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A 20...25 GHZ RANGE RADIOMETER (A = 1.35 CM)
FOR INTEGRAL TROPOSPHERIC ABSORPTION
MEASUREMENTS

Subject and Purpose. The current research projects in astrophysics are in need of high-sensitivity scientific instruments. The accuracy
and sensitivity of observations can be enhanced through the use of large radio telescopes and other radio frequency systems, as well as via
application of diagnostic instruments intended for exploring the radio propagation conditions along the signal paths. The paths traverse all
of the Earth’s outer structural shells, from the atmosphere to remote layers of the magnetosphere. The present work is aimed at developing
a highly sensitive off-set radiometer, operable in the frequency range of 20...25 GHz (1.35 cm waveband) and capable of monitoring the
atmosphere above large centimeter-wavelength radio astronomical instruments, such as the recently developed radio telescope RT-32. The
instruments like that should help making account of the integrated tropospheric absorption of the signals arriving from space radio sources
and artificial objects in the near space.

Methods and Methodology. The modern software that is used for simulating operation of microwave circuits, and the high quality
models of microwave units available on the market, allow analyzing various circuit options, thus enabling a full-fledged development of
such devices. As long as the intended implementations of the radiometer suggest the use of exclusively standard, commercially available
and preferably off-the-shelf components, the development was based on analyzing the parameters and layout of such units.

Results. An ultra-high sensitivity, broadband radiometer for the 1.35 cm range has been developed, which is intended for measuring
integrated tropospheric absorption of the relevant radio waves. The calculated noise factor of the instrument is 2.3 dB. The extended
bandwidth and high stability of the radiometer elements will provide for a sufficient sensitivity of the instrument as operated in conjunction
with the receive system of the RT-32 radio telescope.

Conclusions. The high-sensitivity, broadband radiometer that has been developed will provide for a much greater operative accuracy
of radio astronomical and radio physical research projects. The radiometer, which has potential for further modernization, has been
designed for use with the multi-band, high-tech radio telescope RT-32 in the interests of radio astronomy and space science, in particular
for monitoring and forecasting the state of atmospheric and space weather systems.

Keywords: radiometer, radio telescope RT-32, atmosphere, atmospheric and space weather systems.

Introduction sed as one of the most significant achievements of the
The creation and commissioning in the year 2020 National Academy of Sciences of Ukraine over the
of the radio telescope RT-32 which is a world-class 30 years of the country’s independence, and noted
high-tech radio astronomical instrument, was asses-  in a special Resolution of the Academy’s Presidium

Citation: Volkov, V.A., Korolev, O.M., Zakharenko, V.V, 2024. A 20...25 GHz range radiometer (4 = 1.35 cm) for integral tropo-
spheric absorption measurements. Radio Phys. Radio Astron., 29(3), pp. 229—235. https://doi.org/10.15407/rpra29.03.229

© Publisher PH "Akademperiodyka" of the NAS of Ukraine, 2024

© This is an Open Access article under the CC BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/
legalcode.en)

ISSN 1027-9636. Padiogpisuxa i padioacmporomis. T. 29, Ne 3, 2024 229



V.A. Volkov, O.M. Korolev, V.V. Zakharenko

(No. 234 of 27.11.2020). The innovative technical
solutions [1—5] implemented in the course of its crea-
tion have provided for parallel, simultaneous opera-
tion in all the frequency bands of the RT-32. The use
of an advanced elemental base has made it possible
to achieve a high stability of the receiving systems.
The RT-32 provides ample opportunities for radio
astronomy and radio physical research within the
framework of international cooperation. The radio
telescope can be exploited either in the single mir-
ror or the Very Long Base Interferometry (VLBI)
mode. It is well suited for solving geodetic problems
within the International Earth Rotation and Refe-
rence Systems Service for the International Celestial
Reference System, as well as the International Ter-
restrial Reference System. The filter based receiving
system of the radio telescope [3—5] ensures separa-
tion of the signals in the frequency domain through
the use of waveguides rather than sets of mirrors,
or else through mechanical replacement of the re-
ceivers which operate in specific frequency bands.
The system allows receiving signals in the bands of
4.7...6.8 GHz; 9.5...12 GHz, and 20...25 GHz in a
parallel rather than series mode [6], thus making
possible unique simultaneous observations in a va-
riety of frequency bands. The switching system in-
tended for controlling intermediate frequencies in all
of the operating ranges, the possibility of tuning the
local oscillators over a wide frequency range for ob-
taining suitable upper and lower sidebands [3], and
the presence of several identical two-channel digital
receivers — all these features enable us conducting si-
multaneous studies of different maser lines, either in
three different ranges or in a single operating range
of the RT-32. It proves possible to obtain both a high
spectral resolution and information on flux density
variations, thus having an additional powerful tool
for radio astronomy and radio physical studies of the
Earth’s shells.

