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Interferometric SAR Signal Analysis in the
Presence of Squint
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Abstract—This paper develops an analysis of the SAR impulse motion errors as a result of atmospheric turbulences, strong
response function from the interferometric point of view, with the  wind conditions, etc. In the spaceborne case, the trajectories
intention of studying its phase behavior in the presence of high 4.6 1yych more stable, but the Doppler centroid exists basically
squint angle values. It will be pointed out that in this case, a phase f ’th Earth’ tati d t In th
ramp is present in the range direction, which, in combination with as a consequence o ,e . arth's rotation and curvature. in the
a certain degree of misregistration between the two images induces €ase of ERS, the satellite is steered to compensate the Doppler
an offset in the generated interferometric phase. This behavior, centroid [7]. For RADARSAT [8], high squint values occur due
if not compensated, imposes strong limits on the performance of tg the reduced steering of the satellite’s attitude.
the interferometric techniques in a squinted case, especially for In both air- and spaceborne cases, it is of extreme importance

airborne SAR systems. The article proposes two new techniques, . . . .
which are appropriate to correct the phase bias coming from this t© consider the correct properties of the squinted SAR signal

source. The first one is based on a modification of the azimuth com- [9] to avoid defocusing. Appropriate techniques as high order
pression filter, which cancels the phase ramp of the range impulse interpolations or high order filters, as described in [10] for the
response function for one specific squint value. In case the SAR chirp scaling algorithm, must be employed.

processing is performed with variable squint over range, we pro- One important application of SAR is based on the combina-
pose a second method oriented to estimating the expected misregis-,

tration and thus, the phase bias by means of an iterative approach. F|on of 2-D images acq-uued -fror.n two different p0|r!ts of view
Simulated data as well as real corner reflector responses are used toiN @n across-track configuration in order to form an interferom-

show that the correct topography can be recovered precisely even eter capable of retrieving topographicinformation, i.e., digital el-
in the presence of phase bias coming from the squinted geometry. evation models (DEM) [11]. SAR interferometric techniques are
Index Terms—Digital elevation model, interferometry, remote  based onthe phase information, i.e., every pixel of the calculated
sensing, synthetic aperture radar (SAR). interferogram must contain the phase difference between the im-
aged point and the two antennas. This is only possible after an
accurate coregistration process, which should be able to match
all the pixels of one image to the other with very high precision.
YNTHETIC aperture radar (SAR) has been used forhe coregistration stepincreasesthe quality ofthe interferogram,
any years for the generation of two-dimensional (2-Masing in this way the phase unwrapping procedure [12] and im-
reflectivity images of the Earth’s surface [1]. The generatioprovingthe accuracyofthe heightvaluesinthefinal DEM. Several
of such a product requires the coherent combination of thgproaches have been proposed, based on conventional block-
echoes recorded by the SAR sensor in order to properly foawatching methods to maximize the cross-correlation measure-
all the targets within the image. Many algorithms, which carmnent, or making use of the combination of different spectral con-
out this task in an efficient way, have been developed in thents as proposed recently in [13]. In any case, the accuracy of the
last decades, including range-Doppler processing approachgsegistration methods is never infinite when no DEM is known
wavenumber techniques, or chirp scaling-based algorithmgriori, since the misregistration between both images is always
[2]-[6]. All of them must cope with the presence of theafunction of the topography, the parameter to be estimated.
so-called squint angle, which is directly associated with theIn this context, this paper studies the applicability of SAR
center value of the Doppler variation, i.e., the Doppler centroigihages focused with phase preserving algorithms adapted to
Itis generally present as a result of attitude changes of the SAR§h squint to generate high quality interferograms for mapping
sensor, which are more common in the airborne case since #pplications. The effect of the squint angle is considered from
radar is mounted on a platform that experiences rotations ahe interferometric point of view, i.e., its impact on the phase
values obtained after the coregistration process is assessed. The
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The expressions are also extended to the airborne case, whewhere

term coming from the motion compensation step is added. Ther range time variable;

final expression is validated by means of real interferometric f,  azimuth frequency;

SAR data acquired with the E-SAR system [14] of DLR. In Sec- f,  first derivative of the Doppler frequency within the
tion Ill, the paper deals with the interferometric problem, con- synthetic aperture (Doppler rate);

sidering the effects of the squint in combination with a certain f.  Doppler centroid,;

degree of misregistration, which leads to the presence of a no#, azimuth time related to the position of the target;
ticeable interferometric phase bias. In Appendix B, the results\ wavelength value;

are also confirmed when using a model of distributed scattererss effective platform forward velocity, which includes the
instead of point targets, finding the consequences on the coher- effect of Earth’s curvature and rotation for the space-
ence as well. Section IV presents two methods developed with borne case [16].

the intention of increasing the phase reliability in the squintéthe functions namesl. andw,, are the envelopes in range time
case. The first one is based on a modification of one of the fand azimuth frequency domains, respectively, wiiilgis an
ters applied during SAR processing, whereas the second methduitrary complex constant. In particular, the frequeficiakes
carries out an estimation of the misregistration starting fromalues in the interval

the initial phase values and increasing its estimated accuracy in

an iterative way. Appendix C studies the convergence of these fe=Baz/2 < fo < fod Baz/2 (2)

iterations. The end of Section 1V shows the results of evalu- B is defined as th imuth bandwidth. Th .
ating these two approaches with simulated point targets and vx)i\fﬂere oz IS G€liN€d as e azimuth banawidih. The range posi-

real interferometric SAR data. Finally, Section V concludes thtl%)n of the impulse response, given hy, is expressed in terms
paper. of time as

