
IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 13, 2020 3879

Development and Performance Evaluation of Small
SAR System for 100-kg Class Satellite

Budhaditya Pyne , Member, IEEE, Hirobumi Saito, Member, IEEE, Prilando Riziki Akbar, Member, IEEE,
Jiro Hirokawa , Fellow, IEEE, Takashi Tomura , Member, IEEE, and Koji Tanaka, Member, IEEE

Abstract—This article shows development and performance
evaluation of a MicroX-SAR demonstration satellite, scheduled to
be launched in 2020 for synthetic aperture radar (SAR) application.
This compact SAR system and its instruments are briefly described.
The SAR antenna consists of deployable seven panels with a slot
array and the antenna size is 4.9 × 0.7 m. This article proposes
a simple evaluation method of the SAR antenna. The seven-panel
antenna array performance is estimated from isolated single-panel
antenna measurement results and synthesized scattering matrix. It
is validated by comparing with near-field measurement of a seven-
panel antenna array. The on-board SAR system is combined with
a single-point source simulator and the point source SAR image
is evaluated. The ambiguity to the signal ratio is computed for the
bandwidth-integrated seven-panel antenna radiation patterns, and
finally the pulse repetition frequency selection is computed along
with noise equivalent sigma zero to estimate the SAR image quality
based on various requirements of swath-width and ground-range
resolution as per the application of interest. The prototype system
is capable of 1-m ground-range resolution SAR image acquisition
for 28-km swath-width within acceptable limits of signal-to-noise
ratio and ambiguity levels.

Index Terms—Ambiguity to signal ratio, earth observation, near-
field measurement, noise equivalent sigma zero, pulse repetition
frequency, remote sensing, scattering matrix, signal-to-noise ratio
(SNR), slot array antenna, small satellite, synthetic aperture radar
(SAR).

I. INTRODUCTION

THE synthetic aperture radar (SAR) has several benefits for
remote sensing applications compared to optical imagery

like uninterrupted image acquisition even at night or during
cloud cover. However, conventional SAR observation requires
large or medium-size satellites weighing several hundred kilo-
grams like TerraSAR-X [1] (Germany, total mass 1230 kg,
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2007), SAR-Lupe [2] (Germany, total mass 770 kg, 2006),
TecSAR [3] (Israel, 300 kg, 2008), and NovaSAR-S [4] (United
Kingdom, 400 kg), which cost several hundred million USD
including the launching cost. With rapid advancements in minia-
turization of space technology, using SAR sensors on-board
microsatellites in low earth orbits (LEO) with limited life span
is becoming quite popular both for research and commercial
applications: Synspective [5], Capella Space [6], Iceye [7], and
IQPS [8] being some contemporary examples of future commer-
cial LEO SAR constellations. For our MicroX-SAR mission,
we have developed a 130 kg small satellite with on-board SAR
sensor. It is capable of 3-m resolution SAR image acquisition
in a strip-map mode and 1-m resolution SAR image acquisition
in the sliding spotlight mode within acceptable noise equivalent
sigma zero (NESZ) tradeoff. This article is an extension of [9],
here a more detailed development of the antenna system is shown
and SAR image performance metrices are calculated from the
synthesized and measured antenna array radiation patterns to
evaluate the scope of earth observation applications, which can
be catered to by the mission.

II. SAR SYSTEM DEVELOPMENT

In order to realize a compact SAR system compatible to
100-kg class satellite, unique SAR mission instruments have
been developed. Fig. 1(a) shows the SAR system block diagram.
The SAR system consists of SAR electrical processing unit
(S-ELU) for transmitting signal generation and receiving signal
processing, high-power amplifier (HPA) for signal transmission,
SAR antenna, data recorder unit and data link, power supply sys-
tem, and heat management system for the high-power amplifier.
X-band SAR is advantageous to achieve high resolution with
smaller satellite mass. Also, X-band is suitable for recognition
of ground surface objects. Higher frequency bands than Ku band
are subject to large rain attenuation. Furthermore, technology of
GaN devices like high-power amplifiers is not well matured yet
in higher frequency bands. Hence, X-band is selected for our
mission. Table I describes the mission specifications. Transmis-
sion duty cycle 25% is relatively high to obtain high average
TX power. From the standpoint of the TX amplifier, it is more
difficult to increase its peak power than to increase its duty cycle
when thermal management is properly applied. The system loss
corresponds to the transmission loss inside the satellite from the
X-band transmitter to the antenna input through the circulator
and filter. The ohmic loss, dielectric loss, and reflection loss
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TABLE I
MICROX-SAR MISSION SPECIFICATIONS

inside the antenna are included in the antenna gain. The system
noise figure corresponds to the cascaded noise figure from the
antenna input to the low-noise amplifier (LNA) through the filter,
circulator, and limiter including the noise figure of LNA when
the antenna is facing toward the earth at 290 K noise temperature.
This is described in Fig. 1(b).

