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Abstract: Multi-static SARs from LEO orbits allow the single-pass high-resolution imaging and
detection of moving targets. A coherent MIMO approach requires the generation of multi-band, thus
orthogonal, signals, the fusion of which increases the system resolution. Up to now the synchroniza-
tion capability of SAR signals of different satellites is critical. Here, we propose the use of photonics
to generate, receive and distribute the radar signals in a coherent multi-static SAR constellation.
Photonics overcomes issues in the implementation of MIMO SAR, allowing for the flexible generation
of multi-band signals and centralized generation in a primary satellite with coherent distribution to all
the secondary satellites of the SAR signals over FSO links. The numerical analysis shows the proposed
system has a NESZ < −29.6 dB, satisfying the SAR system requirements. An experimental proof of
concept based on COTS, for both signal up- and down-conversion, is implemented to demonstrate
the system functionality, showing performance similar to the simulations. The implementation of the
proposed systems with integrated technologies could reduce the system SWaP and increase robust-
ness to vibrations. A design based on the consolidated SOI platform with the transfer printing-based
hybrid integration of InP semiconductor optical amplifiers is proposed. The amplifiers compensate
for the losses of the passive SOI waveguides, decreasing the overall conversion loss. The polarization
multiplexing of the modulated and unmodulated combs to be sent from (to) the primary to (from)
the secondary satellite over the FSO links avoids complex space-consuming optical filters requiring
several control signals.

Keywords: synthetic aperture radar; microwave photonics; integrated optics

1. Introduction

Earth Observation (EO) from space is considered of fundamental importance for
the European Union. One of the most effective EO methods is by using high-resolution
Radio Frequency (RF) imaging from space through mission-specific Synthetic Aperture
Radars (SARs) on low-orbit satellites [1,2]. High resolutions require antenna apertures of
several km, not achievable by real antennas. Synthetic Aperture Radars exploit the satellite
movement to synthesize a long antenna, observing the scene of interest and collecting radar
echoes of the scene while moving over it, and then processing all the acquired data. Over
the last decade, spaceborne SAR systems have evolved in two opposite directions: (i) single-
node High-Resolution Wide-Swath (HRWS) systems that aim at enhancing resolution and
coverage by resorting to increasingly expensive and power-hungry systems, demanding
complex hardware; (ii) Low Size, Weight and Power-consuming (SWaP) systems on small
satellites, where the rationale is not to outperform the big-sized satellites, but rather to
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reach high resolution, wide-swath imaging combined with fast temporal revisit through
large constellations of SARs and information fusion.

Single-node SARs need multi-pass independent acquisitions [3] to obtain the desired
resolution, requiring up to a few days, thus suffering from temporal decorrelation, at-
mospheric distortions and errors induced by the fusion of independent images. Instead,
the use of multiple nodes (i.e., multiple SARs on a satellite constellation) introduces a
twofold benefit: (i) a single-pass configuration for obtaining all the required detections,
overcoming the temporal decorrelation issues; (ii) a multistatic approach enabling different
viewpoints and introducing several benefits in the detection of targets with either a low
scattering coefficient, or a huge angular variability. Moreover, it is more robust to shadow,
foreshortening and layover effects: these cause the loss of information (in the shadow
areas) and severely hinder the interpretability of the data (for example inverting the relative
positions of targets at different altitudes, as in the case of layover). Several viewpoints also
provide better performance in detecting moving targets: in fact, in the single-node SAR, the
aperture synthesis happens under the assumption that the observed objects do not move
nor change during the observation. In consequence, single-node systems fail to provide
high-resolution images of moving targets such as vessels, or rapidly decorrelating targets
such as the ocean surface, contrarily to multistatic SARs. Finally, while the single-node SAR
resolution in the along-track direction depends on the length of the synthesized antenna
and thus it can be considerably enhanced by the satellite movement, the bandwidth of the
transmitted signal limits the resolution in cross-track direction. This limit can be reduced
by multistatic detections exploiting the space diversity.

To maximize the imaging potential of multistatic systems, the level of cooperation
among SARs has to be maximized too. Cooperation has a twofold meaning: (i) coherence
among received signals; (ii) data processing with centralized (i.e., centralized processing of
the received raw data without independent pre-processing) and coherent (i.e., based on
signal amplitude and phase) capability [4,5]. The maximum level of cooperation is achieved
through a coherent Multiple Input-Multiple Output (MIMO) approach with coherent and
centralized processing.

In MIMO systems, each SAR transmits its own signal and receives the echoes from
all the SARs, with the capability to jointly process them [6,7]. This concept should not be
mistaken with what is usually named MIMO SAR, where the MIMO approach refers to the
use of an antenna array in a single SAR satellite. MIMO radars can be considered as sparse
antenna arrays and achieve an excellent cross-range resolution independent of the antenna
features [4]. This way, in a system composed of N SARs (with N transmitters-TX and N
receivers-RX), the maximum number of possible acquisitions (N·N = N2) is simultaneously
captured with different combinations of incidence angles and looking directions. The
radiometric quality of the imagery can be greatly enhanced by increasing the number of
nodes cooperating coherently. Since in a MIMO system the N SAR transmitters are expected
to illuminate a common area on the ground, they are requested to generate distinguishable
orthogonal signals. A robust and simple approach consists in the frequency division
multiplexing strategy, where the signals’ bands do not overlap and the orthogonality
between waveforms is ensured [7]. This way, the fusion of the multiband detections (N
bands) allows the synthesis of a larger bandwidth. As a result, the resolution is augmented
roughly by a factor N in the cross-track direction, and it can also be significantly increased
in azimuth due to enhanced azimuth ambiguity suppression, and to the squint diversity.
In addition, frequency diversity involving significantly different spectral regions would
allow the retrieval of even richer information of the area under observation, exploiting
the different spectral response of the observed spot [8]. The further added values of
the MIMO scheme are: (i) the presence of multiple receivers potentially increases the
performance/capabilities by a factor N, as an equivalent N-times larger antenna would
be available in reception; (ii) the multiple transmitters are expected to further lead to an
overall N2 performance boost, thanks to the N-factor increase in power; (iii) MIMO schemes
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enhance the robustness of the system to eventual failures. The benefits of MIMO with
coherent and centralized processing have already been preliminarily demonstrated [9,10].

The most cooperative systems deployed so far are bistatic SARs for spatial interferom-
etry [11], observing the same spot from two satellites in close formation and with partial
cooperation (i.e., independent data pre-processing) and synchronization based on Global
Navigation Satellite Systems (GNSSs) and inter-satellite RF communications [12]. However,
these synchronization approaches are limited in the attainable accuracy, impairing the
focusing operation of the bistatic SAR image, and often requiring additional autofocusing
algorithms [13], thus burdening the computational load of the overall processing chain.
Up to now, these synchronization issues have hindered the development of more complex
cooperating SARs constellations. A distributed architecture with centralized processing
has been investigated, but not yet implemented, demonstrating the coherence and the
centralized processing benefits on multistatic SARs [14]. In this case, the synchronization
issues have been reduced envisaging RF analog links between each couple of transmitter
and receiver. However, this solution is not suitable for MIMO approaches.

