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1.  Introduction
Mutual impedance (MI) experiments are in situ plasma diagnostic instrumental techniques used to determine the 
local plasma density and electron temperature. Different versions of MI experiments have been selected for past 
(Bahnsen et al., 1988; Béghin & Debrie, 1972; Béghin et al., 1982; Décréau et al., 1978; Grard, 1997; Pottelette 
et al., 1975; Pottelette & Storey, 1981; Storey et al., 1969) and present space exploration missions. We here recall 
the RPC-MIP instrument (Trotignon et al., 2007) onboard the ESA mission Rosetta, the PWI/AM2P experiment 
(Kasaba et al., 2020; Trotignon et al., 2006) onboard the ESA-JAXA BepiColombo mission, the RPWI/MIME 
experiment onboard the ESA mission JUICE and the DFP/COMPLIMENT instrument onboard the ESA mission 
Comet Interceptor (Snodgrass & Jones, 2019). New preliminary versions of MI instruments for future nanosatel-
lite space missions are being developed.

Despite the expertise built over the past decades on the use of large satellite platforms for in situ space explora-
tion, small platforms (e.g., nanosatellites) recently sparked the interest of the scientific community. As an exam-
ple, the Comet Interceptor mission will investigate a pristine comet entering for the first time the solar system 
using three satellite platforms: one main (large) satellite supported by two (smaller) nanosatellites.

Why should we choose small satellites over larger ones?

On the one hand, large satellites can accommodate several payload instruments thanks to their significant volumes. 
Because of their complex architecture and varied set of sub-systems, these platforms are typically very expensive. 
Therefore, they are used for single-satellite missions (e.g., single-point measurements) which allow for local 
investigations of the plasma environment while ignoring the status of the global system at different locations.
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On the other hand, small satellites typically accommodate a very limited amount of payload instruments due 
to mass, volume, and power consumption constraints. Because of their few components, such single platforms 
typically correspond to low costs. For a given capitalized cost, it enables one to use several small platforms,  thus 
facilitating multi-satellite missions to provide multi-point simultaneous observations of physical phenomena 
acting on different (e.g., electron, ion, fluid) spatial scales (Retinò et al., 2021).

Using several small satellite platforms for future multi-point missions, we expect to complement the under-
standing of the space environment provided by large platforms, for both space weather monitoring and planetary 
exploration missions.

However, not all the sub-systems previously designed for large satellites are suitable for small platform appli-
cations. This is the case for MI instruments, for which past and present instrumental versions do not match the 
strong constraints of small satellites. Therefore, new versions of MI instrument are currently being developed to 
comply with these constraints. For this purpose, effort is put into (a) miniaturizing the instrument's electronics 
and (b) simplifying the system architecture. This is not sufficient to install the instrument on small platforms 
because a significant part of the mass and volume of MI instrument is associated with its electric antennas and 
their support structure. Miniaturization of these components is not possible because it would result in significant 
modifications of MI measurements. Therefore, we propose to follow a different strategy: since other experiments 
for in situ plasma diagnostic use similar antennas, we propose to reduce the overall mass and volume of the 
satellite payload by having the antennas shared between different experiments. Thus, instead of putting effort on 
the miniaturization of the MI antennas, we are focusing on (c) integrating the MI instrument with other plasma 
diagnostic instruments. The drawback to sharing the same antennas among different experiments is that the 
simultaneous use of the same integrated components by different experiments is not always possible. As a conse-
quence, each experiment has limited available time to perform its measurements and shared scheduling between 
integrated experiments is required. Since this would limit the range of dynamic processes the instrument can 
observe, we need to improve its time resolution to both ensure the observation of the fast processes perturbing the 
environment and facilitate the integration with other instruments.

Although small satellites facilitate multi-point missions, they are associated to critical technical challenges, espe-
cially for scientific electric instruments.

The deployable booms of small satellites are typically very short, at most of the order of 1 m. This means that 
electric instruments are deployed near the platform, which is the source of different spurious electric pertur-
bations to the measurements. First, electric devices installed on the satellite generate spurious electric signals 
that perturb the environment and, therefore, electric measurements performed nearby. Second, inhomogeneous 
plasma regions (i.e., plasma sheath) envelope the satellite platform as a consequence of spacecraft plasma interac-
tion processes. Instruments deployed near the platform are placed near the satellite's plasma sheath, that is known 
to perturb in situ plasma diagnostic measurements.

On top of that, small satellites are associated with small charging times. This means that their ground electric 
potential is very sensitive to the currents collected from the plasma and, therefore, a fixed ground potential cannot 
always be ensured by the platform during the measurements. This is an issue for electric instruments because a 
varying ground potential can have significant effects on the measurements (Ranvier et al., 2019).

In the following, we neglect the impact of spurious electric signals on MI measurements, and we focus on the 
reduced time resolution of MI experiments related to antenna sharing. The study of the repercussion that short 
deployable booms have on MI measurements is left to future investigations.

In this context, we define and validate two new experimental procedures to improve MI experiment time resolu-
tion. These procedures correspond to two new instrumental modes (the so-called chirp mode and multi-spectral 
mode). The measurements of these two modes are validated against those of a reference mode (the so-called 
frequency sweep mode) typically used in past (e.g., the Rosetta mission) and current (e.g., BepiColombo) space 
missions. We note that all future MI instruments, both for small or large satellites applications, will benefit from 
a higher time resolution that will allow for the observation of faster processes.

The two new MI instrumental modes are investigated both numerically (Section  3.1) by means of 1D-1V 
Vlasov-Poisson numerical simulations (Henri et al., 2010; Mangeney et al., 2002), and experimentally (Section 3.2) 
by means of plasma chamber validation tests. Numerical simulations and experimental tests have different goals. 
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Numerical simulations model a simplified interaction between MI experiments and the surrounding plasma. They 
are used to obtain the (theoretical) instrumental response of the two new MI modes and to ensure it corresponds to 
that of typical MI experiments. After the theoretical equivalence between the modes is ensured, plasma chamber 
tests are used to validate the new modes in a representative ionospheric-like environment.

This document is organized as follows. In Section 2 we describe in detail the MI instrumental modes we devel-
oped. In Section 3.1 and Section 3.2 we describe the numerical model and experimental facility used to test 
the different MI instrumental modes, respectively. In Section  4 we discuss the results of the numerical and 
experimental investigation. In Section 4.4 we present the cost of the different instrumental modes in terms of 
the computational load on the onboard computer. In Section 6 we present our conclusions. In Appendix A we 
describe the characteristics of our experimental facility. In Appendix B we list for repeatability purposes the 
parameters defining our numerical simulations.

2.  Description of MI Instrumental Modes
MI experiments are used to identify in situ the plasma density and electron temperature by, first, perturbing the 
plasma using a set of emitting antennas in a frequency range encompassing the electron plasma frequency and, 
second, retrieving the electric fluctuations in the plasma by means of a set of receiving antennas. The emission 
signal and the data treatment technique to be applied to the retrieved fluctuations depend on the chosen instru-
mental mode.

To improve the time resolution of MI measurements, we propose (for the first time) two new MI instrumental 
modes: the chirp mode and the multi-spectral mode. Such new modes are validated by testing their measurements 
against those of the nominal instrumental mode (Trotignon et al., 2007) which we call here frequency sweep 
mode and use as a reference.

In the following sections, we recall the experimental procedure of the frequency sweep mode and describe the 
new chirp and multi-spectral modes.

2.1.  Description of the Frequency Sweep Mode

The frequency sweep mode is the state-of-the-art of MI experimental procedures and it is typically used in space 
applications as the MI nominal instrumental mode. Using this mode, MI spectra are built in four steps.

First, the plasma is excited by a sequence of elementary sinusoidal signals from the emitting electric antennas. 
The electric potential imposed at the antennas for the emission of the i − th elementary signal reads:

𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐴𝐴 sin(2𝜋𝜋𝜋𝜋𝑖𝑖𝑡𝑡) (𝑡𝑡𝑖𝑖 < 𝑡𝑡 𝑡 𝑡𝑡𝑖𝑖 +𝑁𝑁∕𝑓𝑓𝑖𝑖,𝑁𝑁 = 20, 0 ≤ 𝑖𝑖 ≤ 𝑗𝑗 − 1)� (1)

where Vsw,i is the electric potential, A is the (fixed) emission amplitude, 𝐴𝐴 𝐴𝐴𝑖𝑖 = 𝑓𝑓min(1 + Δ)𝑖𝑖, 𝑖𝑖 = 0, . . . , 𝑗𝑗 − 1 is the 
frequency, Ti = N/fi is the emission duration, ti is the beginning time of the emission of the i −  th frequency, 
fmin is the lower scanned frequency, j = 1 + log(fmax/fmin)/log(1 + Δ) is the number of emitted frequencies, Δ is 
the relative frequency resolution of the measurement and N is the amount of emitted oscillations per frequency 
(repetitions). To mimic typical MI space applications (e.g., the COMPLIMENT instrument onboard Comet Inter-
ceptor) we choose Δ = 0.05.