The level of the specialized hard- and software of
the radio telescope itself, which was developed with
due account of specific features of the RT-32 design,
allows solving a wide range of tasks. The procedure
and the hardware for automated analysis of the error
matrix concerning the RT-32 telescope’s orientation
[7] allows drastically reducing the errors of pointing,
in fact down to fractions of an arc minute for the an-
tenna whose pattern width makes a few arc minutes.
Thanks to this, the flux from a cosmic source is not
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modulated by the pattern’s "jitter" when following the
source. Still, from the point of provision for accuracy
and completeness of our knowledge of the surrounding
space, the specialize equipment which is currently avail-
able is absolutely insufficient. Monitoring the state of
the Earth’s environmental shells — from the atmo-
sphere to the magnetosphere — which may produce
passive interference to the measurements — as well
as predicting their impact on the existing radio sys-
tems and developing adequate compensation me-
thods are urgent and promising scientific and prac-
tical tasks.

The state of the environment, including the gas —
plasma shells, is determined by a great number of
regular and random external factors, such as mois-
ture level in the atmosphere, variations in the total
electron content in the ionosphere, variations of so-
lar wind parameters, and the effects due to coronal
mass ejections [4, 8, 9]. Taken together, they essen-
tially prohibit creation of deterministic models of the
atmosphere, ionosphere, magnetosphere and the in-
terplanetary space — such that could meet the grow-
ing quantitative requirements. The currently known
semi-empirical models are very crude. The specifi-
city of ground-based radio astronomy research lies
in the need of evaluating the impact of radio propa-
gation conditions upon the resultant estimates of
radiation sources’ characteristics. In the operating
range of the RT-32 the observational results are af-
fected by the conditions in the interplanetary space
and solar wind flows, variations of plasma parame-
ters in the ionosphere and magnetosphere, as well as
the heterogeneity and non-stationarity of the neutral
atmosphere.

The high stability of the transmission coeflicients
of the receiving equipment [3, 5] has allowed de-
tecting and compensating for the main mechanical-
ly produced eftects of mis-adjustment of the RT-32
antenna during space source tracking. This enables
studying the variability of astrophysical objects, as
well as of physical processes in compact sources with
a considerable level of energy release. (It is stressed
again that all this is only possible with propagation
effects taken into account, in particular, in the atmo-
sphere along the radio wave propagation path).

That is why the development of a separate addi-
tional radiometer of high sensitivity, intended for
monitoring the state of the atmosphere above the
RT-32 telescope (with the aim of taking into account
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the integrated tropospheric absorption and its varia-
tions which may be capable of distorting the signals
from space radio sources and artificial objects in the
near space) is an urgent task for radio astronomy and
radio physical instrumentation. Such a radiometer
can be used either in conjunction with the RT-32 ra-
dio telescope or separately, for example at a different
radio astronomy observatory.

1. Technical requirements
for the radiometer

The formulation of technical requirements for the in-
strument is based on the results of previously per-
formed studies on the RT-32 radio telescope. It is
important to note that the highly stable receiving
system of the new radio telescope ensured a several
times better stability of reception of astronomical
signals than the receivers of other centimeter wave-
band radio telescopes available in Ukraine, for exam-
ple the RT-70. For comparison, let us refer to Fig. 1
presenting results of searching for the so-called in-
tra-day variability effect during observations of the
Perseus A (3C84) source [8, 9].