T0 = (2'7‘0)/6. (3)
Il. SAR IMPULSE RESPONSECHARACTERISTICS IN ASQUINTED
GEOMETRY For simplification, we use the following relationship [17] in the

It is well known that the impulse response function (IRF[)1ext expressions

of a narrowband SAR system can be considered as a two di- Afa(ro) 2

mensional weighted sinc function, obtained after the process of cos® B(ro) =1 — <T) (4)
compression of the raw data coming from an individual target

[1]. Specifically, the shape of this response is dependent on thikich relates the squint angl@ to the Doppler centroid fre-
antenna diagram, the envelope of the transmitted pulse anddencyf.. The possible dependence on the range target position
weighting functions applied during the processing step in boftas been included explicitly.

coordinates, range, and azimuth [2]. This section presents a rebsually, the last step of the processing with a range-Doppler
view of the signal formulation, oriented to derive explicitly theor chirp scaling processor consists of the multiplication with the
impact of the squint angle on its phase. It will be pointed out thatzimuth-compression filter

in the case of chirp scaling [5] or range-Doppler algorithms [6],

spectral shifts are introduced by the variation with range of the 27 . < Ma ) 2

azimuth compression function. From the wavenumber point ofZa:(7 fa) = exp —Iers %
view [4], they appear as a result of the projection of the trans-

. . (5)
mitted frequency onto both wavenumber axes. For the alrbornﬁ. his tuned t bin in order to f Il th
case, the additional effects due to motion compensation will al§g'ch Is tuned to every range bin In orcer o focus all the re-

: sponses along the range dimension. This is obtained through
be discussed. . . . S
the variation ofr in (5). The operation will eliminate the hy-
f perbolic phase evolution of the range-compressed signal in the
azimuth frequency domain, but only for the range time position
. o equal tory. For otherr, even within the main lobe of the re-

We start from the signal expression in the so called ranggponse, there will remain a residual term with the shape of the
Doppler domain [5], [15] prior to azimuth compression. It igquare root of (5). In Appendix A, we detail a Taylor expan-
assumed that proper range compression (including secondgigh of this term around the Doppler centroid frequency [with
range compression), range cell migration correction and motiggspect to {, — £.)], in order to identify the contribution of each
compensation (for the airborne case) have been already cardegfficient. It is shown that the constant term of the expansion
out at this stage. For a target located at a minimum range distesponsible for a phase ramp, since it is indeed dependent
tancer, (closest approach distance) the signal takes the forngn ~. On the other hand, the linear coefficient induces a signal

shift (also dependent on) when transformed back to the az-
S(7, fa) =Clo - 50(T — 7o) - e <fa - fc) - exp[—j27 fato] imuth tmg domam. Flnally{ the second order factor is shown to
Ir be negligible within the main lobe of the response, whererg

A. Signal Expression: Phase Behavior in the Presence o
Squint

A A 2 is smaller than the resolution cell.
cexp | —j——roy/1— [ == Q) With these considerations, it is possible to find a compact
b= A 2v

expression for the SAR impulse response, which includes phase
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ramps in range and azimuth due to the presence of squint. ltaxomprise all the kinds of SAR platforms, space- and airborne,
obtained by transforming the compressed signal to the azimathother effect must be taken into account. In particular, it is well

time domain known that in the airborne case, it is very important to compen-
sate the trajectory instabilities of the SAR sensor during the fo-
5c(1, 1) =C - 5,.(T — 70) cusing step [18], in the so-called motion compensation (MoCo)
' e _C. tan 3(ro) = 70) step. Otherwise, the quality of the final image degrades seri-

Sa S v ToTo ously [19]. In [20], several MoCo options from the interfero-

A . metric point of view were analyzed.

- €Xp [—‘777’0} -explj2m fo(t — to)] Basically, during the MoCo procedure, the data must be mul-
-exp[—j2m fo - (1 = cos B(re)) - (r—10)]  (6) tiplied by an exponential phase term in order to correctly com-

pensate for the deviations between the nominal and the actual

where trajectories [17]. This factor depends on the incidence angle
subindexc “compressed”; from the radar to the target and therefore, on the slant-range
fo radar central frequency; axis r as described by [21]. As the slant range varies along
C complex constant; the swath, the extended chirp scaling (ECS) algorithm [15] pro-
54 inverse transform ofy,,. poses a two-step scheme. First, a coarse compensation is applied

The displacement of the sidelobessgfis characteristic for the for the center of the swath. Next, after range compression and
so-called zero-Doppler geometry, where every scatterer is [@nge cell migration correction (RCMC), it is possible to mul-
cated at the time and distance corresponding to the minimdifly the signal with a range-varying factor, oriented to carry
approach position, even if the squint is not null. In this cas@ut the so-called second order motion compensation to allow a
the phase at the peak correspondsdas well. It is possible Properrange compression. Indeed, the fact that the exact MoCo
to obtain an output in a beam-centered or squinted geometryipperformedafter RCMC makes this configuration appropriate
adding a certain range varying linear phase to the filter descrit®d high-squinted interferometric data, where the migration is
by (5). Anyway, compression to beam center is not usually doisgportant in terms of range bins. In this case, the signal repre-
in practice, and hence, the analysis presented here is base@®Hed by (6) can be focused without phase distortions. Other-
compression in zero-Doppler geometry. wise, its characteristics would degrade when using other options
Equation (6) gives an accurate description of the phase wehich apply motion compensation to the range-migrated data
havior in a squinted case. Specifically, the range phase rafggl: [21]-
is of extreme importance for interferometry, since any possibleEither using a MoCo procedure with one or two steps, at a
range misalignment between the two peaks yields a phase ISB§Cific stage, the signal is multiplied by a factor of the form
(see Section lll). It is worth noting that the ramp can be un-

derstood as a spectral shift, which has been introduced by the N LAm i
azimuth compression filter. Its expression is Hitoco(t, 7) = exp {JTAd(t’ 7)} (8)
Jfro = —fo - (1 —cos B(rg)). (7) where
t azimuth time,
This shift was identified also in the wavenumber formulation, . range axis:

as reported in [4]. In that case the so called Stolt interpolation

is carried out to prepare the data for efficient azimuth focusing.

