based HF 

receivers near the HAARP transmitter. There was strong 

correlation with the so-called Broad Upshifted Maximum 

(BUM) SEE spectral line and weaker correlation with 

the so-called Downshifted Maximum (DM) SEE spec-

tral line. The DM is shifted below the pump frequency in 

the SEE spectrum by approximately 10 kHz and has long 

been associated with the generation of Field-Aligned-

Irregularities (FAIs) of spatial scales perpendicular to 

the magnetic field of order 10 meters (Leyser 2001). The 

BUM, whose maximum amplitude is upshifted (rather 

than downshifted) from the pump frequency by tens 

of kHz, with similar bandwidth, has been proposed to 

be associated with EB waves of spatial scale of order 10 

cm and propagation perpendicular to the magnetic field 

embedded in the 10 meter irregularities. Also, the BUM 

exists for ω0 in close proximity to n�ce as was the case 

for previous experiments where ω0 ≈ 3�ce ≈ 4.2 MHz. 

The work of Mahmoudian et al. (2018) attempted to pro-

vide more detailed comparisons of the SEE spectral line 

temporal evolution, namely the BUM, (indicating exist-

ence of the SSS) and GNSS scintillations when cycling 

the HAARP ionospheric heating cycle on and off for 

ω0 ≈ 4�ce ≈ 5.7 MHz.

The relationship between the GPS phase scintilla-

tions and SSS irregularities was proposed by Najmi et al. 

(2014). The measured GPS phase fluctuation �φ upon 

passing through the heated volume due to the SSS irregu-

larities can be written as follows

where ω is the GPS radian frequency (L1 or L2), c is the 

speed of light, δne/ne is the electron density fluctuation 

amplitude of the SSS irregularities, and l is the propaga-

tion length of the GNSS signal through the irregularities. 

The SSS irregularity density fluctuation can be related to 

the slant TEC fluctuation ( �STEC) by

Therefore, the measured differential phase fluctuations 

between the GPS L1 ( ω1 ) and L2 ( ω2 ) �φ12 can be used 

to determine �STEC which is a proxy for the GPS phase 

scintillations due to the SSS, namely

Figure 7a shows the STEC phase fluctuation �(STEC) 

temporal evolution for an averaging over 10 heating 

cycles reported by Mahmoudian et al. (2018). The experi-

ments were performed in 2014 at the HAARP facility. It 

can be seen that �(STEC) increases to a maximum within 

about 1 s of the beginning of the heating cycle and after 

the saturation amplitude is achieved, begins to slowly 

reduce to its preheating value. This indicates the increase 

of GPS scintillation during the heating cycle and also the 

ability to modulate the phase scintillations with the ion-

ospheric heater. The signal from GPS PRN 25 was used 

with the heater transmitter pointed in the PRN direction 

with a readjustment of elevation and azimuth every 5 min 

to track the GPS satellite appropriately. The heating cycle 

lasted for 100 s ‘on’ with an ‘off’ period of 20 s as can be 

seen in Fig. 7. During the ‘on’ period of each cycle a new 

frequency stepped by 30 kHz near ω0 ≈ 4�ce ≈ 5.7 kHz 

was used to enhance the production of SSS by approach-

ing the gyroharmonic. The frequencies used were in 

the range from 5.67 to 5.94 MHz. The experiments per-

formed at HAARP in 2013, with a different heating cycle 

(1)�φ =

ω

c
×

�2
ce

ω2
×

δne

ne
l

(2)
δne

ne
= 4.37 ×

�STEC

l

(3)�STEC =

0.75 × ω1�φ12

(ω1/ω2)2 − 1
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and satellite PRN 07, show the similar temporal evolution 

behavior of a relative rapid increase at the beginning of 

the cycle with saturation after roughly 1s and then slow 

decay to the preheated value.

Also correlated with the observations of stronger GPS 

scintillations during the heating was SEE spectral lines 

showing the appearance of the SEE BUM spectral line 

proposed as a proxy for EB waves of spatial scale of order 

10 cm that are expected to provide GPS signal scatter-

ing resulting in GPS scintillations. Figure  7b shows an 

average over the 10 heating cycles of the SEE spectrum 

from 15 kHz below to 150 kHz above ω0 . The strongest 

BUM observed is for the pump frequency of 5.67 MHz. 

The DM SEE spectral line is roughly at a 10 kHz offset 

below the pump frequency (i.e. 0 offset is ω0 ). This spec-

tral line is often considered as a signature of AFAI with 

spatial scale of 10 m across the magnetic field. The BUM, 

however, is proposed as a signature of 10 cm spatial scale 

SSS embedded within the 10 m irregularities. In Fig. 7a it 

is the spectral line with maximum upshifted offset near 

20 kHz and similar bandwidth. Mahmoudian et al. (2018) 

considered the nonlinear plasma simulation model of 

Xi and Scales (2001) to interpret the decay of the GPS 

scintillations after saturation (Fig. 7a) to the damping of 

the EB waves from cyclotron damping (Tripathi and Liu 

1993). This evolution is observed in the nonlinear plasma 

simulations of the 4-wave parametric decay instability 

that ultimately produces the EB waves from the original 

pump wave (Huang and Kuo 1994) as shown in Fig.  8. 

