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Abstract— High-resolution wide-swath (HRWS) imaging using scan-on-receive (SCORE) syn-
thetic aperture radar (SAR) with one or multiple simultaneous beams is being heavily inves-
tigated using digital beamforming paradigms. However, a contender is analogue beamforming
using photonics. In this work, the feasibility of photonics enhanced beamforming in SAR systems
in higher frequency bands and bandwidths is investigated using a state-of-the-art SAR system as
a comparison. The most common performance indicators are derived and an example SAR sys-
tem is devised, with a discussion on potential antenna configurations. The integrated microwave
photonics (IMWP) platforms available and most suited to SAR systems is discussed, including
architectures and materials. Additionally, an investigation into system noise and dynamic range
performance reveals a number of essential challenges that need to be addressed, including the
reduction of losses an thereby the required number of semiconductor optical amplifiers (SOA) and
the noise performance of the laser(s). The reconfiguration speed of beamforming phase shifters
and true-time delay (TTD) elements are essential for SCORE operation with a large number of
beams, which limits the viable materials used for these elements. The current state of IMWP
indicate that these advanced systems with many beams and channels is very difficult to realize for
SAR and implementations in simpler systems are more viable. However, the rapid development
of IMWP indicate that these beamforming systems will soon be viable for SAR.

1. INTRODUCTION

Imaging using conventional synthetic aperture radar (SAR) is a mature technology that is used
for a wide variety of remote sensing applications. However, the performance of conventional SAR
is limited by the minimum antenna area constraint, forcing a trade-off between swath width and
azimuth resolution [1][2]. High-resolution wide-swath (HRWS) SAR exploiting the Scan-On-Receive
(SCORE) technique, represents an approach to map very wide swaths on ground and, at the
same time, improve the noise equivalent sigma zero (NESZ), suppress range ambiguities, maximize
available gain, while also reducing antenna pattern edge losses. The idea, involving steering a
beam in line with the direction of the echo, originated with Blythe [3] and was later developed
further by Kare [4] and Suess and Wiesbeck [5], introducing the use of reflector antenna and digital
beamforming, respectively. These techniques have subsequently further developed and extended in
later works. Examples are dispersive SCORE, multi-beam SCORE, and Staggered SAR which make
extensive use of a digital beamforming (DBF) paradigm [6][7][8][9]. However, recent developments
in photonic technologies have made photonic beamforming (PBF) a potential analogue contender to
DBF methods [10][11][12]. Indeed, many features of optical beamforming networks (OBFN), such
as small relative bandwidth, near frequency agnostic operation in SAR frequency bands, low power
consumption and low computational requirements, make their implementation in SAR systems
an enticing prospect [10][13]. Additionally, recent developments in integrated microwave photonics
(IMWP) technologies have opened up opportunities for smaller form factors, more complex systems
and more temperature stable and predictable performance than bulk fibre-optic systems can provide
[14][15][16]. This makes IMWP-based beamforming potentially a key technology in enabling swarm,
constellation and cubesat SAR systems in low earth orbit due to its excellent size, weight and
power (SWaP) properties. Additionally, recent research and trends indicate a rapid expansion of
the number of components housed per chip, as well as a performance increase and manufacturing
cost reductions of photonic integrated circuits (PIC) in the near future in a phenomenon similar to
Moore’s law [17][18][19].

This paper investigates the feasibility of photonic networks to implement a state-of-the art SAR
with SCORE as a benchmark for potential architectures, leading to a number of requirements
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such as noise equivalent sigma zero (NESZ), ambiguity-to-signal ratio (ASR), and dynamic range.
Inserting an OBFN in the SAR receive chain impacts the performance of the system in a number
of different ways, including noise performance, dynamic range, pointing errors, and beamforming
weights reconfiguration speed. The paper assumes the implementations using integrated microwave
photonics (IMWP) in the optical communication C-band carrier wavelength (1530-1565 nm). The
most prevalent modulation strategy is external intensity modulation direct-detection (IMDD) and
as such the paper is limited to this paradigm. Furthermore, the investigation focuses on elevation
beamforming and the gaps present when employing multiple simultaneous SCORE beams will not
be dealt with in this investigation [20].

