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FOREWORD

The suite of Sensor Independent Complex Data (SICD) standardization documents describe
the implementation of SICD products for complex image data generated by Synthetic
Aperture Radar (SAR) systems and their data processing elements.

A SAR complex image is an intermediate data product. The real utility is in the products and
measurements that may be derived from it. The quality of the pixel array (resolution, SNR,
etc.), along with the set of metadata provided, are critical in generating the derived products.
The “sensor independence” of the SICD product refers to the ability of the allowed pixel
array and metadata options to accurately describe the image products from many sensors and
data processing systems. Sensor independence does NOT mean that all products have the
same format for the pixel array or the same set of metadata parameters.

The SICD documentation has been organized into three volumes and a set of XML
implementation artifacts. The three volumes are summarized below. The collection of SICD
XML artifacts includes the schema documents that define the correct implementation of the
XML metadata document included in a given product.

Volume 1 Design & Implementation Description Document

Contains the description needed by producers of SAR complex image products to design a
SICD product and the set of metadata that describe it.

Volume 2 File Format Description Document

Defines the placement of SICD data products in the allowed image file formats. Also
provides the description needed by users of SICD products to read and properly extract the
SICD data components from a SICD product file.

Volume 3 Image Projections Description Document

Describes the SICD sensor model and the correct projections from image location to ground
point and from ground point to image location for all SICD products.

A companion suite of standardization documents, collectively known as Sensor Independent
Derived Data (SIDD), describes standardized products and measurements that may be
derived from SICD.

The SICD and SIDD documentation and associated XML artifacts are available on the
National System for Geospatial-Intelligence (NSG) Standards Registry
(https://nsgreg.nga.mil).
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1 Introduction

The mapping of SAR image pixel locations to geolocated ground points is a fundamental step
in the exploitation of the image. The SAR image pixel grid locations represent a two-
dimensional projection of the three-dimensional scene that was imaged. The projection is a
function of the collection geometry and the image formation processing. The projection
from three-dimensional scene points to two-dimensional image grid locations are along
contours of constant range and constant range rate. All points in scene that lie along a
contour will have their image signal response centered at the same image location.

The mapping of image pixel grid locations to geolocated points in the imaged scene involves
two fundamental projection computations. See Figure 1-1.

(1) Image To Scene: The projection from image pixel grid location to a
geolocated point in the scene that was imaged. A fixed point scatterer
located at the point in the scene has its two-dimensional image impulse
response centered on the image grid location.

(2) Scene To Image: The projection from geolocated point in the scene to the
image pixel grid location. The image pixel grid location is the center of the
two-dimensional image signal response of a fixed point scatterer located at
the scene point.

The following sections provide a description of these computations for SICD image products
using the metadata supplied with the product. For all computations, the image pixel grid is
considered to be a continuous two-dimensional space. Image pixel grid locations expressed
in image pixel indices (irow,icol) may include fractional values. See Section 2.2.

The Image To Scene projection maps an image grid location to a geolocated surface. The
geolocated surface is most commonly a ground plane but may be any of a number of more
complex surfaces. For all image products, the image grid location uniquely determines a
contour of constant range and constant range rate (referred to as an “R/Rdot” contour). The
R/Rdot contour is relative to the Aperture Reference Point (ARP) position and velocity at the
Center Of Aperture time (tcoa) for the grid location. The intersection of the R/Rdot contour
with the geolocated surface establishes the three-dimensional scene point position. Only
intersection points on the correct Side of Track (either left side or right side) are considered.
For simple surfaces such as a ground plane, the R/Rdot contour will have a single
intersection and yield a single scene point. For complex surfaces such as a terrain height
model of a mountainous scene, the R/Rdot contour may yield multiple intersection points.
The multiple scene points may yield an ambiguity in the precise scene location.

The Scene To Image projection maps a geolocated point in the three-dimensional scene to a
single image grid location. Only scene points on the correct Side of Track yield meaningful
image grid locations. The projection computation finds the image grid location for which the
R/Rdot projection contour passes through the scene point. In general, a precise computation
requires an iterative approach. The iterative approach computes an initial image grid location
estimate. For the estimated grid location, the precise R/Rdot contour is computed and
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projected to a ground plane that contains the scene point. The displacement between the
scene point and the R/Rdot contour/ground plane point of intersection is compared to a user
selected accuracy threshold. For acceptably small displacements (e.g. less than a fraction of
the image resolution), the estimated image location is accepted. For larger than acceptable
displacements, the displacement is used to compute a refined estimate of the image grid
location. The iterative approach presented is applicable for all image products.

The Image To Scene and Scene To Image projections do not place any restrictions on the
geolocated surface used. Only the portion of the surface on the correct Side of Track and at
ranges and angles consistent with the imaging collection and processing are of interest.
Also, the surface considered may or may not have been used explicitly in the image
formation processing.

Image Pixel Grid ) ) PROJECTION CONTOUR Scene
W*,icol* .
(irow*,icol*) <—> ARPcos  VARPcon A ey Point (SP)
R / Rdot

(irow*,icol*) O

Projection Geometry Along R/Rdot Contour
ARPcoa

Image To
Scene

DéI/-\i D:ppllef radius = R x sin(DCA)
one Angle
d VARPcoa

R/Rdot R/Rdot

Select Scene Points On RIGHT LOOKING LEFT LOOKING
Correct Side Of Track

GROUND SURFACE

R/Rdot Contour

Figure 1-1 Image To Scene & Scene To Image
Image grid location (irow*, icol*) projects to the ground surface along a R/Rdot contour.

1.1 Ground Plane Projections: Precise Versus Simple Projection

A common application of the Image to Scene and Scene To Image projections is the
resampling of the complex image grid to an evenly spaced grid in a ground plane. For each
ground plane grid location, the image pixel grid location is computed. The computed image
grid location will, in general, not lie precisely on a pixel center. The image signal at the grid
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location is then computed (via a user selected image interpolation method). The interpolated
image signal value is then assigned to the ground plane grid location.

The precise resampling from image grid to ground plane grid can be computationally
intensive. For each ground plane location, the image grid location is (for many images) an
iterative computation where multiple image grid estimates are computed. For each estimated
image grid location, the precise R/Rdot contour is computed and then projected back to the
ground plane. The image grid to R/Rdot contour computation is specific to the image grid
type and the image formation algorithm. For large images or limited compute power, precise
resampling can be an excessively time consuming computational task.

For many applications, such as generating an overview image for viewing, a less precise but
greatly simplified projection algorithm is adequate. A simple projection method is presented
that is computationally fast and can be applied to any SICD image product. See Figure 1-2.
The projection is precise for the SCP pixel, located near the center of the image, to the
ground plane. Absolute accuracy degrades slowly for pixels displaced from the SCP pixel.
The simple projection method approximates the image pixel grid as a uniformly spaced grid
in the image plane. Ground plane points are projected along straight lines to the image plane
to compute the image grid locations. The simple projection is described in Section 7.

Image Plane Ground Plane Projection
0 NumCols-1 YMin YMax
0 XMin
Z
<
0 E)
N
© cg/
by
SCP ycol -
uCol i GCP GPY
Straight Line »
o uRow I uGPY
g uGPX /
S 2
x ©
§ ' w?‘(’“g\/
Xrow W
XMax |
Ground Center Point (GCP) is the precise projection of i
the SCP Pixel to the ground plane. GPX

Figure 1-2 Simple Image To Ground Plane Projection
The projection from image plane to ground plane is along straight lines.
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1.2 SICD Metadata Parameter List

The image projection computations described in the following sections use the metadata
parameters listed in Table 1-1. For each parameter, the parameter name used in the
processing description and the corresponding XML metadata parameter path and tag are
listed. Also see the SICD Volume 1 Design & Implementation Description Document,
Tables 3-1 through 3-16. In the processing description, scalar quantities such as time, t, are
presented in normal face type. Vector quantities, such an the Scene Center Point (SCP)
position in ECF coordinates, SCP, are listed in bold face type.

Table 1-1 Metadata Parameter List

Scene Center Point Parameters

Parameter Description

SCP position in ECF coordinates (m).

SCP XML: SICD.Geodata.SCP.ECF

SCP position in geodetic coordinates (deg, deg, m). May also be computed
from SCP position in ECF coordinates.

XML: SICD.Geodata.SCP.LLH

SCP.Lat, SCP.Lon,
SCP.HAE

SCP image pixel grid global row and column indices.

SCP_Row, SCP_Caol .
- - XML: SICD.ImageData.SCPPixel

tScP SCP pixel Center Of Aperture time (sec). Time t =0 at Collection Start.
coA XML: SICD.SCPCOA.SCPTime
ARPSC? ARP position at the SCP COA time in ECF coordinates (m).
oA XML: SICD.SCPCOA.ARPPos
scP ARP velocity at the SCP COA time in ECF coordinates (m/sec).
VARPZ ;.
XML: SICD.SCPCOA.ARPVel
. Side of Track for imaging collection (L or R).
SideOfTrack ¢ g_ ( )
XML: SICD.SCPCOA.SideOfTrack
Grazing angle to SCP at SCP COA time (deg).
XML: SICD.SCPCOA.GrazAng
Image Data Parameters
Parameter Description

Dimensions of the Image pixel array, S;;(row,col). The discrete elements of

NumRows, NumCols | the pixel array are indexed (row,col)
XML: SICD.ImageData.NumRows & SICD.ImageData.NumCols

Row index of the first row and column index of the first column of the
FirstRow, FirstCol pixel array. For the full image array, FirstRow = 0 and FirstCol = 0.

XML: SICD.ImageData.FirstRow & SICD.ImageData.FirstCol

Image Grid Parameters

Parameter Description
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Table 1-1 Metadata Parameter List

Grid_Type

Image grid type of the image. Allowed values: RGAZIM, RGZERO,
XRGYCR, XATYCT, PLANE

XML: SICD.Grid.Type

uRow

Unit vector in the increasing row direction in ECF coordinates. Image
plane is spanned by vectors uRow & uCol.

XML: SICD.Grid.Row.UVectECF

uCol

Unit vector in the increasing column direction in ECF coordinates. Image
plane is spanned by vectors uRow & uCol.

XML: SICD.Grid.Col.UVectECF

Row_SS

Sample spacing in the row direction (m).
XML: SICD.Grid.Row.SS

Col_SS

Sample spacing in the column direction (m).
XML: SICD.Grid.Col.SS

cT_COA(m,n),
M_TCOA, N_TCOA

Center Of Aperture time polynomial coefficients (sec, sec/m, etc). The
polynomial yields COA time (tcoa) as a function of image coordinates
(xrow, ycol). Time t =0 at Collection Start. M_TCOA, N_TCOA =
Orders of the polynomial in xrow and ycol.

XML: SICD.Grid.TimeCOAPoly

ARP Position Parameters

Parameter

Description

CARPx(n), cCARPy(n),
CARPz(n), N_ARP

Aperture Reference Point polynomial coefficients (m, m/sec, etc.). The
polynomials yield ARP position in ECF coordinates as a function of time.
Time t = 0 at Collection Start. N_ARP = Order of the polynomials.

XML.: SICD.Position.ARPPoly

Image Formation Parameters

Parameter

Description

IFA

Image Formation Algorithm (IFA) used to form the image. Allowed
values: RGAZCOMP, PFA, RMA, OTHER

XML: SICD.ImageFormation.ImageFormAlgo

Range & Azimuth Compression Parameters
Parameters included if and only if IFA = RGAZCOMP

Parameter

Description

AzSF

Scale factor that scales image coordinate az = ycol (m) to a delta cosine of
the Doppler Cone Angle at COA (1/m). AcosDCAcoa = AzSF x az

XML: SICD.RgAZComp.AzSF

Polar Format Algorithm Parameters
Parameters included if and only if IFA = PFA

Parameter

Description




SICD Volume 3 Image Projections Description
NGA.STND.0024-3 1.2.1,2018-12-13

Table 1-1 Metadata Parameter List

Polar Angle polynomial coefficients (rad, rad/sec, etc). The polynomial
cPA(n), yields polar angle 6 (rad) from collection time. Collection time in seconds
N PA (t = 0 at Collection Start). N_PA = Order of polynomial.

XML: SICD.PFA.PolarAngPoly

Spatial Frequency Scale Factor polynomial coefficients (dimensionless,
rad?, rad, etc.). The polynomial yields the scale factor KSF from polar
cKSF(n), angle 0 (rad). The scale factor is used to map radio frequency (fx, in Hz) to
N KSF aperture spatial frequency (Kap, in cycles/m). Kap = fx x 2/c x KSF

- N_KSF = Order of polynomial.

XML: SICD.PFA.SpatialFreqSFPoly

Range Migration Algorithm INCA Parameters
Parameters included if and only if Grid_Type = RGZERO & IFA = RMA.

Parameter Description

Time of Closest Approach polynomial coefficients (sec, sec/m, etc) for
cT_CA(n) Grid_Type = RGZERO. The polynomial yields time of closest approach
- ' (t_CA) as a function of image column coordinate (ycol). Timet=0 at

N_TCA Collection Start. N_TCA = Order of polynomial.

XML: SICD.RMA.INCA.TimeCAPoly

Range to SCP at closest approach (m).

RSCP
CA .
XML: SICD.RMA.INCA.R_CA_SCP

Doppler Rate Scale Factor (DRSF) polynomial coefficients (dimensionless,
cDRSF(m,n) m™, m?, etc). The polynomial yields DRSF as a function of image

o coordinates (xrow,ycol). M_DRSF, N_DRSF = Orders of the polynomial
M_DRSF, N_DRSF in xrow and ycol.

XML: SICD.RMA.INCA.DRateSFPoly

For any image product, an optional set of parameters may be included that allows the
expected accuracy of the image to scene and scene to image projections to be computed. The
optional metadata parameters are provided in the Error Statistics parameter block. The Error
Statistics parameter block is described in Table 3-12 of the SICD Volume 1 Design &
Implementation Description Document. The Error Statistics parameter block allows two
options for the set of parameters to be provided. Option 1 is a simple set of estimated
statistics for the combined or composite effect of the all sources of projection error. Option 2
is an expanded set of estimated statistics for the various components of image projection
error for a SAR system.

The parameters listed in Table 1-2 are derived/computed from the parameters included in a
given instance of the Error Statistics block. The covariance matrices and variance parameters
are computed based on the common definitions for variance, covariance, standard deviation
and correlation coefficient. For each parameter to be computed, the input parameter(s) used
from the Error Statistics block are identified by XML parameter path and tag. Also,
guidance is provided as needed when optional parameters within the block have been



SICD Volume 3 Image Projections Description
NGA.STND.0024-3 1.2.1,2018-12-13

omitted. For a product that includes both composite and component parameter sets (such a
product is permitted but not expected), the component parameters should be used.

The error propagation computations in Section 12 address both composite error statistics and
component error statistics. For component error propagation, the computations are defined
for the component error sources that (1) are the primary sources of image projection error for
a SAR sensor and (2) are correctly applied for any SAR sensor and image product.

Table 1-2 Optional Error Statistics Parameters

Estimated error statistics that may or may not be included any given product.

Option 1: Estimated Composite Error Statistics

Parameter Description

Covariance matrix formed for the composite image error, ARGAZ, at the
SCP. See Section 12.

. ARG .
Composite Image Error: ARGAZ :{ } Units: meters

SCP
C:RGAZ
Matrix size: 2 x2 Matrix Units: m?
Matrix elements computed from the product metadata.
XML: SICD.ErrorStatistics.CompositeSCP
Option 2: Estimated Component Error Statistics
Parameter Description
Covariance matrix for the ARP position & velocity errors, AARP and
AVARP, measured SCP COA time. See Section 12.
AARP_1]
Position Error:  AARPSS, =| AARP_2 Units: meters
AARP_3 |
CINPUT AVARP_1]
ARF_PV? Velocity Error  AVARP =| AVARP 2 Units: meters/sec
FRAME AVARP_3 |
AARP .
ARP_PV Error: AARP_PV = Size6x1
- - AVARP

FRAME — Reference frame used: ECF, RICF or RICI. See Section 3.2
Matrix Size: 6 x 6  Matrix Units: m?, m¥/sec and m?/sec?

Matrix elements computed from the product metadata. If optional
correlation coefficients are omitted, then set all cross correlations to zero.

XML: SICD.ErrorStatistics.Components.PosVelErr
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Table 1-2 Optional Error Statistics Parameters

Variance of the radar sensor range bias, AR_B. Range bias error is constant
across the imaged scene.
Range Bias Error: AR_B Units: meters
Variance Units: m?
Variance computed from the product metadata standard deviation.
XML: SICD.ErrorStatistics.Components.RadarSensor.RangeBias

VARRrB

Variance of the clock frequency scale factor, CLK_SF, for the radar timing
clock that controls both “fast time” and “slow time”. Range & Range Rate
errors, AR_CLK and ARDOT_CLK, are proportional to range and range
rate (RCOA &. RdOtCOA).

Clock Frequency Error:  Af_CLK =CLK_SF+f CLK, Units: Hz
VARcLk sk CLK SF Range Error:  AR_CLK =CLK_SF-R.,,  Units: meters

CLK SF Rdot Error: ARDOT_CLK = CLK_SF-Rdot,, Units: m/sec

Variance Units: dimensionless — CLK_SF is dimensionless

Variance computed from the product metadata standard deviation. If
omitted, then set variance to zero.

XML: SICD.ErrorStatistics.Components.RadarSensor.ClockFreqSF

Variance of the error in tropospheric delay. Error expressed as a range error
for normal incidence, AR_TV.
Tropo Range Error - Vertical: AR_TV Units: meters

Error in estimated slant range at COA:
VARRTY AR_TROP = AR_TV-_;
SiN(GRAZ )
Variance Units: m?

Variance computed from the product metadata standard deviation. If
omitted, then set variance to zero.

XML: SICD.ErrorStatistics.Components.RadarSensor. TropoError

Variance of the error in troposphere delay. Error expressed as a range error
to SCP at COA time, AR_TS. Assumed constant across the scene.
Tropo Range Error: AR_TROP Units: meters
SCP
VARGgrs Variance Units: m?

Variance computed from the product metadata standard deviation. If
omitted, then set variance to zero.

XML: SICD.ErrorStatistics. Components.RadarSensor. TropoError

Variance of the error in ionosphere delay. Error expressed as a range error
for normal incidence, AR_IV.

lono Range Error - Vertical: AR_IV Units: meters
Error in estimated slant range at COA: AR_IONO = AR IVo.;
VARRr - ~ " Sin(GRAZ,,)

Variance Units: m?

Variance computed from the product metadata standard deviation. If
omitted, then set variance to zero.

XML: SICD.ErrorStatistics.Components.RadarSensor. TropoError
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1.3  Adjustable Parameters

The error in the geolocation estimates derived from a SAR image product are primarily from
two sources. The first is an error in the measured platform position versus time during the
imaging collection. The second is a bias in the measured ranges derived from the time of
arrival of the received echoes. For a given image product, the accuracy of the geolocation
estimates derived from the product can be improved if an estimate of the error in position
versus time and/or an estimate of the range bias is available.

The Image To Scene and Scene To Image projections described in the following sections are
defined using only the metadata contained in the image product. However, if estimates of the
error in measured platform position versus time or the bias in the measured ranges are
available, it is straight forward to incorporate the corrections into the projection
computations. See Figure 1-3. In the projection computations, the Aperture Reference Point
(ARP) position versus time, denoted ARP(t), and the range at Center of Aperture, denoted
Rcoa, may be adjusted to correct for the errors. The corrections to be added are referred to as
Adjustable Parameter Offsets. The use of the Adjustable Parameter Offsets is described in
Section 8.

SICD o Adjustable
Image Exploitation Parameter

Application Offsets

AARPZS,

A A AVARP

Image
Product File

\ 4

Image Metadata Parameters, AR_BIAS
Pixel Locations & Scene Point Positions |

A A\ 4 ¢

Image Image To Scene Scene To Image e A e ole
PI’OjeCtlon . X . X Par_ametgro sets
Projection Projection (if available).

Functions |

1 i

Figure 1-3 Adjustable Parameter Offsets
The Adjustable Parameter Offsets, if available, may be used in all projection computations.

The Adjustable Parameter Offsets are listed in Table 1-3. The ARP position versus time
offset, denoted AARP(t), is specified by a position offset and velocity offset. The AARP(t)
offset is the adjustment that is added to the ARP(t) included in the image metadata. Ideally,
the adjusted ARP(t) is the true position versus time for the platform.
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COA COA

Adjusted ARP(t) = ARP(t) +AARPS, + AVARP(t-t:5, )
%/_/

Ideally Equal To The Computed from the

True Position At Time t Image Metadata AARP(1) = ARP Offset

Added To Correct The Error

The range bias offset, denoted AR_BIAS, is the adjustment that is added to all values of Rcoa
computed from the image metadata. Ideally, for a given pixel location in the image, the
adjusted range at COA is the true range to the scene point with impulse response centered at
selected pixel location.

Adjusted R.o, = Reon  +  AR_BIAS

[N —
Ideally Equal To The Computed from the Range Bias Offset
True Range At COA Image Metadata Added To Correct The Error

The position and velocity offsets defined in Table 1-3 are in ECF coordinates as are the ARP
trajectory metadata parameters included with the image products. Applications that estimate
platform errors often work in platform-centered coordinates. A commonly used coordinate
frame is a Radial, In-Track, Cross-Track (RIC) frame. See Section 3.2 for a description of
the RIC coordinate frames. Error estimates initially computed in a platform-centered
coordinates are transformed to the ECF frame and then incorporated into the projections.

Note:  The method for determining the Adjustable Parameter Offsets is not addressed in this
document. For some image products, control points with known geolocations in the
imaged scene may be used (if available). For some SAR systems, an improved
estimate of the position versus time may become available after the image formation
processing is complete. The improved position estimate may be used to compute the
ARP offset parameters.

Table 1-3 Adjustable Parameter Offsets

ARP Offset: AARP(t) = AARPS, + AVARPo(t — tig*;)

Parameter Description
AARPXgo ARP Position offset in ECF dinates (m) that is added to th
scp scp osition offset in coordinates (m) that is added to the
AARPco = AARPySC(?F{* ARP position at t = t3g, .
AARPZS,
AVARPX
AVARP =| AVARPy ARP Velocity offset in ECF coordinates (m/sec) that is added
AVARP to the VARPcoa.
z
AR BIAS Range bias offset that is added to the range at COA computed
- from the image metadata (m).

10
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1.4 Image Projection Computations
The image projections computations described in the following sections are summarized
below.

Section2  Image Pixel Array & Image Plane Parameters

Describes image pixel array and image indexing conventions. Also
describes the basis vectors that define the image plane.

Section 3 SCP Pixel Projection

Describes the R/Rdot projection contour for the SCP pixel. The projection
contour for the SCP pixel is the same for all image products.

Section4  Image Grid To R/Rdot Contour

Describes the precise image grid location (xrow,ycol) to R/Rdot contour
computation. The computation is a function of the Grid_Type and, in some
cases, the Image Formation Algorithm used.

4.1 Image Grid To R/Rdot: Grid_Type = RGAZIM & IFA =PFA

4.2 Image Grid To R/Rdot: Grid_Type = RGAZIM & IFA = RGAZCOMP

4.3 Image Grid To R/Rdot: Grid_Type = RGZERO

4.4 Image Grid To R/Rdot: Grid_Type = XRGYCR

4.5 Image Grid To R/Rdot: Grid_Type = XCTYAT

4.6 Image Grid To R/Rdot: Grid_Type = PLANE
Section5  Precise R/Rdot To Ground Plane Projection

Describes the precise projection to a ground plane along an R/Rdot contour.
Section6  Scene Point To Image Grid Projection

Describes the precise scene point to image grid projection using an iterative
algorithm.

Section7  Simple Ground Plane Projection

Describes the simple ground plane projection along straight lines from the
image plane. Allows for fast ground plane resampling for any image
product.

Section8  Adjustable Parameters

Describes the use of Adjustable Parameters in the Image To Scene and
Scene To Image projections.

Section9  Precise R/Rdot To Constant HAE Surface Projection

Describes the precise projection to a surface of constant height above the
WGS-84 reference ellipsoid along an R/Rdot contour.

Section 10 Precise R/Rdot To DEM Surface Projection

Describes the precise projection to a DEM surface model along an R/Rdot
contour.

