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Abstract

This paper introduces optimization techniques to equalize the performance of F-Scan across the swath width. Namely,
the processing of a variable power beamwidth, i.e., not restricting to the -6 dB points of the two-way elevation pattern,
is considered to equalize the ground range resolution. In addition, the use of nonlinear chirps is analyzed to adjust the
illumination time at near and far range, and, hence, to equalize the noise-equivalent sigma zero or the signal-to-noise ratio.
Finally, processing aspects are discussed to verify the feasibility of the techniques from an image formation perspective.

1 Introduction

Synthetic aperture radar (SAR) imaging has proven to be
of great value to monitor the dynamic processes on Earth
[1]. However, at the current state of technology, it takes
months, or even years, to map the whole Earth with very
high imaging quality. For this reason, substantial efforts
have been made by the scientific community and the indus-
try to increase the performance of SAR systems, especially
in terms of resolution and coverage.

The current most promising approaches to considerably
enhance the well-known trade-off between swath width
and azimuth resolution are based on digital beamforming
(DBF) techniques [2, 3]. In azimuth, the partitioning of the
antenna into multiple receive channels improves this trade-
off by a factor given by the number of channels used. Such
an approach is already considered for the next generation
of the European Space Agency (ESA) missions, such as
ROSE-L and Sentinel-1 NG [4, 5]. In elevation, in contrast,
a fully-fledged DBF receiver is harder to realize, given the
higher complexity and costs that emerge from the require-
ment of a large number of channels and the onboard beam-
forming processing [6].

Recently, a beamforming technique in elevation named
frequency scanning (F-Scan) was introduced as a middle
ground in terms of performance and complexity [7, 8]. It
consists of an analogue beam steering approach making
use of phase shifters and true-time delay lines to scan over
the scene of interest. The main drawback is that the trans-
mit bandwidth is spread across the scene in range, thus
reducing the effective bandwidth of each target to only a
fraction of the total transmit bandwidth. Therefore, F-Scan
is envisaged to frequency bands where a large bandwidth
is available, such as in X band and above.

Since the first publication of the application of frequency
scanning to SAR imaging, several investigations have been
published in the direction of how to design and process an
F-Scan acquisition [9, 10, 11, 12], and also how to cre-
atively tailor it to obtain ultra-wide swaths [13, 14, 15].
Typical F-Scan acquisitions aim at obtaining swath widths
of about 80km in Stripmap mode [6], but the swaths

can be as large as 500 km using multiple-elevation-beam
(MEB) F-Scan with ScanSAR [15]. These swaths lead
to a significant variation of the slant range and the inci-
dence angle, consequently leading to a strong variation of
the ground range resolution and the noise-equivalent sigma
zero (NESZ). An approach to equalize these parameters
by using nonlinear techniques has been introduced in [11],
and further developed in [16]. The ideas shown, however,
involve having an antenna with an adaptive scanning law
(frequency by pointing behavior), which is currently not
easily technologically feasible with an F-Scan system. Fur-
ther alternatives to equalize the resolution and the NESZ
have been introduced in [15]. The paper at hand aims at
expanding the techniques introduced in [15], namely the
processing of a variable power beamwidth, and the use of
nonlinear chirps. These techniques are analyzed in more
details in this paper, and also processing alternatives are
briefly discussed.

The paper is structured as follows. Section 2 recapit-
ulates the important aspects of F-Scan, which are then
linked to the optimization techniques described in the sub-
sequent sections. Section 3 analyzes the two optimiza-
tion techniques discussed in this paper, namely the use of
a nonlinear chirp and the processing of a variable power
beamwidth. Section 4 discusses important processing as-
pects that must be taken into account as a consequence of
the techniques introduced. Finally, Section 5 concludes the
paper, summarizing the main outcomes and findings of this
research, and also delineating the outlook for further work.