The process is based on a change of variables between the trans- variable in both dimensions, azimuth and slant range

mitted frequency and the radial frequency. In squint mode PrRv linear component ofrd alon r:';m e leads to a spectral

cessing, the transmitted center frequency is projected onto tWa. P 9 g P

ortho g,nal axes after image form:gcion T)'/husp (7J) can be intésr-lft in the final impulse response and consequently, a phase
9 . g Lo . famp in the time domain. This shift is approximated by the first

preted as the shift induced by the projection onto fheaxis derivative ofAd at the ranae target posii

of the point f, located on thef axis, which is rotated by an 9 get postliag

angle equal t@ from boresight. For narrowband systems, this

shift can be considered to be constant over the transmitted band- Frolt, 1) = fo- 9Ad(t, 7’). ©)

width. ’ O

This resultis important for interferometric applications, sincgOr the center of aperture position located at ¢., and con-

this spectral shift can impose severe requirements on the 'misq[fering that the variation of the shift in (9) within the synthetic

feromet_rlc processing chain, as will be shown in Sectlor_1 W Boerture is small, then the spectral shift after azimuth compres-
Appendix B, we study the consequences of (7) on the first ally can be approximated as

second order statistics of the interferometric phase.

distance to be compensated (i.e. the difference between
the nominal and actual range to the target), which is

COAd(t., 7)

B. Effects of Motion Compensation in the Airborne Case Frolte, 7) 2 fo >
"

= (20)
Section II-A pointed out the appearance of a range spectral
shift introduced by the squint angle during azimuth compreEgquation (10) can be used in conjunction with (7) in order to

sion. However, in order to obtain an expression general enolghblude the contribution of both factors, MoCo and squint, on
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the amount of spectral shift. Then it is possible to derive a new TABLE |

; ; : DATA CHARACTERISTICS FOR THETEST
expression for the focused SAR impulse response function SITE OF OBERPFAFFENHOFENE-SAR S/STEW)

se(r, t) =C-s,.(1—71)

Parameter Value
<t_t0_ e tan flro) TO)> Wavelength 0.031219557 m
2 v Bandwidth 100 MHz
At Chirp Duration Sus
- exp [— — 0} -explj2n f.(t—to)] Sampling Rate 100 MHz
A PRF 1000 Hz
Forward Velocity 82.23 m/s
- exp [_ 4§27 fo- <1 —cos B(ro) Flight Altitude 3065 m (above ground)
Track Center 11.26° Longitude
Coordinates 48.06° Latitude
aAd(tm 7’) Presumming Factor 4
- I (r=7o) Slant Range Resolution 3m
=" Azimuth Resolution 05m
(11) SLC pixel spacing in 1.498 m
range
which is appropriate not only for satellite sensors but also for SLC pixel spacing in 0.33m
airborne SAR data. azimuth
Squint Angle 2.7°
Effective baseline 1.5m

C. Verification with Real Point Targets

We have processed SAR data acquired by the E-SAR system
of the DLR [14] over the test site of Oberpfaffenhofen, GeA. Interferometric Phase Bias
many, in 1998. The system characteristics for the flight, as well During the interferometric process, the signals coming from
as the processing parameters, are shown in Table I. This dataisettwo channels are combined in order to obtain the inter-
contains the response of five corner reflectors of different sizRgometric phase information for every ground resolution cell.
(see Fig. 1) for calibration purposes. They are positioned apis well known that, in this case, every pixel of the second
proximately in the same azimuth position, whereas their slanhage (slave) must correspond very precisely to the pixel in the
range distance to the master antenna varies from 4295 to 4fig& image (master) from the same cell on the observed surface
m. [23]-[25]. The coregistration procedure, however, is not able to

During the flight, the aircraft experienced horizontal and vegchieve an infinite precision, since the misalignment between
tical deviations in the range af10 m and+2 m, respectively. hoth channels comes from the terrain relief itself. It is normally
These values were taken into account during the motion coestablished that the accuracy in the coregistration step must ac-
pensation step and led to the range-varying phase ramps dismplish a threshold in the order of 1/10 of the resolution cell,
played in Fig. 2. A Hamming weighting of 0.54 was used fojhich would cause a negligible statistical decorrelation [24].
range side-lobe suppression. The average squint angle for thisvever, it was shown that for squinted data and also in the
flight is 2.7° and was assumed constant over range during pigase of ScanSAR interferometry the requirements on azimuth
cessing. Thus, the total spectral shift led to a phase rampcefegistration accuracy are much higher [13]. In this paper, we
around 191/m in the area of the corner reflectors (Table llishow that the coregistration accuracy in range is also critical in
second column), according to the theoretical expressions. Thgg case of considerable squint and/or terrain topography. As a
values have been checked after the processing of the data, @@t of the phase ramp within the main lobe of the target im-
the range cuts for the five responses are shown in Fig. 3. As pigise response, even a small degree of misregistration is enough
can see, all the targets present a phase ramp within the main lgpmitroduce an important phase bias. In Fig. 4, this effect is il-
of the response, and the measured slope equals the predicted@fifated. Although the ramps are cancelled when multiplying

of (11). one image with the conjugate of the second one, the small shift
between them yields an offset in the final phase value with re-

ll. EFFECTS OFSQUINT AND MOCO TERMS ON spect to the correct one. Note that the amount of misregistration

