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pul ses. These pulses are froma relatively smal]l antenna on a noving

platform As Fhe appligetignis asoridnuatina ip patrafdl poRateshend detemark KuLg%y| ses i s
coher - endgp¥ic&aHS e U0,D96, 246, kiRd A utBfobidMetRHOBAHH ¥R SoBshive Paranidber

Dul'ses. al LG EE AT e R e oBr: AL B A ek D UV ar r ay. -

Theor et idcfalrloy, duri r.lg the array, anplitude afs wel | as phase information

br eserved. | ToBaetion i mBl i GonaRlsrglory il CARRRR NGRS 30005 -
t he coher®n¢-0d80mwarded glﬁ the Departmenl of theiAirdrdce nEaeGevernmentr ksspriaint hi n each

range rights in this invention.
BACKGROUND OF THE INVENTION
FIELD OF INVENTION

This invention is in the field of autofocus methods for search (swath) Synthetic
Aperture Radar (SAR) imaging. ‘

Description of the Related Art

Synthetic Aperture Radar (SAR) is used for ground mapping as well as tar-
get identification. The general principle behind SAR is to coherently combine the
amplitude and phase information of radar returns from a plurality of sequentially
transmitted pulses. These pulses are from a relatively small antenna on a moving
platform. As the platform moves, the information contained in the pulses is coher-
ently combined to arrive at a high resolution SAR image.

The plurality of returns creating a SAR image generated by the transmitted
pulses along a presumed known path of the platform make up an array. Theoretically,
during the array, amplitude as well as phase information returned from each of the
pulses, for each of many range bins, is preserved. The SAR image is formed from



bin, notion conpensated for spatial displacenent of the noving platform
during the acquisition of the returns for the duration of the array. The
clarity of a SARinmage is in many respects dependent on the quality of the
nmot i on conqerwabisews applied to each radar return prior PCEUSARNIBe conput a-
tion. Mdtion conpensation shifts the phase of each radar sanple (typically
an |+ jQ conplex quantity derived froman analog to digital converter) in
accordance with the notion in space of the noving platformwth respect to
a reference point. The SAR inmaging process depends on the coherent, phase
accurate summ ng of all radar returns expected within an array. For certain
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duces i mag@enst bkt withRodhdgpl |y unlinmted Iength by maintaining a fixed
azimuth antenna orientation during a SAR data collection period, or array.

Unli ke spotlight nobde that typically produces inages oriented in the
range- azi nut hFati cegtain applicstéms che aconceyf diumetion cagemsatioreddrddd iphadehe al ong

track andco?ﬂp%ﬁ%t&orn%lig& t& Qécihquaruﬂ7 D sample is insufficiently accurate. For better
phase alignment accuracy autofocus (AF) methods are used. Autofocus (AF) methods
typically use information contained in the radar returns of the SAR data itself in an
attempt to phase align radar return samples to accuracies better than those available
from motion compensation alone. Estimated phase error derived from collected SAR
data is applied to the motion compensated SAR data to improve the resulting SAR
image. This SAR data driven approach for phase error estimation and compensation
is generally referred to as autofocus (AF).

In addition to the spotlight mode, SAR radar can also be operated in the search
(swath or strip) map mode. Spotlight mode produces two dimensional images of lim-
ited size of a limited area by steering the antenna beam to the center of the map
(image) center for the duration of a frame (or array). Conversely, search mode pro-
duces image strips of theoretically unlimited length by maintaining a fixed azimuth
antenna orientation during a SAR, data collection period, or array. Unlike spotlighlt
mode that typically produces images oriented in the range-azimuth direction, search
mode produces images oriented in the along track and cross track direction. Un-
compensated platform motion during search mode results in image smearing in the
azimuth direction caused by pulse data that affects azimuth response. Because target



conpensated platformnotion during search node results in inmage snearing in
the azinmuth direction caused by pul se data that affects azinmuth response.
Because target WO 2007/075198 PCT/ US2006/ 030025 3 image snears in the

di rection H81H5iBage axes, it is difficult to esti matPETARA00SH300T

resi dual phase error for autofocus usitg one di nensional batch processing.
Another difficulty presented during search node is in nerging the phase
error for multiple parts formng the SAR i mage of a patch. The boundari es
where parts of the patch neet are blurred, not well defined as the phase
definitions in that area are not clearly defined, unlikely to be
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array having first range bins. The same or anot her ADC converts pul se
returns fromthe second array into a second

SUMMARY OF THE INVENTION

Above limitations are reduced and SAR images are improved by a radar for
generating a search mode synthetic aperture image of a patch from periodic pulse
returns reflected from the patch. The radar is mounted on a platform having a
motion. A first number of the periodic pulses’ returns are reflected from a first array
while a second number of the periodic pulses’ returns are reflected from a second array.
The first array overlaps the second array by an overlap amount. The overlapping first
array and second array cover the patch. In general, multiple overlapping arrays cover
the patch.

The radar comprises an analog to digital converter (ADC) for converting the
pulse returns from the first array into a first digital array having first range bins.
The same or another ADC converts pulse returns from the second array into a second
digital array having second range bins.