A. SAR Antenna

From the considerations of wide bandwidth with low re-
flection loss, low-cost, light-weight, and simple fabrication for
mass production, a passive honeycomb panel slot-array antenna
with a waveguide feeder network system was selected [10]–
[14]. The following Sections II-A.1 and II-A.2, respectively,
provide an overview of the antenna system architecture and
detailed analysis of the antenna array performance evaluation
from single-panel measurement results.

1) Antenna System Architecture: Fig. 2 shows the configu-
ration of SAR antenna. “M” and “P” denote the negative and
positive sides w.r.t the satellite body y-axis. Each panel is 70 ×
70 cm in size, and the antenna size in deployed condition is 4.9×
0.7 m, which in stowed condition prelaunch can be fit into a 0.7
× 0.7 × 0.7 m satellite body. The waveguide is embedded at the
center of the rear surface in order to feed RF to the antenna panel
through coupling slots. The antenna panel consists of a dielectric

Fig. 1. (a) MicroX-SAR system block diagram. (b) Noise figure and system
loss overview.

honeycomb core and metal skins, which function as a parallel
plate guide for RF. The front surface with 2-D arrays of radiation
slots works as an antenna radiator for the vertical polarization
SAR mode. The layered antenna structure is explained in detail
in [14], where the engineering model measurement results are
shown, and an undesired high reflection level is observed due to
mismatch in the adhesive layer thickness. In the present state,
this problem has been compensated by increasing the length
of all coupling slots in the waveguide feeders of engineering
model by 0.2 mm, and new flight model antenna panels have
been fabricated. In the deployed condition, RF power is fed
between adjacent panels through a contactless choke flange with
a nominal airgap of 0.9 mm to prevent corrosion from thermal
expansion in space. The shape of choke is designed in such a way
which ensures that standing waves are not excited at the region
between the waveguide aperture and the choke groove in the
frequency band of interest, considering possible misalignments
between the connecting joints during practical operation. For our
mission, an egg-shaped choke flange was designed for wideband
applications in X-band from 8.5 to 11 GHz [15].

2) Single-Panel Antenna Measurement Results and Seven-
Panel Pattern Synthesis Using Cascaded Scattering Matrix:
Fig. 3(a)–(b) shows the block diagram of the antenna network
for estimation of the full system performance from isolated
single-panel measurements. Fig. 3(c)–(d) shows the antenna
waveguide feeder network and fabricated flight model antenna
panels, respectively. The P-side and M-side are symmetric, i.e.,
for example, panels 1P and 1M must have identical design. The
center panel #0 on the satellite body has two input ports that
must be fed symmetrically, i.e., panels 1P and 1M must have
identical design. Panels #1, #2, and #3 include a τ -junction and
comprise of 3 ports, 2 ports, and 1 port, respectively. Panel #2
has one additional layer of τ -junction (without coupling slots),
which functions as a simple 1:1 power divider. Port 2 of panel #2
feeds panel #3. panel #1 has two additional layers of τ -junctions
(without coupling slots), which function as a power divider with
dividing ratios 2:1 and 4:3, respectively. Ports 2 and 3 of panel
#1 feed panel #2 and panel #0, respectively. These upper layer
power divider τ -junctions cannot be placed at the center between
two adjacent panels due to the presence of the choke flange.
Thus, they must be shifted such that the path difference of either
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Fig. 2. MicroX-SAR antenna system overview. (a) Stowed configuration prelaunch. (b) Deployed configuration. (c) Noncontact waveguide feeding with choke
flange. (d) Honeycomb antenna panel with slot-array and embedded waveguide. (e) Antenna panel nomenclature in deployed configuration.

branch of the tournament circuit is an integral multiple of the
wavelength at the center frequency in order to ensure in-phase
excitation of all panels [14].

Isolated single-panel measurements were performed at a near-
field measurement anechoic chamber in ISAS, JAXA using x-y
scanner. The open-end waveguide (OEWG) WR90 probe was
placed at a height of 15 cm from the AUT and sampling was done
at a spacing of 15 mm in both x and y directions, covering 75 ×
75 data points to satisfy the Nyquist sampling criterion. It is to be
noted that to perform array synthesis, the VNA calibration prior
to the near-field measurement is important since the absolute
phase is important for synthesis. The absolute phase is likely
to change due to day-to-day variation and change in the shape
of RF coaxial cable. Thus, VNA calibration is done prior to
the measurement of each panel and probe correction is also
applied. For Panel #0, power was fed from the VNA to Port
1 and Port 2 through a 1:1 Wilkinson power divider with phase
shifter as explained in [14]. The phase shifter was adjusted so
that the signal at port 1 and port 2 had a uniform amplitude
and same phase. For Panel #1, power was fed from the VNA to
Port 1. Port 2 and Port 3 were terminated by matched load. For
Panel #2, power was fed from the VNA to Port 1. Port 2 was
terminated by matched load. For panel #3, power was fed from
the VNA to Port 1. The 2 × 2, 2 × 2, 3 × 3, and 1 × 1 scattering
matrices coefficients for panels #0, #1, #2 and #3, respectively,
were separately measured with VNA calibration. For Panel #0,
the active reflection coefficients were computed.