A multistatic coherent MIMO SAR system with the central and coherent fusion of
all sensor raw data is still experimentally unexplored, except for a few limited lab proto-
types [15,16].

Two main issues exist: (i) they need high-capacity data links able to guarantee signal
coherence, to send raw data from the multiple radars to the central unit for joint data
processing; (ii) they need precise time synchronization and high phase coherence between
all the components of the distributed system and between all the bands [17].

Finding a solution based on standard RF technology is challenging, requiring complex
wireless communication and clock distribution systems, with SWaP and interference prob-
lems. Moreover, due to the lack of frequency flexibility in standard RF technologies, the
theoretical analyses on MIMO SARs [18] are limited to single-band systems only, and the
impact of MIMO multi-band operation has not been investigated yet.

Recently, the potential of photonics and integrated photonics in implementing sev-
eral advanced functionalities (e.g., wideband or multiband up- and down-conversion)
in radars and other microwave systems has been demonstrated [19–23]. The possibility
to distribute RF signals through optical fibers or Free Space Optical (FSO) links has also
been demonstrated, with the benefits, compared to RF links, of maintaining an extremely
high level of coherence and guaranteeing insensitivity to electro-magnetic interference.
Moreover, integrated photonic technologies have already proven to be very promising
in reducing the power/mass/volume budget, demonstrating their suitability for small
satellite platforms [24].

In this work we present a coherent MIMO SAR architecture where photonics is used
to generate, receive and distribute the radar signals. Integrated photonics is meant to be
used for overcoming the current issues in the implementation of coherent MIMO SARs with
centralized and coherent processing (i.e., the need of high capacity data links and of precise
signal synchronization). In the proposed architecture, the synchronization issues are overcome
by centralizing the generation of all the RF SAR signals in a single primary satellite that
distributes them to several secondary satellites, where the SAR antennas are placed, through
FSO links acting as high capacity analogue data links. The received echoes are then sent
back to the primary satellite for a centralized fusion of raw data and for data relay to the
ground. Primary and secondary satellites fly as a swarm on related orbits. The architecture
concentrates in the primary satellite the direct generation and detection of all the multiband
RF SAR signals, exploiting a single high-precision optical clock, thus providing high intrinsic
coherence among all the RF sensor signals (for every secondary satellite and every band). This
approach avoids the typically noisy electronic multistage up- and down-conversions, and the
use of different electronic local oscillators for different bands.

Compared to conventional RF multi-band architectures, the photonics-based solution
relaxes the bandwidth requirements for the RF technology, not including large band RF
local oscillators and mixers. Moreover, the distributed photonic payload allows for the
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concentration of most of the power-hungry and complex hardware in the primary satellite,
thus reducing the cost of the secondary satellites and increasing their lifetime. Consequently,
the number of SAR nodes can be increased without cost explosion.

2. Definition of the SAR System Parameters

In this section the parameters of the SAR system are defined. The parameters will
be used in the analysis detailed in the following sections to identify the requirements
of the proposed optical system. Figure 1 depicts a general MIMO SAR scenario, where
different satellites move along separate, but close Low Earth Orbits (LEOs). Each satellite
illuminates the same Earth portion, working both as transmitter and receiver. In this work,
we consider a case of reduced complexity where two satellites are present: a primary,
working as the transmitter of the SAR signal, and a secondary working as receiver, in a
bistatic configuration similar to the one implemented in Tandem-X [25]. The primary and
secondary satellites are located on the same orbit (in-plane configuration), a configuration
where the scattering coefficients for different surfaces (desert, ocean, . . . ) can be analytically
calculated. Unlike in [23], where inter-satellite distances of a few km are addressed, in this
work we aim to investigate the performance of the proposed system for longer distances,
up to 10 km. Relatively short distances keep the SAR signals received from each satellite
coherent, reducing the impact of the atmospheric propagation, thus allowing for high-
resolution imaging. The parameters of the SAR satellites are shown in Table 1.
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Figure 1. Example of MIMO SAR configuration based on a swarm of satellites in LEO orbits.

Table 1. SAR satellite parameters and requirements [25].

Parameter Value

Satellite height 512 km

Carrier RF frequencies (C, X and Ku band) 5.4/9.6/13.5 GHz

Chirp bandwidth 100 MHz

Tx peak power 63.4 dBm

Duty Cycle 18%

Pulse Repetition Frequency (PRF) 3182.52 Hz

Antenna length 4.8 m

Antenna width 0.7 m

Antenna loss 3.1 dB

Along Track Baseline (ATB) <10 km

Incidence/scattering angle 60/59.97 deg
45/44.4 deg

Target surface Desert, State 3 sea

Atmospheric condition Clear sky

Noise equivalent sigma zero (NESZ) <−26 dB
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Most of the parameters are chosen to match the SAR mission Tandem-X (height, chirp
bandwidth, power, duty cycle, Pulse Repetition Frequency (PRF), antenna length, antenna
width, antenna loss). For the multi-band capability, frequencies from different bands, i.e.,
orthogonal, are exploited. For the C, X and Ku bands, the frequencies of the satellites
Sentinel-1 [26], Tandem-X [25] and SRAL [27] are chosen.

The sensitivity of the bistatic SAR system is identified by Noise Equivalent Sigma
Zero (NESZ), a typical SAR parameter that corresponds to the target reflectivity that gives
a received Signal-to-Noise Ratio (SNR) equal to 1. Noise Equivalent Sigma Zero quantifies
the system sensitivity and will be considered the target requirements for the numerical
analysis detailed in the following sections.

Earth reflectivity is calculated for two scenarios: the desert and the slight swell sea,
corresponding to Code 3 of the World Meteorological Organization, from here on referred
as state 3 sea. The desert is a surface with relatively high reflectivity, while state 3 sea
is a surface with relatively low reflectivity. From the reflectivity, the losses of the SAR
signals are calculated according to the radar equation, including the atmospheric losses
in conditions of clear sky. These losses are considered in the system numerical analysis to
calculate the overall system performance.

