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1. Introduction

1.1 Background

The National Geospatial-Intelligence Agency (NGA) in collaboration with the Department of Defense (DoD) components, the Intelligence Community (IC), industry and academia have worked together to identify essential sensor parameters and standardize attendant metadata terms and definitions necessary to support the capability of precise geopositioning.  This paper is the fourth in a series of papers issued to assist individuals and organizations involved in the development of new and/or modification of existing imaging sensors, the exploitation of products from imaging sensors or testing (verification, validation and/or certification) and approval of imaging sensors and attendant rigorous, physical sensor models.  The information contained in this paper is the product of this collaboration for Spotlight SAR.  These metadata describe essential characteristics of imagery collection sensors, and the metadata elements are precisely defined through applicable sensor model formulations.  The technical precision of metadata definition afforded by the formulations enables consistent parameter interpretation, leading to efficient sensor and tool development and exploitation.  The information and guidance provided in this paper serves to document the sensor and collector physics and dynamics essential to enable photogrammetry equations to establish the geometric relationship between sensor, image and object imaged.  This paper, as well as the others within the set, will aid the validation and Configuration Management (CM) processes of SAR geopositioning capabilities across the National System for Geospatial-Intelligence (NSG).
The information and guidance provided within this document is being applied to the “emerging” and under development NGA standardized specifications for Sensor Independent Complex Image Data (SICD) and Sensor Independent Derived Data (SIDD).  The SICD and SIDD product specifications are being developed to store and transmit complex image and derived products from a wide range of SAR sensors and data processing systems.  The SICD and SIDD products contain the complex/derived image pixel data and a complete set of metadata describing the radar collection, image geometry model and the image formation processing.
1.2 Approach 

This technical document focuses upon and details various sensor parameters to be considered when constructing a “Generic Spotlight SAR” sensor model.  Future versions of this document will include expansions upon the collection modes of ‘Stripmap’ and ‘Dynamic Stripmap”.  The document structure reflects that of previous information and guidance documents on sensor parameter standards.  The “frame” sensor model information and guidance document established a process, or template, for development of this and other sensor classes’ descriptions such as the LIDAR and Pushbroom/Whiskbroom Normative References.
1.3 References
The following referenced documents are indispensable for the application of this document. For dated references, only the edition cited applies. For undated references, the latest edition of the referenced document (including any amendments) applies.
1.3.1 Normative

Community Sensor Model (CSM) Technical Requirements Document, Version 3.0, December 15, 2005.

Federal Geographic Data Committee (FGDC) Document Number FGDC-STD-012-2002, Content Standard for Digital Geospatial Metadata: Extensions for Remote Sensing Metadata.
ISO TC/211 211n1197, 19101 Geographic information Reference model, as sent to the ISO Central Secretariat for registration as FDIS, December 3, 2001.

ISO TC/211 211n2047, Text for ISO 19111 Geographic information – Spatial referencing by coordinates, as sent to the ISO Central Secretariat for issuing as FDIS, July 17, 2006.

ISO TC/211 211n2171, Text for final CD 19115-2, Geographic information – Metadata – Part 2: Extensions for imagery and gridded data, March 8, 2007.

ISO TC/211 211n1017, Draft review summary from stage 0 of project 19124, Geographic information – Imagery and gridded data components, December 1, 2000.

ISO TC/211 211n1869, New Work Item Proposal and PDTS 19129, Geographic information – Imagery, gridded and coverage data framework, July 14, 2005/

National Geospatial-Intelligence Agency, National Imagery Transmission Format Version 2.1 For The National Imagery Transmission Format Standard, MIL-STD-2500C, May 1, 2006.

National Imagery and Mapping Agency, System Generic Model, Part 5, Generic Sensors, December 16, 1996.

North Atlantic Treaty Organization (NATO) Standardization Agreement (STANAG), Air Reconnaissance Primary Imagery Data Standard, Base document STANAG 7023 Edition 4, October 12, 2009.
Open Geospatial Consortium, Inc., Transducer Markup Language Implementation Specification, Version 1.0.0, OGC© 06-010r6, December 22, 2006.

Open Geospatial Consortium, Inc., Sensor Model Language (SensorML) Implementation Specification, Version 1.0, OGC© 07-000, February 27, 2007.

1.3.2 Informative

Mikhail, Edward M., James S. Bethel, and J. Chris McGlone. Introduction to Modern Photogrammetry. New York: John Wiley & Sons, Inc, 2001.
Wonnacott, William Mark. “Geolocation with Error Analysis Using Imagery from an Experimental Spotlight SAR”. Doctor of Philosophy Dissertation. Purdue University. West Lafayette, IN. 530 pages. December 2008.
1.4 Overview of SAR Formulation Paper

Section ‎2 provides an overview of the coordinate systems, applicable to airborne imaging sensors in general, that are used in documenting an image geometry model.  Three types of coordinate systems are defined, i.e., Earth, platform, and image.  Section ‎3 provides a high level overview of the types of SAR imaging systems, the physics behind them, and some insight into image formation.  Section ‎4 defines the coordinate systems that are specific to the SAR image geometry model including both airborne and spaceborne.  Section ‎5 mathematically describes the transformations between coordinate systems required as components to the overall image-to-ground transformation.  Section ‎6 provides a detailed documentation of the mathematical modeling used in writing a CSM compliant generic spotlight SAR sensor model.  Sections ‎7 through ‎9 provide a glossary, abbreviated terms, and symbols.  Finally, Section ‎10 contains a list of all metadata elements required to perform precise geopositioning from SAR imagery.

