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A B S T R A C T

In the last years the Frequency Modulated Continuous Wave (FMCW) technology has been playing an ever
greater role in the realization of compact, light and cheap Synthetic Aperture Radar (SAR) systems to be
mounted onboard small, low altitude platforms such as airplanes, helicopters and drones.

To correctly focus FMCW SAR images, it is necessary to accurately know some system parameters, including
the frequency sweep rate of the signal transmitted by the radar. It may happen, however, that this frequency
sweep rate is not very accurately measured by the radar provider, and thus an incorrect value of this parameter is
used during the SAR data focusing procedure. This may produce serious geometric distortion effects in the
focused FMCW SAR images. To circumvent these problems, in this work we present a procedure that estimates
the frequency sweep rate actually employed by the FMCW radar, thus providing a key information that can be
then profitably used to achieve the correct focusing of the SAR data acquired by the radar system at hand. More
specifically, we propose an algorithm that exploits on one side the focused SAR images corrupted by the geo-
metric distortion effects induced by the inaccurate knowledge of this radar parameter, and on the other side the
very precise in-situ measurements of the positions of a limited number of Corner Reflectors (CRs) properly
deployed over the observed scene.

The effectiveness of the proposed algorithm has been tested on real data acquired by an airborne X-band
FMCW SAR system.

1. Introduction

Synthetic Aperture Radar (SAR) systems (Franceschetti and Lanari,
1999; Moreira et al., 2013) are microwave remote sensing instruments
that are mounted onboard moving platforms, such as satellites
(Buckreuss et al., 2009; Franceschetti and Lanari, 1999; Moreira et al.,
2013; Torres et al., 2012; Venturini et al., 2008) (spaceborne systems)
ground track rails (Tarchi et al., 2003) (ground-based systems), air-
planes (Hensley et al., 2001; Horn et al., 2009; Meta et al., 2012; Perna
et al., 2016; Pinheiro et al., 2018; Rombach et al., 2003; Ruault du
Plessis et al., 2011), helicopters (Perna et al., 2019) and more recently
drones (Lort et al., 2018; Aguasca et al., 2013) (aerial systems).

Spaceborne SAR systems present the very attractive feature of en-
suring coverage of very wide areas, thus enabling an almost global
monitoring of the Earth's surface. On the other side, compared to the
spaceborne systems, the aerial ones guarantee a much higher

operational flexibility. Indeed, they allow to timely reach the area of
interest, to fly practically along any direction, and to keep very short
the so called revisiting time, that is, the time interval elapsing between
subsequent observations of the same area. For these reasons, aerial SAR
systems are particularly sound for disasters and crisis management, and
represent a monitoring solution somehow complementary to that
guaranteed today by the existing Earth observation spaceborne SAR
infrastructures. In this framework, the technological development of
SAR systems seems to be dictated in the last years by two contrasting
trends. On one side, the development of spaceborne SAR systems
(Torres et al., 2012) aimed at illuminating larger and larger areas,
through the exploitation of advanced acquisition modes, such as the
ScanSAR (Franceschetti and Lanari, 1999; Gebert et al., 2010; Moreira
et al., 2013; Tomiyasu, 1981) or the TOPS (De Zan and Monti Guarnieri,
2006; Gebert et al., 2010; Moreira et al., 2013) ones, which allow to
significantly enlarge the across-track coverage guaranteed by the
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conventional Stripmap acquisition mode (Franceschetti and Lanari,
1999; Moreira et al., 2013). On the other side, the development of SAR
systems to be mounted on aerial platforms smaller and smaller, aimed
at guaranteeing fast and flexible monitoring, possibly at high resolu-
tion, of confined areas.

With reference to the design of the latter class of SAR systems, re-
duction of their size and weight (and, when possible, of the corre-
sponding realization costs) has become therefore a technological
paradigm that has been followed in the last years, also due to the
amazing growth of the technologies related to the realization of very
small and light aerial platforms, such as Unmanned Aerial Vehicles
(UAVs) and drones. In this regard, the Frequency-Modulated
Continuous-Wave (FMCW) technology (Richards et al., 2010; Meta
et al., 2007) is gaining increasing interest as a valid alternative to the
more conventional pulse one. Indeed, unlike the pulse radar systems,
which require high peak transmission power, FMCW systems operate
with constant low transmission power. In addition, the operating
principle of FMCW SAR systems makes it possible to keep the sampling
frequency of the analog to digital converter significantly smaller than
the bandwidth of the transmitted signal. On the other hand, the oper-
ating principle of the FMCW SAR limits the maximum distance of in-
terest to a few kilometers, which is of course an insurmountable con-
straint for spaceborne systems, whereas it is safely acceptable for the
acquisition geometry of several aerial platforms, especially for the
small-size ones, which typically flight at very low altitudes. Summing
up, FMCW SAR systems are particularly tailored to small aerial plat-
forms, since their architecture complexity, which is lower than that of
the pulse SAR systems, involves a reduction of size, weight and reali-
zation costs.