The intensity versus time records demonstrate
three characteristic types of signal variability. First,
these are the background noise and the intrinsic
noise of the telescope’s receiving system, the latter
being the smallest component in terms of ampli-
tude (see Fig. 1, the noise intensity never exceeds a
few thousandths of the units shown in the graph).
The variations attributable to the performance of the
telescope’s orientation system are of higher intensi-
ty (note the signal of a quasi-periodic ~410 s and an
intensity of no more than 0.01 intensity units on the
graph), which can be compensated for [7] during re-
peated observations. The highest intensity is demon-
strated by the records of the sought for intra-day
variability as obtained for the source 3C84 (periods
~15000 s). Though, it might also be partially caused
by changes in atmospheric absorption, say, through
increased atmospheric moisture, which sometimes
leads to an increase in noise by several degrees K
even in the range of 4.7 to 6.8 GHz. It should also
be noted that the level of instability and noise in the
receiver that was developed 10 years ago (for use
with the RT-70) did not allow detecting all of the
above-mentioned types of variations (their corre-
spondent range is also shown in Fig. 1, cf. the seg-
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Fig. 1. Results of a multi-hour session of observations of the Per-
seus A source in the A = 5 cm band (part of the study of the ob-
ject’s variability under the grant "Joint Latvian-Ukrainian study
of peculiar radio galaxy "Perseus A" in radio and optical bands,
No: 1zp-2020/2-0121")

ment to the right of the graph). When studying the
variability of such radio astronomy sources, the in-
terfering effects should be eliminated or estimated
and taken into account as completely as possible. The
identification and elimination of extraneous (from
the point of view of extragalactic astronomy) sources
of signal variability, — such as effects due to the at-
mosphere, ionosphere, etc. — are the necessary mea-
sures for increasing the sensitivity of observations.

The operating frequency band of the RT-32 in this
range is 20...25 GHz. To enable taking into account
the effects arising from variations in tropospheric ab-
sorption and noise levels, the sensitivity of the radio-
meter should be close to that of the radio telescope’s
receiving system. The system noise temperature of
the RT-32 receiving the choice of the central fre-
quency of the radiometer is dictated by the presence
of water lines, especially by the intense water vapor
line at the wavelength A = 1.35 cm (f = 22.2 GHz).
Equipment in this range is 125...150 K [3]. Recal-
ling that the receiver sensitivity is proportional to
the square root of its frequency band width and the
radiometer path bandwidth (=5 GHz in our case) is
at least an order of magnitude greater than that of
the RT-32 receiver’s broadband detector (0.5 GHz),
an acceptable level of the radiometer sensitivity can
be ensured by providing a noise factor of 2.6 to 3 dB
(or ~250...300 K).

The radiometer should be amenable to further
modernization, aimed at allowing performance of
observational tasks either simultaneously with the
radio telescope or in an autonomous mode. One may
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Fig. 2. Block-diagram of the radiometer: I — Input Switch (MASW-011197); 2 — LNA (CMD298C4); 3, 5, 7, 9, 11, 15 — Attenuator
3 dB; 4 — LNA (ADL9005ACPZN); 6 — HPF (H160XHKS); 8 — LNA; 10 — LPF (L254XF3S); 12 — LNA (ADL9005ACPZN; 13 —

Power Splitter; 14 — Power Detector (LTC5597HDC)

speak of obtaining kind of cross-sectional views of
the atmosphere that would involve data for all ele-
vation angles of the radio telescope’s orientation for
specific epochs of observations, and also provide
possibilities for "coaxial" observations with the RT-32
radio telescope. That is, the instrument should be of a
reasonably compact size to allow being installed on a
platform with a possibility of synchronous pointing
toward the source under study with the RT-32. Given
that the observation program for the RT-32 may re-
quire pointing the telescope at dozens of radio as-
tronomical sources and objects in the near space, it
would be most efficient to develop a control program
for parallel pointing of the radio telescope and the
radiometer. It should be noted that the effects due
to moisture and precipitation lead to a noticeable in-
crease in the noise temperature even at 6 GHz, so the
radiometer data should be useful for observations
through the entire range of operating frequencies of
the RT-32.

