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ABSTRACT

In this study, we compare the different spectral centering
methods (referred to as deramping) for the Sentinel-1 images
acquired with the TOPSAR method, in the context of inter-
ferometry. The deramping is a necessary step prior to image
interpolation. We show the analogy between two different ap-
proaches in the literature and propose our own improvements.
The proposed deramping method approximately re-centers
the spectrum, i.e. a small residual spectral shift remains. We
validate our improvements with experiments on Sentinel-1
data, and show that interpolating the images containing this
residual spectral shift should not induce considerable errors.

Index Terms— Deramping, Demodulation, TOPSAR,
Sentinel-1, Spectral centering

1. INTRODUCTION

SAR (synthetic aperture radar) images have become an im-
portant data source in the remote sensing community, espe-
cially because of their ability to acquire images independently
of the time of day and the weather conditions. Their useful-
ness has increased especially with the emergence of some ad-
vanced applications like interferometry. Interferometery con-
sists in having at least two complex SAR images acquired at
two different dates for the same geographical areas. The im-
age is written as I1 = A1 exp(jΦ1) where I1, A1, Φ1 refer
to the image signal, the ground reflectivity and the phase dif-
ference between the sent and received wave respectively. The
same can be written for I2. The phase difference between the
two images is computed with

Interf(I1, I2) = I1 · I?2 = A1A2 exp (j (Φ1 − Φ2)) . (1)

Φ1−Φ2 in (1) contains valuable information about the change
in time of flight from the ground scatterers to the sensor on the
satellite platform.
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This difference in time of flight can be attributed to many
factors, one of which is the ground deformation between the
two dates. Therefore, interferometry is of interest for many
applications, including but not limited to natural disasters
(earthquakes, volcanoes) or ground motion by man-made
activities like hydraulic fracturing for oil and gas extraction.
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Fig. 1: Downward view of the slant range plane during a
TOPSAR burst acquisition. On the left, in blue, the antenna
beam is orthogonal to the trajectory (near the middle of the
burst). The Doppler frequency at the point of maximum am-
plitude is 0 Hz. On the right, in red, at azimuth time η, the
beam has a squint angle Ψ w.r.t. the zero Doppler plane. The
point of max amplitude is reached earlier, and the Doppler
frequency at this position is not null and is proportional to the
radial velocity component (projection on line of sight)

Improving our ability to generate interferograms is there-
fore a subject of great interest. We focus our study on the
Sentinel-1 satellite because of its high revisit time (6 days)
and freely available data.

The preferred acquisition of a SAR image for interferome-



try using Sentinel-1 is in the Interferometric Wide (IW) swath
mode. Using the TOPSAR (Terrain Observation with Pro-
gressive Scans SAR) technique, during the burst acquisition,
the antenna beam is steered "continuously" in the azimuth di-
rection with a steering rate of kΨ as seen in Figure 1. This
introduces a linear squint Ψ with azimuth time η. The steer-
ing of the antenna beam will of course modify the Doppler
properties of the signal. For example, in Figure 1, the Doppler
frequency of point Q is linearly dependent on η and fc(η) 6= 0
since Ψ(η) 6= 0. This phenomenon thus induces a linear fre-
quency shift with the azimuth time in the spectrum of the fo-
cused data.

When dealing with the problem of interferometry, one
usually has a primary acquisition and a set of secondary ac-
quisitions. The secondary acquisitions need to be coregistered
to the primary coordinate system, thus the data needs to be
interpolated. However, special care should be taken when re-
sampling this complex signal that has a linearly shifted spec-
trum. The correction that needs to be applied prior to interpo-
lation is called "Deramping".

Our contributions are:

• Detailing the mathematical equations of a deramping
method [1], and showing the analogy with another
method of the literature [2];

• Showing the pros and cons of each deramping method,
and proposing our own modifications.

