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Abstract—Rapid developments in synthetic aperture (SA) systems,
which generate a larger aperture with greater angular resolution than
is inherently possible from the physical dimensions of a single sensor
alone, are leading to novel research avenues in several signal processing
applications. The SAs may either use a mechanical positioner to move
an antenna through space or deploy a distributed network of sensors.
With the advent of new hardware technologies, the SAs tend to be
denser nowadays. The recent opening of higher frequency bands has
led to wide SA bandwidths. In general, new techniques and setups are
required to harness the potential of wide SAs in space and bandwidth.
Herein, we provide a brief overview of emerging signal processing
trends in such spatially and spectrally wideband SA systems. This
guide is intended to aid newcomers in navigating the most critical
issues in SA analysis and further supports the development of new
theories in the field. In particular, we cover the theoretical framework
and practical underpinnings of wideband SA radar, channel sounding,
sonar, radiometry, and optical applications. Apart from the classical SA
applications, we also discuss the quantum electric-field-sensing probes in
SAs that are currently undergoing active research but remain at nascent
stages of development.

Index Terms—Ptychography, quantum information engineering, radar,
channel sounding, synthetic apertures.

I. INTRODUCTION

Over the past several decades, an array of imaging sensors have
been employed to create a single synthetic image by simulating
a sensor with a much wider aperture and shallow depth-of-field.
This synthetic aperture (SA) processing technique has led to a
wide variety of cutting-edge applications in radar [1]], sonar [2],
radio telescopes [3]], channel sounding [4], optics [5]], radiometry
[6], acoustics [[7]], quantum [8]], microscopy [9] and biomedical
applications, including ultrasound [10f], magnetic resonance imaging
(MRID) [11]], magnetometry [12], and computed tomography (CT)
[13]. The SAs offer savings in cost, hardware, and power while
also providing a better view of occluded objects, improvement in
signal-to-noise ratio (SNR), and enhanced resolution. The SAs may
be constructed through motion of the sensor/object or distributed
deployment of sensors. Originally invented for the radar systems in
the 1950s, SAs were first implemented using digital computers in the

P. V. is with the United States Department of Defense, Washington, DC,
20375 USA, e-mail: synthetic_aperture_twg@ieee.org.

K. V. M. is with the United States DEVCOM Army Research Laboratory,
Adelphi, MD, 20783 USA, e-mail: kvm@ieee.org.

A. A-G. is with the National Institute of Standards and Technology (NIST),
Boulder, CO, 80303 USA e-mail: alexandra.artusio-glimpse @nist.gov.

S. P. is with the University of Manchester at Harwell Science and
Innovation campus, Oxfordshire, OX110GD United Kingdom, e-mail:
samuel.pinilla@correo.uis.edu.co.

A. X. is with the Centre for Maritime Research and Experimentation,
Science and Technology Organization, NATO, La Spezia, 19126, Italy, email:
angeliki.xenaki@cmre.nato.int.

D. W. G. is with NIST, Gaithersburg, MD, 20899, USA e-mail:
david.griffith@nist.gov.

K. E. is with Faculty of Information Technology and Communication
Sciences, Tampere University, Tampere, 33720, Finland, e-mail:
karen.egiazarian @noiselessimaging.com.

K. V. M. acknowledges support from the National Academies of Sciences,
Engineering, and Medicine via Army Research Laboratory Harry Diamond
Distinguished Fellowship.

late 1970s [1]. More advanced techniques were introduced in the late
1980s before widespread adoption in other applications throughout
the 1990s [[14].