The total received power Pr can be calculated using a radar range equation in a bistatic
SAR scenario [28]:

Pr = (Pta·Gt·Ares·σB·Ar)/(16π2·Rt
2·Rr

2·L) (1)

Here, Pta is the average transmitted power, Gt is the transmitting antenna power gain,
Ar is the receiver antenna aperture and Ares is the area of resolution cell. Rt and Rr are the
range of area of interest from transmitter and receiver, respectively, while L is the antenna
and atmospheric total loss. The antenna loss is 3.1 dB, which is taken from the Tandem X
SAR missions [25], whereas atmospheric losses, such as tropospheric losses, gas absorption,
etc. can be found in [29]. σB is the bistatic reflection coefficient, which varies with the
type of Earth surface and transmitter and receiver angle of the bistatic SAR configuration.
The bistatic reflection coefficient can be calculated starting from the monostatic reflection
coefficient according to the following equation [30]:

σB = σM(sin(θs)/sin(θi))1/2 (2)

where σM is the monostatic scattering coefficient, whereas θi and θs are the incident and
scattering angles, respectively. The monostatic reflection coefficients are extracted as in [31].
The bistatic reflection coefficients as a function of grazing angle for C (5.4 GHz), X (9.6 GHz)
and Ku (13.5 GHz) bands for desert terrain and state 3 sea are shown in Table 2. The overall
loss, calculated by subtracting received power from the total transmitted power, is used
in the numerical analysis to evaluate the system performance, which is discussed in the
next sections. Besides the reflectivity, the SAR processing gain is calculated. This gain is
due to the overlapping of registered SAR images taken at the different positions along the
track, i.e., time averaging and the pulse compression gain [28]. The processing gain has to
be taken into account in the numerical analysis to determine the overall system SNR. The
overall SNR of the SAR system can be expressed as:

SNR = Pr/(kTB) × Gcomp × Gint (3)

where k is the Boltzmann constant, T the system temperature, B the noise bandwidth, Gcomp
the compression gain due to the chirp of the radar pulse and Gint the gain due to the time
integration. Gcomp and Gint can be expressed as:

Gcomp = B·DC/PRF (4)

Gint = PRF·λ·R/(2·v·Rx) (5)
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where Dc is the radar signal duty cycle, PRF the pulse repetition frequency, λ the wavelength
of the RF signal, R the satellite height orbit, vs. the satellite ground speed and Rx the cross-
range. Table 2 summarizes the processing gain values, calculated as Gcomp·Gint. These
values are used in the numerical analysis for the system performance evaluation.

Table 2. Calculated bistatic reflectivity and processing gain for desert and state 3 sea in C, X and
Ku bands.

Surface Tx Grazing
Angle (deg)

Rx Grazing
Angle (deg)

Frequency
Band

Bistatic
Reflectivity

(dB)

SAR
Processing
Gain (dB)

Desert

45 44.4
C Band −9.15 72.99

X Band −5.47 70.5

Ku Band −6.21 68.94

60 59.2
C Band −7.39 72.12

X Band −4.39 69.62

Ku Band −3.89 68.13

State 3 sea

45 44.4
C Band −26.89 73

X Band −16.69 70.5

Ku Band −13.98 69.02

60 59.2
C Band −10.39 72.12

X Band −6.39 71.61

Ku Band −4.89 68.13

3. Photonic-Based MIMO SAR Constellation Architecture

The proposed approach for a MIMO SAR formation based on photonics is represented
in Figure 2.
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Figure 2. Proposed approach of a MIMO SAR satellite formation based on optical generation,
detection and distribution of RF signals. A primary satellite sends and receives the radar signals
to/from secondary satellites. The secondary satellites operate as sensor peripherals, transmitting the
radar signals to Earth surface and receiving the back-scattered echoes. The satellites operate in close
LEO orbits. FSO: free-space optical link.

The satellites are organized as a radar network, whose nodes are distributed in a
two-level hierarchy (see Figure 3): a primary satellite and secondary satellites. The trans-
mitter in the primary satellite first generates the Intermediate-Frequency (IF) electrical
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radar waveforms, and then electro-optically (E/O) converts them into optical signals that
the optical front-end distributes to the secondary satellites on FSO links. In the receiver
of each secondary satellite, the received optical signals undergo an opto-electronic (O/E)
conversion followed by a frequency up-conversion to RF. The obtained RF radar wave-
forms are transmitted by the RF front-end to the Earth’s surface. Subsequently, the RF
backscattered echoes from the Earth are received by all the secondary satellite RF frontends.
In the transmitter of each secondary satellite, the received RF backscattered echoes are
E/O-converted into optical signals that the optical front-end send back to the primary
satellite on FSO links. The receiver in the primary satellite first O/E and then frequency
down-converts to IF all the gathered optical signals. In the receiver, these electrical IF
signals, carrying the echo information sent by secondary satellites via the FSO links, are
first digitized via Analog-to-Digital Converters (ADCs) and then digitally pre-processed.
These on board-generated SAR digital data are stored and used as base-band signals for the
RF front-end that delivers them to a Ground Station (GS) on RF links as for the standard
SAR systems [25].
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Figure 3. Architecture of the transceivers on primary and secondary satellites. The transmitters and
receivers implement photonic techniques for RF signal up- and down-conversion.

The strength of the proposed approach is that the RF transmitted signals and received
echoes are obtained by the O/E conversion of optical signals generated by the same optical
source in the primary satellite. Therefore, the overall signal coherence and synchronization
is guaranteed, without needing dedicated RF clock signal distribution. Moreover, this
architecture ensures the possibility of the exchange of analog signals and raw data between
the primary and the secondary satellites, allowing for distributed remote sensing and, at
the same time, for centralized data processing with no information loss. These architectural
advantages are enabled by the use of photonics to exchange signals between primary and
secondary satellites through FSO links.

The proposed architecture is suitable for the generation of multiple radar signals at
different carrier frequency with the single photonic core, i.e., enabling multiband multistatic
SAR interferometry. The possibility of applying SAR interferometry with multiple bands
allows an increase in the overall system resolution [7,8].

3.1. Architecture of the Satellite Electro-Optical Modules

Figure 4a shows the architecture of the electro-optical module for the generation and
transmission of the radar signals at the primary satellite.

The optical source, common for the whole system, is an Optical Frequency Comb (OFC)
obtained by the external E/O modulation of a Continuous Wave (CW) laser, obtained by
overdriving a low-Vπ Mach–Zehnder Modulator (MZM) with an electrical Local Oscillator
(LO) at frequency fLO. The OFC spectrum, at point A of the block scheme, is made of five
lines spaced by fLO, as schematically depicted in inset A of Figure 4b.
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Figure 4. Primary satellite transmitter section. (a) Block diagram of the architecture. This part
operates the generation and E/O conversion of the radar waveforms at IF and the generation of
remote command and control signals to coordinate the operation of the secondary satellite. (b) Spectra
representation of the signals in representative points of the architecture.

After amplification by a Semiconductor Optical Amplifier (SOA), the OFC is equally
split over two paths. On the upper path, it is fed into a MZM implementing a Double Side
Band-Carrier Suppression (DSB-CS) modulation of the optical source controlled by three IF
radar electrical signals, at frequencies IFn and with bandwidths Bn, (n = 1, 2, 3) generated
by an Arbitrary Waveform Generator (AWG). Inset B of Figure 4b shows the resulting
optical spectrum at point B of the scheme. Each mode of the OFC is partially suppressed,
because of the finite Extinction Ratio (ER) of the MZM, and exhibits three Upper Side Bands
(USBs) and three Lower Side Bands (LSBs) each spaced from the carrier by IF1, IF2 and
IF3. On the other hand, on the lower path, the OFC does not undergo any operation. A
1:3 splitter is present on both the branches. On the lower path, a Remote Command and
Control (RC and C) signal, is coupled to the OFC thanks to an Add/Drop Block (ADB) with
the aim of coordinating the primary satellite and remote-driving the operations of all the
secondary satellites. On the upper path, Polarization Beam Combiners (PBCs) couple the
split DSB-CS-modulated OFC to the corresponding unmodulated OFC. The PBC behaves
like a 3-dB coupler, but the two inputs are transmitted separately to the output along two
orthogonal polarization axes. This allows the avoidance of the use of optical filters, i.e.,
to reduce the system complexity. Then, the signal is boosted by an Erbium-Doped Fiber
Amplifier (EDFA) and filtered by an optical Band-Pass Filter (BPF), to reject most of the
out-of-band Amplified Spontaneous Emission (ASE) noise. Inset C in Figure 4b shows
the optical spectrum at the output of each BPF, point C highlighting the Vertical (VP) and
Horizontal (HP) Polarizations. Three telescopes collimate the resulting three optical signals
on a secondary satellite, making possible the FSO link.