11



Section 11

Section 12

SICD Volume 3 Image Projections Description
NGA.STND.0024-3 1.2.1,2018-12-13

Projection Sensitivity Parameters

Describes the Image to Scene and Scene to Image projection sensitivities for
a given image location/scene point projection pair.

Projection Error Propagation

Describes the error propagation for both Image To Scene and Scene To
Image projections. Projection error statistics are computed based upon the
error statistics provided in the image metadata.

12
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2 Image Pixel Array & Image Plane Parameters

The image pixel array is a single two-dimensional array of image signal values. The size of
the pixel array is NumRows x NumCols. The elements of the signal array are denoted
{Su(row,col)}. All image products include a Scene Center Point (SCP) position and a SCP
pixel location. The spatial sampling represented by the image pixel grid is referred to as the
grid type. The image grid type is a function of the imaging collection geometry and the
image formation processing that formed the image. Precise image to scene and scene to
image projections dependent upon the image grid type.

Image Pixel Array Parameters:

NumRows Number of rows in the image pixel array.
NumCols Number of columns in the image pixel array.
FirstRow Index of the first row of the image pixel array.
FirstCol Index of the first column of the image pixel array.
Row_SS Sample spacing in the row direction.

Col_SS Sample spacing in the column direction.

The image array may be the original image produced by the image formation processor
(referred as the full image) or a sub-image extracted from the original image. For the full
image array, index FirstRow = 0 and index FirstCol = 0.

2.1 SCP Position & Pixel

The Scene Center Point (SCP) position and image pixel grid location are specified in every

image product. The SCP position and pixel location are the base connection point between

the image pixel grid and the geolocated three-dimensional scene that was imaged. The SCP
row and column indices, SCP_Row and SCP_Col, take on only integer values.

SCP Parameters:

SCP SCP position in ECF coordinates.

SCP.Lat SCP geodetic latitude.

SCP.Lon SCP geodetic longitude.

SCP_Row SCP image pixel grid global row index.
SCP_Caol SCP image pixel grid global column index.

The image formation processing places the image of the Scene Center Point in the SCP pixel.
The SCP pixel is located near the center of the Full Image. For error-free collection and
processing, the image impulse response of a point scatterer located at the SCP is centered on
the SCP pixel. See Figure 2-1.

13
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For error free collection and processing, a point scatterer located at
the SCP will have its impulse response centered on the SCP Pixel.

Figure 2-1 SICD Image Pixel Array
The SCP pixel is located near the center of the full image array.

2.2 Image Indices & Image Coordinates

The image grid locations are specified using two sets of pixel based indices: (row, col) and
(irow, icol). The image array locations are also specified using distance based image
coordinates (xrow, ycol). Indices (row, col) take on only integer values. Indices (irow, icol)
and image coordinates (xrow, ycol) take on continuous values. The image sample spacing in
the row dimension is Row_SS. The image sample spacing in the column dimension is
Col_SS. The row and column spacings are the precise spacings measured at the SCP pixel.

1) Global Row, Column Indices: (row, col)

The global row, column indices are used to index the pixels of the image array. The origin
(0, 0) is located at the first row (row = 0) and the first column of the first row (col = 0) of the
Full Image array. In all descriptions, the (row, col) indices are only used to index individual
elements of the pixel array {S;(row, col)}. The global row, column indices take on
INTEGER values only. The elements of the full image pixel array are indexed as follows.

Global Row Index: row
Global Column Index: col

0,1, 2,..., NumRowsFI -1
0,1,2,..., NumColsFI -1

14
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(2)  SCP Pixel-Centered Image Indices: (irow, icol)

The SCP pixel-centered image indices are continuous valued indices that are also used to
index locations in the image pixel array. The origin (0, 0) is located at the CENTER of the
SCP pixel. The image indices (irow, icol) are related to global row, column indices

(row, col) as follows. See Figure 2-2.

SCP Pixel-Centered Row Index: irow
SCP Pixel-Centered Column Index: icol

row - SCP_Row
col - SCP_Col

In the descriptions that follow, SCP pixel-centered indices (irow, icol) are used to address the
image array as a continuous two-dimensional space. The image pixel values {S;(row, col)}
are considered to be the discrete samples of a continuous, two-dimensional image signal at
the integer values of indices (irow, icol).

— Global Column Index =9

0 SCP_Col col*
o
3
Q! SCP Pixel-Centered
x _ 9 Indices (irow,icol)
2 =z SCP Pixel | _ .
= 2 == X +icol Origin (0,0) at the_:
g Tf center of the SCP Pixel.
= O
§ n *g Indices take on
) = integer values at the
center of each pixel.
\
=
o

irow* = row* — SCP_Row (irow*,icol*)

+irow

Figure 2-2 SCP Pixel-Centered Indices
Image indices (irow, icol) have origin at the center of the SCP Pixel.
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SCP Centered Image Coordinates: (xrow, ycol)

The SCP centered image coordinates are continuous valued distances that treat the image
array as equally spaced samples on an orthogonal grid. The origin (0, 0) is located at the
CENTER of the SCP pixel. Image coordinate xrow is equal to index irow scaled by the row
spacing (Row_SS). Image coordinate ycol is equal to index icol scaled by the column
spacing (Col_SS).

Xrow = Row_SSsirow ycol = Col_SSeicol

(1) Inall SICD descriptions, indices (row, col) are only used to index
the discrete elements of the pixel array. Indices (row, col) take
on INTEGER values only.

(2) The SCP Pixel-Centered indices (irow,icol) are used to reference
the pixel array as a continuous 2-dimensional space. An index
value with zero fractional part references the center of the pixel.

(3) Image indices (irow,icol) and image coordinates (xrow,ycol)
apply to all SICD images and are used with any grid type.

SCP Pixel-Centered
Col_SS Coordinates
- (xrow,ycol)
Pu +ycol Origin (0,0) at the
hd center of the SCP Pixel.

SCP Pixel Xrow = Row_SSeirow

ycol = Col_SS-icol
row*

(xrow*,ycol*)

+Xrow

Figure 2-3 SCP Pixel-Centered Coordinates
Image coordinates (xrow,ycol) computed from indices (irow,icol).
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2.3 Image Grid Types

The type of image sample grid is a fundamental attribute of the complex image. The spatial
sampling of the complex image is usually oriented along the natural radar coordinates range
and cross range. The exact grid is a function of both the collection mode and the image
formation algorithm. The parameters that identify the grid type and image formation
algorithm are as follows.

Image Grid Parameters:

Grid_Type Identifies the type of spatial sampling of the image grid.
Allowed values: RGAZIM, RGZERO, XRGYC, XCTYAT, PLANE
IFA Image Formation Algorithm used to form the image.

Allowed values: PFA, RMA, RGAZCOMP, OTHER

For a given image grid, the conversion from image grid location to R/Rdot contour is a
function of the grid type. For the RGAZIM grid type, it is also dependent upon the image
formation algorithm that produced the grid.

(1) Grid_Type = RGAZIM < Range & Azimuth

Samples are oriented in range and azimuth with respect to the ARP position and velocity at
an image formation reference time (denoted ARPger and VARPRggr). Image rows are
samples along nominally constant range contours relative to the ARPrgr. Image columns are
nominally oriented along constant azimuth. Along a given row, the image grid samples are
evenly spaced increments in an azimuth angle related quantity (usually the cosine of the
Doppler cone angle). The RGAZIM grid is the natural output for image formation
algorithms RGAZCOMP and PFA. The RGAZCOMP algorithm (simple range and azimuth
compression) is only used for coarse resolution or small scene sizes. The PFA algorithm was
developed to overcome the limitations of RGAZCOMP to yield fine resolution and large
scene sizes.

(2) Grid_Type = RGZERO < Range & Zero Doppler

The Range and Zero Doppler grid is for imaging collections near closest approach (i.e. near
zero Doppler frequency). The grid is produced using a variation of the RMA for near
broadside imaging. Image rows are samples along contours of constant range from the ARP
trajectory and are “parallel” to the ARP trajectory. Image columns are samples along a
contour of constant time of closest approach with range increasing in the increasing row
direction.

(3) Grid_Type = XRGYCR < X,Y Grid Oriented Range, Cross Range

The XRGYCR grid is a slant plane grid that is oriented range and cross range. The slant
plane is defined by the ARP position and velocity at a reference time (POSger and VELRer)
and the SCP. The +XRG direction is oriented from the ARP to the SCP (in the increasing
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range direction). The +YCR direction is orthogonal to the +XRG direction (in the cross
range direction). The rows of the image are along lines of constant XRG and evenly spaced.
The columns of the image are along lines of constant YCR and evenly spaced.

(4) Grid_Type = XCTYAT < X,Y Grid Oriented Cross Track, Along Track

The XCTYAT grid is a slant plane grid that is oriented cross track and along track. The slant
plane is defined by the ARP position and velocity at a reference time (POSgrer and VELrgr)
and the SCP. The +XCT direction is orthogonal to the VELrgr and in the increasing
distance from the trajectory. The +YAT direction is orthogonal to the +XCT direction and
parallel to the VELger. For right looking collections, the +YAT direction is in the same
direction as VELRggr. For left looking collections, the +YAT is in the opposite direction as
VELRger. The rows of the image are along lines of constant XCT and evenly spaced. The
columns of the image are along lines of constant YAT and evenly spaced. The grid is the
natural output for image formation using the RMA.

(5) Grid_Type =PLANE < Arbitrary Plane w/ Axes U,V

The PLANE grid is provided for images that do not meet the precise definition of the other
grid types. The samples are uniformly spaced in a geolocated image plane that contains the
SCP. The +U coordinate is equal to the row coordinate (xrow). The +V coordinate is equal
to the column coordinate (ycol). The rows of the image are along lines of constant U
coordinate and are evenly spaced. The columns of the image are along lines of constant V
coordinate and are evenly spaced. The only restriction is the image be a view from above the
earth.

24 Image Plane Parameters

The samples of the image pixel grid may be described as a grid of uniformly spaced samples
in a geolocated Image Plane. For image grid types XRGYCR and XCTYAT, this is precisely
true. For grid types RGAZIM and RGZERO, this is only approximately true but is still a
useful representation of the image sampling. The mapping from image grid location (xrow,
ycol) to image plane position is described below.

Image Plane Parameters:
uRow Unit vector in the increasing row direction in ECF coordinates.
uCol Unit vector in the increasing column direction in ECF coordinates.

The Image Plane is defined by the SCP position and two unit vectors that lie in the plane.
The unit vector in the row direction (URow) represents the change in image plane position
moving from the SCP pixel in the increasing row direction. The unit vector in the column
direction (uCol) represents the change in image plane position moving from the SCP pixel in
the increasing column direction.

18



SICD Volume 3 Image Projections Description
NGA.STND.0024-3 1.2.1,2018-12-13

The Image Plane unit normal vector (ulPN) in ECF coordinates is computed as follows. For
all image products, the IPN will point away from the center of the earth.

1

|IPN|

IPN =uRow xuCol ulPN = «IPN

For image grid location (xrow, ycol), the corresponding Image Plane Point, IPP(xrow, ycol),
in ECF coordinates is computed as shown below. The displacement from the SCP to the IPP
is denoted AIPP(xrow, ycol). See Figure 2-4.

AIPP(xrow, ycol) = xrowsuRow + ycolsuCol
SCP + AIPP(xrow, ycol)

IPP(xrow, ycol)

Image Plane Point (IPP)
computed assuming pixel grid is
a uniformly spaced grid.

yco'

IPP (xrow,ycol) =
Approximate Image Plane
xroW position for pixel location (xrow,ycol).

Figure 2-4 Image Plane Parameters
The Image Plane is defined by the SCP and unit vectors uRow & uCol.

For most image products, vectors uRow and uCol are an orthogonal pair (uURow e uCol =0),
however, they are not constrained be an orthogonal pair. Define the angle 6co. as the angle
between the vectors. See Figure 2-5. Compute the cosine and sine of 6¢o. as follows.

c0S(0o. ) =UROWeUCOl  sin(0.,, ) = +(1—c0s* (00, )"
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For a given point in the image plane at position IPP, the corresponding SCP pixel-centered
coordinates (xrow, ycol) are computed as follows.

AIPP = IPP —SCP

{xrow} 1 { 1 —cos(GCOL)HAI PPe uRow}

yeol |~ sinz(eCOL). —€0S(0co ) 1 AIPP e uCol

Converting from an arbitrary image plane position to image grid location (xrow, ycol) will, in
general, yield SCP pixel-centered indices (irow, icol) with fractional values.

irow = #-xrow icol =
Row_SS

L ycol
_SS

0.0, =Cos(URow e uCol)

UCO/

uRow
Yeoy

Xrow PP = SCP + AIPP

AIPP euRowW IPP

XIOW AIPP = xrowsuRow + ycol-uCol

Figure 2-5 Image Plane Vectors
Unit vectors uRow & uCol are allowed to be non-orthogonal.
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2.5 Image Grid To COA Parameters

Accurate image projection R/Rdot contours are measured relative to the ARP position and
velocity at the Center Of Aperture time (denoted tcoa). The COA time is allowed to vary
smoothly across the image grid.

Center Of Aperture Parameters:

cT_COA(m,n)  Center Of Aperture time polynomial coefficients. The polynomial
yields COA time as a function of image coordinates (xrow, ycol) in
meters. COA time in seconds (t = 0 at Collection Start).

M_TCOA Order of the COA time polynomial in the Row Coordinate.

N_TCOA Order of the COA time polynomial in the Column Coordinate.
Aperture Reference Point Parameters:

CARPX(n) Aperture Reference Point position polynomial coefficients. The

polynomial yields ARP position ECF X coordinate as a function of
time (t = 0 at Collection Start).

CARPy(n) ARP ECF Y coordinate coefficients.
CARPz(n) ARP ECF Z coordinate coefficients.
N_ARP Order of the ARP position polynomials.

The tcoa is specified as a two-dimensional polynomial of image coordinates (xrow, ycol).
Polynomial coefficients are denoted cT_COA(m,n). The polynomial is of order M_TCOA in
the row coordinate and N_TCOA in the column coordinate. The tcoa for image grid location
(xrow, ycol) is computed as shown below.

M_TCOA N_TCOA
tcoa(xrow, ycol) = > > cT_COA(m,n)+(xrow)"(ycol)"
m=0 n=0

The tcoa(xrow, ycol) computed above is the precise value of tcoa for the pixel location.
Even though image coordinates (xrow, ycol) may be approximate displacements, the
computed tcoa is the time to be used for accurate exploitation. The choice of the orders
M_TCOA and N_TCOA are made such that the resulting tcoa values accurately match those
achieved by the image formation processing.

For all images, coefficient cT_COA(0,0) is the COA time for the SCP pixel (t35, ). Images
with constant tcoa (typically from spotlight collections) may be stored with only the
cT_COA(0,0) coefficient and order parameters M_TCOA =N_TCOA =0. An example
image for which the COA time varies across the image is shown in Figure 2-6. Shown in the
figure are two contours of constant tcoa. For most images, the contours will be
approximately linear and equally spaced for even increments in tcoa.
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Figure 2-6 Precise Center Of Aperture Time
Example shows contour lines of constant tcoa for the SCP pixel and an arbitrary grid
location (xrow*, ycol*).

For a given pixel, the R/Rdot projection contour is computed relative to the ARP position and
velocity at the pixel COA time. See Figure 2-7. The ARP COA position and velocity are
computed as follows. The precise computations of the Rcoa and Rdotcoa are described in
Section 4.

[ N_ARP

D" CARPX(N)+(tcon)"

ARPX(tgon) "
ARPcoa = ARPy(toon) | = z CARPY(Nn)+(ton)"
ARPZ(t ) "

D" cARPZ(N)s(tc0n)"

L n=0
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VARPX(teon)
VARPY(teon) | =
VARPZ(t-o0)

[ N_ARP

n=1
N_ARP

n=1
N_ARP

D necARPX(N)e(ton)"™
Z n.CARPy(n).(tCOA)n_l

D NecARPZ(N)+(teon)" ™
n=1

Image Pixel Grid
icol*

irow*

Note: Image indices
(irow,icol) values
NOT restricted
to integer values.

Image Grid
To R/Rdot

/

‘ R/Rdot Contour ‘\

R & Rdot Projection Geometry

DCA

RCOA

ARPcoa

DCA: Doppler
Cone Angle

RdOtCOA = -IVARPCQAI X COS(DCA)

Figure 2-7 R/Rdot Relative To The ARP At COA
Image location (irow*, icol*) projection contour relative to ARP position and velocity at tcoa.
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3 SCP Pixel Projection

The Scene Center Point (SCP) position and image pixel grid location are specified in every
image product. The SCP position and pixel location are the base connection point between
the image pixel grid and the georeferenced three-dimension scene that was imaged. The SCP
position, image pixel location and Center Of Aperture parameters are provided with all
products and are summarized below. All positions and velocities are in ECF coordinates.

SCP Center Of Aperture Parameters:

oo SCP pixel Center Of Aperture time.
ARP, ARP position at the SCP COA time in ECF coordinates.
VARPZH ARP velocity at the SCP COA time in ECF coordinates.

SideOfTrack Side of Track parameter. SideOfTrack = L <& Left Looking
SideOfTrack = R <> Right Looking

3.1  SCP Projection Equations

The SCP pixel R/Rdot projection contour is computed from the SCP COA parameters. The
SCP range and range rate relative the ARP at COA are computed as follows.

R0, =|ARPSS: —SCP|

ROt — RL.VARpgg; « (ARPS® _SCP)

SCP COA
COA

The Side of Track parameter is provided for convenience. It can also be computed from the
ARP position versus time. Define parameter LOOK that is used in later computations to
select ground points on the correct side of the ground track.

+1, if SideOfTrack =L

LOOK = L
{—1, if SideOfTrack = R

The normal to the instantaneous slant plane that contains the SCP at the SCP COA time is
computed as follows. See Figure 3-1. The slant plane unit normal (USPNZZ, ) is tangent to
R/Rdot contour at the SCP. The normal vector computed points away from the center of the
earth.

SPN = LOOK+VARPS x (SCP — ARPSSY ) uSPNS = ﬁ-smgﬁ;
COA
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SC
ARPZG, SCP R/Rdot
Contour

Slant Plane Normal (uSPN)

- Tangent to R/Rdot contour at the SCP.
- Points away from center of the earth. SCP

GROUND SURFACE / ’

Example shown: SCP COA at closest approach. Rdot}S, =0

Figure 3-1 SCP Pixel R/Rdot Contour Projection
The SCP pixel R/Rdot contour is computed from the SCP position and ARP & VARP at COA.

3.2 RIC Coordinates At SCP COA

Applications that estimate platform errors and error statistics often work in a platform-
centered coordinate frame. A commonly used coordinate frame is a Radial, In-Track, Cross-
Track (RIC) frame. The RIC frame is defined at a given time based on the instantaneous
position and velocity of the platform. The origin of the RIC frame is the instantaneous
position of the platform. The radial direction is from the earth center (i.e. the ECF origin) to
the platform pointing away from the earth center. The cross-track direction is normal to the
radial direction and the instantaneous velocity. The in-track direction completes a right-
handed coordinate frame. For airborne platforms, the ECF velocity vector is commonly
used and the resulting RIC frame is referred to as the RICF frame. For orbiting platforms,
the ECI velocity vector is most commonly used and the resulting RIC frame is referred to as
the RICI frame.

For a given SICD product, the RIC frame at the SCP COA time is used for transforming
estimated error statistic estimates from an RIC frame to the ECF frame. For both the RICF

and RICI frames, the transformation to ECF coordinates is computed using the ARP position

and velocity at t35, . An example RICF frame at time t35, is shown in Figure 3-2.
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R

RICF: In-Track direction defined by

ScP ,
VARngi VARP?;S/F: A: ARPcoa the ECF velocity vector.
— e,
VR S Tracy
VI N
& 1 -
VI — Normal to \ UR = ————1*ARPc;,
the uR (VI > 0). | COA|
. uURxul =uC
VR - In the radial ul e VARPS, >0
direction.
uCe VARPS =0
(]

Earth Center

Figure 3-2 RICF Coordinates
The ARP position and ECF velocity vector at SCP COA define the RICF coordinates.

The RICF basis vectors (uR, ul and uC) are computed as follows. The transformation
matrix from RICF to ECF coordinates is formed from the basis vectors.

1 1
-~ __.ARP® uC = «(UR x VARPS®®
[ARPSS| " " URx VARPSS,| o)

I
ul =uCxuR Tod =|uR ul uC
VNN

Matrix formed from
the RICF basis vectors.

For the RICI frame, the radial direction is the same as the RICF radial direction. The in-track
and cross-track directions are computed from the ARP ECI velocity vector. The ECI

velocity vector in ECF coordinates, denoted V_ECIZS, , is computed as follows. Parameter
s IS the nominal rotation rate of the ECF frame relative to the ECI frame.

0
V_ECI® = VARPSS +| 0 [x ARPSS

03

w3 = 0.000,072,921 rad/sec
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The RICI basis vectors (uRI, ull and uCl) are computed as follows. The transformation
matrix from RICI to ECF coordinates is formed from the basis vectors.

1 1
URI=—— ARP® uCl = J(URIxV ECI®
\ gg;\ CoA uRlxv_EC|§g;\\ _ECIZ)
| | I
ull =uCIxuR T =| uRl ull uCl
R

Matrix formed from
the RICI basis vectors.

Note: For the purposes of computing the ECI velocity vector, the relationship between the
ECI coordinate frame and the ECF coordinate frame is approximated by a single rotation
about the z-axis. The rotation about the z-axis is a(t) with nominal rotation rate wz. The
rotation matrix Rs(t) relates the two frames. The skew symmetric matrix Qg3 is used to
compute the derivative of the R3(t) rotation matrix. Matrix Qg is useful in transforming
position and velocity error covariance matrices from the RICI frame to the ECF frame. See
Section 12.4.

Pece (1) = R (t) @ Pegy (1) a(t) = o, +mge(t—t,)
cos(a(t)) sin(a(t)) O 0 o O
R,(t)=| —-sin(a(t)) cos(a(t)) O Q,=-o, 0 0
0 0 1 | 0 0 O

Rotation from ECI to ECF at time t.

—sin(a(t)) cos(a(t)) O
%Rs(t)=w3- —cos(at)) —sin(a(t)) 0|=Q,eR,(t)
0 0 0
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4 Image Grid To R/Rdot Contour

The precise image pixel grid location to R/Rdot projection contour computations are
described in following subsections. For the image grid location specified by image pixel
indices (irow,icol) or image coordinates (xrow,ycol), image COA time (tcoa) and COA ARP
position and velocity (ARPcoa and VARPcoa) are computed as described in Section 2. The
precise computation of the R/Rdot contour is dependent upon the image grid type and the
image formation algorithm that produced the image. See Figure 4-1. The computations for
the combinations of grid types and IFAs are described in Sections 4.1 through 4.6.

Image Grid Parameters:

Grid_Type Image grid type represented by the sampling.
Allowed values: RGAZIM, RGZERO, XRGYCR, XCTYAT,
PLANE.

IFA Image Formation Algorithm used to produce the grid.

Allowed values: PFA, RMA, RGAZCOMP, OTHER

Image Grid . ~COA
Location Compute COA tcoa & tcoa Compute COA Projection Set
Ti —_— Range & - en & izen
w*ycol*) = Ime,
(xrow*,y ARP Position ARPcon Range Rate ARPcon
& Velocity VARPcon f f VARPcoa
Grid_Type IFA Rcoa
. ) Rdot(;OA
Computation same Computation dependent
for all image products. upon Grid_Type & IFA.

Figure 4-1 Precise R/Rdot Computation
The precise R/Rdot are dependent upon the Grid_Type and, for some grid types,
the Image Formation Algorithm (IFA) used to form the image.

The set of parameters that define the R/Rdot projection contour is referred to as the COA
Projection Set. The COA Projection Set consists of the 6 parameters. See Figure 4.1.