The outline is as follows. Section 2 presents modern SAR requirements and an example system
as a basis for discussion, while also discussing the two most prominent antenna architectures as-
sociated with SCORE. Section 3 presents a number of architectures for OBFNs and the potential
IMWP materials and platforms that are most suited to these architectures, bearing in mind the
requirements in section 2. Section 4 further discusses challenges in the system performance and
their impact on noise and dynamic range. Finally, section 5 wraps up the paper with a discussion
and conclusion.

2. STATE-OF-THE-ART SAR

2.1. SAR requirements and parameters

Table 1: Imaging requirements for a modern SCORE SAR example system.

Requirement Value

Frequency X band or Ka band

Noise Equivalent Sigma Zero < —-27dB
Ambiguity-to-Signal Ratio < -27dB

Dynamic Range >32dB

Ground Resolution < 1.7x 1.7 m (2.9 m?)
Beamforming Weights Accuracy | ampl. < 0.4%, phase < 1.4°

The requirements placed on a modern SAR system implementing SCORE is listed in Table 1.
As the prime benefits of photonics lie in the wide bandwidth and high RF operating frequency,
the focus will lie on the X band and Ka band. The NESZ is derived from the expected scattering
statistics of common ground targets as listed in Table 2, which list the weakest and strongest
reflectivities for these targets. Given a imaging use case with varied ground targets, the weakest
reflections come from asphalt, concrete and roads in the X band case, while wet snow is the weakest
scatterer in the Ka band case [21]. This is a worst case scenario, since the beam generally covers
a large area and exhibit larger reflectivity, especially in the higher frequency cases. For simplicity,
the ambiguity-to-signal ratio (ASR) matches the requirement for the NESZ, but here the SAR
mode and beamforming design primarily impact the results. In terms of the SCORE mode, range
ambiguities are already more suppressed than a conventional SAR due to the receive pencil beam.
However, a larger number of active elements in the antenna array would enable the system to place
dedicated nulls at the angular location of ambiguities without compromising the SCORE operation
[22]. The number of active channels achievable in current PIC technology, will be discussed later.
The required dynamic range is tightly connected with the variation in reflectivity of ground targets,
which show a span of approximately 32 dB and 30 dB for X band and Ka band, see Table 2.
Additionally, the dynamic range requirement is impacted by the difference between the near and
far ranges of the swath and the transmit antenna pattern, in the order of about 1-4 dB [2]. This
can be mitigated using phase spoiling in transmit given enough active transmit elements [23]. The
required resolution for a modern SAR system operating at X band or above would need to surpass
or match the resolution of systems like TerraSAR-X and TanDEM-X while achieving a wider swath
width [24]. Therefore, the ground resolution goal in Table 1 are set to less than the spotlight mode
resolution of 1.7 x 1.7 metres. The comparison of accuracy as pertaining to beamforming weights
becomes somewhat arbitrary given that DBF functionally does not have this restriction, while an
analogue solution like PBF is affected by this phenomenon. Nonetheless, a resolution corresponding
to a 8-bit attenuator and phase shifter (PS) accuracy has been given for discussion purposes.

In Table 3, the parameters for a single beam SCORE SAR system are detailed. Fairly standard



Table 2: Average ground reflectivity at 30° incidence angle by frequency band
and ground type [21]. Considers HH and VV polarisations rounded to whole dBs.

Frequency | Target Type Min Reflectivity | Max Reflectivity
X-band Asphalt and Concrete | -27 dB -10 dB