2. Overview of Coordinate System Descriptions and Relationships

2.1 General Coordinate System Considerations

The purpose of a sensor model, aka image geometry model, is to develop a mathematical relationship between the position of an object on the Earth’s surface and the position of the imaged location of that object as recorded by an overhead sensor.  The Community Sensor Model’s (CSM’s) Application Programming Interface (API) requires that the object’s spatial position shall be given in the Earth Centered Earth Fixed (ECEF) Cartesian Coordinate System in units of meters.  Section ‎2.2 describes the ECEF coordinate system as well as other local coordinate systems that are used as intermediate steps to model the image-to-ground or ground-to-image transformations.  Section ‎2.3 presents the airborne platform coordinate system adopted by the navigation community; such convention is necessary for our discussion since it applies to the position and velocity metadata provided with SAR imagery.  Sections ‎2.4, ‎2.5, and ‎2.6 describe the relationship between an ISO standard for an image coordinate system and that specified by the CSM API.
SAR geopositioning is primarily dependent upon the accurate measurement of the sensor position and sensor velocity.  It should be noted that SAR geometric sensor models are completely independent of the sensor’s pointing attitude, which is quite different from geopositioning with passive light-sensing systems, such as frame and pushbroom sensors. This is because SAR images or other products
 are created by processing the radar signal’s time and frequency characteristics, rather than physical pointing characteristics.  Only the quality of the product (e.g., noise level, dynamic range) is a function of the pointing direction of the antenna, since the magnitude of the returned signal is dependent upon the amount of energy illuminating the region processed into the image, which is a function of the antenna beam pointing.  (This is analogous to a camera with an independently pointed light source, in which the camera can point in any direction, but the quality of the image depends upon where the light is pointing relative to the camera.) 

2.2 Earth Coordinate System

To simplify sensor model development, a stationary, non-time dependent coordinate reference frame is needed to which all other reference frames may be mathematically related.  We select a coordinate system (X, Y, Z) which is Earth-centered, Earth-fixed (ECEF) as shown in Figure 1. The X-Y plane is coincident with the equatorial plane. The X axis is positive in the direction of intersection with the Greenwich Meridian. The Z axis is parallel to the Earth’s rotation axis and is positive toward the North pole.  The Y axis is in the equatorial plane and completes a right-handed coordinate system; i.e., the cross-product of vectors along the X axis and Y axis is a vector in the direction of Z. Therefore any point (A) on the reference surface may be described in (X, Y, Z) coordinates, or alternatively in the equivalent longitude, latitude, and height (above ellipsoid) terms.  Likewise, a point can be described relative to a local reference system in an East-North-Up (ENU) orientation.  The ENU system is formed by a plane tangent to the Earth’s surface at a point designated as the ENU origin. In the ENU system, the “Up” axis is normal to the local tangent plane and positive toward the local zenith. The North axis is positive in the North direction, and East axis completes a right-hand Cartesian coordinate system.

[image: image1.emf]
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Figure 1. Earth-centered and local surface (ENU) coordinate frames
A reference ellipsoid is typically defined for a given reference system (e.g., WGS-84) and is mathematically defined by the semi-major axis and flattening factor.  Conversely, the Earth geoid is a theoretical surface of equal gravity potential that is often used to define Mean Sea Level (MSL) anywhere on the Earth’s surface.  Geoids are mathematically defined by a set of sinusoidal harmonic equations
 and are referenced by a particular gravity model, such as EGM-96.  Generally, the Up or Down directions for local coordinate systems are referenced to the local gravity acceleration vector, which is the normal to the Geoid surface.  However, many positioning systems now use GPS, which generally provides height relative to the WGS-84 ellipsoid.  Thus, it is imperative that collection systems define the reference for any height or elevation fields contained in metadata.  Height above the ellipsoid should be referred to as HAE, height above the geoid should be referred to as HMSL (Height above Mean Sea Level) or MSL, and height above the actual ground terrain level should be referred to as AGL.  Figure 2 shows the relationship between the ellipsoid, geoid, and various heights.
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Figure 2. Relationship between ellipsoid, geoid and heights

2.3 Airborne Platform Coordinate System

A platform coordinate reference system, applicable to airborne systems, is defined with respect to its center of navigation, fixed to the platform structure.  The analogy of the platform coordinate system for spaceborne systems is addressed in Section ‎4.  The axes are defined as: Xa positive along the heading of the platform, along the platform roll axis; Ya positive in the direction of the starboard (right) wing, along the pitch axis such that the Xa/Ya plane is horizontal when the aircraft is at rest; and Za positive down, along the yaw axis.  The platform coordinate reference system is also closely related to a North-East-Down (NED) reference system with its origin at the center of navigation.  In horizontal flight, the platform Za axis is aligned with the Down (D) axis. The North-East plane is parallel to the plane tangent to the Earth reference ellipsoid at the intersection of the D axis (Figure 3).  Therefore, the orientation of the platform reference system, defined in terms of its physical relation (rotation) about this local NED system (Figure 4) is as follows:

Platform heading - horizontal angle from north to the NED horizontal projection of the platform positive roll axis, Xa (positive from north to east).  Note that platform heading may differ from the vehicle’s true heading, which is defined in the direction of the instantaneous velocity vector.
Platform pitch - angle from the NED horizontal plane to the platform positive roll axis, Xa-axis (positive when positive Xa is above the NED horizontal plane, or nose up).

Platform roll - rotation angle about the platform roll axis; positive if the platform positive pitch axis, Ya, lies below the NED horizontal plane (right wing down).


[image: image3]
Figure 3. Earth and local platform (NED) coordinate frames
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[image: image4.wmf]
Figure 4. Platform body coordinate reference frame relative to local (NED) frame

2.4 Imagery Sensor Storage Layout as Per ISO

Typical of common imagery formats, and in particular MIL-STD-2500C, picture elements (pixels) are indexed according to placement within a “Common Coordinate System” (CCS), a two-dimensional array of rows and columns as shown in Figure 5.  There are three coordinate systems commonly associated with digital and digitized imagery:  1) row and column (r, c) in units of pixels; 2) line and sample (ℓ, s) in units of pixels; and 3) x and y, usually linear measures in units such as mm.  The origin of the CCS is the upper left corner of the first pixel at row=1, column=1.
Figure 5

. Image coordinate system based on the “Common Coordinate System” (CCS)