COA Projection Set: {tCOA ti%i\ ARPcoa VARPcoa Rcoa RdOtCOA}

The SCP COA time is included for use in computing the error in image projections due to an
error in ARP velocity. It is also needed for computing projections that make use of

Adjustable Parameter Offsets. The use of Adjustable Parameter Offsets is described in
Section 8.
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4.1 Image Grid To R/Rdot: Grid_Type = RGAZIM & IFA = PFA

For the RGAZIM grid, the image coordinates are range and azimuth. The row coordinate is
the range coordinate, xrow = rg. The column coordinate is the azimuth coordinate, ycol = az.
For image pixel location (irow,icol), the (rg,az) coordinates are computed as follows.

rg = Xrow = Row_SSeirow az = ycol = Col_SS-icol

For images formed with the Polar Format Algorithm, the R/Rdot computation makes use of
the following SICD PFA specific parameters.

PFA Parameters:

cPA(Nn) Polar Angle polynomial coefficients. The polynomial yields polar
angle (0) in radians from collection time. Collection time in seconds
(t =0 at Collection Start).

N_PA Order of the Polar Angle polynomial.

CcKSF(n) Spatial Frequency Scale Factor polynomial coefficients. The
polynomial yields the scale factor (KSF) from polar angle (6). The
scale factor is used to map transmit frequency (fx, in Hz) to aperture

spatial frequency (Kap, in cycles/m). Kap(fx,0) =fx-§-KSF(e).

N_KSF Order of the Spatial Frequency Scale Factor polynomial.

The computation of the R/Rdot contour for an arbitrary image grid location is presented with
minimal explanation in order that the necessary computations are clearly presented. Refer to
Figures 4-2 and 4-3.

PFA Image Grid Location To R/Rdot Contour

(1) Consider atarget (TGT) with impulse response centered at image grid location
(irow™®", icol™"). Grid location (irow'®", icol™®") is converted to image coordinates
(rg™", az™"). The COA parameters are computed for image coordinates (rg'®", az'®").

. TGT TGT TGT TGT
(irow™=" icol’™™") > (rg™,az""") D> tidy > ARPS, & VARPG,

(2) Compute the range and range rate to the SCP at the pixel COA time as follows.

(R )LSh =|ARPIST ~SCP|  (RAOC")IS, = - “VARPLE] « (ARPLE] - SCP)

COA COA — (RSCP TGT
COA
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(3) Compute the polar angle (6) and its derivative with respect to time (d6/dt) at the pixel
COA time as follows.

N_P.
Olon = > CPAM(tISR)"  (A94)5n = Zn-cPA(n) “(tER)"

n=0

)>

(4) Compute the polar aperture scale factor (KSF) and its derivative with respect to polar
angle (dKSF/d0) at the pixel COA time as follows.

N_KSF

KSFioa = 2 cKSF(n)«(6c5a)" (AKSE on = Z n+cKSF(n)«(8con )"

n=0

(5) Compute the spatial frequency domain phase slopes in the radial (Ka) and cross radial
(Kc) directions (8@ "°"/8Ka and 5®'°"/5Kc) for the radial direction at 6% . Note: The sign

parameter (SGN) for the phase may be ignored as it is cancelled in a subsequent
computation.

TGT .

OP e a)ion = 19" +cos(B5,) +az"" ssin(Ozc
TGT

( @ SKe Eg; =-r1g'® Sln(eZOA) +az'™ COS(GEOA)

(6) Compute range relative to the SCP (AR'®") at the COA.
TGT
ARIS, = KSFIS (3™ L e

(7) Compute the derivative of the range relative to the SCP with respect to polar angle
(d(AR®T)/d0) at the COA. Scale by the derivative of the polar angle with respect to time to
yield the derivative with respect to time (d(AR"®")/dt = ARdot™").

TeT TGT TG TGT
(d(AR %ej _ (AKSE/ )TET (80T e KSRIST(30™L et
COA

TGT TGT
ARdot’ST =(d(AR %ej (40701

COA
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(8) Compute the range and range rate relative to the ARP at COA (R{S. and Rdotl3) ).

The projection to three-dimensional scene point for grid location (rg™®", az'®") is along this
R/Rdot contour.
Reon =(R*)ion +ARCG,  Rdotggy = (Rdot™)¢o, + ARdoteo,
Image Pixel Grid Polar Formatted Phase History Data
icol ™"
TGT
Kazcoa
» Kaz
- Note: Target (irow,icol)
iIrow values NOT restricted
to integer values.
| Grid_Type = RGAZIM| Target TGT
Aperture
Center of Aperture Phase Slopes
TGT
(&D(Krg,Kaz) J —SGNerg™
dKrg o TGT
Krgcoa

(S(D(Krg, Kaz)™"

=SGN.az™"
oKaz

COA

Figure 4-2 Image Pixel Grid & PFA Phase History Data

Phase slopes at the COA of the polar formatted PHD are proportional to rg"®" and az'®".
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Polar Formatted Phase History Data

&
TGT
Ocor Kazcoa
> Kaz
Center of Aperture Phase Slopes
Sq)TGT SCDTGT
Target TGT ( SKrg] =SGNerg™" ( SKaZJ =SGN-az™"
Apeture
Qcoh /
SCDTGT S(I)TGT i SCDTGT
& (mj :COS(GCOA).[ SKr j +Sln(eC°A){6}<azj
>4 @n 9 COA COA

COA

Krg g

Krgoon \ —> AKaz
6(DTGT i 6(DTGT 6(DTGT
( = J :—sm(OCOA){K J +cos(GCOA)-[K ]
oKc OKrg Joon oKaz ),

A

Figure 4-3 Saved Aperture & Phase Slopes At COA
Phase slopes at COA of the polar formatted PHD.
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4.2 Image Grid To R/Rdot: Grid_Type = RGAZIM & IFA = RGAZCOMP

For the RGAZIM grid, the image coordinates are range and azimuth. The row coordinate is
the range coordinate, xrow = rg. The column coordinate is the azimuth coordinate, ycol =
For image pixel location (irow, icol), the (rg, az) coordinates are computed as follows.

rg = Xrow = Row_SSeirow az = ycol = Col_SS-icol

For images formed with the Range & Azimuth Compression algorithm, the R/Rdot
computation makes use of the following SICD RGAZCOMP specific parameter.

RGAZCOMP Parameter:

AzSF Scale factor that converts azimuth coordinate to an increment in
cosine of the DCA at COA.

For an image formed with simple Range & Azimuth Compression, all pixels have a common
COA. The resulting image is sometimes referred to as a Range, Doppler image. The rows
are samples at constant range at COA and the columns are samples at constant Doppler Cone
Angle at COA. Refer to Figure 4-4.

RGAZCOMP Image Grid Location To R/Rdot Contour

1) Consider a target (TGT) with impulse response centered at image grid location
(irow'®" icol "®T). Grid location (irow'®", icol ") is converted to im ge coordlnates (rg
az'°"). The COA parameters are computed for image coordinates (rg"

TGT

(irow'™®7 icol™T) D> (rg™" az’®") D> I8 S ARP! & VARPIET
(2) Compute the range and range rate to the SCP at COA.
RYY. =|ARP.S, —SCP Rdot¥Y, = ——+VARP[S ¢ (ARP. —SCP)

SCP
R COA
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Azimuth (az"") To AcoSDCAGaA:

AcosDCAS, = AzSFeaz™"
aZTGT
iazl 0 | iaz2
irgl
Left Looking:
LOOK = +1
+az
TGT 0
ACOSDCAcoa <0
= §T = AR
A see] |
T irg2
16 0
[y GT N ,az) — SCP pixel centered
RCOA — S o aizrzlage cotfrlt)j(;e&zrs] o +rg
. .
M [Grid_Type = RGAZIM

Figure 4-4 Image Formed With Range & Azimuth Compression
Rows are constant range at COA and columns are constant DCA at COA.

(3) Compute the increment in cosine of the DCA at COA of the target, AcosDCAL. , by

scaling the azimuth coordinate by the azimuth to DCA scale factor. Compute the increment
TGT

in range rate, ARdot.,, by scaling by the magnitude of the velocity vector at COA.

AcosDCAg, = AzSFeaz™! ARdot!%, =~|VARPIS -AcOSDCAS]

(4) Compute the range and range rate to the target at COA as follows.

TGT SCP TGT TGT SCP TGT
Reon = Reoa +19 Rdot o, = RdotlS, +ARdot .
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4.3 Image Grid To R/Rdot: Grid_Type = RGZERO

For the RGZERO grid, the image coordinates are range and azimuth. The row coordinate is
the range coordinate, xrow = rg. The column coordinates is the azimuth coordinate, ycol =
az. For image pixel location (irow, icol), the (rg, az) coordinates are computed as follows.

rg = Xrow = Row_SSeirow az = ycol = Col_SS-icol

For all images with Grid_Type = RGZERO, the following parameters are also included. The
parameters describe the image formation processing with the RMA that formed the image.

RMA INCA Parameters:

cT_CA(n) Time of Closest Approach polynomial coefficients. The polynomial
yields time of closest approach, t_CA (sec), as a function of image
azimuth coordinate (az). Timet =0 at Collection Start.

N_TCA Order of the Time of Closest Approach polynomial.
R’ Range at Closest Approach for the SCP (m).
cDRSF(m,n) Doppler Rate Scale Factor polynomial coefficients. The polynomial

yields the scale factor (DRSF) from image coordinates (rg,az). The
scale factor is used to compute d*(R)/dt? at closest approach.

M_DRSF Order of the DRSF polynomial in the row/range coordinate.
N_DRSF Order of the DRSF polynomial in the col/azimuth coordinate.

The computation of the R/Rdot contour for an arbitrary image grid location is presented with
minimal explanation in order that the necessary computations are clearly presented. Refer to
Figure 4-5. For a given RGZERO grid location, the range history that was processed to form
the image signal is accurately described by range function RA(t) ©". The parameters of the

RA(t)"" are computed from the grid location. The range at COA is computed by evaluating

the RA(t)"®" function at the tS) . The range rate at COA is computed from the
d(RA®)™")/dt at 18T .

RA(™ =[(RIS)? + DRSF™T o(VMIS)2e(t ~15T)? |

RGZERO Image Grid Location To R/Rdot Contour

(1) Consider a target (TGT) with impulse response centered at image grid location
(irow™", icol™"). Grid location (irow™ ", icol"®T) is converted to image coordinates (rg'°",
az'®"). The COA parameters are computed for image coordinates (rg™", az'®").

35



SICD Volume 3 Image Projections Description
NGA.STND.0024-3 1.2.1,2018-12-13

(irow™7 icol™™) D> (rg™", az’®") D> 8 > ARPSI & VARPIST

(2) Compute the range at closest approach and the time of closest approach for the image

grid location. The range at closest approach, R.S", is computed from the range coordinate.

The time of closest approach, t.5', is computed from the azimuth coordinate.

N_TCA
RET =R +rg™’ tor = Z cT_CA(n)+(az™")"

n=0

(2) Compute the ARP velocity at t.3", VARPZST. Also compute the magnitude of the
vector.

VARPX (15T
VARPIST = | VARPy(tS" VMG = [VARPLT|
VARPZ(t%¢T

(3) Compute the Doppler Rate Scale Factor, DRSF'®", for image grid location (rg"®",

az'®").

M_DRSF N_DRSF
DRSFTGT — Z Z CDRSF(m,n)'(l’gTGT)mO(aZTGT)n

m=0 n=0
(4) Compute the time difference between the COA time and the CA time, AtlS) .
Ateon =teon —tea

(5) Compute the range and range rate relative to the ARP at COA (R{g; and RdotlS] ).

The projection to three-dimensional scene point for grid location (rg'®", az'®") is along this
R/Rdot contour.

RIS =[(RIS)? + DRSF™T«(VMIS )2 (AtST )2 |

DRSF™"

TGT
COA

RdoteT —

(VM) *Atgon
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Image Pixel Grid RA(t)CT
RA(tcon)

icol™®" \‘ /

irow "

Grid_Type = RGZERO|

tTGT
CA

1/2
RA()'™ =[ (RE)? + DRSF™T (VML) o(t ~ t&1)? ]

d(RA(H)™)
dt t=tTST

COA

RIS =RAM™| .  RdotlSl =

t=tcoa

Figure 4-5 Image Pixel Grid Type RGZERO
Pixel grid location specifies Time of Closest Approach and Range At Closest Approach.
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4.4 Image Grid To R/Rdot: Grid_Type = XRGYCR

For the XRGYCR grid, the image coordinates are xrg and ycr. The xrg coordinate is the row
coordinate, xrg = xrow. The ycr coordinates is the column coordinate, ycr = ycol. For image
pixel location (irow, icol), the (xrg, ycr) coordinates are computed as follows.

Xrg = Xrow = Row_SSeirow ycr = ycol = Col_SS-icol
XRGYCR Image Grid Location To R/Rdot Contour

(1) Consider a target (TGT) with |mpulse response centered at image grid location
(irow™7, icol™"). Grid location (irow'™®", icol™®") is converted to image coordinates

(xrg™", ycr™®T). The COA parameters are computed for image coordinates (xrg' ', ycr'®™).

(irow'™®Ticol™®T) > (xrg™Tycr™®T) > tIS1 > ARPIST & VARPS

(2) The samples of XRGYCR grid are uniformly spaced locations in the image plane formed
by the SCP, and image plane vectors uRow and uCol. Vectors uRow and uCol are
orthogonal Compute the point the image plane point for image grid location

(xrg™", yer™M.

IPPT®T = SCP + xrg™" «uRow + ycr ™ suCol

(3) Compute the range and range rate relative to the ARP at COA (R{gx and RdotS] ) for

image plane point IPPT®T. The projection to three-dimensional scene point for grid location

(xrg"™", ycr™TY is along this R/Rdot contour.

RS = \ARPCTg; —IPPT™®T Rdot[] = RTlGT VARP[S! o (ARPS! — IPPTCT)
COA
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4.5 Image Grid To R/Rdot: Grid_Type = XCTYAT

For the XCTYAT grid, the image coordinates are xct and yat. The xct coordinate is the row
coordinate, xct = xrow. The yat coordinate is the column coordinate, yat = ycol. The
samples of the XCTYAT grid are uniformly spaced locations in the image plane (similar to
the XRGYCR grid). The computation from image grid location to R/Rdot contour is the
same as the shown in Section 4.4 above. The equations are listed below without further
description.

(1) (irow™" icol™T) > (xct’®T yat’™®") > tIS1 > ARPST & VARPS!

(2) IPP™®T = SCP+xct™"«uRow + yat™"suCol

() RE =|ARPIST —IPP™®T|  RdotlSl = R%-VARPJS; o (ARPIST — |PPT®T)
COA

4.6 Image Grid To R/Rdot: Grid_Type = PLANE

For the PLANE grid, the image coordinates are xrow and ycol. The samples of the
XCTYAT grid are uniformly spaced locations in the image plane (similar to the XRGYCR
grid). Image plane vectors uRow and uCol may or may not be orthogonal. The computation
from image grid location to R/Rdot contour is the same as the shown in Section 4.4 above.
The equations are listed below without further description.

(1) (irow™" icol™T) > (xrow™" ycol™) > 17 3 ARPSI & VARPS!

(2) IPP™®T = SCP +xrow ™ suRow + ycol ™" «uCol

() REL =|ARPIST —IPP™®T|  RdotlS! = R%-VARPJS; o (ARPIST — |PPT®T)
COA
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5 Precise R/Rdot To Ground Plane Projection

The precise projection to a ground plane along an R/Rdot contour is described. The R/Rdot
contour is relative to an ARP Center Of Aperture position and velocity.

51 Ground Plane & Ground Plane Normal

The ground plane is defined by a reference point in the plane, GREF, and the vector normal
to the plane, GPN. The reference point and plane orientation may be based upon specific
terrain height and slope information for the imaged area. When only a reference point is
specified, a ground plane normal may be derived in several ways. Given the position of
GREF in ECF coordinates, GREF, two ground planes that contain point GREF are: (1) the
Spherical Earth ground plane and (2) the Geodetic Earth ground plane. The Spherical Earth
ground plane is tangent to a spherical earth model passing through GREF. The Spherical
Earth GP unit normal is computed as follows.

Spherical Earth GPN: UGPN,,, =;-GREF

|GREF|

The Geodetic Earth ground plane is tangent to the surface of constant geodetic height above
the WGS-84 reference ellipsoid passing through GREF. The Geodetic Earth GP unit normal
is computed as follows by first computing the geodetic latitude and longitude of GREF.

Compute Geodetic

[GREF.X, GREF.Y, GREF.Z] - ] ]
Latitude & Longitude

— [GREF.Lat, GREF.Lon]

cos(GREF.Lat)«cos(GREF.Lon)
Geodetic Earth GPN: UGPN, =| cos(GREF.Lat)sin(GREF.Lon)
sin(GREF.Lat)

5.2 R/Rdot Contour Ground Plane Intersection

For target TGT with COA range and range rate R 5. and Rdot[Z} , solve for the intersection
of the COA contour and a ground plane. The R/Rdot contour is relative to an ARP position
and velocity at COA, ARP.S! and VARP.S,. The ground plane is defined by a point in the

plane (GREF) and a vector normal to the plane. The intersection of the R/Rdot contour and
the ground plane is point GPP™®". See Figure 5-1.

The computation makes use of a Cartesian coordinate system (XY Z) with origin at the ARP
ground plane nadir (AGPN). The X and Y axes are in the ground plane and the Z axis is
normal to it. The +X direction is in the Along Track direction. The unit Line of Sight
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(uLOS) vector is defined by the azimuth angle (6az) and the grazing angle (Weraz). The
range to the ground point determines the grazing angle. The range rate determines the
cosine of the azimuth angle. The Side of Track determines the sign of the azimuth angle.

The expression for the range rate with the velocity vector and the unit LOS vector in XYZ
coordinates is used to solve for the cosine of the azimuth angle.

VX | | COS(W ggaz)°COS(0,,)
RdotS] =-VARPLS euULOS=~| 0 |e| COS(¥ spar)*SiN(0,,)

Vz —Sin(W ggpz)

Rdot{er = —VXeCOS(W gpaz)*COS(0 ;) + VZeSiN(W crar)

z . .
TGT
VARPcoa . Lm,itocfcight
. VARPcoa Y24 ARPLST
\ : ~~ I Vz / y4
VX VX Vz
Vx| Ope X
Vx - Parallel to 4 Oz
the Plane (Vx > 0). y
2
Vz - Normal to uz Sy uLosS
the Plane. Haz: Measured in the
X-Y Plane

R/Rdot
Contour

Example: Side Of Track = LEFT
LOOK =41 < 0a2>0

Figure 5-1 Projection Along R/Rdot Contour
Ground Plane Point (GPP) at range Rcoa and range rate Rdotcoa.

Input Parameters:
ARPS, ARP position at the COA time in ECF coordinates.

VARP[S,  ARP velocity at the COA time in ECF coordinates.

LOOK Integer based on Side of Track parameter.
SideOfTrack = L <» LOOK =+1 SideOfTrack =R < LOOK = -1
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REA Range of the R/Rdot contour.

Rdot on Range rate (dR/dt) of the R/Rdot contour (Rdot S, <0 <> Closing
geometry).

GREF Ground plane reference point in ECF coordinates.

GPN Ground plane normal vector in ECF coordinates.

Computed Parameters:

GPP'eT Ground Plane Point (GPP'®T) position in the ground plane and along the

R/Rdot contour.

All position and velocity vectors are in ECF coordinates but may be in any common
coordinate frame.

R/Rdot Contour To Ground Plane Point GPP

(1) Compute the unit vector in the +Z direction (normal to the ground plane).

uzZ= L.GPN
IGPN|

(2) Compute the ARP distance from the plane (ARPz ). Also compute the ARP ground
plane nadir (AGPN).

ARPz = (ARPS, ~GREF)euzZ  Note: For |ARPz|>R{5, 2 No Solution
AGPN = ARPST — ARPz.uZ

(3) Compute the ground plane distance (G) from the ARP nadir to the circle of constant
range. Also compute the sine and cosine of the grazing angle (Wgraz)-

. ARPz
—TGT SII’I_GRAZ = —ToT

COA COA

G=+((REA)’ —ARPZZ)U2 cos_GRAZ =

(4) Compute velocity components normal the ground plane (Vz) and parallel to the ground
plane (Vx).

Vz =VARPS! euz VMag =|VARPS, |

Vx =+(VMag® - Vz°)"? Note: For Vx=0 =» No Solution
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(5) Orient the +X direction in the ground plane such that the Vx > 0. Compute unit vectors
uX and uy.

1

uXx = v «(VARPS: —Vz.uZ) uY =uZxuX
X

(6) Compute the cosine of the azimuth angle (6az) to the ground plane point.

_ TGT Wi
cos A7 = —RdOteos +Vzesin GRAZ
- Vxscos_GRAZ

Note: For cos_AZ<-1.0 = No Solution. Rdot(o, > Max{Rdot} at ground distance G.

Note: For cos_ AZ>1.0 =» No Solution. Rdot[3, < Min{Rdot} at ground distance G.

(7) Compute the sine of the azimuth angle. Use parameter LOOK to establish the correct
sign corresponding to the correct Side of Track.

sin_AZ = LOOK+(1—cos_AZ?)"?

(8) Compute GPP™®T at distance G from the AGPN and at the correct azimuth angle.

GPP™" = AGPN + Gecos_AZsuX + Gesin_AZ.uY

43



SICD Volume 3 Image Projections Description
NGA.STND.0024-3 1.2.1,2018-12-13

6 Scene To Image Grid Projection

The precise Scene Point to Image Grid projection maps a geolocated point in the three-
dimensional scene to a single image grid location. The computed image grid location is the
center of the two-dimensional image signal response of a fixed point scatterer located at the
scene point. The image grid location is computed using an iterative approach. The iterative
approach includes many of the computations described in Sections 2 through 5. Only scene
points on the correct Side of Track and at ranges and angles consistent with the imaging
collection will yield meaningful results.

For projecting a single scene point to the image grid, the iterative approach is a simple
computational task. The approach yields sub-pixel accuracy in a small number of iterations
(typically in 2 iterations for ground points at the same height as the SCP). The projection of
a single scene point to the image grid is described in Section 6.1. The precise resampling of
an entire image to a geolocated surface requires the image grid location to be computed for
many scene points. For precise resampling to a complex surface such as a terrain height
model of a mountainous scene, all scene points may require the iterative approach. For
precise resampling to a smooth surface such as a ground plane, the iterative approach may be
applied to only a fraction of the scene points. An approach for resampling to smooth
surfaces is described in Section 6.2.

6.1  Scene To Image: Single Scene Point

Let point S be the point in the imaged scene for which the image grid location is to be
computed. Define a ground plane that contains point S. The iterative approach computes a
sequence of ground plane points Gy, G, . .., Gn. The ground plane points {G,} are
projected along straight lines to the Image Plane to produce a sequence of image grid points
l1, I, . .., In. Image point Iy is the final image grid location and is the precise projection of
point S. For each image plane point I, the precise R/Rdot projection to the ground plane is
computed. The precise ground plane projection of image point I, is point P,. Final point Iy
is established when the displacement between point S and point Py is less than a user
specified tolerance. When the displacement between point S and point P,, is greater than the
tolerance, the displacement is added to point G, to yield point Gn.; for the next iteration. An
example projection sequence is shown in Figure 6-1. In the example shown, convergence is
achieved in 3 iterations. Image grid location (xrows, ycols) is accepted as the precise
projection of scene point S.
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G, to I: Straight line along uPROJ. View normal to the ground plane

I, to P,: Precise projection along R/Rdot contour. ; :
Final Point: P53 close to S

| S=P3| < AGP
. Gs
Radius = AGP | G
2
S AP;
(G AP, —>»
) P. P3
P, 2
P1 P, S P; Gy G GROUND PLANE Initial Point: G; = S
Initial Point: G, =S Final Point: P; close to S v

Example Shown: Convergence in 3 iterations.
Image Point I; used to compute image grid coordinates (xrow®,ycol®).

Figure 6-1 Scene To Image Iteration
Example Scene to Image computation converging in 3 iterations.

Scene Point S To Image Grid (xrow?®, ycol®)

(1) For scene point S, compute the spherical earth ground plane unit normal. The choice of
ground plane containing point S is not critical. See Section 5.1. Also, choose the ground
plane displacement threshold, AGP_MAJX, for final ground plane point Py.

uGPN:é-S AGP_MAX = Maximum Ground Plane Displacement
(2) Ground plane points {Gp}are projected along straight lines to the image plane to
establish points {I,}. The GP to IP projection direction is along the SCP COA slant plane
normal. Also, compute the image plane unit normal, ulPN. Compute projection scale factor
SF as shown.