INTERFEROMETRY is related to the unknown topography changes and cannot be

As commented in Section II, the presence of the Sqwﬁ@nsmered be systematic. From (11), the interferometric phase
angle induces several effects on the SAR impulse respofiggults in

function. The next concern is to find out the consequences A Ad

regarding the computation of the targets position by meann = — By < 1= 72— ATpis <1 cos - . ))

of an interferometric process, which consists of the cross- r=rs

multiplication of two interferometric SAR images acquired 4 OAd

from slightly different positions [11]. It will be shown that :¢id€al+TAT"liS' <1 cos - o ) (12)
T=Tg

small misregistration errors have a strong influence on the
final precision of the digital elevation model (DEM) in case oWwhere Ar,,,;, iS the range misregistration calculated with the

squint, not only because of a degradation of the coherence [38ak positions in image 1 minus image 2, and the effects of
but also due to the appearance of a phase bias. the squint angle and the MoCo term are evaluated for the target
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Fig. 1. Intensity of corner reflector responses as obtained by the E-SAR system for the Oberpfaffenhofen testsite.

FPhase Ramp (deg/m) same Doppler frequency in order to avoid decorrelation. In this
way, the bias becomes

] 4 OAd
5 Prias = Pint — Pideal = %Arms [ 1—=cos B(r) — ——

T T T T

ar
(13)

where a general dependencesohas been considered. Equa-
tion (13) is a general expression that can be applied to estimate
the phase precision, given the expected misregistration and the
squint angle for any airborne or spaceborne SAR platform. From
this point of view, itis possible to define an effective squintangle
containing the possible contribution of the MoCo term

8Ad>

4000 4500 00 5500
Stant Range (m

Bes(r) = arccos <COS Br) + 5 (24)
.,

leading to a more compact expression for the phase bias:
Fig. 2. Phase ramp within the range IRF due to the range update of the motion
compensation phase function as a function of slant range position. A7
d)bias =

A

range position. For the interferogram generation, it was assunigguation (15) shows that the interferometric phase bias coming
that the azimuth filters of the two images were centered on tfrem this effect can be considerable in some situations, limiting

Arpmis - (1 —cos Bey(r)). (15)
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Fig. 3. IRFinrange for the three corner reflectors focused with unmodified processor filter function. The near, middle, and far range coansifrefieleig. 1
have been selected for representation.

seriously the performance of the interferometric technique. 1% of a range sample), induced for example by topographic
Appendix B, this investigation is confirmed also with distributedhanges in the scene over range, the corresponding phase bias
targets and the effects of squint on the estimated cross-correl@uld reach 120, approximately. If not corrected, this trans-
tion (coherence) are derived. lates into height errors of 10—20 m depending on the radar look
angle. Section IV of this paper presents two methods to correct

B. Airborne Example for this error.

For the parameters of the E-SAR system of DLR (Table I), Itis worth noting that in the azimuth direction, the phase ramp
15° of squint and a misregistration of 15 cm (corresponding @efined by the first exponential term of (6) is less critical from
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A A. Modification of the Azimuth-Compression Filter for Phase
Ramp Cancellation

In Section Il, a general expression for the SAR impulse re-

sponse function has been derived, which takes into account the

i phase ramps that exist in both dimensions of the data. As was

Phase ==—=n mentioned, responsible for the range ramp is the azimuth-com-
pression filter applied in the last step of the processing, as well

as the motion compensation term in the airborne case. In order

N\/\ to prevent the appearance of this ramp, which has consequences

N

even in cases of very small misregistration, a modified version
of the filter of (5) including a factor defined &, is proposed

N3 PRASEY = -%75'(’2 + AP (1 —cos By ))

2
H,.(7, fo) =exp —j?c'r- cos 3, — 1—<)\fa>

Fig. 4. Phase bias in the presence of misregistration and spectral shift. A

6
the misregistration point of view, since itis considered that both (19
images are correctly coregistered in this coordinate. This is udibis filter can be very useful to control the behavior of the phase
ally the case of a single-pass interferometric system like E-SARMp in range. Indeed, following the same considerations as
where the positions of both antennas are known very precisdly.Section Il, the expression of the impulse response of (11)
changes to
C. Spaceborne Example

In the spaceborne case, the effective squint is determined4ayr, t) =C - s,.(7 — 7o)
the attitude of the spacecraft and the Earth’s rotation and cur- ¢ tan B(ro)
vature, whereas the attitude of the spacecraft can be steered to "Sa <t - S— (T = TO))
eliminate the effect of rotation and curvature to a great extent A
[26]. Unfortunately, for the Canadian RADARSAT satellite, this " €exp [—jTTo Cos /34 -expj2m fe(t — to)]
cannot be performed and the effective squint can become rel- . )
atively large [27]. In case interferometry is performed with a rexp[=52m fo - (cos fig = cos fes(ro)) - (T = 70)].
range misregistration of 1 m and of effective squint, a phase (17)

bias of 2 occurs according to (15). For a baseline of 200 m, thjs . . - :
translates into a height error of less than 1 m. Thus, the effect%f inspection of (17), it is possible to conclude that the phase

the phase ramp in range is very small and can be neglectetﬁ"’wp |“n (rjanr?e, gwertlhby the Iastf extpor;entlal fun(_:ft_lon, C‘.’ﬂl be
this case. However, for an azimuth misregistration of 10% of yfgncetied choosing the correg factor for a specific squin

resolution cell, it can be shown that due to the range variatignqglg.ﬁef.(m)' Itis _|mportant to note that, as a re;ult of the
of the Doppler centroid imposed by a yaw angle dfr@erfero- modification of the filter, the phase that contains the information

metric phase errors as large a& 80cur from near to far range. of the range distance (first exponential) is also changed, being

