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ABSTRACT

In The Netherlands a demonstration small SAR imsént mission is prepared under the ESA Prodex progits
launch is expected in 2017.

The overall objective of this project is to demoat# an alternative means to systematically agkesstructural health
of large volumes of infrastructure (built envirormtle in order to avoid hazardous situations. Theessment is based
on an X-band interferometric Synthetic Aperture &aglith high resolution in the order of 2 meter.

The radar system will be using the FMCW principted awill be realized within stringent Size, WeightdaPower
(SWAP) requirements in order to allow future missiocof this type to be flown on small satellites.e$é future
missions will possibly exploit the full FMCW capétyi in a formation flying sensor suite. The currefemonstrator
will consist of one platform with the instrumentespting in Interrupted FMCW mode. This back-up madforeseen
also for the future missions, in order to keep imggapability in case one of the instruments i fbrmation has a
serious malfunction.

The paper describes the mission goal, the radaument and its performance.

INTRODUCTION

In The Netherlands a demonstration small SAR imsént mission is prepared under the ESA Prodex progits
launch is expected in 2017 on a platform of oppuotyu

The overall objective of this project is to demeatt an alternative means to systematically aghesstructural health
of large volumes of infrastructure (built envirormbe in order to avoid hazardous situations. Alfowa limited
number of case studies suggest that interferometidar data may be able to fulfill this objectitiee main aspects
hampering an operational deployment are (i) appatgprspace-temporal sampling, (ii) acceptable casy (iii)
guaranteed data provision. The simultaneous cortibimaf these 3 requirements is not generally awdd with
existing SAR missions. This is mainly because roissiare designed for global coverage and/or a tudéi of
applications. Thus, we need to study alternativeshfe currently active mission concepts.

A precursor mission is required in order to vakdahe approach and especially gain knowledge amdidemce,
finalize the parameters calibrating the algorithoptjmizing the operational scenario, verifying theorbit accuracy of
the system transfer function and correlate caldsrdata with in-situ measurements.

Hence, taking advantage of a “mission of opportinithe main objective of the present mission isvididate the
scientific and operational principles in view oftdte systematic infrastructure monitoring in radaerferometric
mode. The payload will be based on a low-cost, hégiolution SAR, with high space-temporal samptagabilities.

At limited mission costs dedicated satellites fairggle objective are feasible. As always, the rsgishould be larger
than the costs. In case of high cost large sateflitstems, multiple objectives are served to mélee mission
economically effective. A low cost, preferably stredt mission could be affordable for a single aation. We think
that infrastructure is a clear example, but theeeather candidate applications as well. The itftasure monitoring
application is selected for the demonstration naissind further described in this paper.

The X-band SAR instrument is now under developnar8SBV Space and Ground Systems NL and shouleédsby/ r
for flight in 2017. To obtain small instrument dinstons, suitable for future small-sat operation8 by 1 meter
antenna is selected, consisting of 3 panels. Algareel by 1 meter building block including notlpthe antenna but



also all the RF and digital front end electrontosnce the name PanelSAR. An extension to 4 painelgt(by 1 meter
antenna) is relatively easy to achieve and woutdhalor higher performance or operation at highatuales. The focus
in the development is on the use of existing tetdgyas much as possible. Nevertheless the desigdvanced: it will
be the first FMCW SAR in space. The choice for FM@/Mased on simplicity in design, relaxation impéing rates,
RF power efficiency. However, full FMCW mode wikquire two platforms in formation (one transmiteaeceive),
which is not foreseen in the demonstration phase Jingle instrument will have a complete transanitl receive
capability and operate in an interrupted FMCW m@E®CW). More details can be found in the next &m.

INFRASTRUCTURE MONITORING

The importance of critical infrastructure need hetdiscussed. The actual problem lies in its sadaty reliability. In
western countries, including The Netherlands, thk lof all operational infrastructure was built \ween 1950 and
1975, and has now reached a critical age. Witmiieeased age and accompanied degradation, aleeiidiastructure
is not guaranteed anymore. Ageing of materialsctffeus in everyday life. Figure 1 shows an exanfptmurce:
https://beeldbank.rws.nl, Rijkswaterstaat / AVD IRiyaterstaat). On 22 April 1987 the viaduct Kleideide, at
highway A2 near Echt, collapsed unexpectedly. Réyzeollapses of several bridges in the US haveuned. On a
large scale, aged infrastructure can threaten tomamic competiveness of a nation, and the costemicement
exceed its financial possibilities. Today ageingnafterials and structures is a multi-billion ewssue.