UPROJ = uSPN, IPN = uRow x uCol ulPN = «IPN

1
|IPN|

SF=uPROJeulPN
(3) Setinitial ground plane position G; to the scene point position S.

G =S Initial ground plane position, n = 1.
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Iterate over steps (4), (5) and (6). For ground point G,, compute image plane point I, and
ground plane point Pp,.

(4) Project ground plane point G, to image plane point I,. The projection distance is DIST,.
Compute image coordinates xrow, and ycol,. See Section 2.4.

1

DIST, =
SF

«(SCP-G,)eulPN I, =G, +DIST, «uPROJ

Compute
I —>| Image |—
Coordinates

XIow,,
ycol |

(5) Compute the precise projection for image grid location (xrow,, ycol,) to the ground plane
containing the scene point S. The result is point P,. For image grid location (xrow,, ycol,),
compute COA parameters per Section 2. Compute the precise R/Rdot projection contour per
Section 4. Compute the R/Rdot intersection with the ground plane per Section 5.

oW Compute Compute Project
ol " COA |—| R/Rdot |— |Along R/Rdot|— P,
YOl Parameters Contour To GP

(6) Compute the displacement between ground plane point P, and the scene point S. If the
displacement is greater than the threshold (AGP_MAX), compute point G,.1 and repeat the
projections in steps (4) and (5) above. If the displacement is less than the threshold, accept
image grid location (xrowy, ycol,) as the precise image grid location for scene point S.

AP =S—P. AGP, =|AP|

If AGP, > AGP_MAX:
G,..=G,+AP, Compute points l,+; and Pp.;.

If AGP, < AGP_MAX:
XIOW® = Xrow, ycol® = ycol,

The precise projection may yield an image grid location that is off the image pixel grid. Such
a solution is valid and indicates that the scene point is not included in the image product.
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6.2  Scene To Image: Smooth Surface

The precise resampling to a uniformly spaced grid on any geolocated surface may be
accomplished by applying the iterative approach described in Section 6.1 to all scene points.
However, for smooth surfaces the precise iterative approach may be applied to a subset of the
scene points. The approach makes use of the fact that for smooth surfaces, the two-
dimensional image grid location varies smoothly across the two-dimensional surface grid.

An example image grid projected to a smooth geolocated surface is shown in Figure 6-2.
The smooth surface is at constant height above to the WGS-84 reference ellipsoid. The
surface grid points are evenly spaced in latitude and longitude. The extent of the region
covered by the image is bounded by corner points (Laty, Lono) and (Lat;,Lon;). These corner
points are established by the precise image to scene projection of the image grid corner
points to the constant height surface. Section 9 describes the projection. In the example
shown, a sparse grid of 6 x 6 surface points is selected. The precise image grid location for
each of the 36 points is computed using the iterative approach described above. The
resulting image coordinates are saved for all grid points (including grid points that are not
covered by the image). A dense set of image grid coordinates may be rapidly computed by
bilinear interpolation of the corner point values. The accuracy of the interpolated image grid
coordinates can be determined by the precise scene to image projection of the 5 x 5 set of
scene points centered in cells formed by the 6 x 6 grid.

Image Grid Image Projected To Constant Height Surface

0 NCols-1

Long Lon, . ) )
Laty O O O O O @) Precise Image Grid Locations

ZERO FILL Computed At Corner Points

D)

Precise
Scene To Image
6 x 6 Grid

NRows-1

Example Shown:
Only the red points are
covered by the image.

ZERO FILL Densely spaced grid of

Lat; O O O O O '0) scene points with image grid

locations interpolated from
the corner point values.

6 x 6 grid of evenly spaced
samples in latitude & longitude.

Figure 6-2 Image Projected To Smooth Surface
Precise Scene to Image computed for sparse grid and then interpolated.
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7 Simple Ground Plane Projection

Precise ground plane resampling for large images can be a computational burden. For some
applications, a fast but slightly less accurate algorithm is acceptable. A simple method for
fast ground plane resampling is described. The fast projection algorithm uses the precise
projection of the SCP pixel to the ground plane. For image grid locations displaced from the
SCP pixel, a simple computation is used to estimate a ground plane offset from the projected
SCP location. The simple projection is highly accurate for pixels near the SCP pixel.
Accuracy degrades slowly with displacement from the SCP pixel. The fast algorithm may be
applied to any image product independent of the image formation algorithm used to form the
image. The simple projection can be used for projection to an arbitrary ground plane.

The simple projection is shown in Figure 7-1. For an arbitrary ground plane, the precise
projection of the SCP pixel to the ground plane is computed. The resulting ground plane
point is the Ground Center Point (GCP). A pair of orthogonal ground plane axes

(GPX, GPY) are defined. For ground plane point GPP at location (GPX®™, GPY®™ ), image
coordinates (xrow®™, ycol®) are computed from a 2x2 projection matrix. Image indices
(irow®™, icol®"") are computed from the image coordinates (xrow®™, ycol®™) by scaling by

the sample spacings.

PP

xrow®* | o [GPX®® | [GPXtoRow GPYtoRow || GPX*™
yeo 1 GPY®™ | | GPXtoCol GPYtoCol || GPY®™

Image Plane Ground Plane Projection
icol_1 0 icol_2 'YMin YMax
7 XMin
=
e
= Precise
/ SCP to GCP
SCP ycol™” ycol
e > GPY
\Z >
o
IPP .
xrow'™” g
N| L \/
= s
2 v
Xrow XMax
Simple 2x2 projection
v

relates ground plane offset (AGPP)
to image plane offset (AIPP).

Figure 7-1 Simple Image Grid To Ground Plane
The projection from SCP pixel to GCP is precise.
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7.1 Ground Plane Parameters

The ground plane is defined by a reference point in the plane (GREF) and the vector normal
to the plane (GPN). Any arbitrary ground plane may be selected.

GREF = Ground plane reference point the ECF coordinates.
UGPN = Ground plane unit normal vector.

For many applications, a logical choice for the ground plane is the plane tangent to the
surface of constant height above the ellipsoid at the SCP. See Section 5.1.

cos(SCP.Lat)cos(SCP.Lon)
GREF =SCP UGPN =uGPN3F =| cos(SCP.Lat)ssin(SCP.Lon)
sin(SCP.Lat)

The precise projection of the SCP pixel to the ground plane is computed. The SCP pixel
COA parameters and R/Rdot projection contour are described in Section 3. The projection
along an R/Rdot contour to a ground plane is described in Section 5. The result of the
projection is the Ground Center Point (GCP). If the selected ground plane contains the SCP,
the GCP position is set equal to the SCP position. See Figure 7-2. Ground points are
projected along straight lines from the ground plane to the image plane. The ground plane to
image plane projection direction is determined as follows. For the SCP in the ground plane,
the projection direction is along the SCP COA slant plane normal. See Section 3. For the
SCP not in the ground plane, the projection direction is from the GCP to the SCP.

For the SCP in the ground plane: (SCP—-GREF)euGPN =0

GCP =SCP UPROJ = uSPNZZ,

For the SCP not in ground plane: (SCP—-GREF)euGPN =0

Compute Project 1

SCP COA | — |Along R/Rdot| —» GCP UPROJ =————+(SCP -GCP)
|SCP-GCP|

Parameters To GP
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SCP to GCP: Precise projection along R/Rdot contour.

uPROJ = L

=~ ___.(SCP-GCP)
[SCP-GCP

y
AGe '044/\/
S

GPP to IPP:
Straight line
along uPROJ.

GPP

GROUND PLANE  GCP GREF

1 uGPN

Example shown: SCP does not lie in the ground plane.

Figure 7-2 Straight Line Projection
Simple projection from Image Plane to the Ground plane along straight lines.

The orthogonal ground plane axes GPX and GPY may have any orientation and are defined
by unit vectors uGPX and uGPY. The only restriction is that the vectors lie in the ground
plane.

uGPX = Unit vector in the GPX direction in ECF coordinates.
uUGPY = Unit vector in the GPY direction in ECF coordinates.

uGPXeuGPN =0 UGPY ¢uGPN =0 uGPX e uGPY =0

A logical choice of the GPX direction is in the shadow direction at the GCP. The shadow
direction is from the ARP ground plane nadir (AGPN) to the GCP. For the ground plane
image, GPX is in the increasing row direction and GPY is in the increasing column direction.
For a shadows down orientation, compute unit vectors uGPX and uGPY as follows.

AGPN = ARPSS; —[ (ARPSS, —GCP) ¢ uGPN [-uGPN

uGPX = 1 (GCP-AGPN)
|GCP-AGPN|

UGPY =uGPN xuGPX
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7.2 Ground Coordinates To Image Coordinates

The projection of a ground plane point to the image grid coordinates is comeuted as
described below. For ground plane point GPP at location (GPX®™, GPY®F), the image
coordinates are computed by projecting from the ground plane to the image plane in uPROJ
direction. The resulting image plane point is IPP. The image plane parameters are described
in Section 1.3.

uRow = Unit vector in the increasing row direction in ECF coordinates.

uCol = Unit vector in the increasing column direction in ECF coordinates.
Oco. = Angle between unit vectors uRow and uCol.
ulPN = Image plane unit normal in ECF coordinates.

The projection of ground plane point GPP at location (GPX®™", GPY®™) to image plane
position IPP located at image coordinates (xrow®", ycol®™) is based on the following

relationships.
GPP Position: GPP =GCP + AGPP =GCP + GPX.uGPX + GPY-.uGPY

(SCP —GPP) e ulPN

Projection Distance: DIST =
uPROJ eulPN

IPP Position: IPP =GPP + DIST-.uPROJ

The ground coordinate to image coordinate projection matrix, Mg, , is computed as the
product of two matrices. Matrix M, is the projection of GPP to IPP and then orthogonal

projection onto the two image plane vectors. Matrix M S accounts for possible non-
orthogonal image plane vectors.

ZMIC’MIV

GP ™

c _| GPXtoRow GPYtoRow
GPXtoCol  GPYtoCol

. GPXtoRV GPYtoRV
Compute the 2x2 matrix MY, { }

GPXtoCV GPYtoCV

(UGPX eulPN)+(UPROJ e uROW)
UPROJ e ulPN

GPXtoRV =uGPX euRow —

o1
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GPY1toRV = UGPY e UROW — (UGPY e ulPN)+(UPROJ e uR0OW)

uPROJeulPN

(UGPX e uIPN)+(UPROJ e uCol)
uPROJ e ulPN

GPXtoCV =uGPXeuCol —

(UGPY e ulPN)«(UPROJ e uCol)
uPROJ eulPN

GPYtoCV =uGPY euCol -

Compute the 2x2 matrix M;, :

Ic _ 1 [ 1 _COS(BCOL) }

VSN (Bgo) | -005(0c0) 1

Compute the 2x2 matrix Mg, =M; My,

MG = MM =

Sin(0co) | -005(0c0) 1

1 1 —c05(640, ) | [GPXtoRV  GPYtoRV
GPXtoCV GPYtoCV

|
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8 Adjustable Parameters

The ARP position versus time and the range at COA may be adjusted in computing the
Image To Scene and Scene To Image projections. The parameter adjustments are made by
including the optional Adjustable Parameter Offsets in the image projection computations.
The Adjustable Parameter Offsets are defined in Table 1-3 and are summarized below.
Section 8.1 describes the use of the offsets in the Image To Scene projection. Section 8.2
describes the use of the offsets in Scene To Image projection.

Adjustable Parameters:

AARPZ ARP position offset that is added to the computed ARP position at
timet= t3, .

AVARP ARP velocity offset that is added to the computed ARP velocity
(independent of time t).

AR_BIAS Range bias offset that is added to the Rcoa computed for any image
grid location.

For a given image pixel location (xrow, ycol) with COA time tcoa, the Adjusted ARP COA
position is the sum of the ARP COA position computed from the image metadata plus the
ARP position offset, denoted AARPcoa, also computed at tcoa.  The Adjusted ARP position
and velocity and the adjusted range at COA are computed as shown below.

Adjusted ARP.o, = ARP, +AARPSS: + AVARPH(teo, — 155, )

COA

Ideally Equal To The Computed from the -
True Position At Time tcoa Image Metadata Aﬁg\e??l'cgéorr’sg E’l—hoeﬂérertor

Adjusted VARP,, = VARP,,, + AVARP

Constant Offset
Ideally Equal To The Computed from the : :
True Velocity At Time teoa Image Metadata For All Pixel Locations

Adjusted R, (xrow, ycol) = R, (xrow, ycol) + AR_BIAS

Ideally Equal To The Computed from the Range Bias Offset
True Range At COA Image Metadata For All Pixel Locations

Shown in Figure 8-1 is an example ARP trajectory before and after adjustment using the
ARP position and velocity offsets. Also shown in the upper left portion of the figure is the
image pixel array that was formed with COA times that vary with image pixel location.
Shown are the pixel grid locations for three targets, denoted TGT A, TGT B and TGT C.
The contours of constant COA time are also shown. The ARP COA positions along the
trajectories are shown for each of the targets. For the example shown, the AARPcoa Vvaries
as the COA time varies across the image.
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Image Pixel Grid Image Metadata Adjusted
ARP Trajectory ARP Trajectory
7T T T T 17T
TGT A+
Al /
! l g TGTC
. —+TGT B Adjusted ARPcoa
@&Ov /, /,
Y A A
TGTC
yAREEEYA
£ 5 TGTB
et ol Adjusted ARPcoa

With Varing COA Times

TGTA TGTB TGTC

tcoa < tcoa < tcoa Adjusted ARP(t) = ARP(t) + AARP(t)

Adjusted ARPcon”

AARP(t) = AARPigi + AVARP x (t - t(S:gAP\)

Figure 8-1 Original & Adjusted ARP Trajectories
The original ARP trajectory (from the image metadata) and the adjusted ARP trajectory.

8.1  Adjusted Image To Scene Projection

The Adjustable Parameter Offsets are incorporated into the computation from image pixel
location to COA projection parameters. Figure 4-1 shows the computation of the initial COA
projection set using only the image metadata. Image location (xrow, ycol) is used to
compute the set of six parameters {tcoa, t35, , ARPcoa, VARPcoa , Rcoa and Rdotcoa}-

The Adjustable Parameter Offsets are then used to compute the Adjusted COA projection set.
See Figure 8-2. Note that the ARP trajectory in the image metadata is used to compute the
initial COA projection set. The Adjusted COA projection set is then used to project the
R/Rdot contour to the ground surface model for the imaged scene.

For the SCP pixel location, the COA projection set computed from the image metadata will
result in an R/Rdot contour that passes through SCP position. When the adjustable parameter
offsets are applied, the resulting R/Rdot contour will, in general, no longer pass through the
SCP position.

54




SICD Volume 3 Image Projections Description
NGA.STND.0024-3 1.2.1,2018-12-13

Note: DO NOT adjust the ARP trajectory

when computing initial COA parameters. Compute
_ Initial COA | ~dheet . Adjusted COA
Image Grid Compute Projection Set Projection Set
Location Initial COA scp scp
Projection Set tcon & teon -> @ -> tcon & teon
(xrow*,ycol*) = Use ONLY -> ARPcoa ARPcop + AARPcoa
image metadata VARPcoa T VAR Eean b BRI
parameters. Rcoa AARPSSH Rcoa + AR_BIAS
T T Rdotcoa AVARP Rdotcoa
Grid_Type IFA Note: Parameters computed | AR_BIAS e Rdotcon is unchanged.

from image metadata only.

Figure 8-2 Use Of Adjustable Parameter Offsets
The offsets are added to the projection parameters computed from the image metadata.

8.2  Adjusted Scene To Image Projection

The precise Scene To Image projection computation is an iterative computation described in
Section 6.1. The image pixel grid location to COA projection set computation is used once
per pass of the iterative processing. See Step 5 in the description. The Adjustable Parameter
Offsets are used to adjust the COA projection set. The adjusted COA projection set is then
used to project to the ground plane containing the Scene Point. The modification to Step 5 is
shown below.

oW Compute Compute Compute Project
ol " COA |—| R/Rdot |—| Adjusted |—|Along R/Rdot|— P,
YeOh Parameters Contour Projection Set To GP
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9 Precise R/Rdot To Constant HAE Surface Projection

The precise projection to a surface of constant height above the WGS-84 reference ellipsoid
along an R/Rdot contour is described. The R/Rdot contour is relative to an ARP Center Of
Aperture position and velocity.

9.1 Constant Height Surface & Surface Normal

An example projection to the surface at constant height HAE, above the WGS-84 reference
ellipsoid is shown is Figure 9-1. The1projection along the R/Rdot contour yields surface
point SPPT®T. The surface point SPP'®T position in geodetic coordinates is denoted
(SPP.Lat™", SPP.Lon"®", HAE,). Also shown in Figure 9-1 is an arbitrary point S located
on the constant height surface at geodetic coordinates (S.Lat, S.Lon, HAEg). The unit normal
vector to the surface at point S is uUP®. Vector uUP® points in the direction of increasing
HAE. The unit vector uUP® in ECF coordinates is computed from the latitude and longitude
at point S.

cos(S.Lat)-cos(S.Lon)
uUP® =| cos(S.Lat)-sin(S.Lon)
sin(S.Lat)
TGT TGT
VARPcoa ARPcoa
S: Point on th tant HAE surf 0% i
o [P @ UAXS Gt SUITECES | N\% Constant Height Above The
uUPS: Unit normal to the surface in | O LHES 1 EIIDREIEE [HAE = 25
the “up” direction. I A
|
|
| TGT
! Rcoa
|
| [ Cross Track
[
tant HAE = HAEo
surface of ConSS :
uuP <
o
}
)
s )
S
<,
2o TGT
C
OHSrant Y SPP
AE = Hak, ’
Example Shown:
/ Side Of Track = LEFT

Figure 9-1 Projection To A Constant Height Surface
The surface point SPPT®T is the precise projection to the surface of constant height HAE,,.
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9.2 R/Rdot Contour To Surface Intersection

The projection of image pixel grid location (xrow™", ycol™") to a constant HAE surface is
computed using an iterative algorithm. The algorithm computes the R/Rdot projection to one
or more ground planes that are tangent to the constant height surface. Each ground plane
projection point computed is slightly above the constant HAE surface. The final surface
position SPP™T is computed by projecting from the final ground plane projection point down
to the HAE surface.

Image Pixel Grid Location (xrow'®", ycol"®T) COA Projection Set:
ARPS} ARP position at the COA time in ECF coordinates. See Section 2.

VARP[S,  ARP velocity at the COA time in ECF coordinates.

R Range of the R/Rdot contour. See Section 4.
Rdot S} Range rate (dR/dt) of the R/Rdot contour.

Image Parameters:

SCP SCP position in ECF coordinates.
SCP.Lat SCP geodetic latitude.

SCP.Lon SCP geodetic longitude.

SCP.HAE SCP HAE (m).

LOOK Integer based on Side of Track parameter.

SideOfTrack = L < LOOK =+1 SideOfTrack =R <& LOOK =-1

Input WGS-84 Height:

HAE, The surface height (mg above the WGS-84 reference ellipsoid for
projection point SPP™°T.

Computed Parameters:

Spp'eT Surface Projection Point (SPP'®") position on the HAE, surface and
along the R/Rdot contour. The point SPP'®" location in ECF
coordinates is (SPP.X"®T, SPP.YT®T SPP.Z™T) and in geodetic
coordinates (SPP.Lat™®", SPP.Lon™®", HAE,).

User Selectable Algorithm Parameters:

AHAEmax  The height threshold for convergence of iterative projection sequence.
Require AHAEuax > 0. Recommended value: AHAEpmax =1.0 m.

NLIM Maximum number of iterations allowed.
Recommended value: NLIM = 3.
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A set of N ground planes that are tangent to the HAE, surface is computed. The ground
planes are indexed by n=1, 2, ..., N. Ground Plane n is specified by a reference point in
the plane, GREF;, and the unit normal to the plane, uGPN,. Reference point GREF is
located on the HAE, surface. Ground plane n is also defined to be the geodetic ground plane
at point GREF,. See Section 5.1. Shown in Figure 9-2 is an example projection sequence
where surface point SPP'®" is computed after projecting to N = 2 ground planes. Shown in
the figure are GREF;, uGPN; and initial projection point GPP;. Also shown is Ground Plane
2 reference point GREF; located on the HAE, surface below the projection point GPP;.

All position vectors are in ECF coordinates. All geodetic coordinates are in WGS-84 (Lat,
Lon, HAE).

Constant Height Above The Example Shown: |JAHAE;| > AHAEuax
WGS-84 Ellipsoid: HAE = HAE, Second iteration required.

R/Rdot
Contour

uGPN; AHAE, uup,
Ground Plane 1 i GPP,
— HAEo v H )
| IGRER T
: REF. -
Ground Plane 1 tangent = >
to constant height AHAE; = GPP.HAE; — HAE,
surface at GREF,. GREF, = GPP; - AHAE e uUP;
scp Example Shown:
i UGPNGEO Surface point SPP™ is
Example Shown: SCP below the HAE, surface. computed after 2 iterations.
— SCP.HAE

SCP.H
ScP AE T

Figure 9-2 Initial Projection To Ground Plane 1
Example initial projection along R/Rdot yields position GPP;. GREF, is computed from GPP;.

R/Rdot Contour To Surface Point SPPT¢T

(1) Compute the geodetic ground plane normal at the SCP. Compute the parameters for
Ground Plane 1. The reference point position is GREF; and the unit normal is uGPN;.

cos(SCP.Lat)«cos(SCP.Lon)
UGPN, = uGPNS* =| cos(SCP.Lat)ssin(SCP.Lon)
sin(SCP.Lat)

GREF, = SCP +(HAE, —SCP.HAE ):UGPNZ,

Initialize the iteration count to n = 1. Iterate over the steps 2 through 4 below.
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(2) Compute the precise projection along the R/Rdot contour to Ground Plane n. See
Section 5. The result is ground plane point position GPP,. Convert from ECF coordinates
to geodetic coordinates.

Project GPP.X, Convert GPP.Lat,
Along R/Rdot| - GPP, =| GPP.Y, |—> To —| GPP.Lon,
ToGPn GPP.Z, Geodetic LLH GPP.HAE,

(3) Compute the unit vector in the increasing height direction at point GPP,, uUP,. Also
compute the height difference at point GPP,, relative to the surface height HAE,, AHAE;.

cos(GPP.Lat, )scos(GPP.Lon,)
uUP, =| cos(GPP.Lat,)-sin(GPP.Lon,) AHAE, = GPP.HAE, —HAE,
sin(GPP.Lat,)

(4) Test for the point GPP,, sufficiently close the HAE, surface (AHAE, < AHAEuax) and
for the maximum number of iterations to be reached (n = NLIM). For either condition, set
final index value N = n, save parameters GPP,, uUP, and AHAE, and continue with Steps 5,
6 and 7. Otherwise, compute GREF,:; and uGPN,.1, increment index n and repeat Steps 2,
3and 4.

IF { AHAE, < AHAEmax OR n=NLIM }:

GPPy = GPP, Final iteration index value N = n.
uUPy = uUP, Save values for GPP,,, uUP, and AHAE,
AHAEN = AHAE, Continue with Steps 5, 6 and 7.

ELSE { AHAE, > AHAEmax AND n<NLIM }:
GREF,,, =GPP, —AHAE «uUP,  Compute GREF:1 on the HAE, surface.

UGPNn+1 = uUPn
Increment index n: n<«—n+1. Repeat Steps 2, 3 and 4.

(5) Compute the unit slant plane normal vector, uSPN, that is tangent to the R/Rdot contour
at point GPPy. Unit vector uSPN points away from the center of the earth and in a direction
of increasing HAE at GPPy.

SPN = LOOK-VARPST x (GPP, — ARP.ST) USPN = - _.SPN

|SPN|

(6) Compute the straight line projection from point GPPy along the slant plane normal to
point SLP. See Figure 9.3. Point SLP is located is very close to the precise R/Rdot contour
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intersection with the constant height surface. Convert the position of point SLP from ECF
coordinates to geodetic coordinates.