A digital computer is used for

locating a first strong scatterer within said first digital array;



digital array having second range bins. A digital conputer is used for

| ocating a first strong scatterer within said first digital array;, W

2007/ 075198 PCT/ US2006/ 030025 4 locating a second strong scatterer within
sai d seconOMYYWa98 array; notion conpensating said firBCT/u$2geeeb02ar ray with
respect to said notion of said novindg platformduring said first digital
array and said first strong scatterer to obtain a notion conpensated first
digital array; notion conpensating said second digital array with respect to
said notion of said noving platformduring said second digital array to
obtain a notion conpensated second digital array; autofocussing said notion
conpensat ed flotstingda gécoad savh@ycdterablithin said decaid dighsakarrgr,ror estimate over
said first digital array ; autofocussing said notion conpensated second
digital array to obtain a second phase error estimte over said second
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autofocussing said motion compensated first digital array to obtain a first phase
error estimate over said first digital array ;

autofocussing said motion compensated second digital array to obtain a second
phase error estimate over said second digital array;

adding an optimizing phase to said second error estimate to obtain a shifted
error estimate for said second array ;

merging.said first phase error estimate and said shifted error estimate over said
overlap to obtain a connected phase error estimate;

applying said connected phase error estimate to said motion compensated first
digital array and said motion compensated second digital array to compute an image
of said patch.

A first strong scatterer is found within the first array by computing a first range
bin power for each said first range bins within said first digital array and choosing
one of said first range bins having the highest first range bin power among said first
range bins. A second strong scatterer is located by computing a second range bin
power of each second range bins within said second digital array and choosing one of
said second range bins having the highest second range bin power among said second



range bins. A second strong scatterer is |located by conputing a second range
bin power of each second range bins within said second digital array and
choosing o i,d second range bins having the highest second range bin
power armng’?‘?sg‘{”%(‘@?@ond VO 2007/ 075198_ PCTI US2006/ 030028 CTASZUGG¥OB ns. The
optim zed phase mnimzes the differenCe between said first error estinmate
and said second error estimte over said overlap using a | east square
criterion. In one enbodinent, the overlap contains a nunber of pulses in
said first array, as well as the sane nunber of pulses in said second
array, typically nore than 10 percent of the nunber of pulses making up the
first arripge BRSEF DESCRI PTION OF THE DRAWNG In the Drawing: Fig. 1 is a
SAR swat h configuration of the prior art ; Fig. 2 shows a pulse to pul se

processing i referred enmbodi ment, Fi.g. 3 shqws the rging of. a plurality
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as a CRP;nrhikr bof PURVSmbRE g ARPIRUTY Aapver| appi ng arrays covering a patch
where the CRP found in fig 6 is used to forman inage in the vicinity of

the CRP; Fig 8 shows the use of the Polar Format Al gorithm (PFA) as used
herein; WD 2007/ 075198 PCT/ US2006/ 030025 6

BRIEF DESCRIP'I‘ION OF THE DRAWING
In the Drawing: |
Fig. 1is a SAR swath configuration of the prior art ;
Fig. 2 shows a pulse to pulse processing in a preferred embodiment ;
Fig. 3 shows the merging of a plurality of arrays to yield the image of a patch;
Fig. 4 shows the geometry of a plurality of arrays with respect to the patch;

Fig 5 shows the processing of dechirped range samples to find a Central Refer-
ence Point (CRP) for a particular array;

Fig 6 shows the geometry of overlapping arrays covering a patch, each array
having a strong range bin with a target suitable for use as a CRP; '

Fig 7 shows the geometry of overlapping arrays covering a patch where the CRP
found in fig 6 is used to form an image in the vicinity of the CRP;

Fig 8 shows the use of the Polar Format Algorithm (PFA) as used herein;



Fig 9 shows the geonetry used in conputing Azinmuth frequency; Fig 10 shows
the Azimuth Frequency Domain geonetry ; Fig 11 shows the phase rel ationship
bet ween two overl apping arrays and ad- justnents nade in the overlap region;
and Fi g 1@ cshowesiodBe apparatus and net hod steps used tBCHES2§e6/E38028 i n
overlap between arrays. DETAILED DESCRI PTI ON OF THE | NVENTI ON The present

i nvention describes a nethod for inproving search type SAR i mages of a
pat ch using overl apping arrays covering the patch. SAR i nages require
accurate phase alignment of the reflected pulses to achieve the in-phase
conmbi nation of the information contained therein. Phase errors arise from

navi gati on EgtPsioRatEs gasih&sy (1sednBekipaking QRaMTeéfRncer from at nospheric
effects on radar returns causing de-focusing of SAR i mages. The net hods used
to conpensate for these type of errors, is called auto-focus (AF). AF
depends on FigfldrshowathoAzmarh direpenen Dontaimgectetpyensat ed radar col | ect ed
data to performrelatively fine, accurate phase correction not originally
provided by notion conpensation. Unlike the case in spot SAR node,

processi ng Figrllashows the avhebe Shationship between tes ovsshppingousayssaridred-es of phase

errors jaetniekd e imHR GVeflay Se@ 2@ conbined into a |large patch.
Furthernore, images generated 1 n search node are oriented in the

al ong-track, cross track direction, unlike spot node. The best node
enbodi nent Figerxrslobedhbapparmtpesdd meshodstppd adedttd Marge apd aces&lapg usi ng
i mages ge%] d 2 o he Polar Format Al gorithm (PFA). Successive Paraneter
Adj ust nen Q%S‘?—'; %fyis used for the estimation of phase error in each AF
array. A prelimnary area search is perforned to select an area in the

| mage  h@yangaTs DENTRIPEION O FATHEREASNTRON he  estimation of high order
phase error by SPA are formed using PFA to align the data in WO 2007/075198

PCT/ US2006/ 030025
The present invention describes a method for improving search type SAR images

of a patch using overlapping arrays covering the patch.