2.5 Row, Column (r, c) to Line, Sample (ℓ, s) Coordinate Transformation

The mathematical developments that follow are based on a Line-Sample, (ℓ, s), coordinate system, with the geometric center of the image as the origin.  The (ℓ, s) coordinates are computed from their (r, c) coordinates by two simple translations:
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	Eq. 1


Where Cℓ and Cs are each half of the image pixel array size, in pixels, in the row and column directions, respectively.
Examples: 

1. Non-symmetrical Array (Figure 5, left): For Cℓ = 4/2 = 2.0, Cs = 5/2 = 2.5, rp = 1.6 pixels, and cp = 4.7 pixels then
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	Eq. 2


2. Symmetrical Array (Figure 5, right): For Cℓ = 4/2 = 2.0, Cs = 4/2 = 2.0, rQ = 1.4 pixels, and cQ = 3.1 pixels then
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	Eq. 3


2.6 Image Coordinate System as Per CSM

An image coordinate system based on the Common Coordinate System was described in Section ‎2.4, but in practice many different conventions are used for addressing image pixels.  Pixels may be addressed in terms of row/column, or line/sample.  The CSM API defines the origin of the image coordinate system to be the upper-left corner of the upper-left pixel, but SAR image formation software typically defines the origin to be at the center of the upper-left pixel.  Whatever convention is adopted, the image metadata should define the pixel addressing convention, origin, and origin value for the image coordinate system.  The image coordinate system as defined by the CSM API is illustrated in Figure 6, and described as follows:

1. Pixel addressing convention:  Row/Column and Line/Sample are taken to be equivalent terms

2. Pixel Origin and Value: The upper-left corner of the upper-left pixel in the image is assigned an origin of (0,0), i.e., row=line=0, column=sample=0
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Figure 6. Image coordinate system adopted by CSM API

It is important to note that the SAR community prefers to use the center of the top left pixel as the origin of the image coordinate system, and with axes pointing in the same directions as that defined by CSM.  Therefore, the image coordinates of any points referenced in the metadata are typically with respect to the integer values of coordinates corresponding with pixel centers.  To convert these coordinates into CSM image coordinates, one would need to add a half pixel to the line and sample values provided in the metadata.
3. SAR Sensor Imaging Systems

SAR is an active sensing system that uses a series of electromagnetic (radio) pulses transmitted and received over time from a moving platform to create an image.  SAR differs from other types of radars, known as “Real Aperture Radars” (RAR), by creating a large “virtual antenna”, known as the synthetic aperture, which allows tight focusing of the “virtual beam” along the direction of travel, known as the along-track direction.  This allows a SAR system to achieve much higher image resolution in the along-track direction than is possible with a RAR system.  Before proceeding further, it is useful to become familiar with some of the important angles used in radar imaging, as shown in Figure 7.

[image: image9.emf]
Figure 7  Radar imaging angles.  SAR antenna is pointed (squinted) backward from broadside

3.1 SAR Resolution

Resolution is a loosely used word; however, it has a very specific meaning that is important to understanding SAR.  Resolution is frequently, and loosely, used to describe the size of image pixels as they are projected onto the ground or some other surface.  This is not resolution, but rather the ground sample distance (GSD) or pixel sampling distance.  The imprecise but common definition of image (spatial) resolution in the domain of remote sensing is:

“The limit on how small an object on the Earth’s surface can be and still be ‘seen’ by a sensor as being separate from its surroundings”

Resolution has an additional linguistic ambiguity, because “higher resolution” means smaller values of resolution metrics and to “increase resolution” means to decrease those metric values making the resolution better.  Conversely, “lower resolution” means larger values of resolution metrics and to “decrease resolution” means to increase the value of the metrics making the resolution poorer.  This language is illogical, but generally accepted.  In this document, the use of ambiguous terms has been avoided.
Resolution, in general, can be limited by many different factors, one of which is the rate at which information is sampled.  The GSD of an image is the result of a sampling process.  If an image is sampled below its theoretical maximum resolution – under sampling – then the sampling rate will determine the resolution; however, the sample rate is not the same as the resolution.  Sampling at higher than the theoretical maximum resolution – oversampling – will not change the resolution, but will waste storage space or bandwidth by retaining significantly redundant information.  GSD is important to photogrammetric calculations, because it defines the sample spacing in the image coordinate system and is usually related to the actual resolution of the system; however, it should not be confused with resolution in either optical or SAR systems.
The resolution of a SAR system is measured in terms of the system’s Impulse Response (IPR).  This is the width (e.g., in meters) of the return generated by an ideal point reflector.  This IPR width is directly related to resolution through Rayleigh’s criterion which “considers two points distinguishable if the central maximum of one [IPR] lies outside the first minimum of the other [IPR]”
 (see Figure 8).  This presumes, of course, that the response is sufficiently sampled.  The Nyquist–Shannon Sampling Theorem states
 that for band-limited signals with bandwidth B and time duration W there must be at least 2WB independent samples in order to exactly reconstruct the original signal.
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Figure 8  Resolution and the Rayleigh Criteria

The optimal sampling rate is sometimes referred to as the Nyquist Rate or the Nyquist Frequency.  This theorem also applies to spatial signals, such as images, and the practical application of this to imaging is that in order to retain all of the information acquired by a sensor (e.g., radar or optical), the image should be sampled at twice the resolution of the signal reaching the sampling device.  Other considerations, such as cost, efficiency, and value, may result in decisions to sample at lower rates.  For SAR, it is common to see sampling rates in the range from the Nyquist Rate to twice the Nyquist Rate, which translates to GSDs of the IPR width to 1/2 the IPR width, respectively.  From the standpoint of SAR photogrammetry, the GSD of the pixels is more important than the IPR; although understanding the range and azimuth resolution equations are fundamental to the photogrammetric process. Note, that this means that, in general, the mainlobe of a point return response in an image covers roughly 3x3 pixels in extent, regardless of resolution and for all common sampling rates. The object's geoposition is computed at the interpolated intensity peak in range and azimuth.
3.2 Basic Radar Principles

