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Abstract: The medium-Earth-orbit synthetic aperture radar (MEO-SAR) is deployed at orbit alti-
tude above low-Earth-orbit synthetic aperture radar (LEO-SAR, around 2000 km) and below the
geosynchronous orbit SAR (GEO-SAR, near 35786 km) to cover a wide swath, which is four to five
times larger than LEO-SAR. Therefore, the measurement method for the LEO-SAR elevation antenna
pattern using the SAR data acquired over the Amazon tropical rainforest (ground-based method),
where the typical width of rainforest area is approximately 150 km, can hardly meet the requirement
of a wide swath to determine the MEO-SAR antenna elevation pattern. Moreover, several new
MEO-SAR systems are now proposed that will use low frequency, and the low frequency penetration
characteristics may affect the elevation antenna pattern determination using homogenous distributed
targets such as the Amazon rainforest. This paper proposes a novel space-based method for the
in-orbit measurement of the elevation antenna pattern of MEO-SAR based on one nano calibration
satellite mounted with a receiver. Through appropriate orbit design, the nano calibration satellite can
fly across the entire MEO-SAR swath along the range direction, and the elevation antenna pattern
envelope can be extracted from the data recorded by the receiver. Simulation work is performed to
verify the feasibility of the proposed space-based method, and the measurement accuracy of this
method is analyzed.

Keywords: synthetic aperture radar; radiometric calibration; elevation antenna pattern; SAR system
calibration; MEO SAR; NanoSat

1. Introduction

The medium-Earth-orbit synthetic aperture radar (MEO-SAR) is deployed at orbit
altitude above low-Earth-orbit synthetic aperture radar (LEO-SAR, around 2000 km) and
below the geosynchronous orbit SAR (GEO-SAR, near 35,786 km), which can provide
Earth observations that require low spatial resolutions and wide swaths at high temporal
resolutions, such as soil moisture estimation, sea ice monitoring and ocean sensing [1,2]. In
order to realize the quantitative application of MEO-SAR data and to satisfy the potential
use of MEO-SAR, radiometric calibration is essential and the long-term relative radiometric
calibration of 0.5 dB is required [3].

Accurate knowledge of the antenna patterns is of main importance for precise SAR
image processing and relative radiometric calibration. The spaceborne SAR antenna pat-
terns are usually tested on the ground before launch. However, it is difficult for large SAR
antennas to be measured completely or to simulate the space environment on the ground,
and the mechanical structure of antennas may change in orbit due to error factors, such
as satellite launch vibration and antenna deployment [4]. Thus, it is essential to obtain
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accurate antenna patterns from in-orbit measurements. The in-orbit measurement of the
antenna patterns of the spaceborne SAR is divided into two aspects: azimuth antenna
pattern measurement and elevation antenna pattern measurement. The measurement of
the SAR azimuth antenna pattern can be realized by using high-precision ground-based
receivers [5]: one receiver samples the amplitude of the SAR pulses over time during an
overpass, and after transforming the time units to the antenna azimuth angles and correct-
ing by position information, the azimuth antenna pattern can be obtained. By contrast, the
in-orbit measurement of the elevation antenna pattern is more complicated because the
SAR signals must be sampled over space (swath) to obtain the elevation pattern. Therefore,
it is of main importance for SAR radiometric calibration.

In order to realize the quantitative application of SAR data, spaceborne SARs have
carried out in-orbit measurements of the elevation antenna pattern. Up until now, three
basic approaches of elevation antenna pattern in-orbit measurement are still in use:

(@) Ground receiver method [6-10]. Several ground receivers are deployed in the SAR
swaths area along the range direction with certain intervals. Each receiver measures
the amplitude of the pulses transmitted by the SAR satellite during an overflight and
records the precise time of pulse sampling at the same time. The data recorded by
multiple receivers distributed in the range direction can be processed to obtain the
elevation antenna pattern. However, multiple ground instruments are required in the
case of a wide swath, and thus the workload and cost are very high;

(b) Tropical rainforest method [4,11]. The Amazon tropical rainforest is a quite homoge-
neous scatterer, and thus the shape of the SAR elevation antenna pattern can be clearly
visible in the SAR raw data. In order to obtain an accurate two-way elevation antenna
pattern, all azimuth lines are summed up and each pixel position is transformed as a
function of the elevation angle, through which, the shape of the SAR elevation antenna
pattern can be obtained. Due to the restrictions of disturbing areas, the typical width
of the Amazon tropical forest area that can be used for calibration is approximately
150 km;

(¢) Antenna model method [12-16]. During the 21st century, an active phased array
antenna has been widely deployed on spaceborne SAR due to its flexibility in beam
forming. As the number of antenna beams increased, the German Aerospace Center
(DLR) developed the antenna model method, which derives the antenna patterns
from mathematical models in combination with the tropical rainforest method. The
application of such an antenna model method has been successfully demonstrated for
the TerraSAR-X mission. However, ground-based methods are still required for the
verification of the antenna patterns.