2. RELATED WORK

Deramping is extensively explained in the ESA (European
Space Agency) guidelines [3], where the reader is provided
with the necessary tools to perform the deramping and the de-
modulation operations from Sentinel-1 metadata. First, define
η as the azimuth time referenced to the center of the burst, τ
as the range time and kt(τ) as the Doppler rate in the focused
data

kt(τ) =
ka(τ)ks
ka(τ)− ks

=
ks
α(τ)

, α(τ) = 1− ks
ka(τ)

, (2)

where ka(τ) is the classical azimuth FM rate. ks is the
Doppler rate induced by the steering of the beam

ks ≈
2vs
λ
kψ, (3)

where vs is the satellite velocity and λ the carrier wavelength
and kψ the rate of rotation in rad/s.

We also need to define ηref (τ) = ηc(τ) − ηc
(
Nsswath

2

)
as the azimuth reference time,whereNsswath is the time corre-
sponding to the number of samples in range and
ηc(τ) = − fηc(τ)

ka(τ) with fηc(τ) the mean Doppler centroid
frequency over the burst. fηc(τ) and ka(τ) are given as
polynomials w.r.t τ in the metadata.

The deramping function is finally defined as the multipli-
cation of the data, burst by burst, with

φ(η, τ) = exp
(
−jπkt(τ) (η − ηref (τ))

2
)
. (4)

After the deramping operation is performed, the spectrum
will still be shifted by fηc(τ). Therefore, a demodulation op-
eration is needed to shift the spectrum to baseband. If we wish
to perform the demodulation with the deramping, the updated
spectral centering function is

φ(η, τ) = exp(−jπkt(τ) (η − ηref (τ))
2

− j2πfηc(τ) (η − ηref (τ))).
(5)

Reramping/remodulation correspond to the application of the
complex conjugate of the functions defined in Equations 4
or 5.

In [2], a detailed study of the complete processing chain
for Sentinel-1 interferogram formation is provided. The au-
thors distinguish between two different options for the com-
plex burst interpolation. One of the options consists in mod-
ulating the interpolation kernel with the Doppler shift. This
option is not going to be considered for our study for the sake
of simplicity, since it requires an implementation of interpola-
tion kernels. The second option consists in applying the cen-
tering function of Equation 5. Then the data is resampled with
a real valued kernel. The reramping function is also resam-
pled before applying it, i.e. if T is the forward transform such
that (η′, τ ′) = T (η, τ) , then for every position in the new
grid (η′, τ ′), the original position (η, τ) = T−1(η′, τ ′) is es-
timated and inserted in the complex conjugate of Equation 5.
The need for deramping is justified by the fact that a real-
valued interpolation kernel acts as a low-pass filter. There-
fore, it is necessary to bring the signal to baseband before
applying the real-valued kernel. The need for reramping is
justified by the fact that deramping is an operation that is per-
formed to re-center the spectrum prior to interpolation, but
it biases the interferometric phase, and should therefore be
compensated. Indeed, interferometry is performed with the
two SAR images in their original frequency band, provided
that the coregistration error between the two images is suffi-
ciently small.

The study conducted in [1] shows that it is possible to ap-
ply an appropriate deramping function on a secondary acqui-
sition burst prior to resampling and omit the step of reramp-
ing. This only works if a matching deramping function has
also been applied in the primary acquisition. This method
is only relevant in the context of interferometry. Since this
method is the one implemented in the interferometric NSBAS
software, we were able to carefully reexamine the equations
of [1]. The details of this method, along with our own modi-
fications are reported in the next section.



3. METHOD

For the sake of simplicity, we denote the method exposed in
[3] and [2] as "EsaDeramping", the one of [1] as "NsbasDer-
amping". First, we will present "NsbasDeramping", then we
will introduce some modifications, that will refer to in the fol-
lowing sections by "Ours". As mentioned previously, "Nsbas-
Deramping" is specific for interferometry. Suppose we have a
primary acquisition on which N secondary acquisitions need
to be coregistered. Even though the primary burst will not
be resampled, the essence of the method lies in multiplying it
with the deramping function defined as

φ(η(p), τ (p)) = exp

(
−jπk(p)

t (τ (p))
(
η(p)