Turning to the problems related to the SAR data focusing process,
which is necessary to obtain high resolution images and products
(Franceschetti and Lanari, 1999) starting from the radar data recorded
onboard (typically named raw data), we note that this procedure is
quite similar for FMCW or pulse systems. More specifically, once the
SAR raw data are focused along the range (i.e., across-track) direction
(Franceschetti and Lanari, 1999), the subsequent processing steps
aimed at focusing the SAR data also in the azimuth (i.e., along-track)
direction (Franceschetti and Lanari, 1999) are practically the same in
the two cases, provided that the stop-and-go approximation can be
assumed valid, as it always happens if the adopted Pulse Repetition
Frequency (PRF) is well higher than the Doppler bandwidth of the
system (Meta et al., 2007). In other words, the overall data processing
chain to be adopted to focus FMCW or pulse SAR data differs only for
the very beginning step, namely, the range focusing procedure. In
particular, in the FMCW case, this processing step basically consists in
the computation of a Fourier transform followed by the application of a
linear mapping that allows coding the domain of the frequencies of the
recorded data into the domain of the radar-to-target distances, with a
resolution proportional to the inverse of the bandwidth of the trans-
mitted signal (Richards et al., 2010). In this regard, it is worth under-
lining that to correctly build the above mentioned mapping rule, it is
necessary that the nonlinearities of the frequency of the signal recorded
onboard are negligible (Meta et al., 2007), and that the electronic
parameters of the radar are perfectly known. When these two condi-
tions are not satisfied, geometric as well as radiometric aberrations are
expected in the final focused image. More specifically, if the frequency
sweep rate of the signal transmitted by the FMCW radar is not stable
(that is, not constant) over the transmission time, differences between
the nonlinearities of the transmitted signal and the corresponding re-
ceived echoes may occur (Meta et al., 2007). To compensate for the
effects induced by these nonlinearities, a proper estimation procedure
has been proposed in (Meta et al., 2007).

On the other side, even assuming that the frequency sweep rate of
the FMCW signal is constant, it is possible that the value of this radar
parameter is not very accurately measured by the radar supplier. In this
work, we address the problems arising in the latter case. In particular,

we show that use of an erroneous value of this radar parameter during
the focusing procedure may seriously impair the quality of the final SAR
images, producing an undesired stretch of the image along the range
direction. To compensate for this geometric effect, we propose a pro-
cedure aimed at estimating the frequency sweep rate actually employed
by the radar. The proposed algorithm exploits on one side the SAR
image obtained by using during the range focusing step the erroneous
frequency sweep rate provided by the radar supplier. On the other side,
the algorithm exploits the in-situ measurements, carried out through
accurate Differential Global Positioning System (D-GPS) techniques, of
the positions of a limited number of Corner Reflectors (CRs) properly
deployed over the illuminated area.

The estimation procedure is based on a Least Square (LS) approach
that provides, in addition to the estimate of the searched frequency
sweep rate actually employed by the radar, also the estimate of the
internal uncompensated time delay that may be present in the radar
electronics introducing an erroneous rigid range shift of the final SAR
image.

It is stressed that the presented algorithm requires to execute the
overall SAR focusing procedure at least twice: first, by using the
available frequency sweep rate value provided by the radar supplier,
after, by accounting for the achieved estimates. On the other side, it is
worth stressing that for a generic FMCW SAR system the proposed es-
timation procedure must be applied only once, since the estimated
radar parameters can be profitably used to focus the data acquired by
the system during other campaigns and missions. It is also noted that
the implementation of the proposed procedure comes at zero cost, since
the deployment of a number of CRs over the area to be illuminated is a
standard operating procedure for the calibration of newborne SAR
systems (Wimmer et al., 2000).

The algorithm has been tested on real data acquired by an airborne
X-band FMCW SAR system.

This paper is organized as follows. In Section 2, we discuss the
distortion effects induced on the focused FMCW SAR images when an
uncompensated time delay is present in the radar electronics or/and
when an erroneous value of the frequency sweep rate is used during the
focusing procedure. The proposed estimation approach is described in
Section 3. Section 4 shows the experimental results. Section 5 is dedi-
cated to some concluding remarks.