SAR images require accurate phase alignment of the reflected pulses to achieve
the in-phase combination of the information contained therein. Phase errors arise
from navigation data inaccuracies from motion compensation, or from atmospheric
effects on radar returns causing de-focusing of SAR images. The methods used to
compensate for these type of errors, is called auto-focus (AF). AF depends on infor-
mation contained in motion compensated radar collected data to perform relatively
fine, accurate phase correction not originally provided by motion compensation.

Unlike the case in spot SAR mode, processing for AF in search SAR mode
requires continuous estimates of phase errors so multiple SAR arrays can be combined
into a large patch. Furthermore, images generated in search mode are oriented in the
along-track, cross track direction, unlike spot mode. The best mode embodiment
described herein performs AF prior to batch processing using images formed by the
Polar Format Algorithm (PFA). Successive Parameter Adjustment (SPA) is used
for the estimation of phase error in each AF array. A preliminary area search is
performed to select an area in the image having a strong return. AF images for the
estimation of high order phase error by SPA are formed using PFA to align the data in



7 time in aperture (azimuth frequency) domain w thout using azinuth deskew
function. Separate phase error estimtes for each array are nerged to
obtain a conposite phase error to be applied to all arra%g@form ng a patch.
Fig 1 shovwourbs/oryps cal prior art geonetric relationshi¥f 25 hovi ng
plat- formcarrying a radar transmittér / receiver using Synthetic Aperture
(SAR) search nethods imaging patch 101 by said radar transmtter/receiver.
The noving platform is initially at position 103, travels with velocity V
in the direction shown to position 105. In SAR search (or swath) node, the
SAR antenna azimuth is fixed at azimuth angle O oriented towards patch 101
as the pl a:irﬁ@inmmﬁbme«s(amimhthvfeéqmeﬁayg dvmaihweithowt-usinpoaziphath deskevwrtunesiofi.r om
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are transnﬁmwé@bamapg et taeslhorraynprming s pstchecei ved at many points during the

arrays collected between position 103 and position 105. The search types of
in the art and are described, for exanple, by J.C
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platformwith respect to a focus point is typi y measured using
accel er onePged abinddawerisaadeh I s healatfonvomorss Eishyelasit Vor heé-’ﬂ%‘ér f or med

in an air h@gﬁlﬁtfﬁhﬂ 'nicﬁ'les ﬁ@ﬁippﬁsﬁlon(m% Po&ELN 105, xﬂﬁléhn&ﬁlﬁaﬁ@gm che@fan’gller adar
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corpile t &0t r1 Wﬂ?esrpé’ﬁté PR F?éé'? BRpates PS8 s the
phase err are ’prammted aafitcerrespuniding returpe rgaived at asy pearts tlmkegl therdroayaccount .
Resi dual  pRAGELhdRbed p&Mion 103 and position 105. The search types of SAR radar are

well known in the art and are described, for example, by J.C. Curlander, et al, in Syn-

thetic Aperture Radar: Systems and Processing, Wiley, 1991,( hereinafter identified

as Reference 1), incorporated herein be reference in its entirety.

Motion compensation is the process of digital correction of radar phase error for
each radar return in a SAR frame forming a SAR image due to the change in position
of scatterers relative to the moving platform as it acquires radar returns. The motion
of the moving platform with respect to a focus point is typically measured using
accelerometers coupled to GPS/INS systems. Motion compensation is performed
in an airborne digital computer (processor) on each I/Q sample of a radar return.
The exact form of motion compensation depends on the method used to compile the
SAR image from the radar returns. Residual phase error is the phase error present
after motion compensation has been taken into account. Residual phase error from
various sources, such as uncompensated sensor motion or atmospheric effects, results
in degraded SAR image quality. The reduction of uncompensated phase error over a
whole (search) patch is the goal of this embodiment.



vari ous sources, such as unconpensated sensor notion or atnospheric effects,
results in degraded SAR i mage quality. The reduction of unconpensated phase
error over a whole (search) patch is the goal of this enbodinment. WO

2007/ 0751980287006/ 030025 8 1) Aut of ocus over vi ew FCIYUSSIIR08W2Y ch node
and Data Take SAR search node is différent from spotlight node. Spotlight
node generally produces inmages oriented in the range and azinmuth direction.
In search node, the image is in the along track and cross track direction.
| nperfections in notion com pensation will snear the resulting inmage in
both axes. Thus, snearing is the result of two sources of errors, one

cor r espondiAnudoibousemvetviax foxr. SR Gearsk nofdeemdddatedikei bu- tion from both axes,
it is difficult to estimate and correct the residual, post notion
conpensati on errors using one_ di nensional grocessing. Search node phase
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that need to be conpensated cannot be estimated for all targets on the
ground in a continuous nmanner. Therefore, phase errors are estinmated for
groups of pulSeesh usidephéde gedrehe be estitdateli@fd 268 eqed pethe batuhrpreedssidg f or a
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acquired and the autofocus is implemented at a later time. An example of autofocus

processing is described in U.S.Patent 6,781,541, issued August 24, 2004, incorpo-

rated herein by reference in its entirety. Unlike the ’541 patent, the present method

and apparatus describes a phase correction method to be computed prior to batch

processing.