SF=uUP,, euSPN SLP =GPP, —(AHAENolej-uSPN
SLP.X Convert SLP.Lat
SLP=|SLP.Y | > To —| SLP.Lon

SLP.Z Geodetic LLH SLP.HAE

(7) Assign surface point SPP'®T position as follows by adjusting the HAE to be on the HAE,

surface. Convert from geodetic coordinates to ECF coordinates.

SPP.Lat™" =SLP.Lat SPP.Lat™" Convert SPP.XTCT
SPP.Lon™" =SLP.Lon SPP.LON™" || To |—|SPP.Y™
SPP.HAE™" = HAE, SPP.HAE™" ECF XYZ| |SPP.Z™®T
R/Rdot Slant Plane Normal uSPN is tangent to
Contour the R/Rdot contour at GPPy.
T uUPy SF = UUPy ® uSPN
AHAEMAX \)SQN \
GPPy
T GPP.HAENy —
1
AHAEy SLP = GPPy — AHAEy® SE °* uSPNy
v l HAE,
SLP \
Example shown: AHAEy < AHAEyax
Iteration count N < NLIM. AHAEN = GPP.HAEN = HAEO

Figure 9-3 Final Straight Line Projection
Projected point SLP is very close to the constant height surface.
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9.3  Projection Algorithm Comments

The projection algorithm has been developed with consideration for both accuracy and
computational efficiency. The following comments are provided for clarification.

(1) For most projection computations, the number of ground plane projections computed will
be either 1 or 2. For the suggested value of AHAEmax = 1.0 m, the iteration stopping criteria
is met when the projection point GPP, is displaced less than 3.5 km from the reference point
GREF,. Even for large area images, the maximum iteration count expected is N = 2.

(2) The suggested height threshold of AHAEwmax = 1.0 m will yield highly accurate
projection results for all SAR imaging geometries. The straight line projection defined in
Step 6 and shown in Figure 9.3 is highly accurate even for very short range and steep grazing
angle geometries. Reducing AHAEwmax Will have negligible improvement in projection
accuracy.

(3) Iteration count limit NLIM is included for safety or for the rare user that chooses a value
for AHAEpax less than 1.0 m.

(4) For the unexpected condition that the R/Rdot contour does not intersect the HAE,
surface, the condition can be detected by the failure of the initial R/Rdot projection to
Ground Plane 1. See Section 5 for this condition. Including the check after each ground
plane projection may also be included. Such a condition is most likely due to an error in
computing the projection parameters or an error in choosing surface height HAE,.
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10 Precise R/Rdot To DEM Surface Projection

The precise projection to an earth surface model along an R/Rdot contour is described. The
R/Rdot contour is relative to an ARP Center Of Aperture position and velocity. The earth
surface is described by a Digital Elevation Model (DEM) that defines a unique surface height
as a function of two horizontal coordinates. The projection computation may yield one or
more surface points that lie along the R/Rdot contour.

10.1  Surface Model Description

A typical DEM surface is defined by a two-dimensional array of height values, denoted
{HD(m,n)}. The height values are the surface heights relative to a reference surface. The
DEM reference surface is spanned by two horizontal coordinates, denoted XD and YD.
Surface heights {HD(m,n)} are the heights at surface points with horizontal coordinates
{XD(m)} and {YD(n)}. The reference surface, also the surface of height HD =0, is
approximately parallel to a surface of constant WGS-84 HAE for the region of the earth
spanned by the DEM surface. For any position with horizontal coordinates (XD, YD), a
unique surface height HD(XD,YD) may be computed by an appropriate interpolation of the
height array values.

An example DEM surface is shown in Figure 10-1. The surface is defined by an array of
surface points of size MD x ND. The left-hand portion of the figure shows the surface
relative to the earth tangent plane defined at the SCP. Shown is an East, North, Up (ENU)
coordinate frame with origin at the SCP where the Up direction is normal to the ground
plane. The right-hand portion of the figure shows the region of the DEM reference surface
spanned by the two-dimensional array of locations {(XD(m),YD(n), 0), m=0to MD-1,n=0
to ND-1}. The locations on the DEM reference surface projected onto the ground plane are
an array of approximately equally spaced points.

DEM Surface Ground Plane Projection

Up North Example Shown: DEM array size MD x ND.

East

(MD-1,ND-1)

Example shown: The DEM surface is above DEM reference surface points projected
the geodetic ground plane at the SCP. normal to the ground plane.

Figure 10-1 Example DEM Surface
Surface defined by two-dimensional height array {HD(m,n)}of size MD x ND points.
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The coordinate systems used in commonly available DEM data sets include the following
examples. Both systems meet the general DEM coordinate system described above.

(1) The horizontal coordinates (XD, YD) are geodetic latitude and longitude. The
height values {HD(m,n)} are Height Above Mean Sea Level (HMSL). The
height samples are evenly spaced along lines of constant latitude and constant
longitude.

(2) The horizontal coordinates (XD, YD) are UTM coordinates Easting and
Northing. The height values {HD(m,n)} are either WGS-84 HAE or HMSL.
The height samples are evenly spaced along lines of constant Easting and
constant Northing for a given UTM zone.

The projection algorithm described below assumes the surface model meets the following set
of modest constraints. Most available DEM surface data sets meet these constraints. Let
point S be any point on the DEM surface. Point S is located in DEM coordinates at (S.XD,
S.YD, S.HD) and in geodetic coordinates at (S.Lat, S.Lon, S.HAE).

(1) For the contour of points with constant horizontal coordinates (S.XD, S.YD),
there is one and only one surface point (at height S.HD).

(2) For the contour of points with constant horizontal coordinates (S.XD, S.YD),
moving in the increasing HD direction is always in the increasing HAE
direction.

(3) For the line of points with constant latitude and longitude (S.Lat, S.Lon), the
line intersects the surface at one and only one point (at height S.HAE).

(4) For the line of points with constant latitude and longitude (S.Lat, S.Lon),
moving in the increasing HAE direction is always in the increasing HD
direction.

The projection algorithm includes the following generic functions that are dependent upon
DEM coordinate system. These functions are well defined given the DEM coordinate
system. Let point P be any point in the three-dimensional scene. Point P is located in ECF
coordinates at (P.X, P.Y, P.Z) and in DEM coordinates at (P.XD, P.YD, P.HD).

(1) Conversion From ECF to DEM coordinates. An input position in ECF
coordinates with components expressed in meters is converted to DEM
coordinates. Height coordinate P.HD is in meters.

P.X Convert ECF P.XD
Peer =|PY | > To — Py =| P.YD
Pz DEM Coords P.HD
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(2) Get DEM Height At (XD, YD). Determine the DEM surface height HD from
DEM horizontal coordinates (XD, YD). Height value HD is in meters.

XD

Get Surface
(XD, YD) —» ) —->HD—-> |YD
Height HD HD

Surface point in
DEM Coordinates

10.2 R/Rdot Contour Angle, CA

The R/Rdot projection contour is a circle located in a plane normal to the ARP velocity
vector at COA. See Figure 10-2. The center point, denoted CTR, is located along the line
defined by the ARP position and the ARP velocity vector. The radius of the circle, denoted
Rgre, I1s computed from the Rcoaand the Doppler Cone Angle (DCA) to the contour. A pair
of orthogonal unit vectors that lie in the plane, denoted URRX and uRRY, are computed.
Unit vector uRRX points toward the ground track. Unit vector uRRY points to the left side
of the ground track. Points along the contour may be defined by the Contour Angle, denoted
CA. The location of a point P on the contour at contour angle CA is computed as shown
below. For points on the left side of the ground track, the contour angle CA is positive. For
points on the right side of the ground track, the contour angle is negative.

P = CTR + Rg*(c0s(CA)-URRX +sin(CA)-URRY)

ARPLoA

DCA: Doppler Cone Angle

TGT
Rcoa

CA: Contour Angle

Rrre = Reon ® Sin(DCA)

R/Rdot Contour

\4

+RRX +RRX: Toward the ARP ground track.

Figure 10-2 Projection Contour & Contour Angle
Points along the R/Rdot contour are on a circle centered at point CTR.
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The approach used to determine the intersection points of the R/Rdot contour and the DEM
surface is as follows. Refer to Figure 10-3. For the given DEM surface, the minimum and
maximum surface heights relative to the WGS-84 reference ellipsoid are determined. The
heights are HAEw iy and HAEuwax. The R/Rdot contour intersects the surface of constant
HAE = HAEuax at point A and the surface of constant HAE = HAEw\ at point B. The
intersection point(s) of the R/Rdot contour and the DEM surface are computed by searching
the contour between points A and B. A set of NPTS points on the R/Rdot contour from point
A to point B are computed. Each contour point position is converted to DEM coordinates.
The height of each contour point is then compared to the DEM surface height. The contour
and DEM surface intersection points are determined by finding contour points “on” the
surface (i.e. within a tolerance) or where adjacent contour points that are off the surface but
with an intersection point between them (i.e. one point below the surface and the adjacent
point above the surface).

» +RRY

Example Shown: Left-looking collection.
LOOK=+1 & 0<CAg<CAx

R/Rdot Contour

Figure 10-3 Projection To Bounding Surfaces
All DEM surface points lie between heights HAE;y and HAEyax.

The algorithm makes the following assumptions about the DEM surface and the R/Rdot
contour computed for the selected pixel location in the image. See Figure 10-4.

(1) The R/Rdot contour intersects the constant HAE surfaces at HAEun and
HAEwax. See Section 9 for the projection to a surface of constant HAE. Point
B is always on or below the DEM surface.

(2) The set of NPTS contour points are denoted {P,}, indexed n =1 to NPTS.

First point P4 is coincident with point B. Last point Pyprs is above point A and
is always above the DEM surface.
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(3) The R/Rdot contour intersects the DEM surface at a minimum of one point.
The set of MPTS surface points is denoted {Sp}, indexed m = 1 to MPTS.
Figure 10-4 shows an example with MPTS = 3.

Point Pyprs above Point A R/Rdot Contour

— HAEwmax

DEM Surface

—_———

- ~
v N / Example Shown: The R/Rdot contour intersects
/ S / the DEM surface at MPTS = 3 points.

/ So—

— HAEun
/ B Point P, coincident with Point B

Figure 10-4 DEM Surface Projection Points
Example showing multiple R/Rdot contour and DEM surface intersections.
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10.3 R/Rdot Contour To DEM Surface Intersection

The projection of image pixel grid location (xrow™", yco

I"®T) to a DEM surface along an

R/Rdot contour is described below. The input parameters include the COA projection set
that defines the R/Rdot contour, the image SCP parameters (used to project to the minimum
and maximum HAE surfaces) and the DEM surface parameters. The algorithm computes
one or more surface points {Sy,}for which the R/Rdot contour intersects the DEM surface.

Image Pixel Grid Location COA Projection Set:

ARPST
VARP!

TGT
R COA

Rdot”eT

Image Parameters:

SCP
SCP.Lat
SCP.Lon
SCP.HAE
LOOK

ARP position at the COA time in ECF coordinates. See Section 2.
ARP velocity at the COA time in ECF coordinates.

Range of the R/Rdot contour. See Section 4.

Range rate (dR/dt) of the R/Rdot contour.

SCP position in ECF coordinates.

SCP geodetic latitude.

SCP geodetic longitude.

SCP HAE (m).

Integer based on Side of Track parameter.

SideOfTrack =L & LOOK =+1 SideOfTrack =R < LOOK =-1

DEM Surface Parameters:

{HD(m, n)}

DEM surface height array values (m).

{XD(m), YD(n)} DEM horizontal coordinate sample locations.

HAEmIN

HAEmax

ADISTpem

Minimum WGS-84 HAE for any point on the DEM surface (m).
Note: Any HAE value below all surface points may be used.
Maximum WGS-84 HAE for any point on the DEM surface (m).
Note: Any HAE value above all surface points may be used.

Maximum horizontal distance between surface points for which the
surface is well approximated by a straight line between the points
(m). Recommended value: ADISTpgm = 0.5 X minimum DEM
horizontal sample spacing (m). The horizontal spacing is typically
referred to as the “post spacing”.
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Computed Parameters:
MPTS Number of projected point(s) on the DEM surface. MPTS > 1.

{Sm} Set of point(s) where the R/Rdot contour intersects the DEM surface.
Points are indexed m = 1 to MPTS. The point Sy, in located in ECF
coordinates at (S.Xm, S.Ym, S.Zy) and in geodetic coordinates at
(S.Lat, S.Lonp, S.HAE,).

User Selectable Algorithm Parameters:

ADISTRgre Maximum distance between adjacent points along the R/Rdot contour.
Require ADISTrrc > 0. Recommended value: ADISTrrc = 10.0 m.

AHD v Height difference threshold for determining if a point on the R/Rdot
contour is on the DEM surface (m). Recommended value: AHDy =
0.001 m.

R/Rdot Contour To DEM Surface Projection

(1) Compute the center point, CTR, and the radius of the R/Rdot projection contour, Rrrc.

“VARPS!

VMAG =|VARP| UVEL = MlAG

cos DCA =—

VNVAG -RdotZg, sin_DCA =+(1-cos_DCA? )0'5

CTR = ARP.ST + RI¢T .cos_ DCA-UVEL

Rere = Regnesin_DCA

(2) Compute the unit vectors uURRX and uRRY to be used to compute points located on the
R/Rdot contour.
1

_ TGT _ . TGT
DEC_ARP =|ARPL/ | uuUP = DEC ARP ARPST
RRY =uUP xuVEL uRRY:L-RRY

Vector Cross Product |RRY|

URRX =URRY xuVEL

Vector Cross Product
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(3) Compute the projection along the R/Rdot contour to the surface of constant HAE at
height HAEumax. The projection point at height HAEwax is point A. See Section 9. Also
compute the cosine and sine of the contour angle to point A, cos_CAa and sin_CAA.

Project To AX
TGT TGT TGT TGT
{ARPCOA VARPoa  Reoa RdOtCOA} - Surface Of | >A=|AY
HAE ) — Constant HAE AZ
cos_CA, =—=—A-CTR)sURRX  sin_CA, =LOOK+(1~(c0s_CA,)’)"
RRC

Vector Dot Product

(4) Compute the projection along the R/Rdot contour to the surface of constant HAE at
height HAEuin. The projection point at height HAEuy is point B. Also compute the cosine
and sine of the contour angle to point B, cos_CAg and sin_CAg.

Project To B.X

TGT TGT TGT TGT

{ARPCOA VARPcoA  Reoa RdOtCOA} - Surface Of | ->B=|BY
HAE,,\ — Constant HAE B.Z

cos_CA, = Rl—-(B ~CTR)euRRX sin_CA; = LOOK'(i_(COS—CAB)z)OIS

RRC Vector Dot Product

(5) A setof NPTS points along the R/Rdot contour are to be computed. The points will be
spaced in equal increments of the cosine of the contour angle. Compute the step size,
Acos_CA, as follows.

(1) Stepsize Acos_RRC is computed such that the distance between adjacent
points on the R/Rdot contour is approximately equal to ADISTrgc.

Acos_RRC = ADISTg,. RL

RRC

sin_CA|

(2) Step size Acos_ DEM is computed such that the horizontal distance
between adjacent points on the R/Rdot contour is approximately equal to
ADISTpem.

1 |sin_CA]
Rgrre COS_CA;
(3) Set Acos_CA as follows. Note the value of Acos_ CA <0.
Acos_CA=-MIN(Acos_RRC, Acos_DEM)

Acos_DEM = ADIST,,,
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(6) Determine the number of points along the R/Rdot contour to be computed, NPTS.

Note: cos_CA, —cos_CA, <0

NPTS=FLOOR
Acos_CA

cos_CA, —cos_CA, ]+ )

(7) Compute the set of NPTS along the R/Rdot contour, {P,} forn =1, 2, ..., NPTS. Initial
point P, is located on the HAEwn surface. Final point Pyprs is located above the HAEmax
surface. Point P, is computed in ECF coordinates as follows.

Forn=1,2,..., NPTS:

cos_CA, =cos_CA, +(n—1)«Acos_CA
sin_CA, = LOOK+(1—(cos_CA,)*)”"

P, =CTR+Rg.*(cos_CA, «URRX+sin_CA -URRY)

(8) For each of the NPTS points, convert from ECF coordinates to DEM coordinates. Also
compute the DEM surface height for the point with DEM horizontal coordinates (P.XDy,
P.YD,), HDEM,. Height coordinates P.HD, and HDEM, are in meters.

Forn=1,2,...,NPTS:

P.X, Convert ECF P.XD,
P,=|PY, |> To —P,=|P.YD,
P.Z, DEM Coords P.HD,
Coordiates Coordinates

P.XD
Get Surface "
(P.XD,,P.YD )| . —>HDEM, —| P.YD,
Height HD
HDEM
-

Surface point in
DEM Coordinates

(9) For each of the NPTS points, compute the difference in height, AHD,, between the point
on the contour and DEM surface point. Also, set the parameter AOB;, to indicate that point

Pn is ABOVE, ON, or BELOW the DEM surface. Contour points that are within AHD  of
the surface point are considered to be “on” the surface.
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Forn=1,2,...,NPTS:

AHD, =P.HD, —HDEM,

+1, If AHD, >AHD,,,
AOB, =<0, Elseif |AHDn|§AHDLIM
-1, Otherwise

(10) Determine the set of MPTS points where the R/Rdot contour intersects the DEM
surface, {Sn}. Points with indicator AOB, = 0 are accepted as being on the surface. A
surface point is computed between points P, and Py+1 when both are “off” the surface
and the R/Rdot contour intersects the surface between them (i.e. AOB, x AOBp.; = -1).
Surface points are indexedm=1, 2, ..., MPTS.

Initialize the count to zero: m =0

Loopover n=1,2,...,NPTS-1:
If AOB,=0: Point P, is acceptably close to the surface.
m<«m+1l S =P,
If AOB,-AOB, , =-1: Compute the surface point between P, and P, _,.

AHD

n

AHD, —AHD_

m<«—m+1 frac =

cos_CA S=cos_CA; +(n—1+frac)-Acos_CA

sin_CA_S=LOOK-(1—(cos_CA S)?)”

S, =CTR+Rg -( cos CA S.uRRX+sin_CA Seu RRY)
End loop. Forn<NPTS-1: Nextn.

Set MPTS = Number of surface points found. Surface points {Sy}will be in the order
of increasing WGS-84 HAE.
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11 Projection Sensitivity Parameters

Image grid location IL is a point in the two-dimensional image grid. Scene point PT is a
point in the imaged scene that lies along the R/Rdot projection contour for image location IL.
Given scene point position PT, image location IL may be computed using the Scene To
Image projection function. Also, given image location IL and a surface model for which
scene point PT is a point on the surface, scene point PT may be computed using the Image
To Scene projection function. Image location IL and scene point PT are referred to as an
image location/scene point projection pair or, simply, an image/scene projection pair.

The image projection functions that connect the image projection pair IL and PT are shown
in Figure 11-1. The projection functions make use of the image metadata and a surface
model for the imaged scene. The ARP position versus time and the computed range may be
adjusted via the Adjustable Parameter Offsets. See Section 8. The unit normal to the scene
surface model at point PT is uGPN. For a smoothly varying surface model, the surface near
PT may be approximated by the ground plane defined by point PT and normal vector uGPN.

PT X
. Xrow _ -
Image Location: IL = { col} Scene Point (ECF): PT = |PT_Y
y PT Z
Image Grid Location Image Projection Functions Scene Point

Image To Scene PT_X
IL: [xrov;/:| <« " pojection TP FPT &> pPT | PTY
yco PT_Z

¢ Scene To Image ¢
Image To Scene L Projection =1 [UGPN_X}
UGPN:

Image grid location IL UGPN_Y
projects to scene point PT UGPN_Z

on the scene surface. f f f

uGPN = Unit normal to

Scene To Image Mlmage ’S‘dJUStable Scene scene surface at point PT.
. : etadata arameter
Scene point PT projects to Surface Scene surface may be a
image grid location IL. Parameters Offsets Parameters ground plane, surface of

constant HAE or DEM surface.

Adjustable scp Note: Offsets are set to zero for projections
Parameter Offsets {AARPCOA AVARP AR—BIAS} using only on the image metadata.

Figure 11-1 Image Location/Scene Point Projection Pair
Image grid location IL projects to scene point position PT on the scene surface model.
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For a given image/scene projection pair, a set of projection sensitivity parameters may be
computed. The sensitivity parameters relate how a change in one parameter will effect
changes in another parameter given all other parameters are held constant. For example, let
image location IL1 and scene point PT1 be an image projection pair. A change in scene
point position, APT, will cause a change in image location, AIL, such that the new image
location and scene point are also an image/scene projection pair. Let the new scene point
be PT2 and the new image location be IL2. Scene points and image locations are related as
follows.

PT1—>PT2=PT1+APT > IL1—>IL2=I1L1+AIL

APT X
- AXrow
where: APT =| APT_Y AlIL :{ Aveol }
APT 7 yeo

The sensitivity parameters are defined in matrix form. For the example above, the change in
image location AIL may be estimated from the change in scene point APT using the 2 x 3
sensitivity matrix M. For small changes in scene point position APT, the change in image

location may be accurately computed.

AXrow  AXrow  AXrow
APT_ X APT.Y APT Z
Aycol Aycol  Aycol
APT_ X APT.Y APT Z

AIL =M/ +APT ML =

For a SAR image formed with either a fixed COA time or smoothly varying COA times, the
shape of the R/Rdot projection contours vary smoothly across the imaged scene. In the
example above, for image locations near IL1 that project to scene points near PT1, the
projection contours near PT1 may be approximated by straight lines that are normal to the
COA slant plane for scene point PT1. See Section 11.2. A given projection contour can be
specified by its slant plane projection point (SPX, SPY). Hence, the slant plane projection
point, denoted SPXY, may be used to relate scene points near PT1 and image grid locations
near IL1.

APT X
- SPX AXIrow
APT =| APT_Y & SPXY = SpY & AlL = Aveol
APT 7 yeo

In the example above, parameter APT is referred to as the independent parameter and
parameter AIL is referred to as the dependent parameter. For the sensitivity matrices to be
computed, the independent parameters include the image grid location, the scene point
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position and the Adjustable Parameters Offsets. The dependent parameters include the image
grid location or the scene point position. The parameters are summarized Table 11-1 below.

Table 11-1 Projection Sensitivity Parameters

AIL = AXrow A change in image grid location specified in SCP-
Aycol centered image coordinates (in meters).
APT_X
APT =| APT Y A change in scene point position specified in ECF
- coordinates (in meters).
APT Z
"AGPX A change in scene point position that is constrained to
AGPXY = } the ground plane in ground plane coordinates GPX and
[AGPY GPY (in meters). See Section 11.2.
CASPX A change in the slant plane projection point in slant
ASPXY = } plane coordinates SPX and SPY (in meters). See
[ASPY Section 11.2.
[ AARP_X

AARPS® —| AARP_Y A change in ARP position adjustable parameter offset in

ECF coordinates (in meters).
| AARP_Z

[ AVARP_X _ o _
AVARP,., =| AVARP_Y A change in ARP yelomty adjustable parameter offset in
- ECF coordinates (in meters/sec).

| AVARP_Z

A change in range bias adjustable parameter offset (in

AR_BIAS meters).

The sensitivity matrices that may be computed for a given image/scene projection pair are
summarized in Tables 11-2 through 11-5 below. The matrices that relate changes in scene
point or image location to slant plane projection point are listed in Table 11-2. The matrices
that relate changes in scene point position and changes in image grid location are listed in
Table 11-3. For the matrices in Tables 11-2 and 11-3, the Adjustable Parameter Offsets are
held constant and are set equal to zero. The matrices that relate changes in Adjustable
Parameter Offsets to changes in scene point position are listed in Table 11-4. For the
matrices in Table 11-4, the image grid location is held constant. The matrices that relate
changes in Adjustable Parameter Offsets to changes in image grid location are listed in Table
11-5. For the matrices in Table 11-5, the scene point position is held constant.
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Table 11-2 Slant Plane Point Sensitivity Matrices

Adjustable Parameter Offsets Held Constant

APT_X

AXrow ASPX AGPX
AlL = { } ASPXY = { } AGPXY :{ } APT =] APT_Y

Aycol ASPY AGPY
\ ‘ APT Z
Change In Image Location Change In Slant Plane XY Change In Ground Plane Point
Projection Point Specified In GP Coordinates Change in Scene Point
In ECF Coordinates

Matrix Size Description

Sensitivity Matrix to compute the change in Slant Plane projection point
(ASPXY) due to a change in scene point position in ECF coordinates
MSPXY 2% 3 (APT)

o1 ASPXY = MZX .APT

Constant: All Adjustable Parameter Offsets are constant & set to zero.