2. Problem statement

The FMCW SAR differs from the pulse one in that the electro-
magnetic signal is continuously transmitted by the radar (hence the
name Frequency Modulated Continuous Wave). To show the operating
principle of a FMCW SAR let us refer to Fig. 1 and assume that the
condition ensuring the stop-and-go approximation is satisfied (Meta
et al., 2007). Let stx(·) be the signal transmitted by the radar at a generic
fixed azimuth coordinate (that is, at a generic fixed slow time); its ex-
pression is:

= ⎛
⎝

⎛
⎝

+ ⎞
⎠

⎞
⎠

s t j π f t αt( ) exp 2 1
2

,tx c
2

(1)

where fc is the carrier frequency, t the fast time and α the frequency
sweep rate, which is equal to the ratio between the bandwidth B of the
transmitted signal and the transmission window T (Richards et al.,
2010). According to (1), the instantaneous frequency, say fr, of the
transmitted signal changes over time as follows:

= +f t f αt( ) .r c (2)

Let us consider a generic target placed at a distance R from the
phase center of the radar antenna (IEEE Standard Definitions of Terms
for Antennas, 1983, Teichman, 1973): it produces an echo srx(·) that is
received by the radar while stx(·) is still being transmitted (see again
Fig. 1). More specifically, srx(·) is a delayed version of stx(·), and its
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expression is:

= ⎛
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2

( ) ,rx c
2

(3)

where

=τ R c2 / (4)

is the so called round-trip time. Note that in (3) the constant complex
weight due to the target reflectivity, as well as the attenuation factor
due to the propagation path have been neglected for the sake of sim-
plicity, since they are inessential for our scopes.

Unlike the pulse radar, the FMCW one does not measure the radar-
to-target distance R directly from the received signal srx(·) in (3), but
instead from a signal, say sIF(·), obtained by mixing the received signal
srx(·) in (3) and the transmitted signal stx(·) in (1), and subsequently
applying a low-pass filtering. The expression of sIF(·) is:

= ⎛
⎝

⎛
⎝

+ − ⎞
⎠

⎞
⎠

s t j π ft f τ ατ( ) exp 2 1
2

,IF c
2

(5)

where f is the so called beat frequency (Meta et al., 2007), which is
proportional to the round-trip time:

= =f ατ αR
c

2 , (6)

as can be easily derived from the expressions of the beating signals in
(1) and (3). Note that use of (4) has been done in the last equality of (6).
It is also noted that all the three terms in (5) depend on the radar-to-
target distance R. In particular, the term ft, which depends on R through
f, see (6), depends on the fast time t as well. The two terms fcτ and ατ2/
2, which depend on R through τ, see (4), are instead both independent
of the fast time t. In the following, we concentrate on the t-dependent
term, which determines the range location (Franceschetti and Lanari,
1999; Meta et al., 2007), within the focused SAR image, of the pixel
relevant to the considered target. In this regard, we note that inverting
Eq. (6) we obtain the following linear mapping rule:

=R
cf
α2 (7)

which relates the radar-to-target distance R and the beat frequency f of
the signal sIF(·) in (5). Based on this consideration, the range focusing
step (Franceschetti and Lanari, 1999) of FMCW SAR raw data consists

in calculating the spectrum of the signal sIF(·) and subsequently con-
verting the spectral variable f into the variable R according to the
mapping rule in (7) (Meta et al., 2007). This allows locating along the
range direction of the SAR image (with a resolution proportional to 1/
B) the pixel relevant to a generic target according to its distance from
the radar, provided that the relation in (4) is rigorously valid and the
electronic parameter α in (7) is accurately known. Unfortunately, in
real radar systems, both these two conditions may be not satisfied. In-
deed, the presence of unknown propagation delays in the radar elec-
tronics may produce an unknown time misalignment between the
transmitted signal stx(·) and the received signal srx(·), thus modifying the
relation in (4), and therefore the mapping rule in (7). Moreover, even
assuming that nonlinearity effects do not occur when transmitting the
signal in (1) (Meta et al., 2007), it may happen that the (constant)
frequency sweep rate α in (6) is not very accurately measured by the
radar supplier, thus inducing an error when building the mapping rule
in (7). The presence of such error sources, which is quite common in
real radar systems, may impair the geometrical accuracy of the final
SAR image, mainly inducing target location shifts. To better clarify this
point, we first address separately the effects of such error sources, and
then we analyze them jointly.

Let us first suppose that the frequency sweep rate α is known with
infinite accuracy, but an unknown and constant propagation delay, say
μ, in the radar electronics exists. This modifies the expression of the
round-trip time measured by the radar (say τ͠ ) as follows:

= +τ τ μ,͠ (8)

where τ is the ideal round-trip time related to the true radar-to-target
distance. According to (8), the beat frequency (say f͠ ) of the signal sIF(·)
is modified as follows:

= = +f ατ α R
c

αμ2 ,͠͠
(9)

where R= cτ/2 is the true radar-to-target distance. Accordingly, as
depicted in Fig. 2, in the presence of an uncompensated internal delay
in the radar electronics, application of the mapping rule in (7), which
allows jumping from the domain of the measured beat frequency to the
domain of the radar-to-target distances, leads to the following expres-
sion of the measured radar-to-target distance, say ∼R :

= = + = +∼R
cf
α

cτ cμ
R

cμ
2 2 2 2

͠
(10)

Fig. 1. Operating principle of a FMCW SAR.

