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Future SAR Systems: Motivation

Application Areas for SAR Data Future Demands
Earthquakes Volcanoes Land & Sea Ice * wider coverage and
T : shorter revisit times

* higher geometric and
radiometric resolution

= new data products from

Subeiionce coherent combinations

y of SAR images:
- Delta-DEMs
(ice mass balance, ...)

- 3-D volume imaging
Raconnalesance (forest structure, ...)

- 4-D tomography
(biomass dynamics, ...)
= reliable data supply

- cost efficiency




Future SAR Systems: Motivation

]

New SAR Techniques and Technologies

Digital Beamforming MIMO-SAR Hybrid & Adaptive SAR
D i =

New Data Acquisition Concepts
GEO -MEO -LEO Sparse Satellite Arrays
- )

Novel Platforms

New Retrieval Algorithms and Products
3-D & 4-D Structure

Object Dynamics

Da Fusion
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Future Demands
- wider coverage and
shorter revisit times
* higher geometric and
radiometric resolution
= new data products from
coherent combinations
of SAR images:
- Delta-DEMs
(ice mass balance, ...)
- 3-D volume imaging
(forest structure, ...)
- 4-D tomography
(biomass dynamics,
= reliable data supply
- cost efficiency

)

SAR System Design Constraints




Limitations of Conventional SAR Sensors

SAR is the ideal sensor for the
observation of dynamic processes
on the Earth surface, but ...

Imaging Mode (Single Pol.)

ScanSAR| Stripmap | Spotlight

Resolution 16 m 3m im

Swath Width | 100 km 30 km 10 km

Duty Cycle 3 minutes / orbit
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SAR Systems: State of the Art and Future Requirements

State of the Art Imaging Mode (single pol.)
(TerraSAR-X) ScanSAR | Stripmap | Spotlight
Resolution 16 m 3m 1m
Swath Width 100 km 30 km 10 km
Orbit Duty Cycle 3 minutes per orbit

Future Imaging Mode (quad pol.)
Requirements Mode X | ModeY | Mode Z
Resolution 5m 2m Im
Swath Width 500 km | 200 km | 100 km
Orbit Duty Cycle > 50 minutes per orbit
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SAR Systems: State of the Art and Future Requirements

State of the Art

Imaging Mode (single/dual pol.)

(Sentinel-1) EW W SM
Resolution 40 m 20m 5m
Swath Width 400 km | 250 km 80 km

Orbit Duty Cycle

25 minutes per orbit

Future Imaging Mode (quad pol.)
Requirements Mode X Mode Y Mode Z
Resolution 5m 2m Im
Swath Width 500 km | 200 km | 100 km
Orbit Duty Cycle > 50 minutes per orbit

SAR System Design Constraints (1)
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SAR System Design Constraints (2)

I high azimuth

resolution 2V
=——-cos?d
fDOp A

4

large Doppler

bandwidth

* long synthetic aperture is
provided by short antenna
with broad azimuth beam

¢ large azimuth beamwidth
implies wide Doppler
spectrum:

SAR System Design Constraints (3)

| high azimuth Azimut Ambiguity-to-Signal Ratio (AASR):

i Byproc/2
resolution %0 f_,’;;:;c/z G?

Bproc/2
f_gprac/z G (f) ) df

(f +i-PRF)-df

, AASR =

large Doppler
bandwidth

$

high PRF

G: antenna gain

¢ sampling with PRF causes
ambiguities (AASR)

¢ low AASR requires
high PRF:

v
PRF >B =—

da PRF
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Azimuth Ambiguities:
Example

azimuth

NN

SAR System Design Constraints (4)

Range Ambiguity-to-Signal Ratio (RASR):
“ : Z 0°(8) - G2(8)/(rPsin(8))
. RASR = =0 , ,
@ a%(8,) - 62(90)/(nfsin(90))
G: antenna gain
L o°: backscatter coefficient
% 7. range
. 6: incident angle
% "
%
e 7
range ambiguities w
+ high PRF causes range ® b4 e //ﬁ/@ y
ambiguities
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Range
Ambiguities:
Example

SAR System Design Constraints (5)

,
Two-Way Gain + Sigma 0 [dB, normalized]

30 35 40 45 50 55 60
Incident Angle [deg]

\F/ o suppression of range
L ambiguities requires
narrow anntenna
beam in elevation
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Ground Range [km]

TIMING ANALYSIS

| pulse echoes arrive at radar

500 while it is transmitting 47.61
450 4436 F
=k
Q2
(]
400 40.80 %
c
(]
| §=
350 36.89 £

ranges
250 i 27.97

3000 3200 3400 3600 3800 4000 4200 4400 4600 4800 5000
PRF [Hz]

=== jndicates transmit event

Ground Range [km]

TIMING ANALYSIS

550 ‘ ‘ Bl 50.56
f nadir echoes interfere
500 ) 47.61
with swath echoes
450 4436 F
‘ =
Q2
(<]
400 40.80 %
c
=
350 36.89 2
300 strong backscatter 32.62
) from nadir direction
250 i . 27.97

3000 3200 3400 3600 3800 4000 4200 4400 4600 4800 5000
PRF [Hz]

=== jndicates transmit event === indicates nadir return
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Nadir
Return:
Example

=
s
=1
S
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TIMING ANALYSIS

500 F
450

400

Ground Range [km]

350+

300
N
250 ST O TR 1 [ \ 27.97
3000 3200 3400 3600 3800 4000 4200 4400 4600 4800 5000

PRF [Hz]
=== jndicates transmit event == indicates nadir return
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The Design Dilemma
for SAR Systems

high

azimuth
resolution

narrow

swath

ambiguities
& timing
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Digital Beamforming for SAR

Digital Beamforming / Multichannel SAR

radar with
phased array
(state of the art)

- Oe<
—@@®<

@@
@@

Mixing

@
@
©
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SAR Processing

radar with
digital
beamforming
(future
systems)
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DBF-SAR Systems with Planar Arrays

Scan-On-Receive

real-time
beamsteering
for high
Rx gain

= high sensitivity and
less pattern losses
at swath border

= improved range
ambiguity
suppression

Digital Beamforming in Elevation

United States Patent 9 o) 4,253,098
Blythe ‘ [45)  Feb. 24,1981
[54] RADAR SYSTEMS Primary Examiner—T. H. Tubbesing

{75] Inventor: Joba H. Blythe, Chelmsford,
England

[13] Assignee: The Marconi Company Limited,
Chelmsford, England

[21) Appl. No.: 77,031

Attorney, Agent, or Firm—Diller, Ramik & Wight

(57 ABSTRACT

A synthetic aperture radar system is provided in which
the receive beam is controlled as to its directivity so that
it moves over a required swathe in accordance with the

[2] Filed  Sep.19,197 direction of reflection of an interrogating radar pulse

over that swathe. In a specific example a receiving

i DLR

DBF-SAR Systems with Planar Arrays

Scan-On-Receive

real-time
beamsteering
for high
Rx gain

= high sensitivity and
less pattern losses
at swath border

= improved range
ambiguity
suppression

steering
9 law

Digital Beamforming in Elevation

gain

i DLR
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Scan-On-Receive

—

real-time
beamsteering
for high
Rx gain

— i

=7 Y

= high sensitivity and
less pattern losses
at swath border

= improved range
ambiguity
suppression

DBF-SAR Systems with Planar Arrays

Digital Beamforming in Elevation

scan-on-receive 0(7)

simultaneously
arriving radar
echoes

DBF-SAR Systems with Planar Arrays

Scan-On-Receive

real-time
beamsteering
for high
Rx gain

=7 Y

= high sensitivity and
less pattern losses
at swath border

= improved range
ambiguity
suppression

Digital Beamforming in Elevation

6(. fr

J

"‘/‘!

i DLR
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DBF-SAR Systems with Planar Arrays

Scan-On-Receive Digital Beamforming in Elevation
— __@) e LT
Offica ouropban des bravats ™) EP 1241 487 B1
(12) EUROPEAN PATENT SPECIFICATION
(45) Date of publication and mention (51) It CL
of the grant of the patant: GO1S 13/90=wen

real-time
beamsteering
for high
Rx gain

08.02.2006 Bullotin 2006/06
(21) Application number: 01106289.0

won e
(22) Oate of fing: 15,03.2001 Yransmst Path

(54) g synthatic aperture radar system
Seitensichtradarsystem mit synthetischer Apertur
Systéme radar A visée latérale et & synthése d'ouverture

(84) Designated Contracting Slates:
AT BE CH CY DE DK ES FI FR GB GRIE IT LILU
_- MC NL PT SE TR

- (43) Daie of publication of appication:
P 18.09.2002 Bulletin 2002738

(73) Proprietor. EADS Astrium GmbH
21663 Minchen (DE)