Second, simultaneously to the emission process, the electric fluctuations generated in the plasma are measured 
by the receiving antennas.

Third, Discrete Fourier Transforms (DFTs) of the received electric signals are computed around the emitted 
frequencies. In particular, for the received electric fluctuations corresponding to the i − th elementary signal, we 
compute the DFT at frequency fi. This is done for all emitted frequencies.

Fourth, from the DFT components, we build spectra in phase and amplitude. MI spectra are then obtained by 
normalizing such spectra to the corresponding reference spectral response for the instrument. This reference 
response is identified by spectra obtained either in vacuum or in low density plasmas, such as weakly active solar 
wind conditions, following the procedure described above.

The frequency range 𝐴𝐴 (𝑓𝑓min, 𝑓𝑓max) investigated with MI measurements is chosen in function of the probed plasma 
environment and therefore changes between different missions with different targets.
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In past and current MI experimental space applications (e.g., Rosetta/RPC-MIP, BepiColombo/RPWI/AM2P, 
JUICE/PWI/MIME), the emission duration is fixed whatever the emitted frequency. As a consequence, the 
amounts of repetitions N is dependent on the emitted frequency. Overall, for such applications we find repetitions 
ranging between N = 8 and N = 1,000. In the case of DFP-COMPLIMENT onboard the future Comet Interceptor 
mission, instead, N = 20 has been chosen for all frequencies. As a consequence, different frequencies will corre-
spond to different emission durations. In our investigation, we choose to mimic DFP-COMPLIMENT and fix the 
amount of repetitions to N = 20. Therefore, the total duration of the frequency sweep measurements investigated 
in our study corresponds to 𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑁𝑁

∑𝑗𝑗−1

𝑖𝑖=0
1∕𝑓𝑓𝑖𝑖 .

2.2.  Description of the Chirp Mode

The chirp mode is a new MI instrumental mode designed to minimize the time required by MI experiments to 
perform one single measurement. This is achieved by following the same procedure used for the frequency sweep 
mode, but by emitting each elementary signal for only one repetition (i.e., N = 1). For this mode, MI spectra 
are built from the components of the Fast Fourier Transform (FFT) of the whole received signal. Contrary to 
the frequency sweep mode that treats each frequency sequentially, the chirp mode treats all frequencies at once. 
When required, we use a Hann window to reduce the spectral leakage related to the non-periodicity of the 
electric potential retrieved by the receiving antennas. The need for the windowing of this signal is discussed in 
Section 4.3.

The oscillating electric potential used to polarize MI electrodes for the chirp emission reads:

𝑉𝑉𝑐𝑐𝑐 = 𝐴𝐴 sin(2𝜋𝜋𝜋𝜋𝑖𝑖𝑡𝑡) (𝑡𝑡𝑖𝑖 < 𝑡𝑡 𝑡 𝑡𝑡𝑖𝑖 + 1∕𝑓𝑓𝑖𝑖, 0 ≤ 𝑖𝑖 ≤ 𝑗𝑗 − 1)� (2)

Hence, using this chirp mode, the MI measurement duration is reduced by about N times with respect to a corre-
sponding frequency sweep mode measurement. The total duration of one chirp measurement is 𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 =

∑𝑗𝑗−1

𝑖𝑖=0
1∕𝑓𝑓𝑖𝑖 .

2.3.  Description of the Multi-Spectral Mode

Similarly to the chirp mode, the multi-spectral mode is also a new instrumental mode devised to minimize the 
duration of MI measurements. The difference from the frequency sweep mode is that multiple elementary signals 
are emitted simultaneously. This choice reduces the measurement duration, but at the same time affects the 
amplitude of the emitted signals. Indeed, the instrument electronics can deliver to the electric antennas a signal 
with given maximum amplitude and, therefore, the superposition of different elementary signals has to respect 
this constraint. All in all, the choice of how many signals should be emitted simultaneously is the result of a 
trade-off between short measurement duration and strong enough received electric signals to ensure a satisfactory 
Signal-to-Noise Ratio. In our investigation we choose to emit simultaneously nine different elementary signals 
each with amplitude A/9. For the i − th emission, the electric potential imposed at the antennas reads:

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =

9
∑

𝑘𝑘=1

𝐴𝐴

9
sin(2𝜋𝜋𝜋𝜋𝑘𝑘𝑘𝑘𝑘𝑡𝑡) (𝑡𝑡𝑖𝑖 < 𝑡𝑡 𝑡 𝑡𝑡𝑖𝑖 +𝑁𝑁∕𝑓𝑓0,𝑖𝑖, 𝑁𝑁 = 20, 0 ≤ 𝑖𝑖 ≤ 𝑗𝑗 − 1)� (3)

where Vms,i is the electric potential, f0,i, …., f8,i are the frequencies emitted simultaneously, and Ti = N/f0,i is the 
i − th emission duration with N = 20 oscillations. Similarly to the frequency sweep mode procedure, the electric 
fluctuations generated in the plasma are retrieved simultaneously to each i − th emission of the signal Vms,i. Then, 
MI spectra are built by computing DFTs of those fluctuations for the corresponding emitted frequencies fk,i with 
k = 0, .., 8.

Depending on which frequencies we emit simultaneously, we obtain different MI emission durations. The mini-
mum duration is obtained by grouping the lower frequencies in the same i − th emission. But, if the simulta-
neously emitted signals have frequencies too close to each other, they can interfere and generate beats. In such 
case, the energy injected in the plasma at the emitted frequencies would shift to other frequencies and the meas-
urements would be affected. In order to minimize this effect, we need to impose that the minimum difference 
between the frequencies we emit simultaneously is larger than some multiples of the frequency resolution of our 
spectral analysis. For each i − th emission, such resolution corresponds to the inverse of the emission duration 
(i.e., ΔA,i = f1,i/N). Considering (a) a measurement resolution of Δ = 0.05 and (b) N = 20 for the lower frequencies 
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of the same i − th emission, we find negligible interferences if the frequencies emitted simultaneously are spaced 
by at least y = 5 other frequencies along the frequency range of interest. This means that the frequencies that are 
part of the same i − th emission are different by at least a factor (1 + Δ) 5. The value of y is found empirically, by 
imposing that the DFT of Vms,i gives for the frequencies fk,i the amplitude A/9 with a precision of 2%.

For completeness, we give an empirical rule to compute the different sets of frequencies emitted simultaneously. 
For the i − th emission, we emit the frequencies 𝐴𝐴 𝐴𝐴𝑘𝑘𝑘𝑘𝑘 = 𝑓𝑓min(1 + Δ)𝑦𝑦 𝑦𝑦+𝑝𝑝1+𝑝𝑝2 with k = 0, …, 8 their index, p1 = i mod  
y and p2 = (9 ⋅ y) ⋅ (i div y) (where div represents the Euclidean division and mod the remainder of the Euclidean 
division). Note that one multi-spectral measurement is composed of p3 = [(j − 1) mod(9 ⋅ y) + 1] ⋅ y simultaneous 
emissions and receptions. Let us consider the case where the multi-spectral measurement scans j = 81 frequencies 
with resolution Δ = 0.05, N = 20 (i.e., y = 5) and a maximum of 9 frequencies emitted simultaneously. Then, the 
measurement is composed of p3 = 10 emissions and the frequencies emitted simultaneously are:

𝑓𝑓0,0 = 𝑓𝑓0, 𝑓𝑓1,0 = 𝑓𝑓5, 𝑓𝑓2,0 = 𝑓𝑓10, 𝑓𝑓3,0 = 𝑓𝑓15, 𝑓𝑓4,0 = 𝑓𝑓20, 𝑓𝑓5,0 = 𝑓𝑓25, 𝑓𝑓6,0 = 𝑓𝑓30, 𝑓𝑓7,0 = 𝑓𝑓35, 𝑓𝑓8,0 = 𝑓𝑓40

