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Abstract. This study investigates the characteristics of a parabolic satellite antenna designed for
communication with low Earth orbit satellites in the S-band. The choice of the S-band is motivated by the
significantly lower power consumption of the radio link compared to the X-band. The S-band (2-4 GHz) is less
sensitive to adverse weather effects than the X-band (8-12 GHz). These factors are critical for nanosatellites during
Earth observation (EO) data transmission. Particular attention is given to measurements of the radiation pattern
of the parabolic antenna in the S-band. These measurements provide essential data for optimizing the antenna
design and parameters, thereby enhancing the overall efficiency of the communication system. During testing, both
simulated and experimental radiation patterns of the gain were obtained, along with key antenna parameters such
as Equivalent Isotopically Radiated Power, Input Power Flux Density, and the Gain-to-Noise Temperature Ratio.
A comparison between measured and calculated results, including measurement accuracy and error budgets,
demonstrated good agreement.
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1. Introduction

Modern low Earth orbit (LEO) satellite systems play a crucial role in the development of global
communication networks, offering low latency and high throughput, which are particularly valuable in
applications such as the Internet of Things (l1oT), Earth observation, and broadband access [1-2]. However,
effective communication with rapidly moving LEO satellites requires antenna systems with high directivity
that can adapt to dynamically changing link geometries. Parabolic antennas remain one of the most widely
used solutions for ground stations due to their ability to focus electromagnetic energy into a narrow beam,
ensuring high gain and minimal losses [3]. The main challenges in operating with LEO satellites are related to
continuous tracking and compensation of atmospheric distortions, particularly in the X-band (8-12 GHz),
where weather effects become significant [4]. In contrast, the S-band (2-4 GHz) is less affected by precipitation
but requires a larger aperture size to achieve comparable directivity, complicating mechanical control [5].
Previous studies [6-7] have highlighted the importance of optimizing the reflector shape and feed system to
minimize sidelobe levels, which is critical for reducing interference in dense satellite constellations.

Modern approaches to enhancing the efficiency of parabolic antennas include hybrid solutions that
combine mechanical scanning with electronic beam steering using phased arrays [8]. However, as noted in [9],
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most research has been focused on geostationary satellites, while the specific challenges of LEO orbits-such
as short visibility windows and frequent beam reorientation-remain insufficiently explored. This paper presents
a comprehensive analysis of the directional characteristics of a parabolic antenna in the S-band, including
radiation pattern modeling, gain evaluation, and both simulation and measurement of Equivalent Isotropically
Radiated Power (EIRP), Input Power Flux Density (IPFD), and the Gain-to-Noise Temperature Ratio (G/T).
The results are compared with recent studies on adaptive algorithms [10], providing recommendations for the
design of next-generation ground stations.

In recent years, significant attention has been devoted to optimizing the directional characteristics of
parabolic antennas for LEO satellites. Research indicates that in the X-band, achieving a gain of 50-55 dBi
requires extremely high reflector surface accuracy (RMS < 0.25 mm) and careful feed design [11]. In the S-
band, however, challenges remain in reducing cross-polarization distortions and adapting to varying satellite
orientations, which is often addressed through circular polarization [12]. It was also shown in [12] that a
developed software-defined radio (SDR) transceiver based on field-programmable gate arrays (FPGA)
provides greater flexibility, enabling operation across multiple frequency bands, filtering schemes, and
adaptive modulation and coding techniques without major hardware modifications.

Within this research, both radiation pattern modeling and gain evaluation were carried out, and the results
were compared against experimental measurements. Particular emphasis was placed on measuring the
radiation pattern of the parabolic antenna in the S-band, designed for receiving payload data and telemetry as
well as transmitting command signals. These measurements provide essential insights for optimizing antenna
design and parameters, thereby improving the overall performance of the communication system.

2. Structural scheme of the device under test and radiation pattern simulation results

The device under test is a prime-focus parabolic reflector antenna developed for operation in the
frequency range 2.025 - 2.300 GHz with right- and left-hand circular polarizations. The parabolic reflector has
a diameter of 3.7 meters and is equipped with a dual-band waveguide feed. The dual-band feed is installed at
the prime focus of the reflector and provides simultaneous reception in the X-band as well as both transmission
and reception in the S-band [13]. The S-band receive chain includes a low-noise amplifier (LNA) with a gain
of 30 dB at 2.226 GHz for downlink (DL) and 2.060 GHz for uplink (UL). For measurement purposes, a test
coupler (BDC 1018-30/20S, S-band downlink) was added to the scheme.