The three secondary satellites own the same architecture, reported in Figure 5a. A
telescope allows the receiving of the optical signal transmitted by the primary satellite,
and the optical spectrum of the received signal at point D of Figure 5a is the free-space
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propagation losses-attenuated replica of the optical spectrum in Figure 4b inset C. A pre-
amplifier, i.e., an EDFA with low Noise Figure (NF), allows these losses to be largely
compensated for. After a BPF to reject ASE noise, a Polarization Beam Splitter (PBS)
separates the signals along VP and HP over two paths, at the same time aligning them
along the same VP axis. Insets E and F of Figure 5b show the output spectra at points E and
F, respectively. It is worth noticing that, before point F, another ADB takes care of dropping
the RC and C signal, which is photodetected and employed to drive the secondary system
operations. The signals at points E and F are heterodyned into a Balanced Photo Detector
(BPD), then O/E converted and, eventually, boosted by an electrical High-Power Amplifier
(HPA), thus producing some radar electrical waveforms replica up-converted to different
radio frequencies. The up-conversion process causes a phase noise increasing with the
frequency of the RF carrier, which has to be taken into account when high-frequency RF
carriers are considered.
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Among all the generated frequencies, a BPF selects the frequencies RF1, RF2 and RF3
to be delivered to the antenna. The insets E and F of Figure 5b report the corresponding
frequency spacing involved in the optical beating. The BPD output is split over three
paths, so that the three radar waveforms can be selected on each arm by a further BPF and
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transmitted in three different regions of the electromagnetic spectrum, namely in the C, X
and Ku band. For the sake of simplicity, the three electrical output paths are not represented
in Figure 5a.

After transmission, the three signals are backscattered by targets on the Earth and
received by the same antenna, and an electrical circulator separates the transmit and receive
paths. After being received, the echoes are amplified by a Low-Noise Amplifier (LNA),
filtered by a BPF, and E/O-converted by a MZM, so that they can be employed to DSB-CS
modulate the unmodulated OFC replica in point F, amplified by an SOA. The obtained
optical signal, in point G, has a spectrum as the one sketched in inset G of Figure 5b. It is
worth noticing that this time, each modulated line of the OFC has three USBs and LSBs
at RF1, RF2, RF3 distance on the frequency axis. Figure 5b reports only the sidebands
falling in between other modes. Here, the color-coding helps understanding to which of
the modes each sideband corresponds. As an example, the central mode in red has the USB
and LSB at RF1 distance, and the USB and LSB at RF2 distance, in red, falling in between
other OFC modes. The USB and LSB at RF3 distance are not represented, since they are
far away in frequency from the closest modes, i.e., below the lowest frequency one in light
blue, and above the highest frequency one in purple. After amplification by the SOA, the
signal in F is equally split and recombined with its modulated replica in point G by a PBC,
obtaining at the output the two signals on orthogonal polarization axes. Afterwards, the
optical signal is boosted by an EDFA, filtered by a BPF for ASE noise rejection, and sent
back to the primary satellite over a FOS link thanks to a telescope. Inset H in Figure 5b
sketches the spectrum of the transmitted signal.

Figure 6a reports the architecture of the receiver (RX) section of the primary satellite.
The optical signal transmitted back from the secondary satellites is received by three
telescopes over three separated branches, one for each Secondary. Considering a single
branch, the received signal is pre-amplified by a low-NF EDFA and filtered by an optical
BPF. The obtained spectrum is equivalent to the one in inset H of Figure 5b, with the
modulated comb replica over the VP and the unmodulated replica over the HP. A PBS
separates the two polarizations over two outputs, aligning both along the VP axis. This
way, the two separated optical signals are obtained at points J and K of the block scheme in
Figure 6a, whose spectra are represented in the insets J and K of Figure 6b, respectively. The
two signals are fed into the inputs of a BPD, generating an electrical output signal containing
many beat products. After amplification, a bank of low-frequency BPFs selects the terms
down-converted at IF1, IF2, IF3. To obtain the signal separation over three frequencies, as
in the secondary TX section, the BPD outputs must be divided over three paths and then
recombined. Also here, for the sake of simplicity, this has not been represented in Figure 6a.
After filtering, the signals are acquired by an ADC before processing for SAR imaging.

3.2. Inter-Satellite Free-Space Optical Links Assessment

The proposed multistatic SAR approach based on photonic signal generation, detec-
tion and distribution requires FSO links to be established between the primary and the
secondary satellites as seen in the previous paragraphs. Inter-satellite FSO links have been
demonstrated for many years for Geostationary Earth Orbit (GEO) to LEO, LEO to LEO,
GEO to Ground communication links [32]. The interest of the international space agencies
in deep-space exploration also brought the investigation of deep-space FSO links from
Mars to Earth [33]. A first demonstration is represented by the Lunar Laser Demonstrator,
where a FSO link between the Moon and the Earth was established [34].

Interest in building satellite networks to relay large data traffic from different parts of
the Earth has pushed the industry to develop commercial compact optical transceivers for
inter-satellite links targeting medium and small satellites for LEO to LEO [35–37], LEO to
Ground [38] and LEO to GEO [37,39] communications. In the following, the FSO link is
discussed in terms of loss and optical phase coherence.
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3.2.1. Loss Budget

The SAR formation envisaged in the proposed application requires the establishment
of FSO links for the exchange of the SAR signal between the primary and secondary
satellites. In the Tandem-X SAR formation, based on two satellites, the maximum separation
among the satellites is in the order of 1–2 km [25]. In order to investigate the capabilities of
the proposed system, a FSO link length of up to 10 km is considered.

The propagation loss for the inter-satellite links is due to the divergence of the
diffraction-limited collimated beams. Since the LEO orbit is much higher than the at-
mosphere upper limit, atmospheric losses are not significant. To estimate the free-space
losses, we consider an optical antenna (telescope) with 7 cm diameter, according to the
design trends for optical heads designed for the LEO to LEO scenario [37]. A wavelength
of 1550 nm is considered, according to the tendency that considers for inter-satellite links
wavelengths corresponding to the ones used for the established terrestrial optical commu-
nications systems. The loss can be calculated as the ratio between the beam area and the
optical antenna aperture area at the receiver. The beam area at the receiver is proportional
to the link length and to the diffraction-limited beam divergence angle θ ≈ λ/D, λ being
the signal wavelength and D the optical transmitting aperture diameter [40]. The longer
the FSO link, the higher the propagation loss.