= high sensitivity and

(72) Inventors:
less pattern losses =
at swath border LR
= improved range (74) Repraseniative: Ulrich, Thomas
ambiguity Pasatong
suppression 683 Onaarunn o)

i DLR

DBF-SAR Systems with Planar Arrays

Scan-On-Receive Digital Beamforming in Elevation

real-time
beamsteering
for high
Rx gain

time-variant
beamsteering

= high sensitivity and
less pattern losses
at swath border

= improved range
ambiguity
suppression

i DLR




DBF-SAR Systems with Planar Arrays

Scan-On-Receive Digital Beamforming in Elevation

real-time
beamsteering
for high
Rx gain

time-variant
beamsteering

= high sensitivity and
less pattern losses
at swath border

= improved range
ambiguity
suppression

Losses from Beam Mispointing due to Topography (X-Band)

—— Ah =1km
2 — Ah=2km | 2 2
3 3 L
- — Ah=3km | - 5
—— Ah =4km
=4 -8 -8
—— Ah =5km /
T2 25 0 35 40 45 50 20 F3 30 35 40 45 50 "0 25 30 35 40 45 50
Incident Angle [deg] Incident Angle [deg|

et Angle )
horpit = 700 km, 8,,; = 35°, A = 3.1 cm
1. high antenna requires a beam steering law in accordance with topography
(either via coarse onboard DEM or appropriate commanding from ground)
2. topography variations within a wide azimuth beam must also be considered
3. additional mispointing due to range cell migration (for high res. & ScanSAR)

=8

-




Losses from Beam Mispointing due to Topography (L-Band)

—— Ah =1km

) )
S —— Ah = 2 km E
8
= 3
i —— Ah =3 km
—— Ah = 4 km
8|
—— Ah = 5km
-1ol- - — - -~ 10l , - - - ~ -~ -0 T = - = — -
20 25 30 35 40 45 500 20 25 30 35 40 a5 50 20 25 30 35 40 45 S0
Incidgent Angle |deg] Incident Angle |deg| Incident Angle |deg|

horpit = 700 km, 8,,; = 35°, 4 = 23.6 cm
1. high antenna requires a beam steering law in accordance with topography
(either via coarse onboard DEM or appropriate commanding from ground)
2. topography variations within a wide azimuth beam must also be considered
3. additional mispointing due to range cell migration (for high res. & ScanSAR)

=8

-

DBF-SAR Systems with Planar Arrays

Scan-On-Receive Digital Beamforming in Elevation

real-time
beamsteering
for high
Rx gain

time-variant
beamsteering

= high sensitivity and
less pattern losses
at swath border

= improved range
ambiguity
suppression

i DLR
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Scan-On-Receive

real-time
beamsteering
for high
Rx gain

= high sensitivity and
less pattern losses
at swath border

= improved range
ambiguity
suppression

DBF-SAR Systems with Planar Arrays

Digital Beamforming in Elevation

time-variant
beamsteering

DBF-SAR Systems with Planar Arrays

DPCA Multiple Rx Apertures in Azimuth

displaced
phase centers
and/or multiple
azimuth beams

= enables high
azimuth resolution
and wide swath

= requires dedicated
multichannel SAR
processing

Wide-swath SAR
A. Currie L [ ‘ I I J

D nth position
M.A. Brown

equivalent conventional SAR Tx/Rx positions

ooooo

T 1 1 | | n+1th position

moves a distance D/2

200000000
resuits in properly sampled equivalent synthetic aperture

Fig. 7 DPC system operation

IEE PROCEEDINGS-F, Vol. 139, No. 2, APRIL 1992

#
roq‘é“lsﬁpg, Vol. 1.

;P.roc__, ~ Ra a_(.and
3_9,-,ppgﬁ , 1992
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DBF-SAR Systems with Planar Arrays

DPCA Multiple Rx Apertures in Azimuth

displaced
phase centers
and/or multiple
azimuth beams

= enables high
azimuth resolution
and wide swath

= requires dedicated
multichannel SAR
processing

- ~

_____

i DLR

DBF-SAR Systems with Planar Arrays

DPCA Multiple Rx Apertures in Azimuth

displaced
phase centers
and/or multiple
azimuth beams

= enables high
azimuth resolution
and wide swath

= requires dedicated
multichannel SAR
processing

- ~

~ -

i DLR
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DBF-SAR Systems with Planar Arrays

DPCA Multiple Rx Apertures in Azimuth

displaced
phase centers
and/or multiple
azimuth beams

= enables high
azimuth resolution
and wide swath

= requires dedicated
multichannel SAR
processing

X

lant

PRF = —

Lant "
« Timing, Nadir | .~~~ §
x Ambiguities | )

i DLR

7
| D

DBF-SAR Systems with Planar Arrays

DPCA

displaced
phase centers
and/or multiple
azimuth beams

= enables high
azimuth resolution
and wide swath

= requires dedicated
multichannel SAR
processing

Multiple Rx Apertures in Azimuth

X

|/

PRF # — —> nonuniform sampling
lant

— dedicated processing

v Timing, Nadir
v Ambiguities

i DLR

7
| D
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DBF-SAR Systems with Planar Arrays
—" System Model: p

displaced
phase centers
and/or multiple
azimuth beams

=

— Reconstruction
&
SAR
Processing

u(t) —

= enables high
azimuth resolution
and wide swath Bistatic Azimuth Impulse Response:

= requires dedicated
multichannel SAR
processing

2
Bt 85) = Aqy(V0) - Apy (U — 43) - €5 [ T (1) + e (0 — 43|

i DLR

&i

r?.-' nstr\ubtlon from;)‘pnunlf.
;4 ol Sens 'I.etters, Vol. 1, pp:i26

—

Coherent Reconstruction

|
|

u(t) Hl(f) Ju Pl(f) =
¢ Pu(f)
[ nn "0 o il
- u H P(f)
YO L v " )

M.
(Bandwidth B) | ¢ Pis(f)

H.(f) Ho(f) Ha(f) Po(f+B/3)  Py(f +2B/3)

A(f)=| Hy(f+B/3) Ho(f+B/3) Hs(f+B/3) |—>ALH=

Py(f +B/3)  Py(f +2B/3)

Hi(f +2B/3) H,(f+2B/3) Hs(f+2B/3)

i DLR

Py, (f +B/3)

Py (f +2B/3)
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DBF-SAR Systems with Planar Arrays

DPCA Multiple Rx Apertures in Azimuth
— = Reconstruction in PRF
| Frequency Domain:

displaced

phase centers
d/ Itipl
azimuth beams A
P,(f)
==- U(f) —
P3(f)
= P(f)

= enables high
azimuth resolution

and wide swath Reconstruction by sum of linear filters Y P;(f) can also be
* requires dedicated interpreted as a frequency dependent linear beamformer

multichannel SAR

processing

i DLR

"' n'r?' o nstr;ﬁ_btion f'rdij;i;_)‘pn.unif'
JiEmote sens; Letters, Vol. 1, pp.26(

DBF-SAR Systems with Planar Arrays

DPCA Multiple Rx Apertures in Azimuth
l displaced DJ:D s

phase centers
and/or multiple
azimuth beams

maximization of

signal energy for
each Doppler

frequency fp

suppression of azimuth
ambiguities by Doppler
dependent null-steering

= enables high y
azimuth resolution i
and wide swath I~ ;

= requires dedicated Tp P ==
multichannel SAR D+ “PRE
processing




DBF-SAR Systems with Planar Arrays

DPCA Multiple Rx Apertures in Azimuth

displaced
phase centers

and/or multiple
azimuth beams

S
rawdata | o o o | rawdata
channel 1 channel n,.
range range
comp. comp.
¥ — ¢ -
azimuth azimuth
FFT FFT
v vev ¥

frequency-dependent
channel combination

¥

= enables high
azimuth resolution
and wide swath

= requires dedicated
multichannel SAR
processing

further processing as
for conventional SAR

example for single point scatterer

(>
=
‘-’)

(©)

Reconstruction from Nonuniform DPCA Sampling

Single-Channel Image

ship amiﬁiguity
|

i
% SRA mode
i| (sum-channel)

Demonst

tion with TerraSAR-X

DRA mode

1 (reconstruction)

i

a O;Q;f bigitai Bégmfo.rmin o_r.“ i

otefS_‘él-i‘fging, Vol. S_i,.lpp__ 579
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Pulse-to-Pulse Antenna Phase Center Variation

Eeebfd — v

bbb
“ PRF
= —trmvirre Tx

<« AX =

o ——

\XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXI

Y
Uniform Sampling of Synthetic Aperture

i DLR

DBF-SAR Systems with Planar Arrays

HRWS Combination of Scan on Receive with DPCA

! —
improved
scan-on-receive

(SCORE) and
DPCA (MAPS)