The bandpass filter, directional coupler, and LNA are integrated into the feed assembly. The LNA is
powered via a supply unit located in the enclosure assembly (downlink). A test cable is routed between the
output of the power supply and the switch on the DUT positioner. The modem unit is a functional subsystem
that consists of an SDR modem and a control computer. The SDR performs the primary signal processing
tasks-modulation, demodulation, filtering, and frequency conversion. The control computer operates the SDR,
implements communication protocols, processes data, and provides interfacing with external systems [13].

The S-band transmit chain (enclosure assembly uplink), including a preamplifier and a high-power
amplifier (HPA) with an output power of 30 W, amplifies the RF signal generated by the SDR. The amplified
signal is transmitted through the chain with consideration for circular cross-polarization isolation (S-band
uplink). The signal is then fed into the antenna feed and radiated by the antenna at 2060 MHz. The structural
scheme of the testing device is shown in Figure 1.
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Fig.1. Structural scheme of testing device.
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Prior to testing, the antenna geometry was modeled in CAD, and simulations were conducted in Ansys
HFSS. The calculated radiation pattern of the antenna in the S-band at 2060 MHz is presented in Figure 2.

The contour plot of the calculated radiation pattern of the antenna in the S-band at 2060 MHz is shown
in Figure 3.
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Fig.2. Calculated radiation pattern of the antenna in the S-band.
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Fig.3. Contour plot of the calculated radiation pattern of the antenna in the S-band.

According to the modelling results in ANSY'S HFSS, the antenna Gain should be 35.5dBi maximum, and
beamwidth around 2.5 degrees at -3dB. Side-lobes are at level -25dB.

3. Antenna radiation pattern measurements

The radiation pattern measurements were performed using the “on-the-fly” method, in which the
measurement axis (AZ or EL) of the DUT positioner is continuously scanned over a predefined angular range
without stopping at each grid point. The measurement is conducted during the motion sequence when the DUT
positioner passes through one of the specified grid points. The applied DUT positioner supports radiation
pattern measurements in both receive (DL) and transmit (UL) modes, enabling a comprehensive analysis of
antenna characteristics. For the present study, the antenna radiation pattern was measured in receive mode.

The RF budget of the antenna radiation pattern at 2.226 GHz is presented in Table 1. The experimental
setup for radiation pattern measurement is shown in Figure 4. The test setup for radiation pattern measurements
consists of three sections: the Feed room, Measurement room, and Operator room. Each section represents a
dedicated space housing specific equipment. The Feed room includes the feed positioner 30R99 and the
equipment rack 30R01. The Measurement room contains the DUT positioner 10R99 and equipment racks
10R01 and 10R02. The Operator room hosts the equipment rack 20R01 and the operator’s workstation.

The transmit subsystem comprises an RF synthesizer (1) located in rack 30R01, as well as power
amplifiers (2), a broadband directional coupler (5), and a PIN switch (6). The latter is used to switch between
two linear polarization ports of the feed (7) and operates up to 40 GHz (30R99). Port switching is controlled
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by the measurement system controller (13) and PC1 software. The receiver (13), controller (14), and PC1 are
installed in the Operator room. A frequency distribution converter, Mixer 1 (3), is located in the Feed room
(30R99) to handle the RF reference signal.

Table 1. RF budget of the antenna radiation pattern at 2.226 GHz

F, | G | Gen out- | HPA | J05 | Tx Free- | Anten | Fil | DUT | DUT ASCU | LN | Rx
M | en | PA in, | #1, F- feed, | space | -na ter | coupl | coupler- LNA, A, Mix
H | ou | pathloss, | gain | Feed | Gain, | Loss, | Gain, |, -er, LNA in, | input, gain | er,
z |t |dB dB ,dB | dBi dB dBi dB | dB loss, dB dBm ,dB | dBm

d

B

m
22 | - -3,5 42 -1,5 |12 -64,90 | 35 -1 |-30 -4,5 -46,40 | 25,7 | 20,7
26 | 30
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Fig.4. Experimental setup for radiation pattern measurement.

