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Estimation of Azimuth Phase Undulations With
Multisquint Processing in Airborne
Interferometric SAR Images

Pau Prats and Jordi J. Mallorgdlember, IEEE

Abstract—This letter presents a technique to detect and cor-
rect phase errors appearing in interferometric airborne synthetic
aperture radar (SAR) systems due to the lack of precision in the
navigation system. The technique is based on a multisquint pro-
cessing approach, i.e., by processing the same image pairs with dif-
ferent squint angles we can combine the information of different
interferograms to obtain the desired phase correction. Airborne
single-pass interferometric data from the Deutsches Zentrum fiir
Luft- und Raumfahrt (DLR) Experimental airborne SAR is used
to validate the method.

<+ abuel

Index Terms—Calibration, interferometry, processing, synthetic
aperture radar (SAR).

. INTRODUCTION

URRENT airborne synthetic aperture radar (SAR) sys
tems record the platform movement to later carry out the
motion compensation durmg_ the processing. However, the pE{g_ 1. Reflectivity image of the Oberpfaffenhofen test site with the position
formance of such systems is not enough to meet the requiseall ten CRs marked and numbered in white (image in zero-Doppler geometry,
ments of subcentimetric precision. This lack of precision caocessing squint 3°).
lead to residual phase errors when obtaining the interferogram,

indu_cing therefore important height errors_in the final digital ek two subbands of the same processed image. The technique
evation model (DEM). Normally, these residual phase errors aps, pe applied to both single- and repeat-pass systems.

pear in the interferogram as low-frequency phase modulations].0 validate the proposed method with any loss of generality,

in azimuth, i.e., phase undulations. n:éli%rjrborne single-pass DLR’s E-SAR data will be used. The data

| tWe pr$ﬁent atthecgmlqbue a(tj)le tcir?etect and.corr?(iththese u respond to the test site of Oberpfaffenhofen, Germany, ac-
ations. The method IS based on the processing ot tn€ same fak e i, May 1998. The measurements were made in X-band

data with different squint angles. This approach can only be -6 GHz) with a bandwidth of 100 MHz and a pulse repeti-

plied to SAR systems characterized by a relatively wide ante % frequency (PRF) of 1000 Hz. The flight altitude is 3000 m,

beamwidth, as is the case of the Deutsches Zentrum fir Lu : :
und Raumfahrt (DLR) Experimental airborne SAR (E'SARﬁ'bd the velocity of the platform is 82 m/s. The radar look angle

hich all ¢ ttitud iati durina the data tak aries from 30 up to 60°. Moreover, the test site contains ten
which allows strong attitude variations during tn€ data taxe Wit o reflectors (CRs) deployed on the ground, whose positions

no impact on the final processed image. However, a second s perfectly known. As they are spread over different azimuth

tion for systems with a small beamwidth based on spectral div%rﬁ range positions, they provide an excellent tool in order to

sity [1] is also feasible, where both interferograms are generaté-:t ify the validity of the method. Fig. 1 shows the reflectivity
image of the considered area, with the ten CRs highlighted and
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Il. MULTISQUINT PROCESSING —-1007

grees)

When processing raw data of systems with a wide antenn:g i
beamwidth, a presumming step (i.e., filtering and subsamplingg -150 -
[4]), typically of factor four, is carried out to reduce the azimuth © !
bandwidth. Thus, it is possible to select the azimuth band to be§
processed (i.e., the Doppler centroid) within a relatively wide §
margin. In fact, we can choose any squint, taking into accounig I
that if we choose one different from the mean squint angle of thﬁEiU -2501 ‘ : ‘
data take, the SNR will decrease and there may appear gho —1000 —300 0 500 1000
responses in the image. This is important to allow combining Along track (m)
images processed with different squints. For instance, with thg 5 phase error of all ten CRs versus azimuth position.
validation data, the raw data lie approximately between the in-
tervals of (-310 Hz, 690 Hz) at near range and1(80 Hz, 820
Hz) at far range. This allows to perform a constant-squint pr'gngge with several squints, a fact that, though feasible, not very
cessing with a bandwidth of Baz 250 Hz centered on the €fficient. . _ .
frequencies between (150 Hz, 400 Hz)—squint d&ait any So, |ns'tead of using CRs, we can use highly coher(_ent pixels
point of the swath, maintaining still reasonable SNR and amtfom the interferogramwhich do not have to necessarily con-