)2
)
, (6)

where the superscript (p) stands for primary.
Then, for the corresponding burst in a secondary acqui-

sition, the deramping function applied should be matched to
the deramping value of the primary, i.e. the same ground fea-
ture at coordinates (η(p), τ (p)) and (η(s), τ (s)) for the primary
and secondary bursts respectively should have the same der-
amping factor applied. Recall that η is referenced to the burst
middle time and is defined in

η(p) = t
(p)
0 +

y
(p)
R

PRF
− t(p)start −

lpb− 1

2PRF
, (7)

for the primary acquisition, where t(p)0 refers to the azimuth
time of the first line in the image, y(p)

R is the azimuth coor-
dinate of the reflector, PRF is the pulse repetition frequency
and t(p)start is the time of the first line in the burst and lpb is the
number of lines per burst. The same equation is valid for the
secondary acquisition.

It is then possible to estimate the lag in azimuth time η
between the location of ground the feature in the secondary
and the primary burst as

ηlag = η(s) − η(p) = ηoff + ηshift , (8)

where ηoff =
y
(s)
R −y

(p)
R

PRF is computed from the transform of
the registration and ηshift = t

(s)
0 − t

(p)
0 − (t

(s)
start − t

(p)
start)

is computed from the timing information in the metadata.
We can also proceed in the same manner for the range time

τ (p) =
x
(p)
R

Fr
+ τ

(p)
0 , where x(p)

R is the range coordinate of
the reflector in the primary burst, Fr is the range sampling
frequency, τ (p)

0 is the time of the first range sample in the
image. τ (s) has the same equation as τ (p). Thus we can
find, ∂τ = τ (s) − τ (p). Using a simple approximation for

ka ≈
−2v2eff
λR , where R = cτ

2 is the range expressed in (m)
and c the light speed in (m/s), and veff is the effective veloc-
ity defined from ka, we combine with Equation 2 and 3 and
get

α = 1 +
vs

v2
eff

kΨR ≈ 1 +
kΨR

veff
,

∂kt = −ks∂α
α2

= − kskΨc∂τ

2veff

(
1 +

kΨR

veff

)2 . (9)

Finally, using ∂kt = k
(s)
t (τ (s)) − k

(p)
t (τ (p)), the deramp-

ing function that multiplies the secondary acquisition at
(η(s), τ (s)) is defined by

φ(η(s), τ (s)) = exp{−jπ
(
k

(s)
t (τ (s))− ∂kt

)
·
(
η(s) − ηlag

)2

} .
(10)

Afterwards, the secondary acquisition burst can be resampled.
When looking at Equation 1, it is easy to see how a clear

analogy can be made with the method "EsaDeramping" since
the deramping function applied at the primary burst in Equa-
tion 6 acts similarly to the reramping step. In other words,
"NsbasDeramping" is actually starting with the reramping on
a regular grid in the primary burst coordinate system (the
conjugate of the reramping function is applied). Then, this
reramping function is "resampled" to the secondary burst co-
ordinate system and applied. Finally, the secondary burst is
resampled.

With this analogy, it is clear that we can improve the de-
ramping applied to the secondary acquisition, especially the
part related to ∂kt. Instead of using (9), we can simply do
the following: for each pixel in the secondary burst, use the
registration’s transform T to obtain the subpixel position in
the primary burst (η(p), τ (p)) = T (η(s), τ (s)) and plug these
values in (6). This method will be henceforth called "Ours".

For "NsbasDeramping" and "Ours", If we have N sec-
ondary acquisitions, we perform the deramping once per im-
age. Taking into account the deramping performed at the
primary acquisition, we would have in total N + 1 deramp-
ing operations. Comparing with "EsaDeramping", for each
secondary acquisition, we need to deramp and then reramp.
Hence, we would have 2 * N de/re-ramping operations. The
computational gain of "NsbasDeramping" and "Ours" comes
mainly from the fact that there is a single deramping operation
applied in the primary image that replaces all the rerampings
of the secondary acquisitions.