Concerning losses to the pointing system, these are due to the residual pointing error
not being compensated by the fine pointing tracking system that is based on fast steering
mirrors. The residual pointing error causes a rotation of the radiation pattern of the optical
antenna; thus, its maximum is no longer oriented to the center of the receiver aperture. The
power reduction corresponding to the uncertainty angle can be easily calculated from the
radiation pattern of the circular aperture of the optical antenna [40]. Considering a residual
pointing uncertainty < 10 µrad [35,41,42], the pointing loss can be estimated as 2 dB. In
the power budget, we also have to take into account other losses due to non-idealities of
the transmitter and the receiver. Table 3 summarizes all the parameters for the FSO link
loss calculation. Up to 1 km link length, the loss is 10.21 dB. For a FSO link of 10 km, the



Electronics 2022, 11, 4151 12 of 24

loss is 21.3 dB. These values of losses can be easily compensated by standard commercial
space-qualified EDFA.

Table 3. Inter-satellite FSO link parameters and loss budget [40].

Wavelength (nm) 1550

Tx and Rx optical antenna
diameter (mm) 7

Transmitter losses (dB) 1.9

Receiver losses (dB) 3.3

Pointing losses (dB) 2

Link length (km) 0.2 0.5 1 5 10

Link loss (dB) 0.67 1.59 2.94 9.58 14.03

Total loss (dB) 7.94 8.86 10.21 16.85 21.3

3.2.2. Impact on Signal Coherence

The impact of the FSO link on the coherence of the SAR signal is discussed in this
subsection. Since atmospheric effects are not present, the signal coherence can be affected
only by the satellite motions:

• Relative movement among the primary and secondary satellites;
• Mechanical vibrations of the satellite platform.

As described in previous sections, in the proposed architecture the up- and down-
conversion of the radar signal is obtained by the beating into a photodiode (PD) of an
optical comb with the sidebands of a modulated signal. The photodiode output signal
given by each beating can be expressed as:

PDout = R|C·exp (j·2πf0t + k0z + φ0) + A(t)·exp (j·2πf1t + k1z + φ1)|2 (6)

where R is the responsivity of the photodiode, fi is the optical frequency, ki = 2πfi/c is
the wave vector, c is the speed of light, z is the distance between primary and secondary
satellite, φi is the initial phase of the optical signal, A(t) is the amplitude of the modulating
signal, C is the amplitude of the optical carrier. For i = 0 (1), the parameters are referred to
the optical carrier (optical modulating signal). Assuming equal amplitudes and substituting
z = v·t, v being the relative speed among the primary and secondary satellite platforms
along the FSO link direction, Equation (6) yields:

PDout∝cos [2π(f0 − f1)·(1 + v/c)·t + (φ0 − φ1)] (7)

Equation (7) shows that the RF signal at f0 − f1 is affected by a Doppler frequency shift
due to the relative movement of the satellite platforms. In order to estimate the amount of
Doppler shift, we can refer to the Tandem-X SAR constellation, where two satellites fly in
close orbits and the difference in the satellite speed is lower than 1 m/s [43]. The resulting
frequency shift is lower than 33 Hz. This is a small amount compared to the frequency
of the RF signal, e.g., a few GHz. Nevertheless, since the satellite orbit is known at each
time with a precision better than 1 mm [43], this amount of Doppler frequency shift can be
compensated at the signal processing stage.

The impact of vibrations can be estimated by considering the maximum vibration
measured on a satellite platform. According to [44], the maximum platform vibration
is 0.5 m·s−2 @ 30 Hz. A rough estimation of the maximum vibration-induced speed is
0.016 m/s, which corresponds to a frequency shift of 0.5 Hz @ 10 GHz. This is a very small
amount that should have a negligible impact on the system performance. The impact of the
vibration on the pointing precision has already been discussed in the previous paragraph.
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The FSO link losses in the analysis detailed in this paragraph are used in the system
simulation analysis described in the next section.

4. Numerical Analysis of the System

The proposed photonics-based SAR architecture is numerically investigated by means
of the commercial Computer Aided Design (CAD) tools of VPI Photonics. Referring to
Figure 3, the performance of the photonic circuits involved in the signal up (primary satellite
transmitter and secondary satellite receiver) and down (secondary satellite transmitter
and primary satellite receiver) conversions are investigated. The parameters used in the
simulations are summarized in Table 4. The goal of the analysis is to estimate the system
performance for three different RF bands (C, X and Ku), which are the main bands used
in the SAR systems. The capability of a system to up (down)-convert a radar signal from
(to) an IF can be measured referring to the system NF conversion loss, i.e., the difference
between the power of the signal at IF (RF) and the power of the signal at RF (IF) input
and output SNR. Table 5 summarizes the simulation results that will be compared in the
next section with the experimental ones obtained from the characterization of the system
implemented with Commercial-Off-The-Shelf (COTS) devices.

Table 4. Simulation parameters.

Parameter Value

Laser output power (dBm) 13.5

Laser output wavelength (nm) 1550

Laser linewidth (Hz) 1 × 105

Laser RIN (dBc/Hz) −157

Comb generator MZM insertion loss 8 dB

MZM insertion loss (all others) 4 dB

MZM Vpi (V) 5

MZM extinction ratio (dB) 20

PD responsivity (A/W) 0.55

PD bandwidth (GHz) 20

Pre-EDFA gain 12

Booster EDFA gain 30

Pre-EDFA NF 4.5

Booster EDFA NF 6

PBS extinction ratio (dB) 25

In the worst case, the output SNR is higher than 42.7 dB, the NF is lower than 60.2 dB
and the conversion loss is lower than 32.5 dB.

The linearity of the system is strongly influenced by the linear response of the modu-
lators [45]. A two-tone analysis is carried out for the considered bands both for up- and
down-conversion. The analysis accounts, as input signals, for two 10 MHz spaced tones.
Figure 7 shows the obtained results. The Spurious-Free Dynamic Range (SFDR) is higher
than 85 dBHz2/3 for all the considered cases, with all performance included in a range of
7.85 dBHz2/3. The noise floor is not flat for high input powers. This is due to the ASE-signal
beating summing with the ASE-IMD3 beating. The floor starts increasing when the latter
becomes stronger.

Simulations of the whole SAR system are also implemented, i.e., including the RF
front-ends to send/receive the signal from the Earth’s surface, the SAR signal propagation
through the atmosphere, the scattering from the Earth’s surface, and the optical FSO link
losses calculated with the analysis reported in Section 3. The goal of this analysis is to
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calculate the performance of the overall photonic-based SAR system, comparing it with the
performance expected for the implemented multi-static SAR system Tandem-X.