-200

guity suppression. tain CRs The solution consists in the generation of a differential
interferogram in order to compare the phase values of the dif-
A. Estimation of the Phase Undulations Using CRs ferent squint processed interferograms (we could, for example,

. ) subtract an interferogram processed with a squint of two to an
The data have been processed with different squint anglgge ferogram processed with a squint of four). The phase of

ranging fro_m— .10 to 80 (note thata d?fferent squint ang!e meangach pixel represents the phase difference, related to the deriva-
a certain pixel is b_elng seen from different track positions). Thg,o ot the phase undulations. Furthermore, each pixel has been
computed phase in all ten comer reflectors has been correcigdo e from different azimuth track positions depending on
using the suggested method in [5] and [6], which modifies thge gejected processing squint. If we compute the differential

a2|muth compression filter to cancel the phasg ramp inrange fifase and divide each range line by the distance between both
a given squint (normally equal to the processing squint). Aftelmetries, we will obtain the derivative along azimuth. There-

the Correction, the _resulting phase errors (defined as t.he COd¥e, after integrating the phase of this differential interfero-
puted interferometric phase minus the theoretical one) in all ta%m we will obtain the desired phase correction in the mid

corner reflec_tors are s_h_own in Fig. 2, where thaxis repre- point of the track between both geometries.
sents the azimuth position from where the corner was seen by

the platform, being zero the center of the track. It must be not&d

that processing with a squint angle different from that of the’

data take reduces the SNR, but for the case of CRs the responsé better understand this technique, an analytical approach is

is still Strong enough to provide a phase with good qua“ty preferrEd. We are ConSidering azimuth ComprESSion is carried
Several comments can be made about Fig. 2. First of all, @&t by means of a matched filter tuned for every range bin. With

can note a linear error along range, typical in airborne platforrifys assumption, the interferogram phase is given by

due to inaccuracies in the calibration of the system. The correc-

tion of this error will not be treated here, as it is well explaineg, — _4m (11— 72) + 27 fe At — 21 fo - (1 — cos (Begt)) - AT

in other sources [7], [8]. The second observation is the phase un- A 1)

dulation. If the navigation data had no errors and the_prOCESWereﬂ, is the Doppler-centroidAt is the registration error in
were well tuned, all QRS should show no phase variations aloQQimuth;fo is the carrier frequencyi.q is the effective squint
az!muth. Howevgr, Fig. 2 does show the presence of these phﬁ‘ﬁ&le as defined in [5]; and T is the registration error in range.
azimuth undulations. One can note that all the comers havgg, first term in (1) contains the useful information, and the
S|m|I§1r behavior along azimuth (same local denvatlve.). . second and third ones are phase bias due to registration errors
A first approach would be to compute the local derivative Qi esponding to the phase ramps in both azimuth (second term)

Fig. 2 for each CR. This way, we can average the derivatives gy 1ange (third term) dimensions. Note that we have not used
different CRs that correspond with the same along track POl modified compression filter commented in [5] and [6] be-

tion. After integrating we get an estimation of the phase undUéuse in that case the first term would not be cancelled when

lations in azimuth. As we are computing the local derivative, o e rating the differential interferogram, as it would be multi-
is not necessary to know the absolute phase of the CR. plied by a different factor

) ) ) ) In the case of a single-pass system, although both channels

B. Estimation of Phase Undulations Without CRs can be coregistered in azimuth in a precise way, as the accu-

Although the solution expounded before can correct theszcy in the measurement of the position of both antennas is

phase undulations, it has several disadvantages. In first placet, perfect, we are having a residual motion error that induces

there should be several CRs spread along the image and in diffinal registration error in azimuth, which causes the phase
ferent azimuth positions, and second, we should process thelulations.