Soil and Rock -19 dB 4 dB

Snow -16 dB -5 dB

Trees and Vegetation | -19 dB 1dB
Ka-band Asphalt and Concrete | -17 dB -3 dB

Soil and Rock -21 dB -3 dB

Snow -23 dB 7 dB

Trees and Vegetation | -16 dB 0dB

orbit height, pulse repetition frequency (PRF) and duty cycle are assumed. The bandwidth chosen
is restricted by the maximum frequency allocation permitted by ITU radio regulations at Ka-
band (35500-36000 MHz) [25]. The available bandwidth at X band reaches 1200 MHz (9200-10400
MHz), but for this broader discussion the bandwidth will be limited to 500 MHz. This results in a
maximum range resolution of approximately 0.62 m. The azimuth resolution is restricted to about
1.30 m due to the PRF limiting the antenna length, which could be improved using innovative
multi-channel azimuth beamforming techniques [6]. The range of incidence angles include the 30°
angle used in Table 2 and achieve an approximately 40 km swath width using a single SCORE beam
(timing diagram in Fig. 1). If a wider swath without loss of azimuth resolution is desired additional
simultaneous SCORE beams can be employed. In order to ensure a uniform intensity across the
swath 115 SCORE beams are used to scan the swath on receive. This is a very high number of
pointing directions, which may have to be reduced due to current PBF hardware limitations. The
shortest beam dwell time is the first (near range) beam and lasts for 0.99 us in this case.

Timing Diagram - Monostatic

incidence angle [deg]

Parameter Value

Orbit Height 500 km

Pulse Repetition Frequency (PRF) | 6 kHz 28

Duty Cycle 9% (15 ps) B

Bandwidth 500 MHz v

Range Resolution 0.62 m 5

Azimuth Resolution 1.30 m E

Start Incidence Angle 26.2° 2

Stop Incidence Angle 30.2°

Swath Width 40 km . ‘ ‘ ‘ . ‘ . |
NO SCORE BeamS 115 5800 5850 SF?LEJ)lC;e rseg:é]titigaog.eqziiocy [6}_]{.;)]0 6150 6200
Dwell Time of First SCORE Beam | 990 ns

Figure 1: Timing diagram for SCORE SAR
Table 3: Parameters for an example modern SCORE system (blue: transmit events, green: nadir
SAR system. echo, yellow: swath).

2.2. SAR antenna configuration

The type of antenna configuration employed impacts the beamforming network used and therefore
the potential suitability of PBF. For SCORE SAR there are two main configurations envisioned;
planar phased array (PA) antennas and phased array-fed reflector (PAFR) antennas. From the pure
SAR perspective, the PA require involvement of all antenna elements to create a SCORE beam
resulting in higher sensitivity to amplitude and phase errors and must therefore employ a stricter
calibration strategy [26]. For the same task, a PAFR antenna only requires a single element for each
beam, if placed at the focal point, and a small number if the feed array is slightly out of focus. This
property of PAFRs enables the blass matrix architecture to be used with low to no overlap of active
elements for each beam and thus reducing the BFN losses [4][27]. However, due to this property the
PAFR is more sensitive to antenna element failures [28]. Additionally, thermo-elastic deformations
of the reflector impact the pointing stability and radiometric performance of the PAFR system.
The beamwidth of a PA is tightly connected to the number of elements employed, driving up the
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requirement for a large number of feeds to enable the SCORE beamforming mode with a large
accessible ground area. The number of elements needed for a certain PA pencil beamwidth is
governed by [27]

A
sin(0.3ap) d’

(1)

where A is the RF wavelength, 6_s4p is the 3 dB beamwidth, and d is the element separation. Using
the parameters of our example system in Table 3 and an example pencil beamwidth of 0.80°and
element separation of 0.65 wavelengths, we can conclude that 111 PA antenna elements would be
required. The current state of PIC technology preclude the implementation of that many channels,
without using RF combining networks to reduce the number of channels before E/O conversion.
One could also increase the antenna element separation with a narrower accessible ground area or
widen the beamwidth at the expense of reduced gain. A such, the near-future suitability of OBFNs
seem to be better in PAFRs due to the lower number of feed elements required and less extensive
pattern weighting [27]. Further research is required to compare the use of OBFNs in PAFR and PAs
with sub-arrays. Additionally, the employment of OBFNs using wavelength division multiplexing
(WDM) strategies for separating multiple beams could be beneficial for the PA configuration.

el —

3. IMWP PLATFORM

3.1. Photonic Beamforming Architectures

Y YY Y YY Y Y Y
'5 Photonics enhanced v % Photonics enhanced '5 Photonics enhanced
c00 S| | radar with PS OBFN 000 S radar with TTD 000 S radar with TTD
x f x > N
© and photonic © OBFN and RF I OBFN and optical
8 8 8 8 8 8 v downcoversion 8 8 8 8 L downcoversion 8 8 8 8 8 8 & | | comb downcoversion
I