The angle and delay resolution of a metrology system that collects
information from the environment by steering a high-gain antenna
to different directions in space is determined by the physical size of
the antenna and by the instantaneous bandwidth of the transmitted
signal. As the size and cost of the sensors have come down, denser
and wider arrays have become feasible. Similarly, with the advent of
several remote sensing and communications applications for higher
frequency bands such as millimeter-wave [15] and Terahertz (THz)
[16], SA systems with extremely wide bandwidths are currently
being investigated. For example, millimeter-wave SA radar (SAR)
is revolutionizing the rapid developments in the automotive industry
toward building the next-generation autonomous vehicles [17]. In
quantum applications, Rydberg state sensors are garnering significant
interest for wideband receivers [8[]. In SA sonar (SAS), existing
algorithms are being adapted for widebeam and wideband systems to
discern new properties of sea-bottom scattering [2]. In optics, coded
diffraction patterns are now used to acquire several snapshots of the
scene by changing the spatial configuration [18].

Novel signal processing techniques are essential for
implementations of wideband SA techniques. In this paper, we
provide a tutorial overview of methods to improve the spatial
(angular) and delay resolution by synthesizing, respectively, a
virtual aperture larger than the physical antenna and a measurement
bandwidth greater than the instantaneous signal bandwidth. This
paper brings together wideband SA techniques across different
disciplines. Table 1 lists the SA systems considered along with
a brief description of generation of the spatial aperture and the
type of signal bandwidth available, e.g. instantaneously wideband,
narrowband, or synthesized wideband. We remark that the wideband
SAs have become more pervasive in various other fields such as
seismology, biomedical, and acoustics. However, it is not possible
to cover all applications in this paper and, hereafter, we only focus
on the major developments in some salient applications.

In Section we provide a background on SAR techniques
along with some of the wideband SAR applications, including
millimeter-wave SAR, wideband autofocusing, and quantum systems
for SAR. Section [V| presents new results for systems that leverage
the same antenna aperture, hardware platform, and waveforms to
combine radar detection processing with data communications. In
Section we discuss another important SA application of channel
sounding. In modern 5G/6G communications, channel sounding plays
an important role in establishing system performance, especially for
single-carrier modulated systems. With multiple-carrier modulations,
such as Orthogonal Frequency Division Multiplexing (OFDM), a
guard interval is added between symbols, which mitigates the impact
of multipath and intersymbol interference (ISI). The SAs have been
used in channel sounding to accurately characterize the scattering
of electromagnetic fields propagating through a wireless channel.
This paper describes SA channel sounders that sample the frequency
response of a wireless channel. A brief introduction to possible



TABLE 1
COMPARISON OF MAJOR WIDEBAND SA SYSTEMS

System Spatial Aperture Bandwidth

SAR Aperture created via aircraft motion Wide instantaneous bandwidth
ISAR Aperture created via object motion Wide instantaneous bandwidth
InSAR Aperture created via phase difference from multiple Wide instantaneous bandwidth

passes

SA sounder via frequency domain sampling

Aperture created using mechanical positioner such as

Instantaneously narrowband but synthesized

a robot wide bandwidths
SAS Aperture created along vessel’s trajectory Instantaneously wide fractional bandwidth
Optical SA Aperture created via mechanical positioner Narrow instantaneous bandwidth

SA Radiometry

Large SA from sparse spatial samples

Wide synthesized bandwidth

Quantum SA via Rydberg probe

Aperture created via mechanical positioner

Instantaneously narrowband but can
synthesize wide bandwidths

Quantum entanglement-based SAR

Aperture created via aircraft motion

Narrow instantaneous bandwidth but
excellent noise suppression

SA ultrasound

Aperture created by acquiring near-field data from

Narrow instantaneous bandwidth

parts of a stationary array

SA MRI/CT

Aperture created via low-resolution images acquired
from a moving field-of-view (FoV)

Narrow instantaneous bandwidth but
synthesized wide bandwidths

SA acoustics

Aperture created with microphones on a mobile

Wide instantaneous bandwidth

platform

future paths of research describes time-domain SA sounders that
utilize novel quantum sensors to measure the intensity of impinging
electric fields. Then, Section explains the use of various
lensng techniques in optics to generate wideband apertures. In
Section we introduce and discuss new developments in SAS
such as wideband processing, micronavigation, and multiple-input
multiple-output (MIMO) systems. New innovations and capabilities
enabled through the use of machine learning techniques in SA
systems are briefly summarized in Section Section described
SA applications in radiometry. We conclude in Section