Figure 8 shows the simulated scheme, which reproduces the photonic systems archi-
tecture in Figure 3. Two different Earth surfaces are considered with high (desert) and
low (sea) scattering coefficients. The RF front-ends include the cascade of a preamplifier
with a booster on the transmitter side, and the cascade of three low-noise amplifiers on the
receiver side, in order to compensate for the high losses suffered by the SAR signal. Besides
the NF and the conversion loss, the quality parameter NESZ is considered, which is the
main parameter to evaluate SAR system sensitivity (see Section 2). The NESZ is calculated
from the Earth’s surface reflectivity and the signal SNR after the SAR processing gain [43].
The simulations are carried out for a high (60 deg) and low (45 deg) incidence angle of the
SAR signal.

Table 5. Simulation performance for the up- and down-conversion.

Band Frequency
[GHz] SNRin [dB] SNRout [dB] Noise

Figure [dB]
Conversion

Loss [dB]

Up-conversion

C
IF: 1.6
↓

RF: 5.4
55 54.48 48.51 21.04

X
IF: 2.6
↓

RF: 9.6
55 54.34 48.65 21.04

Ku
IF: 0.5
↓

RF: 13.5
55 42.75 60.24 32.52

Down-conversion

C
RF: 5.4
↓

IF: 1.6
55 54.3 48.7 21.04

X
IF: 9.6
↓

RF: 2.6
55 54.34 48.66 21.04

Ku
RF: 13.5
↓

IF: 0.5
55 43.12 59.87 32.5
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Figure 8. Scheme of the simulated proposed SAR system.

Table 6 summarizes the obtained results. The highest NESZ is −29.62 dB. This value
indicates the system sensitivity can satisfy the requirements of a deployed system, e.g.,
Tandem X, where the target NESZ is −26 dB. The lowest performance is for the Ku band
due to the higher SAR signal attenuation through the atmosphere.

Table 6. Simulation performance for the whole proposed SAR system (concatenated up- and down-
conversion), including optical FSO link losses, SAR signal propagation through atmosphere, Earth
surface scattering. Different surfaces and SAR incidence angles are considered.

Surface Band Frequency
(GHz)

SAR
Incidence

Angle (deg)
SNR (dB)

SNR (dB)
with SAR
Processing

Gain

Noise
Figure (dB)

Conversion
Loss (dB)

Bistatic
Reflectivity

(dB)
NESZ (dB)

Desert

C IF: 1.6
RF: 5.4

60 −28.62 43.5 114.7 36.6 −7.39 −50

45 −33.81 39.19 150 72.15 −9.15 −52.6

X IF: 2.6
RF: 9.6

60 −21.12 48.29 107.22 29.36 −4.39 −52.68

45 −26 44.5 125.24 47.38 −5.47 −49.97

Ku IF: 0.5
RF: 13.5

60 −36.2 32 122.3 44.43 −3.89 −35.89

45 −45.61 23.41 144.22 66.36 −6.21 −29.62

State 3 sea

C IF: 1.6
RF: 5.4

60 −31.54 40.57 117.64 39.77 −10.39 −50.96

45 −49.25 23.75 150 72.15 −9.15 −32.9

X IF: 2.6
RF: 9.6

60 −23.31 46.3 109.41 31.54 −6.39 −52.69

45 −36.8 33.7 150 72.1 −16.69 −50.39

Ku IF: 0.5
RF: 13.5

60 −37.13 31 123.23 45.37 −4.89 −35.89

45 −51.4 17.62 150 72.15 −13.98 −31.6

5. Proof of Concept of the Main Optical Systems

The main optical systems of the proposed photonic architectures for the primary and
secondary satellites were implemented with COTS and characterized in the laboratory. This
approach is useful to investigate the capability of the proposed system, despite the fact that
the system stability is not comparable to the one reachable with an integrated photonic circuit.

Figure 9 shows the scheme of the experimental set-up. A 1550 nm laser with 100 kHz
linewidth and 14 dBm output power generates the input signal, which is fed into a dual-drive
MZM for the generation of the comb [46]. A 7 GHz sinusoidal electrical signal, generated
by a synthesizer, drives the MZM. An electrical delay line allows the optimization of the
equalization of the comb. The comb is then amplified with an EDFA and filtered with an optical
BPF with a 1 nm 3 dB bandwidth. The signal is then split over two arms of a Polarization
Maintaining (PM) splitter. In order to set the polarization aligned with the principal axes of
the PM splitter, a polarization controller is used. The signal on the upper branch (A) is fed
to a MZM driven by a DAC. For the testing of the up-conversions, the DAC generates three
electrical signals at intermediate frequency (IF) (0.5, 1.6, 2.6 GHz) that modulate each line of
the comb. The carrier is suppressed to build a double-sideband carrier suppressed signal. On
the lower branch (B), the comb is attenuated with a Variable Optical Attenuator (VOA) and its
delay adjusted with a variable Optical Delay Line (ODL). The lengths of the upper and lower
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branches are matched within a tolerance better than 2 cm. The signals at the end of the upper
and lower branches are coupled with orthogonal polarization with a PBC according to the
working principle explained in the previous sections. The two orthogonal signals are then
separated with a PBS and sent to a BPD after coupling for the signal testing. For the testing
of the down-conversion functionality, the DAC generates three electrical signals at RF (5.4,
9.6, 13.5 GHz). Figure 10-left shows the spectrum of the optical comb captured with a with a
high-resolution optical spectrum analyzer. The five highest lines exhibit a spectral flatness
within 10 dB. Figure 10-right shows the spectrum of the modulated comb. As an example, the
case where the setting of the modulator working point was more critical, i.e., corresponding
to a 2.6 GHz IF, is shown. The suppressed comb carriers and the modulation sidebands are
visible in the spectrum.
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Figure 9. Experimental set-up for the characterization of the optical circuit for the RF signal generation
(up-conversion) and detection (down-conversion). Referring to Figure 3, the transmitter and receiver
devices are highlighted. MZM: Mach–Zehnder modulator; EDL: electrical delay line; EDFA: Erbium
doped fiber amplifier; BPF: band pass filter; VOA: variable optical attenuator; ODL: optical delay
line; DAC: Digital to analog converter; PBC: polarization beam combiner; PBS: polarization beam
splitter; BPD: balanced photodiode.
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Figure 10. (Left): Optical spectra of the comb, 7 GHz line spacing. (Right): Optical spectrum of the
comb after DSB-CS modulation. The case of IF = 2.6 GHz is shown as an example. Spectrum analyzer
resolution is 1.12 pm.

Figure 11 shows the electrical spectra of the up- (top) and down (bottom)-converted
signals for C (left), X (center) and Ku (right) bands. The signals are analyzed in terms of
power, signal to noise ratio, noise figure, conversion loss, phase noise as summarized in
Table 7 and Figure 12. Similar performance is measured for up- and down-conversion at for
all the considered bands. For up (down)-conversion the maximum variation of output SNR,
NF and conversion loss is 2.6 (4.3), 1.6 (5.9) and 1.6 (5.9) dB, respectively. The variations
are mainly due to some residual system instability, which originates from the thermal and
mechanical vibrations that generate independent optical phase changes on the modulated
(path A in Figure 9) and unmodulated (path B in Figure 9) combs. Those time-varying
phase changes cause a time-varying amplitude oscillation on the signals after beating into
the photodiodes. The integrated implementation of the proposed scheme suppresses the
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phase oscillations, because the lengths of the two paths are perfectly matched and the
vibration effects are minimized thanks to the low mechanical inertia.
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Figure 11. Electrical spectra of the up- (top) and down (bottom)-converted signals for C (left), X
(center) and Ku (right) bands. Images taken with 1 kHz resolution bandwidth.