—_Optical Comb

Photonic Network Photonic Network
‘J Beam 1 ]
‘l» a — a
Beam 2 @:7— Beam 2
B — N
| <t | ] e R
a a

Radar Signal Processing IF Rx chain Radar Signal Processing IF Rx chain Radar Signal Processing IF Rx chain
(a) (b) (c)

Figure 2: Simplified SAR receive chain including a) an OBFN employing phase shifters and photonic down-
conversion, b) an OBFN employing TTD and RF downconversion and ¢) an OBFN employing TTD and
optical comb downconversion.
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There are a number of potential beamforming architectures that could be used to construct an
OBFN. Fig. 2a illustrates a generalized system employing a PS based OBFN where the received RF
signals are modulated on an optical carrier and processed using photonics, including beamforming
and downconversion. Since phase shifting affects both the carrier and the modulated signal, the
carrier must be suppressed and re-inserted before photodetection in order for the phase shift to
be seen in the RF domain [29]. It is convenient to combine this re-insertion with a photonic
downconversion, performed via modulating the carrier with a local oscillator to reduce the beat
frequency in the photodiode. The carrier suppression and re-insertion requirement is not present
in a true time delay (TTD) system, as depicted in Figure 2b, where the downconversion has
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been placed in the RF domain. There is of course nothing precluding also a TTD system to
perform downconversion in the optical domain, either through a shifted and re-inserted carrier or
the employment of frequency combs as shown in Figure 2c. In the case using a frequency comb, the
downconversion happens via modulating the signal on one comb frequency line and subsequently
detecting the beating between one of the sidebands and a different frequency line of the comb [30].

If only a single moving beam is needed, a simple corporate network structure is sufficient to
realise the OBFN, such as in [31][32][33][34][35][36] using different PSs and TTD implementations.
Figure 3 and 4 illustrate two potential solutions for extending the network to employ more simul-
taneous beams [12][29][37]. The blass matrix architecture is especially suited to the PAFR design
since there will be little to no overlap in the beams. A blass matrix could be implemented with
tunable couplers for each node in conjunction with phase shifters or tunable TTDs. Here, a ring
resonator structure could be suitable if TTD is desired. Using a wavelength division multiplexing
(WDM) strategy, as shown in Figure 4, would be more beneficial in a planar array antenna where
each channel must be shared by every beam. Each beam would be dictated by the centre frequency
of each tunable laser plus the RF carrier frequency giving a different TTD distribution across the
different dispersive elements [38]. The several laser lines would all be multiplexed onto the same
channel and distributed to the modulators, modulated, delayed according to the centre wavelengths
and de-multiplexed before opto-electronic conversion. This type of solution requires a fast tunable
laser with sufficiently high tuning speed while maintaining low RIN and linewidth, e.g. [39][40][41].

Beam 1 Beam 2 Beam M

Figure 3: Optical blass matrix architecture. Each node consist
of a tunable coupler and a PS or TTD.

RX-1 ,f

Tunable
Laser M

Figure 4: A TTD OBFN employing multiple tunable lasers, wave-
length division multiplexing (WDM) and dispersive elements.

3.2. Material platforms

The feasibility of OBFNs in SAR systems hinges on the success and development of integrated
microwave photonic technologies, such as Silicone-on-Insulator (SOT), Silicone Nitride (SigNy), In-
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dium Phosphide (InP), Lithium Niobate (LiNbO3) and others [14]. These platforms are currently
undergoing rapid development and are expected to reach sufficient maturation for SAR and many
other areas in the near future [18][19].

Currently, assuming the optical C-band, there are two main material platforms potentially
feasible for spaceborne SAR systems [14][15]. These are systems based on heterogeneous integration
of either Silicon Photonics (SiPh) or Silicone Nitride (SiN) with other materials for the full spectrum
of devices (amplifiers, lasers, detectors, modulators, filters, switches, delays, and/or phase shifters)
[42]. This way the required functionalities can be employed without excessive propagation and
interface losses. An overview of these materials and functions are listed in the following, with
prominent materials for each function:

e Amplification and lasing
— Indium Phosphide (InP)
e Modulation and Phase Shifting

— Indium Phosphide (InP)
— Lithium Niobate (LiNbOs3)

e Photodetection

— Indium Phosphide (InP)
— Germanium (Ge)

Functions such as coupling, switching and filtering can be realised through passive waveguide
structures with modulators for tunability [43][44].