Implementation Issues
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After obtaining two interferograms processed with different
squints (e.g., four and two), we must adjust them to the sames
zero-Doppler geometry. Afterward, if we subtract their phasesZ
(i.e., we are generating a differential interferogram) we obtain

bait (x, 7)
=27 - fCA . AtA (L 7‘) — 27 - fCB . AtB (.Z’, ’I‘)

= 2mfo - (1 —cos(fema (2, 7))) - ATa (2, 7) ~1000 500 0 500 10_00
+ 27 fo - (1 — cos (Bet (z, 7)) - At (2, 7)  (2) Along track (m)

egrees)

Phase correction

—60F

wherezr andr are the azimuth and slant range positions, respé-'dg. 3. Estimated phasg undulgtions for midrange computed with CRs (solid)‘,
tively: th bscriptst and B refer to th di int the proposed method using squints 4 and 3 (dashed), the proposed method using
Ively; the subscriptst an r_e ertthe correspo'n Ing In er.'squintSSandZ(dashed—dotted), and the proposed method with spectral diversity
ferogram; and we have considered the registration error migiht 3> squint processed image (dotted).

be different in each interferogram. We are only interested in the

first two terms, but we still have a phase bias due to a differeffe results as they just represent a few pixels in the single-look
phase ramp in range in both interferograms (third and fo“@&mplex (SLC).

terms). However, it turns out that for low squint angles and small

registration errors in range, these last two terms are small com- Algorithm Accuracy

pared to the fir_st two and, th_eref(_)re they can be discgrded. Fo.rl'he algorithm accuracy can be estimated starting from the
the case of using spectral diversity, the phase ramp in range Sll-known formula for the standard deviation of the phase

the same and thus these phase bias are cancelled. Takingxhgn the number of looks is equal or greater than four [9]
into account, the differential phase for one given pixel can be q 9

rewritten as 2
oy = [ 11— ©)
. - 2
Paifr <M;$0; 7“0> 2- N 1l

2

= ¢ (za;20, 10) — I8 (TB:T0, T0)  (3) where Ny, is the number of looks, ang is the coherence. As-
suming both processed interferograms are statistically indepen-

where¢ 4, and¢g correspond to the phase error of each intepent (this can be assumed only when there is no overlapped
ferogram related with the registration error in azimuth, apd spectra between both interferograms), the standard deviation of
ro represent the position of the pixel in the image. The valu#3e differential interferogram becomes
x4 andx g correspond to the beam-center position of the track
for each processed squint. Each differential phase value is as- O baise = V2. ¢ (7)
i?rrr]:gti?ntl;]v?llrglg sss;ltgjn between both geometries, where tarllr?d the standard deviation of the derivative

Averaging is required because the obtained differential phase . (r) = O paiss @8)
is very noisy. The best approach is to average the normalized Paeriv Az (r)

complex samples masking non valid points by means of a co- | he further th .
herence threshold. However, as a first step, it is recommendddft IS 10 say, the further the separation between processed

to convert the differential interferogram to a beam-center geoﬁguints, the lower the noise in the differential interferogram, and

etry as the phase differences, for a given azimuth position, élpg better the performance of the algorithm. It must be noted that

almost constant throughout range in this geometry. This shOL'JfJ(ﬁhe separation is too large, we might not detect rapid varia-

be carried out by using the mean squint angle between both ptr'8f,ls’ and also we migh_t obtain a noisy wrapped phasg in (3),
cessed squints, andp. A large multilook factor in the range wh|ch would b_e quite difficult tq unwrap. In the next section we
dimension is preferred. To finally obtain the phase derivative Wd!l Show the importance of this fact.

divide the phase by the distance between both acquisitions ge-
ometries given by [ll. EXPERIMENTAL RESULTS

The proposed technique has been validated with data from
Az (r) = (tan (B4) — tan (85)) - r (4)  the E-SAR. Fig. 3 shows the computed correction for midswath
using the CRs (solid), the proposed method with squints 4
and 3 (dashed), the proposed method using squints 5 and
cﬁﬁdashed—dotted), and the proposed method using spectral
" paigt (,7) diversity (dotted). In the last three cases, a multilook window
bundu (2, 1) = / T@dﬂv +C (5)  of 20 x 80 (azimuthx range) has been used with a coherence
threshold of 0.8. As already commented, the large multilook
wheregq;s is the phase of the differential interferografm,q,1  Window in range can be applied as the phase differences occur
is the computed phase undulations; @i an unknown phase along azimuth and depend only slightly on the range dimension
offset for the whole image. Note that the CRs do not influence in a beam-center geometry.

wheref 4 is the large squint andg the small one. Afterward,
we have justto integrate to obtain the phase azimuth undulati
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30

preferred. In principle, there is no prior way to know how fast the
undulations will be, so a small separation should be chosen, with
the option to increase it to reduce the noise. Results have shown
that a separation between both processed interferograms of ap-
proximately T, in combination with a large multilook factor in
range, can detect in a satisfactory way the undulations.
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IV. CONCLUSION

A new technique for the estimation of azimuth phase undula-
tions without the need of CRs has been successfully validated,

Fig. 4. Standard deviation of the phase error for each CR before and al%!lrowmg the obtamlng of better qua“ty DEMs. This method

having applied the corresponding corrections.