2 F-Scan Background

The fundamental principle behind F-Scan is an antenna
operating with different pointing angles for different fre-
quencies. This effect, known as frequency dispersion, is
a common issue in wide band systems using phased ar-
rays [17]. For F-Scan, conversely, this effect is exploited
to implement a sort of analogue beam steering, and scan
over a wider swath than what is seen by the static an-
tenna footprint on ground. A relatively well-controlled fre-
quency dispersion of interest can be achieved by making



use of phase shifters and time delay lines. The objective
is to point toward far range with the first frequencies of
the transmit chirp, and near range with the last frequen-
cies. The scan is said to be relatively well-controlled, be-
cause the scan starting and ending points can be defined,
but the exact pointing by frequency behavior is, although
well-known and almost linear, hard to control [16]. A wide
swath is then imaged by transmitting a frequency modu-
lated chirp.

One compelling characteristic of F-Scan is the reduced
length of the required receive echo window that allows for
the imaging of wider swaths. This effect is a direct conse-
quence of starting the transmission at far range, and ending
at near. In contrast, the main drawback is the distribution
of frequencies across the swath, which inevitably leads to
a lower effective bandwidth for each point on ground than
the total transmit bandwidth.

Two F-Scan acquisition modes are considered in the anal-
yses presented in this paper. The first mode is a more con-
ventional F-Scan Stripmap imaging scheme with a swath
width of 80 km at a ground range and azimuth resolution of
2m. The second mode is the MEB F-Scan with two-burst
ScanSAR, a technique previously introduced in [14] that
can achieve a very wide swath of 300 km at a resolution of
5m. The wide-swath mode has a more significant varia-
tion in range and incidence angle, and is, therefore, the one
which benefits most from the performance equalization.
The system assumed for the numerical results shown
in this paper is the mission proposal HRWS [6]. The
main system and imaging parameters are summarized in
Table 1. For the MEB F-Scan case, the pulse repetition
frequencies (PRFs) should be slightly different for each
ScanSAR burst, but here we analyze just one of them, as
the performance difference is negligible.

Table 1 Summary of the main system and imaging pa-
rameters.

Antenna size 1.4m (EL) /6.0m (Az.)

Center frequency 9.8 GHz
Maximum bandwidth 1200 MHz
Orbit height 519km
Peak transmit power 7680 W
Duty cycle 30 %
Losses 5.7dB
PRF 2560 Hz
Swath width 80km / 300 km
Ground range resolution 2m/5m

3  F-Scan Optimizations

The motivation for equalization methods for F-Scan
emerge from two main characteristics. First, due to the
wide-swath nature of F-Scan imaging, and the spreading

of a large bandwidth across the scene, large variability in
performance is expected from near to far range. Second,
F-Scan is an imaging scheme which is intrinsically very
flexible. One can, to name a few possibilities, adjust the
scanning rate, the scanned area, the transmit bandwidth,
the waveform and the processing. Putting these two char-
acteristics together, it can be of great benefit to manipu-
late the flexibility of F-Scan to tailor the performance to be
more uniform across the swath.

This section describes two approaches to equalize the
imaging performance in F-Scan acquisitions, namely the
processing of a variable power beamwidth, and the use of
a nonlinear frequency modulated chirp. The fundamentals
behind each technique are described, the resulting perfor-
mance is presented, and the trade-offs are analyzed.

3.1 Variable power beamwidth

Typically in F-Scan, the useful part of the antenna main
lobe is assumed to be the region within the -3 dB points
of the one-way power pattern in elevation, i.e., within
the half-power beamwidth (HPBW). Therefore, during the
first processing steps, those frequencies falling outside the
HPBW are filtered out. As a consequence, the range res-
olution is defined by how wide the HPBW is compared to
the angular aperture of the whole scene [11]. In terms of
ground range resolution, which is the one of interest in de-
tected products, there can be variations of even 100 % or
more depending on the swath width.

An additional consideration relevant to the range resolu-
tion is that, due to the relatively large fractional bandwidth,
the HPBW has a considerable variation across range of up
to 12 % in X band. Therefore, having the equalization of
the performance in sight, it can be meaningful to not re-
strict the signal to the HPBW, but to assume a more gen-
eral variable power beamwidth (VPBW). This allows, to
some extent, for a tailored range resolution profile across
the scene. The design of the VPBW in this paper aims at
equalizing the ground range resolution.