) synthetic

-=zzi- PRI, PRI, PRIj4q aperture
- —

.- Vg - PRI 3 lgnt/2

-

= scan-on-receive with
dispersive beam for
high Rx gain

= DPCA for improved
azimuth resolution
in stripmap mode

23



DBF-SAR Systems with Planar Arrays

HRWS Combination of Scan on Receive with DPCA

improved
scan-on-receive
(SCORE) and
DPCA (MAPS)

= scan-on-receive with
dispersive beam for
high Rx gain

= DPCA for improved
azimuth resolution
in stripmap mode

Ground Range [km]

TIMING ANALYSIS
700 =

58.0

650 55.7
600 53.2
550 150.6
500 47.6
450 444
400 40.8

350 36.9

300 326

250 28.0

200 || , - 229
500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
PRF [Hz]

=== indicates transmit event indicates nadir return

Incident Angle [deg]

i DLR

DBF-SAR Systems with Planar Arrays

HRWS

improved
scan-on-receive
(SCORE) and
DPCA (MAPS)

= scan-on-receive with
dispersive beam for
high Rx gain

= DPCA for improved
azimuth resolution
in stripmap mode

Ground Range [km]

Combination of Scan Receive with DPCA

TIMING ANALYSIS

- 17.7
00 550 600 650 700 750 800 850 900 950 1000
PRF [Hz]

=== indicates transmit event indicates nadir return

Incident Angle [deg]

i DLR
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DBF-SAR Systems with Planar Arrays

HRWS Combination of Scan on Receive with DPCA
” ==
/
. improved — II
1 scan-on-recelve \ Y;
1 (SCORE) and \I
1 (_DPCA (MAPS)

' \ Y 4 Y 4 Y / synthetic
--zI% PRI,_, PRI, PRI 4q aperture
o < =
o Vs * PRI 3 lgne/2

- scan-on-receive with
dispersive beam for 100 km < 1.6 kHz z10m S 2. v
il Rx gain 200km  <800Hz  =20m ant ~ 'pRF
- o improges 400km  <400Hz = 40m
azimuth resolution
in stripmap mode

L

DBF-SAR Systems with Planar Arrays

Quad Array SAR Suppression of Range Ambiguities by Null Steering

—

Wide-swath space-borne SAR using a quad-element
array

range ambiguity
suppression by
two apertures
in elevation

G. D. Callaghan and |. D. Longstaft

IEE Proc.-Radar. Sonar Navig., BRX
Yol. 146, No. 3, June 1999 ATXRX

—

/ receive

mainlobs

= good azimuth
resolution

= compact antenna

= range gap in the
middle of the swath

i DLR
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DBF-SAR Systems with Planar Arrays

Burst-DBF-SAR DPCA in Burst Mode Operation

¢ Minimum PRF is determined by antenna length:

PRF
2 - v 10 m Z 1500 Hz
PRF % —

Urais 12.5m % 1200 Hz
15m Z 1000 Hz

combination
of DPCA,

SCORE and

ScanSAR/

¢ Minimum burst number is determined from timing

= enables mapping of
ultra-wide swaths
with high resolution

= suggested as
Sentinel-1
successor system

i DLR

ScanSAR with Planar Array

Burst-DBF-SAR DPCA in Burst Mode Operation

TIMING ANALYSIS

combination
of DPCA,

SCORE and

ScanSAR/

Ground Range [km]
5 8
o

Incident Angle [deg]

= enables mapping of
ultra-wide swaths S
with high resolution zsuk

1 1 1100 1150 1200 1250 1300 1 1400 1450 1
« suggested as 000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500
SN === indicates transmit event orbit height: 700.0 km duty cycle: 10.0%
successor SyStem

> Y/ bd
DLR g s
Wk




combination
of DPCA,

SCORE and

ScanSAR/

ScanSAR with Planar Array

Burst-DBF-SAR DPCA in Burst Mode Operation

TIMING ANALYSIS

1

= enables mapping of
ultra-wide swaths
with high resolution
= suggested as
Sentinel-
successor system

600 ]
t requires
= 550) .
e . nadir echo
c .
S 500, suppression
B s
3 450/
G

400

3505

30“. _______________________

1000 1050 1100 1150 1200 1250 1300 1350
PRF [Hz]

=== indicates transmit event orbit height: 700.0 km

151.91
L4971
147.36
-44.84
42.15

139.26

Incident Angle [deg]

136.18

—125.68

‘ 2177
1400 1450 1500

duty cycle: 10.0%

i DLR

New Nadir Suppression Technique

&

Wl

8

i

|
|
\|‘

tipsl

V

ma

\jw

sl

||m.
i

fHL

Im (S(D}

Imag {s (1}

Raw SAR data i fl}
.\ {with nadir echo) N
'.‘ J \ Facusing matched
- to the nadir echo
D|4 St
%!4,\}‘
f M 0‘ L
ul L ]“ Removal of the
nadir echo
tius) &) i
e
Inverse focusing
Si\.\
.I‘“
Focusing matched
to the useful signal
Focused SAR image ([?
(free of nadir echo)

A

nadir echo as well as
house and tree echoes
are smeared

nadir echg is focused while
house and tree echoes are
additionally smeared

nadir echa is removed
while house and tree
echoes remain smeared

nadir echo is remaoved
while house and tree
echoes appear
almost identical as in
original data

focused SAR image
without nadir echo

veform
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DBF-SAR Systems with Planar Arrays

Burst-DBF-SAR DPCA in Burst Mode Operation

¢ Minimum PRF is determined by antenna length:

@ combination
of DPCA,
i v

ScanSAR/

a 10 m z 1500 Hz
125 m z 1200 Hz

15 m Z 1000 Hz

¢ Minimum burst number is determined from timing:

N
Npurse = 4 (with nadir)

p
PRF Z 1200 H a .
L ul {Nbum = 3 (w/o nadir) )

= enables mapping of

ultra-wide swaths ¢ Minimum number of azimuth channels from az. resolution'
with high resolution e

» suggested as L ‘"‘rﬂé
Sentinel-1 L Naz 28,4, (Nourse +1) o =125m e =

successor system

DBF-SAR Systems with Planar Arrays

Burst-DBF-SAR DPCA in Burst Mode Operation

* The high-resolution wide-swath ScanSAR mode may imply
a notable squint angle change at the burst borders:

A Squint Angle (A
Mode Bursts quint Angle (Ay)
L-band | C-band | X-band

5m @ 400 km 5.1° 1.2° 0.66°

combination
of DPCA,

SCORE and

ScanSAR/

Nburst
Bp ~ —= 5 )

= enables mapping of
ultra-wide swaths
with high resolution Challenges: e« azimuth scalloping (AASR, NESZ)

= suggested as » line-of-sight variation (interferometry)

jpontinet 1 » atmospheric discontinuities (ionosphere)
successor system p p




DBF-SAR Systems with Planar Arrays

Burst-DBF-SAR

combination
of DPCA.,

SCORE and

ScanSAR/

DPCA in Burst Mode Operal

Phase Jumps from
lonosphere

courtesy: P. Prats

= enables mapping of
ultra-wide swaths
with high resolution

= suggested as
Sentinel-1
successor system

Sentinel-1
Mexico city, flattened phase

i DLR

DBF-SAR Systems with Planar Arrays

Burst-DBF-SAR DPCA in Burst Mode Operation

combination
of DPCA,

SCORE and

ScanSAR/

mEE s

= enables mapping of
ultra-wide swaths
with high resolution

= suggested as
Sentinel-1
successor system

Vg

i DLR

%’R W OPS: &iregisti‘aﬁqn and a!ﬂnuil_g shifts,
 Eyropes f; heti ture Radar, Berlin, G_ﬁ;',' 2014.
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DBF-SAR Systems with Planar Arrays

Burst-DBF-SAR DPCA in Burst Mode Operation

combination
of DPCA,

SCORE and
ScanSAR/

= enables mapping of
ultra-wide swaths
with high resolution

= suggested as
Sentinel-1
successor system

11-day TSX TOPS interferogram over the Lambert glacier, Antarctica. (Left) Reflectivity
image and (right) flattened interferogram. The images show three consecutive bursts
(9 km per burst in azimuth), where the top-right part is a stable rocky area showing no
phase jumps at burst edges. The glacier, on the other hand, shows clear jumps at
burst edges. The jumps are legitimate and correspond to the projection of the motion
in the LOS direction, being the latter azimuth-dependent. At burst edges the LOS
vectors have opposite azimuth directions, and therefore the jumps can be clearly
seen. Range is horizontal and azimuth is vertical (from F. De Zan et al, EUSAR 2014).