Fig. 2. Relevant to the FMCW SAR range focusing step: effect of an un-
compensated propagation time delay μ in the frequency-to-range mapping rule.
R is the true radar-to-target distance. ∼R is the measured radar-to-target dis-
tance. The blue line represents the used mapping rule. The black line represents
the mapping rule that would lead to the true radar-to-target distance. (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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which turns out to be augmented (or reduced) with respect to the true
one (R) by the term cμ/2. This artifact represents the uncompensated
time propagation delay, converted in distances, which affects the radar
electronics. Note in particular that this corrupting term is unknown: it
cannot be thus accounted for during the range focusing step if not
properly estimated.

Let us now suppose that all the internal propagation delays present
in the radar electronics are accurately known and compensated, that is,
μ=0 in (8), but the value of the frequency sweep rate (say α͠ ) used
during the range focusing step differs from the value α actually em-
ployed by the radar. More specifically, let us thus suppose that:

= +α α ε,͠ (11)

where the error ε in (11) is assumed to be constant and unknown. As
depicted in Fig. 3, exploitation of the wrong frequency sweep rate in
(11) during the range focusing step leads to the following mapping rule:

= = =∼R
cf
α

α
α

cτ α
α

R
2 2͠ ͠ ͠ (12)

which produces a scaling of the measured radar-to-antenna distance
(say ∼R ) with respect to the true one (R= cτ/2). It stressed that, like the
corrupting delay term μ in (10), also the scaling term α α/ ͠ in (12) is
unknown; hence, it cannot be accounted for during the range focusing
step if not properly estimated.

More generally, the mapping rule used during the range focusing
step when both the error sources described above are present (i.e.,
when μ≠ 0 and ε≠ 0 in (8) and (11), respectively) is easily derived
from the mapping rule of Eq. (12), by substituting the expression of the
beat frequency f with that found in Eq. (9). By doing so, we obtain:

= = ⎛
⎝

+ ⎞
⎠

∼R
cf
α

α
α

R
cμ

2 2͠ ͠

͠

(13)

where f͠ and α͠ are defined in (9) and (11), respectively. It is noted that
use of the mapping in (13) leads to the calculation of a radar-to-target
distance (∼R ) different from the actual one (R). In particular, the radar-
to-target distance obtained in the focused SAR image is augmented (or
reduced) by a term equal to cμ/2, and scaled by a factor equal to α α/ ͠ . In
other words, the unknown propagation delays occurring in the radar
electronics as well as the use of a wrong frequency sweep rate during
the range focusing step induce in the final focused SAR image a shift
(along the range direction) of the targets' locations. The expression of
this range shift, say ΔR, can be straightforwardly derived from (13):

≜ − = −∼R R R Rη νΔ (14)

where

≜η ε
α

,
͠ (15)

and

≜ = −ν
cμ α

α
cμ

η
2 2

(1 ).
͠ (16)

Eq. (14) shows that the difference ΔR between the true radar-to-
target distance and that obtained in the focused SAR image can be se-
parated into two contributions. One contribution (ν) is independent of
the antenna-to-target distance; accordingly, it produces a rigid shift of
the final focused SAR image along the range direction. The other con-
tribution (Rη) depends on the (true) antenna-to-target distance. It thus
produces a distortion, in particular a stretch along the range direction,
of the final SAR image.

In order to compensate for these two effects, a proper estimation
procedure is needed. In the next section, we propose a solution based on
the joint exploitation of the SAR image affected by the above mentioned
distortion effects, and in-situ measurements of a limited number of
ground control points properly deployed over the area illuminated by
the radar.

3. Proposed algorithm

The problem at hand consists in estimating the unknown electrical
parameters μ in (8) and ε in (11) or, equivalently, their counterparts η in
(15) and ν in (16). To do this, we exploit on one side the SAR image
focused by using the frequency sweep rate provided by the radar sup-
plier. This image is thus affected, at least in principle, by the two
geometrical distortion effects discussed in Section 2. On the other side,
we exploit in-situ measurements carried out on a limited number of CRs
properly deployed, before the radar acquisition, over the area that will
be illuminated. In particular, we exploit very precise measurements,
carried out through accurate D-GPS techniques, of the positions of the
phase centers of such CRs.

To estimate the unknowns μ and ε, the information provided by the
focused SAR image and the in-situ measurements carried out on the CRs
are combined as follows.

On one side, we pick up from the focused SAR image the bright
pixels relevant to the CRs, and calculate their range positions within the
image. In other words, we find within the SAR image the peaks of the
point spread functions (Franceschetti and Lanari, 1999) relevant to the
CRs. In this way, for each CR we calculate the distance ∼R in (13), that is,
the radar-to-target distance measured by the radar. It is worth under-
lining that this distance, which may be affected, at least in principle, by
the two artifacts in (13), can be measured in any case with an accuracy
limited by the range resolution of the FMCW SAR systems. Depending
on the carrier frequency, for the aerial FMCW SAR systems available in
the literature (Esposito et al., 2018b; Johannes et al., 2014; Liu and
Deng, 2012; Lort et al., 2018; Meta et al., 2012) this resolution can be
on the order of some meters up to fraction of meter.