The main trade-off that emerges from processing beyond
the HPBW is the degradation of the average signal power,
and, as a consequence, of the signal-to-noise ratio (SNR)
and the noise-equivalent sigma zero (NESZ). However, the
opposite is also true, i.e., processing less than the HPBW
would lead to improvements of the SNR, but naturally at
the cost of resolution. For the targets at near range, it is
of interest to process a larger bandwidth, as the ground
range resolution is degraded by the disadvantageous slant-
to-ground projection. At the same time, the SNR at near
range tends to be better, such that some degradation in ex-
change for resolution would potentially be acceptable. A
similar logic can be derived for far range, where processing
less than the HPBW would potentially be meaningful.

The relevant NESZ component in this analysis is given by

W2(f)
Jb. eaom 4 (1)
fBeff Wg(f) df 7

where W is the Hamming window with a = 0.6, Cj is the
one-way amplitude pattern in elevation, f is frequency, 3
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Figure 1 Trade-off between NESZ and bandwidth. The
z-axis represents the antenna pattern loss, i.e., how much
of the main lobe is processed. The two blue curves rep-
resent different Hamming window parameters ov. o = 1
represents a rectangular window, as if no window were
applied. o = 0.6 is the parameter considered in the paper.

is look angle, and B,y denotes the effective bandwidth of
each target [15]. The term (1) considers the correction of
the spectrum by the antenna pattern, to make it rectangular,
followed by the application of the Hamming window for
good control of the side lobe levels. The trade-off between
bandwidth and NESZ is depicted in Figure 1 having the
processing of the HPBW as baseline (vertical dashed line).
It is clear that using a Hamming window strongly reduces
the NESZ degradation, as it attenuates the increased noise
at the edges of the antenna pattern.

Applying this idea to the two scenarios of interest, the
bandwidth profile in range is derived from the desired
ground range resolution: By = m. An additional
degree of freedom that emerges is the total transmit band-
width. With the possibility of processing a variable power
beamwidth, one can achieve the same range resolution by
transmitting different bandwidths. The selection of the
transmit bandwidth can be carried out by minimizing the
NESZ across the scene.

The left axis of Figure 2 depicts the ground range resolu-
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(a) F-Scan Stripmap 80 km

tion for both swaths of interest, considering the traditional
processing of the HPBW only (with maximum transmit
bandwidth), and of a VPBW with optimized transmit band-
width. On the right axis, it shows the minimum two-way
gains needed to achieve the respective resolutions. For both
swaths now it is possible to achieve the target resolutions
across the whole swath. This is something not previously
possible, even using the full transmit bandwidth. For the
80 km swath, also a 13 % smaller bandwidth can be em-
ployed, leading to some NESZ improvement. The behavior
of the minimum two-way gain is as expected: using a wider
portion of the beamwidth at near range to maximize reso-
lution, and a lower portion at far range to preserve NESZ.
Due to the processing of a larger portion of the antenna
pattern, the NESZ is degraded at near range, but within ac-
ceptable levels. The numerical evaluation of the NESZ is
discussed in the next sections.

3.2 Nonlinear chirp

The previous section introduced an effective way of equal-
izing the ground range resolution across the scene. This
section aims at elucidating an approach to equalize the
SNR or the NESZ by means of a nonlinear chirp. These
metrics are key performance parameters that define the
quality of the acquisition, and equalizing them can be of
interest to achieve a more uniform product.

Especially for wide swaths, these parameters can exhibit
a very significant variation from near to far range due to a
number of factors. Namely, the variation in slant range, in-
cidence angle, wavelength, effective bandwidth, illumina-
tion time (also known as dwell time) and radar backscatter
can lead to an SNR variation of up to 15 dB.

The main idea is to tailor the distribution of the transmit-
ted energy across the swath by adjusting the F-Scan scan-
ning speed on transmit. The pointing by frequency behav-
ior is fixed for a given antenna configuration (delay line
and phase shifter setting), i.e., for a certain frequency, the
antenna will still point to the same place. However, by
changing the local FM rate of the chirp, one can adjust the
dwell time of each target, and, therefore, regulate the SNR.
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(b) MEB F-Scan 300 km

Figure 2 Ground range resolution and minimum two-way gain profiles achieved by processing either a constant HPBW
or a variable power beamwidth. The results are shown for two imaging scenarios. The 80 km F-Scan Stripmap is shown
on the left, and the 300 km MEB F-Scan on the right. It is shown that resolutions previously unreachable can be ob-
tained by processing beyond the -6 dB points of the antenna pattern.
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(b) MEB F-Scan 300 km

Figure 3 Nonlinear transmit chirps needed to equalize the NESZ and the SNR for the two scenarios of interest. It can
be seen that stronger nonlinearities are needed to equalize the SNR and for wider scenes.