2. Development results
and parameters of the radiometer

The block-diagram of the proposed radiometer is
shown in Fig. 2. One of the goals pursued during
technical implementation of the radiometer is the
use of exclusively standard, commercially available
circuit components.

In order to be able to implement a radiometer
according to the Dicke scheme [10], the writers
have selected a RF lineup with a single pole, dou-
ble throw (SPDT) switch, choosing the recently
announced monolithic, integrated microwave cir-
cuit (MMIC) of the MASW-011197 type [11]. This
MMIC demonstrates such advantages as a low level
of losses in the open state (specifically, below 1 dB)
which are comparable with the figures for bare-die
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P—i—N based counterparts; high isolation in the
closed state (over 45 dB); a low-voltage interface
for CMOS logic control, and a fairly high switching
speed (time below 1 ps).

The radiometer includes four amplification stages.
The input low-noise amplifier (LNA) is based on a
MMIC of the CMD298C4 type [12]. In the three
other stages, MMIC’s of type ADL9005ACPZN [13]
are used. This type of amplifier is characterized by
a relatively low gain (~17 dB) and a fair uniformity
of the response function within the frequency range
of 17...24 GHz, which increases the overall stability
of the entire RF lineup. In addition, in order to ensure
operation stability, a few 3 dB attenuators have been
established between the amplification stages, with the
aim of providing decoupling between the amplifiers.
This measure tends to weaken the mutual influence
of the amplification stages and to improve the over-
all stability. The amplifiers as described are charac-
terized by a positive slope of the gain-vs-frequency
dependence through the frequency range of interest
(the amplification factor is increased by ~1 dB per
amplification stage).This permits compensating, to
some degree, the increase in signal losses with fre-
quency that occurs in the passive components and
the transmission lines.

The radiometer employs a broadband signal de-
tector, so in order to limit the bandwidth and thus
reduce the probability of interference from commu-
nication systems, the Internet and satellite television
(the closest of which are located in the bands like
10.7...14.8 GHz and 26.5...40.0 GHz), standard low-
and highpass filters of the types H1I60XHXS [14] and
L254XF3S [15] are used in the radiometer.

Because of the fairly wide operating frequency
band of the radiometer, individual filters are used
instead of a single band-pass filtering unit. Besides,
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their specific allocation prohibits use of the standard
filter products available on the market. This techni-
cal solution ensures a greater than 45 dB, nearly sym-
metrical rejection of the frequency offsets that are
larger than 4.5 GHz. The radiometer involves an in-
ternal detector, retaining, at the same time, the pos-
sibility of using an external one that can be connect-
ed to the corresponding radio frequency output "RF"
(See Fig. 2).

The internal detector is built using a MMIC of
the type LTC5597HDC [16]. This MMIC is a wide-
band, linear response detector of root mean square
power (represented in dB), optimized for the range
of 35...0 dBm. The total mean gain factor of the RF
lineup from the input of the first LNA to the input of
the detector is about 59 dB (Fig. 3). As a result, the
level of noise power is —~15 dBm, which is an optimal
value for the detector input at room temperature.
This value is optimal for the indicated type of the de-
tector as it provides for a minimum temperature drift
of its transfer characteristics. In addition, all circuits
of the RF lineup are to be placed in a simple cooling
thermostat for automatically maintaining their tem-
perature at the level of —20 °C. The solution is kind
of a compromise between the necessity of reducing
thermal noise in the RF circuits on the one hand and
to economize on the thermostat’s power supply on
the other. It is expected to ensure a better stability of
the measurements made by the radiometer, while of-
fering some improvement in its sensitivity.

The design approaches proposed have been
checked for validity via simulation of the radiome-
ter’s RF lineup with the use of the free QUCS studio
software [17]. The essential results of the simulation
(performed for room temperature conditions) are
summarized in Table.