Figure 8a shows the growth rate of the production of SSS 

irregularities by the interaction of the high power HF 

radio wave with the ionosphere. These irregularities are 

in the decimeter (i.e. 10 cm) range and of the order of the 

Fig. 7 a Increase in STEC fluctuation ( �(STEC)) at the beginning of a 100 s ionospheric heating experiment cycle which are proposed as a proxy 

for GPS phase scintillations. Subsequent decay is proposed to be due to nonlinear processes involving EB waves of spatial scale 10 cm which 

produce the scintillations. b Spectrum of Stimulated Electromagnetic Emissions (SEE) observed from ground-based receivers during the heating 

experiment for ω0 = 5.67kHz. The spectral line offset 10 kHz below the pump frequency (DM) is associated with irregularity spatial scales of 10 m 

across the magnetic field and proposed to be associated with irregularities nearer the Fresnel scale resulting in only weak scintillations. The spectral 

line upshifted by 20kHz (BUM) is proposed to be the proxy for 10 cm so-called Super-Small-Striations (SSS) that produce the strong GPS phase 

scintillations observed during the experiment. (Adapted from Mahmoudian et al. (2018))

Fig. 8 a Dispersion relation (i.e. frequency, � , versus perpendicular 

wavenumber, k⊥ and growth rate ( ϒ ) of Strong Super Small Striation 

(SSS) irregularities generated during an ionospheric heating 

experiment), proposed to produce GNSS phase scintillations. Note 

Electron Bernstein (EB) waves are generated in the range k⊥ρe ∼ 0.3, 

which implies decimeter SSS irregularities. b Nonlinear numerical 

simulation of SSS showing temporal damping of EB SSS which aligns 

with the reduction in GPS phase scintillations in Fig. 7 (Mahmoudian 

et al. 2018) (Adapted from Xi and Scales (2001))
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GNSS transmit wavelength. Figure  8b shows the damp-

ing of the EB waves due to nonlinear plasma evolution 

through the heating of plasma electrons. Although, more 

careful modeling work in line with Xi and Scales (2001) is 

necessary, the correlation of the strong GPS phase scin-

tillations with SEE spectral lines associated with 10 cm 

SSS irregularities (namely the BUM) indicate that SSS is 

indeed important for producing GNSS scintillations dur-

ing ionospheric heating experiments.

Modelling and observation of mid‑latitude ionospheric 

irregularity effects on GNSS

Although mid-latitude ionospheric irregularities are less 

well understood than high and low latitude ionospheric 

irregularities (Kelley 2009), they are important to the 

production of GPS scintillations (Kintner et  al. 2007). 

Over the past decade, the HF SuperDARN space weather 

radar network (Greenwald et al. 1995) has been extended 

to mid-latitudes, i.e., the sub-auroral region, and impor-

tant new understanding of characteristics of mid-latitude 

irregularities were made (Greenwald et  al. 2006) which 

may have useful implications for GNSS scintillation pro-

duction. An important conclusion of the mid-latitude 

SuperDARN radar measurements is that even during 

quiet times of geomagnetic activity there is nearly contin-

ual mid-latitude ionospheric irregularities whose source 

is currently not well understood (Ribeiro et al. 2012). The 

resolution of this forefront problem may have important 

implications for understanding GNSS scintillations at 

mid-latitudes.

Typically, irregularities of spatial scales of hundreds of 

meters are associated with GNSS scintillations, due to 

the irregularity spatial scales relative to the Fresnel scale. 

However, the SuperDARN HF radar returns are associ-

ated with shorter irregularity spatial scales of tens of 

meters (decameter) which produce coherent radar echoes 

through Bragg scattering. Joint experiments performed 

by the MIT Haystack Observatory and the Virginia Tech 

SuperDARN HF space weather radar group indicated 

the opposed ionospheric electron temperature and den-

sity gradients in the regions of radar scatter (Greenwald 

et  al. 2006) associated with mid-latitude ionospheric 

irregularities. Such conditions of opposing density and 

temperature gradients have been associated with the 

Temperature Gradient Instability (TGI) (e.g., Hudson and 

Kelley 1976) which has also been proposed as an impor-

tant irregularity generation mechanism for mid-latitude 

GPS scintillations (Kintner et al. 2007). Subsequent work 

considered the possibilities of the TGI being able to pro-

duce irregularities in both the 100 m and 10 m spatial 

scales simultaneously which would produce both GNSS 

scintillation and SuperDARN radar scatter (de Larquier 

et  al. 2014; Eltrass et  al. 2014, 2016). Although it could 

be shown from local linear plasma instability theory that 

the TGI could directly produce irregularities in the 100 

m scales size relevant to GNSS scintillations and also 10 

m scales relevant to SuperDARN radar scatter separately 

(Eltrass et al. 2014), there was still the important question 

of the possibility of the TGI producing both larger 100m 

and smaller 10m spatial scales simultaneously. If this was 

the case, then perhaps mid-latitude SuperDARN radar 

observations could provide an insight into the occur-

rence of GNSS scintillations at mid-latitudes.