II. WAVE PROPAGATION

— plane waves — spherical waves

III. ARRAY ARCHITECTURES

— cylindrical arrays — polygonalization — spherical arrays at
acoustic freqs — wideband DBF

IV. WIDEBAND SAR

When a radar illuminates an object, conventional processing
techniques, such as beamforming and matched filtering, are utilized
to obtain downrange resolution along the radar line-of-sight (RLoS).
If the object is also moving relative to the radar, then the Doppler
frequency gradient is used to obtain cross-range resolution that is
much finer than the radar’s beamwidth. The motion of the object is
generated in a variety of ways but ultimately this motion is related
to the simplified case of a stationary monostatic radar illuminating a
rotating object.

In Fig.[I] a three-dimensional (3-D) object illuminated by the radar
signals is projected onto the x-y plane with the object rotating about
the z-axis with uniform angular velocity. If the object is contained
within the main beam of the radar and rotating about the point A at
I radians per second with the radar at a line-of-sight (LoS) distance
R1 from A, then the distance to a point on the object with initial
coordinates (Ro; 0;2Z0) at time t=0 is

R =[R2 +RZ+2R1Rosin( o+ 1t) +22]2: (1

If the distance to the object is much larger than the size of the object,
i.e. R1 >> Ro; Zo, then a good approximation is

R =R + Xgsin(1t) +ypcos(1t); 2
and the Doppler frequency of the returned signal is
2dR _ 2xp! 2yl .
fd:—az—ocos!t—y—osm!t; 3)

where is the radar wavelength. If the radar data are processed over
a short time interval centered at t = 0, the range to (Xo;Yo) and the
Doppler frequency shift is approximated as

1
R=R;+yo; fg= 2Xo!

: @

It follows that the downrange component Yo of the position of
a point scatterer is estimated by analyzing the delay of the radar
return and the cross-range component Xo is obtained by analyzing
the Doppler frequency shift [[19-25]]. This framework captures the
conventional range-Doppler imaging technique used in SAR. An
implicit assumption is that the LoS distance R1 from the radar
antenna to the center of the rotating object is a constant and known
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Fig. 1. Range-Doppler imaging through radar using the synthetic aperture
principle. Signal bandwidth and Doppler frequency resolution determine
downrange and cross-range resolutions, respectively. The graphic shows a
moving target for a stationary antenna. This is the principle of inverse SAR
(ISAR). In SAR, the SA is created with a moving array sensor and stationary
target.

value. If R; is time varying, then the effects of changing range must
be compensated for in the signal processing. The parallel lines in
Fig. [I] perpendicular to the radar LoS are surfaces of constant delay
or range. The surfaces of constant Doppler are the lines parallel to
the plane formed by the RLoS and the rotation axis.

A. Resolution Performance

The downrange resolution R of the monostatic radar illuminating
a rotating object is determined by the instantaneous bandwidth B
of the transmitted waveform, R =c¢/2B, where C is the speed of
light. The factor of two arises because an incremental delay t=1/B
corresponds to an incremental downrange distance R =c t/2. Fine
range resolution is achieved with a single pulse and the corresponding
processing is termed fast-time processing, meaning that the input data
rate is equal to the analog-to-digital converter (ADC) sampling rate.

It follows from (@) that a cross-range resolution
Doppler frequency is measured with a resolution of

_ 21 x.

X is achieved if

Ta

5

A resolution of g4 requires a coherent processing interval of
approximately T =1/ fq. The cross-range resolution is

SRETEE SR ©
where =1 T is the angle through which the object rotates
during the coherent processing interval. Fine cross-range resolution
requires multiple pulses and the corresponding processing is often
called slow-time processing because the input data rate is equal to
the pulse repetition frequency (PRF) of the transmitted waveform.