Fig. 4(a) shows the aperture distribution of amplitude and
phase from the near-field measurement at the center frequency.
The phase of panels #0, #1, and #2 includes the phase of the
upper layer τ -junctions part of the waveguide feeder tournament
circuit. Thus, as per design, the radiation phase of each panel is
different. However, the radiation phase of the P-side and M-side
should be same. Fig. 4(b)–(c) shows the converted far-field
radiation patterns at the center frequency, Fig. 4(d) shows the
variation of peak directivity with frequency. The peak aperture
efficiency (without considering antenna loss) and peak antenna
efficiency (considering antenna loss) of single-panel antenna
(e.g., #3M) are 65.6% and 53%, respectively. Fig. 4(e)–(f)
shows the measured scattering matrix transmission amplitude
and transmission phase, respectively. The desired amplitude
is obtained from the theoretical design goal and the desired
phase is obtained from HFSS simulation results based on design.
Fig. 4(g) shows the measured scattering matrix reflection level.

Although the size of each panel is 70 cm × 70 cm, the
total length of the antenna in azimuth is 4.9 m in the deployed
configuration. There are only a few test facilities that are large
enough to enable near-field measurement of such a long antenna.
Furthermore, they are expensive to use and not readily acces-
sible. Thus, accurate synthesis from single-panel measurement
becomes important for a low-cost SAR satellite.

Synthesis is done utilizing the measured antenna scattering
matrix coefficients in the far-field with the approximation that
each antenna panel can be represented as a point element located
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Fig. 3. MicroX-SAR antenna array network block diagram. (b) Power feeding network overview. (c) Waveguide feeder network. (d) Fabricated 4.9 × 0.7 m
seven-panel flight model antenna array.

at the center of the panel as follows [see Fig. 3(a) and (b)]:

Eaz7−panels (θaz) =
3∑

n=−3

E#azne
−jkd#nSin(θaz) (1)

E#azn

=
√

Pin#n e−jϕin#n

√
Dir#azne

−jϕaz#n − 3 ≤ n ≤ 3 (2)

d#n = Xc#n
+ nδgap − 3 ≤ n ≤ 3 n �= 0 d#0 = 0 (3)

Pin#0
= |b3M |2 + |b3P |2, ϕin#0

=
1

2
(∠b3M + ∠b3P ) (4)

Pin#1
= |a1|2 − |b2|2 − |b3|2, ϕin#1

= ∠a1 (5)

Pin#2
= |b2|2 − |b4|2, ϕin#2

= ∠b2 (6)

Pin#3
= |b4|2 , ϕin#3

= ∠b4 (7)

b2 ≈ S21#1
a1, b3 ≈ S31#1

a1, b4 ≈ S21#2
b2 . (8)

Here, Eaz7−panels is the seven-panel synthesized radiation
field in azimuth direction,E#azn is the effective field of isolated
panel “n” at the origin, Dir#azn and ϕaz#n

are the far-field
radiation power and phase in the azimuth cut of the isolated panel
“n” at the origin, respectively. This is obtained from Fig. 4(c).
The center of panel #0 is considered as the reference point or
phase center of synthesis, Xc#n

is the distance of the center
of each panel from the center of panel #0 without any air-gap
between adjacent panels, d#n is the equivalent distance of the

center of each panel from the phase center. δgap is the nominal
air-gap of 0.9 mm between each pair of adjacent choke-flange
and flat-flange to prevent thermal corrosion. Pin#n

is the power
fed into panel “n” through the Magic-T junction and can be
computed from Fig. 3(b), which shows the power feeding net-
work. ϕin#n

is the phase of the input signal to port 1 of each
panel and can be computed in terms of the cascaded scattering
matrix coefficients an and bn. It is to be noted that since an and
bn are computed utilizing the results from Fig. 4(e)–(g). Here,
also the absolute phase of the scattering matrix coefficients are
necessary, and hence, VNA calibration prior to scattering matrix
measurement of each panel is necessary. Power is fed through the
radar front end (RFE) into the Magic-T, which functions as a 1:1
power divider to feed panel #1 on the P-side and M-side. Thus,
|a1M |2 = |a1P | 2 = 1

2 and ∠ a1M = ∠ a1P = 0 (normalized
as reference phase). b2 and b4 are the input signals to port 1
of panels #2 and #3, respectively. b1, a2, a3, and a4 are the
return signals arriving at port 1 of panels #1, #2, #0, and #3,
respectively, due to reflection. Since the reflection level is quite
low, (8) is a good approximation and it reduces the computation
burden.