This leads to height errors larger than 25 m in case of a bagéglt'p“teq b%the n_few fa:cctli)r. -I;EIS implies that th_e r;ﬁw Inter- d
line of 100 m. To correct for this error, many tiepoints spreat‘frome fic phase, It we To1low the Same process in the secon

over range or a much higher coregistration accuracy is requitjgbage' Is now expressed by

in the azimuth direction. An efficient algorithm which assures

this improved accuracy has been presented in [13]. bimt = _4;(7,1 — rg) - cos f3y. (18)
IV. METHODS FORINTERFEROMETRICPHASE BIAS

COMPENSATION Nevertheless, this factor can be taken into account during the

subsequent step of geocoding, so this scaling of the interfer-

This section presents two different possibilities to decreaggetric phase of the whole scene should not be considered
the effect of the phase bias given by (15). First, a modification Brmful because it can be compensated for.
one phase function (the azimuth compression filter) used duringsince the range phase ramp has been eliminated for a specific
the processing stage is proposed. Its main objective is to canggliint, it implies that the phase errors coming from misregistra-
the phase ramp, which exists in the SAR impulse response fugign have been removed for this specific squint value. However,
tion (see Section Il). The second option explores the idea of @$a general case, the effective squint angle could be char-
timating the range misregistration between both SAR imagegterized by an important variability along the range dimension.
to cancel out the errors in the case of variable squint in ranggdeed, if a range-varying factgk, was applied in (16), the in-
The first method leads to a scaling of the interferometric phaserferometric phase value would take the form
which must be accounted for in further evaluations, whereas the
second method needs the exact knowledge of any prior coregis- Ax
tration operations applied to the data. Pine = — (1 - €08 flg(r1) — 72 - cos Fy(r2)) (19)
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Fig. 5. IRFinrange for the five corner reflectors focused with the modified azimuth compression filter function. The near, middle, and far rengélectors
from Fig. 1 have been selected for representation.

introducing in this way an unknown phase shift that could nattained. The residual ramps are due to the range varying nature
be recovered during geocoding, where the distapd®as to be of the motion compensation, which could not be accounted for
found frome¢y,; [see (20)]. precisely for all corner reflector positions.

This filter has been applied to the X-Band E-SAR data and the
result on the range IRFs of the corner reflectors is displayedfa Precise Geocoding Based on Estimated Misregistration
Fig. 5. In this case, the applied value/®fis 2.3 (combination  The limitations of the previous method are twofold. First, the
of real squint and MoCo term) and constant since the squint wiigr cannot be updated for each range position as explained by
considered to be the same for all range positions. An importgB). Second, it is not possible to choose the best filter for all
reduction of the range phase ramp for all the targets could &gimuth positions. This is due to the fact that the modified filter
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is applied in the azimuth spectral domain, but the MoCo term is Antenna 2
variable also in azimuth. (slave)
Another method to compensate the phase bias is described in Antenna 1
this section, trying to avoid the previous limitations. The con-  (master)
cept is different from modifying any filter of the processing L]
chain. This technique is directly based on the values of the cal-
culated interferogram and therefore, it is suitable for integration
into the geocoding part of the processing without changing the
processor phase functions. Starting from the unwrapped inter-
ferometric phase, we will show that it is possible to estimate
with a certain degree of precision the actual misregistration be-
tween both images and, in this way, remove the phase bias re-
lying on the expressions obtained in the Sections Il and Il
The process of relating the measured interferometric phase to
a position and height on the Earth’s surface is generally called
geocoding [28], [29]. One of the first steps of this process COF—‘Fg. 6. Interferometric geometry for improved geocoding with the iterative
sists of computing the distaneg between the target and theapproach.
second antenna (slave antenna) of the system, starting from the

interferometric phase valueunwrapped [12] and with the flat- of the residual misregistration. Hence, we can compute the inter-

Initial solution

’

New position

Earth term ferometric phase bias based on its relation with misregistration,
Ao given by (15). Obviously, the knowledge of the phase bias is ex-
T2 =71+ o (20)  tremely useful, since it gives a much more accurate estimation

] ) of the correct interferometric phase. Actually, this process can
With the pair of values , 2, the radar/Earth geometry must beye implemented directly o, since its relation with the phase

solved in order to find the position of the desired point (see Figepends only on the well known factér /. In this way, the
6). The problem is that any possible error in the interferometrigrected value for this distance is

phase is propagated to the distance by means of (20). The

computed value of; is degraded as long as a phase bias exists, T2, corr =12 — ATpis - (1 — cos B p(12)). (24)

and then the final position and height of the geocoded point

can contain an error of several meters in the squinted case (§&8e misregistration estimation is accurate, then the new value

Section IlI-A ). of 5 is also more precise and consequently, the final geocoded
However, with this erroneous estimation+gf it is possible position is improved (see Fig. 6). Indeed, it is possible to check

to obtain an initial guess for the position of this point in thef the modification is correct by applying again (21) and (22) to

second image, after the coregistration process. The techniqugh®new distance. Then, the process becomes iterative until the

be presented here is based on the estimation of the misregisfaues of the misregistration and the phase bias agree with each
tion. The main point is to know the value of other