A challenge in search mode autofocus is merging the phase error segments es-
timated using two or more AF arrays which are the overlapped subsets of a search
patch. Phase errors that need to be compensated cannot be estimated for all targets
on the ground in a continuous manner. Therefore, phase errors are estimated for
groups of pulses using AF patches, and then are properly connected for a continuous
stream of phase error correction to be applied to all collected pulses descriptive of '
the patch image. It is necessary to make smooth connections of separate subsets of
the image, i.e. AF arrays, by merging estimates in the overlapped common period to
avoid high frequency noise in the final image. Constant and linear phase estimated
correction terms are introduced so that the overlapped portion between consecutive
phase error segments are optimized using a least square criterion, considering that es-
timated phase error from each AF array does not include terms lower than quadratic.
Complete compensation of platform motion error cannot be computed solely by the
AF function since such compensation requires estimation of angle error as well as the



the patch image. It is necessary to nake snooth connections of separate
subsets of the inmage, i.e. AF arrays, by nerging estimates in the
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t he overl apped portion between consecutive phase error segnents are
optim zed using a |l east square criterion, considering that es- timted phase
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the quadratic phase component in each received pulse when ‘th_e transmitted pulse

uses linear frequency modulated (LFM) waveform. The results are sent to range Re-

sample 204. Ad,p generated by the autofocus (AF) function 206 is the estimated

error included in the collected radar returns. This estimated error is compensated

before Azimuth Resample 208 is computed.

The AF calculation of e=74%4r ig performed as shown in fig 3. Before starting
the major AF processing steps, radar returns for each AF array representing a portion
of the overall search image are selected in Take pulses for AF array 301. Radar return
collection applicable to this method is shown in fig 4 including parameters used to
derive AF estimated phase error.

In fig 4, Lpr the length of a data take for a patch 402, is determined from the
desired AT resolution da7 and the width of the image patch in azimuth Lpy. The
data take is is divided for a patch into two or more Nsr4 autofocus arrays such as
404, 408...406 so that combined phase error estimates can be applied to the pulses of
length Lpr when N,r4 phase error estimates are completed. Denote the array length
of an AF array and overlapped portion by Lpr,ar and Loy respectively. Then, using
the overlap ratio



before Azimuth Resanple 208 is conputed. The AF calculation of e jZItAl is
performed as shown in fig 3. Before starting the major AF processing steps,
radar returns for each AF array representing a portion of the overal

search i nage2mrersssl ected in Take pul ses for AF array BOT/USPA6I8300235et ur n
collection applicable to this nethod s shown in fig 4 including paraneters
used to derive AF estimated phase error. In fig 4, LDT the length of a data
take for a patch 402, is determined fromthe desired AT resol ution 5AT and
the wwdth of the image patch in azinmuth Lpw. The data take is is divided
for a patch into two or nore NAFA autofocus arrays such as 404,408 ... 406
so that conbi ned phase error estimates can be applied to the pul ses of

| engt h LDT when NAFA phase error estinmal®s are conpl eted. Denote the array
length of an AF array and overl apB¥d peFis on by LDT, AF and Lov
respectively. Then, using the overlap ratio W 2007/075198

PCT[ US2006/ 030025 10 Lov Toy = LDT, AF LDT, AF is calculated from LDT, AF =
LDT NAFA - TQUpf NABAalculgted\Foar rays are used to form AF images oriented in
the range and azinmuth direction. The size of the AF image in azimuth with
the squint angle Bag is calculated for the desired azinuth resolution 8AZ,
wave | ength A, mapping range R and main _| obe broadening factor k: LPW (LDT

KRA ) cos8a4 Lpr
Nara —rov(Napa —1)

Lprar=

AF arrays are used to form AF images oriented in the range and azimuth
direction. The size of the AF image in azimuth with the squint angle 4,, is calculated
for the desired azimuth resolution d4z, wave length )\, mapping range R and main
lobe broadening factor &:

kR

Lpw,ar = (Lpr,AF — m)casesq

AZCO

The number of pulses Nar4 in each AF array are calculated from Lpr ar using
&

Lprar - PRF
v

Napa =

for platform velocity v. When platform velocity changes significantly during

data collection for a patch, the number of pulses for each AF array are kept constant.
The AF array is not fixed.

2. Selecting an Area with a Strong Return

SPA is the method used herein, and it is based on contrast optimization. It is a
preferred in this embodiment for imaged areas having high radar energy reflectivity.
Areas of low radar energy reflectivity include lakes and terrain masked or shadowed
by adjacent hills, mountains or other features. As shown in fig 5, dechirped range



, AF = AF - 2CAZCOSBa9 The nunber of pul ses NAPA in each AF array are
cal cul ated fromLDT, AF using a NAFA = LDT,AF PRF V for platformvelocity
v. Wien platformyvelocity changes significantly during data collection for
a patch, tHEOAWMBESf pul ses for each AF array are keptPGIaWR200/80025 The AF
array is not fixed. 2. Selecting an ArHa with a Strong Return SPA is the

nmet hod used herein, and it is based on contrast optimzation. It is a
preferred in this enbodi ment for inmaged areas having high radar energy
reflectivity. Areas of |ow radar energy reflectivity include | akes and

terrain masked or shadowed by adjacent hills, nountains or other features.
As shown isampieg (ShirpiagHieforeto laeryeragpengomodubtios @che Usases! pabepsre 11
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d(?scr | bed c%grld?nvgtes of the Central Reference Point (CRP) utilized for image formation using

PFA as described below.

~ In fig 6, array 602 gathers data around SCL where range bin 608 has a strong
scatterer. Array 604, overlapping array 602, also gathers data around SCL, and has a
strong scatterer at range bin 606. The platform gathering the data moves along with
velocity V.