Table 7. Results of the experimental characterization of the photonic circuits for the up- and down-
conversion of the radar signals.

Band Frequency
(GHz) SNRin (dB) SNRout (dB) Noise

Figure (dB)
Conversion

Loss (dB)

Up-conversion

C
IF: 1.6
↓

RF: 5.4
55 42.48 63.52 33.52

X
IF: 2.6
↓

RF: 9.6
58.53 40.52 64.81 34.81

Ku
IF: 0.5
↓

RF: 13.5
55.32 43.16 63.16 33.16

Down-conversion

C
RF: 5.4
↓

IF: 1.6
58.25 42.85 62.4 32.4

X
IF: 9.6
↓

RF: 2.6
57.37 38.5 65.87 35.87

Ku
RF: 13.5
↓

IF: 0.5
60.24 38.87 68.37 38.37

Table 5 shows that the simulations outperform by about 10 dB the measurements. In
the simulations, some non-idealities are not taken into account such as the thermal and
mechanical random vibrations that cause oscillations in the beating at the PD outputs.
Moreover, in the experimental setup, losses are present in the electrical and optical paths
due to the RF connectors, the RF cables and the optical fibers, which are slightly different
than the ideal devices.
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Figure 12 shows the measured phase noise of the system. During the measurement,
the synthesizer frequency was set at 7 GHz, while the DAC generated a 1 GHz sinusoidal
tone. The phase is measured at the PD output looking at the 8 GHz beating line. The phase
noise of the beating signal, as expected, matches the phase noise curve of the signal with
the highest noise.
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At high frequency offset, beyond 100 MHz, the noise magnitude is higher than the
one of the noisiest source, because of the spontaneous emission contribution of the EDFA
(see the experimental setup in Figure 9). The spurious peaks present on the curve related to
PD out are due to environmental electrical noise coming from the power suppliers used to
generate the modulator bias signal.

In the case of large numbers of FSO links, the system performance is expected to be
not significantly affected by crosstalk among the links, being that the paths of the signals
to each link are physically disjoined. Nevertheless, a noise increase is expected due to the
significant reduction of the signal power at the EDFA input.

6. Towards System-On-Chip Integration

The photonic system described and analyzed in this work will benefit progress in
photonic integrated technologies. Nowadays, almost all the components and subsystems
that constitute this architecture, including lasers, modulators and detectors, can be im-
plemented in Photonic Integrated Circuits (PICs), with several advantages compared to
standard fiber or bulk optic implementations such as extremely low footprint, lower power
consumption and the potential of low unit price for large scale production [47]. There are
also inherent benefits of the solid-state implementations of the photonic system, because
PICs are much less sensitive to external perturbations such as vibrations and temperature
gradients compared to discrete fiber components. Finally, extremely confined waveguide
modes in PICs open new functionalities. The reduced footprint and power consumption,
together with the larger tolerance to perturbations, are of foremost importance in space
applications where payload needs to be minimized. For all these reasons, the microwave
photonic SAR radar system for Earth observation here described has been designed to be
compatible with PIC technologies.

Nevertheless, as commonly reported in most works, one of the greatest hindrances
to the performance of microwave photonic systems in integrated chips is represented by
the worse power budget of the optical carrier [47]. This is the reason why many efforts
were aimed at dealing with optical losses, a problem that is even more pronounced in PICs,
where propagation losses are of an order of magnitude five to six times larger than the fiber
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equivalent, although paths are much shorter. Unfortunately, there is currently no photonic
integrated platform capable of providing optimal performance for every function required
in complex systems. For example, Indium Phosphide (InP) is the most mature and complete
photonic-integrated technology: lasers sources, optical amplifiers, the intensity or phase
modulators and photodiodes can be realized in the same chip. However, the waveguide
connections suffer from excessive propagation losses, and the loose optical confinement
leads to large bend radii, preventing the realization of compact circuits and giving an
upper limit to the free spectral range of microresonator-based filters. On the other hand,
Silicon-On-Insulator (SOI) is much better in this regard: the integrated waveguides have
lower propagation losses and support much more confined optical modes. Many optical
functions can be implemented, including modulators and photodiodes. Furthermore,
it is also a mature technology that leverages the established CMOS foundry processes,
which guarantee much higher reliability and yield compared to other technologies [48,49].
Nevertheless, current SOI technology lacks one of the most fundamental functions, optical
amplification, which prevents the realization of active devices such as Light-Emitting
Diodes (LEDs), lasers and SOAs.

The shortcomings of the different photonic-integrated technologies prevent the iden-
tification of a single photonic technological platform capable of implementing complex
photonic systems. Currently, the most effective way to couple the laser carrier is by butt-
coupling the InP diode laser to the Si photonic chip. This approach comes with a series of
technological complications, since it is not scalable at wafer level and must be performed
only in the final step of the packaging. Therefore, numerous efforts have been dedicated to
integrating III-V material with SOI wafers. The possibility of introducing active material
and SOI reduces the necessity for including external laser and fiber amplifiers, with huge
benefits in terms of costs and compactness thanks to the reduced interfaces and packaging.
Currently, this hybrid integration is realized with various techniques, ranging from flip-
chip [50], to wafer bonding [51] to direct epitaxial growth [52]. One of the most promising
techniques that is being explored is the microtransfer printing technique [53]: the technique
allows the integration of active devices fabricated in III-V semiconductors as “coupons”
over a processed SOI chip. By adding the InP SOA, this hybrid SOI platform allows the
implementation of the full toolkit of functionalities required by our microwave system.

The novel microtransfer printing technique was exploited for the design of the inte-
grated SAR RF transceiver system described in this work into a set of hybrid SOI PICs
realized with the iSIPP50G platform of IMEC (Belgium) [54]. It includes splitters, combiners,
plasma-dispersion effect phase and intensity modulators and Ge photodiodes, combined
with the InP SOAs fabricated by the University of Ghent [55]. One of the objectives of this
work is thus also to establish the addition of the SOA in the SOI building block set as an
enabler for high-performance integrated microwave photonics.