For ideal uniform in-phase excitation, the input power to each
panel must be equal and far-field power and phase of each panel
in the normal direction (θaz = 0, θel = 0) must be equal, where
θaz and θel are the radiation pattern angles in the azimuth cut
plane and elevation cut plane, respectively. Thus, the following
condition must be satisfied as per design and HFSS simulation
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Fig. 4. Isolated single-panel near-field measurement results. (a) Aperture distribution amplitude and phase at 9.65 GHz. (b) Radiation pattern in elevation cut-plane
at 9.65 GHz. (c) Radiation pattern in azimuth cut-plane at 9.65 GHz. (d) Peak directivity versus frequency. (e) Scattering matrix transmission amplitude. Dotted
lines show the goal values. (f) Scattering matrix transmission phase. Solid circles show the phase from HFSS simulation. (g) Scattering matrix reflection level.

at 9.65 GHz:

ϕeq#n| θaz= 0
= ϕin#n

+ ϕaz#n| θaz= 0

= const., −3 ≤ n ≤ 3 (9)

Pin#n
=

1

7
, Di r#azn| θaz= 0

= const., −3 ≤ n ≤ 3 . (10)

However, due to fabrication imperfections (i.e., variation from
designed value of some uncontrollable antenna parameters like
adhesive permittivity, adhesive thickness, honeycomb permit-
tivity, WR90 feeder dimensions, etc.), thus, uniform in-phase
excitation of all panels cannot be perfectly achieved as listed in

Table II. Panel #0 has the maximum difference of –1.12 dB in
the power level from the desired –8.45 dB, and the maximum
phase deviation of –36° occurs at the far-field between panels 1M
and 3P. Furthermore, there is a deviation from the symmetricity
prerequisite between the M-side and the P-side. Fig. 5(a) and (b)
shows that the cascaded scattering matrix transmission ampli-
tude and transmission phase is approximately symmetric. The
desired amplitude is obtained from the theoretical design goal,
and the desired phase is obtained from HFSS simulation results
based on design. This shows that the waveguide tournament
circuit is symmetric. However, it is seen that the far-field phase
for the panels is not symmetric, for, e.g., there exists 15° phase
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Fig. 5. (a) Synthesized scattering matrix transmission amplitude. Dotted lines show the goal values. (b) Synthesized scattering matrix transmission phase. Solid
circles show phases from HFSS simulation. (c) Synthesized scattering matrix reflection amplitude. (d) Synthesized and measured seven-panel array azimuth pattern
at 9.65 GHz. (e) Synthesized and measured seven-panel array system reflection. (f) Synthesized and measured seven-panel array near-field average phase.

TABLE II
SYNTHESIZED INPUT SIGNAL POWER AND PHASE TO EACH PANEL IN

SEVEN-PANEL ARRAY AT 9.65 GHZ

difference between panels 3M and 3P and between panels 2M
and 2P in Fig. 4(c). This radiation phase asymmetry is the main
cause behind the cascaded phase asymmetry observed in Table II
and Fig. 5(f), which shows the near-field aperture distribution
average phase of each panel. Since the honeycomb panel and
radiation slots design are identical for all panels, this asymmetry
is unexpected and can be attributed to fabrication imperfections
discussed earlier. One possible way to compensate this phase
imbalance for future satellites is to adjust the air-gap between
adjacent panels in the M-side and P-side accordingly.

The total system reflection can be estimated from the single-
panel measured scattering matrix as follows:

S117−Panels
= S11Tj

+ S21Tj
S31xS1ActivewS13xS12Tj

+ S21Tj
S11xS12Tj

+ S21Tj
S21xS11yS12xS12Tj

+ S21Tj
S21xS21yS11zS12yS12xS12Tj

+ S31Tj
S31x′S2ActivewS13x′S13Tj

+S31Tj
S11x′S13Tj

+S31Tj
S21x′S11y′S12x′S13Tj

+ S31Tj
S21x′S21y

′S11z′S12y
′S12x′S13Tj

. (11)

Here subscript “Tj” refers to the Magic-T junction, x, y, z
and x′, y′, z′ refer to panels 1,2,3 on the P-side and M-side,
respectively, “w” refers to panel #0, which has two input ports;
hence, S-active must be considered.

Fig. 5(c) shows the cascaded scattering matrix reflection level.
In order to validate this synthesis methodology and thereby judge
its accuracy level, it is necessary to compare the synthesis results
with actual measurement results. The seven-panel near-field
measurement was conducted at AMETLAB NSI-MI plane-polar
measurement facility at Kyoto University Uji Campus. As shown
in Fig. 6(a), a lift-up table is employed to fix the distance
between the AUT and the log-peri antenna probe to 5λ, where
λ is the wavelength at the center frequency. The radial span is
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Fig. 6. Seven-panel array near-field measurement. (a) Setup. (b) Aperture distribution amplitude and phase at 9.65 GHz. (c). Frequency-dependent azimuth
pattern. (d) Frequency-dependent elevation pattern. (e) 2-D radiation pattern amplitude at 9.65 GHz. (f) 2-D radiation pattern phase at 9.65 GHz. (g) Variation of
peak directivity and estimated peak gain with frequency.

5902.23 mm, and the sampling is done at a spacing of 14.47 mm
in radial direction and 0.29° in the angular direction, thereby
covering 409 × 626 2-D radial data points, which meet the
Nyquist sampling criterion. Log-peri probe correction is not
considered in the NSI-MI near-field measurement software.