On the other side, starting from the D-GPS measurements of the
positions of the CRs, and exploiting the accurate navigation data pro-
vided by the navigation unit mounted onboard the aerial platform that
carries the radar system, we obtain for each CR an external measure-
ment (that is, other than that achieved with the radar) of the radar-to-
target distance. In this regard, we note that the accuracy of these ex-
ternal measurements depends on different factors. First, it depends on
the accuracy of the available navigation unit. For the modern systems
embedding GPS receivers and inertial navigation units, the positioning
accuracy is on the order of few centimeters when proper post-proces-
sing procedures aimed at integrating D-GPS measurements and inertial
data are applied (Applanix official website). Second, it depends on the
accuracy of the measurement of the absolute positions of the phase

Fig. 3. Relevant to the FMCW SAR range focusing step: effect of a wrong
knowledge of the frequency sweep rate α͠ in the frequency-to-range mapping
rule. R is the true radar-to-target distance. ∼R is the measured radar-to-target
distance. The blue line represents the used mapping rule. The black line re-
presents the mapping rule that would lead to the true radar-to- target distance.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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centers of the radar antennas. This procedure is typically performed in
proper laboratories, such as anechoic chambers (Esposito et al., 2018a),
and allows reaching accuracies on the order of fractions of wavelength,
that is, centimeters or even millimeters. Third, it depends on the ac-
curacy of the measurement of the so called lever arms, that is, the re-
lative positions of the phase centers of the radar antennas (when they
are mounted onboard the platform) with respect to the reference center
of the navigation unit. This procedure is typically carried out before the
airborne missions with a Total Station Theodolite (TST), which usually
allows reaching accuracies on the order of millimeters. Finally, it de-
pends on the accuracy of the in-situ measurements carried out on the
CRs. The accuracy guaranteed by the D-GPS based techniques is on the
order of centimeters, or even better. Overall, the accuracy of the radar-
to-target distances obtained exploiting the navigation data and the in-
situ measurements of the CRs' positions is on the order of centimeters,
that is, not worse (typically better) than the range resolution. Hence, for
each CR, these distances can be safely assumed to be the true radar-to-
target distances, since they are known with an accuracy equal to (ac-
tually, higher than) the highest accuracy achievable from the SAR
images, but do not contain the two artifacts in (13).

Summing up, assuming that a number M of CRs is used for our
scopes, for these CRs we obtain a set R=[R1,R2,. …Rn, .…RM]T of
radar-to-target distances by exploiting the in-situ measurements and the
navigation data, and a set = … …∼ ∼ ∼ ∼∼ R R R RR [ , ,. ,. ]n M

T
1 2 of radar-to-target

distances by exploiting the SAR image. Note that the superscripts “T”
denotes the transpose operator. It is underlined that the vector R con-
tains the true radar-to-target distances, whereas the vector ∼R contains
the radar-to-target distances affected, at least in principle, by the two
artifacts in (13). Let us now rewrite the expression in (14) in a more
manageable vector form:

= −η νΔR R 1 (17)

where, 1=[1, …, 1]T, whereas ≜ − ∼ΔR R R. The system in (17) is
linear in the unknowns η and ν; accordingly, to invert it at least two
observables are necessary, that is, exploitation of at least two CRs is
needed. However, to increase the robustness of the inversion, ex-
ploitation of M CRs with M > 2 is more appropriate. By doing so, the
system in (17) becomes overdetermined, and the two unknowns η and ν
can be easily estimated by addressing the following optimization pro-
blem:

= − ∈η ν ζ ζ ζ ζR 1 ΔR( , ) arg min dist( , )( , )1 2 1 2
2  (18)

where the symbol “ ̂a ” stands for the estimate of a, and the operator dist
(·,·) calculates the properly defined distance between the vectors. By
considering for the operator dist(·,·) the Euclidean distance, the opti-
mization in (18) can be solved via a LS approach (Kay, 1993), which
leads to:

⎡
⎣⎢

⎤
⎦⎥

= −η
ν

H H H ΔR( )T T1



(19)

where H=[R 1] is the M×2 model matrix.
Summing up, from the estimates in (19) we straightforwardly obtain

the unknown electrical parameters μ in (8) (through the relation in
(16)) and ε in (11) (through the relations in (15) and (11)). In parti-
cular, once the parameter ε is estimated, the frequency sweep rate can
be corrected and a new focusing procedure must be carried out.