Sensitivity Matrix to compute the change in scene point in ECF
coordinates (APT) due to a change in Ground Plane point position in
GP coordinates (AGPXY)

APT =MZ]

GPXY

PT
M oy 3x2

*AGPXY

Constant: All Adjustable Parameter Offsets are constant and set to zero.

Sensitivity Matrix to compute the change in Slant Plane projection point
Py (ASPXY) due to a change in Ground Plane point position (AGPXY)
M

GPXY 2x2 ASPXY = MZXY AAGPXY

Constant: All Adjustable Parameter Offsets are constant and set to zero.

Sensitivity Matrix to compute the change in Ground Plane point position
ePXY (AGPXY) due to a change in Slant Plane projection point (ASPXY)
M 2x2

SPXY AGPXY = MZXY «ASPXY

Constant: All Adjustable Parameter Offsets are constant & set to zero.

Sensitivity Matrix to compute the change in Slant Plane projection point
(ASPXY) due to a change in Image Location (AIL)

SPXY
A 2x2 ASPXY = M .AIL

Constant: All Adjustable Parameter Offsets are constant & set to zero.

Sensitivity Matrix to compute the change in Image Location (AIL) due
to a change in Slant Plane projection point (ASPXY)

IL
Msexy 2x2 AIL =ML, +ASPXY

Constant: All Adjustable Parameter Offsets are constant & set to zero.
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Table 11-3 Image To Scene Sensitivity Matrices

Adjustable Parameter Offsets Held Constant

APT_X
AXIow AGPX .
AlL = { Aveol } AGPXY = {AGPY} APT =| APT_Y AHAE
e ‘ APT_Z Cpmeln Sl
Change In Image Location Change In Ground Plane XY
Projection Point Change in Scene Point
In ECF Coordinates
Matrix Size Description
Sensitivity Matrix to compute the change in Image Location (AIL) due
N to a change in scene point position in ECF coordinates (APT)
Mer 2x3 AIL =M -APT
Constant: All Adjustable Parameter Offsets are constant & set to zero.
Sensitivity Matrix to compute the change in Image Location (AIL) due
to a change in scene point position where the scene point is constrained
M”_ 9% 2 to be in the ground plane (AGPXY)
GPXY
AlL = M{;,XY /AGPXY
Constant: All Adjustable Parameter Offsets are constant & set to zero.
Sensitivity Matrix to compute the change in Ground Plane point position
oPxY (AGPXY) due to a change in Image Location (AIL)
M 2x2 AGPXY = M. AIL

Constant: All Adjustable Parameter Offsets constant & set to zero.

Sensitivity Matrix to compute the change in scene point position in ECF
coordinates (APT) due to a change in scene point HAE (AHAE)

PT
MPT 3x1 APT = MPT_«AHAE

Constant: Image grid location ILO. All Adjustable Parameter Offsets
constant & set to zero.

Sensitivity Matrix to compute the change in Image Location (AIL) due
to a change in scene point HAE (AHAE)

IL
M 2x1 AIL = M, «AHAE

Constant: Scene point Lat & Lon are held constant. All Adjustable
Parameter Offsets constant & set to zero.
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Table 11-4 Adjustable Parameters / Scene Point Sensitivity Matrices

Image Grid Location Held Constant

AARP_SCP_X AVARP_X
AARPSS =| AARP_SCP_Y AVARP,_,, =| AVARP_Y AR_BIAS
—_—
AARP_SCP_Z | AVARP_Z | Change In COA.
Change in ARP Position Offset Change in ARP Velocity Offset
ECF Coordinates ECF Coordinates
Matrix Size Description

Sensitivity Matrix to compute the change in Slant Plane projection point
(ASPXY) due to a change in ARP position adjustable parameter offset
in ECF coordinates (AARPSS:

MILSY 2x3
AARP ASPXY =Ml LSAFZ(FIP-AARngi
Constant: Image grid location ILO. All other adjustable parameter
offsets are constant and set to zero.
Sensitivity Matrix to compute the change in Slant Plane projection point
(ASPXY) due to a change in ARP velocity adjustable parameter offset
in ECF coordinates (AVARP,, )
MILY 2x3
AVARP ASPXY =Ml LT\XRP-AVARPCO A

Constant: Image grid location ILO. All other adjustable parameter
offsets are constant and set to zero.

Sensitivity Matrix to compute the change in Slant Plane projection point
(ASPXY) due to a change in COA range adjustable parameter offset

-1 (AR_BIAS)
MILSY = 2x1
AR 0 ASPXY = MILYX «AR_BIAS

Constant: Image grid location IL0O. All other adjustable parameter
offsets are constant and set to zero.

Sensitivity Matrix to compute the change in scene point ground plane
position (AGPXY) due to a change in ARP position adjustable
parameter offset in ECF coordinates ( AARPSS:

Ml I—GPXY 2x3 GPXY SCP
AARP AGPXY = MIL i *AARP .
Constant: Image grid location ILO. All other adjustable parameter
offsets are constant and set to zero.
Sensitivity Matrix to compute the change in scene point ground plane
position (AGPXY) due to a change in ARP velocity adjustable
parameter offset in ECF coordinates (AVARP,, )
MILSY 2x3 GPXY
AVARP AGPXY = MIL} azp *AVARP .

Constant: Image grid location ILO. All other adjustable parameter
offsets are constant and set to zero.
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Sensitivity Matrix to compute the change in scene point ground plane
position (AGPXY) due to a change in COA range adjustable parameter
offset (AR_BIAS)

GPXY
MIL 2x1 AGPXY = MIL®X.AR_BIAS

Constant: Image grid location ILO. All other adjustable parameter
offsets are constant and set to zero.

Table 11-5 Adjustable Parameters / Image Location Sensitivity Matrices

Scene Point Position Held Constant

AARP_SCP_X AVARP_X
AARPSS —| AARP_SCP_Y AVARP,,, =| AVARP_Y AR_BIAS
———
AARP_SCP_Z AVARP_Z Changein coa
| | ange Bias Offset
Change in ARP Position Offset Change in ARP Velocity Offset
ECF Coordinates ECF Coordinates
Matrix Size Description

Sensitivity Matrix to compute the change in Slant Plane projection point
(ASPXY) due to a change in ARP position adjustable parameter offset
in ECF coordinates (AARPSS, )

MPT ny 2x3
AARP ASPXY = MPT zp *AARP A
Constant: Scene point position PT0. All other adjustable parameter
offsets are constant and set to zero.
Sensitivity Matrix to compute the change in Slant Plane projection point
(ASPXY) due to a change in ARP velocity adjustable parameter offset
in ECF coordinates (AVARP,, )
MPTSPXY 2%3 soxy
AVARP ASPXY =MPT +AVARP

AVARP COA

Constant: Scene point position PT0. All other adjustable parameter
offsets are constant and set to zero.

Sensitivity Matrix to compute the change in Slant Plane projection point
(ASPXY) due to a change in COA range adjustable parameter offset
(AR_BIAS)

1
SPXY
MPT&™ = 0 2x1 ASPXY = MPTX.AR_BIAS

Constant: Scene point position PT0. All other adjustable parameter
offsets are constant and set to zero.

Sensitivity Matrix to compute the change in Image Location (AIL) due
to a change in ARP position adjustable parameter offset in ECF

coordinates ( AARPSS,
AIL = MPT/% ., «AARPS

Constant: Scene point position PTO. All other adjustable parameter
offsets are constant and set to zero.

MPTL,, 2x3
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Sensitivity Matrix to compute the change in Image Location (AIL) due
to a change in ARP velocity adjustable parameter offset in ECF

coordinates (AVARP., )

IL
2x3
MPT e X AIL = MPT" _«AVARP,,

Constant: Scene point position PTO. All other adjustable parameter
offsets are constant and set to zero.

Sensitivity Matrix to compute the change in Image Location (AIL) due
to a change in COA range adjustable parameter offset (AR_BIAS)

MPT,- 2x1 AIL =MPTL-AR_BIAS

Constant: Scene point position PTO. All other adjustable parameter
offsets are constant and set to zero.

For an image grid location IL expressed in image coordinates (xrow, ycol), let image grid
location 11DX be the same grid location expressed in image indices (irow, icol). Grid

locations IL and 11DX are related by matrices the M, and M, . The image row spacing,
Row_SS, and image column spacing, Col_SS, are in meters.

| X & ipx - '_rOW IL=M, -1IDX & IIDX =M™ .IL
ycol icol
N Row_SS 0 ox | 1/Row_SS 0
DX — M =
0 Col_SS 0 1/Col_SS

For applications that work with image locations in pixel coordinates, the sensitivity matrices
may be scaled to yield changes in image location in pixel indices, AIIDX = M ><AIL . For
a sensitivity matrix for which image grid location IL is the dependent parameter, the matrix
is pre-multiplied by M| >*to yield the image location sensitivity in pixels. For a sensitivity
matrix for which image grid location is the independent parameter, the matrix is post-
multiplied by M|, to allow image changes in pixel coordinates. For example, the matrices

relating changes in image grid location and ground plane position are modified as follows.

AlIDX Dependent: M™% =  M"™.M"% > AIIDX =M% AGPXY

Scale output from meters to pixels.

AIIDX Independent: M = MM, 2> AGPXY =M} «AlIDX

Scale input from pixels to meters.

In the sections that follow, scene point positions PT are specified in ECF coordinates except
where noted. All are expressed in units of meters. Image grid locations IL are specified in
image coordinates (xrow, ycol). Image coordinates are also in units of meters. Refer to
Section 2.3 for the conventions used for all SICD products.
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11.1 Image/Scene Pair Projection Parameters

For a given image/scene projection pair, the projection sensitivity matrices are computed for
the projection geometry with all adjustable parameter offsets set to zero. An example
projection pair ILO and PTO are shown in Figure 11-2. For image grid location ILO, the
COA projection set is computed from the image metadata. The COA projection set defines
the R/Rdot contour that intersects the scene surface at scene point PTO. The COA projection
set is a set of 6 parameters computed for location IL0. See Section 4.

PTO_X

i xrow0 i -
Image Location: ILO = Scene Point (ECF): PTO = |PTO_Y
yeol0 PTO0_Z

Projection Set: {00, 35, ARPO.,, VARPOy,, ROy, RdotO,|

ILO COA Z(IiOJ ECTION SET PTO
<> t0 t RO RdotO
XTOWO coA CoA coA OlUcoa — Eig_é
ycolO ARPOcoa VARPOcoa PTO_Z
Note: For ILO and PTO,
Adjus(itaeble I(D)raramZtr;:rs Offsets AR I:)OCOA

are set equal to 0.

Image Pixel Grid VARPOcoa

SCP (0,0)Z!

L (xrow0,ycol0
L1 121 1 |

[TYTT] ]

=

94
I
I

)
Cr

< /4 +ycol
S—/—1>»

Example Shown:
LEFT LOOKING

ré
P
]

SEL T

GROUND SURFACE

\4
+Xrow

Figure 11-2 Image/Scene Projection Pair ILO & PTO
Projection geometry used for computing projection sensitivity parameters for ILO.

The point PTO position can also be expressed in WGS 84 geodetic coordinates. Point PTO is
at height PTO_HAE above the WGS 84 ellipsoid. The unit vector uUPO is the normal to the
surface of constant HAE at point PT0. The unit vector uGPNO is the normal to the surface
model at point PT0O. The surface normal is always oriented upward and away from the center
of the earth.
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PTO_X PTO_Lat cos(PTO_Lon)scos(PTO_Lat)
PTOY| = PTO_Lon uUPOQ =| sin(PTO_Lon)ecos(PTO_Lat)
PTO Z PTO_HAE sin(PTO_Lat)
- R —
ECF WGS 84 LLH Unit vector normal to the
Coordinates surface of constant HAE at PTO
uGPN_X
UGPNO = | uGPN_Y UGPNO Oriented “Upward”: UGPNOeuUPO >0
UG P N Z Vector Dot Product

11.2 Ground Plane & Slant Plane Coordinates

For the image/scene projection pair 1LO and PTO, define a set of Ground Plane Coordinates
(GPC) and a set of Slant Plane Coordinates (SPC) both with origin at PT0. See Figure 11-3.
The ground plane coordinates are (GPX, GPY, GPZ). The ground plane is tangent to the
surface model at point PTO. The slant plane coordinates are (SPX, SPY, SPZ). The COA
slant plane at PTO contains the COA ARP position and velocity. The GPC and SPC systems
are right-handed Cartesian frames.

(1) Compute the unit basis vectors for the Ground Plane Coordinates, uGPX, uGPY and
uGPZ. All vectors are in ECF coordinates. Also compute the sine and cosine of the grazing
angle, sin_GRAZ and cos_GRAZ. For reference, see SICD Design & Implementation
Description Document, VVolume 1, Section 4.9. Note: For all geometries, the grazing angle
is on the interval from 0 to 90 degrees.

uGPZ =uGPNO uGPZ is normal to the surface at point PTO

ARPO_GPZ =(ARP0,,, —PT0)euGPZ sin GRAZ = ARPO_GPZ

COA

AGPNO = ARPO.,, —ARP0_GPZ.uGPZ

ARPO_GPX =|AGPNO—PTY(| cos_ GRAZ = ARPO_GPX
COA
UGPX = ;-(AGPNO -PT0) UGPY =uGPZ xuGPX
ARPO_GPX
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Ground Plane Coordinates

ARPOcor _~ UGPZ = UGPNO
o~ where uGPN is the normal
@?00 to scene surface at PTO
Nla
. I
B4 | IPTO
: ROcoa
‘I\ | uUPOeuGPNO >0
*6? |
AGPNO
uUPO +GTPZ
uGPZ
HAE = pT
PTO 0_HAE oc’d:\
Unit vector uUPO is normal to the PTO

surface of constant HAE.

Slant Plane Coordinates
$+SPX

ARPOcon /

) A
90c° ‘(f (
N x‘:\l
SN ~NO
0)
&% 0
ROcoa
Example Shown:
LEFT LOOKING
LOOK =+1
uSPX
+SPY
< 4—2 Y
uspPy PTO

R G?\( A/“ G?‘(

Figure 11-3 Scene Point Centered Coordinates
Ground Plane Coordinates (GPC) and Slant Plane Coordinates (SPC) centered at point PTO.

(2) Compute the unit basis vectors for the Slant Plane Coordinates, uSPX, uSPY and uSPZ.
The slant plane normal, uSPZ, is always oriented “up” (USPZ e uUPO >0). Unit vectors
uVM and uVC are also in the slant plane.

1
VMO =|VARPO,,., | UVM = — = VARPOo,
USPX = —~ +(ARPO,, —PTO0) SPZ = LOOKs(uUSPXxuVM)
COA
uSPZ = |SI3’-Z| SPZ USPY =uSPZ xuSPX uVC =uSPZxuVM

(3) Compute the sine and cosine of the twist angle, sin_ TWST and cos_ TWST. Also
compute the sine and cosine of the Doppler Cone Angle (DCA), sin_DCAOQ and cos_DCAO.
For all geometries, the twist angle is on the interval from -90 to 90 degrees and the Doppler
Cone Angle is on the interval from 0 to 180 degrees.

Sin_TWST =—-uGPY euSPZ cos_TWST =uGPY euSPY
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Rdot0.o,

cos DCAO=-
- VMO

. 2 1/2
sin_DCAQ = +(1-cos_DCA0’)

11.3 Slant Plane Sensitivity Matrices

The sensitivity matrices that relate changes in image location or scene point position to slant
plane projection point are listed in Table 11.2 above. The method for computing them is
described below.

Scene Point <> Slant Plane Projection Point: M3 Mg, Moy Mo,
(1) Form the 2 x 3 sensitivity matrix to compute the change in slant plane projection point
(ASPXY) due to a change in scene point position in ECF coordinates (APT). Form the
matrix from the slant plane unit vectors uSPX and uSPY. Also form the 3 x 2 matrix that
converts a change in ground plane point (AGPXY) expressed in ground plane coordinates
GPX and GPY to be expressed in ECF coordinates(APT).

vorer | USPXT | _[USPX_X USPX_Y uSPX_Z
T TIusPYT | |uSPY X UuSPY.Y uSPY Z

UGPX_X UuGPY_X
M2 =[UGPX UGPY]=|uGPX_Y uGPY_Y
UGPX_Z UuGPY_Z

(2) Compute the 2 x 2 sensitivity matrix to compute the change in slant plane projection

point (ASPXY) due to a change in scene point position ground plane, AGPXY. The scene
point is constrained to lie in the ground plane.

SPXY _
MGPXY —{

cos_ GRAZ 0
—sin_GRAZ.sin_TWST cos_TWST

(3) Compute the 2 x 2 sensitivity matrix to compute the change in ground plane point

(AGPXY) due to a change slant plane projection point, ASPXY. The scene point is
constrained to lie in the ground plane.

1 0
-1 cos_GRAZ
ME = {MBY ) = - .
tan_GRAZ.tan_TWST ——M—
cos_ TWST
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. . . SPXY IL
Image Location ¢> Slant Plane Projection Point: M/ Mgpsy

The sensitivity matrix that relates a change in image location AIL to a change in slant plane
projection point ASPXY is computed as follows. See Figure 11-4 and Figure 11-5. First, the
change in slant plane point, ASPXY1x, due to a change in the row coordinate, Axrow, is
computed with the column coordinate held constant. Second, the change in slant plane point,
ASPXY1y, due to a change in the column coordinate, Aycol, is computed with the row
coordinate held constant. The sensitivity matrix M} ¥ is a 2 x 2 matrix formed from the

computed changes in slant plane points. The sensitivity matrix M&,.., is computed as the
inverse of the matrix M7

Image Grid Locations Slant Plane Projection Points
ycol0 ycolly
+ A
S ASPXY1y | ASPX1y
ASPY1ly
ILO IL1y +SPY

Xrow0 O OH < PTO f)/v ° SPXY1ly
xrowlx -+ IL1x —’ ! ASPX1x
1] SPXY1x ASPXY1x [ ASPY1>;|

Projection contours for grid locations IL1x and IL1y intersect the PTO COA slant plane
at points ASPXY1x and ASPXY1y

Figure 11-4 Image Locations IL1x & IL1y
Image locations IL1x and IL1y used to compute the slant plane projection points.

ASPXY Due To a Change in the Row Coordinate

(1) Select an increment in the row coordinate, Axrow. Compute image grid location IL1x
from location ILO as shown. Compute the COA projection set for image grid location 1L1x

using only the image metadata. Suggested value: Axrow =Min(Row_SS, 1.0 m).

AXrow XrowQ0 + AXrow
ILIx=1LO0+ =
0 ycol0

t1x ARP1x R1x
COA Projection Set: 1L1x & { con con con }

£ VARPIX., RdotlxX.o,
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(2) Compute the change in COA projection contour parameters for image location 1L1x
relative to 1LO0.

AARP1X,, = ARP1X.,, —ARPO, ARIX o = R1Xgop — ROgon
AVARP1X,, = VARP1X ., —~VARPO,,  ARdotlx,, = RdotlX.., — Rdot0.,,

(3) Compute the change in COA position in the SPX and SPY directions. Also, compute the
change in COA velocity in the VM and VC directions.

AARP1X_SPX = AARP1X,, ® USPX AVMIX = AVARP1X,, e UVM
AARP1X_SPY = AARPIX,,, ® USPY AVC1xX = AVARPI1X,,, e uVC

(4) Compute the change in the cosine of the DCA, Acos_ DCA1X, due to the change in the
magnitude of the velocity and the COA range rate, AVM1x and ARdot1xcoa. Also, compute
the change in DCA, ADCA1x. Parameter ADCALXx is in radians. A positive ADCA1X is a
counter clockwise rotation for left looking collections and a clockwise rotation for right
looking collections.

Acos_DCA1lx = —ﬁ(ARdotlxcOA +AVMIx-cos_DCAO0)

ADCAlx = —_;-Acos DCAlx
sin_DCAOQ -

(5) Compute the rotation of the velocity vector in the slant plane, AVDIR1X, due to the cross
velocity component AVC1x. Parameter AVDIR1X is in radians.

«AVCIx AVDIR1x > 0 < CCW Rotation

AVDIR1x = !
VMO

(6) Compute the rotation in the slant plane projection direction, AANG1x due to the change
in velocity direction and the change in the DCA.

AANG1x = AVDIR1x + LOOK.ADCA1x AANG1x >0 < CCW Rotation
(7) Compute the change in the slant plane projection point, ASPXY 1x, due to the change in
image row coordinate, Axrow. Parameters ASPX1x and ASPY1x are in meters. Note: Small

angle approximations are used for cosine and sine of AANG1x.

ASPX1x = AARP1X_SPX — AR1X o,

ASPY1x = AARP1X_SPY — R0, +AANGIX
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 SP Projection Point For IL1x SP Projection Point For IL 1y

+SPX +SPX
AARP1X_SPY —» I<— AARP1y SPY —» 14—
ARPO ARPO
ARP1Xcoa ARPOcor v ARP1ycoa W0cor y
f f
?\?\j\oo‘* AARP1X_SPX @?\,\)OOP AARP1y SPX
P o
N N Example Shown:
AANG1y > 0
OC,q ASPX1y >0
292
ASPY1ly <0
R1ycor
AP\NGDJ
ASPX1y
+SPY PTO +SPY PTO — v
< L 4 < @ 7§
Y S—
ASPXIX | « ASPYIX > L ASPY1y

Figure 11-5 Slant Plane Projection Points
Slant plane projection points for IL1x and IL1y .

ASPXY Due To a Change in the Column Coordinate

(1) Select an increment in the column coordinate, Aycol. Compute image grid location IL1y
from location ILO as shown. Compute the COA projection set for image grid location IL1y

using only the image metadata. Suggested value: Aycol =Min(Col_SS, 1.0m).

0 xrow0
ILly =1L0+ =
Aycol ycol0 + Aycol

tl ARP1 R1
COA Projection Set: IL1ly = { Ycon Yeon Yeon }

25, VARPly., Rdotly.,,

In the following description, Steps 2 through 7 are used to compute parameters
ASPX1y and ASPY1y. These are the same computations described in Steps 2 through
7 above to compute parameters ASPX1x and ASPY 1x.
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(2) Compute the change in COA projection contour parameters for image location IL1y
relative to 1LO0.

AARP1ly ., = ARPly ., —ARPO. o, AR1Y on = R1ycon —ROcoa
AVARP1ly .., = VARPly ., — VARPO_,, ARdotly ., = Rdotly ., —RdotO.,,

(3) Compute the change in COA position in the SPX and SPY directions. Also, compute the
change in COA velocity in the VM and VC directions.

AARP1y SPX = AARP1y,, e USPX AVM1y = AVARP1y ., *uVM
AARP1y SPY =AARPly,,, suUSPY AVCly = AVARP1y, euVC

(4) Compute the change in the cosine of the DCA, Acos_ DCALy, due to the change in
magnitude of the velocity and the COA range rate, AVM1y and ARdotlycoa. Also compute
the change in DCA, ADCALly. Parameter ADCALy is in radians.

Acos_DCAly = — VLI\/IO (ARdotly ., + AVMLyscos_DCAO)

ADCAly = —_;-ACOS_DCAly
sin_DCAO

(5) Compute the rotation of the velocity vector in the slant plane, AVDIR1y, due to the cross
velocity component AVC1ly. Parameter AVDIRL1y is in radians.

AVDIR1ly = V:/IO-AVC1y AVDIR1y >0 < CCW Rotation

(6) Compute the rotation in the slant plane projection direction AANGL1y due to the change
in velocity direction and the change in the DCA.

AANGly = AVDIR1y + LOOK.ADCALly AANGLly > 0 < CCW Rotation

(7) Compute the change in the slant plane projection point, ASPXY 1y, due to the change in
image column coordinate, Aycol. Parameters ASPX1y and ASPY 1y are in meters. Note:
Small angle approximations are used for cosine and sine of AANGLy.