In order to discuss the principles of synthetic aperture radar, it is informative to understand some basic principles of real aperture radars.  Radar systems, in general, are ranging devices.  They measure the time it takes for a signal transmitted by an antenna to return to that antenna (or, in some cases, a different antenna), as well as the magnitude of the returned signal, as shown in Figure 9.  The resolution (i.e., the smallest spacing between two objects that can be differentiated) in the range direction (i.e., radially away from the antenna) is dependent upon the ability to accurately measure the pulse arrival times, which is highly accurate in modern radar systems.  For a general radar system transmitting un-coded rectangular pulses, resolution in the range direction is given by the following equation
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Where 
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Note that in Eq. 4 the range resolution is independent of the range, unlike in optical systems.
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Figure 9. Notional radar ranging

When a radar system is used to image the ground, the term slant range resolution is used to refer to the resolution in the range direction.  Ground range resolution,
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, refers to the resolution of the radar projected onto the ground surface, which varies with the grazing angle (Figure 7), 
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 – the angle between the ground surface and the direction of travel of the radar energy.  Thus, for a given radar altitude, the ground range resolution is always coarser than the slant range resolution, and the ground range resolution becomes poorer (i.e., decreasing resolvability) at nearer ranges.  Observe that this is opposite of the range-to-resolution relationship for optical systems.
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	Eq. 5


To measure returns of objects that lie orthogonal to the range direction, a real aperture radar system will change the position or pointing of the antenna either electronically or mechanically (e.g., Figure 10).  The one-way -3dB or half-power beamwidth of the real antenna is
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	Eq. 6


Where 
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In a SAR application the antenna beamwidth and phase must be considered over a two-way path so the net two-way -3dB beamwidth is given approximately by
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	Eq. 7


Where 
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We’ll take this opportunity to tie this discussion to the imaging problem.  Imagine we’re using the antenna to measure the response from a scene.  Since we’re using a radar, we’ll describe the object’s location in two coordinates – the distance from the radar and the beam position (angle) the object is in.  These coordinates are called “range” and “azimuth”.  The spatial separation required for objects to be in separate beam locations (azimuth resolution) depends on both the antenna beamwidth and the distance from the antenna.  For a real-aperture radar, resolution in the azimuth direction is given by the product of the slant range, R0, and the beamwidth in radians, 23:
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	Eq. 8


Where 
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Since the azimuth resolution is inversely proportional to antenna size and proportional to range to the target, long range imaging at even moderate resolution may require an antenna size that exceeds what can be practically built and carried on an aircraft. The invention of Synthetic Aperture Radar resolved this problem by using motion of the radar to synthesize a very large antenna.
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Figure 10. Antenna pattern showing 3dB width

3.3 Phased Array Antenna Basic Principles

It is not the intention of this section to be a complete development of phased array concepts, but rather a simple overview of their relevant characteristics.  Complete development of the theory can be found in most antenna theory textbooks.
The azimuth resolution of a real aperture radar system was seen to be inversely proportional to the antenna size.  As the antenna size increases the angular resolution improves so larger antennas are preferable.  Unfortunately, large antennas are not agile and cannot be easily “aimed” in the desired cross-range direction.  Electronically steered “phased array” antennas overcome this limitation.  A phased array antenna is composed of a collection of discrete radiating elements.  Often the elements are arranged in a linear or 2-D grid pattern but for simplicity we will consider only the 1-dimensional linear array of uniformly driven, uniformly spaced antennas.

The antenna pattern of a linear array can be shown
 to be
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	Eq. 9


Where 
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There are several features of interest in this pattern.  First, the main peak of the pattern (the main lobe, Figure 10) will occur in the direction
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	Eq. 10


Where 
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Notice that if the phase factor,
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.  If, for instance, the phase factor is set to 
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The second feature of interest is the relationship between the array length and the main lobe width.  If the array is composed of N elements separated by a distance of d then the total length, D, of the array will be D=Nd and it can be shown that the half-power (-3dB) two-way main lobe width is
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	Eq. 11


Where 
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The resulting azimuth resolution for the synthetic antenna is computed by substituting Eq. 11 into Eq. 8 to give
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	Eq. 12


Clearly as the length increases, either via the addition of constant-separation elements or by increasing the separation between elements, the beamwidth decreases and therefore the azimuth resolution increases.

3.4 Synthetic Aperture Radar Principles

The unique aspect of SAR is the method it uses for improving upon azimuth resolution by forming a synthetic virtual antenna that can be much larger than any plausible real antenna.  In addition, SAR systems use more advanced ranging techniques than those described above to improve range resolution.  This section is intended to give an intuitive feel for how SAR works.  It does not develop the signal processing necessary to form radar images.

3.4.1 Range Resolution in SAR

Recall from Section ‎3.2 that the range resolution is proportional to transmitted pulse width.  That is, shorter pulses yield better resolution.  However, since the energy contained in the pulse is proportional to its duration and power, short pulses require large powers to maintain signal-to-noise ratio.  There is a practical limit to how much instantaneous power can be generated and, therefore, a limit to how short the pulse can be.  Modern radar systems overcome this peak power limitation by employing a coded long duration pulse.  This coded, or chirped pulse, has an imposed modulation that allows the return pulse to be “compressed” in time.  After compression the effective slant-plane range resolution becomes
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	Eq. 13


Where B is the bandwidth of the chirped pulse, c is the speed of light, and Kr is an “excess bandwidth factor” to compensate for main lobe broadening caused by signal processing (window weighting).

3.4.2 Azimuth Resolution in SAR

SAR systems use information collected over many pulses along a path to synthesize a virtual antenna.  Recall in Section ‎3.3 we found that a phased array antenna could be generated by transmitting the same (or appropriately delayed) signal from a collection of individual antenna elements.  The resulting antenna acted in a manner virtually identical to a “real”, e.g., dish, antenna of the same size.  Notice, however, that the discussion did not require that all elements transmit at the same time.  Suppose, for instance, that the radar system transmits a pulse from each antenna sequentially rather than simultaneously.  If the system receives and stores the return from each antenna then the received signals can be combined (added) to produce the identical signal that would have been produced/received if the antennas had been used simultaneously.  This presumes, of course, that the scene does not change in any way during the now extended transmission and reception time and that the antennas are not moving.  Further, it is required that the return signal from the transmission at one location has completely decayed before listening at another location lest there be interference and a corrupted signal reconstruction.  This is the essence of synthetic aperture radar.  