i DLR

é o ;S‘;'Z'c%registi"éﬁn,n and a \un

%" it
_ﬁ.‘-._ ; Jiithetic Aperture Radar, Berlin, Gern

DBF-SAR Systems with Planar Arrays

Burst-DBF-SAR DPCA in Burst Mode Operation

combination
of DPCA,

SCORE and

ScanSAR/

= enables mapping of
ultra-wide swaths
with high resolution

= suggested as
Sentinel-1

successor system

Scalloping in Multichannel ScanSAR mode

AASR, g (ScanSAR)
~20 e
I AASR 3 : : s
Variation
-25 | (C-band .example)

(48]

a0
o] 500 1000 1500 2000 2500

fou [HZ]

i DLR
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Deployable Reflector Antennas

DBF with Reflector Antennas

Digital Control
& Processing

Digital
Feed-Array
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DBF with Reflector Antennas

DBF with
reduced
complexity

2|

Large reflector enables:
 high sensitivity also
at low frequencies
e improved ambiguity
suppression
 innovative SAR modes
e multiple frequency SAR

o

AT o

| Ap paEaé_Us for $‘=§-;,us 617
ing on receive ..., IEEE Radar Conf

DBF-Reflector-SAR: Challenges and Solutions

Variable Antenna Gain from Element Switching

Frequency Dependence of Anten

na Patterns

Feed Blockage & Multipath

X e}

ule Failure

Redundancy Against Tx/Rx Mod

J J J  J

Modulation for Long Transmit Pulses

F

‘j '35?. A‘Ii gyétems'v«'lit,!_ﬁ)oigital_ gt e

giECtronic Systems, Vol. 48, pp. 3473-
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|

low PRF >
azimuth ambiguities

Synthetic Aperture Radar

Multiple Swath Mapping

Rad'ai[, Friedrichshafen, Gq’g‘m& 2008.

C 3: ts fon"" UItra-mﬁg-SwatthR _imaging,

! rtdrg
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Multiple Swath Mapping «
=
S g, g
Multiple % g
Rx-Beams 3% %
in Elevation 2
23
18
2100 2200 2300 2400 2500 2800 2700
PRF [Hz]
: /
blind ranges for given PRF
‘#;: Vs . o > ts for UItra-W_’;de-SwatthRImaging,

; "-'European' rtul Radai[, ﬁriedrichshafen, Germa_l'\y, 2008."

Multiple Swath Mapping «

S g% Ew%
Multiple E’ | §

Rx-Beams g ® %

in Elevation - N k.

18
2100 2200 2300 2400 2500 2600 2700
PRF [Hz)

v

blind ranges for given PRF

ensin_é Symposium, pp. 1015-1018,1991.
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Multiple Swath Mapping Key Challenges:
= Blind ranges:
Ve > Dbistatic SAR

Multiple > PRl variation
Rx-Beams

in Elevation = Range ambiguities:

> large aperture

> advanced DBF

YSARs t!sing Adaptive Arrai_Teéhniques,

,-'} te; nsing Symposium, pp. 1015-1018;1991.

Range Ambiguity Suppression by Null-Steering
¢ null-steering requires sufficient
antenna height to avoid losses: V
hant > 21 Tfar " tan(einc,max) X ¢+ PRI
c- PRI
¢ null-steering is sensitive to

/ T 2rtan B,

¢ antenna phase errors
* topography
* satellite mispointing
e squint/Doppler variation = __¥.-< <
¢ possible mitigations
e larger antenna & tapered beams Oimemax |
« advanced beamforming (e.g. ':
real-time DBF with broad “nulls”)
e cross elevation beam range
ambiguity suppression (CEBRAS)

i DLR
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Minimum Antenna Height (0; max = 50°, hge, = 700 km)

32.0
PRF ~ 2 kHz / i
for 5m
resolution
E _
(o)
I
© f
g
c
< /
1‘0 e P :
/ PRF ~ 10 kHz
forlm
08— T £l azimuth
i : resolution
500 1000 2000 5000 10000 20000 50000
PRF [Hz]
ﬁ " ..k_“'. A : i!f MIVIO Sys{em Architectures a’rd Modes for

jghUtra-Widé-Swath SAR Imaging, EUSAR 2016.

Tx-Rx Separation (Bistatic System)

ey
» Simultaneous transmission and @ | T &’z“

reception avoids blind ranges

= Direct signal can be suppressed by
a Doppler filter
Q additional mitigation by waveform

diversity and/or PRI variation

= Advantages
Q ultra-wide swaths with high resolution
Q compact antennas and satellites
O no Tx/Rx switches, less losses, FMCW, ...

= Drawbacks

Q requires two satellites (3 for single-pass INSAR)

Q requires accurate time and phase synchronisation /
i DLR

H‘ o;'mlrrg in bi- 'andmultistfm SAR IEEE

fnote Sensmg’Sympostum, pp- 517 & 2003.

A




Tx-Rx Separation (Bistatic System)

@ e 2 E—

= Simultaneous transmission and
reception avoids blind ranges

= Example:

Parameter Value

Swath 500 km
Azimuth Resolution 3 m
Orbit Height 800 km
PRF 3.5 kHz
Tx Antenna Length  5m
> 0.8 m (L-band)

Tx Antenna Height 0.1 m (X-band)

Rx Antenna Length  5m

> 5.6 m (L-band)

Rx Antenna Height > 0.7 m (X-band)

Multi-Beam Concepts for Ultra-Wide-Swath Imaging

- Strategies for Elimination of Blind Ranges -

Continuous PRI Variation

Blind Ranges
Move Across
Swath

improved performance

~

Multiple-Beam ScanSAR

Burst-Mode
with Multiple
Rx-Beams
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TTITTTYITYYYYYY

Systematic Shift of Blind Ranges

aAide-Swath SKRImagingfEUSAR 2008.
.' AR Device and Antenna, US 2008/0078621 A1,

Timing Options for SAR with Variable PRI

Slow PRI Variation Fast PRI Variation

A 4 N

¥— illumination time — t[s]

38



Multiple Elevation Beam SAR with Slow PRI Variation

wavelength

System Parameters

satellite height

incident angles

swath width

reflector diameter

focal length

reflector offset

2 0.236 m
Reat 773 km
Ome | 24°-47.2° 00
4s 400 km
650
D 12m
F 12m 600
0 72m 550

azimuth elements

Nay 5 (0.6 1)

elevation channels

N, 45 (0.6 1)

Ground range [km]
w
=]
(=)

Range-Dependent Burst Positions

bl

st i

3 -2 -1 0 1 2 3

450
minimum PRF PRFpin 3300 Hz
maximum PRF PRFy0x 3444 Hz i
cycle time T 3.54s 350
Tx duty cycle A\ it 4%
burst length Thurst >3.35s

A
Voin

P
&l

SAR with Slow PRI Variation

Parameter

Value

Wavelength 0.236 m (L-Band)
Azimuth Resolution 5m

Antenna diameter 12m §
Feed size 6.4mx0.71m g
Orbital altitude 773 km

Average Tx power 883 W

(for NESZ = -25 dB) (610 W)

Range Ambiguities (RASR)

—46
—48

Best case

_ngU 350 400 450 500 550 600 650 700 750

Ground range [km]

AASR [dB)

=30

|
w
N

Best case
Worst case
77

_3200 350 400 450 500 550 600 650 700 750

Ground range [km)

\

Worst case
Best gase

; ”'
(|
|

i
[

|
xb

i

_5300 350 400 450 500 550 600 650 700 750

Ground range [km]
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Multiple Elevation Beam SAR with Slow PRI Variation

System Parameters Range-Dependent Burst Positions

wavelength 0.236 m

satellite height 773 km

incident angles 24°- 47.2°

swath width 400 km

reflector diameter 12m

focal length 12m

reflector offset 0] 7.2m

azimuth elements Ng, 5(0.6 1)

elevation channels Ng, 45 (0.6 1)

minimum PRF PRFpin 3300 Hz

Ground range [km]
w
=]
(=)
/

maximum PRF PRF 0% 3444 Hz

cycle time Teycie 3.54s

antenna | =" \\
footprint T
burst length Thurst >3.35s Azimuth time [s]

Tx duty cycle Acycie 4%

MIMO System Architectures a@ .
\ ] (g )
a-Widi Swath SAR Imgginﬁ‘t

L/
DLR

synthetic aperture
for point C

(illuminated
beamwidth)

o
A
DLR N I apd jstem Archu_'_agturesa@

ide-Swath SAR Itﬁgginﬁt
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Fast PRI Variation

range

|
T >
L B | 1 1 1
> t

Nonuniform PRI sequence

et al., Staj ‘w_v- ES‘F n\A‘na_'e-Swath:)__‘mgging by,
\lariati QL. Remote Seris., Vol. 52, pp. 44&

P

nonuniformly sampled SAR signal

— e —
cee 1 | B8 B -2
bﬁ@%’ l bﬁé? b?ﬁ BLU interpolation

resampled data

i |
hﬁ%} hﬁ% hﬁT hﬁ% " Doppler filter
I X 1 X B X

onboard decimation for data volume reduction

i DLR

"5‘? {/'oi'ubhe Reii,i;'_tign in H_i 

v : -Resolution
Gte Sens. Lefters, Vol. 13, pp. 1173-1477, 2

2016.