Due to the variation of the aforementioned parameters, the
NESZ is typically worse at far than at near range. From an
SNR perspective, combining the NESZ and the backscat-
ter behaviors, the variation is then even stronger. There-
fore, equalizing the SNR by means of a nonlinear chirp
requires a stronger nonlinearity of the chirp. For either pur-
poses, the design follows the same procedure of adjusting
the dwell time to follow a predefined profile.

Assuming a constant ground range resolution, the dwell
time to equalize the NESZ and the SNR need to obey the
following conditions respectively:

[ta(f)INESz o< A }23 APCq
ARPAPC, . 2
[ta(f)]snr o Tl 2)

where A is the wavelength, R is the slant range, APC
is the antenna pattern correction in elevation (taking into
account the Hamming window), and oy represents the
backscatter coefficient. In the analyses presented in this pa-
per the scenes are assumed to be flat and to have a backscat-
ter profile given by the X-band soil and rock model in HH
polarization [18]. In more realistic scenarios with the pres-
ence of significant topography and backscatter variations,
one can aim at correcting for the average case, but naturally
a perfect equalization will not be achieved.

Finally, knowing that the dwell time is proportional to the
local FM rate, the transmit chirp can be derived. For the
80 km and the 300 km scenes, the nonlinear transmit chirps
to equalize the NESZ and the SNR are derived and de-
picted in Figure 3. The required nonlinearity is more pro-
nounced for the 300 km scenario due to the larger variation
of backscatter and range. Down chirps are considered in
order to have a wider antenna beam at near range, where a
wider bandwidth is needed.

3.3 Discussions

The effect of the derived chirps can be observed by com-
paring the NESZ and SNR curves for each of the chirps.
First, the traditional processing of the HPBW and the use
of a linear chirp is considered as the baseline performance.
Then, the processing of a variable power beamwidth, but

still using a linear chirp is also simulated. Finally, putting
the two techniques together, the last scenario of interest is
using both VPBW and nonlinear chirps. Figures 4 and 5
depict the results for the NESZ and the SNR equalization,
respectively, for both scenes and all the scenarios afore-
mentioned. The figures show a multitude of interesting
characteristics worth discussing in more detail.

Initially, for the 80 km swath case, the effects of these tech-
niques are smaller in amplitude, as the scene is shorter.
Nevertheless, still an almost 2dB improvement of the
worst-case SNR can be achieved with the SNR equalizing
chirp. The VPBW, as previously discussed, leads to a di-
rect trade of resolution for NESZ. As seen in Figure 2a, at
near range, the resolution improves from 2.35m to 2.0 m
for a 0.5dB NESZ degradation. An improvement at far
range by the same 0.5 dB in NESZ arises as a consequence
of the possibility of using the lower transmit bandwidth.
For the 300 km swath case, the effects of the techniques are
quite significant, as the scene exhibits more notable perfor-
mance variation. As it was highlighted by Figure 2b, a very
relevant and desired resolution improvement from about
8.5m to Sm can be obtained at near range. The trade-off
can be seen in Figures 4b and 5b as a degraded NESZ and
SNR by a factor of about 4.5 dB, which, although relevant,
is acceptable in comparison to the rest of the swath. The ef-
fects of the two nonlinear chirps are also relevant, allowing
for additional improvement of the worst-case NESZ and
SNR by 2dB and 4.7 dB, respectively. It is important to
bear in mind that a roughly 8 dB backscatter variation is
expected from near to far range, and, therefore, even af-
ter equalizing the NESZ, still the SNR would show this
pronounced variation across the scene. In conclusion, the
techniques introduced in this paper are capable of equal-
izing both the ground range resolution and the NESZ or
SNR even for wide swaths, bringing very significant im-
provements to the worst-case performance.