Some considerations are finally in order.
First, the proposed algorithm allows estimating two unknown

electrical parameters of the radar, which are supposed to be stable over
the time. Thus, for a generic FMCW system the overall procedure must
be applied once: the obtained estimates can be indeed used for all the
other acquisition campaigns and missions carried out with the system at
hand. In this regard, we stress that the estimated residual frequency
sweep rate is used at the data processing level, whereas the estimated
propagation delay μ affecting the radar electronics is usually accounted

for at the hardware level directly by the radar manufacturer.
Second, it is stressed that the proposed algorithm requires to exe-

cute the overall SAR focusing procedure at least twice: first, by using
the available frequency sweep rate value provided by the radar sup-
plier; after, by accounting for the frequency sweep rate value corrected
according to the estimates achieved through the inversion in (19).
Possible iterations of the algorithm aimed at further refining the
achieved estimates obviously involve additional executions of the fo-
cusing procedure. In this regard, it must be noted that only the illu-
minated areas containing the CRs must be focused to implement the
proposed estimation procedure. This consideration somehow drives the
strategy to be adopted for the deployment of the CRs during the cam-
paign. Locating the different CRs approximately at the same azimuth
coordinate ensures that the CRs are all imaged within a short portion of
the final focused SAR image. This allows to quickly obtain the SAR
image relevant to all the CRs by simply selecting a short azimuth por-
tion of the SAR raw data, and focusing it within a range span that in-
cludes all the radar-to-CR distances. In this regard, we also note that the
estimation error involved in (19) is given by the projection of the noise
that unavoidably affects the observable ΔR onto the subspace spanned
by the columns of the model matrix H, see (Kay, 1993). It can be easily
shown (Kay, 1993) that such a projection is inversely proportional to
the determinant of the matrix HTH, which in our case is given by:

∑ ∑=
⎡

⎣
⎢
⎢

− ⎛

⎝
⎜

⎞

⎠
⎟

⎤

⎦
⎥
⎥= =

M
M

R
M

RH Hdet( ) 1 1T

m

M

m
m

M

m
2

1

2

1

2

(20)

and it is thus proportional to the variance of the vector R, being M2 the
corresponding proportionality constant. This implies first of all that
(not surprisingly) the higher the numberM of deployed CRs, the less the
estimation error involved in (19). More important, the higher the var-
iance of the elements of the vector R, the less the estimation error in-
volved in (19). This means that to improve the performances of the
proposed algorithm, the CRs positions must be well spread along the
range swath covered by the radar antenna. Accordingly, by referring to
the two geometric coordinates of the SAR images, to speed up the
overall proposed procedure, the CRs must be deployed within an azi-
muth strip as narrow as possible, whereas to improve the accuracy of
the proposed procedure, they must be deployed within a range portion
as wide as possible.

4. Results

The presented algorithm has been tested on real data acquired by
the Italian AXIS system (Esposito et al., 2018b), which is a single-pass
interferometric airborne X-band FMCW SAR manufactured by Elettra
Microwave. In particular, the results reported in this section are re-
levant to a dataset acquired during an airborne campaign carried out in
2018 over the city of Salerno, South of Italy. For this campaign, the
system was installed onboard a Cessna 172 airplane. The main mission,
system and focusing parameters are listed in Table I. More details can
be found in (Esposito et al., 2018b).

During the campaign, five CRs were deployed within the

Table I
Main mission, system and focusing parameters.

Mean aircraft altitude 2500m
Mean aircraft velocity 48m/s
Slant range swath 5.67 km
Central frequency 9.55 GHz
Bandwidth 200MHz
Chirp duration 600.184 μs
PRF 1200 Hz
Sampling frequency 25MHz
Azimuth resolution 0.35m
Range resolution 0.75m
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illuminated area (specifically, over the airport runway) and very ac-
curate DGPS measurements of their positions were carried out. These
in-situ measurements along with the navigation data recorded onboard
the airplane during the acquisition flight, allowed us to calculate the
radar-to-target distances relevant to the considered CRs. In this regard,
it is stressed that the AXIS system embeds a modern navigation unit,
namely, the Applanix POS-AV 510, which provides very accurate in-
formation of the flight paths (Applanix official website). Moreover, the
absolute position of the phase centers of the radar antennas has been
measured very accurately in anechoic chamber (Esposito et al., 2018a)
before the airborne campaign. Finally, during the mission, once the
system was installed onboard the airplane, the lever arms were mea-
sured very precisely by means of a TST. According to all these adopted
practices, we can safely assume that the radar-to-target distances re-
levant to the CRs and obtained through the in-situ measurements of
their positions and the flight data provided by the navigation unit, are
known with an accuracy of few centimeters, which is a value much finer
than the range resolution of the radar system (see Table I). These dis-
tances can be thus assumed to be the true radar-to-target distances
relevant to the five considered CRs.