Staggered SAR (400 km Single-Pol)

Value

Parameter

Wavelength 0.236 m (L-Band)
Antenna diameter 15m

Feed size 7.15mx 0.86 m
Orbital altitude 773 km

Tx duty cycle 6%

Average Tx power 306 W

Polarisation

Range Ambiguities (RASR)

single-pol (400 km)

o[ ——hn T

RASR, dB

400 500 600 700

ground range, km

NESZ, dB

AASR, dB

-32-

ground range, km

Azimuth Ambiguities (AASR)

F—"hn| 1
32| ‘
-34]
-36
-38|
-40; o

ground range, km

400 500 600 700

400 500 600 700

Staggered SAR (200 km Quad-Pol)

Parameter Value

Wavelength 0.236 m (L-Band)
Antenna diameter 15m

Feed size 7.15mx0.86 m
Orbital altitude 773 km

Tx duty cycle 2 X 3%

Average Tx power 177 W

Polarisation quad-pol (200 km)
Range Ambiguities (RASR)

: | a
s ad

350 400 450 500
ground range, km

NESZ, dB

AASR, dB

e

.
F
TT

TR TR T e T TR s

350 400 450 500
ground range, km

30 Ve A

Ay \:
_31£ V AMN-- E
-32F ~Mad
S2F U}
b
-34E

350 400 450 500

ground range, km
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Smearing of Azimuth Ambiguities in Staggered SAR

Simulation to demonstrate the additional benefits from azimuth ambiguity smearing for a
staggered-SAR system, based on a TerraSAR-X image, acquired over Barcelona, Spain. (a)
Original image with accentuated azimuth ambiguities. (b) Simulated staggered-SAR image
using the more elaborated sequence and best linear interpolation (BLU). (From Villano et
al., Staggered SAR: High-Resolution Wide-Swath Imaging by Continuous PRI Variation, |EEE

Transactions on Geoscience and Remote Sensing, July 2013).

DLR

aﬁgpeh s 'With

Tandem-L

Systematic Monitoring of
Earth System Dynamics

A¢Moreira et al.; : dem-L: A Highly Innovative Bistatic SAR Mission'
for Global Observation of Dynamic Processes on the Earth's Surface,
IEEE Geoscience and Remote Sensing Magazine, Vol. 3, pp. 8-23, 2015.
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Dynamic Processes on the Earth Surface

Deforestétio_n, Degrada{tiqn,vFires* (REDD) Biosp_here

tB_iomassg Change™

Biodiversity O

Earthquakes
Volcanic Activities
Land Slides

gea_ Icé Extent® b o€ ~yospher“é
A Permafrost*

e T R
| Glacier & [ce Cap Dynamics® — -.wue: XA\

Soil Moistufex = 4~ ¥, Hydrosphere N
JI EPERERTY T \ 3
Elooding \'F.

' Ocean Currents*

¥ *)Essential Climate
Variables

Days Weeks Months

Mapping Capacity

TanDEM-X — Tandem-L
1 global coverage / year : .. 2 global coverages / week

swath width: Day swath width:
30 km 1 350 km
duty cycle: duty cycle:
3 min / orbit 30 min / Orbit
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Staggered SAR with Multiple Azimuth Channels

wide swath imaging by
multiple elevation beams
and staggered PRI

high azimuth
resolution by
multiple azimuth

/
feeds/beams =— v
e
;/ e
e
= =

Staggered SAR with Multiple Azimuth Channels

wide swath imaging by
multiple elevation beams
and staggered PRI

high azimuth
resolution by

multiple azimuth

feeds/beams

4#7 T
DLR d 4 =
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Staggered SAR with Multiple Azimuth Channels

Interpulse lilumination

= Requires combination of

= multi-channel
reconstruction

= staggered SAR
interpolation

= Novel virtual beam
synthesis technique

D
o
5
normalized pattern [dB]

= Key idea: multichannel
SAR signal resampling
to uniform grid using

= multiple Rx pulses
(time-variant [ iy 7 ‘
interpolation) B I R B R

. a(_:iaptlve _beams F. Queiroz de Almeida et al, “Multichannel staggered SAR
(time-variant azimuth sample regularization”, Proc. EUSAR, June 2016
aperture tapering) (TGRS paper in print)

¢ G
i A

Multichannel Staggered SAR

Parameter Value

Wavelength 0.236 m (L-Band)

Antenna diameter 18 m

Feed size 9.3mx0.76 m

Orbital altitude 773 km

Azimuth channels 4 s

Average Tx power 302 W

Polarisation quad-pol (400 km) AT R e

Range Ambiguities (RASR)

350 400 450 500 550 600 650 700 350 400 450 500 550 600 650 700
Ground range [km] Ground range [km]




MIMO SAR

Spatiotemporally Non-Separable Waveform Encoding
~
separable W ( non-separable
3(0) // orthogonal codes, \
\\ different RF bands, \\// 9
delayed sub-pulses, |
{ ‘ii )
t
w(t, &)= h(t)-al@
O wko)h0ae)

jﬂ} m‘? m E.Inébding:';_ﬂgw DBF{gchl}l_ique for

i E',-.ZOO8.

o b,
figtGeosei. Remote Sens., Vol. 46,pp.




Multidimensional Waveforms: Possible Implementation

different
waveforms
in azimuth,
beamsteering

(receive path not shown) in elevation

llllll'

i :';_qu DBF@chﬁique for

.*"»% . Remote Sens., Vol. 46, o8- 31546, ’

Non-Separable Waveform: Example with 3 Sub-Pulses

¢ odi :';_Hg\_lv DBngcH‘;!__iquefor
figfGeosel. Remote Sens., Vol. 46, pp. 31346, 2008.




-

High-Resolution Wide-Swath SAR Imaging (X-Band)

¥/ G. Kriege‘féf"

Point Target Response
classical
SAR with

1 Tx/Rx
aperture

1Tx +1Rx
PRF = 1220 Hz

3 al., M fm E._ngpding:‘k_:ﬂgw DBFfechnique for
SAR Refiiote!S ng ‘_ﬁeosgi. Remote Sens., Vol. 46,.pp. 33&_96, 2008.

-

Displaced Phase Center Antenna (DPCA) Technique

multi-

aperture
recording
in azimuth

Point Target Response

1Tx +4 Rx
PRF = 1220 Hz

Fm E._nngding:‘k_:plgw DBFfechnique for
ng ‘FEOSSI. Rempote Sens., Vol. 46,.pp. 31&_«}6, 2008.
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Multidimensional Waveform Encoding (MIMO SAR)

spatio- Point Target Response
temporal

waveform 4 TX +4 Rx
encoding

+ waveform
Encoding
PRF = 1220 Hz

transfer of
ambiguous
energy from
azimuth to

range

a\ o?m E:ngpding:‘k_:ﬂgw DBFfe_zchnique for
¢i. Remote Sens., Vol. 46, 9p. 31&6, 2008.

Multidimensional Waveform Encoding (MIMO SAR)

=

ﬂ/ Point Target Response
LE.‘I
h 4Tx +4Rx
I + Tx encoding

+ DBF on receive )
-“ PRF = 1220 Hz residual
‘ receive in ambiguities:

elevation -30dB

o
-

-

ﬁ . t al I *m E.ngoding:‘x_:plgw DBFfe_:chnique for

Geosel. Remote Sens., Vol. 46, pp: 31:46, 2008
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Direct Radiating Arrays

MIMO-SAR with Reflector Antennas

dimensional
waveform
encoding

Reflectors with Digital Feed Array

Additional Azimuth Phase Centers
for Improved SAR Imaging & GMTI

~

assic HRWS

Cl

centers

(

Waveform Encoding

2n-1

.

- L]
. L]
. L]

. L]
. L]
. L]

. L]
. L]
. N phase
. L]
. L]
. L2
. L]
. L]
W

centers

E‘? ] E‘né_bding:';_ﬂgw DB_F%Ch?lique for
igfGeosei. Remote Sens., Vol. 46, 9P, 3446, 2008

b £
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Fully Polarimetric Waveform Encoding

transmit two sub-pulses with H and V - two polarisations in each Tx pulse !
receive radar echo in two polarisations
use DBF to separate Tx polarisations

no increase of PRF - full swath width!