𝑓𝑓0,1 = 𝑓𝑓1, 𝑓𝑓1,1 = 𝑓𝑓6, 𝑓𝑓2,1 = 𝑓𝑓11, 𝑓𝑓3,1 = 𝑓𝑓16, 𝑓𝑓4,1 = 𝑓𝑓21, 𝑓𝑓5,1 = 𝑓𝑓26, 𝑓𝑓6,1 = 𝑓𝑓31, 𝑓𝑓7,1 = 𝑓𝑓36, 𝑓𝑓8,1 = 𝑓𝑓41

𝑓𝑓0,2 = 𝑓𝑓2, 𝑓𝑓1,2 = 𝑓𝑓7, 𝑓𝑓2,2 = 𝑓𝑓12, 𝑓𝑓3,2 = 𝑓𝑓17, 𝑓𝑓4,2 = 𝑓𝑓22, 𝑓𝑓5,2 = 𝑓𝑓27, 𝑓𝑓6,2 = 𝑓𝑓32, 𝑓𝑓7,2 = 𝑓𝑓37, 𝑓𝑓8,2 = 𝑓𝑓42

𝑓𝑓0,3 = 𝑓𝑓3, 𝑓𝑓1,3 = 𝑓𝑓8, 𝑓𝑓2,3 = 𝑓𝑓13, 𝑓𝑓3,3 = 𝑓𝑓18, 𝑓𝑓4,3 = 𝑓𝑓23, 𝑓𝑓5,3 = 𝑓𝑓28, 𝑓𝑓6,3 = 𝑓𝑓33, 𝑓𝑓7,3 = 𝑓𝑓38, 𝑓𝑓8,3 = 𝑓𝑓43

𝑓𝑓0,4 = 𝑓𝑓4, 𝑓𝑓1,4 = 𝑓𝑓9, 𝑓𝑓2,4 = 𝑓𝑓14, 𝑓𝑓3,4 = 𝑓𝑓19, 𝑓𝑓4,4 = 𝑓𝑓24, 𝑓𝑓5,4 = 𝑓𝑓29, 𝑓𝑓6,4 = 𝑓𝑓34, 𝑓𝑓7,4 = 𝑓𝑓39, 𝑓𝑓8,4 = 𝑓𝑓44

𝑓𝑓0,5 = 𝑓𝑓45, 𝑓𝑓1,5 = 𝑓𝑓50, 𝑓𝑓2,5 = 𝑓𝑓55, 𝑓𝑓3,5 = 𝑓𝑓60, 𝑓𝑓4,5 = 𝑓𝑓65, 𝑓𝑓5,5 = 𝑓𝑓70, 𝑓𝑓6,5 = 𝑓𝑓75, 𝑓𝑓7,5 = 𝑓𝑓80

𝑓𝑓0,6 = 𝑓𝑓46, 𝑓𝑓1,6 = 𝑓𝑓51, 𝑓𝑓2,6 = 𝑓𝑓56, 𝑓𝑓3,6 = 𝑓𝑓61, 𝑓𝑓4,6 = 𝑓𝑓66, 𝑓𝑓5,6 = 𝑓𝑓71, 𝑓𝑓6,6 = 𝑓𝑓76, 𝑓𝑓7,6 = 𝑓𝑓81

𝑓𝑓0,7 = 𝑓𝑓47, 𝑓𝑓1,7 = 𝑓𝑓52, 𝑓𝑓2,7 = 𝑓𝑓57, 𝑓𝑓3,7 = 𝑓𝑓62, 𝑓𝑓4,7 = 𝑓𝑓67, 𝑓𝑓5,7 = 𝑓𝑓72, 𝑓𝑓6,7 = 𝑓𝑓77

𝑓𝑓0,8 = 𝑓𝑓48, 𝑓𝑓1,8 = 𝑓𝑓53, 𝑓𝑓2,8 = 𝑓𝑓58, 𝑓𝑓3,8 = 𝑓𝑓63, 𝑓𝑓4,8 = 𝑓𝑓68, 𝑓𝑓5,8 = 𝑓𝑓73, 𝑓𝑓6,8 = 𝑓𝑓78

𝑓𝑓0,9 = 𝑓𝑓49, 𝑓𝑓1,9 = 𝑓𝑓54, 𝑓𝑓2,9 = 𝑓𝑓59, 𝑓𝑓3,9 = 𝑓𝑓64, 𝑓𝑓4,9 = 𝑓𝑓69, 𝑓𝑓5,9 = 𝑓𝑓74, 𝑓𝑓6,9 = 𝑓𝑓79

� (4)

The total duration of one multi-spectral measurement is 𝐴𝐴 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑁𝑁
∑𝑝𝑝3−1

𝑖𝑖=0
1∕𝑓𝑓0,𝑖𝑖 .

3.  Methods
In this section, we describe the numerical model and the experimental facility we used to test and characterize the 
chirp and multi-spectral modes against the reference frequency sweep mode.

3.1.  Full-Kinetic Electrostatic 1D-1V Vlasov-Poisson Simulation Model

We investigate numerically the new MI instrumental modes by performing numerical simulations of an unmag-
netized, collisionless, homogeneous plasma perturbed by MI emitting electric antennas. For this purpose, we use 
a 1D-1V full kinetic electrostatic model (Bucciantini et al., 2022; Henri et al., 2010) based on the solution of the 
Vlasov-Poisson system (following the integration scheme of Mangeney et al. (2002)) to simulate the evolution 
in time and space of the electron distribution function (𝐴𝐴 𝐴𝐴𝑒𝑒(𝑡𝑡𝑡 𝑡𝑡𝑡 𝑡𝑡𝑒𝑒) , where t is the time, x the position and v is the 
velocity) of a numerical plasma box. In particular, the electron distribution functions at different positions in the 
numerical box are evolved in time by using the Vlasov equation:

𝜕𝜕𝜕𝜕𝑒𝑒(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑒𝑒)

𝜕𝜕𝜕𝜕
+ 𝑣𝑣𝑒𝑒

𝜕𝜕

𝜕𝜕𝜕𝜕
𝑓𝑓𝑒𝑒(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑒𝑒) −

𝑒𝑒

𝑚𝑚𝑒𝑒

𝐸𝐸
𝜕𝜕

𝜕𝜕𝜕𝜕𝑒𝑒
𝑓𝑓𝑒𝑒(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑒𝑒) = 0� (5)

where e is the electron charge, me is the electron mass, and E is the electric field of the plasma box. Such electric 
field is computed self-consistently using the Poisson equation:

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= 𝑒𝑒

𝑛𝑛𝑖𝑖 − 𝑛𝑛𝑒𝑒(𝑥𝑥𝑥 𝑥𝑥)

𝜀𝜀0
+

𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒(𝑥𝑥𝑥 𝑥𝑥)

𝜀𝜀0
� (6)

where ni is the fixed homogeneous ion density in the numerical box and ρext is an external source term that we use 
to model MI emitting antennas. For each emitting antenna, the external source term reads:

𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒(𝑥𝑥𝑥 𝑥𝑥) = 𝜎𝜎0𝛿𝛿(𝑥𝑥) sin(2𝜋𝜋𝜋𝜋𝜋𝜋)� (7)
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where σ0 is the emission amplitude and f is the emitted frequency. Each MI emitting antenna modeled in 1D as a 
localized oscillating external electric charge corresponds, in 3D, to a uniformly charged infinite planar grid. Such 
a grid is assumed transparent, so that the currents collected at its surfaces are negligible.

We use periodic boundary conditions in physical space, and we assume that the distribution functions are equal 
to zero for velocities outside the chosen velocity space range (e.g., 𝐴𝐴 𝐴𝐴𝑒𝑒(𝑥𝑥𝑥 |𝑣𝑣𝑒𝑒| > 𝑣𝑣max 𝑒𝑒, 𝑡𝑡) = 0 ). The periodic 
boundary conditions require a spatially periodic electric field and electric potential in the box. But the plasma 
located on the two sides of each emitting (infinite planar grid) antenna is perturbed with electric fields of oppo-
site signs. It follows that the spatial periodicity of the system cannot be ensured by the use of only one emitting 
antenna. Therefore, we use multiple antennas and arrange them so that their resulting electric field and electric 
potential are periodic in the box. Practically, we use four emitting antennas: two antennas with positive charge 
and two antennas with negative charge, equally spaced along the 1D numerical box and ordered as a sequence 
of negatively-positively-positively-negatively charged antennas. Such configuration mimics a succession of two 
infinite plate capacitors, where each capacitor is composed of two contiguous antennas with opposite charge. The 
two capacitors induce in-between their electrodes opposite electric fields, resulting in opposite electric potential 
variations of the plasma. As a result, our configuration ensures the periodicity of both the electric field and elec-
tric potential in the box.