3.3. Optical Phase Shifters and TTD Elements

Optical phase shifters are an integral part of not only a phased array OBFN but also for tunable
couplers, filters and many other functions. There are many ways of realising a phase shifter in
IMWP. A selection of these, with their associated speeds, are;

e Thermal (TH) actuators (ca. 1 ms) [45]
e Piezoelectric (PZT) actuators (<1 ps) [46]
e Electro-optic modulators: [47]

— Liquid Crystal (LC) actuators (<1 ms) [48]
— Lithium Niobate on Insulator (LNOI) actuators (<1 ns) [49]
— Indium Phosphide (or III-V) actuators (<1 ns) [50]

The reconfiguration speed of these actuators, whether they control TTD elements, phase shifters
or couplers is primarily dependent on the chosen materials of the PIC element and secondarily
dependent on the driving electronics.

There are several types of TTD elements prevalent in IMWP. These include photonic crystal
waveguides, coupled microring resonators, waveguide bragg gratings, non-linear photonic solutions,
and switchable delay lines [51]. The discussion on these solutions will not be significantly deep here.
However, for SCORE SAR, the importance lies in solutions that can provide continuous or near
continuous delay steps (as detailed in Table 1), have low losses and are fast enough for SCORE
operation. Careful consideration of the dispersion variation across the RF bandwidth also need
to be taken into account, since many delay methods offer a compact solution but a varying delay
across the optical wavelength [51][52][53]. Structures using several microring resonators (MRR)
often achieve a flat delay across a wide bandwidth with tunability via phase shifters in the rings
and couplers. Many of these TTD methods exploit dispersive elements and are thus suitable
for implementing structures such as those in Fig. 4, where the carrier wavelength is the tuned
parameter.

3.4. Reconfiguration Speed

The dwell time of the first (and shortest) SCORE beam pointing direction, as shown in Table 3,
puts a minimum speed required for potential PSs and TTDs implemented by a OBFN. In this
case, the minimum speed is approximately at 1 MHz. However, given the assumption that the data
acquired during beam weight reconfiguration is degraded or not useful at all, the speed needs to
be a fraction of this limit. Table 4 lists the impact of the switching time on the loss, peak-sidelobe
ratio (PSLR) and integrated sidelobe ratio (ISLR) respectively, assuming that the reconfiguration



Table 4: Impact on power loss, peak-sidelobe ratio (PSLR), and integrated sidelobe ratio (ISLR) for
different photonic actuator switching speeds. Nominal PSLR and ISLR are -13.26 dB and -9.67 dB.

(S(;Z l(t)(;h(;rvlv‘iﬁli?;e(?s) Power loss (dB) PSLR increase (dB) ISLR increase (dB)
10 (1) 0.09 0.00 0.40

20 (2) 0.17 0.01 0.79

50 (5) 0.44 0.02 1.85

99 (10) 0.91 0.04 3.27

198 (20) 1.92 0.34 5.49

495 (50) 5.93 9.11 10.48

duration results in gaps in the acquired chirp. This reveals that the minimum speed required would
lie somewhere less than 2 percent of the dwell time, that is >50 MHz in this case. That would
restrict the viable solutions to electro-optic modulation techniques such as LNOI and InP from the
previously listed materials. Given that LNOI PSs exhibit an exceptionally low loss this technology
would be most suitable, despite the slightly larger footprint than InP solutions. Similarly, for a
swept laser in conjunction with dispersive elements the exact wavelength error must fall within
certain values in addition to the sweep speed being high enough, while noise performance does not
degrade too much during the sweep compared to a static laser.

4. SYSTEM PERFORMANCE

4.1. Noise Performance

IMDD link SFDR 3rd order (BW = 1.2 GHz)

60 1

50 1

40

3rd order SFDR (dB)

201

6 1‘0 2‘0 3‘0 4‘0 47.3 ' 6‘0 7‘0
Noise Figure (dB)
Figure 5: 3rd order spurious free dynamic range as a func-

tion of noise figure for a single channel optical link (1200
MHz bandwidth).