Fig. 6(b) shows the near-field measurement aperture ampli-
tude and phase distributions. Fig. 5(d) shows the transformed
far-field azimuth pattern at the center frequency. The azimuth
pattern is asymmetric due to the asymmetric phase imbalance
observed in Fig. 5(f). Fig. 5(e) shows the system reflection.
In all cases, it is seen that there is a good match between the
synthesized patterns and the measurement patterns. A constant

phase offset due to no calibration of the VNA before seven-panel
measurement has been compensated for the sake of comparison.
The error in average phase estimation is less than 5°. The
main beam far-field phase, 3 dB beamwidth, and first sidelobe
level match quite well; and the same applies for the system
reflection level. The 3 dB beamwidth of the synthesized and
measured pattern are, respectively, 0.3° and 0.28°. The first
sidelobe levels (SLL) of the synthesized pattern are –10.2 and
–11.7 dB while that of the measured patterns are, respectively,
–11.4 and –11.2 dB, respectively. Thus, the 3 dB beamwidth
error is 0.02°, i.e., 7.1%; and the first SLL errors are 1.2 and
–0.5 dB, respectively, i.e., 14.8% and –5.6% w.r.t. the field
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Fig. 7. (a) X-band HPA installed on the satellite body panel. (b) SAR S-ELU converted from airplane application. (c) MDR with 768 GB NAND flash memory.
(d) System block diagram of SAR data storage and downlink system.

strength magnitudes. Some larger discrepancies between mea-
surement and synthesis are seen in the azimuth pattern at far
angles. However, since the azimuth beamwidth is very narrow,
the sidelobes at these far-angles are well below –15 dB and,
hence, have minimal influence on the system performance. Thus,
these errors are within acceptable limits from the perspective of
system performance evaluation. The most likely cause behind
these discrepancies is that the isolated single-panel near-field
measurement (and hence synthesis pattern) was performed with
OEWG probe including the effect of probe correction and after
near-field to far-field transformation, the angle resolution is 0.5°.
In contrast, the seven-panel measurement was conducted with
log-peri probe without considering the effect of probe correction,
and the corresponding far-field angle resolution is 0.7°. An
additional minor factor is that the measurement scan area of
single panel is much narrower than the seven-panel array. The
system reflection is also critical since high reflection can damage
the LNA. Maximum reflection level less than –15 dB is achieved
as desired. These are the primary parameters of interest for
synthesis, since the main lobe beamwidth and the first sidelobe
levels determine the SAR azimuth ambiguity level, which will be
discussed in the following section. This validates the synthesis
results and methodology and confirms that the approximations
in (8) and (11) are acceptable.

Fig. 6(g) shows the variation of measured peak directivity
and estimated peak gain with frequency. The gain is estimated
assuming a constant antenna loss of 1.2 dB, throughout the
bandwidth, this antenna loss is estimated using the measured an-
tenna loss of a single-panel engineering model antenna far-field
measurement in [14]. A traveling wave antenna is designed for
in-phase excitation at the center frequency; thus, it is expected
that the gain will drop at the edge frequencies; the drop in the gain
becomes more pronounced at one of the edge frequencies if the
center frequency shifts. The directivity drops more sharply at a
higher frequency since the measured center frequency is shifted
to 9.62 GHz from 9.65 GHz. At 9.65 GHz, the aperture efficiency
and estimated antenna efficiency (including 1.2 dB antenna loss)
are, respectively, 73% and 55%. The arraying efficiency, i.e.,
ratio of seven-panel measured directivity w.r.t ideal uniform in-
phase excitation of seven identical panels (considering isolated
single-panel #3P measured directivity) is 94.2%. Fig. 6(c) and
(d) shows the seven-panel measurement radiation patterns along
azimuth and elevation, respectively, throughout the designed
bandwidth of 9.5–9.8 GHz. Fig. 6(e) and (f) shows the 2-D
far-field radiation pattern amplitude and phase, respectively,

at 9.65 GHz. The azimuth pattern at 9.65 GHz has slightly
higher sidelobes of –11.2 dB and the pattern is not perfectly
symmetric. This is a consequence of the deviation from ideal
uniform in-phase feeding condition described in Table II causing
phase-imbalance in the near-field distribution between adjacent
panels shown in Fig. 5(f). It is also seen that radiation patterns
have higher sidelobes at 9.8 GHz, especially in elevation. This
is due to the shift of the center frequency to 9.62 GHz from
designed 9.65 GHz due to fabrication imperfection discussed
earlier.

B. On-Board SAR Electronics

This section explains the on-board SAR instruments, the
high-power amplifier, S-ELU, mission data recorder, and the
data downlink system. Fig. 7(a)–(c) shows the on-board SAR
instruments. Fig. 7(d) shows the system block diagram of data
storage and downlink system.

The RF peak power is selected to be 1000 W that is realized by
GaN solid-state amplifiers, instead of vacuum tube TWTAs. The
on-duty ratio is selected as 25% to increase the average trans-
mitting power, paying careful attention to the thermal design
[16].