The design of a SAR system is a complicated endeavor that ensures that the signals from the various array elements (i.e., the pulses received at each vehicle location) are correctly recorded and that there is sufficient data to remove various “corruptions”, most notably motion of the vehicle.  The image formation processor applies various corrections that ensure that signals from scatterers align and compress properly.  It is instructive to consider the limitations and capabilities of a SAR system in terms of the synthetic aperture generated by the collected pulses.  In general, the performance depends only on the synthetic aperture length. Limitations on the maximum length, however, often depend on the method (or “mode”) of collection.

3.5 SAR Imaging Modes

There are three primary types of SAR imaging modes used for ground imaging from aircraft and satellites: stripmap, spotlight, and dynamic stripmap.  In addition, a fourth mode used by some systems is called ScanSAR, which is not related to the general dynamic stripmap mode. The modes are a function of the way in which the synthetic apertures are created.  Scatterers contribute to the radar signal only during the time that they are in the synthetic aperture, with longer times resulting in better resolution.
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Figure 11  SAR collection modes

3.5.1 Spotlight Mode

In the spotlight mode, the antenna is steered to keep approximately the same ground area illuminated by the beam, as illustrated in Figure 11.  The illuminated area can be anywhere in the acquisition region of the SAR.  This means that the synthetic aperture length is not constrained by the real aperture beamwidth and can, therefore, be very large.  This can result in significantly better resolution than stripmap mode. As per Eq. 12 and recognizing that the synthetic aperture diameter (D in Eq. 12) is LSA and the angle off the main lobe ( in Eq. 18) is the Doppler cone angle, the azimuth resolution for spotlight mode is defined by
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	Eq. 14


Where 
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It is often convenient to remove the apparent dependency on the slant range distance, RSR, by recalling that the angle subtended by the synthetic aperture is 
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	Eq. 15


Where 
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Substituting Eq. 15 into Eq. 14 and assuming that the angle 
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 is small so we can approximate the tangent with a sine, we have
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	Eq. 16


Where
[image: image45.wmf]q

D

:

angular interval subtended by synthetic aperture length L at scene center


RSR:

slant range


LSA:
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excess bandwidth factor due to antenna weighting

Note that the synthetic aperture, LSA, for spotlight mode is not dependent on the real antenna beam width, as with stripmap mode.  Hence, the resolution can be greatly improved by increasing the dwell time (i.e., the time that is spent illuminating the same target area) by moving the antenna beam.  This allows for efficient imaging of many small scenes during one flight.  It should be noted that spotlight mode requires an antenna that can steer the beam during flight.  This imparts additional complexity in the antenna system to either electronically or physically steer the real antenna aperture.

3.5.2 Stripmap Mode

In stripmap mode, the antenna pointing is fixed relative to the flight path, as shown in Figure 11. Often, but not always, the beam is pointed at broadside (i.e., orthogonal to the velocity vector).  As the platform moves, the beam sweeps a swath along a strip of terrain that is parallel to the path of motion.  This mode is used primarily for continuous mapping applications.
Consider again Figure 11.  We can see that any given scatter on the ground is illuminated for as long as the real aperture two-way antenna pattern “covers” the scatter location.  That is, the synthetic aperture length, LSA, is equal to the real antenna beam width on the ground at the location (range) of the scatterer.
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	Eq. 17


Where 
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Substituting into Eq. 12 we can compute the azimuth resolution of the stripmap mode SAR as
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	Eq. 18


Where 
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The azimuth resolution of the stripmap SAR system collecting at broadside (= 90o) is roughly equal to one half the real aperture antenna length, and is independent of both frequency (wavelength) and range.

3.5.3 Dynamic Stripmap Mode

Dynamic stripmap mode SAR is actually the most general SAR mode.  It combines the characteristics of spotlight mode and stripmap mode, each of which can be formulated as special cases of dynamic stripmap mode.  In dynamic stripmap mode, the beam is steered to illuminate a strip of terrain that can be at any angle with respect to the direction of motion.  Because of this, scatterers may be illuminated for differing amounts of time.  Moreover, the beam can be steered to both scan and increase dwell, thereby allowing better resolution than stripmap mode by scanning more slowly than the aircraft motion alone. Dynamic stripmap mode is primarily used for imaging, at medium to high resolution, large scenes that are not parallel to the flight path.  This can increase collection efficiency particularly for satellites, because their flight paths are fixed.  The azimuth resolution for dynamic stripmap mode imagery depends upon the scan rate relative to each pixel. 

3.5.4 ScanSAR Mode

ScanSAR mode is an additional mode that has been defined by some SAR data providers.  ScanSAR is not a true Scan mode, but rather a special case of the stripmap mode.  ScanSAR incorporates a process for time-sharing an electronically steered phased array antenna to quickly move the beam from one strip to a parallel one so that multiple strips can be illuminated in one pass.  However, because the strips are not continuously illuminated for as long as they are in stripmap mode, not as many range lines are collected and, thus, ScanSAR modes have poorer resolution.  The strips are typically processed into slightly overlapping images that are then “stitched” into large area images. Individual strips from the ScanSAR collections can be treated photogrammetrically as separate stripmap mode images.

3.6 Doppler Frequency

Prior discussions (e.g., Section ‎3.5) considered the overall range and angular resolution of a synthetic aperture radar system by viewing the SAR collection process from the viewpoint of a large (synthetic) phased array antenna.  Here we consider a slightly different viewpoint that leads to an efficient processing algorithm.

