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Elevation mapping using SAR images

Principles of SAR imaging

Space diversity for elevation mapping

Raw SAR signal

> scatterer located at (o, ro)
> Reflection coefficient ac

» Baseband Ifm signal
p(7) rect(r/Tp)

s(x,7) =  ac — complex reflection coefficient
p(T — 10(x)) rect (%g(x)) — delayed chirp
exp(—j2mrfeto(x)) — delayed carrier phase
rect % — azimuth aperture

A/ r2+(x—xp)2
with To(x) = 2#

the azimuth varying delay
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Elevation mapping using SAR images

Principles of SAR imaging

Space diversity for elevation mapping

Range-focused SAR signal

d

s(x,d) = ac
hi(d — do(x))
exp(—j{= do(x))

X—=Xg

Wi

\3

rect
do(x) = /1g + (x — x0)?

with

Laurent Ferro-Famil

> scatterer located at (o, ro)
> Reflection coefficient ac

» Range migrations are neglected

— complex reflection coefficient
— delayed range impulse response
— delayed carrier phase

— azimuth aperture

the azimuth varying radar-scatterer distance
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Elevation mapping using SAR images

Prmclples of SAR imaging

diversity for elevation mapping

Focused SAR signal

> scatterer located at (xo, ro)
> Reflection coefficient ac

» Range migrations are neglected

s(x,r) = ac — complex reflection coefficient
he(d — n) — delayed range impulse response
ha(x — xo) — delayed azimuth impulse response

exp(—j‘;—’cr ro) — two-way propagation phase

with ro = do(x0)  the scatterer position in range
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Elevation mapping using SAR images

Principles of SAR imaging

Space diversity for elevation mapping

Coherent SAR image
Single Look Complex (SLC) SAR image

> S(x,r) = A(x, r) €90 . 2.D array of coherent complex coefficients

> A |ac| reflection coefficient amplitude, ¢ : absolute phase.

Composite phase information
¢ = br+ bobj = =551 + Pobj = —keI + Pobj
> ¢, : deterministic component (2-way propagation delay).
> ¢opj : unknown, may be random.
Complex reflexion %/\E
coefficient, A,
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Elevation mapping using SAR images

Principles of SAR imaging

Space diversity for elevation mapping

Absolute phase over natural media

. Im
resolution cell

Coherent sum of a large number of contributions

> ¢opj is usually random.
> & = ¢r + dob; is then random too.
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Elevation mapping using SAR images
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Example of a coherent SAR image

Amplitude image Absolute phase image

SIR-C, X-band, Mount Etna, Italy
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Elevation mapping using SAR images

Circular ambiguity of SAR imaging

3-D reflectivity 2-D raw data 2-D image
1xoyz) = sT) = s(xr)

»

Mapping of ¥(xo, yo, 20)

s
» good localization in azimuth, xo
(accuracy : daz)
» circular ambiguity in the (7, 2)
{ plane
2 2_ 2
H y,-+(H—z,-) =0

= multiple solutions (y;, z;)
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Elevation mapping using SAR images

Space diversity for el

Solution : two acquisitions with space diversity

W

A ; 3-step unambiguous estimation

» Slant range distance from $;

n = |ISiP3l| = |ISiP|

» Slant range distance from S,
r=1%P]

» hy from ri, r» and the geometrical
configuration
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Elevation mapping using SAR images

on mapping

Geometrical configuration

Acquisition geometry descriptors

» Si,2 : sensor positions
> B : baseline
> « : baseline inclination

> 2 : slant range distances

H
> h : elevation position
» H : altitude above reference
» 0 : off-nadir incidence angle

» y : ground range position
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Elevation mapping using SAR images

Principl
on mapping

Baseline conventions

[SY

Polar convention

So
s B » B : baseline length
7) > « : baseline inclination
Cartesian convention
2
s » By = Bcosa : horizontal baseline
2
B, » B, = Bsina : vertical baseline
S1
7 By,

Wave convention
» By = Bsin(f — ) : baseline parallel to ki

» B, = Bcos(f — a) : baseline perpendicular to ki
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Elevation mapping using SAR images