The possibility of the investigation of this premise 

could not be considered with the TGI linear plasma 

instability theory and required the utilization of more 

advanced plasma simulations to consider the nonlin-

ear evolution of the irregularity development produced 

by the TGI from larger to smaller spatial scales through 

turbulent cascading processes. Eltrass and Scales (2014) 

developed a plasma simulation model using gyro-kinetic 

and Monte-Carlo plasma simulation techniques to con-

sider nonlinear cascading of TGI irregularities from 100 

m to 10 m spatial scales which would produce simulta-

neous impact of irregularities at both GNSS scintillation 

spatial scales and SuperDARN radar scatter from shorter 

scale irregularities.

Figure 9 shows the configuration of the Two-Dimen-

sional (2D) gyro-kinetic plasma simulation model with 

Monte Carlo electron-neutral collisions utilized by 

Eltrass and Scales (2014) to study the nonlinear evo-

lution of the TGI. The opposing temperature and den-

sity gradients (Kn, KT) produce diamagnetic drifts 

ultimately responsible for the development of the TGI 

turbulence which can be classified as a collisional drift 

wave (Mikhailovskii 1974). These opposed gradients 

have been estimated using MIT Haystack Observatory 

Incoherent Scatter Radar (ISR) observational measure-

ments by de Larquier et al. (2014). The TGI turbulence 

propagates in the 2D y-z simulation plane, nearly per-

pendicular to the geomagnetic field B (z direction) in 

the y direction. In the simulations, the turbulence was 

seeded at 1 km spatial scale which is somewhat larger 

than scale sizes to produce GNSS scintillations. Fig-

ure 9a shows the wavenumber spectrum of ionospheric 

plasma density structures after the saturation of the 

TGI turbulence. The black curves is the early time spec-

trum ( �cit =  100 where �ci is the ion cyclotron fre-

quency) which shows the power at the seed turbulence 

near 1 km spatial scale. After the nonlinear saturation 

of the turbulence on later time scales ( �cit=1000), it 

can be seen that a broad spatial spectrum from the 1 

km seed wavenumber spectrum down to 10 m spatial 

scale in the red curve. This indicates that TGI turbu-

lence produced at relatively longer spatial scales may 

go through nonlinear turbulent cascading, and produce 
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irregularity scales both in the 100 m range, which pro-

duces GNSS scintillations, as well as 10 m spatial scales 

which produces SuperDARN radar coherent scatter. 

Therefore, SuperDARN radar scatter at mid-latitudes 

can provide an important insight on GNSS scintilla-

tions (and vice versa). The irregularity spectrum shown 

on Fig. 9b also indicates a saturated turbulent spectral 

index of approximately k−2.2 (where k is the wavenum-

ber) for the ionospheric irregularities produced by the 

TGI.

A more careful appraisal of the TGI as a possible 

mechanism for GNSS scintillations was made by a com-

parison of the simulation spectral characteristics (i.e., 

wavenumber power spectral index) with mid-latitude 

GNSS scintillation data as well as in situ measurements 

from a spacecraft in ionospheric source regions of 

GNSS scintillation. Figure  10a shows the spectrum of 

GNSS scintillations during the periods of moderate 

mid-latitude GNSS scintillations (Eltrass et  al. 2016). 

The power spectral index of the scintillation indicates 

an equivalent index of approximately f −2.8 and Fresnel 

scale of 0.09 Hz. An important assumption on the sta-

tionarity of irregularities implies frequency and wave-

number spectra are equivalent. Figure  10b shows a 

typical irregularity power spectrum from the Defense 

Meteorological Satellite Program (DMSP) satellites F14 

and F13 (Mishin and Blaunstein 2008) which is taken 

in a source region of GPS scintillations. Figure  10a 

shows a power spectral index of k−2.2±0.2 . It should 

Fig. 9 a Configuration of a 2D plasma simulation used to study 

development of irregularities in the mid-latitude ionosphere. 

Primary generation is the Temperature Gradient Instability (TGI) due 

to opposed density and temperature gradients in the sub-auroral 

region. b Irregularity spatial spectrum in the y direction (propagation 

direction) from the simulation showing development of irregularities 

from cascading turbulence from the km spatial range down to 

decameter spatial scales that impact both GNSS scintillations and also 

HF space weather radar scattering (Adapted from Eltrass and Scales 

(2014))

October 11, 2014, 04:50UT, PRN 1

Power law region

S4=0.33, slope=-2.8

2

0

−2

−4

−6

L
o
g
 p

o
w

e
r

−2 −1 0 1

fF=0.09

Noise
floor

Log frequency

DMSP spatial power spectra of density irregularities

1×102

1×101

1×100

1×10−1

1×10−2

1×10−3

S
p
e
c
tr

a
l 
p
o
w

e
r

F14, 01:06
F13, 22:36

1 10

Wavenumber, km−1

(a)

(b)

Fig. 10 a Power spectral of midlatitude GPS amplitude scintillation 

in October 2014. Spectal index p = −2.8 and fresnel scale is 0.09 Hz. 