A chirped transmitting signal is amplified in 6 GaN HEMT
200 W amplifier modules to be combined in a waveguide res-
onator. The inputs of the power combiner are microstrip lines.
The output of the combiner is a rectangular waveguide. Total
heat generation of the HPA is about 1000 W in average. The
duration of SAR observation is less than 5 min per one orbit
period (96 min). Six amplifier modules are distributed around the
power combiner and are fastened almost directly to the satellite
structural panel. The structural panel is a thick aluminum plate
that works as a heat spreader, heat capacitor, and radiator.
Aluminum has relatively high specific heat (0.9 kJ/K/kg) and
thermal conductance (200 W/K/m). The mass of the aluminum
plate is about 4.4 kg and the temperature of the plate rises by 50°
after 5 min of SAR observation. The heat stored in the aluminum
plate during SAR observation is emitted with a time constant of
about 50 min as infrared radiation from an outer radiator surface
of the aluminum plate to deep space.

A S-ELU handles transmitting signal generation, receiving
signal processing (frequency conversion and analog-to-digital
conversion) for the SAR sensor. The S-ELU for our small satel-
lite is developed based on an airborne SAR instrument. The chirp
bandwidth is 300 MHz for 1-m ground resolution. The received
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signal is converted to digital signal of 8 b× 720 Mega-samples/s.
The data compression rate is about 50%. Receiving duty cycle
is about 50% to acquire a reasonable signal-to-noise ratio. After
the time stretching process, the average data rate is 1.5 Gigabit/s.

SAR data are transferred to MDR through serial RapidIO
(sRIO) interface. The MDR consists of commercial 16 NAND
flash memory devices and the total memory capacity is 768 GB.
Total dose tolerance of NAND devices is confirmed by the Co60
irradiation test. Single event upset errors are corrected by a
standard error correction code for commercial NAND devices.
A commercial Xilinx ultrascale FPGA (field programmable gate
array) device is utilized for high-speed data flow and standard
powerful error correction code. Special care is given to thermal
heat path and thermal stress of ball brid array (BGA) packaging.

In the downlink communication mode, the stored data are
transferred to a high data rate X-band transmitter (XTX). XTX
has dual polarization (RHCP/LHCP) channels to increase its
downlink capability. The stored data are switched to the two
channels and they are transferred to XTX through Xilinx Au-
rora data interface. The data rate between MDR and XTX is
2 Gigabits/s per one channel and total data rate is 4 Gigabits/s.
The downlink system is demonstrated by JAXA Rapis-1 satellite
in 2019 [22].

III. SAR SYSTEM EVALUATION

A. SAR Imaging Test With Point Source Simulator

Ground test of SAR observation has been performed with a
dedicated target signal simulator. Prototype flight model viz.
PFM of S-ELU sends exciter signal with chirp modulation
to radar front-end (RFE) and HPA. A dedicated target signal
generator generates echo signals from a single-point target under
assumption of the stop and go model. The echo signals are input
to S-ELU. Then S-ELU performs frequency down-conversion,
conversion of analog signal to digital signal, and data compres-
sion. Then the observation data are sent to the MDR. Based on
the stored data, conventional SAR image processing generates
the range-azimuthal SAR image of a point target, as shown in
Fig. 8. A 0.81-m azimuthal resolution and 0.86-m ground-range
resolution at the 30° off-nadir angle in the sliding spotlight mode
has been confirmed.

B. SAR Image Quality Evaluation

In this section, SAR image quality evaluation is performed
for strip-map mode operation with 2.45-m azimuthal resolution.
The three key SAR image quality indices that can be estimated
from the measured seven-panel array antenna pattern are NESZ,
range ambiguity to signal ratio (RASR), and azimuth ambiguity
to signal ratio (AASR) as follows [17]:

σNEZ0 =
8πR3λV LRkT0NF

PtG2
maxδgrDp

(12)
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Fig. 8. SAR response image of single-point source with a sliding spotlight
mode. 2-D plot of slant range and azimuthal direction. Azimuthal resolution is
0.81 m. Slant range resolution is 0.47 m. Ground range resolution 0.86 m at 30°
look angle
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c
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S Wi = Re (αf − αn) (18)

βi = γf − γn. (19)

Here, Pt is the peak transmission power, Gmax is the peak
gain, Dp is the duty cycle, δgr is the ground-range resolution,
R is the slant range, λ is the wavelength, V is the satellite
orbital velocity, Laz is the antenna length in azimuth, LR is
the system loss, k is Boltzmann’s constant, T0 is the ambient
noise temperature, BP is the azimuth processing bandwidth. η
determines how much the processing bandwidth is utilized, and
η < 1 corresponds to oversampling w.r.t. the Nyquist rate. These
parameters are listed in Table I. Typically, η = 0.75, which
corresponds to an azimuth oversampling of 1.33, i.e., the azimuth
processing bandwidth is greater than the Doppler bandwidth
2V
Laz

.Gaz is the antenna radiation pattern in the azimuth cut plane,
θaz is the azimuth angle, fd is the Doppler frequency, fp is the
pulse repetition frequency (PRF). Referring to Fig. 9, γ is the
look angle, γ0 is the nadir offset angle at elevation beam-center,
Gel is the antenna radiation pattern in the elevation cut plane,
θel is elevation angle, θi is the angle of incidence, α is the core
angle, h is the satellite altitude, Re is the radius of the earth,
R is the slant-range, t is the time, and c is the speed of light
in free space, ti and tf correspond to the receiving window
echo reception from the near-range and far-range, respectively.
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Fig. 9. SAR geometry assuming spherical earth [17].