Ions are modeled as a homogeneous neutralizing fixed background of positive charges. This is justified because 
both the MI antenna emission amplitudes and the MI measurement durations ensure a negligible contribution 
of the ion dynamics to MI measurements. First, the chosen emission amplitudes (Appendix  B) correspond 
to electric-to-thermal energy ratios well below 0.1. Therefore, the energy injected by the MI antennas in the 
plasma is small with respect to the kinetic energy of electrons and no non-linear interactions (e.g., wave-wave 
or wave-particle interactions) are triggered. Second, our numerical simulations are focused on MI measurement 
durations that are much shorter than ion time scales.

To minimize possible transient effects, the model is initialized by imposing the respect of both the Poisson and 
Ampère-Maxwell equation at t = 0.

For repeatability purposes, we list in Appendix B the parameters defining the numerical simulations discussed 
in our investigation.

3.2.  PEPSO: Plasma Chamber Experimental Facility

In this section, we describe the plasma chamber testing facility used to validate the diagnostic performance of 
MI instrumental modes. This testing facility was developed in the framework of the PEPSO project (Plasma 
Environment Platform for Satellite tests in Orléans) at the LPC2E (CNRS, Orléans, France) space laboratory. 
It is composed of a vacuum chamber, a pumping system, a plasma source, a magnetic field control system, and 
various diagnostics devices.

The vacuum chamber is a cylindrical chamber in AlSI304 L alloy, measuring 1 m in diameter and 1.8 m in length.

The pumping system, composed of a primary pump (Pfeiffer/ACP40) and a secondary turbo-molecular pump 
(Pfeiffer/ATH3204M), is used to bring the ambient pressure in the chamber down to 10 −6  mbar (i.e., about 
10 −4 Pa).

The plasma source is a Kaufman type (Kaufman et al., 1982) electric source, composed of an ionization chamber, 
a cathode (tungsten) filament, a filtering electric grid, a neutralizing (tungsten) filament and an external sole-
noid. Inert neutral gas (Argon >99.999%) is injected in the ionization chamber. The cathode filament is heated 
and electrons are thermionically emitted. The neutral gas flow entering the source is ionized through collisions 
with these electrons. Positive ions produced by the collisions are accelerated outside the source by the filtering 
grid while released electrons are kept inside it in order to maintain the ionization process of the gas. Similarly 
to the cathode, the neutralizing filament outside the source is heated and electrons are thermionically emitted. 
Such electrons do not remain near the filament but, instead, are attracted by the positive potential of the ion flow. 
As a result, the electrons join the ion flow and form a globally neutral plasma which drifts along the chamber. 
The external solenoid is used to modify the magnetic field inside the source in order to constrain the movement 
of electrons and increase the ionization of the gas. At the middle of the chamber (where we typically place our 
instrumentation), the injected plasma has a density ranging between 5 × 10 4 and 4 × 10 5 cm −3 and an electron 
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temperature of the order of 0.5 eV. The corresponding Debye length is of the 
order of 0.008–0.023 m, which is small compared to the size of the vacuum 
chamber.

Modifications of the neutral gas flow rate and/or settings of the plasma 
source enable one to control the characteristics of the generated plasma. 
In the following sections, we illustrate two examples of experimental tests, 
performed using the two different sets of plasma parameters listed in Table 1. 
We discuss the stability and the homogeneity of the plasma flow injected 
in the vacuum chamber, together with its drift velocity, in a dedicated 
Appendix A.

After the plasma is generated in the chamber, we perform MI measurements using a monopolar electric emitting 
antenna, a dipolar set of receiving antennas and one electronic card. The two antennas are aluminum spherical 
antennas (radius of 0.01 m) placed close to the axis of the cylindrical plasma chamber, perpendicular to the 
plasma flow and at a distance of 0.15 m between each other. The geometric configuration of the antennas in the 
plasma chamber is represented in Figure 1.

The receiving antenna is connected to an amplifier which increases the received signal amplitude by a factor 
8.7 (i.e., 18.79 dB). The electronic card is used to perform MI measurements following the emission/reception 
procedures described in Section 2 for the different investigated instrumental modes. For this purpose, we choose 
the Eclypse evaluation board which integrates a Zynq7000 processor (Xilinx), equipped with Digital-to-Analog 
and Analog-to-Digital converters.

At the position of the electric antennas, the Earth's magnetic field amplitude amounts to 3.8 × 10 4 nT (i.e., 0.38 
G). To this magnetic field corresponds the plasma cyclotron frequency fce = 1.1 MHz, which we note is of the 

same order as the plasma frequency in the plasma chamber. In this case, 
Larmor radius is estimated to be 4 cm. If the electron cyclotron frequency 
is of the same order as the plasma frequency, the Larmor radius is also of 
the same order as Debye length. Hence, the contribution of Earth's magnetic 
field to MI spectra is non-negligible.

To mimic typical planetary and cometary ionized environments characterized 
by a low magnetic field, we need to significantly reduce Earth's background 
magnetic field at the position of MI antennas. For this purpose, we use a 
magnetic field control system. Such system is composed of three perpen-
dicular pairs of wire coils, each coil is located on one face of a cube, and its 
diameter is equal to the cube side length, in a configuration similar to three 
Helmholtz coils (as in Figure 1). By sending currents in the coils, we modify 
the amplitude of the magnetic field at the antenna location down to about 6% 
of its ambient value. As a result of such reduction in magnetic field strength, 
the approximation of an unmagnetized plasma (i.e., ωp/ωce ≫ 1) is valid. We 
note that our numerical model (Section 3.1) is consistent with this unmagnet-
ized plasma experimental setup.

4.  Results
In this section, we compare frequency sweep mode measurements to chirp 
and multi-spectral mode measurements. We obtain MI spectra following the 
experimental procedures described in Section 2.

This investigation is performed both numerically, using the model described 
in Section 3.1, and experimentally, using the plasma chamber described in 
Section 3.2.

4.1.  Numerical Investigation

We simulate MI measurements for the frequency range 𝐴𝐴 (0.5𝑓𝑓𝑝𝑝, 3.2𝑓𝑓𝑝𝑝) with 
frequency resolution Δ = 0.05 (j = 39), consistent with the resolution used 

Table 1 
List of Plasma Density and Electron Temperature Parameters 
Characterizing the Two Experimental Tests Discussed in Section 4

Test ne[ cm −3 ] Te[eV]

T_01 53,156 ± 3195 0.47 ± 0.20

T_02 67,970 ± 3485 0.49 ± 0.03

Figure 1.  Plasma chamber. Experimental configuration of the electric 
antennas used to validate the new MI instrumental modes.
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by the DFP-COMPLIMENT instrument onboard the Comet Interceptor mission. This resolution corresponds to a 
relative plasma density uncertainty of Δne/ne = 10%, with ne the plasma density, consistent with space exploration 
missions needs and requirements.

MI spectra are built from the electric potential difference measured between two receiving antennas, one at 
distance d and one at 2 d from the emitting antennas. We limit our investigation to distances d ranging from 4 λD 
to 100 λD, which corresponds to the typical distance between emitting and receiving antennas for experimental 
space applications.

Depending on the investigated instrumental mode, we employ either a single or multiple numerical run(s) to 
simulate one given MI measurement.

First, for the frequency sweep mode (simulations FS_01 to FS_48 in Table B1), instead of using one single run 
to simulate the emission of a succession of elementary signals, we use several runs to simulate separately the 
emission of each single signal Vsw,i. In our case, given the investigated frequency range and frequency resolution, 
we perform 39 different runs. Since our numerical box is periodic and wave reflections are to be avoided, by 
doing so we reduce the size of the numerical spatial box and the computational cost of our simulations. This is 
achieved at the expense of neglecting the coupling between electric fluctuations of the plasma corresponding to 
the emission of different elementary signals. This approach is justified by the use of small emission amplitudes 
that ensures the absence of non-linear interactions between plasma perturbations at different frequencies. Second, 
for the chirp mode (simulation CH_01), the emission process is simulated using one single numerical run. Third, 
for the multi-spectral mode (simulations MS_01 to MS_06), similarly to the frequency sweep mode case, we 
simulate separately the emission of each signal Vms,i. In our case, given the investigated frequency range and its 
resolution, we perform six different runs.