The presence in the circuit of an additional broad-
band output makes it possible to accurately measure
spectral features of the received signals (with the use
of a spectrum analyzer connected to that output),
including the effects from water vapor in the atmo-
sphere. By way of a comparative analysis of the high-
ly sensitive spectral measurements with the RT-32
and broadband (accumulated over the frequency do-
main) radiometer data it should be possible to study
temporal variations of the received signal and the de-
gree of influence thereupon of a variety of factors.
The use of integrated modules makes the design very
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Fig. 3. Gain as a function of radiometer frequency

Results of simulating performance of the RF lineup

Parameter Name Value
Operating Frequency Range 17...24 GHz
Noise Figure <2.3dB
Gain factor (through to the connection
point for an external detector) 55dB
Slope of gain factor curve (at the output
from the internal detector) ~18000 V/dB
Gain Variation over Operating
Frequency Range <1.7dB
Stopbands<-45dB <12500 MHz

>28 500 MHz

compact, also providing the possibility of easy instal-
lation on any mobile platform for further control of
radiometer pointing.

The use of low-noise amplifiers and input ele-
ments with a low level of signal losses ensures a
smaller noise factor than 2.3 dB. Next, by placing
the elements in a thermostat ensures stability of the
transmission characteristics, which is necessary for
fully implementing the capabilities of the RT-32 as
a separate national instrument, as well as for its in-
tegration into global interferometric networks (like
the EVN, VLBI, etc.).

On the other hand, since the radio telescope is
an ultra-sensitive, multiband instrument capable of
performing polarization measurements, it can be
used, together with the radiometer that has been de-
veloped (as well as with other instruments) for mon-
itoring the near space, the ionosphere, and atmo-
sphere. Due to the presence in the near space of a
large number of radio astronomical sources and arti-
ficial signal generators, combining these devices into
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a complex for remote sensing of the Earth’s shells will
help to significantly expand radio physical research
of the surrounding space.

Conclusions

A high-sensitivity, broadband radiometer has been
designed for performing integrated tropospheric
absorption measurements in conjunction with the
RT-32 radio telescope. The instrument shall allow for
radio astronomical and radio physical research with
greatly better measurement accuracies than before.
The broad spectrum of possibilities for using
the radiometer may be achievable, should it be in-
stalled on the RT-32 observatory, with the guidance
systems of the radiometer and the telescope having
been co-developed and combined. Such a decision
provides maximum opportunities for source trac-
king during radio astronomy observations, as well
as for high accuracy spectral measurements of space
signals against the noise background caused by wa-
ter vapor in the atmosphere. Other ways of mean-

ingful presentation of observational results include
"cross-cutting” of the atmosphere for studying mois-
ture distribution, as well as and other measurements
with an ability of comparing the high-sensitivity
spectral measurements of the RT-32 with the broad-
band (accumulated in the frequency domain) data
from the radiometer. Simultaneous measurements
with the use of the above mentioned equipment and
methods allows us to separate the effects of various
factors on the received signal.

The radiometer that has been developed should
become an essential part of the complex for remote-
ly sensing the near-Earth space through application
of original methods of polarimetric and spectral ob-
servations, radio astronomical and physical investi-
gation of both natural radio sources and the special
radio frequency emitters operating from spacecraft.
The radio sounding of the Earth’s shells is done to in-
vestigate variations in the parameters of the magne-
tosphere, ionosphere, and neutral atmosphere, and
to study weather and geocosmic disturbances.
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2 XapkiBcpKuit HationanbHuit yuiBepcutet imeni B.H. Kapasina
maiifan CBo6oan, 4, m. Xapkis, 61022, YkpaiHa