b Power spectral of in situ density irregularities observed by DMSP 

satellites F13 and F14 observed in September 2001 during a period 

of GPS scintillations. The spectral index of − 2.2 is observed (Adapted 

from Eltrass et al. (2016))
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be noted that this in  situ spectrum will be compared 

with a local irregularity spectrum from the simulations 

of Eltrass and Scales (2014). There is relatively good 

agreement between the in  situ power spectral charac-

teristics and the local plasma turbulence simulations 

of the TGI. Although the spectral characteristics are in 

line between the plasma simulations and in situ DMSP 

measurements, which provides some evidence of the 

TGI as a generation mechanism of the turbulence, 

there is some discrepancy with the spectral character-

istics of the GPS scintillations. However, as discussed in 

Eltrass et al. (2016), care must be taken to compare the 

GPS scintillation spectral characteristics with the sat-

ellite observations due to the nonlinear transformation 

because of the propagation effects through the irregu-

larities and space. A rough adjustment of these effects 

implies that the GPS scintillation spectral index p = 2.8 

should be adjusted for the in  situ index n with the 

rough expression n = p − 1 = 1.8 which puts the GPS 

scintillation spectral index closer to the in  situ meas-

urements and plasma simulations. Nonetheless, these 

initial results indicate that the TGI may be responsible 

for GNSS scintillations as predicted by Kintner et  al. 

(2007) as well as simultaneous SuperDARN radar scat-

ter. This work motivates further study of simultaneous 

SuperDARN radar and GNSS scintillation correlation, 

as well as further consideration of the TGI as a mecha-

nism for GNSS scintillation at mid-latitudes. It should 

be noted that the work discussed was under quiet geo-

magnetic conditions, Kp < 2. It is important to note 

that circumstances of active geomagnetic conditions 

indicate the Gradient Drift Instability (GDI) may play 

a more important role in producing sub-auroral irreg-

ularities due to the stronger magnetospheric electric 

field under these conditions (Eltrass et al. 2014). There-

fore, the future work should consider the possibility of 

growth and nonlinear evolution of both the GDI and 

TGI at mid-latitudes, the difference in spectral char-

acteristics, and more comparisons to GPS scintillation 

power spectra to ultimately resolve the potential irreg-

ularity generation mechanisms for mid-latitude GNSS 

scintillations under a broader spectrum of geomagnetic 

conditions.

A new space-based observation technique

Ground-based ionospheric remote sensing using GNSS 

sensors have provided large amount of observation data 

that lead to many groundbreaking studies on ionospheric 

irregularities. However, ground-based observations 

are limited to certain regions of the Earth’s atmosphere 

(ionosphere) that are mostly adjacent to continents and 

thus they have relatively poor vertical resolution on 

ionospheric irregularity structures. Space-based GNSS 

observation techniques do not have such geospatial 

limitations by utilizing spaceborne GNSS receivers on 

satellites, balloons, aerial vehicles, and other aerospace 

platforms for ionospheric radio soundings. In this sec-

tion, we first overview a number of existing space-based 

GNSS observation techniques/missions, then introduce 

a newly proposed space-based GNSS observation tech-

nique by using satellite formation flying.

Brief overview of existing space‑based GNSS observation 

techniques

Traditional space missions launch a single satellite 

that carries in-situ plasma sensors to directly meas-

ure ion and electron density. The role of GNSS receiv-

ers in space missions is typically a Positioning, Velocity, 

and Timing (PVT) tool to assist the satellite’s on-board 

guidance, navigation, and control system. Convention-

ally, launching GNSS receivers into space (e.g., LEO) is 

primarily for engineering purposes instead of scientific 

measurements. In the past two decades, GNSS receiv-

ers also became a valuable space weather measurement 

tool in space missions. For example (Pinto Jayawardena 

et al. 2016), reconstructed global electron density profiles 

using ionospheric tomography techniques to process the 

GNSS data collected by a LEO satellite. The Constella-

tion Observing System for Meteorology, Ionosphere, and 

Climate (COSMIC) mission uses the Radio Occultation 

(RO) technique (a bending effect on the GNSS signals 

propagating through the Earth’s upper atmosphere) to 

measure space-based TEC and scintillations (Coster and 

Komjathy 2008).

In-situ plasma measurement techniques in single-sat-

ellite LEO missions [e.g., Langmuir probe on the China 

Seismo-Electromagnetic Satellite (Liu et al. 2019)], typi-

cally cannot provide the information with enough Three-

Dimensional (3D) spatial resolution due to its single 

point measurement nature. Ionospheric tomography 

using LEO GNSS measurements can survey the 3D iono-

spheric electron density profiles. However, the temporal 

resolution is relatively poor using only the data from a 

single satellite. The fast temporal variation information 

of ionospheric irregularities can be missed out using such 

approaches. GPS RO technique, which was implemented 

by the COSMIC mission for example, cannot pinpoint 

the exact positions of ionospheric irregularities that 

cause GNSS scintillations or TEC gradients.

The European Space Agency (ESA) SWARM mission 

uses three LEO satellites to measure the Earth’s mag-

netic field and ionosphere. As a passive formation flying 

mode, two of the three SWARM satellites are flying side-

by-side. Because the SWARM satellite orbits are in close 

proximity to the ionosphere’s F region, the in-situ plasma 

measurements plus the GNSS scintillation measurements 
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from SWARM satellites can be effectively utilized to 

detect ionospheric irregularities from LEO (Xiong 

et al. 2016). The two SWARM satellites flying in forma-

tion, however, are not actively controlled in the sense to 

maneuver their relative orbits. So this type of satellite for-

mation flying, also better known as satellite constellation 

operation, is not able to actively measure the ionospheric 

irregularities with a scale size of interest. A new space-

based GNSS observation technique using active satellite 

formation flying will be overviewed in the next section.

