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Abstract. When developing the first topside iono-

sphere sounding stations, the issue was debated con-

cerning the improvement of the electromagnetic com-

patibility of these stations through the use of chirp sig-

nals. One of the main problems of using chirp signals 

was the impossibility of ensuring simultaneous opera-

tion of receiver and transmitter. The article presents the 

results of the use of receiving and transmitting dipole 

antennas for sounding the ionosphere by a chirp signal, 

which have a common center. Conclusions are drawn 

about the possibility of using such facilities for sound-

ing the external ionosphere with hardware separation of 

polarizations and in the terrestrial version with orthogo-

nal location of receiving and transmitting antennas. Dur-

ing tests conducted on a specially designed antenna 

stand, we have found that the coupling factor of trans-

mitting and receiving antennas at mutual angles of 45° 

is no more than –10 dB, and the difference between 

coupling factors of transmitting and receiving antennas 

with mutual angles of 45° and 90° is ~15 dB. 

Keywords: antenna coupling factor, satellite, iono-

sphere sounding, HF. 

 

 

 

INTRODUCTION 

The launch of the first artificial Earth satellite in 

1958 opened up the possibility of investigating the elec-

tron density in the topside ionosphere, inaccessible to 

ground-based ionospheric stations. The importance of 

exploring the topside ionosphere at that time is con-

firmed by the launch of the Canadian satellite Alouette I 

with a fully-featured panoramic facility for ionospheric 

sounding less than four years after the launch of the first 

artificial Earth satellite. Alouette I was designed for 

pulsed topside sounding with the aid of ionospheric sta-

tion (ionosonde) having an operational range from 0.45 

to 11.8 MHz. The main objectives of the experiment 

was to determine the electron density distribution at 

heights above the maximum at different latitudes and at 

different times of the day, to study seasonal variations 

of the electron density, and the effect of magnetic activi-

ty and other factors on it during solar minimum. In addi-

tion, this satellite was used to analyze the VLF emission 

in a range from 400 Hz to 10 kHz and energetic proton, 

electron, and α-particle fluxes.  

The success of the satellite program for exploration 

of the ionosphere was guaranteed by high data quality in 

spite of the fact that the emitting power was two orders 

of magnitude lower (100 W) than that of ground stations 

(10 kW). The major factors contributing to this proved 

to be shielding properties of the ionosphere, which 

shield satellite orbits from noise of terrestrial origin, and 

the low collision frequency in the topside ionosphere, 

which determines the low degree of absorption of radio 

waves when passing to a reflection point.  

Despite the importance of the missions with iono-

spheric sounding systems for the study and diagnostics 

of near-Earth space, a relatively small number of such 

satellites were launched. One of the reasons is that due 

to the use of transmitters with a power of several hun-

dred watts and large antenna array the ionosondes repre-

sent one of the most energy-intensive and largest sys-

tems composed the research instruments. The second 

problem is that an ionosonde generates strong electro-

magnetic interference for the rest of the equipment of 

the satellite, thus making simultaneous observations 

with some instruments impossible. Perhaps that is why 

after the completion of the Cosmos-1809 mission in 

1993 there were no more missions with on-board iono-

sondes designed to study Earth’s topside ionosphere. 

The installation of an ionosonde on board the Mir Space 

Station in 1996 can hardly be called a topside ionosphere 

mission because of the too low orbit, which was below the 

height of maximum electron density in the ionosphere in 

some regions of the planet. So much so that in modern 

papers on the study of the global ionospheric structure 

when simulating its topside layer the only reliable data is 

still the results obtained 40 years ago, for example 

[Klimenko et al., 2015]. Moreover, articles on reanalysis of 

data acquired at that time are still published [Karpachev, 

Zhbankov, 2017]. Not only the space weather (current 

state), but also the space climate (general global parame-

ters) in near-Earth space might, however, have changed 

over this considerable period. Both Russian and foreign 

researchers understand this. The irony is that the only ac-

tive space-based ionosonde is in the orbit of Mars. This 

instrument of the MARSIS project was launched in 2003 

[Orosei et al., 2015]. This ionosonde uses a simple unmod-

ulated pulsed signal of 5 W in the HF range for ionospheric 

sounding and a short broadband chirp signal for studying 

the surface relief and subsurface structures of Mars, i.e. in 

this sense Mars is more technically equipped than our 

home planet. 
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The program closest to the implementation is the Rus-

sian project of space complex “Ionosonde” [Pulinets, 

2013] consisting of four instruments “Ionosphere” with 

on-board ionosondes LAERT and an instrument “Zond” 