PAZTIOMETP HA JITIAITA30H 20...25 I'TI] (1.35 CM) JIJIsI BUMIPIOBAHHSA
IHTEI'PAJIBHOT'O TPOIIOCO®EPHOI'O ITIOTTIMHAHHA

IIpenmer i MeTa po6oTu. AcTpodisnyHi JOCTIIKeHHS MOTPEOYIOTh BCe O1/IbII Yy TIMBYUX IHCTPYMEHTIB JOCTiKeHb. PasoM 3 Benmu-
KIUMM PafiioTe/IecKonaMy i cucTeMaMyl pafiodisndHNX FOCII/PKEHD MifIBUILEHHIO TOYHOCTI Ta YYTIMBOCTI CIIOCTEPEKEHD CIpHse
BUKOPUCTAHHA NPWIAJIB /I JiarHOCTUKM IIULAXIB IIOMMPEHHA paiioCUTHAIB, IKMMU € BCi 000710HKM 3eMti — Bij atMocdepn 10
BififianeHVx 1mapis Marairocdepu. Metow po6oTy € po3pobKa OKpeMOro BUCOKOYYTIMBOTO pafioMerpa Ha fiamason 20...25 I'Tiy
(1.35 cM) /151 MOHITOPUHTIY CTaHy aTMocepy Hafi BEMVKMMY PafiioacTpOHOMIYHMMM IHCTPYMEHTaMM CAHTMMETPOBOTO Jialla3oHy,
TaKUMU, AK pO3poO/IeHNIT HelofiaBHO pajioteneckon PT-32, mid ypaxyBaHHA iHTerpajbHOTO TPONOCGEPHOro MOITIMHAHHSA CUTHA-
JTiB KOCMIYHUX pafiiofpKepert i ITYyYHUX 00’ €KTiB Y OMVKHBOMY KOCMOCI.

Metomu Ta Meroponorisa. CyyacHe NporpaMHe 3abe3IeyeHHs JUI MOJIe/IIOBAHHA POOOTY HAaJIBUCOKOYACTOTHUX CXEM Pa3oM 3
BIUCOKOI0 TOYHICTIO TVX MOJiefeit 06/IajlHaHHsA, IO € HaABHUMU Ha pyHKY HBY-6/10KiB, J03BOMIOTh IpOaHa/i3yBaT! PisHOMAHIT-
Hi BapiaHTM CXeM i BUKOHAT HOBHOLIHHY PO3poOKy mopibHMX mpucTpoiB. OCKiIbKM METOK MPaKTUYHOI peasizalil pagiomerpa
€ BUKOPVUCTAHHSA BUK/IIOYHO CTAaHJAPTHNUX, KOMEPIIITHO JOCTYIIHMX i, 3a3BM4ail, TOTOBUX KOMIIOHEHTIB, TO PO3pOOKY IPOBE/IeHO
LIIAXOM aHa/li3y IapaMeTpiB i KOMIOHYBAaHHA TaKUX HasBHUX OJIOKIB.

PesynpraTi. BUKOHaHO pO3po6KY HaJBUCOKOUYTIMBOIO MIMPOKOCMYTOBOIO pajlioMeTpa Ha JIialla3oH JOBXMHM XBUIb 1.35 cM
1A BUMipIOBaHHA iHTErpaJbHOTO TPONochepHOro MorMMHaHHA. Po3paxoBanuii myM-dakrtop gopisHioe 2.3 nb. Illupoka cmyra Ta
cTabi/IbHICTD MapaMeTpiB e/IeMeHTIB pajjioMeTpa MalOTh 3a0e3IeYNTI JOCTATHIO Yy TIMBICTD /I POOOTY pasoM 3 IPUIIMATbHOI
crcTeMoro pajiioreneckorna PT-32.

BucHoBKu. Po3po06/ieHnit BUCOKOYYTIMBUIL IIMPOKOCMYTOBNUII PafiioMeTp CyMicHO 3 papioreneckorom PT-32 HajacTb 3Mory
MIPOBOAMUTY PafiioacTpOHOMIYHI Ta pafiodisndHi fOCTImKeHHA 31 3Ha4HO 6inbIIoI0 ToYHiCTO. PajfiomMeTp, sAKmit Mae HOTeHLias i
TIOfA/IBIIIOl MOJIepHi3allil, CTBOPEHO 3 METOI BUKOPUCTAHHA Pa3oM 3 6araTojiialla3oHHMM, BYCOKOTEXHOIOTIYHIM PalioTeecKo-
oM PT-32 B iHTepecax pajioacTpoHOMII Ta KOCMIYHOI ramysi, @ TAKOX /11 MOHITOPUHTY i1 IPOTHO3YBaHH: CTaHy aTMOC(epHOI Ta
KOCMIYHOI IIOTOJJHUX CUCTEM.

Kniouoei cnosa: padiomemp, padiomeneckon PT-32, ammocepa, cucmemu ammocgeproi ma Kocmiunoi no2oou.
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