Let’s begin with the pulse transmitted and received at the center of a broadside SAR collection.  Suppose the return from a scatterer at scene center is received at time t0.  For the next pulse, the range to the target will have increased slightly and, therefore, the return time will have increased slightly.  The pulse following will be received slightly later still.  Figure 12 shows this behavior graphically.  Each received pulse is represented by a colored shifted sinusoid.  If we look at a constant-sample slice through the received signals (red line in Figure 12) we see that the inter-pulse behavior is a sinusoid whose instantaneous frequency various linearly with pulse.  That is, there is an azimuth “chirp” across pulses in a manner analogous to the linear chirp used in the range direction.  It is this azimuth chirp that is often exploited in high-speed image formation processors since fast frequency analysis algorithms exist (e.g., FFT).  We can develop this a little more formally.
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Figure 12. Notional lay-down of pulses

Assume a broadside collection in which we’ll define x0 to be the location of the real antenna at broadside.  The distance from the antenna to a target at scene center at this broadside point we’ll call R0.  The slant range for a pulse which occurs at position x is then
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	Eq. 19


Where 
R:

slant range distance


R0:

slant range “reference” (slant range at broadside)


x0:

position of antenna at broadside (usually x0=0)

x:

position of antenna for given pulse

If we expand Eq. 19 in a Taylor series about the point x0 and keep the first three terms we have
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	Eq. 20


Where 
R:

slant range distance 


R0:

slant range “reference” (slant range at broadside),


x0:

position of antenna at broadside (usually x0=0) 


x:

position of antenna for given pulse


R´:

first derivative of R with respect to x evaluated at x0

R˝:

second derivative of R with respect to x evaluated at x0
Evaluating we have
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	Eq. 21
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	Eq. 22


giving
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	Eq. 23


We are interested in the change in phase caused by changing range, that is the phase change when compared to a “reference” which, in this case, we’ll choose to be broadside when R=R0.  Then the two-way change in phase is given by
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	Eq. 24


Recall that the instantaneous frequency is the derivative of the phase function giving us
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	Eq. 25


Eq. 25 describes a Linear Frequency Modulation (LFM) waveform in the azimuth direction analogous to the LFM used for pulse compression in the range direction.  That is, a scatterer at the reference location (usually scene center) generates a quadratic phase change (linear instantaneous frequency) pulse-to-pulse. This phase change is caused by the pulse-to-pulse change in distance, not by the Doppler shift caused by a moving platform.  Nonetheless, the frequency change is still identified as “Doppler”.  The LFM chirp associated with the center scatterer gives us the reference signal used to “dechirp” the azimuth samples (Figure 13).  After dechirp, a scatterer at the reference azimuth will have constant zero frequency.  Scatterers offset from the reference azimuth will have a non-zero frequency proportional to the distance (Figure 14).  The image formation processor uses this offset-dependent frequency to identify the azimuth location of the scatter.  Usually an FFT is utilized due to its high efficiency.  This ability of the SAR processor to identify target locations in azimuth (Doppler) and in range gives the range-Doppler image coordinates.
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Figure 13. Notional reference azimuth chirp
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Figure 14. Notional signal after azimuth dechirp

3.7 SAR Image Formation Processor

The process of turning raw pulse data as collected by the SAR system into a displayable, exploitable image falls to the image formation processor (IFP).  Modern IFPs are digital software applications that perform the necessary conversions, corrections, and signal processing to turn the raw signals collected at the sensor positions (i.e., pulses) into a high quality, displayable, geometrically correct image.  Four types of IFPs include: 1) Polar Format Algorithm (PFA), 2) Range Migration Algorithm (RMA) or Chirp Scaling Algorithm (CSA), 3) Range Doppler Algorithm (RDA), and 4) Back Projection Algorithm (BPA).

Most applications of SAR imagery require results that can be presented as maps with accurate geographic coordinates. Whether these maps are digital or hardcopy, analysts need to be able tie the SAR images to other existing products.  This is generally accomplished by georectifying the images.  In this context we will use the term georectified to describe all images which have been projected and resampled such that movements in the line and sample direction of the image are directly proportional to movements in the “U” and “V” axes, respectively, of the desired SAR output surface (see Section ‎5.2) defined in an absolute sense with respect to the ECEF Coordinate System.  Georectified images are accurate representations so long as the scene content is flat.  They will, in general, still contain image displacements due to topographic relief.  These relief displacements can also be removed in a process called differential rectification or orthorectification, and the resulting products are called orthorectified imagery.

Not all image formation processors produce georectified imagery nor are all images necessarily georectified even if the IFP is capable of rectifying them.  Such images are able to be georectified but such rectification generally requires detailed knowledge of the image formation process in addition to the collection geometry.  We will call such imagery “georeferencable”.  The pixels in a georeferencable image are not regularly spaced in any geographic/map projection coordinate system, however sufficient metadata is available so the images could be rectified.  An example of a common georeferencable image would be a range-Doppler, slant plane image.  Such an image generally has pixel samples in constant range and constant Doppler (range rate) which must be projected based on the type of IFP that was used and resampled in order to produce a georectified image. The remainder of this document focuses on georectified imagery, with only high-level discussion of georeferencable imagery.  Future versions or appendices may document the steps to geolocate from georeferencable imagery.  Furthermore, the remainder of the document will consider only spotlight SAR imagery.  Future versions may consider stripmap, dynamic stripmap, and/or scan modes.

The term focus plane is commonly used when discussing SAR image formation.   The focus plane is the plane chosen by the IFP in which to optimally focus radar scatters.  Often the IFP focuses radar scatters in the ground plane.  Factors such as terrain steepness, however, may favor other choices.

Thus far, we have described the fundamentals of SAR imaging and how raw pulse data collected by the SAR system is transformed into an exploitable image product by the IFP.  We now begin the process of describing how precise geopositioning and error modeling is performed using SAR imagery, using knowledge of SAR collection geometry, coordinate systems, and image support data (metadata)  associated with the image.   In order to lay the groundwork for understanding the process of mapping SAR image space coordinates to ground space coordinates, the following sections introduce the relevant coordinate systems.