According to the considerations done in the previous section, we
have deployed the CRs along a short azimuth portion (< 500m) of the
overall area (whose azimuth extension is about 20 km) that we planned
to illuminate with the radar. To apply our procedure, we have thus
focused only a short portion of the entire acquired data-set. The range
focusing step has been carried out by exploiting the frequency sweep
rate value provided by the radar supplier, namely, α͠ =3.
30371e11 s−2. Following the range focusing step, a time-domain back
projection strategy (Soumekh, 1999) has been applied to focus the data
also along the azimuth direction (Franceschetti and Lanari, 1999). As
specified above, the main focusing parameters are listed in Table I.

Fig. 4 shows the (multi-look) amplitude SAR image, represented in
radar grid (that is, in range-azimuth coordinates), of the illuminated
area. The five CRs are highlighted with red circles. The CRs are con-
fined in a range span of about 700m: in particular, the radar-to-target
distances relevant to the nearest and farthest CRs are about 3.1 km and
3.8 km, respectively.

To roughly evaluate if the focused SAR image of Fig. 4 is affected by
the geometric artifacts described in Section 2, in Fig. 5(a) we represent
it in geographic grid over a Google Earth orthophoto. Fig. 5(b) shows
the sole Google Earth orthophoto, whereas Fig. 5(c) shows a semi-
transparent overlay of the SAR image on the Google Earth orthophoto.
Note that in Figs. 5(a) and (b) we have also represented in geographic
grid the (mean) axes of the radar grid. In the selected area, we have
identified three features clearly observable in both the SAR image
(green arrows) and the orthophoto (red arrows). Fig. 5(c) clearly shows
that the SAR image is shifted along the range direction with respect to
the orthophoto, which can be considered, at least at first sight, the
truth.

To compensate such effects, we have applied the estimation pro-
cedure described in Section 3, by exploiting the true radar-to-target
distances calculated for the five considered CRs. To this aim, we have
built the vector ΔR and the model matrix H in (19). In Fig. 6 we plot
(red dots) the values of the elements of ΔR (which are reported also in
Table II, first column) as a function of those of R. The plot shows that
the range location errors occurring in the focused SAR image and
measured in correspondence of the five CRs (that is, the values of ΔR)
are on the order of 30m. Moreover, the plot clearly shows that these
errors are not constant and depend almost linearly on the corre-
sponding radar-to-target distances (that is, the values of R). To high-
light this behavior, in Fig. 6, we plot also the linear fitting (black line)
of the reported measurement results. According to Eq. (14), this linear
trend is mainly due to the use of an erroneous frequency sweep rate
during the range focusing step.

Application of the optimization procedure in (19) has led to the
estimates reported in the first column of Table III. By inserting in (11) Fi
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the estimated value ̂ε , we corrected the frequency sweep rate provided
by the radar supplier, obtaining α͠ =3.33788e11 s−2 (as reported in
Tables II and III, second column). Then, we executed once again the
overall SAR focusing procedure (including the range focusing step) by
exploiting this refined value of α͠ . In this way, we have generated a new
focused image, say image 2. Starting from the information coming from
this image and exploiting the in-situ measurements, we built again the
vector of the range errors in (19). The values of the elements of this
vector, say ΔRs, are reported again in Table II (second column). As can
be seen, a residual range location error (on the order of 2m) is still
measured in correspondence of the CRs. Moreover, a linear trend of this
error with respect to the radar-to-target distances seems to be still
present. The presence of these residual artifacts is maybe due to the
higher order effects that are not accounted for by the proposed model
and that affect the overall focusing procedure that follows the range
focusing step (Fornaro et al., 2005). To furtherly refine the obtained
estimates, we carried out an additional iteration of the algorithm, that
is, we applied again the optimization procedure in (19), by exploiting
the updated vector ΔRs (note that the model matrix H is the same as
that used in the previous iteration of the algorithm). By doing so, we
obtained the estimates reported in the second column of Table III. In
this regard, we note that from the estimated value η it turns out that in
the image 2 the location error of the far range targets is on the order of

Fig. 5. (a) Amplitude SAR image (in geographic grid) obtained by exploiting during the focusing step the frequency sweep rate provided by the radar supplier. (b)
Google Earth orthophoto relevant to the same area. (c) A semi-transparent overlay of the image in (a) on the orthophoto in (b). The green and red arrows indicate the
positions of three features clearly visible in both the SAR image and the orthophoto. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. Range Difference Vector as a function of the range vector.

Table II
Range location errors occurring in the focused SAR image and measured in
correspondence of the five CRs.

Focused image 1
α͠ =3.30371e11 s−2

Focused image 2
α͠ =3.33788e11 s−2

Focused image 3
α͠ =3.33598e11 s−2

ΔR ΔRs ΔRt

CR1 −30.88m 2.0 m 0.21m
CR2 −33.03m 2.15m 0.27m
CR3 −34.17m 2.24m 0.26m
CR4 −36.50m 2.50m 0.42m
CR5 −38.25m 2.34m 0.15m

Table III
Results of the estimates obtained through the proposed algorithm.