Their disadvantage stems from the fact that the phase in
the deramping applied to the secondary acquisition in (10) is
different from the one specified in (5) by

∆Φ =− πkt(τ) (ηref (τ)− ηlag) (2η − ηlag − ηref (τ))

+ π∂kt (η − ηlag)2 + 2πfηc(τ) (η − ηref (τ)) ,
(11)

where the superscript (s) has been dropped for simplicity. The
burst spectrum in azimuth will not be exactly in baseband
prior to resampling, and the shift will be equal to fshift as

fshift =
1

2π

∂∆Φ

∂η
=− kt(τ) (ηref (τ)− ηlag)

+ ∂kt (η − ηlag) + fηc(τ) .

(12)
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(b) The spectral shift of "Ours"

Fig. 2: The disadvantages of "NsbasDeramping" and "Ours".
On the left, "NsbasDeramping" introduces a quadratic phase
along the azimuth. On the right, both methods feature a spec-
tral shift prior to resampling

4. EXPERIMENTS

The dataset used in the experiments consists of 32 Sentinel-
1 images acquired over Albania (18.82◦E;41.02◦N) from
20190803 to 20200205 on the 73rd relative orbit. We set
the first image as the primary acquisition, and restricted the
study on the second burst of the third subswath. The first
test conducted consisted in taking the second image of the
dataset as a secondary acquisition. The phase difference
profile along the azimuth between "EsaDeramping", "Ns-
basDeramping", "Ours" is shown in Figure 2a. We can see
that "NsbasDeramping" contains a quadratic phase ramp with
respect to "EsaDeramping", that can reach perceptible values
at the burst limits. "Ours" has the same phase content as
"EsaDeramping". Therefore, the quadratic ramp is attributed
to a slight imprecision in (9). As for Figure 2b, the azimuth
spectrum at a certain range in the secondary burst has been
computed after the deramping of method "Ours". We can see
that there is spectral shift from the 0 frequency. We verified
that the shift corresponds to (12). We also verified that be-
cause of the burst synchronization property of Sentinel-1, and
of typical values of quantities in (12), we can simplify the
formula to

fshift = kt(τ)ηlag + fηc(τ) . (13)

We then predicted this spectral shift for all the bursts of
the 31 secondary images in the dataset with (13) and the his-
togram is shown in Figure 3a. The maximal shift in absolute
value is ≈ 35 Hz. Again, this is due to the Sentinel-1 timing
properties, and we should be able to safely assume that the
spectral shift will be small in general for any dataset.

We also performed a test where (5) is modified into

φ(η, τ,ηdelay) = exp{−jπkt(τ)(η − ηref (τ)

− ηdelay)2 − j2πfηc(τ) (η − ηref (τ))} ,
(14)

with ηdelay a delay introduced in the de/re-ramping function
such that the spectrum would be shifted by ktηdelay. Resam-
pling is then performed with a cubic spline. We can hence as-
sess the effect of resampling a spectrally shifted burst on the
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Fig. 3: The effect of spectral shift on the coherence. On the
left, the distribution of the spectral shifts on the datastet. On
the right, the degradation of the coherence after resampling
the image with the spectral shift

interferometric phase coherence. Figure 3b shows that the co-
herence doesn’t drop until we reach high values of the spectral
shift (≈ 100Hz). Therefore, since the typical spectral shifts
that we obtain with "Ours" should be small (for this dataset
≤ 35 Hz), the resampling should not induce a coherence loss.

5. CONCLUSION

In conclusion, we have compared two deramping methods
of the literature "EsaDeramping" [2] [3] and "NsbasDeramp-
ing" [1]. We introduced some improvements for the latter in
"Ours". Those improvements were demonstrated experimen-
tally on Sentinel-1 data. Nevertheless, the proposed method,
like its predecessor in [1], only centers the spectrum to a cer-
tain degree and a small spectral shift will remain. Experi-
ments showed that Sentinel-1 timing properties should limit
the value of the residual spectral shift. Interpolating the signal
should not induce a loss of interferometric phase coherence.
Future work should examine the spatial structure of the phase
error w.r.t. the spectral shift. Further studies should look into
the safety of using this method, especially the effect of chang-
ing the interpolation kernel on the phase errors introduced.
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