4. SAR Sensor Coordinate Systems

SAR sensor coordinate systems have many unique terms and quantities.  The fundamental reference data needed for performing photogrammetric processing with SAR images are: 1) The sensor position at the aperture reference point (ARP), RARP; 2) The sensor velocity vector at the ARP, VARP; and 3) The scene center point (SCP), RSCP.  The scene center point is a predefined, ECEF coordinate located at or near the center of the area covered by the image that serves as the reference point for geolocation. Other terms used interchangeably with scene center point are output reference point (ORP) and ground reference point (GRP).  Ground reference point is somewhat of a misnomer, as there is no assurance that the SCP/GRP is actually located on the “ground.” 

Unlike passive projective imaging sensors (e.g., frame or pushbroom optical sensors), SAR sensors do not strictly have an “interior orientation” that can be physically modeled.  This is because the SAR images or image-like products are generated from the phase history data (PHD).  Pulses are transmitted by the radar part of the sensor; the magnitude, phase, range, Doppler-angle, and time of the returned signal are sensed by the radar system; and then the SAR processor calculates an aggregate magnitude and phase for each range-Doppler cell, or pixel, within the desired footprint.  These can be output in any desirable coordinate system or projection.  This section will describe coordinate systems for most common SAR output formats.  

In the PHD, the return from a given scatterer actually exists in many different range-Doppler cells.  The aggregation process, known as image formation, combines the relevant signals into one complex number, and associates it with a single range-Doppler cell relative to a fixed reference point within the synthetic aperture.  This reference point is the ARP and it is frequently defined by the physical location of the sensor at the center of the synthetic aperture.  In some cases, however, the ARP may be defined in other ways, such as the mean of several intermediate points along the antenna path, RARP(t). For purposes of geopositioning, it is not critical to know how the ARP is derived.  Geopositioning only requires the ARP used to form the image product (or part of a product).  For spotlight mode imagery, there is almost always one synthetic aperture and therefore one ARP for all pixels in the image.  For stripmap and dynamic stripmap mode imagery, the synthetic aperture varies continuously along the strip or scan, so the ARP is defined as a function of time, with each image line having its own ARP.  For stripmap mode, the Doppler angle is identical for every line; whereas for dynamic stripmap mode, the Doppler angle may vary from line-to-line or possibly even pixel-to-pixel.

This view can be generalized mathematically for image products from all SAR modes, with pixel values (either real or complex) being a function of slant range, RS, Doppler angle, α, and time, t:
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	Eq. 26


For spotlight mode, t = constant, and for stripmap mode, α = constant.  In this general formulation, the ARP, the SCP, and the velocity vector are all functions of time.  Since time is constant for spotlight mode, a single set of data must be provided for each image.  For other modes, sufficient sets of data must be provided either directly (e.g., one set for each image line) or indirectly (e.g., periodic sets with time stamps, from which each line’s values can be accurately estimated, or polynomial coefficients that can be used to compute them).
It is important to recognize that a given range value represents a sphere of constant distance from the sensor, shown in Figure 15.  Similarly, a given Doppler angle represents a cone defined by a constant angle, the Doppler angle, from the velocity vector of the sensor.  As shown in Figure 15, the intersection of these two surfaces is a circle called the “range-Doppler” circle.  Thus, each pixel’s value is an aggregation of all signals received from anywhere along that circle.  This viewpoint is analogous to representing a pixel in an optical sensor as an aggregation of all light energy received along a single ray. 

[image: image61.wmf]
Figure 15. Intersections of range sphere, Doppler cone, and plane 

4.1 Polar Coordinate System

Thus, a natural coordinate system to use for addressing spotlight SAR pixels is defined by the two axes: slant range, Rs, and Doppler angle, α. When an image is formed in this coordinate system, it is usually referred to as the “polar form” of a SAR image, since it forms a 2-D polar coordinate system when projected to a plane that passes through the velocity vector, as shown in Figure 16.
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Figure 16. Polar format image projected into ground plane

4.2 SAR Output Surfaces

With SAR, however, the choice of a particular image product’s output surface and coordinate system is arbitrary.  Pixel values can be computed on a plane referenced to the SAR sensor, on a plane referenced to the Earth, or onto a terrain surface, such as one might do to create an ortho-rectified image. The term output plane will be used to describe the plane in which the image pixels lie.  The most common output planes are the slant plane and ground plane; and the most common non-planar output surface is an inflated ellipsoid.  The slant plane is defined as a function of the following three elements: 1) The sensor velocity vector at the ARP; 2) The sensor position at the ARP; and 3) The scene center point (SCP).  Specifically, the slant plane is formed by two vectors, the first one being from the ARP position in the direction of the ARP velocity, and the second one being from the ARP to the SCP. The ground plane is defined as the plane tangent to a reference ellipsoid at the SCP. Many applications perform coordinate transformations between the slant plane and ground plane, so the relationship is important to understand.  Figure 17 shows the elements that define the slant plane and ground plane.  Note that both planes are tied to the Earth ellipsoid surface at the SCP, permitting coordinate transformations to and from each plane. 
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Figure 17. Elements defining the slant plane and ground plane

4.3 Slant Plane Coordinate System

As previously defined, the slant plane is a plane formed by two vectors originating at the ARP:  the first is aligned with the ARP velocity vector and the second passes through the SCP. The aircraft trajectory is usually close to a straight line; however, it often has some variation from it.  As a result, the velocity vector, in general, changes as a function of time.  Therefore, the ARP velocity vector is required for practical purposes in spotlight mode imagery.  In the other modes, the variation in the velocity vector is accommodated by the time-dependent nature of the metadata.  SAR products are almost always formed with the SCP at the center of the image in the range direction.  For spotlight mode, it is usually placed at the center of the image in azimuth, as well.  For other modes, the center of each product line is defined as the SCP for that line.  Note that for non-spotlight modes, the variable nature of the SCP and velocity vector implies that the slant plane may vary with each line and so the image may not actually be formed on a single plane.  Regardless, it is still usually called a slant plane image.