NN

g0T. Radar Syst:, Edinburgh, U.K4pp:

DBF on
receive in
elevation

en‘cg'ding fo'f.'s,:y)_n,thetic aﬁertﬂre radar

;2007.

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING. VOL. 53, NO. 5. MAY 2015

Spaceborne MIMO Synthetic Aperture
Radar for Multimodal Operation

Jung-Hyo Kim. Marwan Younis, Senior Member, IEEE,
Alberto Moreira., Fellow, IEEE. and Werner Wiesbeck. Fellow, IEEE

Tx,

/Waveform, on V-pol
%=z M
Waveform, on H-pol

Waveform, on V-pol
+

Waveform, on H-pol

2453
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Orthogonal Waveforms for MIMO-SAR
(Examples from Recent IEEE Publications)

/,s,-(f)sj(f-l-T)dt =0,t # 7,¥7 € R, i, =152 St

WQ Wang, IEEE AC 2007

S(N-S(N=0 v feR]

- no coherence for interferometry, polarimetry,
azimuth ambiguity suppression, GMTI, @

ﬁ Y 3 ‘:‘ "(- “'T d nlqtk for Aergspace Reﬂ\’ote Sensmg
£ € pact Confgrence Big Sky MT; .‘QO? . 1-10.

B

Orthogonal Waveforms for MIMO-SAR
(Examples from Recent IEEE Publications)

/,s,-(f)sj(f-l-T)dt =0,t # 7,¥7 € R, i, =152 St

WQ Wang, IEEE AC 2007

T‘.“

” Cpmy, M=MN
/Sm(f)sn(t)df = {0 m # n
0

WQ Wang, IEEE TGRS 2011

f.s.m_(t)si (t)dt = oxt), (m,n) € [1,2135 K]

Ty — 5mnr) WQ Wang, |IEEE GRSL 2012

ﬁ V 3 ‘:‘ "-,‘_‘e- “"T 4 nlqtk for Aergspace Reﬂ\’ote Sensmg,
£ € pact Confgrence Big Sky MT; .‘QO? . 1-10.
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Orthogonal Waveforms for MIMO-SAR: Up & Down-Chirps

Original Scene

Matched Filter Result (only matched channel present)

Matched Filter Result (also orthogonal channel present)

i___> azimuth

range

t

Orthogonal Waveforms for MIMO-SAR
* ; :0
Sa(t) ' Sb(t) dt
TAVVAVAVAYA y
e
VWAV N
| IAAMAAG
WA
VWA . :
>t @_ .”.@
for
energy leakage
diStributed targets!
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Orthogonal Waveforms for MIMO-SAR: Up & Down-Chirps

Original Scene

\

S
5
=
N
@

Orthogonal Waveforms for MIMO-SAR: Up & Down-Chirps

Original Scene

'3
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IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 53, NO. 3, MARCH 2015

MIMO SAR OFDM Chirp Waveform Diversity
Design With Random Matrix Modulation

Wen-Qin Wang. Member, [EEE

wl w2

frequency
frequency

time time

‘. E"‘? v‘eleﬂ‘)jrh_] Divers )
oCT, Remote Sehs., Vol. 53, pp. 1615-

pppesign &ith.“ﬁa

ndom
;2015

1615]

Autocorrelation and Crosscorrelation

1.0 ‘ ! ‘ ‘ !
L 1.0 ‘ ‘ ‘ 1.0 ‘ ‘
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(0] = =
ke - a a
2 i E 06 £ 06
= < <
g' 06— 5 5
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c r [ °
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(@)
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Orthogonal Waveforms for MIMO-SAR: Wen-Qin Wang 2015

Original Scene

Matched Filter Result (only matched channel present)

Matched Filter Result (also orthogonal channel present)

s
5
£
‘N
@

range

Orthogonal Waveforms for MIMO-SAR: Wen-Qin Wang 2015

Original Scene

X

Matched Filter Result (only matched channel present)
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Short-Term Shift-Orthogonal Waveforms for MIMO-SAR

jsa(t)-s,’;(t—r)-dt=0 V T €[—a,a]

5a(t)
sp(t)
ﬁ Js 7 et 1 _r;ﬁnltles and Pitfalls, IEEE Tl%’nsactlons on
{ N fa PT ,.-F" igte sénsmg, Vol. 52, pp. 2628-2645, | May 2014.

Short-Term Shift-Orthogonal Waveforms for MIMO-SAR

received signals

0
0;
DBF
WA
% T AN
WA\ DBF
O MV AL 5 @
> t @ RS eVeve

akage if
ith DBF!

~enr 1mage
nCEeSS>SCU Hﬂ’lj no energy le

Combmed wi

: gpportunities and Pitf a}ls IEEE Tl%'nsactlons on
> teSénsmg, Vbl 52, pp. 2628- 26}5 ay 2014.
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Information
Cube

Information
Cube

S
2
S
S
[
“—
o
Q@
(o))
c
@

angle of arrival

fr, iy
equency fme

information space completely
filled by distributed scatterers!
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Information
Cube

P

STSO waveforms:

cyclic shift

Information
Cube

B

STSO waveforms:
cyclic shift

S
2
S
S
[
“—
o
Q@
(o))
c
@

angle of arrival

fr, iy
equency fme

no unique separation between
overlapping signal returns!
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Information
Cube

Information
Cube

MIMO
(cyclic chirps)

angle of arrival

angle of arrival

sparsely populated information
cube with DBF in elevation!

cube filled with short-term
shift-orthogonal waveforms!
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Information
Cube

MIMO
(cyclic chirps)

S
2
S
S
[
“—
o
Q@
(o))
c
@

separation of STSO waveforms
by time-frequency dependent
null-steering in elevation

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING. VOL. 50. NO. 10, OCTOBER 2012 4157

Echo Separation in Multidimensional Waveform
Encoding SAR Remote Sensing Using
an Advanced Null-Steering Beamformer

Fan Feng. Shigiang Li. Weidong Yu. Member, [EEE. Pingping Huang. and Wei Xu

P e 1
I ' |
I Pu |
| ¢!
1 ) “
I vy | l Echoces of subpulse 1
| =t
[} |
I |
I |
0} |
| |
I |
| |
I 9y !
} i |
Py
| Tl
-
| ' | Echoes of subpulse 2
-0 -
t - |
o R |
First step Second step

Fig. 8. Block diagram of advanced null-steering beamformer on the satellite. wyy s denotes the element of the matrix V. where subscripts signify its position

in the matrix. and & . represents the (. j)th element of the matrix N [(V/)v7] ™
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IEEE GEOSCIENCE AND REMOTE SENSING LETTERS, VOL. 11, NO. 12, DECEMBER 2014 273

Digital Beamforming on Receive in Elevation for
Multidimensional Waveform Encoding SAR Sensing

.&(\g‘-‘ 1 Feng He. Xile Ma. Zhen Dong. and Diannong Liang
c\\‘.‘ e > i .
F Sk In this letter, the performance of the separation approach em-

& > '\\ . . . . . . . . . .
2 B ploying a posteriori DBF in elevation is investigated in detail. It
a(r) was originally suggested in [2] and was employed in [9] with a
: novel full polarimetric SAR mode. This way, useful information
about the spatial structure in elevation will be preserved to
o enable flexible and adaptive beamforming on the ground. An
Nadir
v R,
R N
R, :
; ‘ ; ; g
M- - - = |- = = {oL=5, AVGRASR=388dB|- - — & - — - — - + 4 2 o 1
L ' |+L=s AVGRASR=468¢8 ' { g %@,‘J"ﬁ | 1
g by ! & L=10, AVG RASR=-51.3dB Ir M ° —-L= 5 |
g 400 P — — -1=150 AVG RASR=-53.5dB| — soe07 ™ — — — — £ Sy = = =
ha | |
& eoph Eois 2 Stae - et ; e 2 | |10 |
leplie o o e o 4 i S E S A0 = = o =8-13150 | = b = -
56 57 7 33 568 55 € 565 57 575 58 58 5
delay (s) x10* delay (s) %10

Fig. 3. RASR versus ground delay employing different elevation subapertures.