Different examples of numerical MI spectra obtained for the frequency sweep (solid blue line), chirp (solid green 
line) and multi-spectral (solid red line) modes are shown in Figure 2, for distances d = 4 λD and d = 20 λD (top 
and bottom panel, respectively). The reference plasma frequency is shown using black vertical dashed lines. 
These spectra are represented in decibel scale, where the 0 dB corresponds to the electric potential difference 
obtained in vacuum, using the same normalization as usually performed in the post-treatment of space missions 
MI spectra.

All spectra exhibit a resonant peak in correspondence to the plasma frequency. This is the signature of MI meas-
urements which enables one to identify, from the frequency location of the resonance at the plasma frequency, the 
plasma density and, from the shape of the resonance itself, the electron temperature (Bahnsen et al., 1988; Béghin 
& Debrie, 1972; Décréau et al., 1978; Geiswiller et al., 2001; Gilet et al., 2017; Grard, 1969, 1997; Pottelette 
et al., 1975; Pottelette & Storey, 1981; Rooy et al., 1972; Storey et al., 1969; Wattieaux et al., 2020).

Figure 2.  Mutual impedance amplitude and phase spectra (left and right panels, respectively) obtained numerically for 
the frequency sweep mode (blue line), chirp mode (green line) and multi-spectral mode (red line). Top and bottom panels 
are obtained for distances d = 4 λD and d = 20 λD, respectively. The black dashed lines indicate the position of the plasma 
frequency.
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We find that multi-spectral measurements and reference frequency sweep measurements differ at most of 2.5 dB 
in correspondence to the plasma resonance. We consider such difference negligible because of the order of the 
typical 1 dB MI instrumental noise found in space applications.

Chirp and frequency sweep measurements have differences of 2.5 dB only for frequencies close to the plasma 
frequency (i.e., in the range [0.7 ωp, 1.5 ωp]). For frequencies far from the plasma frequency (i.e., below 0.7ωp 
or above 1.5 ωp), instead, the discrepancies significantly exceed (i.e., larger than 5 dB) the typical instrumental 
noise levels.

Since small discrepancies are observed for the resonant signature of the two MI measurements, which is used 
to derive the plasma density and electron temperature, we conclude that the three instrumental modes should 
provide identical densities and temperatures.

In the following section, we validate experimentally the new MI instrumental modes by comparing multiple 
spectra obtained in the plasma chamber.

4.2.  Experimental Investigation

We obtain experimental MI spectra within the frequency range 𝐴𝐴 (200 kHz, 10 MHz) , using the frequency resolu-
tion Δ (i.e., Δne/ne = 10%) resulting in j = 81. For this purpose, we use the MI antennas configuration described 
in Section 3.2.

Typical examples of experimental MI spectra in amplitude and phase are shown in Figure  3 (left and right 
panels, respectively). Such spectra are obtained using the frequency sweep (blue line), chirp (green line) and 
multi-spectral (red line) modes to probe plasmas in the chamber characterized by different plasma densities 
(increasing from top to bottom panel), with densities listed in Table 1). The spectrum obtained for each mode 
is the median spectrum computed from a repetition of 11 independent successive measurements. The colored 
shaded areas represent the uncertainty of the measurements, identified to the standard deviation of each Fourier 
component derived from the 11 measurements. For the sake of comparison with the other instrumental modes, 
we only show the Fourier components computed for the emitted frequencies, even for the chirp mode spectrum 
that is obtained using an FFT.

For frequency ranges encompassing the resonant signature of the spectra, we find both small uncertainties (i.e., 
a small standard deviation) and identical spectra (both in amplitude and in phase) for the three investigated 

Figure 3.  Mutual impedance spectra in amplitude (left column) and phase (right column) obtained experimentally for the 
frequency sweep mode (blue line), chirp mode (green line) and multi-spectral mode (red line). Each row represents tests 
performed for a different plasma (plasma densities listed in Table 1, increasing from top to bottom row). The black dashed 
line indicates the reference plasma frequency obtained from an independent measurement and the gray shaded area the 
associated uncertainty.
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instrumental modes. In particular, for such frequency ranges (e.g., for the range 1 MHz to 4 MHz), we find discrep-
ancies up to 2.15 dB (resp. 1.5 dB) in amplitude and 0.57 rad (resp. 0.42 rad) in phase for chirp (resp. multi-spectral) 
measurements. Larger discrepancies are found, instead, for frequencies outside the resonant regions.

We note that the measurements' uncertainty is larger for the chirp and multi-spectral modes than for the frequency 
sweep mode. Indeed, the experimental system noise affects the measurements differently, depending on the instru-
mental mode. Noise affects frequency sweep and multi-spectral measurements when spurious electric oscillations 
at a given frequency and with sufficiently large amplitude are present in the plasma, while that same frequency is 
emitted by the instrument. For the multi-spectral mode, the same perturbations experienced by frequency sweep 
measurements generates a signal-to-noise ratio nine times smaller because the emission amplitude itself is nine 
times smaller (see Section 2.3). Chirp measurements, instead, are affected by noise when spurious oscillations 
perturb the probed plasma during the measurement, whenever during the entire measurement and not only when 
the corresponding frequency is being emitted. As a consequence, noise perturbations are more likely to affect 
chirp than frequency sweep measurements.

We note that the MI spectra uncertainties found experimentally significantly exceed the typical 1 dB uncertainty 
expected for MI measurements performed in space. Such uncertainties are due to the vicinity to the MI antennas 
of the vacuum chamber and plasma source, that affect the measurements with their presence. Smaller uncertain-
ties, of the order of 1 dB for the frequency sweep measurements, are expected in space.

For both our numerical and experiment investigations, we have shown that the MI spectra obtained for the new 
MI instrumental modes are almost identical to the reference frequency sweep measurements. We have therefore 
decided to compare directly the different measured spectra, instead of the physical parameters derived from each 
spectrum. The identification of physical plasma parameters (i.e., the plasma density and electron temperature) 
from the MI spectra in the case of frequency sweep measurements is out of the scope of this paper, as it has been 
already described in previous papers (Bahnsen et al., 1988; Béghin, 1995; Béghin & Debrie, 1972; J. Chasseriaux 
et al., 1972; J. M. Chasseriaux, 1972; J. M. Chasseriaux, 1974; Décréau et al., 1978; Geiswiller et al., 2001; Gilet 
et al., 2017; Grard, 1997; Pottelette et al., 1975; Pottelette & Storey, 1981; Rooy et al., 1972; Storey et al., 1969; 
Wattieaux, G. et al., 2019). Our current study shows that this instrumental theory can directly be used to also 
provide plasma parameters from MI spectra obtained from both the multi-spectral and the chirp instrumental 
modes.

4.3.  Difference Between Numerical and Experimental Chirp Measurements

In the previous section, we have compared the new MI chirp and multi-spectral measurements to the nominal 
frequency sweep measurements in order to assess the impact of short emission durations on the MI plasma diag-
nostic. We have found that chirp and multi-spectral measurements are very similar (see Section 4) to frequency 
sweep measurements. To achieve such results, we had to introduce for the numerical tests of the chirp mode a 
window function (i.e., Hann) in the procedure. In this section, we explain why such windowing is needed for the 
numerical investigation of the chirp mode while it is not for its experimental counterpart.

Examples of emitted (black line) and received (green line) electric potential signals corresponding to both numer-
ical (top panel) or experimental (bottom panel) chirp measurements are shown in Figure 4.