The antenna pattern is a function of the elevation and azimuth
angles. For ambiguity calculation, it must be converted as a
function of time and frequency using equations [15]–[17]. SWi

is the illuminated swath-width,αf andαn correspond to the core
angles at far-range Rf and near-range Rn, respectively, γf and
γn correspond to the look angles at Rfand Rn, respectively,
βi is the antenna elevation illumination beamwidth. Equation
(18) assumes that the earth’s radius is constant, which is an
acceptable accurate approximation in LEO for swath-width less
than 100 km.

AASR, RASR, and NESZ depend on the antenna gain, which
is frequency dependent. The peak gain, 3 dB beamwidth and
first sidelobe level significantly vary with the frequency. A
typical way to estimate the system performance is to compute
the ambiguities and NESZ for each frequency and take the
average throughout the bandwidth, which involves significant
computation. A more efficient way to estimate the system level
performance would be to make use of the G2 dependence on the
antenna pattern gain and compute the frequency- independent
bandwidth-integrated RMS peak gain and radiation patterns
to compute the system performance. Swath-width requirement
determines elevation antenna illumination beamwidth. The cor-
responding drop in the gain at the edges of the illumination
beamwidth should be considered during NESZ computation.
The RMS gain method is a reasonable approximation and sig-
nificantly reduces the computation burden. Equations (13) and
(14) compute the mean AASR and mean RASR over the Doppler
processing bandwidth and receiving window corresponding to
swath-width, respectively. For computing the maximum lev-
els, spectral overlap between the signal and ambiguous return
corresponding to the preceding and succeeding pulses must be
considered, as shown in Fig. 11.

The MicroX-SAR system is designed for 1-m to 3-m ground
range resolution with the off-nadir look angle varying from
15° to 45°. At a 30° off-nadir look angle, 1-m ground-range
requires 300 MHz bandwidth from 9.5 to 9.8 GHz, while
for 3-m ground-range resolution the bandwidth required is
100 MHz from 9.6 to 9.7 GHz. The bandwidth-integrated
frequency-independent RMS radiation patterns are calculated
for these two cases from the measurement data in steps of
50 MHz. The bandwidth-integrated RMS antenna efficiency
for 3-m resolution and 1-m resolution are 53% and 47%,
respectively, as shown in Fig. 6(g). Fig. 10(a) and (b) show the

bandwidth-integrated RMS patterns along azimuth and eleva-
tion, respectively. The effect of higher sidelobes at 9.8 GHz in the
elevation pattern is significantly suppressed in the RMS patterns;
thus, undesired high sidelobes at one edge frequency does not
significantly impact the overall system performance. These RMS
patterns are used for estimating the system ambiguity levels.

Fig. 10(c) shows the variation of mean AASR with PRF for
different combinations of ground-range resolution and azimuth
processing bandwidth. The Nyquist sampling limit is 2V

Laz
, i.e.,

3104 Hz. Below this PRF, there is significant spectral overlap
due to undersampling resulting in the high azimuth ambiguity
level. For our mission, the maximum allowable mean AASR
limit is –17.5 dB. This criterion is satisfied for PRFs greater
than 3.5 kHz. Although the azimuth pattern has some undesired
asymmetry due to unexpected phase variation among panels, it
does not have any serious impact on the AASR or SAR imaging.
Hence, aperture tapering is not necessary. Furthermore, aperture
tapering would result in lowering the antenna gain, which would
have a negative impact on the NESZ of the SAR image. Fig. 10(d)
shows the variation of mean RASR with different combinations
ground-range resolution and swath-width at an off-nadir look
angle of 30°. The desired mean RASR limit less than –17.5 dB
limit is achieved for PRF less than 5 kHz.

PRF selection is another important aspect for SAR mission
design. There are several PRF constraints for a mono-static
SAR which makes PRF selection quite challenging and criti-
cal, as explained in [18]. Furthermore, it is seen that azimuth
ambiguities decrease with an increase in PRF whereas range
ambiguities increase with an increase in PRF. As the swath-width
increases, the receiving window also increases. Also, for a
fixed swath-width as the off-nadir look angle increases or if
the satellite altitude increases, the receiving window increases.
As a result, it becomes quite difficult to use high PRF. NESZ
degrades if: satellite altitude increases; the off-nadir look an-
gle becomes higher or chirp bandwidth is increased, i.e., finer
ground-range resolution is desired. Since the peak power is
fixed, to compensate this, higher transmission duty cycle needs
to be used and this further makes it difficult to use high PRF.
So, acceptable AASR limit becomes critical for PRF selec-
tion. Unlike AASR, RASR is highly sensitive to the off-nadir
look angle and relatively sensitive to change in the satellite
altitude.