Measuring range positions with SAR images
Bad limited focused SAR signal

si(x,r) = a
he(r — ) — located around r = r;
ha(x — x0)

exp(—j5Er) — periodic function of r;

Incoherent estimation

> Intensity :
(%, 7) = [si(x, 1) o [ag [P le(r — )2

» Accuracy : range resolution 6, = ¢/(2Bs)

Coherent estimation
» Phase :
47
arg(si(x, r)) o arg(ac;) — /\—r,-
(o}
» Accuracy : 77
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SAR responses

TI; (zo,1)
/\

le(rg, r) Tlres
VANEEVAN

1

»
>
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AN (o, 1) e n
> -

on mapping

Referencing
» Large shift : |n — ry| > 4,

Ti(o,7)

Th(lm ') Thres "

v

\4

T2es T2

Large B, h, incoherent estimation
» Small shift : |rn — 3| < &,

Th(’lu-ﬁ")

72,5 T2

Small B, h, coherent' estimation
M2 ST, October 2013



Elevation mapping using SAR images

Space diversity for el

Radar-grammetry principle

» Find (r1, r2) so that
h(x,n) ~ hb(x, r)
» Estimate 0 from (see appendix)
> _ 2

ry =r —2nBsin(6 — )

» Estimate h as

h=H —rcosf

Incoherent SAR responses

I (zg,7)
T /\ /\ N
Iy(zo,7) n "
T VANEEVAN

T2,

v

ref 2 T
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Elevation mapping using SAR images Rt

Space diversity for el

Radar-grammetry accuracy

Estimation accuracy

» Accuracy on ri, r» : range resolution o,

» Accuracy on h, several §,

Conditions of applications

» B large enough so that 1 # r
> h large enough so that |r;(h) — r;(0)| > 6,
» Low accuracy method, but robust

> Mainly used for very large scale applications
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for eleva

Example of radar-grammetry application

DEM of Venus using SAR data acquired by the Magellan probe

Laurent Ferro-Famil M , Octob:




Elevation mapping using SAR images Rt

Space diversity for el

Interferometric information

Coherent SAR responses » Coherent information

pies 1 = [aa] exp (~ 31 + jun)

le(zo,r’) L., " > $ = |ac,| exp (—J " rg + jdobj2)
T2 s > » Assumptions (small baseline)

A R ac, = |ac | & |ac|, Pobi1 A Pobj2

Phase periods within a resolution cell
» Deterministic phase difference

Ae/2
~ Q2

" 4
Ap1p = arg(sis; ) = —)\—WArlg

» Accuracy
> Adpip @ a fraction of 27
> Arip : a fraction of \/2
= very high accuracy on h
= requires small B
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Principles of SAR interferometry

Interferometric phase : far field approximation

Far-field approximation

» Condition : n > B
» na~n— Bsin(f —a)

» Arip =n — n = Bsin(6 — a)

Interferometric phase difference

» Modified wavenumber k. = 47 /.

» Interferometric phase

Agblg = —47T/)\CAI’12
=kcBsin(a — 0)

Explicit derivation in the appendix » Phase-height dependency

0="F(h...) = Do =F(h,...)
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Principles of SAR interferometry

Interferometric phase linearization and decomposition
A¢12 = kCBSin(OZ — 9)
Interferometric phase sensitive to

» Configuration of acquisition : k., B, «

» Elevation h, range position r; : § = arccos (Hr—:h) = fu(h, )

Local linearization

> dAgu(h n) = 2532| dh+ 2502

dr1
h
> Linear approximation valid for small Ah, Ar :

o0A
Ap1o(h+ Ah,r + An) — Agra(h, n) = afu

Ah+

n

Ar1
h

0Ap12
Brl

> A relative height information may now be estimated from

AA¢12 = Aqblz(h +4 Ah, n —+ Arl) — Aqblz(h, r1)
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Interferometric phase

Principles of SAR interferometry

Example:

Two-term linear decomposition
> "Flat earth” (Ah = 0) term

OAP12

A
Brl n

h

AAque(An) =

» "Topographic” (Arn = 0) term

0AP12

DBGuopo(Ah) =

Ah

n

» Composite interferometric phase

AA¢12 = AA¢fe + AAqbt‘opo
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t earth components

interferometry

5, Topographic phase expression
» Topographic variations (Ar = 0)

keBL A

AApiopo = ———
Prop risin6

N Height estimation
rysin 6

Ah=
keBi

JAVAYGYS

» Height ambiguity (0 < AAdtopo < 27)

27ry sin 0

.. L . hoo —
Explicit derivation in the appendix amb kB,

> Phase sensitivity to height
AAdiopo _ keBL

Ah risin @
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Principles of SAR interferometry t earth components

interferometry

Interferometric phase flat earth component

Flat earth phase expression
» Range variations (Ah = 0)

keBi

AN¢r = —
Z rtanf n

Interferogram flattening

» SAR images s(x, r) with range
pixel spacing d, < 6,

» Computation of flat earth phase

keBy
_ d,
rtanf

ADgr =

Explicit derivation in the appendix

> Interferogram flattening

AA¢iopo = arg & (BAS12—ANGr)
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Principles of SAR interferometry t earth components

Example: S interferometry

Interferometric phase measurement : wrapping effect

Interferometric phase computation

> Ag1p = arg(si2), with s12 = s155
+T

» Four-quadrant arc-tangent operator

\ 4

Ap12_est = arctan(S(Si2), R(S12))

Interferometric phase computation

> A¢12_€St 6] -, 71']
+T ‘ ‘ > Ad12est = D12 + k2w, k € Z

> Phase wrapping effect : “fringes”

‘ ‘ Flat-earth phase fringe frequency

1

2

OAPre
OAr

B,
“rtand

ffe -

Explicit derivation in the appendix
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Principles of SAR interferometry

12m baseline 60m baseline
SIR-C, X-band, Mount Etna, Italy
— BL
Aropo = —ke risin@
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Principles of SAR i

Examples of SA| terferometry

Influence of flat earth

SIR-C, X-band, Mount Etna, Italy

60m baseline
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Linear A¢r behavior = strong periodic component

Flat earth reconstruction Flat earth removal
A¢r = —kcq’fﬁAr » Erroneous way : A¢m: = Ad1a — Adre
= felr » Correct way : A¢p = arg (ej(A¢12_A¢fe))
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Principles of SAR interferometry Top
Example
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Principles of SAR interferometry

Influence of the carrier wavelength : interferometric phase

" Test Site: Mt. Etna / Sicily, Italy
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Test Site: Mt. Etna / Sicily, Italy
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Reconstruction of Digital Elevation Models
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Reconstruction of Digital Elevation Models

Principle of phase unwrapping : 1-D case

Purpose : remove discontinuous transitions. A1z wrapped = D12 + k21

limttotn

v

derivation
+7 | | +70 7
- ‘ ‘ A
integration
+1
+n
-

—7T 1

v
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Reconstruction of Digital Elevation Models

Principle of phase unwrapping : 2-D case

Example : LMSE unwrapping
» Minimize the Least Square Error between wrapped and unwrapped phase
partial derivatives
» Use second order derivatives

a2¢uw 32 ¢u
ox? Oy?

" =0

Pros and cons
> Very simple to implement
> Very fast when using FFT's
» Error propagation

» Global distorsions (Least Square)
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Reconstruction of Digital Elevation Models

Application

Wrapped topographic phase Unwrapped topographic phase
SIR-C, X-band, Mount Etna, Italy

60m baseline
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Reconstruction of Digital Elevation Models

Geocoding : from slant-range to cartographic coordinate systems

AZ% 7/2 Phase to height conversion
Abropo = —k Bl An
tope T T sin

Slant-range to ground-range
projection
» Non-linear re-sampling

» Adaptation to a coordinate system
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construction of Digital Elevation Models

DEM reconstruction chain

Acquired images
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Reconstruction of Digital Elevation Models

DEM reconstruction chain

Raw interferogram
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construction of Digital Elevation Models

DEM reconstruction chain

Flattened interferogram
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construction of Digital Elevation Models

DEM reconstruction chain

Unwrapped interferogram
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Reconstruction of tal Elevation Models

DEM reconstruction chain

Geocoded DEM
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Reconstruction of Digital Elevation Models

The SRTM mission
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Reconstruction of Digital Elevation Models

The SRTM X-SAR sensor

C-band

TX/RX-antennas
60 m Mast

X-band RX-only-antennas

2 Single-Pass-Interferometers:

C-band (NASA/NIMA):

225 km swath width C-band

X-band
= full coverage (+ 60° lat.)