4  F-Scan Processing

For the techniques introduced, the relevant considerations
in the processing and image formation are worth investi-
gating. This section aims at briefly discussing and show-
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Figure 4 NESZ achieved by employing VPBW and the nonlinear chirp to equalize NESZ.
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Figure 5 SNR achieved by employing VPBW and the nonlinear chirp to equalize SNR.

casing that the signal processing is not a problem, and can
be straightforwardly tackled.

The F-Scan data (one range line) has the intrinsic char-
acteristic of having a variable center frequency across the
swath. One of the first suggestions for processing F-Scan
data consists in first deramping the echo by a time do-
main multiplication of the SAR data with a chirp. Next, a
low-pass filter is applied, and the signals are whitened (an-
tenna pattern correction) and windowed (for instance with
a Hamming window). Finally, the signal can be reramped,
and focused [10]. This approach is not suitable for process-
ing variable bandwidths across the swath, as the low-pass
filter in frequency leads to a constant bandwidth.

In order to filter the exact bandwidths needed at each re-
gion of the scene, a time-variant low-pass filter is needed.
The exact implementation can be done in different man-
ners. Here we suggest filtering directly the spectrogram,
skipping the deramping step. Likewise, in the same do-
main, one can generate a map to correct for the antenna
pattern, which is also time variant, and apply the Hamming
window.

Concerning the focusing, the conventional matched filter-
ing using the replica of the transmit pulse can be applied.
This approach also works for the nonlinear chirp, being
the main difference the phase profile of the matched filter
which differs from that of a linear chirp. An additional ef-
fect that arises with nonlinear chirps is that the spectrum

of the targets might no longer be rectangular. However, the
nonlinear chirp is seen as (almost) locally linear, so that
this effect would just be observable in strongly nonlinear
chirps. In any case, this can also be easily corrected, and
would ultimately just make the noise become colored.
Figure 6 depicts a 1D simulation of point targets for the
80 km case with a constant ground range resolution of 2 m
and a nonlinear chirp for constant SNR. Figure 6a shows
the spectrogram of the raw data, highlighting the area to
be processed by the lower (blue) and upper (orange) lim-
its. After whitening and applying the Hamming window,
the filtered echoes are shown in Figure 6b; the center fre-
quency locus is highlighted by the red line. The variation of
the FM rate in range due to the nonlinear chirp is also vis-
ible. Finally, Figure 6¢ shows the focused targets. All the
targets achieve the expected resolution and sidelobe ratios,
demonstrating that the processing approach is effective.

5 Conclusion

This paper showed that the equalization of the ground
range resolution and of the SNR or NESZ is feasible in
F-Scan acquisitions. The processing of a variable band-
width and the employment of nonlinear chirps are shown to
be effective ways of achieving these equalizations. For the
wide MEB F-Scan mode, significant improvements of the
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Figure 6 F-Scan point-target simulation with VPBW and nonlinear chirp. The scene has a swath of 80 km at an inci-
dence angle of 27° to 34°. Nine point targets are simulated and processed to a ground range resolution of 2 m.

worst-case performance are obtained, namely the ground
range resolution at near range can be improved from 8.5 m

to5

m, and the SNR at far range can be improved by about

5 dB with the adequate nonlinear chirp. The respective pro-
cessing aspects were discussed and demonstrated to be un-
problematic by means of the simulation of point targets.

6

(1]

(2]

(3]

(4]

(51

(6]

(71

(8]

Literature

A. Moreira, P. Prats-Iraola, M. Younis, G. Krieger, I. Ha-
jnsek, and K. P. Papathanassiou, “A tutorial on synthetic
aperture radar,” IEEE Geoscience and Remote Sensing
Magazine, vol. 1, no. 1, pp. 643, Mar. 2013.

G. Krieger, N. Gebert, and A. Moreira, “Multidimen-
sional waveform encoding: A new digital beamforming
technique for synthetic aperture radar remote sensing,”
IEEE Transactions on Geoscience and Remote Sensing,
vol. 46, pp. 31-46, 2008.