The PIC design of this work aims to integrate most of the functions of the whole optical
transceiver system architecture in a set of four PICs: one, shown in Figure 13a, for the
primary satellite, and the remaining ones, shown in Figure 13b, for each secondary satellite.
The input laser source (output power of 20 dBm can be reached) is externally coupled to the
primary PIC using a fiber Grating Coupler (GC) with an insertion loss of 3 dB. The frequency
optical comb is internally generated by a Dual-Drive Travelling-Wave Mach–Zehnder
Modulator (DDTWMZM), constituted by a balanced Mach–Zehnder Interferometer (MZI)
structure with each arm loaded by an independent 2.5 mm long P-N junction phase
modulator, with a target half-wave voltage of 5 V, a bandwidth of 36 GHz and an insertion
loss of 4 dB [54]. The dual-drive configuration for the MZM is needful, because two different
signals on the two arms make possible different comb coefficients, including a flat comb
under certain conditions [46]. The comb is then amplified by a SOA with an estimated gain
of 10 dB and then split in two paths by a 1 × 2 Multi-Mode Interferometer (MMI) (excess
loss of 0.13 dB), one of which is modulated with the IF signal by another DDTWMZM
biased in carrier-suppression mode. Both paths are then split with a cascade of 1 × 2 MMIs
in 3 paths. The gate synchronization signals are added to the unmodulated carriers through
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add-drop microring resonators acting as ADB. The GCs allow the coupling of the signals to
be added. Each couple of modulated and unmodulated carrier paths is then recombined
and multiplexed in two orthogonal polarizations. The polarization diversity is achieved by
using bidimensional dual-polarization grating couplers, which are bidimensional photonic
crystals that couple the light from the fiber into two integrated waveguides according to
the polarization components, or vice versa [56]. The nominal dual-polarization grating
coupler insertion loss and polarization extinction ratio is 6 and >20 dB, respectively. Over
the FSO link, the multiplexed signal in each fiber is then transmitted to the secondary,
where the received optical signal is coupled with the PIC and demultiplexed in polarization
using the dual-polarization grating coupler. The unmodulated and modulated carriers are
then recombined using a 2 × 2 MMI and detected by two matched Ge photodiodes with a
nominal responsivity of 1 A/W at 1550 nm and a bandwidth of 20 GHz. The two electrical
current outputs are connected to a differential Trans-Impedance Amplifier (TIA) with
differential output for the balanced detection. The generated signals are filtered in the C, X
and Ku bands before being sent to the antenna. Before the optical detection, an add-drop
microring resonator on the unmodulated carrier path extracts the gate synchronization
signals from the unmodulated carriers. The path for these signals is split again by a 1 ×
2 MMI, and, with the same schematic of the primary, boosted by an SOA and split again.
The carriers are then modulated by the returning backscattered signal and multiplexed
in polarization with the recovered unmodulated carriers again. Over the same FSO link,
the optical signal is then sent back to the primary satellite where the three signals coming
from the secondary satellites are polarization demultiplexed again, recombined and sent to
a low-bandwidth, high-responsivity Ge-balanced receiver inside the PIC in the primary
satellite. The detected signal will carry the down-converted signal at IF. The expected loss
of the PICs can be estimated as: 11 dB (21 if we neglect the SOA) for the transmission chain
in the primary satellite, 5 dB for the receiver chain in the secondary satellite, 7 dB (17 if we
neglect the SOA), for the transmitter chain of the secondary satellite and finally 6 dB for the
receiver chain of the primary satellite.
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7. Conclusions

Synthetic Aperture Radars are the most effective systems for the monitoring of Earth
from space using low-orbit satellites, allowing for high-resolution imaging. The multi-static
SAR, i.e., multiple SARs on a satellite constellation, allows single-pass configuration, thus
avoiding temporal decorrelation issues and allowing for the detection of moving targets.
The maximum level of cooperation among the SARs is obtained through a coherent MIMO
approach with coherent and centralized signal processing. This approach requires the
generation of orthogonal signals that can be distinguished. The orthogonal signals can
be obtained exploiting different frequencies (multiband system). Thanks to the fusion
of the different bands, the system resolution can be increased. Up to now, implemented
bistatic SARs for spatial interferometry have synchronized the RF by GNSS systems and
the exchange of RF synchronization signals. Nevertheless the synchronization is limited in
accuracy, which impacts on the image resolution.

Overcoming these limitations with standard RF technology is hard, because it requires
complex solutions with SWaP and interference troubles. Moreover, the generation of
multiband signals is difficult due to the lack of frequency flexibility.

In the present work, we propose the use of photonics to generate, receive and distribute
the radar signals in a coherent multi-static SAR satellite constellation. Photonics allows
the overcoming of the current issues in the implementation of MIMO SAR, allowing for
the flexible generation of multi-band signals and the centralized generation of all the RF
SAR signals in a primary satellite with coherent distribution to all the secondary satellites
through FSO links. A single high-precision optical clock is used, providing high intrinsic
coherence among all the RF sensor signals.

The proposed system is a satellite formation composed by a primary satellite and a
swarm of secondary satellites. The primary satellite transmitter generates an optical comb
in two replicas. A replica is modulated in carrier suppression with the radar signal at three
IFs. The unmodulated and modulated combs are polarization multiplexed and sent to an
optical front-end to be sent to the secondary satellites, where the receiver up-converts the
modulated comb into the radar signal at RF in C, X or Ku band to be sent to the Earth’s
surface. The received echo is converted to the optical domain in the secondary satellite
transmitter by modulating the unmodulated comb replica and sent to the primary satellite
over the FSO link. At the receiver of the primary satellite, the signal is converted back at IF.

We carried out numerical analysis of the system by means of a commercial simulation
software, accounting for the main parameters used in currently implemented SAR satellites.
Two different kinds of Earth surfaces are considered: desert and state 3 sea, to address,
respectively, high and low reflectivity targets. The analysis shows that the proposed system
has a NESZ < −29.6 dB, indicating that the system sensitivity can satisfy the requirements
of a deployed multi-static SAR system.

We realized also an experimental proof of concept based on COTS, including the
transmitter and the receiver for both up- and down-conversion. The results show, in the
worst case, a conversion loss 10 dB higher with respect to the simulations. The discrepancies
are due to the instability caused by thermal and mechanical vibrations that generate
oscillations in the beating of the signals into the photodiodes. This is due to the bulk
implementation. Moreover, in the electrical and optical paths extra losses are present due to
the RF and optical connectors, RF cables and optical fibers, not considered in the more ideal
situation simulations. The phase noise measurements show that the proposed techniques
do not introduce significant phase noise with respect to the input electrical sources.

We also identified a way to implement the proposed system with integrated technolo-
gies. The integrated implementation in principle allows for SWaP reduction and increased
robustness against mechanical vibrations. The consolidated SOI platform allows the imple-
mentation of all the basic blocks required by the microwave photonic circuit as modulators
for comb generation and modulation and photodiodes. The laser can be implemented by
InP technology and coupled to the circuit by optical fiber or hybrid integration. One of the
main innovations introduced here is the exploitation of the innovative transfer printing
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technique, available in few SOI foundries, to realize semiconductor optical amplifiers in
InP technology and transfer them into a SOI circuit. The use of optical amplifiers allows
compensation for the losses of the passive SOI waveguides and thus decreases the overall
conversion loss, which is one of the main criticalities of the microwave photonics system.
The system architecture is simplified at the integration stage by exploiting the polarization
multiplexing of the modulated and unmodulated combs to be sent from (to) the primary
to (from) the secondary satellite over the FSO links. This avoids the use of complex and
space-consuming optical filters requiring several control signals to separate the modulated
and unmodulated combs.
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