ASPX1y = AARPly SPX—-AR1ly oA

ASPY1y = AARP1y SPY —RO0,,,*AANG1y
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Form the 2 x 2 sensitivity matrix M’ from the changes in slant plane projection points,

(ASPX1x, ASPY1x) and (ASPX1y, ASPY1y) and the increments in the row coordinate and
the column coordinate used, Axrow and Aycol. Set sensitivity matrix ML, equal to the

inverse of the M7,

ASPX1x ASPX1ly
sexy _ | Axrow Aycol
- ASPY1x ASPY1ly

AXrow Aycol

ML =(MS)

Note: The matrix M3 is non-singular for any practical SAR imaging geometry.

11.4 Image To Scene Sensitivity Matrices

The sensitivity matrices that relate changes in image location and scene point position are
listed in Table 11.3 above. The method for computing them is described below.

Scene Point Position <> Image Location: Mgy M., M5

(1) Compute the 2 x 3 sensitivity matrix to compute the change in image grid location (AIL)
due to a change in scene point position in ECF coordinates (APT).

IL _ pall SPXY
Mp: = Mgy @ M7
—

2x2 2x3

(2) Compute the 2 x 2 sensitivity matrix to compute the change in image grid location (AIL)
due to a change in ground plane point position in ground plane coordinates (AGPXY). Also,
compute the 2 x 2 sensitivity matrix to compute the change in ground plane point position
(AGPXY) due to a change in image grid location (AIL).

L gl SPXY GPXY _ p gGPXY SPXY
Meosy = Mgoxy ® Mioxy M. =Mgyy e My
2x2 2x2 2x2 2x2

Scene Point HAE <> Scene Point or Image Location: M. M

(1) Form the 3 x 1 sensitivity matrix/vector to compute the change in scene point position in
ECF coordinates (APT) due to a change in scene point HAE (AHAE). The image grid
location is held constant and the scene point moves along the slant plane normal.

SF_SPZ = uUP0eUSPZ M, = — - .uSPZ
SF_SPZ
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(2) Form the 2 x 1 sensitivity matrix/vector to compute the change in image grid location in
image coordinates (AIL) due to a change in scene point HAE (AHAE). The scene point
latitude and longitude are held constant and the scene point moves normal to the surface of
constant HAE (i.e. the point moves in the “up” direction from point PT0). The sensitivity
vector is oriented in the “layover direction” in the image grid.

M. = M euUPO

2x3

11.5 Adjustable Parameter Offset Sensitivity Matrices

The sensitivity matrices that relate changes in image grid location and scene point position
due to changes in the Adjustable Parameter Offsets are listed in Table 11.4 and Table 11.5
above. For all matrices, the Adjustable Parameter Offsets are the independent parameters.
For the matrices in Table 11.4, the changes in scene point are computed when the image grid
location ILO is held constant. The method for computing them is described below.

Adjustable Parameter Offsets =» Slant Plane & Ground Plane Point
Image Grid Location Held Constant

SPXY SPXY SPXY GPXY GPXY GPXY
MIL e MIL G MILG" MILGg MILGw MILG
(1) Form the 2 x 3 sensitivity matrix to compute the change in slant plane projection point
(ASPXY) due to a change in ARP position adjustable parameter offset in ECF coordinates
(AARPZ ). Form the matrix from the slant plane unit vectors uSPX and uSPY.

ML uSPX™| _[USPX_X USPX_Y uSPX Z
MRE I USPYT | [ USPY X USPY_Y USPY Z

(2) Compute the 2 x 3 sensitivity matrix to compute the change in slant plane projection
point (ASPXY) due to a change in ARP velocity adjustable parameter offset in ECF
coordinates (AVARP_,,). The matrix is the sum of two matrices. The first matrix accounts
for the change in ARP COA position due to a change in velocity offset. The second matrix

accounts for the change in slant plane COA projection direction due to a change in velocity
offset. See Section 11.3 and Figure 11.5 above.

0 0
usPXx’ RO uvM’
MIL e = (tOCOA - ti%PA )’[ } - (ﬂ} LOOK '{ }
usPyY’ VMO )| ——==—= 1| |uvCT
tan_DCAO
2 x 3 - Accounts For Change In —
ARP COA Position 2 x 3 - Accounts For Change In Slant Plane

Projection Direction
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(3) Assign the sensitivity matrix/vector to compute the change in slant plane projection point
(ASPXY) due to a change in COA range adjustable parameter offset (AR_BIAS).

-1
MILSPXY —
e

(4) Compute the 2 x 3 sensitivity matrix to compute the change in ground plane point
(AGPXY) due to a change in ARP position adjustable parameter offset in ECF coordinates
(AARPSER).

PXY PXY PXY
MILSPY = MEXY « MILS

AARP AARP

(5) Compute the 2 x 3 sensitivity matrix to compute the change in ground plane point
(AGPXY) due to a change in ARP velocity adjustable parameter offset in ECF coordinates
(AVARP.,).

GPXY GPXY SPXY
MILSPXY = MSPXY o MIL

AVARP AVARP

(6) Compute the 2 x 1 sensitivity matrix/vector to compute the change in ground plane point
(AGPXY) due to a change in COA range adjustable parameter offset (AR_BIAS).

GPXY _ p aGPXY SPXY
MILL =Mgyy e MIL

For the matrices in Table 11.5, the changes in slant plane projection point and image grid
location are computed when the scene point position PTO is held constant. The method for
computing them is described below.

Adjustable Parameter Offsets =» Slant Plane & Image Grid Location
Scene Point Position Held Constant

MPT e MPTe MPTEY MPTiq MPTGq MPTL

(1) Assign the sensitivity matrices to compute the change in slant plane projection point due
to changes in the adjustable parameter offsets. The scene point position PTO is held
constant.

AARP

+1
MRTZY ML MPTER, Mg, wer |
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(2) Compute the 2 x 3 sensitivity matrix to compute the change in image grid location (AIL)
due to a change in ARP position adjustable parameter offset in ECF coordinates (AARPSSE ).
The scene point position PTO is held constant.

MPTA”ARP = Mlsll_vxv e MPT ke

AARP

(3) Compute the 2 x 3 sensitivity matrix to compute the change in image grid location (AIL)
due to a change in ARP velocity adjustable parameter offset in ECF coordinates

(AVARP,,,). The scene point position PTO is held constant.

MPTA”\_/ARP = Milsll_nxv e MPT V3%

AVARP

(4) Compute the 2 x 1 sensitivity matrix/vector to compute the change in image grid location
(AIL) due to a change in COA range adjustable parameter offset (AR_BIAS). The scene
point position PTO is held constant.

MPTL: = M, «MPT
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12 Projection Error Propagation

The process of mapping image grid locations to geolocated points in the imaged scene is a
fundamental step in the exploitation of SAR complex image products. For most complex
images, the image pixel grid is a distorted representation of the imaged scene. Projection and
resampling to a ground plane pixel grid is needed to enable even the most basic image
exploitation. For a given application, the absolute accuracy of the projection may or may not
be of concern. For any image product, optional error parameters may be included that enable
the expected accuracy of the image to scene and scene to image projections to be computed.
For SAR sensors and processing systems designed for precise geolocation measurements, the
optional parameters may be provided with every image product. The parameters that may be
provided are contained in the optional Error Statistics parameter block. The Error Statistics
parameter block is defined in Table 3-12 of the SICD Volume 1 Design & Implementation
Description Document.

The Error Statistics block includes estimates of the error statistics for the primary sources of
projection error for a typical SAR sensor and image formation processor. For any image, the
fundamental projection computation is the mapping from image grid location to an R/Rdot
contour. For a given image grid location, the R/Rdot contour is defined by the COA
projection set. See Section 4. Consider image grid location IL and its COA projection set.

Xrow

Image Location IL = {
ycol

t ARP, R
} Projection Set: { oo oA coA }
tion VARP., Rdot.,,

For grid location IL, an error in the computed R/Rdot contour is due to an error in one or
more of the parameters of the projection set. Errors in the computed ARP COA position
and/or velocity contribute directly. Errors in the radar sensor parameters (e.g. internal signal
path delay times) lead to errors in computing range from signal delay time. Errors in the
propagation model (e.g. an incorrect tropospheric delay estimate) also lead to errors in
computing range from signal propagation time.

Consider an image location/scene point projection pair IL and PT. The image projection
functions that connect the projection pair are shown in Figure 12-1. See Section 11 for the
description of an image/scene projection pair. For a given projection pair, errors in the
collection and/or processing will result in errors in both the image to scene and the scene to
image projections. Errors in the scene surface model will result in errors in the computed
scene point for a given image location. The following sections describe the impact of both
types of errors on the image to scene and scene to image projections. The errors associated
with the SAR image are referred to as the “image” errors. The image errors are the result of
errors in the collection and/or processing of the complex image product. The image errors
lead to errors in the COA projection set computed for a given image grid location. The effect
of an error in the scene surface model is referred to as “surface model” error. The effect of
an error in scene ground height for a locally level scene surface is described in detail.
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Image Grid Location - ) Scene Point
Image Projection Functions

PT X
IL: B&‘)’;’} <> Composite ARGAZ =[ARG} <« PT: [PT_Y}

Image Error AAZ PT Z
Ze“.) Er‘ror ARGAZ = 0 T T T Note: Surface model errors (e.g. an
Projection 0 Adiustabl error in scene surface altitude)
i Image IESTEE contributes to the total
Target at scene point PT has g Parameter Scene Image To Scene projection error.
impulse response centered Metadata Offsets Surface
atimage grid location IL. Parameters i Parameters

Image Error AAZ the SAR sensor & image formation processor

Composite ARG otal error from all sources associated with
y [ :|
expressed as error in COA slant plane point.

Figure 12-1 Image Projection Pair IL & PT

Projection error due to composite image error and/or surface model error.

Error Propagation Computation & Adjustable Parameter Offsets

Consider the image location/scene point projection pair IL and PT shown in Figure 12-1.
The image projection functions allow for the use of Adjustable Parameter Offsets for both the
image to scene and scene to image projections. The goal of the adjustable parameter offsets
is to compensate for the projection errors that would occur using only the metadata provided
with the image. The adjustable parameter offsets were chosen to match the primary sources
of image projection error for SAR systems. See Section 1.3 and Table 1-3. For a given
image product, the error statistics included in the product are presumed to be valid for
projections computed using only the metadata included in the image or, equivalently, for the
adjustable parameter offsets set equal to zero. In following sections, we assume that all
image location/scene point projection pairs are computed with all adjustable parameter
offsets set equal to zero.

Zero Error Projection

Consider the image location/scene point projection pair L0 and PTO shown in Figure 12-2.
The example shown is referred to as the “zero error” projection in that all sources of error are
zero. All sources of image error (ARP position vs. time, etc.) are zero. For the example
shown, the imaged scene is a locally level area. The scene surface model is a ground plane
with zero surface model error. The pixel grid near ILO is shown in the left side of the figure.
The ground plane and scene point PTO are shown in right side of the figure. Also, shown is
the COA slant plane for point PTO. See Section 11.2 for a description of COA slant plane.
For zero error projection, an ideal point scatterer located at scene point PTO, will have its
image signal response centered at image grid location IL0. Shown in the left side of the
figure are image grid locations near ILO but displaced in the xrow coordinate (blue) or the
ycol coordinate (red). Shown in the right side of the figure are the projection contours for
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these image grid locations as they pass through the COA slant plane and scene
surface/ground plane near point PTO. The projection contours for image grid locations near
ILO are may be approximated by straight lines as they pass near scene point PTO. The
straight line approximations are oriented normal to PT0 COA slant plane.

Image Pixel Grid Image grid location ILO projects precisely to scene point PTO.
ILO

<
I}
- 2
o

xrowO_:__‘_ _‘_

™\ Scene surface is a
ground plane aligned
with the local level.

—()—()—(1)—3)—{)——
O
:
™~

A target at scene point PTO will
have impulse response centered Projection contours for image locations near ILO may be
at image grid location ILO. approximated by straight lines normal to the PTO COA slant plane.

Figure 12-2 Zero Error Projection
Example projection geometry with zero composite image error and zero surface model error.

Error Projection w/ Image Errors

Consider the image location/scene point projections example shown in Figure 12-3. For the
example shown, the projections are in error due to errors in the image metadata. Similar to
the example in Figure 12-2, the imaged scene is a locally level area and the scene surface
model is a ground plane with zero surface model error. For an ideal point scatterer at scene
point PTO, the image signal response is centered at image location ILO. Given true image
location ILO, the image to scene (I12S) projection yields scene point E:PTO equal to an
“estimate” of the scene point position. Given the true scene point position PTO, the scene to
image (S2I) projection yields image location E:1L0 equal to an “estimate” of the image
location. For the I12S projection, the error in estimated scene point is APTO. For the S2I

location, the error in estimated image location is AILO.

Image To Scene Projection Error: APTO = PTO —E:PTO
—_— Y

—_—
ERROR TRUE ESTIMATED
VALUE VALUE

Scene To Image Projection Error: ATLO = TLO — E:IL0
— — —

ERROR TRUE ESTIMATED
VALUE VALUE
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Image Projection Error

Image Pixel Grid Image To Scene Projection Error: APTO = PTO — E:PTO
yeoloycoll Contour for Contour for
T IL=1ILO IL = E:ILO
row0 [ ’
xrowO L1 1L0 ¢ y \
?‘_ A
\2
o
xrowl [T 0 \
1 E:IL __-,
EEEEEEE

Scene to Image projection error: Image To Scene (12S) COA slant plane Scene To Image (S2I) COA slant plane
AILO =ILO - E:ILO contains estimated scene point E:PTO. contains the true scene point PTO.

Note: The I2S slant plane and the S2I slant plane may or may not be precisely parallel planes
but in all cases, lines normal to one plane will be essentially normal to both planes.

Figure 12-3 Projection With Image Error
Example projection with error due to image error alone (i.e. zero surface model error).

For the 12S projection shown in Figure 12-3, true image location 1L0 and estimated scene
point E:PTO are a projection pair. For the ILO/E:PTO pair, we can compute the 12S slant
plane coordinates SPX and SPY for which E:PTO is located at the origin. See Section 11.2.
For true scene point PTO, the true projection contour intersects the 12S slant plane at 12S:
ASPXY = 12S: (ASPXI, ASPYI). For the S2I projection, estimated image location E:I1L0 and
true scene point PTO are a projection pair. For the E:ILO/PTO pair, we can compute the S21
slant plane coordinates SPX and SPY for which PTO is located at the origin. For true image
location ILO, the projection contour intersects the S21 slant plane at S21: ASPXY = S2lI:
(ASPXS, ASPYS). As indicated in Figure 12-3, the slant plane displacements due to the
image error are opposite in sign and approximately equal in magnitude.

ASPXI ASPXS
I12S : ASPXY ~—-S2I : ASPXY 12S: ~-S2|:
ASPYI ASPYS

For a given image projection pair, the combined effect of all sources of image projection
error is to displace the “correct” projection contour relative to the “computed” projection
contour. The displacement is relative to the COA slant plane origin. For the I12S projection,
the correct contour (through true scene point PTO) is displaced by 12S:ASPXY from the 12S
estimated scene point E:PTO. For the S2I projection, the correct contour (for true image
location 1L0) is displaced by S2I1:ASPXY from the S2I scene point PTO.
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Composite Image Error

The combined effect of all sources of image projection error is referred as the composite
image error. For a given image location, the composite error is effectively an error in
computed COA range and range rate. For a given image grid location IL, the composite
error is ARGAZ = (ARG,A AZ)" where, for convenience, the error in range rate is expressed
as an error in azimuth or cross range in the slant plane. The composite errors ARG andA AZ
are expressed in meters and are defined as follows.

For image grid location IL, the COA projection set is computed. The ARP COA position
and velocity are accepted as truth. The computed range and range rate are treated as
estimates, E:Rcoa and E:Rdotcoa.

XIow t ARP ER
} Projection Set: { coA COA CoA }

Image Location IL = { cp
ycol teon VARP.,, E:Rdot.,,

Scene point PT is a point in the imaged scene with image response centered at image
location IL. The range and range rate to PT relative the ARP COA position and velocity,
R_PTcoa and Rdot_PTcoa, are accepted as the true range and range rate. The composite
range error, ARG, is defined as follows.

Composite Range Error at IL: ARG =R_PT. o, — EiRoa
RANGE r
ERROR TRUE ESTIMATED
RANGE RANGE

The composite azimuth error is defined as follows by converting composite error in range
rate, ARDOT, to a displacement in azimuth, AAZ.

Composite Range Rate Error: ARDOT =Rdot_PT_,, —E:Rdot_,
RANGE RATE TRUE ESTIMATED
ERROR RANGE RATE RANGE RATE

+ARDOT

E:R
Composite Azimuth Error:  AAZ =LOOK —_CoA
AZIMUTH VMesin (DCACOA)

ERROR

ARDOT to AAZ Scale Factor

The scale factor that translates range rate error (ARDOT) to azimuth error has units of
seconds and is side of track (i.e. LOOK) dependent. The choice to express the range rate
error in terms of an azimuth displacement allows the errors to be expressed in meters for both
range and azimuth. Also, the choice of azimuth error allows direct conversion to slant plane
displacements 12S:ASPXY and S21:ASPXY. Shown in Figure 12-4 are the slant plane
displacements for a given value of composite error. Shown in left side of the figure is the
displacement for the Image To Scene projection. Shown in the right side of the figure is he
displacement for the Scene To Image projection. A commonly used pixel grid is the slant
plane (rg,az) grid (i.e. Grid Type RGAZIM). Shown in Figure 12-5 is an example slant plane
grid with a non-zero composite error. The true image grid location ILO is the center of the
image signal response for a scatterer at scene point PTO. The effect of the composite RGAZ
error may be observed directly in the range, azimuth image grid: AILO =- RGAZ.
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Image To Scene
Slant Plane Displacement

+SPX

]

[2S:ASPXY = -ARGAZ

+SPY E:PTO

.
0
V.
S
72

Example Shown:
ARG >0 & AAZ>0

Scene To Image

Slant Plane Displacement

ARG +SPX
AAZ A
°
)
hv¢
B
+SPY 72 \| PTO
4—

S2I:ASPXY = +ARGAZ

Figure 12-4 Displacement Due To Composite Error
Example 12S & S21 slant plane displacement due to a composite image error ARGAZ.

Example Slant Plane Image & Composite RGAZ Error

Grid Type = RGAZIM

az0 E:az0
[T TTT
g0 ILO YF
\.
e
NL ST
|
E:rg0 E:ILO _-’I
I |

AILO = ILO — E:ILO = -ARGAZ

Composite _ ARG:|
ARGAZ =
RGAZ Error |:AAZ

Slant Plane Grid: E:ILO =1L0 + ARGAZ

ILO True image grid location for signal
response from scene point PTO.

E:ILO Estimated image grid location that
’ projects precisely to point PTO.

Example Shown: ARG >0 & AAZ>0

Figure 12-5 Example Slant Plane Image Grid
The composite RGAZ error is equal in magnitude but opposite in sign of S21 image error .
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Error Propagation Computations

The error propagation computations in the following sections may be applied to any image
product. The computations are presented for scene point PTO0 and image grid location ILO as
shown in the examples above. For an ideal point scatterer at true scene point PTO, the image
signal response is centered at true image grid location ILO. The error propagation
description is provided for both the Image to Scene and the Scene to Image projections.

For each projection considered, the effect of a given error source on the parameter being
computed is provided. Also provided is the relationship between the statistics of the error
source and the statistics of the error in the parameter being computed. For all parameters,
the errors are defined using the following convention. For a given parameter with true value
X and estimated value E:X, the error AX is defined as follows.

Error Convention For All Parameters: AX = X - EX
ERROR TRUE ESTIMATED
VALUE VALUE

The image to scene projection of true image location ILO yields estimated scene point
position E:PTO. The error in the estimated position is APTO. The scene to image projection
of true scene point position PTO yields estimated image location E:ILO. The error in
estimated image location is AILO.

Image To Scene Projection Error: APTO = PTO —-E:PTO
— Y Y——

ERROR TRUE ESTIMATED
VALUE VALUE

Scene To Image Projection Error: AILO = TILO — E:IL0
—_— Y ——
ERROR TRUE ESTIMATED
VALUE VALUE
In following description, the effects of the errors associated with the SAR image are
discussed in detail. For a given image/scene projection pair, the image error may be
expressed as a composite RGAZ error. The composite error is the sum of the effects of all
components of the error. For a given source of image error, e.g. an error is COA position or
velocity, the effect is dependent on the specific projection geometry of the image/scene point
pair. The method for computing the contribution to composite RGAZ error is provided for
the primary sources of projection error. The effect of the composite RGAZ error on both
image to scene and scene to image projections is provided.

The projection errors that arise due to ARP position and velocity errors are computed for the
following idealized error in the estimated ARP position versus time. The error is modelled as
a simple linear error in position versus time in ECF coordinates. The position error is the
ARP position error at SCP COA time. The velocity error is assumed to be constant over the
collection time for the phase history data used to form the image. An example ARP position
error versus time is shown in Figure 12-6. For the image grid shown, the COA time varies
across the image pixel grid. The effect of the velocity error on the COA position varies with
COA time of the image pixel array.
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AARP(t) = ARP(t) —E: ARP(t) AARP(t) = AARPS, + AVARP(t -3, )
—_—

ARP ERROR TRUE ARP ESTIMATED ARP =
VS TIME TRAJECTORY  TRAJECTORY LINEAR ERROR
VS TIME VS TIME
AARP_SCP_X AVARP_X
SCP
AARPSS —| AARP_SCP_Y AVARP =| AVARP_Y
AARP_SCP_Z AVARP_Z
Error in ARP Position at SCP COA time Error in ARP Velocity
in ECF Coordinates in ECF Coordinates

The ARP trajectory error model used for computing errors in the image projection functions
is matched to the model used for specifying the Adjustable Parameter Offsets. See Section 1-
3 and Table 1-3. The common model for ARP trajectory error has the following utility. For
a given pair of ARP position and velocity error values, the computed projection errors are

precisely equal to the errors that will be compensated using the same values for the
adjustable parameter offsets.

Image Pixel Grid Estimated ARP True ARP
7 T [ Position vs. Time Position vs. Time

[]
ot

A
{11
EmmEp 4
—~TGT B
& TGTC
&Zoov 'l / E:ARPCOA True ARPCOA
TGT C
c / I Lolll True ARP(t) = E:ARP(t) + AARP(t)

&ioov LS

TGTB

With Varing COA Times True ARPcoa

TGT A TGTB TGTC
tcon < tcon < tcon ARP Error vs. Time

. AARP(t) = AARPSG: + AVARP o (t - foga )
E:ARPcoa

TG
AARPCOZ\A TGT A
True A RPCOA

Figure 12-6 ARP Position & Velocity Error Model

The ARP error versus time is modelled as on offset at the SCP COA plus a constant velocity error.

The effect of an error in the scene surface model is presented for a locally level scene. The
projection error is computed for a scene surface that is at true height HAEO above the
ellipsoid. The surface model estimated height is E:HAEOQ and the error is AHAE.

Scene Height Error: AHAE = HAEQ—-E:HAEQ
%,_J

S
ERROR TRUE ESTIMATED
HEIGHT HEIGHT
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For more complex surface models, the error in the surface model may be of many forms.
The various errors that may occur in the surface model are not addressed. For any surface
model, the Image to Scene and Scene to Image projection functions may be used to compute
the effect of a given surface model error.

12.1  Projection Geometry Parameters

(1) For the image/scene projection pair, compute the projection geometry parameters
described in Section 11.1. For an image to scene projection pair, ILO/E:PTO, compute the
COA projection set for image location ILO. For a scene to image projection, compute the
COA projection set for the estimated image location E:I1LO.

t E:ARP E:R
For Image To Scene: ILO = Projection Set: { o' oA oA
tioa E:VARP., E:Rdot.,,

t E:ARP ER
For Scene To Image: E:1LO = Projection Set: { o' COA coA
teon E:VARP., E:Rdot..,

For both projections, the projection set is computed from the image metadata. All Adjustable
Parameter Offsets are set equal to zero.

(2) Compute unit normal to the scene surface model and the unit UP vector. For an image to
scene projection, compute the unit vectors at the estimated scene point E:PT0. For a scene
to image projection, compute the unit vectors at scene point PT0. See Figure 11-2.

uGPNO Unit normal to the scene surface at the scene point.
uUPO Unit normal to the surface of constant HAE at the scene point.