GNSS‑based spacecraft formation flying technique 

demonstration

Spacecraft/Satellite Formation Flying (SFF) is a trending 

space mission concept which operates multiple satellites 

in proximity with each other as a team. Compared with 

traditional single-satellite missions, SFF engages a group 

of distributed space systems to work as a team. Launch-

ing a fleet of smaller satellites instead of a single large 

spacecraft can lower the mission cost. A satellite fleet 

in formation can be sustainable by replacing any team 

member satellite. From a scientific observation perspec-

tive, SFF enables multi-scale flexibility and robustness in 

terms of the volume, dimension, and resolution of geo-

space measurements.

SFF technologies can be seen in spacecraft develop-

ment, rendezvous, docking (e.g., assembly of the Inter-

national Space Station), and extravehicular activities 

(e.g., astronaut spacewalking). With a wide range of 

applications, a great number of satellite missions using 

SFF technologies were launched by NASA, ESA, Ger-

man Aerospace Center (DLR), universities, and com-

mercial companies in the last two decades. CLUSTER 

II is one of the pioneering SFF missions led by ESA 

(Escoubet et al. 2001). In July to August 2000, four sim-

ilar CLUSTER II spacecraft were launched into highly 

elliptical polar orbits to study the Sun-Earth electro-

magnetic interactions by taking 3D in-situ measure-

ments. Gravity Recovery And Climate Experiment 

(GRACE) is a joint mission of NASA and DLR using 

SFF with two spacecraft (Tapley et al. 2004). In March 

2002, the GRACE satellites were launched into a Low 

Earth Orbit (LEO) with a default along-track separation 

of 220-km to begin measuring the gravity field of the 

Earth. Launched in March 2015, Magnetospheric Mul-

tiscale Mission (MMS) is a NASA mission using SFF 

with a group of four satellites to predominantly survey 

the Earth’s magnetosphere (Fuselier et  al. 2016). The 

MMS satellites normally fly in tetrahedron, a pyramid-

shaped formation. In order to study the turbulence in 

the solar wind and the highly-dynamic magnetic recon-

nection process, the MMS satellites are operated with a 

strong flexibility to form another formation geometry. 

Canadian Advanced Nanospace eXperiments 4 and 5 

(CanX-4 and CanX-5), is a nanosatellite formation fly-

ing mission led by the University of Toronto and sup-

ported by Canadian Space Agency CANX4&5. A pair 

of CubeSats (15 kg, 20 cm × 20 cm × 20 cm each), 

CanX-4 and CanX-5, were launched into LEO in June 

2014 to perform Along-Track Orbit (ATO) and Pro-

jected Circular Orbit (PCO) formation flight for tech-

nology demonstration purposes. HawkEye 360 Inc. is 

a pioneering company developing a formation flying 

satellite constellation for space-based Radio Frequency 

(RF) analytics HAWKEye360. StartRocket, a Russian 

startup company, plans to launch a cluster of CubeSats 

in formation and form space advertisement billboards 

by reflecting sunlight in the night sky to the Earth 

(StartRocket, https:// start rocket. me/).

The robustness of SFF missions relies on the stable 

performance of the Guidance, Navigation and Control 

(GNC) system of each satellite. A realistic simulation 

platform that can test the functionalities of all the hard-

ware and software systems relevant to the GNC system 

(e.g., space environment, spacecraft navigation sensor(s), 

onboard GNC software, spacecraft propulsion systems) 

is advantageous to validate the performance and dem-

onstrate the mission feasibility before launch. For GNSS-

based SFF missions, building a Hardware-in-the-Loop 

(HIL) simulation testbed including RF hardware GNSS 

simulators, GNSS receivers, communication systems and 

core GNC software system(s) is pivotal to prototype SFF 

missions. The first GNSS-based HIL simulation testbed 

for SFF, called the Formation Flying TestBed (FFTB), was 

developed at the NASA GSFC as reported in 2001 by 

Leitner (2001). The FFTB was used for the development, 

validation, and support of a number of SFF missions 

(e.g., MMS, University NanoSats (Hall et al. 1999), Tech-

Sat21 Burns et al. 2000). As a collaboration among NASA 

GFSC, DLR, and Universitv of Texas at Austin, the first 

results of real-time autonomously controlled closed-loop 

SFF simulations using the NASA FFTB were presented 

and demonstrated by Gill, Naasz and Ebinuma (2003). In 

2004, the NASA FFTB was upgraded and implemented 

to simulate new HIL GPS-based SFF scenarios by Burns 

et  al. (2004). At DLR, a GPS-based HIL SFF simulation 

testbed was developed to simulate and evaluate the real-

time performance of a new relative navigation system in 

LEO scenarios as reported in Leung and Montenbruck 

(2005). The DLR SFF testbed was later implemented in a 

test campaign by Yamamoto and D’Amico (2008) to ver-

ify the GNC flight software for the PRISMA spacecraft 

autonomous formation flight mission. Besides NASA and 

DLR, GNSS-based HIL SFF simulation testbeds were also 

developed at several universities as well to design GNC 

software and support SFF mission developments. For 

https://startrocket.me/
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example these testbeds were developed at University of 

Calgary (Marji 2008), University of Toronto (to support 

the CanX-4 and CanX-5 mission) (Eyer 2009), Yonsei 

University (Park et al. 2010), and more recently Stanford 

University (Giralo and D’Amico 2018).