3. Phase error Estimation Based on SPA using images formed by PFA.

Phase error for each array is estimated using one of many available AF tech-
niques. In one embodiment, a technique called Successive Parameter Approximation
(SPA) is used, described in the parent application, S/N 10,996,246, titled Autofo-
cus Method Based on Successive Parameter Adjustments for Contrast Optimization
, filed 11/23/2004. This technique was found robust for this preferred embodiment
as it does not rely on point like targets that are typically used for the Phase Gra-
dient Autofocus method (PGA) described by D.E. Wahl, et al, in Phase Gradient
Autofocus - A Robust Tool for High Resolution SAR Phase Correction, IEEE Trans.
Aerosp. Electron. Sys, vol 30, pp 827-834, March 1994.

SPA, as used in this preferred embodiment, estimates the coefficients of the
Legendre Polynomial that is used for the approximation of the phase error through
iteration loops to maximize the image contrast measured by entropy. To use SPA, the



In fig 6, array 602 gathers data around SCL where range bin 608 has a strong
scatterer. Array 604, overl apping array 602, also gathers data around SCL,
and has a strong scatterer at range bin 606. The platform gathering the
dat a novesy@bg@ngrsmdg h velocity V. 3. Phase error Esti mrariuseoBemezrs on SPA
usi ng i mages forned by PFA. Phase errar for each array is estimated using
one of many avail able AF tech- niques. In one enbodi nent, a technique called
Successi ve Paraneter Approximation (SPA) is used, described in the parent
application, S/N 10,996, 246, titledAutofo- cus Method Based on Successive
Paranet er Adjustnents for Contrast Optim zation , filed 11/23/2004. This
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the forne aroun ocations that are found to have strong
range bin returns, as discussed with

The processing sequence for PFA is shown in fig 8. Input to PFA is (range
compressed) dechirped return I/Q radar data. Range deskew function is typically
not required for PFA image for a relatively small AF image. Motion Compensation
Using CRP 802 motion compensates radar data using the central reference point
(CRP) found as outlined in fig 6. Range interpolation 804 and Azimuth interpolation
806 are performed using a polyphase filter as described in Reference 1. Range FFT
808 produces range bin data with spatial frequencies in Azimuth. The output from
Range FFT 808 is input to SPA as described in the parent of this CIP application.

4. Merging Phase Error Estimates From Overlapping, Adjacent (AF) arrays.

Phase error estimated for best contrast is calculated in accordance with section
3 supra using data uniformly sampled in azimuth frequency. To compute a composite
phase error that is to be applied to the pulses descriptive of a patch from a separate
phase error computed for each Af array, a phase error is computed for each pulse using
the Legendre Polynomial that characterizes the phase error in each AF array. Azimuth
frequency corresponding to each pulse is computed using the following expression
based on the geometry shown in fig 9, where M is the mid array point that divides
the SAR collection angle equally.

tanf, — tanfy
14 tané, tan@y

tanAb, = tan(f, — Opr) =



respect to fig 6, are shown in fig 7 prior to applying SPA. In fig 7, area
703 covered by array 602 has been notion conpensated with respect to the

strong sca @5@2{ {?? nd in range bin 608. Simlarly, area 701 covered by
array 604 g tion conpensated  _with respect to tP¢d/ES206MPITat t erer
606. The processi ng sequence for PFA i shown in fi g 8. Ilnput to PFAis
(range conpressed) dechirped return I/ Q radar data. Range deskew function
is typically not required for PFA inage for a relatively small AF image.
Mot i on Conpensation Using CRP 802 notion conpensates radar data using the
central reference point (CRP) found as outlined in fig 6. Range

i nterpol ati onv8®%e and Azinmuth interpolation 806 are perforned using a

pol yphase filter as described in Reference 1. Range FFT 808 produces range
bin data with spatial frequencies in Azinuth. The output from Range FFT 808

is input to SPA as described in,t h% pa erltnc_)f }Q}l | P application. 4.
Mer gi ng Phase Error Esti nahes= Y HAG, jacent (AF) arrays. Phase
error estimated for best contrast is ‘¢CBF@Mf%1d i n accordance with section

3 supra using data uniformy sanpled in azinuth frequency. To conpute a

conposite phagg.error that is to be applied to the pul ses descriptive of a
patch froma sSepdrate phase error conputed for each Af array, a phase error
is conputed for each pulse using the Legendre Pol ynom al that characterizes

the phase errg[ i fh&afilintingdd 5P%id By bbint iy equency corresponding to each
pul se is conputed using the foll ow ng expression based on the geonetry
shown in fig 9, where Mis the md array point that divides the SAR

col | ection ang} & thgqualiny anglanPBuketsang” - tanOM tan(B - 9M = 1+tan9 tanOM
WD 2007/ 075198 PCTI US2006/ 030025 13 where

¥ is the grazing angle at mid array point M
PRI is the pulse repetition interval (PRI).

The phase error for each pulse is computed using the polynomial with the
coefficients obtained in section 3 at the azimuth frequency corresponding to the pulse
that is related by

Akg = ; tan(A6,)

for pulse n.

Next, the adjacent phase error estimates are smoothly connected by computing
a linear phase that will bring them into relative phase proximity.