< 10 m relative vertical accuracy

X-band (DLR/ASI):
50 km swath width
= partial coverage

< 6 m relative vertical accuracy
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Reconstruction of Digital Elevation Models

SRTM/X-SAR Image of Volcano Koma-ga-Take, Hokkaido, Japan
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Reconstruction of Digital Elevation Models

SRTM/X-SAR Image of Mount Kotopaxi, Ecuador

b i Er
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Reconstruction of Digital Elevation Models

High resolution elevation mapping worldwide

February 2000
Single Pol Channel

¥

SRTM: X-SAR
Spatial Resolution: 1 Arc Sec = 30m
Height Accuracy : 6-10 m

GTOP-030
Spatial Resolution: 30 Arc Sec = 1km
Height Accuracy : 100 m — 500 m
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Reconstruction of Digital Elevation Models

Hydrological Water Flow Simulation : a comparison

b ¥
57wy

B

, w:ﬁ%

SRTM DEM

Globe-30 DEM
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Reconstruction of Digital Elevation Models

Appendix : radar-grammetry range positions

“ 4

S1

Estimation of h

2= (H-—h+ Bv)2 + (yo — Bh)2 =+ B+ 2Bri(sin accos @ — cos asin 0)
=r{ 4+ B> = 2Bn(sin(0 — «))

with H— h=rcosf,yo = risin@, B, = Bcosf, B, = Bsinf
then h=H — rncosf

Laurent Ferro-Famil M2 ST, October 2013



Reconstruction of Digital Elevation Models

Appendix : Interferometric phase, far field approximation

> From the geometry : r? = r? + B> — 2Br sin(f — )

» Series expansion

2

B, . B2 . B
rg—rl\/1—2r—1(sm(0—oz))+r—l2—rl—BS|n(0—o¢)+2—r1+...

> Approximation for rn 3> B?> : n & r — Bsin( — a)

Equivalence with a parallel plane wave approximation

> Parallel path lengths : . = — B

» Parallel baseline expression :
B = Bsin(0 — )
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Reconstruction of Digital Elevation Models

Appendix : Interferometric phase, topographic component

Topographic phase

Ao = _4_7rAr12 = keBsin(a—0) , Apropo = 080 Ah
. oh |,
Differentiation
ODpa| _ AP 90
oh |~ 00 0h|,
0A¢p1 = 06 _ 1
50 = keBcos(a —6) and rncos@ =H—h= oh i = sing
Result
_ OA¢1 _ Beos(0 —a) \, _, Bi
Adtopo = oh Ah=—k rsin@ Ah = —ke risin 6

n
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Reconstruction of Digital Elevation Models

Appendix : Interferometric phase, flat-earth component

Flat-earth phase

A1y = _4_7rAr12 =kcBsin(fa—0) | A¢eartn = 0801 An
Ac Brl h
Differentiation
A1 |  OA¢1 ﬁ
on |, 90 9n h
0Ap1 = o) _ _1
00 keBcos(aw—0) and rcosf =H—h= on |, " ntand
Result
OAG12 Bcos(9 — a) B,
Adr = An = —ke—————An = —k A
(oF on |, " rtand n ritanf n

Laurent Ferro-Famil M2 ST, October 2013



	Elevation mapping using SAR images
	Principles of SAR imaging
	Space diversity for elevation mapping

	Principles of SAR interferometry
	Interferometric phase
	Topographic and flat earth components
	Examples of SAR interferometry

	Reconstruction of Digital Elevation Models