Figure 1. Aerial image of a collapsed viaduct ‘KNH HEIDE’, the Netherlands 22 APRIL 1987.

As an example, every 4 years, the American SoocdtyCivil Engineers releases a Report Card for Aoaes
Infrastructure that depicts the condition and penfance of the US infrastructure. The 2013 repaticieted a needed
investment of 3.6 billion USD.

Only in the USA, the average age of the 84.000 damrtbe country is 52 years old, while the average of the
600.000 bridges is 42 years. Of all bridges, 11%oissidered to be structurally deficient.

With the Rotterdam harbor as the largest port inope, the Dutch economy relies strongly on thespart sector,
which makes infrastructure related to roads, rait&l river shipping very important. 1600 MEuropgist on damage to
infrastructure yearly.

The demonstration mission is the first missionystsmatically address the monitoring of criticdraistructure. By a
proper selection of observation parameters in tesfmgsolution and revisit (exact repeat) time,nglavith a limited
selection of observation areas, unprecedented vdigmr of infrastructure is enabled, even with inéds that overcome
the decorrelation of reflection hazards at X-baedjdiencies.

The status and safety of infrastructure can be eociewntly parameterized in terms of geometric défeial
displacements, in (milliymeters [m], or dimensi@yestrain [m/m], as a function of time.

The functional relationship with the geometric @efation) parameters can be established by usidgr réSAR)
interferometry, where the interferometric phasénsarly related to (changes in) the geometry. Higljuency radar,
such as X-band, would ensure both a significansiseity to the small deformations expected fromustural strain, as
well as the high resolution required for adequaiatial sampling of infrastructural objects. The pamal revisit rate



(repeat orbit) drives the spatial sampling, anddehtion in the order of several days is in priteigchievable. (Note
that a single-satellite solution may impose restnts on the covered areas).

The scientific infrastructure monitoring goal witle investigated by a Principal Investigator (Planteat Delft
University of Technology. The Pl team consistshia initial phase of 2 persons, Prof. Ramon HanasenProf. Peter
Hoogeboom of TU Delft, Geoscience and Remote Sgrdapartment. In the course of the project the tealinbe
expanded. The PI team will approach partners tistaashe scientific experiments.

KEY INSTRUMENT/PRODUCT SPECIFICATIONS

The small size and versatile X-band FMCW radaajsable of mono-static interrupted FMCW (iFMCW) agtéon and
full FMCW bi-static operation, which obviously redges more than one platform. In the demonstratiajegt only the
monostatic operation will be tested. The resolutiohigh compared to existing C-band satellite myst. Key element
will be a continued series of high repeat frequeimtgrferometric observations of selected areasicExepeat rates
down to 2 days are foreseen, while exploiting apraximate 344 km orbit. The operational follow-grstems can be
used in a 1 day repeat cycle, orbiting at some IG80height. This allows for coherence levels andeatpntervals
which are sufficient for e.g., agricultural apptions, soil ground water analysis, and (infrasuiue} deformation
analysis. Of course other orbits (e.g. for glolmlerage) are possible as well.

The initial design of the system focused on full &% operation, based on a minimum of 2 platforms B} having
dedicated satellites for transmission and for réoeftlata downlink, the satellite systems can béngped in terms of
functionality, components, power generation, weiid size. However for reasons of flexibility aMiEW mode was
built into the system, allowing for single platforoperation. This necessitates of course a full tianing satellite,
including transmitter, receiver, datalink, etc.

Obviously, the performance of the instrument depemlaltitude and FMCW mode. We will focus in thaper on the
nominal operation altitude of 580 km and the 344altitude in the demonstration flight.