64



Example 1: Range Ambiguities for Planar Array

Antenna height -

Antenna height lang  4x25m
Wavelength A 0.031 m
Satellite height Zsat 576 km

Height offset dh 1.5 km

Satellite velocity — vg,y 7.5 km/s

Earth radius T, 6378 km
Look angle O100k 32.4°
Sub-pulse delay At 50 ps

%

x25%
//

=
[Ty}
o

DBF on
receive in
elevation

Iso-Range Contours on Earth Surface

20 _I TTT1TT1T17T T ] TTrrrrrrrr I Trrorrrrr I Trrrrrrrr TTTTTTTTT
. z
10 .
T f .
=, L i
5 of =
£ o ]
< r ]
E iso-range iso-range E
-10 - contour of contour of —
E desired ambiguity .
E signal (far range) il
c [ ]
_20 :I 111111 [ 1 I 1111 11111 I I T T T | I ) T | 1111 1111 I_

260 270 280 290 300

Ground Range [km]

L
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Null-Steering in Elevation for Zero-Doppler Position

20 _[ L T I TTrTrTrrrorrrT ] TTrornrrrrr I TTT T T rTo1T 1[ TTrrrrrr
10 -
£ ;
f. -
= ]
P it I ) Ea ) E 7
E C ]
< ]
- high gain null-steering :
10 for desired for range =
b signal ambiguity .
E suppression il
_20 :I 111111 1 I ) T T I T T I | I T | l-

260 270 280 290 300
Ground Range [km]

DLR P

Null-Steering in Elevation for Zero-Doppler Position

20 rrrrT ||IIIIIIII]]iIIIIII!IIIIIIIIIIIWI[IIIIIII

FTTTT

10 F

Azimuth [km]
(=]

high gain null-steering

LI L L

-10 for desired for range
signal ambiguity
suppression
_20IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlll

260 270 280 290 300
Ground Range [km]

# =
DLR P
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Null-Steering in Elevation: 2-D Pattern on Ground

Azimuth [km]

igh gain | & null-steering =
r desired for range \
ambiguity
/| suppression % |\

_201||°|ir| 1 || SO [T SRS i (N
260 270 280 290 300
Ground Range [km]

Pl A

Null-Steering in Elevation: Azimuth Patterns

0

T T T T ] T T T T I T T ;l/._.-t I--\\_\'l\. T T 'I' T T T T ] T T T T
4 g \\\\
20 /
' / range \
= ambiguities N

<-60dB
for all fp,,

Normalized Amplitude []

L1 III 11 | |i L1 I L1 __1—

1 1 1 1 ] L L 1 1

-15 -10 -5 0 5 10
Doppler Frequency [kHz]

At nominal height: ~ Q high gain for desired signal

a excellent suppression of ambiguities

=~

-
w
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Null-Steering in Elevation: Impact of Topography

20

10

Azimuth [km]
(=]

km height
offset

_01||°| 1 || S [T SRS

260 270 280 290 300
Ground Range [km]

Null-Steering in Elevation: Impact of Topography

0 'l T T T T ] T T T T I T T 'I/:_f - _\_I-::__'I T T 'I T T T T ] T T T T I
o Vs > ]
i K Vi .
5 20 / ’ > —
E - ot ;‘ 7 7§ i
i Y PP B E
N L \ I."I ,-/ x: % I| / \ ; v b
E :_-\\\ \ Iu' }__." \ l }III \ [/ k8 / =
s 60 | I,"f e "|'f o s 1 . AhE
Z & 2 \I | » \\\ H | \\\ ;/ \\ | g ' =
- \\_\ \\ I fJ !/ 1-|jr _f// \ \ i 7 \ ! ik
-80 T L \II" Hlnlrl "l.ll \" “ll 'lf TR T T W A TR N S \'- | "; I\'-. I il ."'I 1 ‘[‘
-15 -10 -5 0 5 15
Doppler Frequency [kHz]

Height of 1.5 km has: Q0 minor impact on main beam (< 1.5 dB)

a strong impact on nulling (-60 - -17 dB)
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Example 2: Range Ambiguities for Reflector DBF

Antenna diameter dg,;

Feed elements Ny 32 bé‘ Multiple
N Rx-Beams
Wavelength A 0.236 m in Elevation

Satellite height Zsat 745 km

Height offset dh 3 km
Satellite velocity Vsat 7 km/s
Earth radius Ty 6378 km

Steering angle Osteer  71.864°

PRI At 150 ps

i DLR

Null-Steering in Elevation: Pattern in Ground Plane

Azimuth [km]

high gain null-steering
for desired for range

620 640 660 680 700
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Null-Steering in Elevation: Azimuth Patterns

Normalized Amplitude []

op >-27dB  |[]

- for some fp,, |1
20 — 2 —
: ///.. o i :

L / P 4
40 - / —
L 77 _
-//__,"/ S

60 = ~
L | i

_80 -I L1111 i ) I | | !II | I | T | ) | I-

-2 -1 0 1 2
Doppler Frequency [kHz]

At nominal height: 0 only -27 dB suppression for some fp,

Q challenges fully polarimetric mode

i 3 e

Null-Steering in Elevation: Impact of Topography

Azimuth [km]

iso-range

line for 3 km
n height offset
620 640 660 680 700

Ground Range [km]
——— -




Null-Steering in Elevation: Impact of Topography

Normalized Pattern [dB]

0_'””””E’”'”"'I"”";’/"J"I‘L'kl\__'\f\””l'””"" RS R
-20:—
-60
Doppler Frequency [kHz]

Height of 3 km has:

i DLR

0 negligible impact on main beam
a strong impact on nulling

CEBRAS
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Cross Elevation Beam Range Ambiguity Suppression

= On-board scan-on-receive with

. . 4 Mutiple
multiple elevation beams / Prwri

Q dispersive beams to account for
extended pulses

AA[\
Q beams follow topography (MVDR /
beamformer and coarse DEM)

= On-ground range ambiguity sup- J pown J Link
pression by combining beam signals

/' Dowrlinked Signals from Muttipls Elsvation Besms

0 beamforming in range-Doppler domain | (=== i i = - i e |
to account for topography Changes in |1Az\mutn(surainn | Az;\mu(n(:unrainn I Az\muln‘surainl‘
azimuth (based on high-res. DEM) e e

e ‘
¥

Q can take into account auxiliary data
(platform orientation, calibration data,
refined beam patterns, ....)

-
DLR f TS
A

Downlinked Signals from Multiple Elevation Beams

§sceo §sceo | NG
Range Compression Range Compression Range Compression

| D) Jweo | G
Azimuth Sub-Band Azimuth Sub-Band Azimuth Sub-Band
Decomposition Decomposition Decomposmon

ukl (t, T) uL] (t, T) um] (t, T)

Aux. Aux.
@—»- Range
1 Filter

i I
W (t,7) D —w;;(t, 1) (Wi (£, 7)

Recombination of
Sub-Band Signals
RCM Correction
& Azimuth Focusing

!




Beamforming Weights: Simple Solution

= Cancellation weights can be approximated by 9 @
k(T

Al(gl(‘[ + Tkl’f})l (pl(T + Tkl'fj>; t, T)

wy;(t,T) =

Ax(0r (v ;) oic(z. )i t.7)
with 6, (1) = 0,(t + 1)

= Computation of beamforming weights

0\ et

pulse [ % %

wy; (T) requires knowledge about
ey (7) 1eq g 46, 036,7)

O complex antenna patterns after real-time
scan-on-receive beamforming Ag, ;3(6, ¢;t,7)

. 0, (1) 0
0 antenna look angles 6y ;; and azimuth

angles ¢y, of arriving wavefronts A8, 9;,7)

(derived from DEM together with a posteriori /\

satellite attitude and position estimates)
0,(7) 0x (1) 0

i DLR

gelevation he’!—)m rangem\blgu uppression
Fswath and MIMO-SAR -magmﬁg&i

Estimation of Antenna Patterns / Cancellation Weights

= Option 1: A Priori Antenna Model
a employ 2-D model for computation of beam patterns
O accuracy may be challenging for reflector system
= Option 2: Calibration Data Takes
Q illuminate with low PRI and receive with multiple beams
Q topography can be emulated by varying beam trigger times
= Option 3: Cross-Correlation
Q cross-correlate signals from multiple beams
Q prone to ,self-cancellation”
= Option 4: Blind Source Separation
Q unmix signals as in cocktail party effect

O requires use of higher-order statistics

i DLR

geleyation beim rangy uppression
fswat ana M!MO 5AR|magmﬁ£&E
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Option 2: Dedicated Calibration Data Takes

= Acquire multi-beam data Wiz (1) = A1(62, 9557, 1)
without range ambiguities A2(62,92; 6,7, f})
0 MIMO-SAR: employ e.g. AGEIN))

single Tx channel/sub-pulse u, (67, f7)
ul(t; T, f:]) '*-._"
+ »
\/\/\/:,4\1(92, v2r-)
t
uz(t, T’f}) ~A2(92,(p2, )
\M\/\\ 4,(6,9;t,7. ;)
o~ A1(6,0;t,7, f;
t

i DLR

lev ation l‘)je].’—_im ran}ié:zmbiguit’:s._upr___ression
Sswath and,MiMO-SAR imaging,IGARSS 2015.