ATrnis =T7T1—72ac (21) T2,n4+1 = 72,0~ {Tl _fcoreg(TQ, n)} (1 —COs ﬁef(T?, Tl)) (25)

where the subindexc stands for “after coregistration.” Thewheren is the iteration number. The iteration would be finished
variableAr,,;s, which ideally should be zero, is the actual diswhen the second term of (25) is lower than a certain threshold. A
tance between the position of both impulse responses when Iheck diagram of the proposed technique is depicted in Fig. 7.
interferometric channels are combined. On the other hand, fhlge operations to be performed within the first iteration step
coregistration functiory.,,.., that has been applied before theare presented on the left hand side, while the complete iterative
interferogram formation must be considered perfectly knownscheme is detailed on the right. This correction, indeed, could be
applied also in conjunction with the filter of (16). In that case,
72, ac = feoreq(72). (22) (24) and (25) should take the new factgy into account, as
corresponds to (17).
As an example, for the scaling properties of the ECS algorithm,

the coregistration function is expressed by C. lterative Method: Simulation Results
In order to test the performance of the iterative method of
fooreg(T) = - (r —7pe) + Trep2 (23) the previous section, E-SAR data have been simulated with the

system parameters of Table I. The purpose is to have available
where« andr,.. are the scaling parameters of the ECS alga: set of data with much higher squint values, i.e., with an im-
rithm, andr..z» is slightly different fromr,..; because it con- portant spectral shift and corresponding interferometric phase
tains the term which accounts for the coarse coregistration. bias. The simulation has been performed with a high variability
The important idea of this method is that it is possible to subf the squint angle from near to far range (from 7.8—-1)L.Bhe
stitute the first position of; into (21) and (22) to get an estimatedeviations from the nominal track have not been included and
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Fig. 7. Block diagram of the correction procedure. Left side: one iteration. Right:sierations.
TABLE I
MISREGISTRATION AND PHASE BIAS FOR SIMULATED POINT TARGETS
Range mis-registration (m) [ Theoretical Phase Bias |  Detected Phase Bias
Target l (deg) Srom Simulation (deg)
PO -0.060 m 13.36 l -12.39
Pl -0.118 m -38.86 -39.64
P2 -0.088 m ‘ -35.18 -32.49
|

therefore, there is no contribution of the MoCo term to the phatiee point targets within the swath (Fig. 9). The resulting height
ramp in this case. The data contain point targets in near, mid ardors are in the order of 20 cm in the worst case (pBi2t The
far range, located in the same zero-Doppler azimuth positiorresult of the iteration gives a very precise estimation of the errors
The interferogram has been formed after a coregistratigenerated by the combination of squint and misregistration.
process based on the range scaling properties of the EC®s can be noticed in Fig. 8, the method converges very fast;
algorithm and therefore, the function to be considered durimgthis case one iteration would be enough. The reason can be
the iterative method is the one expressed in (23). The simulafednd in the fact that a linear function for coregistration (23)
point targets are located at a local height of about 600 fmas been used with coefficients that assure the convergence. In
whereas the scaling parametetsandr,.. ¢, for the coregistra- Appendix C, the analysis of this aspect is derived.
tion step were calculated for a terrain height of 400 m, in order
to simulate the effgcts 9f th_e unknown _elevation (.)f th.e observ%(_j Iterative Method: Results with Airborne Data
area. The misregistration in every point target is displayed In
Table Il, as well as the phase bias detected in the simulationThe validity of the iterative approach has also been checked
in comparison to the expected theoretical one. As we chy means of the E-SAR airborne data (Table I). For these data,
see, the detected bias reaches high value¥)(#hich would the targets are characterized by a noticeable phase ramp in
correspond to a maximum height error of approximately 4 mrange, as shown in Fig. 3. This phase evolution, in combination
After employing the proposed method with three iterationsyith a specific misregistration, leads to the interferometric
we have obtained the phase bias estimations shown in Figol&ase bias mentioned above. In this case, the reflectors are
expressed in degrees. As we can see, they are in agreement leithted in a nearby position in range, so in order to make
the theoretical ones predicted by the equations derived in thigdent the different bias in each of them we have imposed
paper (Table II). In this way, the estimated phase error can adlifferent misregistration fror?0-P4 (see Table Ill). (The
subtracted yielding a high reduction of the phase bias for aéiflectors have been callelti from near to far range, with
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1st 2nd 3rd TABLE Il
-5 MISREGISTRATION PHASE RAMP, EXPECTED BIAS, AND DETECTED
BIAS FOR EVERY GROUND CONTROL POINT
515 -13:25 '-1'3?38' -1;38' ' \
Q ’ . : —— PO Phase Ramp (deg/m) | Expected Bias | Detected Bias
T Target | Mis-registration (m) | (Squint and 2 Order ‘ (deg) (deg)
@ o5 b —l- P1 MOCO) |
PO -0.692 18.04 -12.48 -13.68
[ —
2 -34.53 -35.12 3513 | |TA=P2 P 0,348 1876 ‘ -6.53 711
.35 A e e s e e - P2 0 19.39 } 0 -0.17
-3.8? - — e = — P3 0.357 19.94 7.12 7.00
45 . -38.84 -38.85 P4 0.722 20.44 \ 14.76 14.63
Iterations
Fig. 8. Interferometric phase bias estimated with the iterative method for the 20 146

simulated point targets (three iterations).
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Fig.10. Interferometric phase improvement obtained with the iterative method
40 T a8 o for the five corner reflectors.
-50
PO P1 P2 .
cells has not affected the convergence. The theoretical explana-

Fig. 9. Interferometric phase improvement obtained with the iterative meth(t)lt?n is shown m_Appendlx _C' .

for the simulated point targets. As a conclusion to sections C and D, we point out that the
theoretical method based on the estimation of the misregistra-

) ] ) ) tion has successfully shown its validity to improve the results

¢ =0,---, 4). As we see, the misregistration if0 and P4 1 o1y in a simulated scenario but also with data coming from

reaches the value of approximately 25% of the resolution cgll operative system like E-SAR.