with a complex of equipment for monitoring solar condi-

tions. The first pair of “Ionosphere” satellites is launched 

into a Sun-synchronous orbit 820 km high in 2020. In 

2022, the ionosonde group is supplemented with a second 

pair of instruments rotated relative to the first one by 

180°. According to publicly available information, the 

pulsed ionosonde LAERT of the Ionosphere-M space-

craft was developed from IS-338 ionosondes the proto-

type of which, in turn, was ionosondes on board Alouette 

satellites. Antenna system, modes of sounding by a 

monopulse with a peak power of more than 100 W, fre-

quency range, and frequency resolution have similar 

characteristics and work on the same principles. The 

LAERT ionosonde has even the archaic low-speed sys-

tem of data transmission to ground stations at a frequency 

of 137 MHz, the necessity of which is highly questiona-

ble if there are on-board modern high-capacity storage 

systems and high-speed data transmission channels. The 

secondary problem of synchronizing the work of ground 

and satellite ionosondes in transionospheric sounding, 

this system also solved in previous missions, should cur-

rently be solved through synchronization by signals from 

a single source of synchronizing and clock signals from 

GNSS, defined in the project.  

There are satellite ionosonde projects launched by 

the team of Reinisch B., developers of such well-known 

facility of ground-based ionospheric sounding as DPS-

4. For example, in the late 1990s they designed an on-

board ionosonde TOPAS for the Ukrainian space mis-

sion WARNING [Reinisch et al., 2001]. For this iono-

sonde, they developed prototypes of boards for ground 

tests. The instrument consisted of three orthogonal re-

ceiving antennas 10 m long, which theoretically made it 

possible to determine angles of signal arrival, its polari-

zation characteristics and Doppler shifts. In this iono-

sonde, complementary sequences and short narrowband 

chirp pulses were meant to be used depending on the 

case. But no satellite with this ionosonde was launched.  

On the website of Atmospheric & Space Technology 

Research Associates, LLC (ASTRA) specializing in 

CubeSat small spacecraft, it has been reported on a pro-

gram for a satellite equipped with a 6U ionosonde 

[Swenson et al., 2014], i.e. with a volume up to 6 l, en-

ergy consumption up to 10 W, and weight up to 10 kg, 

which can probably use complex signals. Since there is 

no detailed information about characteristics of this 

spacecraft yet, we can assume that it is currently in the 

early stages of development. 

Nevertheless, none of the known teams have an-

nounced that they worked at installation of the iono-

sonde using a continuous chirp signal in a satellite and 

made any estimates for this purpose. 
 

SETTING OF THE PROBLEM 

It should be noted that, for example, when developing 

Alouette satellites in 1965 the possibility of using continu-

ous chirp signals was explored. Then it was observed that 

the use of chirp signals for sounding (signals with swept 

frequency and continuous emission) in ground-based two-

position instruments can significantly reduce the peak volt-

age, provide a high signal-to-noise ratio, and simplify the 

design of the output stage of ionosonde amplifiers. At that 

time, the practical implementation of such systems in top-

side sounding was considered impossible for the following 

reasons: 

 complexity of designing chirp signal generators; 

 inability to provide simultaneous operation of 

receiver and transmitter, and hence the need for anten-

na switches; 

 difficulty in building a compact system of pre-

liminary data analysis and preparing it for transmission 

via telemetry channels [Jackson, Warren, 1969]. 

The development of digital radio systems and chirp 

signal processing theory made it easy to build such 

compact systems of generation and processing of chirp 

signals [Ivanov et al., 2003]. The development of the 

compact systems of data preprocessing and transmission 

via telemetry channels is also out of question today. The 

use of antenna switches providing the pulse mode is, 

however, still problematic. This problem may be solved 

by installing separate receiving and transmitting anten-

nas in one instrument. On the one hand, it is clear that 

the level of electromagnetic interference of the transmit-

ter, determined by the antenna coupling factor, will be 

very high; on the other hand, the use of modern tech-

nologies and software defined radio (SDR) enables us to 

identify desired signals against the background of very 

intense noise and ensure the work of the receiver during 

operation of the transmitter [Podlesnyi et al., 2014]. The 

antenna coupling factor is inverse to the damping factor 

between the antennas and is determined from the relation 

 rec t nSW ra10log / ,R P P  (1) 