Both in simulations (top panel) and in the plasma chamber (bottom panel), the emission process triggers oscilla-
tions of the plasma at the emitted frequencies. For emitted signals at frequencies far from the resonant frequency 
of the system (i.e., the plasma frequency) the plasma reacts with small oscillation amplitudes at those frequen-
cies, as expected. In particular, the high frequencies emitted at time 220 𝐴𝐴 𝐴𝐴−1

𝑝𝑝  (top panel) and time 105 μs (bottom 
panel) correspond to received electric potential oscillations associated to negligible amplitudes. This is consistent 
with the strong Landau damping expected at these frequencies, so that the signal cannot propagate for long. 
For emitted signals at frequencies close to the plasma frequency, the amplitude of the oscillations increases as 
the plasma resonates, as expected. This is observed at time 150 𝐴𝐴 𝐴𝐴−1

𝑝𝑝  (top panel) and time 97 μs (bottom panel). 
However, after the resonance is triggered, two different features are observed for the numerical and experimental 
investigation. Numerical tests suggest that oscillations at the plasma frequency do not disappear from the received 
electric signal even after the emission process stops (i.e., after time 𝐴𝐴 𝐴𝐴 = 225 𝜔𝜔−1

𝑝𝑝  , top panel). This is consistent 
with the fact that (a) the Landau damping of Langmuir waves is negligible at the plasma frequency and (b) the 
group velocity of Langmuir waves vanishes at the plasma frequency. Therefore, the oscillation at the plasma 
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frequency is indeed expected to remain observable at the instrument location. Experimental tests, instead, show 
that oscillations at the plasma frequency are not measured for long after they are triggered. In particular, between 
98 and 100 μs in Figure 4 (bottom panel) the plasma does not oscillate at the resonant frequency registered at 
97 μs. Instead, it is synchronized with the emission. Note that, in this analysis, we neglect the plasma fluctuations 
at high frequencies (e.g., 105 μs) and we only focus on plasma fluctuations that oscillate at the resonant frequency 
(i.e., at about 97 μs). The reason behind such choice is that both the plasma density and the electron temperature 
are derived from the resonance of MI spectra. Hence, the resonance is the only signature of MI measurements 
that is of interest in this investigation. Since the chirp analysis is performed on the electric potential oscillations 
measured synchronously to the emission, the total analyzed signal is quasi-periodic only in the experimental 
case and not in the numerical case. Some apodization procedure is therefore required in the numerical case. For 
consistency with the frequency sweep and multi-spectral mode, before building the chirp spectra from Figure 2 
we used a Hann window to filter the electric oscillations retrieved by the chirp reception.Let us now investigate 
the possible reasons for such different behavior observed with numerical and experimental chirp measurements.

First, the numerical model assumes a collisionless plasma. Is the plasma in the chamber collisional in the regions 
close to the antennas? If that is the case, the resonant plasma oscillations would be damped by electron-neutral 
collisions with a damping rate corresponding to the electron-neutral collision frequency. This could explain why 
they are not observed for as long as our numerical investigation suggests.

We have computed the electron-neutral mean-free-path in the chamber to assess if the generated plasma is colli-
sional. We obtain lel ≃ 500 m, which is much larger than both the distance between the MI electric sensors (i.e., 
0.3 m) and the Debye length (i.e., 0.008–0.023 m). Such mean free path of electron-neutral (Argon) collisions 
(lel = 1/(σelnAr) was computed using the ambient pressure (Pa ≃ 2.5 × 10 −3 Pa) measured in the chamber during 
the experimental tests, the ambient temperature (T ≃ 300 K), the neutral Argon density nAr = Pa/(kBT), the elastic 
electron-neutral collision cross-section (σel = 3 × 10 −21 m 2 (Gargioni & Grosswendt, 2008)) and the thermal 
velocity of electrons (vthe = 300 km/s). Therefore, the plasma in the chamber is confirmed to be collisionless, and 
collisions cannot explain the disappearance of the resonant oscillations from the received signal in the experi-
mental tests.

Second, the numerical model assumes a non-drifting plasma while the plasma in the chamber is actually drifting 
from the plasma source, at velocity vD of about (1–15) km/s (Appendix A). Is this drift velocity large enough to 
enable the oscillating plasma to drift away from MI antennas over a characteristic time that is negligible compared 
to chirp measurement durations? For convenience, let us assume that the plasma drifts along the chamber with 
constant velocity vD = 15 km/s. Since the chamber measures 1.8 m, over a characteristic travel time ttr. = 1.8 m/
vD = 120 μs the plasma travels along its whole length, from the plasma source to the back wall of the chamber. 

Figure 4.  Example of numerical and experimental chirp measurements. The amplitude of emitted (black line) and received 
(green line) electric signals is represented in function of time. Panel (a) (resp. Panel (b)) represents the signals obtained 
numerically (resp. experimentally).
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Considering that MI antennas are placed in the middle of the chamber, the plasma drifts away from them in about 
ttr./2 = 60 μs. This characteristic time is not negligible with respect to chirp measurement durations, which in our 
investigation amounts to about 100 μs. Therefore, the drift velocity in the chamber is not fast enough to explain 
the disappearance of resonant oscillations from the experimental chirp measurements.

We note that the magnetic field compensation system reduces the magnetic field amplitude at the position of the 
plasma probed by the antennas (Section 3.2). Therefore, the gyration of particles can be neglected in this study 
and the magnetic field cannot explain the difference between numerical and experimental measurements.

Since, for the experimental tests, our two hypotheses can not explain the disappearance of plasma frequency 
oscillations from the retrieved electric potential measurements, this discussion remains open. To date, we have 
no robust explanation for this observed discrepancy between numerical and experimental chirp measurements. 
Since it seems to be related to the presence of the testing facility and its effects on MI measurements, we leave the 
resolution of this discrepancy to future space measurements using the newly designed chirp mode.

4.4.  Computing Resources Evaluation for Frequency Sweep, Chirp and Multi-Spectral Measurements

In the previous sections, we have compared, using numerical and experimental approaches, MI measurements 
performed following the frequency sweep, chirp and multi-spectral procedures. In this section, we take a practical 
(instrumental) point of view and compare the amount of onboard computations that would be required for these 
three modes. The onboard calculator is identified to be the critical function, to discriminate the three modes 
in terms of electric power consumption. For this reason, we quantify and compare the amount of arithmetical 
operations needed by each mode to produce a single MI measurement. This is directly proportional to the power 
required by the onboard computer to perform the measurement. We note that the purpose of this section is only to 
provide a reference value of the computing resources (thus the power consumption) of the three MI instrumental 
modes. More precise estimates require the exact definition of the algorithms used to build the MI spectra, which 
depend on the particular space application of interest and are out of the scope of this paper.

We assume that the received signal is sampled using the same sampling frequency fs for the three modes. Such 
frequency is chosen equal to the Nyquist frequency of the investigated frequency range (i.e., fs = 2 fmax).

For the frequency sweep mode, each frequency fi with i = 0, …j − 1 is emitted for the emission duration Ti = N/
fi with N = 20. The electric fluctuations generated in the plasma by the emission of frequency fi are retrieved 
by means of the receiving antennas and converted by the Analog-to-Digital Converter (ADC) to a digital signal 
composed of Tifs points. The Fourier component of fi is computed from this digital signal using a DFT tech-
nique, resulting in Tifs multiplications. The total amount of multiplications performed by the onboard computer to 
produce one frequency sweep measurement is obtained as the sum of the contributions of all the emitted frequen-
cies, corresponding to 𝐴𝐴

∑𝑗𝑗−1

𝑖𝑖=0
𝑇𝑇𝑖𝑖𝑓𝑓𝑠𝑠 = 𝑁𝑁𝑁𝑁𝑠𝑠

∑𝑗𝑗−1

𝑖𝑖=0
1∕𝑓𝑓𝑖𝑖 .

For the chirp mode, each frequency fi is emitted for the duration Ti = 1/fi. The corresponding electric fluctuations 
triggered in the plasma are retrieved by the receiving antennas and converted to a signal composed of 𝐴𝐴 𝐴𝐴𝑠𝑠

∑𝑗𝑗−1

𝑖𝑖=0
𝑇𝑇𝑖𝑖 

points. Since for this mode we use the FFT technique to build the spectra, the required amount of multiplications 
scales as x log2(x), with x the amount of points in the received signal. Therefore, the amount of onboard computa-

tions expected for the chirp mode is 𝐴𝐴

(

𝑓𝑓𝑠𝑠

∑𝑗𝑗−1

𝑖𝑖=0
𝑇𝑇𝑖𝑖

)

log2

(

𝑓𝑓𝑠𝑠

∑𝑗𝑗−1

𝑖𝑖=0
𝑇𝑇𝑖𝑖

)

=
(

𝑓𝑓𝑠𝑠

∑𝑗𝑗−1

𝑖𝑖=0
1∕𝑓𝑓𝑖𝑖

)

log2

(

𝑓𝑓𝑠𝑠

∑𝑗𝑗−1

𝑖𝑖=0
1∕𝑓𝑓𝑖𝑖

)

 .