The above methods all directly or indirectly use ground-based calibration technology
and mainly meet the LEO-SAR antenna pattern measurement requirements. However, the
wide-swath characteristic of MEO-SAR brings some challenges to the measurement of the
elevation antenna pattern. For example, a MEO-SAR with an orbit altitude of 15000 km,
beam pointing angle of 7 deg and range beam width of 2 deg can cover a swath width of
approximately 530 km, which is four to five times larger than that of LEO-SAR. The current
method based on ground receivers or tropical rain forest (ground-based method) can hardly
meet the requirement of a wide swath to determine the MEO-SAR elevation antenna pattern.
Furthermore, the MEO-SAR systems tend to have a lower working frequency and stronger
signal penetration compared with LEO-SARs [17]. Therefore, the Amazon rainforest may
no longer be assumed as homogeneous, as the radar signal is not solely scattered at the
canopies of the trees, which makes traditional elevation antenna pattern determination
using homogenous distributed targets, such as the Amazon rainforest, inapplicable [18].

The concept of the SAR calibration satellite originated from the calibration satellite for
ground-based radar systems [19,20] and the optical calibration standard satellite in space to
provide a space-based reference [21-24]. In 2018, the concept of the SAR calibration satellite
was introduced and its potential applications were proposed [25]. To cater to a diverse
range of missions, the NanoSat and CubeSat have drawn tremendous interest in recent
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years because they enable easy and cost-effective options. In 2011, the US military launched
a 3U CubeSat (Ho’oponopono) developed by the University of Hawaii for calibration
requirements of its 80+ C-band radar tracking stations distributed around the world.
Ho’oponopono is the first radar calibration satellite in a CubeSat, which consists of a
C-band transponder, GPS unit and associated antennas, all housed in a 3U CubeSat form
factor [26]. In addition, a passive SAR using small satellite receivers for persistent Earth
observation was proposed [27,28], where the transmitter is a digital television broadcasting
station and the receivers are on-board micro-/nano-satellites in low Earth orbit. These
provide us with a new thread: Calibration NanoSats or CubeSats working in specially
designed orbit are used to carry the calibration instruments, which will equivalently form
a moving calibration site in space.

In this paper, we attempt to present a new space-based method for the elevation
antenna pattern in-orbit measurement of MEO-SAR based on one nano calibration satel-
lite mounted with a high-precision receiver, which can solve the above problems while
achieving an accuracy of 0.3 dB. This method uses the relative motion between the nano
calibration satellite and the MEO-SAR satellite, transforming the sampling data over space
to sampling data over time (similar to the azimuth antenna pattern measurement using
ground receivers). Through appropriate orbit design, the nano calibration satellite, which
works in low Earth orbit, can fly across the entire MEO-SAR swath along the range direc-
tion. The receiver that is mounted on the nano calibration satellite continuously receives,
digitizes and records the SAR signals and, at the same time, the nano calibration satellite
and MEO-SAR positions are accurately known. Then, the recording over time can be
converted to the MEO-SAR transmit antenna pattern over the elevation angle.

The main innovation and differences between our proposed method and the current
methods mentioned above are as follows: (1) The proposed method is a space-based method
that can solve the problem of the size of the ground calibration fields not being able to meet
the calibration requirements of MEO-SAR. (2) The space-based method can provide a lower
cost solution for SAR calibration. Theoretically, one nano calibration satellite mounted with
a receiver can realize the measurement of the elevation antenna pattern, whereas multiple
ground instruments are required in the ground-based method. (3) The space-based method
may provide a solution for GEO-SAR calibration requirements.

This paper is organized as follows: In Section 2, the principle of the proposed space-
based method is introduced. Then, the orbit design method of the nano calibration satellite
and all of the error factors of the space-based method are analyzed. Simulation experiments
are performed to illustrate the effectiveness of the proposed method in Section 3. Section 4
summarizes the results of experiments with some discussion and research perspectives for
the future, and Section 5 gives the conclusions of this paper.

2. Materials and Methods

In this section, the elevation antenna pattern measuring principle based on the nano
calibration satellite is illustrated first. Then, the details of the calibration activity and the
calibration data processing are given. In order to realize the calibration satellite flying
across the MEO-SAR beam, the orbit design method of the calibration satellite is proposed.
In the following, the error factors that affect the measurement are analyzed.