where Ptran is the power at the transmitting antenna in-

put, and Rrec is the power at the receiving antenna out-

put. The coupling factor of antennas can be found in 

various ways, e.g., through a theoretical analysis using 

empirical formulas derived from experimental and theo-

retical modeling, or from an experiment. The theoretical 

analysis and empirical formulas can generally be ap-

plied when antennas are in the far field and there is a 

possibility of mathematical simulation of regular body 

radio wave diffraction. For example, sometimes in such 

cases the aircraft is approximated by a cylinder of infi-

nite length, although it is a more complicated body of 

final length. The theoretical estimate of the coupling 

factor when continuous chirp signals are used to study 

the topside ionosphere is complicated by specific fea-

tures of antenna systems of satellite ionosondes. Satel-

lite antenna systems as compared to ground systems are 

severely limited by structural arrangement, size, and 

distance between transmitting and receiving antennas. 

This fact makes it difficult to estimate the antenna cou-

pling factor through simulation because the antennas are 

in the near field. To estimate the electromagnetic inter-

ference level between the antennas, which directly sets 

requirements for characteristics of the receiving path 
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and limits the maximum applicable signal power, there-

fore requires special experiments.  

The advantage is that, as experience of the use of 

pulsed ionosondes indicates, the desired signal power 

for topside sounding is lower at least 100 times than that 

for ground instruments. The long experience of opera-

tion of the ionosonde of vertical and oblique sounding 

by a continuous chirp signal with an emitting power of 

~5 W (Ionosonde-MS) the results of operation of which 

under difficult conditions are reported, say, in [Polekh et 

al., 2016], allows us to take the required power of 

sounding signal to be less than 10 W for the ground 

instrument using chirp signals. Hence the estimated suf-

ficient power for a space-based ionosonde transmitter 

will be only 0.1 W (+20 dBm) with a root-mean-square 

effective voltage of 2.24 V per a load of 50 ohms. If the 

coupling factor of receiving and transmitting antennas is 

less than –10 dB, the effective voltage at the output of 

receiving antennas will be ~700 mV, which fits into the 

scale of voltages of existing high-speed ADCs and sug-

gests that the proposed measurement scheme is valid. 

 

ANTENNA SYSTEMS 

OF SATELLITE IONOSONDES 

The antenna system of the ionosonde installed in 

Alouette II consisted of two crossed vibrators 23 m 

and 73 m long. The 73 m vibrator was used for a range 

1–5 MHz; the 23 m one, for a range 4.5–15 MHz 

[Franklin, Maclean, 1969]. This approach is also applied in 

MARSIS, whose operational range is 0.1–5.5 MHz. This 

frequency range is divided into sections 1 MHz wide, 

each using its own antenna matching network with a 

dipole of respective size [Jordan et al., 2009]. 

As an antenna a simple thin vibrator is generally uti-

lized; the main differences are in its length and deploy-

ment mode. The Alouette II's antenna was made of be-

ryllium bronze alloy with shape memory effect. A strip 

of this alloy was wound onto a drum and slowly un-

wound from it, curling into its performed shape to form 

a thin tube. The MARSIS dipole is made of foldable 

composite tubes, which incorporate a hinge design. 

When deployed, the antenna is a dipole. Dipoles of the 

LAERT ionosonde in “Ionosphere” satellites are 

planned to be made in the form of foldable composite 

antennas. 

 

STAND CONFIGURATION 

The wide use of symmetric dipoles as receiving 

and transmitting antennas of satellite ionosondes is the 

reason for choosing these very antennas rarely utilized 

in ground-based facilities for in-situ testing. Besides 

geometry, an additional constraint for the antenna sys-

tem is the continuous signal radiation with frequency 

tuning, which eliminates the use of adjustable antenna 

tuners and requires the use of separate antennas for 

receiving and transmitting. Continuous operation also 

complicates the frequency switching of the antenna 

systems, therefore one antenna system for the entire 

frequency range was used in the tests. Given this, the 

72 m dipole with a load on the broadband balun 1:16 

BR-800-16 manufactured by Radial was used as the 

basis for the stand. On the one hand, antennas with 

such a length of the elements have already been used 

in existing instruments; on the other hand, a longer 

dipole facilitates the effective work of the antenna sys-

tem in a lower range. A 4 mm
2
 gauge copper wire was 

utilized as material for manufacturing the dipoles. 