Option 3: Pattern Ratios from Cross-Correlation

« Operate SAR in nominal for all t where [u(t, ... )| » [ugemy(t, ...)| do

multiple beam mode Z 7 e (67) = Juz(t: T f;)ui (67 f;) - de

uk(t, )
> wyj(t;7)

ey ation l‘)je].’—_im ran}ié:zmbiguit’:s._upr___ression
Sswath and,MiMO-SAR imaging,IGARSS 2015.




Option 4: Blind Source Separation

= Operate SAR in nominal ul(t:: ) =[a511 a%N]_ Sl(t:; )
uy(t;...) ay1 - annl |sy(t;..)

multiple beam mode

Uy (t, )
zebras zebras like
eat grass cocktails
t ?2?7?

| prefer
cocktails

Option 4: Blind Source Separation

[a'n ayv] s1(t;..0)
- ayy - Ann SN(t';...)
= Each recorded signal can be regarded

as a linear superposition of statistically
t independent source signals

= Operate SAR in nominal “1(’5:5 )

multiple beam mode

un (6.

uk(t, )

= Independent component analysis can
be used to separate the source signals

O entropy maximization

O mimimize mutual information

O higher-order decorrelation (cumulants)

Q infomax
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Option 4: Blind Source Separation

= Operate SAR in nominal ul(t:: ) =[a511 a@N]_ 51(t:; )
uy(t;...) ay1 - annl |sy(t;..)

multiple beam mode

uk(t, ) Sl(t; )
c
S EISAN
t I ¢
3
) Q| 5(5..)
wn
iy g
S
_ . = t
A
Um(t; ) = | s
c
_4; S . t
# [/ Kijogek (Wi behm raﬁéﬁmbiguitﬁupr ression
o ! A g wath and MIMO-SAR imaging, IGARSS 2
s~ agh and Ve, imaging,IG 2015.

MIMO SAR Design Example

; P
DLR “ i
"' - - "
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MIMO-SAR Systems with Planar Arrays

MIMO-SAR Acquisition of Additional Phase Centers for Each Tx-Pulse

2 STSO
=
/
DBF for N ]
waveform \ 4
separation Y
* (CEBRAS) \ > )\ Y It Y / synthetic
- PRIy, PRIy PRIj44 aperture
! \
= additional phase ‘\ ,' ‘\ "
centers for reduced ~‘l ‘;I'
antenna length
= requires high \ Y : Y g v ‘
antenna to separate PRI,_, PRI} PRI} 4
waveforms

MIMO-SAR Systems with Planar Arrays
MIMO-SAR Acquisition of Additional Phase Centers for Each Tx-Pulse
Smbo
Azimuth Resolution éa Im
DBF for Swath Width w 240 km
waveform . .
separation Orbit Height hsat 693 km
(CEBRAS)
[
= additional phase \ ll ‘\ ,'
centers for reduced M) “”,
antenna length
=requires high \ Y ) Y )\ Y J
antenna to separate PRI}, PRI, PRI} 41
waveforms




MIMO-SAR Systems with Planar Arrays

MIMO-SAR Acquisition of Additional Phase Centers for Each Tx-Pulse
TIMING ANALYSIS
STSO [ T
|

DBF for
waveform
separation
(CEBRAS)

Ground Range [km]
Incident Angle [deg]

=additional phase
centers for reduced
antenna length

=requires high
antenna to separate
waveforms

i DLR

480 520 b 760

== jndicates transmit event orbit height: 693.0 km duty cycle: 20.0%

MIMO-SAR Systems with Planar Arrays

MIMO-SAR Acquisition of Additional Phase Centers for Each Tx-Pulse

Symbol
Azimuth Resolution da 1m

DBF for Swath Width w 240 km

waveform ) )
separation Orbit Height hsar 693 km

(CEBRAS) )

- Incident Angle 0; 30° - 45°
| PRF PRF 610 Hz

=additional phase
centers for reduced
antenna length

=requires high
antenna to separate
waveforms

# =y
-




MIMO-SAR Systems with Planar Arrays

MIMO-SAR Acquisition of Additional Phase Centers for Each Tx-Pulse

= STSO
= waveforms

DBF for
waveform
separation
(CEBRAS)

=

=additional phase
centers for reduced
antenna length

=requires high
antenna to separate
waveforms

Symbol

Azimuth Resolution
Swath Width

Orbit Height
Incident Angle

PRF

Azimuth Channels

Antenna Length

da

1m
240 km
693 km
30° - 45°
610 Hz
8
13.12m
Usat 2Ny, -1

PRF ~ ™™ 2N,

i DLR

MIMO-SAR Systems with Planar Arrays

MIMO-SAR

=z STSO
= waveforms

DBF for
waveform
separation
(CEBRAS)

t-

=additional phase
centers for reduced
antenna length

=requires high
antenna to separate
waveforms

Acquisition of Additional Phase Centers for Each Tx-Pulse

Symbol

Azimuth Resolution
Swath Width

Orbit Height

Incident Angle

PRF

Azimuth Channels
Antenna Length
Sub-Aperture Length
Duty Cycle

oa

1m
240 km
693 km
30° - 45°
610 Hz
8

13.12 m
1.64 m

20 %

i DLR

_ e =
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MIMO-SAR Systems with Planar Arrays

MIMO-SAR Acquisition of Additional Phase Centers for Each Tx-Pulse

= STSO
= waveforms

DBF for
waveform
separation
(CEBRAS)

=

=additional phase
centers for reduced
antenna length

=requires high
antenna to separate
waveforms

Symbol

Azimuth Resolution
Swath Width

Orbit Height

Incident Angle

PRF

Azimuth Channels
Antenna Length
Sub-Aperture Length
Duty Cycle

STSO Interval

éa 1m
w 240 km
hsat 693 km
0; 30° - 45°
PRF 610 Hz
N, 8
Lunt 13.12 m
Loub 1.64m
Dauty 20 %
TsTS0 164 ps

TsTso = (Aduty/z) " PRI

i DLR

R =

MIMO-SAR Systems with Planar Arrays

MIMO-SAR Acquisition of Additional Phase Centers for Each Tx-Pulse

=z STSO
= waveforms

DBF for
waveform
separation
(CEBRAS)

t-

=additional phase
centers for reduced
antenna length

=requires high
antenna to separate

waveforms

Antenna Height [m]

PRF [Hz]
50000 20000 10000 500 2000 1000 500
s T T T

16.0 \\
8.0 ™ 3

N

10—

20 [2.25 m @ C-band

0.02

i DLR

ol
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MIMO-SAR Systems with Planar Arrays

MIMO-SAR Acquisition of Additional Phase Centers for Each Tx-Pulse

= STSO
= waveforms

DBF for
waveform
separation
(CEBRAS)

t-

=additional phase
centers for reduced
antenna length

=requires high
antenna to separate
waveforms

Symbol

Azimuth Resolution da
Swath Width w
Orbit Height hgat
Incident Angle 0;
PRF PRF
Azimuth Channels Ny,
Antenna Length Lant
Sub-Aperture Length lsub
Duty Cycle Aguty
STSO Interval TsTs0
Antenna Height (C-band) hant

1m
240 km
693 km
30° - 45°
610 Hz
8
13.12m
1.64 m
20 %
164 ps
2.25m

i DLR

R =

HRWS
(SCORE + DPCA)

displaced
phase
center

antenna

Bistatic SAR

(Tx-Rx Separation)

/ waanns 7w

G
B
a3

MIMO-SAR
(with DPCA)

A stso
—/ waveforms
1

DBF for
waveform
separation

SAR with Slow
PRI Variation
blind ranges

move slowly
_\across swath

Multiple Azimuth
Channel ScanSAR

DPCA &
SCORE in
burst mode

Staggered SAR
(1 azimuth ch.)

(j multiple
elevation

beams

fast PRI variation for

stripmap-like imaging

Multiple Elevation

Beam SAR

multiple
Rx beams
in elevation

~
blind ranges for given PRF

Staggered SAR
(N azimuth ch.)

multiple
azimuth
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Outlook

Data Bottleneck
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t
Nasal _ Fovea

retina

Degrees from fovea

Peripheral Vision
wide swath with
low to medium
resolution

narrow swath
with high
resolution

low bandwidth
for frequent
monitoring

full bandwidth for
high resolution
imaging

Peripheral Vision
wide swath with
low to medium
resolution

Foveal Vision

Foveal Vision
narrow swath
with high
resolution
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Adaptive & Cognitive MIMO-SAR Systems

maximize information gain for
a given power & data budget

S

Spotlight

Zoom
Wide Area
Search =

Saccadic Eye Movements
(Yarbus, 1967)
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