2.1. Measuring Principle of The Space-Based Method

Similar to the normal ground receiver, which measures the SAR azimuth antenna
pattern, the space-based method uses the relative motion between the nano calibration
satellite and the MEO-SAR satellite, transforming the sampling data over space to sampling
data over time. Therefore, for measuring the elevation antenna pattern during a passing of
MEO-SAR satellite, as shown in Figure 1, a receiver is mounted on one nano calibration
satellite (CAL) working in low Earth orbit, and the CAL should fly across the entire MEO-
SAR beam along the range direction through appropriate orbit design. The space-based
method is mainly composed of two parts: data acquisition and data processing.
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To obtain the calibration data, orbit prediction based on the orbital data of the MEO-
SAR and the CAL is required for selecting the appropriate CAL-to-SAR calibration arcs,
and these operations must be planned in advance. The antenna pointing of the CAL
receiver is adjusted to align with the MEO-SAR beam center before each measurement. The
receiver deployed on the CAL detects the receive power during the CAL crossing time with
an envelope detector, and the detected amplitude is digitized with an analog-to-digital
converter. All of the digital values collected during the CAL crossing time are correctly
time-labeled and stored within the CAL, which can be transmitted to the ground later.

\ Amplitude envelope of the
; :  MEO-SAR signal received

S H / by the CAL receiver
_— ~_ | ;

Crossing time

Figure 1. Principle of MEO-SAR elevation antenna pattern measurement using a nano calibra-
tion satellite.

After the calibration data are transmitted to the ground, data processing is required
to derive the measured antenna pattern from the calibration data. The main steps of the
data processing are shown in Figure 2. The first step of the data processing is to transform
the recorded digital samples to power expressed in dB over a time axis. With the known
sampling start time, the time axis is determined by GPS time stamps, which were recorded
by the CAL receiver in parallel to the receiving power during the crossing time. Due to the
relative flight movement of the MEO-SAR and the CAL, the signal recorded by the CAL
receiver represents a cut through the antenna pattern along the range direction. Considering
the position and velocity information of the MEO-SAR satellite and the CAL determined by
GPS units, the time units can be transformed to antenna elevation angles with the known
MEO-SAR antenna pointing. After the slant range correction of the receiving power, the
data are processed by mean filtering. Then, data profile is normalized and the elevation
antenna pattern envelope is obtained by curve fitting.

Sampling data of the CAL

Sampling start time and sample
rate of the CAL receiver

Calculation of each pulse sampling
time and receiving power

MEO-SAR and CAL orbital data, Calculation of azimuth angle,
MEO-SAR antenna pointingg, ——  elevation angle and slant range at
CAL receiver antenna pointing each pulse receiving time

Slant Range correction of the
receiving power

Mean filtering

|

Normalization of the data profile

|

Elevation antenna pattern obtained
by curve fitting

Figure 2. Flowchart of the data processing.
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2.2. Orbit Design of The Nano Calibration Satellite

The main purpose of the space-based method is to acquire sampling data of the
elevation antenna pattern over time. Therefore, considering the MEO-SAR as the reference
object, the CAL should fly across the SAR beam along the range direction at the velocity
Ucq1_ R during the crossing time, as shown in Figure 3; thus, we need to compensate for the
azimuth velocity v, _4 of the CAL, ie., set vo,_4 = vy, where vy stands for the velocity of

TQ. This can be realized by using the relative motion between the MEO-SAR and the CAL
through appropriate orbit design of the nano calibration satellite. When the MEO-SAR
orbital elements and the orbit altitude of the CAL are known, the orbital element of the
CAL that mainly determines the relative motion between the CAL and MEO-SAR is the
inclination. Therefore, the main purpose of orbit design is to obtain the inclination of the
nano calibration satellite.

SAR movement
at velocity vy,

MEO-SAR

\
T\, Azimuth

CAL movemen
at velocity vy

Range

Range

Figure 3. The relative motion between the MEO-SAR and the CAL.

Before the introduction of the orbit design method, analogous to the ground calibration
site, the definition of the space calibration site is proposed here. It is assumed that the CAL
moves on a sphere with radius (R, + H,,), where R, represents the radius of the Earth
and H_, represents the orbit altitude of the CAL. During the crossing time, the range of
the MEO-SAR beam irradiated on this spherical surface can be recognized as the space
calibration site.

To simplify the analysis, as shown in Figure 4, the CAL and MEO-SAR are assumed
to work on circular orbits, and the MEO-SAR orbital elements and the CAL orbit altitude
are known. The squint angle of the MEO-SAR antenna beam is 0 deg and the beam center

angle is ;, where SP represents the MEO-SAR beam center. In Figure 4 , TQ stands for the
coverage scope of the space beam footprint in the space calibration site along the range
direction and RM stands for ground beam footprint. Firstly, the velocity of MEO-SAR is
calculated as Equation (1):
i
sar asar (1 o egar)
where ay,, represents the semimajor axis of the MEO-SAR satellite, s, represents the
eccentricity of the MEO-SAR satellite, which is 0 here, and y represents the geocentric
gravitational constant. Similarly, we can calculate the velocity of the nano calibration

satellite (v.,;). Therefore, the velocity of any point on i"b is defined, according to RK
Raney, [29] as Equation (2):