Physical Antenna: Crossrange resolution Az = Rfp = &

D =antenna length ] f = beamwidth

-
R =LOS distance

Synthetic Aperture: Crossrange resolution Az,, = 735 = £

T V/ = velocity

L =lengthof = VT J 0 g = beamwidth

synthetic aperture

-
R =LOS distance

Fig. 2. Cross-range resolution of physical antenna (top) and SA (bottom).

B. Configurations

The range-Doppler imaging principle leads to several different
SAR configurations [26]. Strictly speaking, SAR is a method only
useful for improving cross-range resolution. One particular SAR
configuration is stripmap SAR where the radar is mounted on an
airborne platform and looking down from the side of the aircraft
towards terrain. Assume the aircraft is moving in a straight line at a
constant altitude with a speed V for a duration T along the direction
perpendicular to the LoS. The length of the SA, L=V T, is small
compared to the range R; to the center of the target region, so the
angle subtended by the SA is approximately =L/R1 =VT/R;.

From the viewpoint of the radar, the scene appears to be
rotating with angular velocity ! =V /Ri. During the duration T,
the total angle through which the scene appears to rotate is

= 1T =V T/R1. A point scatterer in the scene will appear to have
a LoS velocity of !X relative to the radar, where X is the cross-range
distance of the scatterer from the radar LoS. This apparent LoS
velocity v will create a Doppler frequency of fg =2v/ =21Ix/ .

If the Doppler frequency can be measured with a resolution of

fa, then the corresponding cross-range resolution is

- Ri_ Ri.
C21T 2 2L VT’

Equations [f] and [7] yield the same result but are derived using
different approaches. Equation [6] suggests that cross-range resolution
results from the Doppler shifts created by the different apparent LoS
velocities of point scatterers in the scene [27]. Equation [/] indicates
that cross-range resolution is a result of the larger aperture size as
measured by its length L. Both interpretations are valid and show
that synthesizing larger apertures and using coherent processing can
increase cross-range and angular resolution.

Fig. |2| compares the cross range resolution, defined as the distance
from the mainlobe peak to the first null in the antenna pattern, for
a physical antenna and for a SA of the same size. The beamwidth
of the physical antenna is approximately given by g = /D, where
D is the cross-range length of the antenna, which in this scenario
is D = L. The figure illustrates that for the case of range-Doppler
imaging the cross-range resolution that can be achieved by a SA is
one-half the cross-range resolution possible using a physical antenna
of the same size.

SAR resolution performance will be degraded if point scatterers
in the scene move through different range or Doppler resolution

N



3) Millimeter-Wave SAR:Toward higher frequencies, there is
growing interest in millimeter wave (mm-Wave) forward-looking
SA radar (FLoSAR) technology because the very wide, unlicensed
bandwidth available at mm-Wave band has potential for very
high-resolution applications. In addition, the mm-Wave components
have reduced dimensions and the signal experiences little attenuation
at close-ranges. Yet substantial challenges remain in deploying such
a system on airborne platforms whose motion is not stable within
subwavelength levels because the coherent SAR processing requires
subwavelength knowledge of platform position from pulse to pulse
relative to the target scene. In general, coherent SAR processing
relies on motion sensors such as an inertial measurement unit
(IMU) or the global positioning system (GPS) for this information
[34]. However, at mm-Wave, GPS accuracy is insuf cient thereby
leading to inaccurate atefocusedmage reconstructions. Therefore,
it becomes imperative to resort to signal or data-driven motion
compensation algorithms tutofocusSAR images|[35, 36].