Using Spirent hardware RF GNSS simulators, (Kow-

alchuk 2007) developed the Distributed Spacecraft Atti-

tude Control System Simulator (DSACSS) testbed for 

spacecraft flight controller design, which was the initial 

attempt at Virginia Tech (VT) toward the establishment 

of a GNSS-based HIL simulation testbed for SFF. Later 

in 2016, (Harris 2016) further closed the gap toward the 

first prototype of GNSS-based SFF closed-loop simula-

tion testbed at VT by establishing a GPS-based HIL test-

bed to simulate scenarios of ground vehicle, aircraft and 

LEO satellites with formation and tracking control algo-

rithms. The development of GNSS-based SFF simula-

tion testbeds greatly benefit the design of onboard GNC 

algorithms and several SFF missions. However, no previ-

ous testbed was directly developed for ionospheric space 

weather study. The Virginia Tech Formation Flying Test-

bed (VTFFTB), a HIL simulation testbed based on multi-

constellation and multi-band GNSS, has been developed 

recently to simulate real-time closed-loop LEO SFF sce-

narios with a group of two or three satellites (Peng et al. 

2019; Peng and Scales 2019; Peng et al. 2020). As shown 

in Table  1, the development of VTFFTB can be over-

viewed in four different phases.

VTFFTB development phase 1

In phase 1, a GPS-based satellite formation flying HIL 

simulation testbed for a formation of two LEO spacecraft 

was established with onboard ionospheric remote sens-

ing capability (Peng et  al. 2020). The VTFFTB was suc-

cessfully established for closed-loop HIL simulations of 

SFF. As shown in Fig.  11, the infrastructure includes a 

GPS RF hardware signal simulator, a multi-constellation 

and multi-band GNSS receiver, a navigation & control 

system, an STK visualization system, and an ionospheric 

remote sensing system. In real-time SFF simulation sce-

narios, the GNSS receiver was used to track the multi-

frequency GPS signals from the GPS simulator. The 

navigation and control system is operated synchronously 

to extract GNSS data for real-time relative state estima-

tion and formation orbit control. The real-time forma-

tion flight capability of VTFFTB has been validated by 

benchmarking with a reference test scenario in Park et al. 

(2010).

As shown in Fig.  12, a simplified Equatorial Spread-F 

(ESF) scenario was designed to demonstrate VTFFTB 

applications in ionospheric irregularity (e.g., Equatorial 

Plasma Bubble (EPB)) observations. The vertical electron 

density distribution was modelled globally using One-

Dimensional (1D) vertical TEC profiles. The S4 index 

inside the simulated ESF region (above the Jicamarca 

Radio Observatory (JRO)) was modelled as 0.4. Using a 

Table 1 KPI table of four VTFFTB development phases (Iono = 

Ionosphere; Ne = electron density)

Phase Constellation Satellite 
number

Formation orbit Iono Ne 
model

1 GPS 2 Fixed relative state 1D

2 GPS&GAL 2 Fixed relative state 1D

3 GPS&GAL 3 Natural orbits 1D

4 GPS&GAL 3 Natural orbits 3D

Fig. 11 GPS-based VTFFTB configuration. (Adapted from Peng et al. (2020))
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pair of LEO formation satellites, TEC and C/N0 (carrier-

to-noise density) can be measured between GPS satellites 

and two LEO GNSS receivers in proximity. After each 

real-time formation flight simulation, the GPS navigation 

data was processed by the ionospheric remote sensing 

system to produce TEC, effective amplitude scintillation 

index (S4), and electron density (via differencing TEC). 

The electron density (Ne) and S4 measurement results 

validated that using GPS-based SFF is able to retrieve the 

vertical Ne profile of an EPB event observed by the Lang-

muir probe on a Sounding Rocket (SR). An associated 

formation configuration sensitivity study shows that the 

VTFFTB can be used to optimize the Ne retrieval accu-

racy and precision by simulating various SFF orbits. The 

sensitivity study can lead one to believe that it will apply 

to other Ne profiles with different ionospheric struc-

ture or peak Ne value. Given a growing interest at VT to 

develop future SFF missions with potential space weather 

applications, establishing the first operational VTFFTB 

can incubate novel SFF missions in house and support 

test campaigns for ongoing and future ionospheric mis-

sion development.

VTFFTB development phase 2

If using GPS only is the “basic plan”, utilizing multiple 

GNSS constellations can be regarded as a “premium 

plan” version of GPS to access a much wider variety of 

publicly available GNSS signals and a higher spatial con-

verge of GNSS SV. In phase 2, the GPS-based VTFFTB 

was upgraded to a multi-constellation version adding 

the Galileo Navigation Satellite System (Galileo) constel-

lation. Peng and Scales (2019) presented the VTFFTB 

development by adding Galileo and demonstrated the 

benefits of using multi-constellation GNSS for relative 

navigation and ionospheric remote sensing.