Re + Hcal

. Rinc . )}
—————— . cos|arcsin| ————— - sin6; 2
Pl cos arcsin @

Up = Usar *
P Re + Hear

where Rj,. is the slant range from the MEO-SAR to point on @, Binc is the incident angle
of each point and Hg,, is the orbit altitude of the MEO-SAR. It is clear that the velocity of



Remote Sens. 2022, 14, 741

6 of 15

different points on TQ is not the same. Therefore, the velocity of the center P of the space
beam footprint is chosen to represent the velocity of TQ as Equation (3):
Re + Hegl

Vf = vsar c——— * COS
f Re 4 Har

. RO . ) }
- 9 i 3
arcsin < . . s u; ( )

where Ry = SP, and due to the large orbital height difference between MEO-SAR and CAL,
the spherical curvature of Tb must be considered. Therefore, the line of sight (LOS) angle
6 is not equal to the incident angle §;, as shown in Figure 4, and thus Ry is calculated as
Equation (4):

sin(91- - 91)
— e YA 4
R0 (Re + Hsar) Sin 91‘ ( )
According to the law of sines, in ASOP,
. RE + HSﬂ?’ .
sinf; = -sin @ 5
i Re ¥ Hcal 1 ( )
Therefore, vy is calculated as Equation (6):
R, + Hcal
= —_—. 0, —0 6
0 = Vsar - ey cos(f; — ) ©)

Then, set the azimuth velocity of the CAL v;_4 = vy, and the inclination of the CAL
is calculated as Equation (7):

icql = lsqr + arccos (vcal,A/Ucul) ()

where ig, represents the inclination of MEO-SAR. Therefore, the inclination i, of the CAL
can be acquired through the above steps.

However, the above orbit design method faces a problem where the velocity of each
point on TQ is not equal, and the velocity of the P point is chosen to represent the velocity
of T?Q for further calculation. This approximation can introduce a problem where the CAL
azimuth velocity v.,;_4 is not completely compensated during the crossing time. Therefore,
the trajectory of the CAL is not a straight line along the range direction , which may
introduce azimuth pattern coupling error to the elevation antenna pattern measurement.
In subsequent sections, this part of error will be further analyzed.

n

X MEO-SAR

THE DIRECTION OF
FLIGHT

————

-

-
-

Figure 4. Orbital geometry of MEO-SAR and CAL viewed in section along the MEO-SAR veloc-
ity vectors.
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2.3. Error Factors of the Space-Based Method

Theoretically, the ideal MEO-SAR signal power Pr(t) received by the CAL receiver at
the sampling time ¢ can be expressed as follows:

“8R - Gr(Br(H), ¢r (1) - A?

PR(i’) = PT . GT(G(t)r 0) (47‘[R(t))2

®)

where Pr is the SAR transmitting power, Gr(6(t),0) is the ideal SAR transmit elevation
antenna gain, gr is the CAL receiver channel gain, Gr(Or(t), ¢r(t)) is the CAL receiver
antenna gain, A is the radar wavelength and R(¢) is the slant range from the MEO-SAR
satellite to the CAL receiver at the sampling time. Based on the analysis above, the orbit
design method of the CAL can introduce azimuth angle offset ¢(t) due to the approximate
calculations, and the azimuth angle offset ¢(f) can be calculated and predicted from the
known orbital elements of the MEO-SAR and the CAL. The SAR transmit elevation antenna
gain in Equation (8) is GT(0(t), ¢(t)) instead of G(6(t), 0). Therefore, the measured elevation
antenna pattern obtained by the CAL receiver is azimuth coupling and expressed as:

R - GR(OR(Y), pr(1)) - A?

_p..8
CrO®, ¢(1) = Pr- = R ) Prih)

)

Similar to the normal ground receiver, which measures the SAR antenna azimuth
pattern, the space-based method uses the relative motion between the nano calibration
satellite and the MEO-SAR satellite, transforming the sampling data over space to sampling
data over time. Therefore, the error factors analysis of the space-based method can be
analogous to the ground receiver method. However, the difference between these two
methods must be considered:

e  Different measuring duration. Measuring time of the ground receiver method depends
on the synthetic aperture time. In this space-based method, the measuring duration

of the elevation antenna pattern is mainly determined by the range of TQ and the
velocity component v.,;; g of the calibration satellite along the range direction, which
is much longer compared to the ground-based method;

e  Different motion of receiver. The ground receivers are deployed on the calibration
site with fixed location measured by ground GPS devices, and the receiver antenna is
precisely pointing to the SAR satellite according to local incident angle. However, the
receiver mounted on the CAL is always in motion during the crossing time, and the
antenna pointing is adjusted before each measurement and will not change during the
crossing time;

¢  Different measuring environment. Since the ground receivers are deployed on the
ground calibration sites, the background clutter may affect the antenna pattern mea-
surement results. However, the measuring environment of the CAL receiver is in
space, and the influence of the background clutter can be ignored.