(3) Compute the parameters that define the Ground Plane Coordinates (GPC) and the Slant
Plane Coordinates (SPC) with origin at the scene point. For an image to scene projection, the
origin is at scene point E:PTO. For a scene to image projection, the origin is at scene point
PTO. Compute the GPC basis vectors and SPC basis vectors. All vectors are in ECF
coordinates. Also, compute the cosine and sine of the angles GRAZ, TWST and DCA that
describe the COA geometry.

GP Coordinates Basis Vectors in ECF: { uGPX, uGPY, uGPZ }

SP Coordinates Basis Vectors in ECF: { uSPX, uSPY, uSPZ }

GRAZ: Grazing angle TWST: Twist angle DCA: Doppler Cone Angle
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12.2  Projection Sensitivity Parameters

(1) Compute the sensitivity matrices that relate changes in image location, AIL, slant plane
projection point, ASPXY, ground plane point position, AGPXY, and scene point position in
ECF coordinates, APT. See Table 11-1. For an 12S projection, the changes are relative to
image location ILO and scene point E:PTO. For a S2I projection, the changes are relative to
E:1L0 and scene point PTO.

ASPX AGPX APT X
AXrow
AlL = ASPXY = AGPXY = APT =| APT_Y
Aycol ASPY AGPY
| | , APT Z
Change In Image Location Change In Slant Plane XY Change In Ground Plane Point ]
Projection Point Specified In GP Coordinates Change in Scene Point

ECF Coordinates

(1.1) Compute the sensitivity matrices defined in Table 11-2 and listed below. See Section
11.3 for the details of the computations.

- T P SPXY PT SPXY GPXY
Scene Point <> Slant Plane Projection Point: M7 Mgoyy, Moy  Mepsy

Image Location <> Slant Plane Projection Point: ~ MY™" Mg,

(1.2) Compute the sensitivity matrices defined in Table 11-3 and listed below. See Section
11.4 for the details of the computations.

Scene Point Position <> Image Location: Mg M., MY

Scene Point HAE <> Scene Point or Image Location: M[,. M\

(2) The ARP position versus time error model is the same model used for the ARP
adjustable parameter offsets. The projection sensitivity to position and velocity error terms is
identical to the projection sensitivity to ARP adjustable parameter offsets. Compute the
following sensitivity matrices defined in Table 11-4 and Table 11-5. See Section 11.5 for the
details of the computations.

Scene to Image - Scene Point Held Constant: MPT ny MPTOX

Assign the matrices that translate ARP positon and velocity errors into composite RGAZ
errors.

ARP Position Error at SCP COA Time & RGAZ Error: ~ Miane = MPT Ay

ARP Velocity Error = RGAZ Error: I\/IESAAéP = MPTAS\F;fR(P
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(3) The composite RGAZ error due to a given realization of ARP position and velocity
errors, AARPSSE and AVARP, is computed as shown.

AARP AVARP

i ARP Velocity
2x3 ARP Position 2x3
Error In ECE Error In ECF

ARGAZ , oy = MRSAZ ¢ AARPSS 1+ MPSZ. o AVARP

Form the combined 2 x 6 matrix Mjzs%, for use in computing the 2 x 2 covariance matrix

for the RGAZ error from a 6 x 6 combined position and velocity covariance matrix. Note:
The position and velocity errors in the expression above are in ECF coordinates.

M igg_zpv = |: M PTAS,Z;(: M PTAS\F;)A<;P J

2x6

(4) A given RGAZ error displaces the correct or true projection contour relative to the
computed projection contour. See Figures 12-3 and 12-4. For a scene to image projection,
the slant plane displacement is equal to the RGAZ error. For an image to scene projection,
the slant plane displacement equal to the negative of the RGAZ error. Assign the following 2
X 2 matrices for convenience in translating a ARGAZ error to a slant plane displacement
ASPXY.

H H SPXY _+1 O ]

Scene To Image Projection, ARGAZ to ASPXY: MPT. ., = 0 41
+

it SPXY __1 0 ]

Image To Scene Projection, ARGAZ to ASPXY: MILZG,, = 0 1

12.3 Composite RGAZ Error

For a given image, the projection error due to errors in the collection and/or processing will
vary across the image and scene as the projection geometry varies. For a given image/scene
projection pair, the combined effects of all error sources may be expressed as a composite
RGAZ error. The composite error is computed based upon the specific COA projection
geometry. The method for computing the contribution to the composite error for the primary
error components is described in detail. Also described is the method for computing the
composite error statistics as a function of the expected error statistics of the individual
components.

The sources of error in the image collection and/or processing that produce errors in the
image projections include (1) ARP position and velocity error, (2) radar sensor range bias
error and timing clock error, and (3) propagation delay estimation errors. The contribution to
composite RGAZ error is computed for the following error components.
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ARP position error at SCP COA time in ECF coordinates (meters).

ARP velocity error in ECF coordinates (meters/sec). Assumed

constant during collection period for the data used to form the image.

Range bias in the computed COA range that is constant across the
image (meters). The true range is equal to the estimated range plus
the range bias: R o, =E:Ron +AR_BIAS.

Radar timing clock error expressed as a scale factor. The clock
frequency error Af_CLK is equal to the scale factor times the
estimated value clock frequency: Af CLK =f CLK_;+CLK_SF.
The true clock frequency is equal to the estimated frequency plus the
error: f_ CLK=f CLK_; +Af_CLK.

Range error due to an error in the estimated troposphere delay
expressed as a range error (meters). The true range is equal to the

estimated range plus the range error: R, =E:R o, +AR_TROP.

Range error due to an error in estimated ionosphere delay expressed
as a range error (meters). The true range is equal to the estimated

range plus the range error: R.o, = E:R s +AR_IONO,

The radar timing clock controls the timing for both “fast time” and “slow time”. The effect
of an error in the radar timing clock is a range error that is proportional to the measured range
and a range rate error that is proportional to measured range rate. For a given transmitted

pulse, the range is derived from the time of arrival based upon the number of timing clock

periods. If the true clock frequency is higher than the value used in the image formation
processing, the estimated range will be larger than the true range. The estimated range rate
will also be larger in magnitude than the true range rate. For a given value of clock scale
factor error, the error in measured range and range rate is AR_CLK and ARDOT_CLK.

AR_CLK =—E:Ro,*CLK_SF ARDOT_CLK =—E:Rdot,,CLK_SF

The error in clock scale factor can be expressed as azimuth error by combining the
expressions for Rdotcoa and the scale factor that scales a range rate error to an azimuth error.

AAZ_CLK = LOOK<E:R o, «c0t (DCA,, )»ACLK_SF
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For given image/scene point pair, the composite RGAZ error is computed as the sum of the
contributions of the components. The sensitivity matrices are computed for the COA
projection geometry. Scale factors cRGSF and cAZSF are defined for a more concise
expression.

AARP

ARG
ARGAZ = LAZ} = M2 e AARPSS: + MPS22 e AVARP +

RGAZ Error Due To
ARP Position and Velocity Errors

1 cRGSF 1
*AR_BIAS+ «CLK_SF + +(AR_TROP +AR_IONO)
0 CAZSF 0

RGAZ Error Due To RG Error Due To
Radar Sensor Errors Propagation Delay Estimation Errors

where:  CRGSF=-ERg, CAZSF = LOOK<E:R ,, +cot(DCA 4 )

12.4 Composite RGAZ Covariance

For a given image/scene projection pair, the expected error statistics of the composite RGAZ
error may be used to compute the expected error statistics in the Image to Scene or Scene to
Image projection. The Error Statistics parameter block allows two options for the set of
parameters included with the image product. See Table 1-2. Option 1 provides an estimate
of the composite RGAZ error covariance matrix. Option 2 provides an expanded set of
estimated error statistics for the various components. An estimate of the composite RGAZ
error covariance may be computed from the component statistics. For a product that includes
both composite and component parameter sets (such a product is permitted but not expected),
the component parameters should be used.

For Option 1, the estimated RGAZ covariance matrix is based on SCP projection geometry
and is assumed to be constant for any image/scene point pair. While this is not precisely
true, for most images and scene models, the RGAZ error varies only slightly across the
image and the scene. The covariance for the given image/scene projection pair is set equal to
the provided covariance.

- _ (~SCP
Option 1: Cppr =Cleas

For Option 2, the estimated RGAZ covariance matrix is computed from the error statistics
provided with the product and the projection geometry for the image/scene projection pair.
The provided component error metadata parameters are used to compute the component error
statistics listed in Table 1-2. Guidance is provided in the table for each parameter. For the
optional parameters within the block that are omitted, a zero value is assumed.

Option 2: C,;,, - Computed as follows.
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(1) The input position and velocity covariance matrix is transformed, as necessary, to be
expressed in ECF coordinates. If the input frame is ECF, no transformation is required. If
the input frame is RICF or RICI, form the needed 6 x 6 transformation matrix and then
compute the ECF covariance. The RICF and RICI frames are computed at SCP COA time as
defined in Section 3.2.

For FRAME = ECF: Care pv = Cire pv
.
— . ECF _ TPV_ECF INPUT PV_ECF
For FRAME = RICF: Care_pv = Tovrice ® Carepv ® (TPV_RICF)
.
— . ECF __ TPV_ECF INPUT PV_ECF
For FRAME = RICL: CARP_PV - TPV_RICI ¢ CARP_PV ¢ (TPV_RICI )
TECF 0 TECF 0
Error rotation matrices:  Tome- =| F Tk = R
PV_RICF O TIEICC":: PV_RICI QS .TFEICCII: TFEICCII:

Compute the RGAZ error covariance using the 2 x 6 sensitivity matrix for computing RGAZ
error from the ARP position and velocity error in ECF for the image/scene point pair.

.
ARP_PV _ n pRGAZ ECF RGAZ
Crenz = MARP_PV ¢ CARP_PV ¢ (MARP_PV)

(2) The range bias error, AR_BIAS, contributes only a range error. Form the RGAZ error
covariance from the input range bias variance, VARRgg.

cr® —|:1 O}VAR
RGAZ |0 RB

(3) Compute the RGAZ error covariance due to an error in the radar timing clock. The clock
error is expressed as a scale factor error, CLK_SF. Form the matrix using the RGAZ error
scale factors, CRGSF and cAZSF, and the input scale factor variance, VARcLk_sF.

B VAR
cRGSF.cAZSF cAZSF2 CLK_SF

RGAZ

CLK_SF _ { cRGSF? CRGSF+cAZSF

(4) The input variance for the error in troposphere propagation delay is scaled, as necessary,
based upon the COA geometry for the image/scene projection pair. If both a SCP slant range

delay variance, VAR, and a vertical delay variance, VARgry, are provided, use the SCP

slant range variance. Compute the expected variance for the range error due to the error in
troposphere delay, AR_TROP.
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VAR if VARYE is available

RTS’
VAR 1rop = 1

VAR, o—m——, otherwise
RV sin_ GRAZ?

Note: For airborne collections, a variance estimate computed for the true collection geometry is
recommended. Scaling a vertical path delay for grazing angles less than 10 degrees is not
recommended.

(5) The input variance for the error in ionosphere propagation delay is scaled based upon the
COA geometry for the image/scene projection pair. Compute the expected variance for the
range error due to the error in troposphere delay, AR_IONO.

1

VAR ovo = VAR o R Az?

Note: For airborne collections, this term should ALWAYS be zero.

(6) Form the RGAZ error covariance from the expected variances due to errors in estimated
propagation delay, VARtrop and VAR ono.

10
Croaz = {o o}’(VARTRop +VAR ovo )

(7) Compute the composite RGAZ error covariance matrix as the sum of the component
covariance matrices. All components are assumed to be statistically independent.

ARP_PV RB CLK_SF PROP
CRGAZ - CRGAZ + CRGAZ + CRGAZ + CRGAZ
%{_/
RGAZ Error Stats RGAZ Error Stats RG Error Stats Due
Due To ARP P&V Error Due To Radar Sensor Errors To Prop Delay Errors
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12,5 Image To Scene Error Propagation

The Image to Scene projection error is defined to be the difference between the true scene
position, PTO, minus the estimated scene point position, E:PTO. The true and estimated
scene point positions are in ECF coordinates unless noted.

Image To Scene Projection Error: APTO = PTO —E:PTO
—_— Y Y

ERROR TRUE ESTIMATED
VALUE VALUE
The projection error, APTO, and its expected statistics are computed for the following
sources of error.

ARGAZ  Composite RGAZ image error for the given image/scene projection
pair (components ARG and AAZ are in meters). The predicted error
covariance is matrix Creaz. All covariance elements are in m%

AHAE Error in estimated scene surface Height Above The Ellipsoid (HAE)
for a scene that is locally level in the neighborhood of the estimated
scene point. Error is in meters and is the true height minus the
estimated height: AHAE = HAEO—-E:HAEOQ. Predicted height
error variance is VARuag. Variance is in m?.

AIL Error in estimated image location (components Axrow and Aycol are
in meters). Applicable when the initial image location E:ILO is
estimated or measured for a distributed target or feature in the image.
True image location is: 1LO = E:ILO + AIL. The predicted error
covariance is matrix Cy_. All covariance elements are in m?.

(1) The Image to Scene projection error due to the composite image error, ARGAZ, is
computed as follows. See Figure 12-7. The error is a displacement in the ground plane. The
error expressed in ground plane coordinates GPX and GPY is AGPXY R®*4. The error in
ECF coordinates is APTO R®*Z,

AGPX0
AGPXYRCAZ = LGPYO} = M e MILEXY, e ARGAZ
APTO_X
APTORCAZ = | APTO_Y | = MY, ¢ AGPXYR® = MZL e MIX" e MILTYY, ¢ ARGAZ
APT0_Z

The expected error statistics for the error in ground plane coordinates and for the error in

ECF coordinates, Ciore and Cio*%, are computed as follows. Covariance matrix Cioes is

size 2 x 2 and, in general, will be of rank = 2. Covariance matrix C5*is size 3 x 3 but will
not be full rank.
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.
RGAZ _ [ NAGPXY SPXY GPXY SPXY
C (MSPXY ° MILRGAZ).CRGAZ .(MSPXY ° MILRGAZ)

GPXY

.
RGAZ _ ppPT RGAZ PT
Cor™ =Mgpxy ® Copxy ® (MGPXY)

Image To Scene Projection E:PTO
— _ ARG] — |EPTOX
oroomPoste  ARGAZ = E:PTO_Y
rojection Error AAZ
E:PTO Z

4

Scene Surface

Image Pixel Grid Model

AGPXO0
AGPYO

AGPXYRGAZ = [

ycol0

the ground plane.

Xrow0

Example Shown: +GPZ T +GPX

Scene surface model is precise — no

Projection erroris in APTORGAZ: I:UGPX UGPY:I .AGPXYRGAZ

surface model error.
+GPY /' yepy

A target at PTO has Ground planeis tangent to the
response centered at surface model at E:PTO
image grid location ILO.

PTO /

7

uGPX /
E:PTO

Figure 12-7 12S Error Due To Composite RGAZ Error
The projection error is a displacement in the ground plane.

(2) The Image to Scene projection error due to an error in estimated scene height, AHAE, is
computed as follows. Shown in Figure 12-8 is an example of the combined effects of image

error and scene height error. The projection error due to the scene height error is APT

HAE
0.

The error is along the slant plane normal. Covariance matrix CJ2¢ is size 3 x 3 but will be

rank = 1. Note: The computed projection error assumes the scene is locally level near the

true scene point.

APTO_X
APTO™E = | APTO_Y | = M[,. e AHAE
APT0_Z

C# =M E-;\E ¢ ( M ETAE )T VAR e
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Image Pixel Grid Image to Scene Projection Error

ycolo AGPXYR®*% - Error due to composite image error.

APTOHAE: Error due to scene height error.

o HAEO
xow O &7 1

E:PTO l

----- )c/ E:HAEO
_ Example Shown: AHAE > 0

A target at PTO has

response centered at Surface model is True scene surface is
image grid location ILO. constant HAE = E:HAEO constant HAE = HAEO.

Figure 12-8 12S Error Due To Image & Scene Height Errors
The error is the sum of the image error plus the effect of the surface height error.

(3) The Image to Scene projection error due to an error in the estimated image location, AlL,
is computed as follows. Shown in Figure 12-9 is an example error in the estimated image
grid location that results in an error in estimated scene point position. The error is a
displacement in the ground plane. The error expressed in ground plane coordinates GPX and
GPY is AGPXY'". The error in ECF coordinates is APTO '".

AGPX0
AGPXY 't = LGPYJ = M$™Y e AIL
APTO_X
APTO'™ = | APTO_Y | = M, ¢AGPXY" = ME,, e M ¢ AIL
APTO0_Z

The expected error statistics for the error in ground plane coordinates and for the error in
ECF coordinates, C¢.,, and C- , are computed as follows. Covariance matrix CL.,. is

size 2 x 2 and, in general, will be of rank = 2. Covariance matrix Cp; is size 3 x 3 but will
not be full rank.

Corxy =M " oC, o (Mﬁ_PXY )T

.
IL _ ppPT GPXY PT GPXY
Cor =Mgexy oM (77 0 C,, '(MGPXY L\ )
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Projection error due to estimated

. : APTO" = [UGPX uGPY]e AGPXY -
Image Iocatlon error.

Image Pixel Grid Ground Plane Coordinates

E:ycol0 +GPX
I I I I Examp]lceShov‘c/xr:;:I

. Scene surface model is

EI. IILIO precise — no surface model

T T error.

E:xrow0 @
E:PTO
AIL T +GPY
uGPY

PTO

A target at PTO has “estimated” response
centered at image grid location E:ILO.

True image location is at E:ILO + AlL _

Figure 12-9 12S Error Due To Image Location Error
An error in the estimated image location AIL leads to error in the computed scene point APTO.

12.6  Scene to Image Error Propagation

The Scene to Image projection error is defined to be difference between the true image grid
location, ILO, minus the estimated image grid location, E:1L0. The true and estimated grid
locations are in image coordinates (components xrowQ and ycolO are in meters).

Scene To Image Projection Error: AILO = TLO — E:IL0

ERROR TRUE ESTIMATED
VALUE VALUE
The projection error, AILO, and its expected statistics are computed for the following sources
of error.

ARGAZ  Composite RGAZ image error for the given image/scene projection
pair (components ARG and AAZ are in meters). The predicted error
covariance is matrix Crgaz. All covariance elements are in m?2.

APT Error in estimated scene point position in ECF coordinates.
Applicable when the initial scene point position is an estimated
position, E:PTO. True scene position is: PTO = E:PT0 + APT. The
predicted error covariance is matrix Cpr. All covariance elements
are in m.
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(1) The Scene To Image projection error due to the composite image error, ARGAZ, is
computed as follows. The error in estimated image location is in image coordinates xrow
and ycol is AILORCA4,

= ML, e MPTSXY « ARGAZ

AILOROAZ = {Axrowo}

Aycol0

The expected error statistics for the error in image coordinates, C;***, is computed as
follows. Covariance matrix C;°*is size 2 x 2 and, in general, will be of rank = 2.

Cr™ = (MISLPXY o MPT.Z0 ) *Croaz ® (Mlsixv e MPT.Z0 )T

(2) The Scene To Image projection error due to an error in the estimated scene point
position, APT, is computed as follows. See Figure 12-10. The error in estimated image
location is AILO".

AILOPT = {

= Mg}xv * Miixy *APT

AXrowQ
Aycol0

The expected error statistics for the error in image coordinates, C", is computed as follows.
Covariance matrix C!" is size 2 x 2 and, in general, will be of rank = 2.

T
C|P|_T = (MISLPXY hd MiiXY)' CPT i (MISII_DXY i Mi?w)
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Error in estimated
Scene Point Position

APT = [uGPx uGPY:I ® AGPXY"" + UGPZeAGPZ"T

Image Pixel Grid Scene Point Estimation Error

E:ycolO

Horizontal Error

+GPX

E:xrow0

+GPY,
E:PTO

Error in estimated scene
point position APT results in

. . AGPXYFT: Horizontal error in
image location error AILO.

estimated scene point position.

Vertical Error

AGPZPT: Vertical error in
estimated surface height.

Figure 12-10 S21 Error Due To Scene Point Position Error
An error in the estimated position APTO leads to error in the computed image location AILO.
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12.7  Error Propagation Summary

For an ideal scatter at true scene point position PTO, the image signal response is centered at
image grid location ILO. The method for computing projection errors and the expected error
statistics are summarized below. For all the parameters, the error is defined as the true value
minus the estimated value.

Error Convention For All Parameters: AX = X - EX

—
ERROR TRUE ESTIMATED
VALUE VALUE

Image To Scene Projection Error

The method for computing the error in the Image To Scene projection is summarized below.
See Section 12.5. The initial image grid location may be the true image location, ILO, or an
estimate of the location, E:1L0, that may include an error, AIL.

ILO=E:ILO + AIL

The image to scene projection of the image location, either ILO or E:ILO, yields estimated
scene point E:PTO. The error in estimated scene point is APTO.

Image To Scene Projection Error: APTO = PTO —-E:PTO
— Y Y——

ERROR TRUE ESTIMATED
VALUE VALUE
Image To Scene Error Sources:

ARGAZ  Composite RGAZ error for the image/scene projection pair (m). The
predicted error covariance is matrix Crgaz (M?). See Section 12.4.

AHAE Error in estimated scene Height Above The Ellipsoid (HAE) (m).
Predicted height error variance is VARpae (m?).

AIL Error in estimated image grid location when the initial image
location is an estimated value E:1L0. The predicted error covariance
is matrix C,_ (m?).

Image To Scene Error, APTO (ECF):

APTO_X
APTO = | APTO_Y | = APTO"®* + APTO™* + APTO'"
APTO_Z
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APTO = M, e MIXY e MILYXY, e ARGAZ + M[). e AHAE + MZ . e« MY o AIL

Scene Pt Error Due Scene Pt Error Due Scene Pt Error Due
To Composite RGAZ Image Error To Surface Height Error To Estimated Image Location Error

Image To Scene Error Covariance, Cpr:

_ RGAZ HAE IL
CPT - CPT + CPT + CPT
—_— — —
Statistics Due To Statistics Due To Statistics Due To

Composite Image Error  Surface Height Error  Image Location Error
.
RGAZ _ (npPT GPXY SPXY PT GPXY SPXY
Cor " = (MGPXY *Mgwy ®MILGg,, ) *Cronz ® (MGPXY *Mgoyy ¢ Ml LRGAZ)
T
HAE PT PT
Corm =M ® ( M ) VAR e

.
IL _ ppPT GPXY PT GPXY
Cor =Mgexy oM (77 0 C,, .(MGPXY L\ )

Scene To Image Projection Error

The method for computing the error in the Scene To Image projection is summarized below.
See Section 12.6. The initial scene point position may be the true position, PTO, or an
estimate of the position, E:PTO, that may include an error, APT.

PTO=E:PTO + APT
The scene to image projection of the scene point position, either PTO or E:PTO, yields

estimated image location E:1LO. The error in estimated image location is AILO.

Scene To Image Projection Error: ATLO = TLO — E:IL0
— — —

ERROR TRUE ESTIMATED
VALUE VALUE

Scene To Image Error Sources:

ARGAZ  Composite RGAZ error for the image/scene projection pair (m). The
predicted error covariance is matrix Crgaz (M?). See Section 12.4.

APT Error in estimated scene point position when the initial position is an
estimated value E:PTO. True position is: E:PTO+APT . Error
APT is in ECF coordinates (meters). The predicted error covariance
is matrix Cpr (m?).
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Scene To Image Error, AILO:

} = AILORCA? + AILOPT

AILO = Mg, e MPTA) e ARGAZ + Mg, @ MY e« APT

Image Location Error Due Image Location Error Due
To Composite RGAZ Image Error To Estimated Scene Pt Error

Scene To Image Error Covariance, Cy.:

_ RGAZ PT
Cn_ = Cn_ + Cu_

Statistics Due To Statistics Due To
Composite Image Error  Scene Pt Estimate Error

Cr™ = (MISLPXY o MPT.Z0 ) *Croaz ® (Mlstxv e MPT.Z0 )T

.
C:lpl_T = (MISLPXY o MiiXY)' CPT i (MISII_?XY o Mi?w)
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