As noted above, the use of a continuous chirp signal 

requires at least two dipoles — receiving and transmit-

ting. Because of the relatively small size of the space-

craft as compared to the size of the antennas, we can 

suppose that the dipole centers are located in almost the 

same place and the only available degree of freedom is 

the angle between them. From elementary considera-

tions it is clear that the larger is the angle, the less sig-

nificant is the coupling factor. Of greatest practical in-

terest are, therefore, measurements at maximum availa-

ble divergence angles. In the minimum configuration,  

they may be represented by orthogonal receiving and 

transmitting dipoles. When using two orthogonal receiv-

ing dipoles for hardware separation of ordinary and ex-

traordinary waves, the transmitting dipole can be placed 

at an angle of 45° to them (Figure 1). The in-situ simu-

lation of the satellite ionosonde antenna system was 

carried out using three dipoles located in a plane parallel 

to the ground, at a height of ~6 m. The whole structure 

was mounted to a reinforced concrete mast 21 m high in 

the center and six auxiliary metal masts 6 m high along 

the edges of the dipoles. The two dipoles are orthogonal-

ly oriented; the third is located at an angle of 45° to them. 

This system allowed us to measure coupling factors of the 

orthogonal dipoles and the dipoles placed at an angle of 

45°. The external view of the stand is shown in Figure 2. 

The receiving and transmitting equipment of the model 

ionosonde was in the vehicle UAZ standing under the 

center of the antenna system. 

The standing wave ratio (SWR) measured in a range 

2–30 MHz using a panoramic antenna analyzer Anritsu 

S332E is plotted in Figure 3. For this antenna, SWRs 

below 4 in the upper part of the band and below 9 in its 

lower part are very worthy values. The measurements 

have revealed the absence of apparent SWR dependence 

on the presence of additional dipoles; therefore we do 

not present the measurement results for each of the three 

dipoles. 

 

Figure 1. Position of antennas with hardware separation of 

polarizations 
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Figure 2. Stand: general view (left); central part at the point of intersection of the dipoles (right)  

 

Figure 3. SWR of one of the dipoles at the stand 

 

DESCRIPTION OF THE 

EXPERIMENT AND RESULTS 

The dipole antenna above the conducting shield, rep-
resented by the dipoles being a part of the stand, is well 
described in various textbooks and manuals. When the 
length of a vibrator is less than a quarter wavelength, 
such an antenna has a pronounced vertical lobe, but the 
gain decreases rapidly with increasing wavelength. 
When the length of a vibrator is greater than a quarter 
wavelength, the dipole antenna pattern breaks up into 
lobes, the number of which is larger, the shorter is the 
wavelength. For the testing, we have made experimental 
measurements along differently oriented oblique sound-
ing (OS) paths. The relative orientation of the paths and 
the tested dipole antenna are shown in Figure 4. 

 

Figure 4. Orientation of the dipole tested in the OS 

mode at the stand 

The comparison between ionograms from the dipole 

antenna and results from the delta antenna as part of the 

ionosonde (the ionosonde’s receiving antenna is a trian-

gle in the plane perpendicular to the ground, with a base 

of 36 m, a height of 7 m, and feeding in the center of the 

lower side) shows the appearance of low horizontal an-

gle lobes in the upper part of the operational range (see 

Figure 5 b, c). 

To test the hypothesis on the use of continuous chirp 

signals for topside sounding, we have carried out pilot 

sessions of vertical sounding, using both the horizontal 

dipole at the stand and the delta antenna of the vertical 

ionosonde located at a distance of ~200 m from the stand.  

The sounding was made in the frequency range 2–15 

MHz with a frequency sweeping rate of 1 MHz/s. The re-

sulting IQ component samples from the output of the chirp 

signal receiver were processed using the standard software 

of primary chirp data processing to obtain ionograms (Fig-

ure 6) with a frequency step of 40 kHz and a height step of 

1.25 km. When constructing ionograms, we corrected 

phase distortions of a signal, using a correction filter, 

threshold detection and elimination of localized radio sta-

tion noise, automatic adaptive determination of noise level, 

and elimination of the apparent height range 0–80 km (in 

this range during vertical sounding is the signal of electro-

magnetic interference providing no useful information). 

Figures do not show the inconclusive part of the 8–15 

MHz frequency range. 

The IQ component samples were also used to obtain 

the coupling factor of the antennas. The coupling factor 
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Figure 5. Ionograms obtained along oblique sounding paths Magadan–Tory (top) and Norilsk–Tory (bottom) with a vertical loop 

delta antenna (left) and horizontal dipole (right) 

 

Figure 6. Ionograms from the stand (left to right): from the dipole orthogonal to the transmitting one (1 W); from the dipole 

at an angle of 45° to the transmitting one (0.1 W); from the delta antenna at a distance of 200 m (5 W) 

 

was determined according to Formula (1) for each fre-

quency in the operational range 2–15 MHz in 100 Hz 

increment. We can see (Figure 7) that the coupling fac-

tor of the transmitting and receiving antennas when lo-

cated at an angle of 45° is substantially higher than in 

their orthogonal position, which limits the sounder’s 

maximum usable power. 