The RF signal is generated by the synthesizer, with frequency and power levels controlled at a fixed
reference level using the microwave receiver (13) and PC software via the IEEE bus from PC1. The transmitted
and amplified RF signal is radiated through the feed (7). Along the signal path, several coaxial switches are
employed, including an IF switch block (4) for Tx/Rx mode selection. The reference signal coupler (5) is
connected to the reference mixer Mixer 1 (3), which operates in the main mixing mode, ensuring extended
dynamic range and thus higher measurement accuracy.

The receive subsystem consists of the antenna under test (8), a 2-port PIN switch (9), a low-noise
amplifier (LNA) (10), Mixer 2 (11), coaxial IF switch block (4), and an LO synthesizer (12). The intermediate
frequency signal from the IF switch is routed to port 2 of the receiver (13), where it is processed and read using
the software on PC1. The system controller (14) performs synchronization, distributing trigger pulses from the
position encoder to the measurement equipment (RF/LO sources, receiver, and PIN switches) as the DUT
passes through the specified points, ensuring precise timing coordination of the measurements.
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4. Antenna Gain Measurements

The application of the three-antenna gain measurement methods is generally infeasible due to the large
size of the antenna and the limited space in the feed room. Furthermore, the antenna’s dimensions do not allow
for disassembly or replacement with other antennas on the feed positioner, which is required for applying the
three-antenna techniques. Therefore, the power measurement method (PMM) [14] was employed in the
experimental setup. This method is well established and widely used. Determining the gain with a power meter
is both flexible and efficient, making it particularly suitable for large satellite antennas. The described method
provides a measurement accuracy of +0.25 dB.

In the measurement software was added gain measurement method utilizing two power sensor heads.
This enables measurements of the absolute gain of the DUT. By measuring the output power of the feed, the
input power of the antenna, and accounting for free-space losses as well as the feed gain, the gain of the device
under test can be readily calculated using the following equation:

2
2=(5) GG (1)
where: Pt - transmitted power; Pr - received power; Gt - transmitting antenna gain; Gr - receiving antenna gain;
R - free-space distance; A - wavelength.

Table 2 presents the radio frequency (RF) link budget of the antenna gain at 2.226 GHz.

Table 2. Radio frequency (RF) link budget of the antenna gains at 2.226 GHz.

Gen

out- DUT ASC

Gen HPA | HP coup U

F, out, in A#l Tx Free- Anten -ler LN
MHz dBm | path | Gai | JOSF- | feed space -na DUT | LNA A LNA Rx
los, n, Feed, | Gain Loss, Gain, Filte | coupl in, in, Gain, | Mixer,
dB dB dB , dBi dB dBi r,dB | er,dB | dB dBm dB dB

-4.5 -
2226 -38,5 -3,5 42 -6,4 12 -64,84 34 -1 -30 63,7 | 25,7 -38,04

Figure 5 shows the block diagram of antenna gain measurement in the receive mode (DUT RX).
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Fig.5. Block diagram of antenna gain measurement.
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In this mode, the PC1 software, together with power sensors (10, 11) connected via the controller (13),
provides automatic switching between power measurements at the input port (11), connected to the antenna
(8), and the output port (10), connected to the feed (7). The measured power values from both ports are fed
into the power meter (14) and then transferred via the IEEE interface to the personal computer (PC1), where
they are processed by the software in accordance with the previously presented equation. The measured value
of 31 dBi then should be corrected by adding 3dB due to the applied method and hardware. The measurement
feeds are operating in linear polarization, whereas the DUT feed in circular. Therefore the resulted Gain is
equal to 34 dBi.

5. Equivalent Isotropically Radiated Power (EIRP) Measurement

The Equivalent Isotropically Radiated Power (EIRP) is defined as the product of the transmitting antenna
gain (Grtx ingiven direction and the input power applied to the antenna (Prx):

EIRP = Gpy - Pry (2)

For EIRP measurement, a formula based on the Friis transmission equation is applied, where the
parameters of the range feed antenna are used instead of those of the device under test (Tx antenna):

EIRP = PRX,feed'LPdown; (3)
GRX,feed
LPdown:(475m7M)2 ; (4)

where:  LPgown- free-space path 10ss, Grx feea- range feed gain; Prx eed - received power at the range feed; A -
wavelength of the test signal; R - free-space distance (distance between the device under test and the range
feed).