(3 m). In the same table, we also represent the values of the

phase ramp for every point (2nd column) and, from them, the

expected bias predicted by the theoretical formulation of (27) V. CONCLUSIONS

(3rd column).

It is important to note that, in order to carry out an accurate In this paper a complete SAR signal analysis from the inter-
study of only this source of error, neglecting the other possibiierometric point of view has been developed. The formulation
contributions, it is necessary to compare the results to the omesludes the effect of the squint angle in the SAR impulse re-
obtained in the perfect coregistration case. With this purposgponse function, as well as other terms coming from the motion
another interferogram with exact coregistration for all point tatompensation step during processing of airborne data. The pres-
gets has been formed. After the detection of the phase valégge of a phase ramp in the range direction has been pointed out,
for every reflector, the biased values shown in Table Il (4ths well as its consequences on the interferometric technique for
column) have been found. They are in good agreement with thie- and spaceborne SAR platforms. In particular, it has been
expected ones. The next step is to use the iterative approacbtiown that a noticeable phase bias exists in the presence of
order to correct the phase bias. Also in this case it has been foumigalignment between both images in the squinted case. This
that one iteration is enough for reaching a good estimate of thias reduces the capability of the interferometric technique to
theoretical bias. After subtracting the estimations from the atrieve the correct topographic information, especially for air-
tual bias, the accuracy shown in Fig. 10 has been obtained. A& ne sensors.
one can see, the bias in all the control points has drastically beeim this work, two new methods for the reduction of this kind
reduced, from-13.68 to —1.14 in the worst case. of limitation have been presented theoretically and evaluated

The performance of the method, which is applied pixel byy means of simulations and real data from the E-SAR system.
pixel, is also accurate in areas with no strong point-like corn&@hey overcome the problems related to the squinted geometry
reflectors, since it is based on the phase itself and not on theaed reduce the strong requirements on range coregistration ac-
flectivity. For those pixels where the interferometric phase conuracy. Actually, the accuracy of range coregistration should in-
tains a high level of noise, the importance of this correction derease proportionally to the squint angle, which is not feasible
creases since the squint effect represents a minor impact in cdram a practical point of view. Indeed, perfect coregistration in
parison to the high decorrelation. Thus, it would be reasonallnge will never be possible prior to the geocoding step in case
to mask these pixels in order not to apply the correction. In thi® external DEM is available. Therefore, the two methods for
test with real data, the presence of noisy values in shadowgthse bias compensation presented in this paper are of extreme
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importance for improving the accuracy of DEM generated bpdeed, (A5) describes a linear behavior with respeci\tq
airborne SAR platforms in the presence of squint. which induces a linear phase ramp in range. On the other hand,
the first order coefficient in (A4) can be rewritten as

APPENDIX A tan /3
TAYLOR EXPANSION OF AZIMUTH-COMPRESSEDPHASE $1 = _2WTA7’- (A6)

~ Ifthe azimuth-compressed signal [after the application of (Sihjs factor leads to a shift in azimuth time when transforming

is evaluated for a range time close to the IRF maximum, we g8k signal back to the time domain. Specifically, it is respon-

the following: sible for the shift of the sidelobes that can be observed in the
zero-Doppler image geometry. Finally, the second order term

Se(T = T0+AT, fa) imposes a quadratic phase evolution, which is
= G (P2 ) enplian ot 2 (M) 1
, $r=—""Ar- [ — : (A7)
2v /) cosd 3

A
2
- exp j4—7rA7’ 1—<)\fa> - exp [—j4—7r(7’0+A7’)} . Lo ) ) )
A 2v A Equation (A7) indicates a slight azimuth defocusing for those

(A1) parts of the signal not located at the range IRF maximum,
meaning that the range sidelobes are not properly compressed.

Nevertheless, it can be shown that for all known air- and space-

whereAr = 2-(Ar/c). In the squinted case, the Taylor expanborne SAR sensors, this quadratic phase factor is negligible for

sion of the square root of (A1) must be calculated around tBenall A» (main lobe).

Doppler centroid frequency. In this way, the filtered response

becomes APPENDIX B
EFFECTS ONCOHERENCE
ST =70+ AT, fu) = Co - 5:.(AT) - w, <f“; fc) In Section lll, it has been shown that the squint angle, com-

) ' bined with misregistration, introduces a range dependent phase
~exp[—j27 fato] - exp[j®]  (A2) pjas of the interferometric phase coming from a point target.
However, in a real case, most of the natural surfaces that can be
where the phas@ can be expressed by a second order polynebserved by a SAR sensor are formed by resolution cells with
mial a continuous pattern of scatterers, distributed in a specific way
on the ground. That is the reason why the phase for every point
= o+ ¢1(fa — fo) + b2(fa — f2)? (A3) inaninterferogram has been traditionally considered a random
variable, with specific mean and absolute deviation values [21],
and the three coefficients are [30]. Hence, itis possible to derive the concept of coherence and
phase bias.