The ESF scenario proposed in stage 1 (Section 

VTFFTB development phase 1) was simulated again in 

the multi-constellation version VTFFTB. Ionospheric 

measurements (TEC, Ne, and effective S4) using both 

GPS and Galileo data were taken in HIL simulations. The 

cases of using L1 and L2 GPS signals were compared with 

the cases using dual-band multi-constellation (GPS and 

Galileo) signals. Compared with GPS only results, inte-

grating GPS and Galileo measurements decreases the 

average and standard deviation of Ne retrieval errors by 

32.83% and 46.12%, respectively, in the scenario with the 

13 July 2018 almanac as shown in Fig. 13a. As the Gali-

leo constellation is still growing, HIL simulations can 

validate the modernization benefits with more and more 

Galileo SVs. A simulation using the 8 March 2019 alma-

nac (22 operational Galileo SV) was done to compare 

with the 13 July 2018 version of Galileo (13 operational 

Galileo SV). The Ne retrieval result using the GPS and 

Galileo SVs on 8 March 2019 was plotted in Fig. 13b and 

the results show that using the more recent GNSS alma-

nac further reduced the mean and standard deviation of 

Ne retrieval errors compared to Fig. 13a.

Fig. 12 An ESF observation scenario illustration. (Adapted from Peng 

et al. (2020))

Fig. 13 Ne retrieval using GPS (L1 and L2) and Galileo (E1 and E5b) 

PRNs: a 13 July 2018 almanac b 8 March 2019 almanac. (Adapted 

from Peng and Scales (2019))



Page 16 of 21Peng et al. Satell Navig            (2021) 2:14 

Similar to the cases in GPS simulation scenarios, Gali-

leo Ne measurement accuracy and noise level are corre-

lated to the vertical separation between the two GNSS 

receivers flying in formation as well. As shown in Fig. 14, 

an irregularity wavenumber spectrum analysis was 

undertaken to compare the Ne retrieval results between 

the configurations with three different vertical separa-

tions. The 100 m case exhibits the largest deviation across 

all the irregularity spatial range. Both the 1 km and 3 km 

separation cases agree well with the SR Ne model spec-

trum. Particularly, the smaller scale (k > 1) range agree-

ment for the 1 km case is higher than for the 3 km case. 

Besides satellite formation geometry, Ne measurements 

are found to be also correlated to the C/N0 level of GNSS 

signals. Other than enhancing ionospheric measurement 

quality, adding Galileo for SFF also improved the perfor-

mance of relative state estimation (higher accuracy and 

shorter convergence time) compared to using GPS only.

VTFFTB development phase 3

In phase 3, the 2-satellite setup of VTFFTB described 

in Section VTFFTB development phase 2 was fur-

ther extended to a 3-satellite formation configuration 

as reported in Peng et  al. (2019). Additional hardware 

equipment (e.g., GNSS RF signal simulators, GNSS 

receivers, and computers) were added and a new naviga-

tion & control system was developed based on a decen-

tralized approach of relative orbit estimation and control. 

The overall infrastructure is shown in Fig. 15. A fuel-effi-

cient type of relative orbit (commonly known as natural 

orbit) was implemented to optimize the orbit configu-

rations for small satellite formation flight. Three differ-

ent formation modes (i.e., leader-follower, elliptic-orbit, 

and side-by-side) were chosen to evaluate the formation 

maneuverability for a group of three LEO satellites on the 

VTFFTB. A polar sun synchronous orbit scenario was 

designed and simulated to validate 3-satellite real-time 

formation flying capability of the updated VTFFTB.

A geo-space observation scenario using LEO SFF 

together with the AAL-PIP and SuperDARN networks 

was proposed in Peng et  al. (2019) to address the stud-

ies similar to the discussion in Section Space weather 

Fig. 14 Wavenumber spectrum comparison between different 

vertical separations. (Adapted from Peng and Scales (2019))
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Fig. 15 3-satellite version VTFFTB infrastructure. (Adapted from Peng et al. (2019))
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observations. This mission concept will be helpful to 

answer the following scientific questions: (1) How do 

ULF waves propagate in the south polar region? (2) How 

do ionospheric irregularities cause GNSS scintillations in 

high-latitude or polar regions? (3) How can these obser-

vations be used to better monitor geomagnetic storms 

and mitigate their impacts on GNSS and communication 

systems?

VTFFTB development phase 4

As there is a lack of fidelity of ionospheric modelling 

in phase 1 to phase 3, the main focus in phase 4 is to 

enhance the fidelity of the ionospheric models used in 

the simulations performed on the VTFFTB (Peng 2020; 

Peng et  al. 2021). The Thermosphere-Ionosphere-Elec-

trodynamics-General-Circulation-Model (TIEGCM), a 

global ionospheric model developed by the U.S. National 

Center for Atmospheric Research (NCAR), was chosen 

to be integrated into the VTFFTB simulations. The global 

ionospheric electron density profiles from TIEGCM are 

used to simulate global ionospheric delay impacts on 

multi-band GNSS RF signals. As an example, the north-

ern hemisphere electron density profiles at multiple 

TIEGCM height layers are shown in Fig. 16. As a snippet 

of the 2013 Saint Patrick’s Day storm, the ionosphere at 

Fig. 16 Northern hemisphere’s electron density profile at multiple TIEGCM height layers 12:00:00 UTC on March 17, 2013). (Adapted from Peng 

(2020))



Page 18 of 21Peng et al. Satell Navig            (2021) 2:14 

the time is extremely active and multi-scale ionospheric 

structures can be seen.