The preferred embodiment of this procedure teaches away from the prior art.
In a typical approach, second order derivatives of the phase array error is character-
ized by a Legendre Polynomial and averaged over the overlap portion Ngy. This is
followed by performing double integration to compute the phase error to be applied
to the (overall) patch. This however, would not function here because the second
order derivative around the edges of the estimated phase tends to fluctuate severely,
precluding stable results when combined with adjacent estimated phases. Thus this



R coso sinBM- (n- M v PR tang = R cos PMos9M Here, BMis the
squint angle at md array point M e, is the squint angle at pulse nipMis
the grazing angle at md array point M PRI is the pulse repetition interval
(PRI'). The phase error for each pulse is conputed usi n% t he polynomal wth
the coef W@208M07%5198bt ai ned in section 3 at the azinmuth FT@&%PB?{?:%](OZ’
corresponding to the pulse that is rdlated by Aky = 2 tan(L9") for pulse
it. Next, the adjacent phase error estimtes are snoothly connected by
conputing a linear phase that will bring theminto rel ative phase
proximty. The preferred enbodi nent of this procedure teaches away fromthe
prior art. In a typical approach, second order derivatives of the phase
array er poor at appaseabtvendd faikd by a Legendre Pol ynom al and averaged over
the overlap portion Nov. This is followed by perform ng double integration
to conpute the phase error to be applied to the (overall) patch. This
however, woull corrastyihe: prgfertedrannsiraeniccompatescdiv Aptimiging: (lingar)i MEE ve ar ound
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desired to reduce and smooth, thus optimize the phase difference E.

'To minimize the phase difference E, a constant and linear phase is introduced .

so that the phase difference E is minimized between first phase error estimate 1101
and second error estimate 1107 over the overlap region Noy. The constant and linear
phase calculated below is an optimizing phase to be added to the second error estimate
1107 that will minimize the phase difference E using a least square criterion. Denote
&(n) the estimated phase error for the array m and pulse index n =0,1,...Nar — 1 for
Nar pulses in each AF array with Noy pulses overlapped. The phase difference E
between two phase errors in the overlapped region Nov is

An®(n) = 8y _1(Nar — Noy + 1) — B (n)
for n=0,1,...Nov -1
Coefficients ap and a; in the linear function
fm(n) =ag + ayn

that approximates A®,,(n) using a least square optimizing criterion are calculated as
follows:

_ 6 % in - Ay (n)
" Nov(Nov +1) (2Nov +1)

ay



using a least square criterion by adding |linear and constant phase terns, as
showmn in Fig 11. Here, phase error estimate 1101, Lm 1(n) is separated from
adj acent phase estimate 1107, ~>m(n) by a phase difference E over the
overlap i n#eRCI07MN8Y. It is desired to reduce and smpoRI/US2AYM 39)‘}3?| nze the
phase difference E. To mininize the pkase difference E, a constant and
| i near phase is introduced so that the phase difference Eis mnimzed
bet ween first phase error estimate 1101 and second error estinmate 1107 over
the overlap region Nov. The constant and |inear phase calcul ated belowis
an optimzing phase to be added to the second error estimate 1107 that will
mnimze the phase difference E u5| ng a | east square criterion. Denote
1)(n) the estimted phase earroEnﬁcor At%én)ar{l Nom and pulse index n = 0,1,
.NAF - 1 for NAF pul ses Fn eachVAF array v pul ses overl apped. The
phase difference E between two phase errors |n the over | apped region Nov is
Orl5(n) = 1m, (NAF - v + n) - i (n) . forn= . Nov - Coeff|C|ents ao
and al in the Th%smm)gﬁeppéwedﬁ#e%g Bhaa%w%eamtﬁ%x a%%s&% 28 Phofeny( n)
using a | essipusduatig ARk).MEusNg criterion are calculated as follows: 6E;
~=0-1n" A~+n(n) al Nov(Nov + 1) (2Nov + 1) WD 2007/075198 PCT/ US2006/ 030025
15 Nov-1 -al~No2-11 a2 Nov | ov |

@,,(n) = ®m(n) + fm(n)

for n=0,1,2...Nap — 1.
Next, the data in adjacent arrays is merged for gradual, smooth phase transition

from array to array, forming the SAR image of the patch. The phase &5M99TH () to
be used over the arrays considered:

SMOOTH () = A . B,p_1(Nar — Nov +n) + (1 — Ay) - ®,(n)

where
_ Nov —1-n
Nov -1

for n=10.1.2,....,Noy — 1

There are no changes in the non-overlapped portions of the arrays. That is,

S MO H (n) = @/ (n)

forn= Nov,Noy + 1...Nap

Repeating this process for all arrays, updated &5M9°T¥ is used as the first array
to determine the linear phase that is to be added to ®,,+.1(n) foradjusting and merging



Then, ~5, (n) the updated, shifted phase is generated by adding the |inear
phase conputed using fm(n). Thus Vm(n) = (Dn(n) + fm(n) for n=0,1,2....
NAF-1. Next, the data in adjacent arrays is nerged for gradual, smooth phase
transiti onWOR0¢G7898ay to array, forming the SAR i mage RIfT/Utheosmaamgl. The
phase pSSMOOTH(n) to be used over th& arrays considered: SMOOTH() = A
15m 1(NAF - Nov + n) + (1 - AN '"'D (n) where An Nov-1-n Nov-1
forn=0.1.2...... Nov-1 There are no changes in the non-overl apped portions
of the arrays. That is, '],SMOOTH(n) _ ~~(n) m1 for n = Nov, Nov +
1...NAF Repeating this process for all arrays, updated 41 SMMOOTH i s used as

the firstplakse dyta f&loth@eiegirmejﬁﬁpp&@rdgldmear phase that is to be added to
~) mtl(n) foradj usting and nmergi ng WO 2007/ 075198 PCTI US2006/ 030025 16

phase data in the next overl apped region. Wien the |inear phase adjustnent
and mer gi ng oWhehlthadinegrsphiadé-adimgimesnt sndinsergingrablabteechys § Adodepingnispisnect ed
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done sim X

patch. Phase merging between arrays of consecutive patches is done similarly
based on the overlap ratio between the last AF array in the preceding data take and

the first AF array in the current data take.