The design goal for StripMap imaging was a resotutn the order of 4 meter and a swath in the oodéi0 - 20 km at
580 km altitude. This can be achieved with 300 WpRBkpower. Note that the required RF power in iF¥I@ode is
higher than in full FMCW mode, because the inteiedpwaveform has a 40% duty cycle, whereas theFMCW
mode has 80%. Everything else staying the sampdhak power needs to be increased by a factor ofrhared to the
full FMCW mode. We chose to maintain a maximum River of 300 W and to relax the performance instddm
reason for not having 50 and 100% duty cycles as$ tim reception the whole swath needs to be sanfpieithe full
waveform length.

The key observation modes for the scientific agpiom and for other uses are presented in Tablédy are based on
the nominal altitude of 580 km and single look alaton.

Observation Parameter FMCW mode (2 | iFMCW mode
mode satellites) (single satellite)
StripMap Resolution (Az. x Ground range)) 1.7x2.0m 1.7rd
Incidence angle 30° 30°
Instantaneous bandwidth 150 MHz 100 MHz
Swath 9.3 km 9.1 km
Worst case AASR / RASR -24.8/-27.8dB -24.97.42dB
Worst case NESZ -19.9 dB -18.6 dB
ScanSAR Resolution (Az. x Ground range)) 15.3x3.0m 158xm
Incidence angle 30° 30°
Instantaneous bandwidth 100 MHz 50 MHz
Swath 69.3 km 68.8 km
Worst case AASR / RASR -21.1/-24.0dB -21.13.72dB
Worst case NESZ -20.7 dB -20.7 dB
SpotSAR Resolution (Az. x Ground range)) 1.0x1.0m 1.0Xra
Spot size (Az. x Ground range) 6.1 x 5.5 km 587 xkm
Incidence angle 30° 20°
Instantaneous bandwidth 300 MHz 200 MHz
Worst case AASR / RASR -24.6 /-26.0 dB -24.57.82dB
Worst case NESZ -19.1 dB -18.2 dB

Table 1. Key observation mode parameters.



In addition to the StripMap mode and the ScanSARsystem is capable of SpotSAR with 1 meter graesdlution
(azimuth and range) at selected spots. The iIFMCVdamuas sufficient sensitivity to observe in SpotSatR20°.
Furthermore, the single polarization (VV) instrurhencapable of interferometric observations.

The ability to perform Electronic Baseline CorrectiEBC) in interferometric data takes (compensiite in the orbit
of the small satellite by tuning the carrier) iseaof the unique capabilities of this system. Thetesy has a 300 MHz
bandwidth which can be used instantaneously foy Wégh resolution spotlight imaging or it can bdits achieve
medium-high resolution (e.g. 150 MHz) and EBC feveral kilometers baseline offset. A nominal 1 @Biometric
calibration accuracy is assumed in the products.

A detailed overview of the SAR system performanices$tripMap and ScanSAR acquisition mode for thd B
demonstration orbit has been summarized in Talaled3Table 4.

DEMONSTRATION FLIGHT

The demonstration mission will be flown on a praddlatform of opportunity, an ISS supply flightich a mission is
naturally bound by conditions of the primary missigoal, its orbit parameters and its configuratidhe SAR
demonstration mission is designed within these Hatias. During the mission specific attitudes & #pacecraft can
be reached in terms of yaw, roll and pitch angtesiridividual data takes or batches of data takesthermore, the
spacecraft and consequently the SAR antenna cae ffiorvard” or “backward” with respect to the veitycvector,
resulting over The Netherlands in a northward artlseward looking of the antenna. The imposed loakdlion is a
result of Sun/spacecraft relative geometry and aéibend on the period of the year of this phase. démonstration
mission includes 3 phases:

Commissioning. During this phase we will perform test and calilma of the instrument and routine imaging actesti
to build up experience in all elements of the emaind SAR monitoring system. From the orbit poihwiew, this
phase is performed with the spacecraft decayinglyfravithout any orbit control to the altitude of mpximately
344 km where the second phase will start. The guradf this phase varies from around 100 days t0 days
depending on the host spacecraft condition an&timeactivity in that period.