Considering the difference between the space-based method and ground receiver
method, the following error factors exist in the elevation antenna pattern measurement
based on Equation (9):

*  SAR transmitting power stability op,: As the measurement time elapses, SAR trans-
mitting power changes due to the temperature drift of SAR instrument, which can
directly affect the amplitude of the SAR signal and the antenna pattern measurement.
Due to the longer measurement duration compared with the ground receiver method,
the influence of the SAR transmitting power stability op, on each sampling point
should be taken into consideration in this space-based method. The characteristics
of SAR transmitting power stability can be measured and corrected through SAR
internal calibration. Therefore, in the subsequent simulation, the SAR transmitting
power stability Op, can refer to the internal calibration accuracy;
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The receiver channel gain stability og,: Low amplitude variation of the receiving
power is important for the elevation antenna pattern measurement, and the module
that mainly affects the channel gain in the receiver is the low noise amplifier (LNA).
Similar to the SAR transmitting power stability, the receiver channel gain stability oy,
(i.e., the gain stability of the LNA) is affected by the temperature drift as well, and the
receiver channel gain calibration is required to reduce the influence of its impact on
the antenna pattern measurement;

SAR-to-CAL range measurement error og: The MEO-SAR and CAL use GPS units
to achieve precise orbit determination. The SAR-to-CAL slant range measurement
error is introduced by the GPS orbit determination errors (random error). Although
less accurate than position determination of ground receiver, the ratio of slant range
measurement error oy is very small and the resulting error can be ignored due to the
large difference in orbit altitudes between the CAL and the MEO-SAR;

MEO-SAR antenna pointing error: The MEO-SAR satellites use star sensors to de-
termine the satellite’s three-axis attitude. The MEO-SAR attitude errors can lead to
antenna pointing errors (0p, in elevation and 0y, in azimuth) and are mainly com-
posed of the systematic bias (due to errors in the sensor installation) and the random
measurement error (related to the measurement accuracy of the star sensors);

CAL receiver antenna pointing error: In order to reduce costs and power consumption,
nano calibration satellites generally use sun sensors or gyroscopes to determine three-
axis attitudes (lower accuracy compared with the star sensor). Similarly, the CAL
attitude errors can lead to CAL receiver antenna pointing errors ( g, and 0y, ), which
can cause the CAL receiver antenna gain error. In addition, the pointing of the receiver
antenna continuously changes with the movement of the CAL. Therefore, the 3 dB
beam-width of the antenna should be wide enough (not less than 20 deg), and so
pointing accuracy and stability requirements are not too rigorous;

The signal-to-noise ratio (SNR): Since the ground receivers are deployed on the ground
calibration sites, the background clutter may affect the signal-to-noise ratio, which,
in turn, affects antenna pattern measurement results. Therefore, appropriate calibra-
tion sites must be considered to improve the SNR and reduce the influence of the
background clutter on the antenna pattern measurement. However, the measuring
environment of the CAL receiver is in space, and the measurement error caused by
the signal-to-noise ratio can be ignored.

The above error factors are independent of each other. Therefore, the measurement

accuracy of the elevation antenna pattern considering all of the error factors above can be
expressed as follows:

o
Gr — oPr Pr <R

3. Results and Analysis

2 2 2 2 2 2
aﬁ) <aﬁ> (aﬂ) (aﬂ) (aﬂ)
) Ogr + ( 3R OR + 90, Opp + a¢T Opp + 90x Opr T a¢R O (10)

In this section, the simulation experiments are performed to validate the proposed

space-based method. The simulation process and the simulation parameters are given in
Sections 3.1 and 3.2. To verify the feasibility of the orbit design method, simulations of
orbital motion during a period of one year have been performed to examine calibration
opportunities between the MEO-SAR and the CAL in Section 3.3. Then, the performance of
the space-based method is presented in Section 3.4 by comparing the difference between
the measured elevation antenna pattern and the reference antenna pattern.

3.1. Simulation Process

The main processing flow of the simulation experiment is shown in Figure 5 and the

detailed steps are described as follows.
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Orbit design
validation

Calculate the beam-to-CAL visibilty through STK

Method accuracy
verification

Figure 5. Flowchart of the simulation process.