A summary of the apparatus and method described herein is further detailed
in Fig 12. Analog to digital converter 1210, part of radar 1200, generates digital
data to be processed within computer 1212. Compute Phase Error Estimates for
adjacent overlapping arrays 1202 locates a first strong scatterer within a first digital
array and also locates a second strong scatterer within a second digital array while
motion compensating said first digital array with respect to platform motion during
said first digital array and said first strong scatterer to obtain a motion compensated
first digital array. Motion compensation is performed on the second digital array to
obtain a motion compensated second digital array.

The first digital array is autofocussed to obtain a first phase error estimate over
said first digital array, and the second digital array is also autofocussed to obtain a
second phase error estimate over the second digital array.

Add Constant and Linear Phase 1204 adds an optimizing phase to the second
error estimate to obtain a shifted error estimate for said second array.

In Merge Data in Overlap Region 1206 the first phase error estimate is merged
to the shifted error estimate over the overlap region to obtain a connected phase error

estimate.

Compute Optimized Phase Error Estimate Over Complete Patch 1208 applies



based on the overlap ratio between the last AF array in the preceding data
take and the first AF array in the current data take. A sunmary of the

appar at us isdiehiiess described herein is further detail g,qja([é??ogo%oﬁ. Anal og

to digital converter 1210, part of radar 1200, generate ta to be
processed wi thin conputer 1212. Conpute Phase Error Estimates for adjacent
over |l apping arrays 1202 locates a first strong scatterer wwthin a first
digital array and also |ocates a second strong scatterer within a second
digital array while notion conpensating said first digital array with

respect t | at f grm poti on durin said fjrst digital _.array and said first
strong scg}il%)%?&?% ngﬁeaﬁrwrésﬂzé@%otﬁ @6Ht?éWE‘é’PH’@eg?&it?iﬁm&id@l?aiPH&}( A8G. Mdtion
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conpensat n i gt rray,.The fir igital array is autofocussed to
obtain a ?I?eré?qjgﬁgﬁggeéecgb¥g$e g’?ﬁ ?‘ﬁ%fe«a{mg%g}g{l&g&n 9’fi rst digital array, and the
second digital array is also autofocussed to obtain a second phase error

estimate over Aqlm%fe%%ﬁcgmitgm 12k dBE A 28 Sh S ERnRR ihidgRlenbiiAFe 1204

adds an oBtlr}];lng se to the secon error estimate to obtain a shifted
error est PHa€eReR said second array. In Merge Data in Overlap Region 1206
the first phase error estinmate is nerged to the shifted error estinmate over

t he overlap regj,on to obtai,n a connected phase error ..estingfe. ut e
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Those skilled in the art will also appreciate that numerous changes and modifi-
cations could be made to the embodiment described herein without departing in any
way from the invention.



by reference. Although presented in exenplary fashion enploying specific
enbodi nents, the disclosed structures are not intended to be so |limted.
For exanple, although the optimzati herein is described in the context
of a radar system, it is also applicable for sonar, or simlar imaging

met hods, where an inmage of scatterers is extracted from coherent sunm ng of
a plurality of phase accurate returns. Those skilled in the art will also
appreci at e tlgItAIMSEr ous changes and nodifi- cations could be nmade to the
enbodi nent descri bed herein w thout departing in any way fromthe
invention. 18 CLAIMS 1. A radar for generating a search node synthetic
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pul se returns reflected froma second_array, said first array oqyerlapping
sai d _seéelﬁopegpﬁhayu@y re%zﬁisor@ﬂ?qtﬁﬁoglaa brst s anf f 85-ORA ™ _aogéae%ﬁaﬂ%@? ay
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converting said pulse returns fromsaid first array into a first gital
array hamionerldp, sad firshageay idwidsedorfdrayray savetingsa oty sad radat congprsegond
digital array . having.second range bins; a,c uter for: lopcating a, first
Strong scat t SRUPE i SRIH OBt ErdEnesrnd sd R agpims B bRt SER6MP &1 r ong
scat t er gfrstWigital BrrSPhA ifLERNAnEE Bink Bhd AbMANiId sEENdYra§ FB AN HdNHgibAiaktay | I St
digital array with respect to said notion during said first digital array
and sai dhaving second ramggbgsatterer to obtain a notion conpensated first

di gi tal arraé; rrlrlt)tt'e})o conpensating said second digital array with respect to
said notion §J§Pi Rﬁ % d second di gital array to obtain a notion conpensated
second digital arid¥ing a first strong scatterer within said first digital array;

locating a second strong scatterer within said second digital array;

motion compensating said first digital array with respect to said motion during
said first digital array and said first strong scatterer to obtain a motion compensated first
digital array; motion compensating said second digital array with respect to said motion during
said second digital array to obtain a motion compensated second digital array;

autofocussing said motion compensated first digital array to obtain a first phase
error estimate over said first digital array; '

autofocussing said motion compensated second digital array to obtain a second
phase error estimate over said second digital array;

adding an optimizing phase to said second error estimate to obtain a shifted
error estimate for said second array;

merging said first phase error estimate and said shifted error estimate over said
overlap to obtain a connected phase error estimate;

applying said connected phase error estimate to said motion compensated first
digital array and said motion compensated second digital array to compute an image of said

patch.