INSAR mission. In this phase we will perform the INSAR missionhel INSAR mission phase starts when the
spacecraft naturally reaches the altitude of agprately 344 km which is the altitude of a repettiorbit of 2 days. At
this point the spacecraft will be maneuvered tmadh orbit. This phase will last at least for 2¥slin order to have at
least batches of 15 data takes for selected expatisites on various parts of the Earth.

The frozen orbit will limit the oscillation of thaltitude vs latitude. The only altitude variatiennatural decay due to
the drag effect, which will be compensated at regiritervals to limit the cross-track variationléss than 1km. The
attitude of the spacecraft (yaw, roll, pitch) vidt controlled as required by the SAR acquisitidresees.

SAR mission. In the final stage we let the spacecraft decajimagintil reaching 250 km altitude. The purposdhié
approach is to reduce the amount of propellantssag for the final de-orbiting. It will thus engrthe lifetime.

During this phase (3 to 5 months) the instrumefitpeirform data takes in selected areas worldwittkia all modes.

RADAR INSTRUMENT DESIGN, DEVELOPMENT AND PERFORMANCE

The industrial team realizing the radar is led BBS Space and Ground Systems NL in Noordwijk amdlices GTM,
TNO and NLR.

The overall system under development for the detraios mission is depicted in Figure 2 and it imiga not only the
PanelSAR itself but also an Instrument ELectror{i&d) which will manage the instrument (commandeneetry
reception and data storage), the telecommand frmung and the transmission to ground of both therall’system
telemetry and the SAR data.

A block diagram of the PanelSAR is shown in Fig8réonly one panel represented). The single anteonaists of 3
identical panels of 1x1 m, each composed by 3xBn{@h and elevation) tiles. Each tile is composgdiigroups of 4
Slotted Waveguides (SWG) fed by a Transmit and Rec®lodule (TRM) that performs amplitude and phase
modulation for achieving antenna pattern steerifigerefore, each antenna panel contains 36 TRM alfpa limited
steering capability in two dimensions. The compbateenna has 9 x 12 controlled phase centers (H#zixnelevation).
Since each TRM is able to reach an output signalepdevel of about 3 W, the total maximum transedtpower is
about 100 W per panel. This power level is avafldhlthe iIFMCW mode with 40% duty cycle. In full MV mode
with duty cycle of 80% or higher, the RF power &enmaintained at 100 W, but can also be reducedidat 66 W per
panel. The power level selection depends on maxinD@npower availability of the bus, heat transfeonfr the
platform and the required performance.
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Figure 3. Block diagram of the PanelSAR.

The array can be calibrated through internal angreal calibration. The antenna can both transmé eeceive,
allowing for a full FMCW waveform exploitation irase two systems fly in formation. A single systean operate in
Interrupted FMCW mode with approximately 40% traission duty cycle. The timing windows for transraind
receive are tuned on basis of the observation gggme

Each panel has a Transceiver module that is desigria generate configurable waveforms, to amyligm and to
process received signals. The transceiver is céadeo the T-R modules by a combiner-splitter nekwo

The signal to be transmitted is generated by apdBaneration Unit (CGU) according to the charastes imposed by
the Control and Synchronization Unit (CSU) angitip-converted to X-band and amplified by a Higlv@®oAmplifier
(HPA). Next it is distributed to the T-R moduleshiah contain the usual elements: a HPA, a vectadutador and a
Low Noise Amplifier (LNA).

The received signals are amplified and phase/ &augliadjusted in the T-R modules. After combinatiéthe outputs
of the T-R modules the microwave signal is amgiifia the Transceiver by a Low Noise Amplifier (LNAJown
converted and de-ramped to a suitable IF frequeNext the signal is digitized inside the panel,-precessed and
transmitted to the Instrument Electronics whichl wibre the data into the on-board memory. Datastrassion to a
ground station will take place in the next suitatiee-window after the acquisition is completed.



Signal transmission and reception is accomplishezligh an antenna Front-End (FE) that should alswagntee a high
level of isolation.

The instrument will be controlled and operated tigto a Mission Control Center (MCC) situated in TNetherlands.
All downlinked data is collected in the Netherlanmsthe SSBV Ground station Network (GSN). Thiswak makes
use of ground stations in different places arotwedworld.