(1) With the given orbital elements of the MEO-SAR and the orbit altitude of the CAL,
calculate the inclination of the CAL through the orbit design method in Section 2;

(2) With the known orbital elements of the MEO-SAR and the CAL, create a scenario
containing the MEO-SAR and the CAL through Satellite Tool Kit (STK);

(3) With the current MEO-SAR beam parameters, include the boresight and elevation
beamwidth, and calculate the beam-to-CAL visibility (include visible start time, stop
time and duration) in the analysis period of the scenario through STK;

(4) Export the coordinates and velocity of the MEO-SAR and the CAL in the inertial
coordinate system of each beam-to-CAL visible opportunity at a fixed time step size
through STK;

(5) With the known coordinates and velocity of the MEO-SAR and the CAL, calculate
the azimuth angle, elevation angle and the SAR-to-CAL slant range at each sampling
point during the crossing time of each beam-to-CAL visible opportunity considering
the system parameters and the imaging geometry;

(6) To screen the calibration opportunity from all visible opportunities, the following
condition is applied: for each visible opportunity, if its range of elevation angle can
cover the current SAR beam’s elevation beamwidth, this opportunity can be regarded
as a calibration opportunity for antenna pattern measurement;

(7) Derive the reference elevation antenna pattern from the given MEO-SAR antenna
pattern model;

(8) With the given MEO-SAR antenna pattern model, the calculated results in (5) and
the system parameters, based on Equation (8), the measured MEO-SAR signal power
(in dB) received by the CAL receiver of each sampling point can be calculated by
introducing the error factors analyzed in Section 2.3. Based on the data processing
steps in Figure 2, the normalized sampling data profiles of the elevation antenna
pattern can be calculated and the fit of the sampling data profiles can be obtained
through polynomial curve fitting;

(9) Compare the measured antenna pattern data profiles calculated in (8) with the refer-
ence antenna pattern obtained in (7) and calculate the difference between them. Then,
the fit of the difference can be obtained through polynomial curve fitting.

3.2. Simulation Parameters and Error Factors

To facilitate the above simulation steps, a horn antenna is deployed on the CAL re-
ceiver and the MEO-SAR transmit antenna pattern is expressed as:

G(6,9) = sincz<7n : th Sme) : sincz(in : Df‘“"’) (1)
where Dg and D4 are the antenna length in elevation and azimuth, respectively, 6 is the
elevation angle and ¢ is the azimuth angle. The main mission and instrument parameters
of the MEO-SAR and the CAL used to carry out the elevation antenna pattern measurement
performance analysis are shown in Table 1. Reference parameters for the simulation of the



Remote Sens. 2022, 14, 741

10 of 15

error factors is presented in Table 2. The SAR transmitting power stability and receiver
channel gain stability refer to the internal calibration accuracy of the TerraSAR-X [12].
The poor orbit determination accuracy by GPS is chosen to indicate the little effect on the
measurement. Since the systematic bias caused by the errors in the sensor installation
can be corrected, the random attitude measurement errors are mainly considered in the
following simulation.

Table 1. The main mission and instrument parameters used to carry out the elevation antenna pattern
measurement performance analysis.

MEO-SAR Orbit Parameters Values
Orbit Altitude 15,000 km
Semimajor Axis 21,371.393 km
Eccentricity 0
Inclination 98 deg
Radar Parameters Values
Radar Center Frequency 5.4 GHz
D A 4m
Dg 0.7 m
Look Direction R
Squint Angle 0 deg
Center Look Angle 7 deg
Azimuth Beam Width 0.25 deg
Range Beam Width 1 deg
Equivalent Isotropically Radiated Power (EIRP) 45 dBW
CAL Receiver Parameters Values
Antenna Gain 10dB
Receiving Pattern 3 dB Beam Width 30 deg

Table 2. Reference parameters for the simulation of the error factors.

Error Factors Values
SAR Transmitting Power Stability 0.3dB (30)
The Receiver Channel Gain Stability 0.2dB (30)
Orbit Determination Accuracy by GPS 60 m (30)
Three-Axis Attitude Accuracy of the MEO-SAR 0.01 deg (30)
Three-Axis Attitude Accuracy of the CAL 0.15 deg (30)

3.3. Obit Design Validation

With the given orbit parameters of the MEO-SAR presented in Table 1, when the orbit
altitude of the CAL is 800 km, the inclination of the CAL is calculated as 177.14 deg through
the orbit design method in Section 2. To analyze the appropriate CAL-to-SAR calibration
opportunities, a scenario containing the MEO-SAR and the CAL is created through STK, as
shown in Figure 6. The analysis period of the scenario is one year, of which, the analysis
start time and stop time are 16 Nov 2021 04:00:00.000 UTCG and 17 Nov 2022 04:00:00.000
UTCG, respectively. The initial orbital elements of the MEO-SAR satellite and the CAL at
the analysis start time of the scenario is presented in Table 3.

By imposing the MEO-SAR beam parameters and SAR-to-CAL slant range constraints,
simulations of orbital motion during a period of one year based on the above parameters
have been performed to examine the beam-to-CAL visibility through STK, which include
the visible start time, stop time and duration of each visible opportunity. The beam-to-CAL
visible opportunities are depicted in Table 4, which illustrates that there are 15 beam-to-CAL
visible opportunities within a year. However, not all of the visible opportunities obtained
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by STK can be used for the elevation antenna pattern measurement, and the condition
applied here to determine whether the visible opportunity can be used for calibration is
that the initial and final values of the elevation angle of the visible opportunity should
correspond to the SAR satellite beam parameters (step (6) of the simulation process).