In order to extend the results obtained with point scatterers by
means of it, one can only assess the effects on the phase bias. It
is useful to compute the statistics of a more complex resolution
cell, obtaining in this way the changes in the interferometric

A2 coherence.
<_> Je The geometry for the calculation of the cell statistics is shown

) 3 in Fig. 11. It is considered that both antennas receive the scat-
1— <)‘f0> tered field from the same resolution cell, which consists of uni-
formly distributed and independent scatterers. Under these as-

A\ 2 sumptions, the cross correlation between the received fields for
<_> that specific pixel is traditionally considered to be [24]
27 2v
P2 = — —Ar . (A4)
A VRS 3/2 . Ar
1_ fc <31'82>:Ol'02'exp |:—j7(7>1—7>2):| ./0'0
2v
Ar .
- exp |:—]T(Sln 61 — sin 62)(y — yo)}
With respect to the constant term, it shows that the presence of . .
the squint induces a change on the phase of the response in a ~sind(y — yo)/Ry1) - Sind(y — wo)/Ry2) - dy
point located at a distana&r from the peak (B1)
Ar where

¢o = —~-(ro+Ar- (1 —cos 3)). (AS) () expectation operator;
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where

; look angle for the antenna positien

0 average;

W available bandwidth.
r2 Expression (B4) considers the well-known spatial or baseline
decorrelation [23], [32], [33], which appears due to the different
point of view in the two acquisitions, but in this case the factors
coming from the exact impulse response expression have been
included.

The next objective is to find out the consequences of a specific

misregistration. It is possible if we take into account a possible
errorr,,,;s in the position of one of the two fields

> y (ground range)

7 (slant range) <3(Tl) . 3(72 _Tmis) >

- A
Yoo yy =C;-Cy-exp [—JT(H—W)} '/00
Fig. 11. Geometry for the calculation of the interferometric statistics. dn

- exp [—j—(sin 61 —sin 82)(y—1wo) cos /364
S . A
R, andR,, resolutions in ground range for each image;

o0 mean absolute deviation of the scatterers re- - exp [j4—7r(1—cos Be £)Ymis sin 92}
flectivity function v (o0 = (v(y)?)); _ A _
CiandC,  arbitrary complex constants. -sind((y—yo)/By1) - SINA(y—yo—Ymis)/ Ry2) - dy

(BS)
However, our goal is to study the effects of the phase ramp in

range, so (B1) must be modified in order to include the corrégerey, ... is the displacement in ground range. By means of
expression of both impulse response functions in this case (B5), and defining the misregistration in slant range as

. 2 .
si(t)=C; - /¢(y) - sinc <7‘ — E(Ti + Ay - sin 9)) AT i = Yrmis - Si1L O (B6)
Am )
- exp [—JT(W + Ay - sin 9)} it is shown that the last exponential term of (B5) introduces the
. following bias to the interferometric phase:
- exp [—jy(l —cos fey)
4
(G-t avsn)]-a (@2 Prion = 3 A (005 ) 0

. - L which is the same as the one found in the point targets case. On
wheres IS the reﬂegtmty function in ground range. The Ias{he other hand, by developing (B5), it is possible to show that
exponential term is introduced to account for the phase aMRe misregistration introduces a degradation of the coherence,

Therefore, the cross correlation results in as it has been demonstrated in other works [22], [25].
S(T1) - S{(T2 *
() - s(m2)") dn APPENDIX C
=C1-Cy-exp {—jT(rl — 7’2)} . /O’o CONVERGENCE OFI TERATIVE METHOD

A7 The iterative formula described by (25) can be written as
- exp [_‘jT(Sin 61 — sin 62)(y — yo) cos /Jef}

-sind((y — yo)/Ry1) - SINA(y — y0)/Ry2) - dy  (B3) T2, 41 = 72,0 — Az (C1)

where; is the time measured at the center of the ¢ell=  whereAr, ,, is defined as the applied correction, withanging
2r;/c). The only difference from (B1) is the existence of the efyom 0. Its value is expressed in terms of the previous itera-
fective squint angle in the exponential term. It is important tgon as

note that we are assuming that the squint angle is the same for

both acquisitions, so there is no decorrelation due to differeqt

Doppler centroids [31]. That leads to a small change in the co- 2t {ri = Jeorea(ra,0 = Arz )} (1= cos fes (o 2(’8)2))

herence of the resolution cell, which can be calculated after nWﬁere we have considered that the variatioggfin the range

malization of (B3) of the correctiong\r, ,, is negligible since they are in the order
fo-|sin 6; — sin 6y of cm even in the presence of noise. Therefore, the series con-
y=1- W - sin 0 ~cos ey (B4)  vergence depends directly on the shape of the fungtign,,.
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In the case of a linear coregistration, as the one employed by thes]
ECS algorithm (23), (C2) converges to

A (14]
72,0
Argy oo = : C3
" 1—ca-(1—cos fer(r20)) C3) s
as long as the following condition is fulfilled:
[16]
Jev- (1 = cos e (ra,0))] < 1. (C4)

[17]

In this particular case, the final value of can be written as a
function of the initial interferometric phase from (C3) and (20) :
1

71 COS /3—1—%—(a-7’r€,f—7’ref2)-(l—cos Bey(r2,0)) [19]

1—a-(1—cos Bes(r2,0))

72,00 =

(9
In (CH), itis clear that the effect of phase noise is translated pro-
portionally into the corrected value of, but without affecting

the convergence conditions. Equation (C5) has shown to be vallg!
for the example with real data of Section Ill, where the condi-
tion given by (C4) is fulfilled. Moreover, (C3) shows that, for [22]
the specific values ak and . ; of that case, the subsequent it- (23]
erations after the first one provide no significant improvement.

In a general case, whef,,.., can have an arbitrary evolution
over range, (C2) should be studied specifically to determine this4]

requirements of convergence.
[25]
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