P9

PI P2 P3 P5 PG

Corner Reflectors

P8

can detect and correct phase undulations appearing in interfer-
ograms due to uncompensated motion errors in systems with a
wide antenna beamwidth by combining two full-resolution in-
terferograms processed with different squints. In the case of sys-
tems with a smaller azimuth antenna beamwidth, each SLC can
be split to generate two low-resolution interferograms and af-
terward apply the algorithm.

ACKNOWLEDGMENT

The authors wish to thank M. Bara for useful discussions and
to the Deutsches Zentrum far Luft- und Raumfahrt (DLR) for
supplying the E-SAR data. They would also like to thank the
anonymous reviewers for their comments and suggestions.

REFERENCES

R. Scheiber and A. Moreira, “Coregistration of interferometric SAR im-
ages using spectral diversityEEE Trans. Geosci. Remote Sensivg).

38, pp. 2179-2191, Sept. 2000.

A. Reigber, “Correction of residual motion errors in airborne SAR in-
terferometry,”IEE Electron. Lett.vol. 37, no. 17, pp. 1083-1084, Aug.
2001.

M. Bara, J. Andreu, R. Scheiber, A. Moreira, and A. Broquetas, “Inter-
ferometric phase corrections during squinted-data geocodingfdo.
EUSAR Munich, Germany, May 2000.

(1]

Fig. 5. Detail of the original phase of the interferogram where the azimuth [2]
undulations are (left) noticeable and (right) detail of phase corrected with the
proposed method using squints 4 and 3.

[3]

As it can be noted in Fig. 3, the proposed method matches

quite accurately the curve obtained with the CRs. The stan-[4]

dard deviation of the phase errors for each CR for all processed
squints (from—1 to 8) after having applied the three corrections [°]
appears in Fig. 4. For squints 4 and 3 and with spectral diversity
[1], we can see how their phase error along azimuth has been rge]
duced. In Fig. 5, we can observe a detail of the phase before and
after the correction. The technique has been able to correctly
compute and reduce the phase azimuth undulations. Note that]
with the system configuration of the E-SAR in X-band, an error
of 50° translates into height errors of 3—7 m depending on the[B]
radar look angle.

In Fig. 3, we can see how the correction computed using[gl
squints 5 and 2 does not follow the variations of the undulations
fast enough, and therefore, in this case a smaller separation is

D. Massonnet, F. Adragna, and M. Rossi, “CNES general-purpose SAR
correlator,”IEEE Trans. Geosci. Remote Sensiv. 32, pp. 636-643,
May 1994.

M. Bara, R. Scheiber, A. Broquetas, and A. Moreira, “Interferometric
SAR signal analysis in the presence of squitEEE Trans. Geosci.
Remote Sensingol. 5, pp. 2164-2178, Sept. 2000.

M. Bara, P. Prats, J. J. Mallorqui, and J. Lopez, “Validation of SAR
interferometric phase corrections in the squinted case for DEM quality
enhancementfEE Electron. Lett.vol. 38, no. 22, pp. 1380-1381, Oct.
2002.

M. Bara, “Airborne SAR interferometric techniques for mapping ap-
plications,” Ph.D. dissertation, Dept. Electromagnetics and Photonics
Group, Univ. Politecnica de Catalunya, Barcelona, Spain, 2000.

J. J. Mallorqui, I. Rosado, and M. Bara, “Interferometric calibration for
DEM enhancing and system characterization in single pass SAR inter-
ferometry,” inProc. IGARSS2001, pp. 404-406.

E. Rodriguez and J. M. Martin, “Theory and design of interferometric
synthetic aperture radarsPtoc. Inst. Elect. Eng. Fvol. 139, no. 2, pp.
147-159, Apr. 1992.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