The RF budget of the EIRP at 2.060 GHz is presented in Table 3. The antenna must be aligned with the
symmetry axis of the measurement zone (Measurement Room). The input signal is applied as a synthesized
continuous wave (CW) (1) with a sufficient level to saturate the transponder (10R02). The transmitted and
received power are measured using power meters (3) and (11), and based on the known antenna characteristics
and the distance to the Range Feed antenna, the EIRP is calculated.

Table 3. RF budget of the EIRP at 2.060 GHz.

F, Prx (PM), Cable path D/L D/L Range feed Gain, | Free space Loss, dBm to EIRP,
MHz dBm Loss, dB dBi dB dBW dBW
2060 12,75 -6,4 11,6 -64,23 30 41,78

Note: EIRP and IPFD tests are typically performed under payload saturation conditions, i.e., at its maximum output
power. Two methods are commonly used to determine saturation [15]:

— by measuring the maximum output power using power meters (3) and (11);

— by analyzing the carrier-to-noise ratio using the signal analyzer (9).

Figure 6 illustrates the schematic diagram for the EIRP test.

6. The Input Power Flux Density (IPFD) Measurement

The Input Power Flux Density (IPFD) is defined as the power flux density required to saturate the device
under test, and can be expressed as [16]:

1
IPFD = Prx feed * Grx feed * (m)' (®)
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where: Grxfeed IS the range feed gain; Prxreq iS the transmitted power of the range feed; R is the free-space
distance (i.e., the distance between the device under test and the range feed); (1/4nR?) is the free-space
distribution factor.

Measurement

Feed room

|10R0L

LAN
RF signal '
IF signal

Operator
LO signal room

Fig.6. EIRP testing scheme.

The RF budget of the IPFD at 2.060 GHz is presented in Table 4. To determine the IPFD, the testing
antenna (Measurement Room) must be aligned with the axis of the measurement zone at the maximum of its
radiation pattern. A synthesized CW signal (1) is applied through the feed (7), ensuring saturation of the
payload of the antenna (Measurement Room). The required input power saturation level at the antenna can be
measured using the power meter (10). With the known feed gain and the distance R, the IPFD can then be
calculated using the aforementioned equation in the PC1 software. Figure 6 presents the schematic diagram of
the IPFD test.

Table 4. RF budget of the IPFD at 2.060 GHz.

Cable path
F, Power U/L TX U/L cable U/L Range | Spreadi | dBm | IPFD, IPFD
M | Meter Tx, reference, Power path 7m antenna ng loss, to daBw/ circular
Hz dBm dB dBm loss, dB gain, dBi dB dBwW m”2 estimation
20
60 -36 -16 -20 -6 12 -36,44 30 -50,44 -53,44

7. Measurement of Receiver Chain Figure of Merit (G/T)

The principle of the test setup for G/T is shown in Figure 7. The determination of G/T is performed by
measuring three different power levels [17]:

— P - the noise power level of the receiving test equipment. For this purpose, the feed (7) is terminated
with a 50 Q load, and the test equipment (10R02) is disconnected from the antenna. The intrinsic noise of the
test equipment P (10) is then measured;
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— P> - the noise power level of the receiving test equipment, including the internal noise of the
measurement equipment (10R02);

— Ps - the power level of the receiving test equipment (10R02), including the antenna noise and the power
from the feed.

Measurement

Feed room

LAN

RF signal
IF signal
LO signal

Operator
room

Fig.7. Schematic diagram of the IPFD and G/T test.

After the power levels are measured, the stored data are processed in the PC1 software, where the G/T
value is automatically calculated using the following equation [18].

G

k-B#-LP P3-P2
T ( EIRP ) ' (PZ—PI)' ©)
where: LP - is the free-space path loss; k - is the Boltzmann constant; B - is the resolution bandwidth.
Table 5. RF budget of G/T at 2.060 GHz.