During the acquisition of the interferometric tirseries (INSAR mission), the orbits should be kn@aaposteriori with
a precision of 10 cm or better, and controlled ¢oaithin an effective orbital tube with a radius58f% of the critical
baseline or better. The actual value of the clitigseline will depend on selected values of inei@eangle and range
resolution, a typical value is 3,2 km perpendicttathe radar line of sight. In view of limited d@rlbontrol capabilities
of small platforms an Electronic Baseline Compeinsasystem will be tested, which is based on at stiithe radar
center frequency. The instrument can compensate 8y km of horizontal baseline drift in this way.

Table 2 reports the values of the main system patensincluding reference values used for antermai©efficiency
and various losses. These values have been ustteferaluation of the Noise Equivalent Sigma A&BSZ), which
is one of the main performance figures commonlydu®e SAR systems. The 344 km demonstration fligttit is
assumed.

The transmitted bandwidth can be selected up t@dmum value of 300 MHz. This allows for SpotSARaiging at
1 meter ground resolution (not further discusse@he\ trade-off with required bandwidth for EBCshn be made.
For the evaluation of system performance (Table®Bable 4) an average value of 200 MHz transmidkadth has
been considered, leaving 100 MHz for EBC. Bandvédthwer than 100 MHz are possible and could beuligef
achieve longer ranges or higher incidence anglgsjreScanSAR mode.

The system will have an on-board data compressapalility that allows to consider only 4 bits fbetevaluation of
the expected output data rate for each panel.

Range guard times have been included to allow Watching between transmitted and deramping pulsguency
ramps. This should ensure sufficient isolation le&wTX and RX channels.

Parameter Unit Value Parameter Unit Value
Frequency [GHZ] 9.65 Antenna Ohmic efficiency 0.8
Spacecratft altitude [Km] 344 Receiver noise figure [dB] 2
Incidence angle [deg] 20 — 40 | Antenna front-end lossesdls) [dB] 2
Transmitted bandwidth [MHZ] 100 — 300 | Additional losses (hop) [dB] 0.5
Transmission duty cycle 0.4 Atmospheric losses (lss) [dB] 0.5
Transmitted peak power per pang [W] 100 Processing losses k) [dB] 0.5
Number of panels 3 Near Range Guard Time [usec] 1
Number of bits (after compressior 4 Far Range Guard Time [usec] 1

Table 2. System parameter values.
STRIPMAP ACQUISITION MODE

Parameter Unit Value

Minimum incidence angle [°] 20 | 30 | 40
Azimuth resolution [m] 1.7

Ground range resolution mg  [m] 2.2 | 1.5 | 1.2
RF bandwidth [MHZz] 200

Swath [Km] 10.5 8.8 7.0
Antenna off-nadir pointing [°] 19.7 28.9 37.9
Pulse length [usec] 59.3 60.4 60.7
Receiving window [usec] 84.2 90.3 90.8
PRF [HZ] 6742.6 6626.3 6595.0
AASR [dB] -25.0 -25.0 -24.9
RASR [dB] -40.1 -33.2 -28.0
NESZ (see Figure 4) [dB] -22.4--254 -21.3--22.9| -19.7--204

Table 3. StripMap performance results (iIFMCW, 34d drbit).

The StripMap acquisition mode (iIFMCW, 344 km orlgt)arantees a good trade-off between swath and efeom
resolution. It offers a continuous image qualityizimuth, while the ground range resolution vafiem 2.2 mto 1.2 m
according to the maximum incidence angle, provithed the transmitted bandwidth is 200 MHz in abe&sa The swath
width is currently limited by the maximum receivimgndow as explained before. It could be wideneadeahat (up to



the antenna elevation beamwidth) by allowing somgradation in range resolution and sensitivityhat tear and far
range. Table 3 gives an overview of the single lo@n characteristics at 20°, 30° and 40° incidearugle.
The Azimuth Ambiguity to Signal Ratio (AASR), aspected, does not change with incidence angle dudngo
acquisition geometry, while the Range AmbiguitySignal Ratio (RASR) decreases with decreasing émzd angle,
considering the smaller amount of energy scatteréide main beam when the off-nadir angle increases

Figure 4 shows the NESZ versus incidence angkesdtst case value is -19.8 dB, better than thedB 8esign goal.
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Figure 4. NESZ as a function of the incidence afglestripMap mode.