So far, the realisation of complex photonic networks and PICs have resulted in high noise
figures of 30 dB or more. This is due to the high losses incurred in electro-optic conversion and
the insertion loss of the many phase shift or time delay components required in a beamforming
network [12][30]. These losses necessitate insertion of semiconductor optical amplifiers (SOA) that
drive up the relative intensity noise (RIN) of the link. Ultimately, this requires extensive low noise
amplification before insertion of the optical network. The noise factor trade-space of an analogue
optical link is generally described by [54]

V2 ( 1 2q RIN)
F=14-% - + : 2
2R \I2.Ro|Hpa|? ~ IacksTs = kpTs 2)

where V; is the half-wave voltage of the modulator, R; and R, are input and output impedances
of the optical link, I4. is the average photocurrent produced in the photodiode, H,q is the filter
response of the photodiode, ¢ is elemental charge, kp is Boltzmann’s constant, and T} is the system




8

temperature. The four terms present in (2) are, in order, the input thermal noise, output thermal
noise, shot noise, and RIN, respectively. One of the most important sources of noise in a photonic
system is the RIN of the laser. Additionally, for swept lasers, the RIN must remain sufficiently
low during the sweep in addition to fixed operation. The most prevalent amplification material in
PICs is InP, as previously discussed. These can now provide hundreds of milliwatts of power while
maintaining low RIN in a small form factor [55], and are continuously improving as the technology
matures, but there are also alternative amplification methods being developed, such as the erbium-
doped waveguide amplifier (EDWA) [56]. In this recent development SiN has been successfully
doped by erbium and exhibits similar performance to the erbium-doped fibre amplifiers, which
revolutionised the fibre-optic communications industry.

4.2. Dynamic Range

The single most impacting effect on the optical link dynamic range for single octave systems is the
3rd order spurious-free dynamic range (SFDR3). The trade-space is described by [54]

42 23 11\2/3
SFDRg_(W> <F> . (3)

The maximum possible bandwidth that can be utilized by a spaceborne SAR is dictated by
the ITU regulations for frequency allocation, and is currently placed at X-band with 1200 MHz
bandwidth [25]. Given this limitation and an assumed V; = 1V, R; = 509, Ts = 290K, the SFRDj3
can be plotted vs. NF, as seen in Fig. 5. The SAR required dynamic range of 30 dB, given in Table
1, would then be satisfied as long as the NF is below ca. 45 dB. Given this generous limitation, it
can be concluded that the major limiting factor for an optical link implemented in SAR is achieving
a certain system NF and thereby the required NESZ fulfilling the sensitivity requirements.

5. DISCUSSION AND CONCLUSION

The goal is to implement a high performance analogue photonic link with an OBFN and possible
downconversion of the RF signal in the optical domain, while also improving the SWaP. There-
fore, the current state-of-the-art and near future trends in analogue microwave photonics suggest
that a heterogeneous integration of many materials in a PIC platform is optimal. The lowest
loss waveguide is currently occupied by the SiN technology, while the lowest loss modulators and
phase shifters, with sufficient speed, are LNOI. The most appropriate low-noise high-power single
frequency laser would be an external laser or InP integrated laser. SOA should be minimized as
far as possible to keep the NF low, but should it be required, InP amplifiers are the current best
alternative. This is potentially surpassed in the near future by the development of EDWA, best
employed as amplifiers right after electro-optic modulation or right before photodetection.

The current PIC capabilities indicate a lower number of channels, and as such a PAFR or PA
sub-array architecture would serve as an initial implementation. The numbers used in this work are
very strict and could be relaxed in order to realize a simpler SAR system. For example, the number
of pointing directions for each SCORE beam could be reduced and allow for slower PSs using PZT
or TH actuators. Another obvious relaxation is the reduction of the number of channels to reduce
the complexity. Finally, the rapid, Moore’s Law like, development of the integrated photonics sector
indicate that the limitation of number of components and channels will quickly diminish over time,
enabling the use of large phased arrays using IMWP technology.
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