In particular, high coupling factors when the an-

tennas are at the angle of 45° lead to saturation of 

ADC of the receiver with a transmitter power higher 

than 0.15 W and, accordingly, to complete inopera-

bility of the ionosonde. 

Some exact values of antenna coupling factors (Fig-

ure 7) are listed in Table. 

 

DISCUSSION 

It must be admitted that the model of the antenna sys-

tem used in the experiment has some sources of systematic 

error. On the one hand, there is no underlying surface and 

masts in space. On the other hand, a real 

spacecraft may have dipoles of different length, thick-

ness, and configuration. Moreover, in space long anten-

na systems are strongly affected by solar radiation. Due 

to thermal expansion of the daylight side, the geometry 

of long vibrators may be distorted [Mar, Garrett, 1969]. 
In particular, the temperature effect was one of the 

reasons for the fact that hinge-10 had stalled at 40° from 
full deployment of the 20 m MARSIS vibrator. The situa-
tion was corrected by adjusting position of the spacecraft 
for more uniform heating by solar radiation and by per-
forming the correct maneuver [Douglas, Mehran, 2009]. 

We, however, think that the results of this work 
quite adequately demonstrate levels of coupling factors 
in such antenna systems and will be useful for develop ers 
of such systems. The masts and feeding cables located in 
the stand orthogonally to dipoles of the antenna system 
should not have a critical effect on its pattern, which is 
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Coupling factors 

 
Minimum value 

Maximum 

value 
Mean 

Angle of 45°  –27.43 dB –10.45 dB –18.14 dB 

Angle of 90° –43.57 dB –26.26 dB –33.14 dB 

Difference between 45° and 90° 

angles in frequency range 
3.65 dB 27.19 dB 15.01 dB 

 

Figure 7. Coupling factors of receiving and transmitting dipoles at angles of 45° and 90° 

 
indirectly confirmed by the vertical and oblique sound-
ing ionograms obtained.  

The satisfactory quality of the ionograms obtained 
when sounding Earth’s surface by a 1 W signal firstly 
shows that antenna gains conform to those assumed in 
calculation of the minimum required power for the 
sounding and secondly leads to a rather unexpected 
conclusion that it is possible to implement the ground-
based facility of ionospheric sounding by continuous 
chirp signals with zero spacing between transmitting 
and receiving antennas. 

The rather irregular behavior of the coupling factor 
over the frequency range suggests its resonant nature 
and that its maximum values can be reduced by ~ 5–7 
dB if we vary the length of the transmitting dipole at a 
fixed length of the receiving one, shifting thereby an-
tenna resonances relative to each other. But the study 
and, especially, the selection of these parameters require 
long and careful experiments.  

In general, the results show that the coupling factor 
between the orthogonal dipoles is more than adequate, 
and in the case of dipoles set at an angle of 45°, the 
coupling factor despite approaching the threshold value 
of –10 dB in a part of the range has allowed values. The 
use of chirp signals, on the one hand, increases the 
complexity of the antenna system due to the need to use 
a dedicated transmission antenna; on the other hand, it is 
compensated by a decrease in the effective voltages and 
an increase in the spectral purity of the signal. 

 

CONCLUSION 

The results of the use of transmitting and receiving 

dipole antennas with a common center for ionospheric 

sounding by a continuous chirp signal allow us to con-

clude that such facilities can be used for satellite sound-

ing of the topside ionosphere at hardware separation of 

polarizations and in the terrestrial version with orthogo-

nal location of receiving and transmitting antennas. Dur-

ing tests conducted at a specially constructed antenna 

stand, we have established that the coupling factor of 

transmitting and receiving antennas at mutual angles of 

45° is at most –10 dB, and the difference between cou-

pling factors of transmitting and receiving antennas at 

mutual angles of 45° and 90° is ~15 dB.  

The results were obtained using the equipment of 

Center for Common Use «Angara» [http://ckp-rf.ru/ 

ckp/3056]. 

The work was supported by RFBR grant No. 18-35-

00510-mol_a. 

The work of ISTP SB RAS Geophysical Observato-

ry, on the territory of which the studies were carried out, 

is performed with budgetary funding of Basic Research 

program II.12. 
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