Using this TIEGCM background ionosphere, an EPB 

was added in a VTFFTB simulation to study the iono-

spheric irregularity impact on GNSS-based LEO forma-

tion flight (Peng and Scales 2020). As shown in Fig.  17, 

a pair of LEO satellites with GNSS receivers fly pass the 

EPB region along the white dotted line in two HIL sim-

ulations. The normalized X and Y are spherical coor-

dinates at ground level transferred from geographical 

latitude and longitude. The shaded region with five cells 

(an interior and four walls) is a cross-section view of the 

added EPB. In the simulation when LEO receivers passed 

right below the EPB, a STEC trough can be clearly seen 

for each SV due to a GNSS signal interacting with the low 

ionospheric electron density region. In another simula-

tion when LEO receivers flew through the EPB, an elec-

tron density profile of the EPB can be retrieved by the 

previously proposed differencing TEC method and the 

measurement result is consistent the TIEGCM “truth”. 

Other global ionospheric or tropospheric models besides 

TIEGCM can be integrated with the VTFFTB to simu-

late more space weather phenomena and GNSS scenar-

ios. New ionospheric irregularity observation techniques 

using GNSS can be validated, designed, or developed 

using the VTFFTB or other similar HIL simulation 

testbeds.

Summary

This paper reviews the recent advances in the multi-scale 

ionospheric irregularity studies at VT using ground-

based and space-based GNSS observations. As descried 

in Section Passive measurements of high latitude iono-

spheric structure, four GNSS dual-band CASES receiv-

ers in the AAL-PIP were deployed along the 40° magnetic 

meridian chain and utilized to collect the ground-based 

GPS data for years in Antarctica. The AAL-PIP system 

and its GPS receiver operation protocol were overviewed 

in Section System overview and GPS receiver opera-

tion. The GPS data retrieval and processing routine are 

automated as discussed in Section GPS data processing. 

A carrier-phase TEC stack plot software was developed 

to process the AAL-PIP GPS data inventory and detect 

ULF wave modulation. Studies of space weather impacts 

(high-latitude scintillations and global scale ULF waves) 

on AAL-PIP GPS signals were discussed in Section Space 

weather observations. Besides passive measurements, 

active measurements on high-latitude ionospheric struc-

ture produced by ground-based high power HF trans-

mitters and the impact on GNSS signals were discussed 

in Section Active measurement of high-latitude iono-

spheric structure and impacts on GNSS. It was shown 

that Stimulated Electromagnetic Emissions (SEE) meas-

urements made with ground-based HF receivers can be 

used to sense the decimeter scale ionospheric irregulari-

ties that are associated with GNSS phase scintillations. 

SuperDARN HF radars and GNSS receivers are also 

used to observe ionospheric irregularity effects on GPS 

at mid-latitude. An important implication is that larger 

hectometer scale ionospheric irregularities typically 

associated with GNSS amplitude scintillations may non-

linearly cascade down to decameter scales and be sensed 

by HF space weather radars. The associated modelling 

and observation work are reported in Section Modelling 

and observation of mid-latitude ionospheric irregularity 

effects on GNSS.

Other than ground-based GNSS observations, space-

based GNSS measurement techniques and missions are 

reviewed in Section Brief overview of existing space-

based GNSS observation techniques. A new space-based 

GNSS observation concept using SFF is demonstrated in 

Section GNSS-based space-craft formation flying tech-

nique demonstration. The development of the VTFFTB 

and its applications to multi-scale ionospheric irregular-

ity remote sensing is presented in four different phases: 

Section VTFFTB development phase 1, namely, estab-

lishing the original GPS version VTFFTB for dual-sat-

ellite formation flight; Section VTFFTB development 

phase 2, namely, upgrading to a multi-constellation (GPS 

and Galileo) version; Section VTFFTB development 

phase 3, namely, expanding to a 3-satellite version with 

orbit optimization; Section VTFFTB development phase 

4, namely, enhancing ionospheric simulation capability 

using the TIEGCM global ionospheric model. The devel-

opment of VTFFTB creates a versatile mission incubator 

for future multi-scale ionospheric irregularity measure-

ment techniques. Using both ground-based and space-

based GNSS associated techniques (e.g., GNSS receivers, 

magnetometers, radars, HF receivers, SFF), multiple 

spatial and temporal scales of ionospheric irregularities 

Fig. 17 A gnomonic projection view of LEO SFF trajectory passing 

the EPB. (Adapted from Peng and Scales (2020))
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in different regions are better observed and understood. 

This ultimately can improve the performance or robust-

ness of satellite navigation (e.g., GNSS) and other related 

technologies (e.g., satellite communication).
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