F, Ptx, Cable path U/L, U/L range EIRP Free space, P1, P2, P3,
MHz dBm dB antenna TX dB dBm dBm dBm
2226 -40 -6 12 -34 -64,90 -49,8 -49,79 -39,38
Y1, Y2, K, K, NBW, NBW
dB Y1 lin Y1-1 dB Y2 lin Y2-1 | dBW/Hz/K | dBm/Hz/K Hz dBHz GIT

1,002 | 26,573 10,99 | 9,995 59,740509 | 5,6588
0,01 51 8 10,41 01 61 -226,6 -199,6 942000 01 4

8. Results and discussion of the experiment

The proposed system provides Fundamental RF mixing up to 18 GHz and then Low-Harmonic RF mixing
(3rd harmonic) up to 40 GHz and therefore sufficient measurement speed, sensitivity and dynamic range
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without the use of large amounts of coherent integration or very small IF bandwidths. Fundamental and Low-
Harmonic mixing also minimizes the accuracy problems associated with RF and LO harmonics when
measuring wide-band antennas. Due to the design of the Distributed Frequency Converter, and the internal
design of the IF processing Unit, system stability and accuracy improve significantly. The system stability is
a key factor in achieving high levels of measurement repeatability.

The excellent accuracy means antenna patterns can be measured over an extremely wide dynamic range
with less than 0.1 dB of uncertainty due to the instrumentation.

The system uses an industrial standard measurement system in our modified configuration. A RF
multiplexing is applied with the switches to extend the number of measurement channels. Only a single mixer
(reference mixer type is used) is required, allowing use of a single rotary joint in the positioner. Furthermore,
the sources and receiver are triggered using a TTL handshake, resulting in a higher frequency switching speed.
The receiver operates in fast - CW mode and stores the measured data in its internal point buffer, from where
it is transferred to the control computer in an asynchronous fashion. This configuration minimizes overhead
and makes maximum use of the high speed of the individual components.

The graphs below present the results of the normalized three-dimensional radiation pattern (Fig. 8), the
antenna gain (Fig. 9), and the normalized contour plot of the gain (Fig. 10).
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Fig.9. Contour graph of the gain.
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Fig.10. Antenna Gain versus Direction.

As seen from the plots, the pattern width at -3dB is around 2.4 degrees, which is very close to the expected
from modelling (2.2 deg.). The total Gain of the tested antenna is 34 dBi, and side-lobes at level -25dB, which
is very close to the expected value.

Overall, the observed results are consistent with the calculated values obtained from Ansys simulations.
Minor discrepancies may be attributed to inaccuracies in the CAD model, as well as inaccuracy in
manufacturing and fastening of the antenna feed to the reflector. The test results are presented below in Table
6. The test results show that the measured parameters of EIRP, IPFD, and G/T are generally consistent with
the preliminary simulations. The most significant deviation is observed in the EIRP values, which requires
further analysis to determine the reasons for exceeding the design specifications.

Table 6. Test results with payload.

DL Frequency / | UL Frequency / Power Budget calculations Measurement results
DL, MHz UL, MHz
EIRP IPFD GIT EIRP IPFD GIT
2220 2058 41.78 -50.44 -5.02 43.23 -50.32 -5.04
2226 2060 41.78 -50.44 -3.64 45.06 -50.1 -3.69
2230 2062 41.78 -50.44 -3.69 44.84 -50.17 -3.75

The IPFD and G/T parameters demonstrate a high degree of agreement with the calculated models,
confirming the reliability of the receiving chain characteristics and the antenna’s noise properties. These data
can be further used for evaluating the compliance of the antenna and payload with the design requirements.

9. Conclusion

Tests of the S-band channel of the earth station’s antenna system for receiving and transmitting signals
from low Earth orbit (LEO) satellites were conducted. As part of the antenna and payload testing, procedures
for measuring and collecting experimental data were developed. Namely, the proposed system achieves high
accuracy, stability, and speed by combining Fundamental and Low-Harmonic RF mixing with an optimized
Distributed Frequency Converter architecture. The modified industrial-standard setup provides increased
channel capacity using RF multiplexing, while the minimized overhead and the maximized component speed
are achieved through TTL triggered fast-CW data acquisition.
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Accordingly, a CAD model of the parabolic antenna was created, and calculations of parameters such as
equivalent isotropically radiated power (EIRP), input power flux density (IPFD), and the gain-to-noise-
temperature ratio (G/T) were performed. Simulations were carried out in ANSYS HFSS. Experimental
measurements of these parameters showed good agreement with the calculated results. These results indicate
that the developed antenna system is ready for use in the satellite-communications earth station, and that the
antenna test range is ready for further operation.
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