For the multi-spectral mode, frequencies emitted simultaneously have the same emission duration. Consider-
ing the total amount of emissions p needed to perform one measurement, for the i-th emission the frequencies 

𝐴𝐴 𝐴𝐴𝑘𝑘𝑘𝑘𝑘 = 𝑓𝑓min(1 + Δ)𝑦𝑦 𝑦𝑦+𝑝𝑝1+𝑝𝑝2 (with k = 0, …, 8) are emitted for the duration Ti = N/f0,i with N = 20. For those 
frequencies, the received electric fluctuations are converted to a signal of Tifs points and the Fourier components 
are computed using DFTs. As a result, for each of those frequencies the onboard computer executes Tifs multipli-
cations. We note that only the frequencies f0,i are emitted for the same duration in the case of both multi-spectral 
and frequency sweep measurements. All other frequencies have longer durations in the multi-spectral case. 
Therefore, multi-spectral measurements require more onboard computations than frequency sweep meas-
urements. The total amount of multiplications required to perform one measurement using this technique is 

𝐴𝐴
∑𝑝𝑝−1

𝑖𝑖=0
9𝑇𝑇𝑖𝑖𝑓𝑓𝑠𝑠 = 9𝑓𝑓𝑠𝑠

∑𝑝𝑝−1

𝑖𝑖=0
1∕𝑓𝑓𝑖𝑖 , with p = j div 9 if the amount of emitted frequencies (j) is a multiple of 9 (i.e., the 

amount of simultaneously emitted frequencies), p = j div 9 + j mod  9 if not.

To compare the three instrumental modes in terms of duration and computing resources, we consider a practical 
case where the frequency range of interest is (10 kHz, fmax), and we compute both the measurement duration and 
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the associated amount of computations as a function of the upper frequency range fmax. This is performed with 
same fixed resolution Δ = 0.05. We show in Figure 5 the cost profile (top panels) and measurement duration 
(bottom panels) of the new MI instrumental modes in function of the maximum emitted frequency, computed as 
described above. Costs and duration are illustrated for the chirp (green line) and multi-spectral (red line) modes 
with respect to the reference cost and duration of the frequency sweep mode (blue dashed line). Both left and right 
panels represent the same cost and duration curves for the three MI instrumental modes. But, to better highlight 
the difference of chirp and multi-spectral performances with respect to the frequency sweep mode, the left panels 
are normalized to the frequency sweep performances.

In Table 2, we list the costs and measurement durations for the frequency sweep, chirp and multi-spectral meas-
urements considering a fixed frequency range (10 kHz, 20 MHz) that is a typical range for ionospheric MI space 
applications.

Figure 5 and Table 2 show that multi-spectral measurements are up to 4 times faster than frequency sweep meas-
urements, but they require at least twice the amount of operations (i.e., more multiplications) to be performed by 
the onboard computer. Chirp measurements, instead, are found to be both up to 20 times faster and less demand-
ing (20% less) than frequency sweep and multi-spectral measurements.

5.  Distinction Between Numerical and Experimental 
Investigations
In the previous sections, we investigated new MI instrumental modes both 
numerically and experimentally. For this purpose, we obtained numerical 
(Figure  2) and experimental (Figure  3) spectra for the frequency sweep, 
multi-spectral and chirp modes. By comparing such spectra, we note signif-
icant differences between theoretical and experimental measurements. Such 
differences are expected, since the conditions simulated by our numerical 
model differ considerably from the conditions characterizing our experimen-
tal tests.

Figure 5.  Comparison between software occupation (costs) and sensors occupation time (measurement duration) of the chirp 
(green lines) and multi-spectral (red lines) modes with respect to the frequency sweep mode (dashed blue line) which is used 
as reference. Top panels: cost of one mutual impedance measurement in terms of number of multiplications performed by the 
onboard computer to build one spectrum. The cost is represented in function of the maximum emitted frequency, considering 
a minimum investigated frequency of 10 kHz and a frequency resolution Δ = 0.05. Bottom panels: MI measurement duration 
corresponding to the costs of top panel. Left panels illustrate the cost and duration of the three modes normalized to the 
corresponding frequency sweep curves.

Table 2 
Comparison of Cost and Duration of the Three Investigated MI Instrumental 
Modes Considering the Frequency Range (10 kHz, 20 MHz) and the 
Frequency Resolution Δ = 0.05

Mode Cost [# of multiplications] Duration [s]

Frequency sweep 1 6,15 ,868 0.042

Multi-spectral 3 5,41 ,191 0.010

Chirp 1 3,17 ,090 0.002
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First, our numerical simulations use periodic boundary conditions in space, while our experimental tests are 
confined by the plasma chamber. Separate numerical tests performed using the DSCD numerical code (Geiswiller 
et al., 2001; Wattieaux, G. et al., 2019) show that the presence of the conductive plasma chamber near the MI 
antennas significantly impacts the measurements.

Second, numerical tests simulate MI measurements in the presence of a steady homogeneous plasma while the 
plasma within the chamber is an inhomogeneous (Appendix A) drifting (Section 4.3) plasma.

Third, numerical tests assume point emitting antennas as source of the MI emission, while for the experimental 
tests we use finite size antennas, not negligible with respect to the characteristic length (i.e., Debye length) of the 
plasma (Section 3.2).

We remind that the goal of our numerical investigation is to enable a comparison of the three MI instru-
mental modes in a simplified 1D symmetric homogeneous configuration, that aims at providing a physical 
understanding of the plasma response to MI measurements. Our experimental results, instead, are obtained 
from a realistic laboratory plasma and, therefore, are directly representative of MI measurements performed 
in space.

6.  Discussion and Conclusions
In order to improve the time resolution of MI experiments, we have defined two new MI instrumental modes 
called the chirp (Section 2.2) and the multi-spectral modes (Section 2.3). These modes will have a direct appli-
cation to all the missions where antenna sharing between MI experiments and different experiments occurs, for 
example, to answer the need for mass and volume minimization onboard nanosatellites. Such new modes are 
compared numerically and experimentally to the nominal MI instrumental mode, called frequency sweep mode 
(Section 2.1).

On the one hand, from a plasma diagnostic point of view, we find in our numerical model that chirp and 
multi-spectral measurements reproduce frequency sweep measurements with negligible amplitude and phase 
differences. We confirm the results of our model experimentally, as we find that the differences between chirp 
or multi-spectral measurements and frequency sweep measurements are negligible (i.e., of the order of noise 
level) for frequencies close to the plasma frequency. Plasma density and electron temperature are directly iden-
tified from the analysis of the resonant signature of the spectra, we therefore conclude that these new chirp and 
multi-spectral modes will have diagnostic performances identical to those of the (reference) frequency sweep 
mode.

On the other hand, from an instrumental point of view, we focused on both the onboard computation needs, 
associated to the instrument power consumption, and the time duration of the measurements, associated to the 
electric sensor occupation.

First, we have shown that multi-spectral measurements require a significantly larger amount of onboard compu-
tations (up to 220%) while chirp measurements are significantly less demanding (about 81%) than frequency 
sweep measurements. The instrument energy consumption strongly depends on the onboard computer energy 
consumption itself, which is directly related to the amount of onboard computation operations to be performed.

Second, we have shown that both multi-spectral and chirp modes enable to significantly reduce the sensor occu-
pation with respect to the reference frequency sweep mode. Under realistic instrumental assumptions, when 
performing one single measurement, the multi-spectral mode decreases the antenna occupation by a factor of 
5, while the chirp mode decreases it by a factor 20. This means that the time resolution of MI measurements of 
plasma density and electron temperature will significantly improve (respectively by a factor of 5 or 20) with these 
new modes.