Therefore, for verifying the feasibility of the above opportunities, the coordinates of
the MEO-SAR and the CAL in the inertial coordinates of each opportunities are exported
(with a time step size of 0.01 s) for the calculation of the azimuth angle and elevation angle.
With the known position and velocity information of the MEO-SAR and the CAL during
the crossing time, the azimuth angle, elevation angle and SAR-to-CAL slant range at each
sampling point are calculated. The visible opportunity 15 in Table 4 does not meet the
condition; thus, it cannot be used for antenna pattern measurement. Figure 7 illustrates the
elevation angle over the crossing time of opportunity 1-14, which demonstrates that the
range of elevation angle can cover the current SAR beam’s elevation beamwidth. Therefore,
14 calibration opportunities are available for the antenna pattern measurement, which
indicates that the orbit design method is feasible.

Table 3. Initial orbital elements of the MEO-SAR satellite and the CAL at the start time of the scenario.

Satellite Semimajor Axis Eccentricity Inclination Argument of Perigee RAAN True Anomaly
MEO-SAR 21,371.393 km 0 deg 98 deg 270 deg 88 deg 0 deg
CAL 7171.393 km 0deg 177.14 deg 270 deg 88 deg 0deg

MEO-SAR

Figure 6. Sketch of the MEO-SAR and CAL in the created scenario.

Table 4. Elevation antenna pattern measurement opportunities within one year.

Opportunities Start Time (UTCG) Stop Time (UTCG) Duration (s)
1 23 November 2021 15:16:50.779 23 November 2021 15:17:28.002 37.223
2 9 January 2022 22:53:30.453 9 January 2022 22:54:07.677 37.224
3 24 January 2022 21:27:49.336 24 January 2022 21:28:26.557 37.221
4 8 February 2022 19:45:49.781 8 February 2022 19:46:27.005 37.224
5 13 March 2022 05:04:29.005 13 March 2022 05:05:06.229 37.224
6 28 March 2022 03:38:47.889 28 March 2022 03:39:25.110 37.221
7 12 April 2022 01:56:48.333 12 April 2022 01:57:25.557 37.223
8 14 May 2022 11:15:27.557 14 May 2022 11:16:04.782 37.225
9 29 May 2022 09:49:46.441 29 May 2022 09:50:23.663 37.221
10 13 June 2022 08:07:46.887 13 June 2022 08:08:24.111 37.224
11 30 July 2022 16:00:44.994 30 July 2022 16:01:22.215 37.221
12 14 August 2022 14:18:45.439 14 August 2022 14:19:22.662 37.223
13 30 September 2022 22:11:43.547 30 September 2022 22:12:20.767 37.220
14 15 October 2022 20:29:43.991 15 October 2022 20:30:21.215 37.224
15 8 December 2021 13:35:03.366 8 December 2021 13:35:28.451 25.085

Ideally, the azimuth angle ¢(t) in Equation (9) as the CAL flies across the MEO-SAR
beam should be 0 deg. However, Figure § illustrates the azimuth angle variation over
the crossing time of CAL in the MEO-SAR beam of each calibration opportunity. It can
be seen that the CAL can fly across the MEO-SAR beam along the range direction at
each opportunity, but with different azimuth angle offsets due to the approximation in
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the orbit design method, as analyzed before. Among them, the azimuth angle offset of
opportunity 8 is the largest, and the offset range is 0.112-0.120 deg. The azimuth angle
offset of opportunity 9 is the smallest, and the offset range is 0-0.007 deg. Therefore, the
elevation antenna pattern measurement can be realized by the CAL, of which, the orbital
elements are designed by the above method, but, for some opportunities, the azimuth
pattern coupling error brought about by the method itself cannot be ignored.

75

t

Elevation angle (deg)
+

?

L L L L I L I

" Crossing time (sec)7£
Figure 7. Elevation angle over time of each opportunity during the crossing time.
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T T T
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=
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Figure 8. Azimuth angle offset of CAL in the MEO-SAR beam of each opportunity.
3.4. Method Accuracy Verification

In this part, elevation antenna pattern measurement simulation experiments are con-
ducted to evaluate the performance of the space-based method by comparing the measured
antenna pattern with the reference antenna pattern. The main mission and instrument
parameters of the MEO-SAR and CAL are presented in Table 1. According to step (7) of
the simulation process, the reference elevation antenna pattern is derived from the given
antenna model expressed as Equation (11), where the azimuth angle ¢(t) = 0 during
the crossing time (with no azimuth angle offset). By introducing the error factors listed
in Table 2, all of which are Gaussian errors with mean values of 0 and are independent
of each other, the opportunity 8 (with the maximum azimuth angle offset) and oppor-
tunity 9 (with the minimum azimuth angle offset) are chosen for the elevation antenna
pattern measurement.