4) THz SAR:The free space path loss and atmospheric attenuation
are severe at THz spectrum. Hence, THz band is currently explored
for short-range applications such as automotive, non-destructive
testing, food processing, body scanners, and indoor room pro ling.
The THz band offers contiguous wide bandwidths up to 15 GHz. In

Fig. 3. Imaging geometry of the FLOSAR. The receive antenna array automotive SAR, the forward looking mode is not very useful because
anked on both sides by a transmit antenna. As the radar traverses a curvilin@hrrelatively slight change in aperture motion. The side-mounted
downward motion, it exploits the virtual array along the height dimension [33FAR is rendered ineffective for guiding the driver in the incoming
traf c. Therefore, squint-mode with side-mounted SAR has been
the preferred mode for THz automotive SAR [17]. Apart from the
cells. Errors caused by range or Doppler bin migration will havgigh-resolution, THz EM waves exhibit good penetration depth and
to be removed in the signal processing or by shortening the cohergpé, therefore, employed for applications such as through-material
processing interval. Other errors that affect performance includes@ans. The near-optical performance of the resultant images makes
variable angular rotation rate or a radar LoS that is not orthogongkse devices very useful. The spatial resolution is further enhanced

to the axis of rotation. through the use of MIMO-SAR at these frequenc|es [37].
In the following, we describe the popular and recent wideband
SAR con gurations. C. Wideband Autofocusing

1) Wideband Tomographic SARthe tomographic SAR follows  There is a large body of literature on SAR autofocus algorithms
the principle of CT in medical imaging through the use of diversitysee e.g.[[38] and references therein). The principle of autofocusing
in the scan geometry. The transmitters and receivers are deployedlgorithms is as follows. The range measurement introduces two
multiple locations to provide additional angular information about thertifacts: defocusing in the azimuthal domain arising from azimuth
targets leading to spatial diversity. This is useful for both SAR-basgthase errors and 2-D defocusing due to range cell migration. At
ground-penetrating radar (GPR) as well as space-based SARnpon-Wave wavelength, whereind ~ Q 1, the azimuth defocusing
inverse SA radar (ISAR] [28]. For wideband tomographic SAR [29]s a more serious effect and, as long as the range measurement error is
the transmitter emits a step-frequency waveform leading to a differdegs than the range resolution itself, range cell migration is negligible.
wavelength and resolution at each step. This method trades-off WMest autofocusing techniques estimate an equivalent phase error in
image resolution at each stepped-frequency for the computatiot@ measured signal by modeling the effect of the position error as
cost. Coherent processing of all low-resolution images obtained aatinear time-invariant Iter [[39].
each stepped frequency is then used to construct a high-resolutiohere are several approaches toward data-driven SAR image
tomographic image of the scene. autofocus processing. The most common phase gradient autofocus

2) Ultrawideband SAR:Low-frequency ultra-wideband (UWB) (PGA) [40,[41] does not assume any specic model of the phase
SAR has become very popular recently largely because it offeggror function and estimates phase errors from echoes re ected from
a unique capability of detecting complex hidden objects such emultiple strong scatterers. The method has several variations such
landmines and other explosive hazards. However, the sizes of @isethe eigenvector methdd [39] and its fast computation counterparts
targets-of-interest are relatively small compared to the waveleng{dg]. Alternatively, a few approaches consider minimizing the image
of the radar signals within the operating frequency band. As emtropy to obtain a sharp image. These algorithms exploit the fact that
result, in the reconstructed SAR image, these targets (even wisefocused image will yield lower entropy than its blurry counterparts
detected) only show up in a few pixels as point-like targets witho(88]. More recently, autofocusing techniques based on compressed
any speci ¢ structure. Moreover, other manmade and clutter objessnsing[[483], blind deconvolution [44], and deep learning [45] have
of a similar size as the targets-of-interest also result in point-likeeen proposed. In the context of autofocusing in FLOSAR, very
responses in SAR images. Thus, discriminating these targets fréew works exist [46,[ 47]; further, there have not been in-depth
confusers or clutter objects in SAR imagery is a highly challengirigvestigations into autofocus algorithms for mm-Wave FLOSAR.
task in the emerging low-frequency UWB SAR technology used
for this application [[3D]. In general, techniques ranging fror®- Multi/Hyper-Spectral Processing
dictionary learning to neural networks (NNs) are employed for object Modern SARs produce valuable information content especially if
classi cation in this wideband SAR modg [31,]32]. they operate in multichannel [49], multi-polarization [50,| 51], or
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