N. Gebert, G. Krieger, and A. Moreira, “Digital beam-
forming on receive: Techniques and optimization strate-
gies for high-resolution wide-swath SAR imaging,” IEEE
Transactions on Aerospace and Electronic Systems,
vol. 45, no. 2, pp. 564-592, apr 2009.

M. Davidson, J. Kubanek, L. Iannini, R. Furnell,
G. Di Cosimo, N. Gebert, D. Petrolati, D. Geudtner, and
S. Osborne, “ROSE-L — the copernicus L-band synthetic
aperture radar imaging mission,” in Proc. IEEE Geosci.
Remote Sens. Symp. (IGARSS). 1EEE, Jul. 2023.

D. Geudtner, M. Tossaint, M. Davidson, and R. Tor-
res, “Copernicus Sentinel-1 next generation mission,’
in Proc. IEEE Geosci. Remote Sens. Symp. (IGARSS).
IEEE, Jul. 2021, pp. 874-876.

A. Moreira, M. Zink, M. Bartusch, A. E. N. Quiroz, and
S. Stettner, “German spaceborne SAR missions,” in Proc.
2021 IEEE Radar Conference, Atlanta, USA, 2021, pp.
1-6.

C. Roemer, “Introduction to a new wide area SAR mode
using the F-Scan principle,” in Proc. IEEE Geosci. Re-
mote Sens. Symp. (IGARSS), Fort Worth, USA, 2017.

, “High resolution wide swath synthetic aperture sys-
tem,” International Patent WO 2019/015911 A1, 2019.

(9]

[10]

(11]

[12]

(13]

(14]

(15]

(16]

[17]

(18]

L. Nan, G. Gai, T. Shiyang, and Z. Linrang, “Signal
modeling and analysis for elevation frequency scanning
HRWS SAR,” IEEE Transactions on Geoscience and Re-
mote Sensing, vol. 58, pp. 6434-6450, 2020.

P. Guccione, D. Mapelli, D. Giudici, and A. R. Persico,
“Design of f~-SCAN acquisition mode for synthetic aper-
ture radar,” Remote Sensing, vol. 14, no. 20, 2022.

M. Younis, F. Q. de Almeida, T. Bollian, M. Villano,
G. Krieger, and A. Moreira, “A synthetic aperture radar
imaging mode utilizing frequency scan for time-of-echo
compression,” IEEE Transactions on Geoscience and Re-
mote Sensing, vol. 60, pp. 1-17, 2022.

F. Bordoni er al., “Concept and performance of a
Stripmap-F-STEC mode to image wide swaths at high
resolution with the novel StriX small satellite,” in Proc.
EUSAR. Baden-Baden, Germany: VDE, 2026, pp. 1-4.
R. Song, W. Wang, Y. Zhang, Y. Wu, and W. Yu, “A novel
frequency scanning variable PRI imaging mode for ultra-
wide continuous swath spaceborne SAR imaging,” IEEE
Journal of Selected Topics in Applied Earth Observations
and Remote Sensing, vol. 18, pp. 18 581-18 597, 2025.

J. P. T. Ribeiro, G. Krieger, T. Kraus, M. Bachmann, and
A. Moreira, “Spaceborne multiple-swath SAR imaging
with frequency scanning,” in Proc. EUSAR.  Munich,
Germany: VDE, 2024, pp. 697-702.

J. P. T. Ribeiro, T. Kraus, M. Bachmann, G. Krieger,
and A. Moreira, “Ultra-wide-swath SAR imaging en-
abled by multiple-elevation-beam F-Scan with two-burst
ScanSAR,” IEEE Transactions on Geoscience and Re-
mote Sensing, vol. 64, pp. 1-12, 2026.

B. Li, D. Liang, Y. Nan, J. Li, P. Lu, and R. Wang, “A
novel nonlinear frequency scanning SAR imaging mode,”
IEEFE Transactions on Geoscience and Remote Sensing,
vol. 62, pp. 1-24, 2024.

G. Knittel, “Relation of radar range resolution and signal-
to-noise ratio to phased-array bandwidth,” IEEE Transac-
tions on Antennas and Propagation, vol. 22, pp. 418-426,
May 1974.

F. Ulaby and M. C. Dobson, Handbook of Radar Scatter-
ing Statistics for Terrain. Norwood, MA: Artech House,
1988.