Fig. 10(e) shows the sample PRF selection computation at the
30° off-nadir look angle for different combinations of ground-
range resolution and swath-widths using the mission parameters
in Table I. The maximum acceptable limits of peak AASR and
peak RASR are considered in PRF selection. Fig. 11(a)–(f)
show the overlap of the spectral overlap of the signal with the
ambiguous return in range-time domain, and Fig. 11(g) and (h)
show the same in the azimuth Doppler frequency domain. As
seen, the maximum ambiguity signal overlaps occur at the edges
of the receiving window and Doppler bandwidth. A total of 4457
Hz is a suitable PRF because: it is low enough to permit 28 km
swath-width acquisition; and the maximum ambiguity signal
power levels are below –20 dB in the range time receiving
window and azimuth frequency processing bandwidth. From
Fig. 11(g) and (h), it can be concluded that the impact of asym-
metric azimuth main beam is within permissible limits since
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Fig. 10. (a) Bandwidth-integrated RMS azimuth pattern. (b) Bandwidth-integrated RMS elevation pattern. (c) Mean AASR versus PRF for different ground-range
resolution and processing bandwidths at 510 km altitude. (d) Mean RASR versus PRF for different ground-range resolution and swath-widths at 510 km altitude
30° off-nadir look angle. (e) PRF selection and mean NESZ level for different ground-range resolutions and swath-widths at 510 km altitude 30° off-nadir look
angle.

both the maximum peak AASR and maximum peak RASR are
below –15 dB limit as desired. Table III summarizes the system
performance for potential modes of operation. Since the NESZ
and ambiguity levels vary significantly over the range swath
and azimuth processing bandwidth, both the mean values and
maximum peak (worst case) values are provided. The maximum
capability of the present system is 1-m resolution ground-range
resolution with 28 km swath-width at an altitude of 510 km
with an operating PRF 4.457 kHz with 25% duty cycle at the
30° off-nadir look angle with mean NESZ, AASR, and RASR
levels of –14, –21, and –24 dB, respectively, and maximum
NESZ, AASR, and RASR levels of –13, –15, and –16 dB,
respectively.

Fig. 10(e) shows that 28 km swath is a limiting factor for
PRF selection at 25% duty cycle due to interference between
RX signal and TX signal. Thus, the only feasible solution to
achieve large swath is to increase the transmission peak power
adequately to improve NESZ while lowering the duty cycle
simultaneously to ensure PRFs greater than 3.5 kHz are permis-
sible. This is currently being investigated to make the system
capable of 40 km swath width for future missions. For wide
swath acquisition at off-nadir angles greater than 35°, the range
ambiguous overlap in time-domain occurs with the main lobe
of the antenna pattern at the swath edge. Thus, range ambiguity
suppression using up-down chirp as proposed in [18] might be
necessary.
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Fig. 11. (a)–(f) Spectral overlap of signal and ambiguous return in range time domain receiving window. (g)–(h) Spectral overlap of signal and ambiguous return
in azimuth frequency domain Doppler bandwidth. The first two succeeding and preceding pulses are considered (k = 1, 2) at PRF = 4457 Hz at 510 km altitude
30° off-nadir angle for different resolutions and swath widths. Processed Doppler bandwidth is 3104 Hz, Azimuth resolution is 2.45 m, strip-map mode.

TABLE III
MICROX-SAR SYSTEM PERFORMANCE

(510 km altitude, 30° off-nadir look angle, and 25% TX duty cycle at 4457 Hz PRF, RW
is receiving window, processed Doppler bandwidth is 3104 Hz, Azimuth resolution is
2.45 m, strip-map mode).

IV. CONCLUSION

This article shows the development and performance evalua-
tion of prototype flight model antenna system of MicroX-SAR
Mission. Seven-panel antenna array performance was accurately
estimated by means of synthesis from the single-panel mea-
surement results and cascaded scattering matrix. The synthesis
methodology was verified by confirming with measurement
results. SAR image performance indices like NESZ, ambigu-
ities were estimated from the bandwidth-integrated radiation
patterns. PRF selection was performed at an altitude of 510 km
and 30° off-nadir look angle. Although the antenna pattern has
azimuth asymmetry with relatively higher than expected first
SLL in elevation and azimuth, especially at the edge frequency
due to phase imbalance caused by fabrication imperfections,
the effect is significantly mitigated in the bandwidth-integrated
frequency-independent RMS antenna patterns used for system
performance evaluation. Furthermore, careful PRF selection
ensured that azimuth ambiguity and range ambiguity levels are
within acceptable limits. Following several system tradeoffs, the
maximum capability of the present system was determined to be
1-m ground-range resolution with 28 km swath-width. On-board
SAR instruments were verified by a SAR imaging test with
a point source simulator. The first demonstration flight of the
MicroX-SAR system is scheduled to be in 2020 as collaboration
with Synspective Inc. [5].
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