2. A radar system as described in claim 1 wherein said first strong scatterer is located

by computing a first range bin power for each said first range bins within said first digital



aut of ocussi ng said notion conpensated first digital array to obtain a first
phase error estimte over said first digital array; autofocussing said
nmoti on conpensated second digital arrayw to obtain a second phase error
estimate over said second digital array; adding an optim zing phase to said
second error estimate to obtain a shifted error estimate for said second
array; merging said first phase error estimate and said shifted error

est i mat array erd ehioging 9ne pf said first eange bins haviog thedtighespiirgbangs pigrposist prans

appl yin ted phase error estinmate to said notion conpensated
first aﬁ?# rgﬁ%?ﬁi and said notion conpensated second digital array to
conpute an image of said patch. 2. A radar systen1as described in claiml

wherein said first strong scatterer, is |ocated. by conputing a first range
bi n power fop- é\amasaysﬂem.alssc{esqrehﬁeénm 3@ mlrwednssaiddsqcp%tstrenggﬁa&rsreigs array

and Cho?&daﬂ:ﬁ H‘R)ﬁltlﬁg%lQGJdnH%é Y B%xpér;b?egﬁvée@&&ﬁﬁ%%‘bﬁ?%&nf éabcgéchS’d"ge bi n

power anong range ar system as descri In claim
2 wher eidlrglmharda}smdoa’ndos'hg ong oﬁsmxl I;@bmi range binsdhaviag theyhighew s¢dond rangs édirond
range bin power of each se d range bins within said second digital array
and cho®SVRIABME Bid %&?@@%&%ﬁﬂs-r ange bins havi ng the highest second range
bin power anong said second range bins. 4. A radar system as described in
claim3 wherein said optinm zed phase mnimzes the difference between said
first error dsAiradarsysierd as destribet mnadaier ¥ wherest sanhominoived plsae chimwezdsale usi ng
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sai d t hiygglg gq@ﬁg@g ufe cPigdr®@s i n said second array. 6. A radar system as
descri bed | n clai m 5 wherein said third nunber of pulses

5. A radar system as described in claim 4 wherein said overlap contains a third number

of pulses in said first array, and said third number of pulses in said second array.

6. A radar system as described in claim 5 wherein said third number of pulses
contained in said overlap is 10 percent or more of said first number of pulses contained in said

first array.

7. A method for generating a search mode synthetic aperture image of a patch from
periodic pulse returns reflected from said patch using a radar, said radar having a motion, a
first number of said periodic pulse returns reflected from a first array and a second number of
said periodic pulse returns reflected from a second array, said first array overlapping said
second array by an overlap, said first array and said second array covering said patch, said
method comprising the steps of:

converting said pulse returns from said first array into a first digital array having first
range bins and from said second array into a second digital array having second range bins
using an analog to digital converter;

locating a first strong scatterer within said first digital array;

locating a second strong scatterer within said second digital array;



contained in said overlap is 10 percent or nore of said first nunber of

pul ses contained in said first array. 7. A nethod for generating a search
node synthetic aperture image of a patgh from periodic pul se returns
reflected fromsaid patch using a radar, said radar having a notion, a

first nunber of said periodic pulse returns reflected froma first array and
a second nunber of said periodic pulse returns reflected froma_ second
array, said mOIUQfl camalgsat%usqud;fwtrég%aaraywébrﬁap%t tayaidymetipnodeingassid saj d
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into a farragt d| gital array having f| rst range bins and from said second

array into a second digital g secand range bi usi.n nal og
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digital array; tion conpensating sail Irst digi array with respect
to said noti eutofbenssing sal ohofiom sompeéngated firsadigatal amaly B)aohialmarﬁltst phasergor
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array; autofocussing said notion conpensated first digital array to obtain a

first pleaereestmateroversaid pasprd digdel agiayd first digital array; autofocussing
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second ektimMdte &tlshidBE@nHQrr@pt ain a shifted error esti mate for said second

array; nerging said first phase error estimte and said shifted error
estimat e ovemergingisad &rst ghase error estimate and said shifted error estimate over said overlap

to obtain a connected phase error estimate;
applying said connected phase error estimate to said motion compensated first digital

array and said motion compensated second digital array to compute an image of said patch.

8. A method as described in claim 7 wherein said first strong scatterer is located by
computing a first range bin power for each said first range bins within said first digital array
and choosing one of said first range bins having the highest first range bin power among said

first range bins.

9. A method as described in claim 8 wherein said second strong scatterer is located by
computing a second range bin power of each second range bins within said second digital
array and choosing one of said second range bins having the highest second range bin power

among said second range bins.

10. A method as described in claim 9 wherein said optimized phase minimizes the
difference between said first error estimate and said second error estimate over said overlap

using a least square criterion.



to obtain a connected phase error estimate; applying said connected phase
error estimate to said notion conpensated first digital array and said

noti on conpensated second digital ar\rl\zy to conmpute an i mage of said patch.
8. A nethod as described in claim?7 erein said first strong scatterer is

| ocated by conputing a first range bin power for each said first range bins
within said first digital array and choosing one of said first range bins
havi ng t he hilglemtthbd as descabagkinlslaimpdOwelrereinoaid oserlap cohtainsta thadgembemsf. 9. A
met hod as,_descr.i Beg in cl(zi m %&Gﬁ‘é@l n ﬁgi d second st on%, scatterer is
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within said second digital array and choosing one of said second range bins
havi ng the hi ghest second range bin power anong said second range bins. 10.
A met hod as Wedcmiethed ap dessribpdnirocioive  bwhersi sitiCbgltindrﬁuzrmr phaglsesontaiedes t he
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described in claim 10 wherein said overlap contains a third nunber of pul ses
in said first array, and said third nunber of pulses in said second array.
12. A method as described in claim1l1l wherein said third nunber of pulses
contained in said overlap is 10 percent or nore of said first nunber of

pul ses contained in said first array.