The associated smaller measurement durations come at the cost of lower signal-to-noise ratios, especially 
far from the resonance. The newly designed modes should therefore be preferred to the standard frequency 
sweep mode in cold, dense plasma (i.e., plasmas characterized by a Debye length much smaller than the 
emitter-receiver distance), where the signal-to-noise ratios of MI measurements is high. However, we warn 
that the additional noise introduced by these new modes might affect both the electron density and temper-
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ature diagnostic performance when the signal-to-noise ratios of MI measurements is low, for example, in 
low density and/or high temperature plasmas where the Debye length is of the order of the emitter-receiver 
distance. The MI electron density and temperature diagnostic performance using these new modes might 
also be affected in the case of multiple electron populations. Past studies (Gilet et  al.,  2017; Wattieaux 
et al., 2020) showed that multiple peaks can be found in the resonant signature of MI spectra for plasmas 
with multiple electron populations. If the spectral noise is significant, single MI measurements with spuri-
ous noisy maxima might then be mistaken as a signature of multiple electron populations. If such situations 
appear, a mitigation solution is to make use of the higher time resolution obtained with these new modes 
to acquire more measurements, and therefore more statistics to disentangle noise from signal. The mode-
ling of MI spectra in the presence of non-Maxwellian electron distribution functions has been performed 
successfully in the past (Gilet et al., 2017; Gilet et al., 2019; Wattieaux et al., 2019) for the frequency sweep 
mode, and our study suggests that the MI spectra will remain unchanged with the newly designed chirp and 
multi-spectral modes. However, the diagnostic performance of the newly designed chirp and multi-spectral 
modes in non-Maxwellian plasmas remains out of the scope of this present study and is left for future 
investigations.

The chirp mode enables to both decrease instrument power consumption, while increasing time resolution and/
or reducing at the same time the occupation of a shared sensor, with diagnostic performance almost identical to 
those obtained with the MI modes used in past space missions. Therefore, all things considered, we conclude that 
the chirp mode would be the MI instrumental mode to be favored in future space missions.

Appendix A:  Properties of the Plasma Generated in the Testing Facility of LPC2E
In this section, we describe the properties of the plasma generated in the testing facility of LPC2E.

Prior to performing our experimental tests, the properties of the plasma injected in the LPC2E vacuum chamber 
have been investigated with characterization tests. Hereafter, we discuss (a) the stability and (b) the dependency 
of the plasma parameters on the axial and radial position of the instruments in the chamber. Then, we (c) give the 
range of drifting velocities found for the plasma inside the chamber.

For these purposes, we use two Langmuir Probes to measure the plasma density and electron temperature inside 
the chamber. The probes have spherical tips and the sensor's diameter is 0.05 m. The first probe has a fixed boom 
supporting the sensor and is placed on the axis of the chamber, at about 1.3 m from the source. The second probe 
has the sensor attached to a flexible support and is installed on a moving device at about 1 m from the plasma 
source. The moving device is used to shift and rotate the sensor, therefore enabling measurements at different 
positions in the chamber for the same plasma flow.

The stability of the plasma is investigated by monitoring its properties while modifying them. This is achieved by 
performing Langmuir Probe measurements right after the electric settings of the plasma source have been modi-
fied. The measurements show that, initially, the plasma parameters undergo significant variations. Then, after a 
given delay, the plasma flow reaches steady state conditions and the parameters become almost fixed. From that 
instant on, the plasma is stable and MI experiments can be performed. Our tests show that the plasma is stable 
after a delay of about 30 s. Afterward, the plasma parameters fluctuate around a given value with variations of 
the order of 2%. As such variations are lower than the typical resolution of MI measurements, it is acceptable to 
ignore these fluctuations.

The homogeneity of the plasma is investigated by performing Langmuir Probe measurements at different spatial 
positions in the chamber. This is done by translating and rotating the second Langmuir probe, while keeping the 
plasma stable. These measurements show the presence of plasma density and electron temperature inhomogenei-
ties in the chamber. In particular, the density (resp. temperature) decreases by a factor 10 (resp. 5) along 46 cm. 
For a fixed distance from the plasma source, the plasma density is found to be quasi-homogeneous. Therefore, by 
placing the MI antennas at a fixed distance from the plasma source, the effects of plasma inhomogeneities on MI 
measurement are neglected in our analysis.

The plasma is generated and injected in the chamber by a Kaufman (Kaufman et al., 1982) electric source which, 
first, ionizes the inlet neutral Argon gas, second, accelerates with a given electric field its positive ion particles 
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and, third, neutralizes the flow of ions. It results that the plasma injected in the chamber drifts with a certain drift 
velocity. Hereafter, we describe the two approaches we used to estimate such velocity.

First, we identify the drift velocity from the electrostatic acceleration of the positive Argon ions at the plasma 
source. As a first (simplified) estimate, we find that the ions (thus the plasma) drifts in the chamber with drift 
velocity vD,1 ≃ 15 km/s, considering the accelerating potential VA = 20 V and the positive Argon ion (Ar +) mass 
mAr = 3.01 × 10 −26 kg.

Second, we derive the drift velocity of the plasma flow from Langmuir Probe measurements. To do so, we 
focus on the ion saturation part of the I-V curve and assume that (i) the ion thermal velocity is negligible 
with respect to the drift velocity and (ii) the plasma in the chamber is quasi-neutral (i.e., ni = ne, with ne the 
electron density measured by the Langmuir Probe). Then, following the procedure described in Odelstad 
et al. (2018) (Equation 7), we identify the ion drift velocity from the slope of the ion current. Such relation 
reads:

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
=

𝐴𝐴𝐴𝐴2𝑛𝑛𝑖𝑖

2𝑚𝑚𝑖𝑖

√

(8𝑘𝑘𝐵𝐵𝑇𝑇𝑖𝑖)∕(𝜋𝜋𝜋𝜋𝑖𝑖) + 𝑣𝑣2
𝐷𝐷

(2𝑘𝑘𝐵𝐵𝑇𝑇𝑖𝑖)∕(𝑚𝑚𝑖𝑖) + 𝑣𝑣2
𝐷𝐷

� (A1)

where I is the ion saturation current, V is the electric potential, A = 4πr 2 is the surface of the Langmuir Probe, 
q = e and mi = mAr are the charge and mass of the Ar + and Ti is the ion temperature. By fitting the equation above 
to different Langmuir probe data, we find drift velocities in the range vD,2 = 1–12.5 km/s.

All in all, the two independent estimates agree. Therefore, we consider that the plasma in the chamber drifts with 
velocity in the range 1–15 km/s, where 15 km/s is to be considered its upper theoretical limit (given VA).

Appendix B:  Setting Parameters for Our Numerical Simulations
In Table B1 we list the setting parameters defining our numerical simulations.

FS, MS, and CH refer to Frequency Sweep, Multi-Spectral and CHirp instrumental modes, respectively. As 
discussed in Section 4.3, to obtain one measurement for the frequency sweep and multi-spectral modes multiple 
runs (i.e., 39 and 6 runs, respectively) were needed. For the chirp mode only one run was performed. Since to 
the different runs of the same instrumental measurement corresponds the same perturbed plasma, we simplified 
Table B1 by only giving for each measurement the details of the simulations related to the first and last emitted 
frequencies. The details regarding the remaining simulations can be extrapolated from Table B1 by using the 
frequency resolution of the measurements (last column).

Name Xmax[λD] vmax,e[vthe] nx 𝐴𝐴 𝐴𝐴𝑣𝑣𝑒𝑒  Dt 𝐴𝐴
[

𝜔𝜔−1
𝑝𝑝

]

ω[ωp] σ 𝐴𝐴 [𝜎̄𝜎]
𝐴𝐴

𝑓𝑓𝑛𝑛+1

𝑓𝑓𝑛𝑛  

FS_01 4,000 10 8,192 101 1e−3 0.5 1e−5 1.05

FS_39 4,000 10 8,192 101 1e−3 0.5 1e−5 1.05

MS_01 4,000 10 8,192 101 1e−3 0.5 1e−5 1.05

MS_06 4,000 10 8,192 101 1e−3 0.5 1e−5 1.05

CH_01 4,000 10 8,192 101 1e−3 0.5–5 1e−5 1.05

Table B1 
List of Parameters Used to Set Our Numerical Simulations: Total Length of the Simulation Box (Xmax), Absolute Value of 
Maximum and Minimum Frequency of the Velocity Range for the Electron Distribution Function (Vmax,e), Amount of Spatial 
Mesh Points (nx), Amount of Velocity Mesh Points for Electrons (nve), Advancement Time Resolution of the Simulation (dt), 
Emission Frequency (ω), Oscillating Charges at the Antenna (σ), Ion-To-Electron Mass Ratio (mi/me), Ion-To-Electron 
Temperature Ratio (Ti/Te), Frequency Sweep Resolution (fn+1/fn)
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Data Availability Statement
Datasets for this research are available at Bucciantini (2022), together with a detailed explanation on how to use 
them.
The model used for the production of such dataset is described in Section 3.1. It is based on the model imple-
mented by Mangeney et al. (2002). The 1D-1V Vlasov-Poisson version of the model, which corresponds to the 
one we use in our investigation, is described in Henri et al. (2010).
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