The reference antenna pattern and the measurement results within the 3 dB beamwidth
can be obtained through steps (7)—(8) of the simulation process, as shown in Figure 9.
Figure 9a,c illustrate the comparison between (green points) the antenna pattern sampling
data profiles of opportunity 8 and opportunity 9 acquired from the CAL receiver and (blue
line) the reference elevation pattern. In addition, (red line in Figure 9a,c) the fit of the
sampling data profiles is acquired by polynomial curve fitting of the (green points) antenna
pattern sampling data profiles. It can be seen that the verification of the space-based
method shows a good accordance between the measured antenna pattern data profiles and
the reference antenna pattern. Figure 9b,d illustrate the difference between the reference
pattern and sampling data profiles of opportunity 8 and opportunity 9, and the red line is a
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fit of this difference. It is clear that the deviation between the reference antenna pattern and
the measurements for both shapes within the main beam is small. Even the deviation of
opportunity 8, which has the maximum azimuth angle offset, is kept under 0.3 dB along
the 3 dB region of the elevation patterns. Therefore, the deviation and, hence, the accuracy
of the space-based method are within 0.3 dB, which also shows the effectiveness of the
space-based method.

r(dB)
° ° °
2 o B o % o
5 & & 2 & &

Measurement erroi
g ®
o ©

Normalized antenna pattern(d!

Y R0 - R
65 66 6.7 68 6.9 & b 4 | 2 4 73 74 75 0 500 1000 1500 2000 2500 3000 3500
Elevation angle (deg) Sample number

(a) Opportunity 8 (b) Opportunity 8

Measurement error(dB)

Normalized antenna pattern(dB)

65 66 6.7 6.8 6.9 i T3 7 4 73 74 75 0 500 1000 1500 2000 2500 3000 3500
Elevation angle (deg) Sample number

(c) Opportunity 9 (d) Opportunity 9

Figure 9. (a,c) Comparison between (green points) sampling data profiles of opportunity 8 and
opportunity 9 acquired from the CAL receiver and (blue line) reference elevation pattern; the red line
is a fit of the sampling data profiles. (b,d) Difference between reference pattern and sampling data
profiles of opportunity 8 and opportunity 9; the red line is a fit of this difference.

4. Discussion

In this paper, we have described a new space-based method for MEO-SAR elevation
antenna pattern measurement using one nano calibration satellite mounted with a receiver.
In order to obtain the sampling data over time of the elevation antenna pattern, the basic
orbit design method of the nano calibration satellite is introduced and the error factors that
affect the elevation antenna pattern measurement are analyzed. Then, we have performed
a comprehensive set of simulations to validate the proposed space-based method. The
results of this study show that the proposed space-based method is feasible and that the
measurement accuracy of the MEO-SAR elevation antenna pattern is within 0.3 dB, which
can meet the current antenna pattern measurement accuracy requirements. Compared
with the ground-based method, the proposed space-based method moves the calibration
site from ground to space, which can break through the limitation of the size of the
ground calibration site. In addition, with the known orbital elements of the SAR and
nano calibration satellite, the appropriate calibration opportunities for the spaceborne SAR
can be predicted and the nano calibration satellite can provide unattended and low-cost
calibration solutions for the spaceborne SAR.

Our results suggest a possibility of an in-orbit measurement for the MEO-SAR ele-
vation antenna pattern based on a nano calibration satellite. However, the orbit design
method in this paper is primary and analyzed at the principle level. To simplify the analysis,
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the orbit types of MEO-SAR and CAL in this paper are assumed to be a circular orbit. The
specific orbit design method of the nano calibration satellite for other orbit types is not
discussed here. In the future work, the orbit constraint and the optimization of the nano
calibration satellite will be discussed in combination with the specific MEO-SAR orbit
parameters. In addition, the hardware implementation of the CAL receiver and the nano
calibration satellite system will be analyzed.

5. Conclusions

The in-orbit measurement for the elevation antenna pattern of MEO-SAR faces the
challenge of the ground-based method being unavailable due to the wide swath of MEO-
SAR. This paper proposes a novel space-based method that uses one nano calibration
satellite mounted with a receiver for MEO-SAR elevation antenna pattern measurement,
which is based on the fact that receivers can receive the sampling data of the pulse signals
transmitted from the MEO-SAR. In order to obtain the antenna pattern sampling data over
time along the range direction using a nano calibration satellite, the primary orbit design
method of the nano calibration satellite is established and validated through STK. The
error factors of the space-based method is analyzed and simulation work is performed
to verify that the accuracy of this space-based method is within 0.3 dB. Compared with
the traditional ground-based calibration technologies, the new space-based method using
nano calibration satellites can break the limitations of the ground calibration sites, and may
provide a low-cost and promising solution for SAR calibration in the future.
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