SCANSAR ACQUISITION MODE

Parameter Unit Value

Minimum incidence angle [°] 20 | 30 40

Number of beams 8

Beams overlap [%6] 1

Azimuth resolution [m] 15.3

Ground range resolution may  [m] 2.9 | 2.0 | 1.6

RF bandwidth [MHZz] 150

Total swath [Km] 80.2 64.7 53.6

Antenna off-nadir pointing ] 19.7,21.2,22.7, 24.2,| 28.9, 29.9, 31.0, 32.0| 37.9, 38.6, 39.3, 39.9,
25.6, 26.9, 28.1,29.2| 32.9,33.7,34.6,35.4 40.5,41.1,41.7,42.1

Pulse length [usec] 59.3 -62.8 59.7 - 62.5 60.1 — 62.5

Receiving window [usec] 84.2 —90.8 90.3 -92.2 90.0 - 92.5

PRF [HZ] 6369.2 — 6742.6 6477.8 — 6697.0 6397.4 — 6659.4

AASR [dB] -20.5--26.5 -21.1--26.2 -21.1--26.2

RASR [dB] -33.1 - -58.5 -30.9 — -48.3 -23.7 - -40.3

NESZ (see Figure 5) [dB] -22.5--26.7 -21.5--24.1 -19.9--21.6

Table 4. ScanSAR performance results.

The ScanSAR acquisition mode provides a large aowarage with a wider swath, obtained by scanninifiphe
adjacent sub-swaths at different off-nadir anteangles with a reduced azimuth bandwidth. As a aumesece, the
azimuth resolution degrades as can be noticed frabie 4. For PanelSAR a maximum number of 8 sultfenvhas
been chosen, to avoid an excessive degradatidreazimuth resolution. Note that the swath deceeaddh increasing
incidence angle because of the fixed receiving tivirelow (up to 60% of the pulse repetition intejval
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Figure 5. NESZ in the subswaths for ScanSAR mo@®3t30° and 40° incidence.

A 150 MHz RF bandwidth is selected in this case, ¢brresponding ground range resolution is betwleérand 2.9
meter. In order to reduce the data rate and tease the NESZ it would be possible to reduce thesiath to 100 or



50 MHz. Alternatively, the high range resolutiomncdae used for image quality improvement by multiiog. The
NESZ (Figure 5) is always better than -20 dB, eatd0° incidence angle. This value guarantees @abdd system
radiometric sensitivity. Also, the ambiguity ratiegth levels below -23 dB ensure the image quality.

CAL/VAL

Once the SAR instrument starts to operate in thesion it should be tested and calibrated. As amim it will be
required to:
» do active antenna performance and diagram testhidiimg scan conditions), based on internal catibnaand
an accurate antenna model,
» perform geometric and radiometric calibration ihnabdes over the entire swath,
 test range and azimuth resolution in all modes,
* test geometric accuracy,
» test ambiguity levels/ image quality in terms ofaReSidelobe Ratio (PSLR) and Integrated SidelobBoRa
(ISLR)/ sensitivity.
These analyses will require test targets (i.e. eoneflectors and transponders) in various locati¢Rrincipal
Investigator sites and perhaps other sites) aloity data collections on extended homogeneous afeas the
Amazonian rainforest, Salar de Uyuni) and very mbgeneous areas (e.g. Vancouver).

CONCLUSIONS

In The Netherlands a small SAR instrument is realiander the ESA Prodex programme. The radar pélate in X-
band with an iIFMCW waveform. The system will bedgdor a demonstration and verification flight i0X27. The
demonstration mission is aimed at infrastructurenitooing, employing high resolution (2 meter) Skiap, short
repeat interval (2 days) interferometric scene®rifacipal Investigator team at TU Delft will perforthe experiments
and invite scientists for additional experimentseTadar is built by SSBV Space and Ground Systéims
We acknowledge the Netherlands Space Organizat®@ for their financial contribution to the program.
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