Focused image 1
α͠ =3.30371e11 s−2

Focused image 2
α͠ =3.33788e11 s−2

Focused image 3
α͠ =3.33598e11 s−2

η −1.03e−2 5.67e−4 −2.95e−7
ν 1.95m 0.26m 0.26m

̂ε −3.41e9 s−2 1.89e8 s−2 −9.87e4 s−2

μ 1.28e−8 s 1.78e−9 s 1.78e−9 s
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about 3m (see Eq. (14) and consider that the for the considered radar
acquisition the far range is equal to 5670m). A further refinement of
the frequency sweep rate to be used during the focusing procedure is
thus still needed. Accordingly, by using the estimates reported in the
second column of Table III, we have further corrected the frequency
sweep rate, by obtaining α͠ =3.33598e11 s−2. Then, we executed once
again the overall SAR focusing procedure with this refined value of α͠ .
In this way, we generated a new focused image, say image 3. Starting
from the information coming from this image and exploiting the in-situ
measurements we built again the vector of the range errors in (19). The
values of the elements of this vector, say ΔRt are reported again in
Table II (third column). As can be seen, a very residual range location
error, ranging from 15 cm to 45 cm, is now present in correspondence of
the CRs. It is worth underlining that this error is smaller than the range
resolution of the system (see Table I). Accordingly, it has no sense to
pursuit further reduction of this residual range shift still present in the
image. To show this, we applied again the optimization procedure in
(19) by exploiting the updated vector ΔRt. By doing so, we obtained the
estimates reported in the third column of Table III, from which we
understand that the main contribution to the residual range location
errors measured in the image 3 in correspondence of the CRs is sys-
tematic ( =ν 26 cm). Moreover, by using in Eq. (14) the estimated value
η, it turns out that in the image 3 the range-dependent contribution of
the location error (namely, η R , see (14)) is in the worst case (that is, for
the far range targets) on the order of few millimeters. The frequency
sweep rate exploited during the focusing procedure to generate the
image 3 is thus the ending value that we were searching. In this regard,
we observe that by carrying out further iterations of the overall algo-
rithm (which involves the application of the optimization in (19) fol-
lowed by a complete SAR data focusing procedure) we have always
obtained (results are not reported for brevity) practically the same es-
timates reported in the third column of Table III.

To appreciate the effectiveness of the applied procedure, in Fig. 7
we show the same analysis as that in Fig. 5, by replacing the focused
image 1 with the focused image 3. As can be seen, the range shift of the

overall SAR image, clearly visible in Fig. 5(c), disappears in Fig. 7(c).

5. Conclusions

This paper addresses the distortion effects observable in FMCW SAR
images and due to the use, during the data focusing step, of a frequency
sweep rate value different from that actually employed by the radar. In
particular, we have proposed an algorithm that obtains an accurate and
fast estimate of the actual radar frequency sweep rate, thus providing a
key information that can be then profitably used to achieve the correct
focusing of the SAR data acquired by the radar system at hand.

The presented approach makes use of in-situ measurements of the
positions of a limited number of CRs properly deployed over the ob-
served scene. In particular, it is based on a LS approach that provides, in
addition to the estimate of the searched frequency sweep rate, also the
estimate of the internal uncompensated time delay that may be present
in the radar electronics.

The presented algorithm requires to execute the overall SAR fo-
cusing procedure at least twice: first, by using the available frequency
sweep rate value provided by the radar supplier, after, by accounting
for the achieved estimates. Additional iterations of the algorithm may
be in principle needed to furtherly refine the obtained estimates.
However, at least for the considered data sets, just few iterations of the
procedure are sufficient to achieve a sound estimate of the desired
frequency sweep rate.

The algorithm has been tested on a real X-band dataset acquired in
2018 by an X-Band airborne FMCW SAR system. To apply the proposed
approach, we have deployed five CRs over the illuminated scene. For
this considered data set, the SAR image focused with the frequency
sweep rate provided by the radar supplier turned out to be severely
stretched in the range direction. In particular, from the surveys on CRs
we measured a misalignment on the order of 30m between the actual
CRs' positions and those calculated in the focused image. Two iterations
of the proposed algorithm have led to a focused image in which this
misalignment has been reduced to a mean value of 26 cm, that is, much

Fig. 7. (a) As Fig. 5, but for the SAR image, which in this case has been focused by exploiting the frequency sweep rate different from that provided by the radar
supplier, and calculated through the proposed algorithm.
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smaller than the range resolution of the system, thus assessing the ef-
fectiveness of the overall presented approach. We, finally, stress that
the proposed approach has been tested on an airborne SAR system;
notwithstanding, it also can be used for rail-SAR or other near range
SAR applications.
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