As shown in Figure 18, the slant plane coordinate system is defined by three orthogonal unit vectors originating at the SCP. 
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 completes a right-handed coordinate system. 
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are sometimes referred to as the range unit vector, azimuth unit vector, and slant plane normal unit vector, respectively. Typically, the image column/sample direction is aligned with 
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, and the row/line direction is aligned with 
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.  (Note: if an image is collected off of broadside (i.e., with a non-zero squint angle), then the slant plane image will be approximately a parallelogram when projected to the ground.)  While a polar format can be used for the coordinate system, images are usually generated, either directly or via resampling, onto a pixel coordinate system with pixel spacings that are equidistant along both orthogonal axes – as opposed to the polar format, which is equidistant in range and equiangular in azimuth.  (Note: The slant plane is sometimes called the SAR plane, because the SAR image is natively formed in that plane.
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Figure 18. Relationship between slant plane and ground plane coordinate systems

The following vectors and points are shown in Figure 18:

1) 
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: Slant plane unit vectors

2) 
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: Ground plane unit vectors

3) 
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: Aperture reference point (ARP)

4) 
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: ARP velocity vector

5) 
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:  Scene center point (SCP)

4.4 Local Slant Plane System

When propagating SAR error covariances from image space to ground space, it is convenient to quantify and combine the error sources in their native space, uniquely defined for a point P, prior to transforming them to a Cartesian coordinate system that is applicable to all points in the image.  A local slant plane coordinate system, sometimes referred to as a local “range/azimuth” coordinate system, is used for this purpose and is uniquely defined for a point P.  The origin of the local range/azimuth coordinate system is the point P that lies in the slant plane.  The local range axis is aligned with the vector from the point P to the ARP, and the local azimuth axis completes a right-handed coordinate system with the local slant plane normal and local range axis.  Therefore, the local range axis aligns with the range axis of the polar coordinate system, and the local azimuth axis is tangent to the azimuth axis of the polar coordinate system at point P.  Refer to Figure 19 for a comparison of the slant plane system, used globally to reference any point in the image, to the local slant plane system, defined uniquely per point.  Section ‎6 makes use of the range/azimuth coordinate system in various equations related to SAR error modeling.
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Figure 19. Local slant plane system

4.5 Ground Plane Coordinate System

The ground plane is defined as a plane that is tangent to the Earth’s surface at the GRP.  Interestingly, this can be somewhat ambiguous.  First, as stated above, the GRP may not be on the Earth’s surface, and second, “the Earth’s surface” can be defined in a number of ways.  Most commonly, the plane that is used is orthogonal to the Earth ellipsoid normal and passes through the GRP for Spotlight mode, or through a central GRP for other modes.  Although it is possible for images to be formed directly in the ground plane, ground plane images are most often created by projecting the slant plane image into the ground plane, requiring a resampling of the slant plane image.  Such resampling requires a transformation from ground plane to slant plane.  The mapping between slant plane and ground plane is usually accomplished in one of two ways.  The most rigorous mapping technique is to follow the corresponding range-Doppler circle, illustrated in Figure 15, from the pixel in the ground plane until it reaches the slant plane and perform bi-linear interpolation to obtain the pixel intensity value.  To save computation time the second technique is to use a set of polynomial equations that relate coordinates in the ground plane to coordinates in the slant plane.  The typical polynomial form, chosen for simplicity, is a plane-to-plane coordinate transform called a 2-D affine transform: 
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	Eq. 27


X is the 2 by 1 vector containing the slant plane output surface coordinates [Us, Vs] in meters, Y is the 2 by 1 vector containing the ground plane output surface coordinates [Ug, Vg] in meters, A is the 2 by 2 affine matrix, a function of two scales, a rotation, and a skew; and b is a 2x1 translation vector whose values are usually zeros since the SCP is typically the origin of both the slant plane and ground plane output surface coordinate systems.  Given a pixel in the ground plane image, i.e., during image formation, its corresponding location in the slant plane can be determined by first inverting the affine transform to recover the equivalent slant plane pixel coordinates and again performing bi-linear interpolation to obtain the pixel intensity value.  In these cases where the ground plane image is not formed by following range-Doppler circles, the affine transform parameters used to perform the coordinate transform from slant plane to ground plane or their inverse must be provided with a ground plane SAR product in order to allow photogrammetric processing.

Figure 18 shows the relationship between the slant plane and ground plane coordinate systems, which are discussed in the next section.

4.6 Geographic Coordinates on the Inflated Ellipsoid Surface

The inflated ellipsoid coordinate system uses a fixed height, h, above the Earth’s ellipsoid, and is modeled by writing the equation of a WGS-84 ellipsoid with semi-major and semi-minor axes inflated in value by h.  The height is usually that of the SCP, for spotlight mode, or some average height for the other modes.  This coordinate system is primarily used with non-spotlight modes that cover large areas, for which the Earth’s curvature makes planar projections impractical.  In order for an ellipsoidally projected SAR product to be useful photogrammetrically, the method that the SAR provider uses for defining a pixel’s coordinate must be clear.  Typically, one axis (usually the x-axis) is defined along the surface of the Earth’s inflated ellipsoid in the instantaneous ground range direction, and the other axis (usually the y-axis) is defined in the instantaneous velocity vector direction.  So for any pixel in the image or product, the x and y coordinates uniquely define a point in the ECEF coordinate system, on the inflated ellipsoid, through which the range-Doppler circle passes. During exploitation, the coordinates of such point must be calculated by inverting the data provider’s method for forming the image.

For example, given an ellipsoid inflated by an amount h, and image coordinates x and y, one might first determine the geographic coordinates, latitude, , and longitude, λ, from 
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	Eq. 28


using the product provider’s conversion method.  The latitude, longitude, and height would then be converted from geodetic to geocentric coordinates as follows:
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	Eq. 29


Where a and b are the WGS-84 semi-major and semi-minor axes, respectively, and f is the WGS-84 flattening factor.
The computed X, Y, and Z coordinates define a point on the inflated Earth ellipsoid (surface upon which the SAR image was formed) through which the range-Doppler circle passes.  As mentioned in Section ‎5.5, in some cases during image formation the pixels are projected along the slant plane normal instead of along range-Doppler circles to do the re-sampling; and in this case the sensor model must first project the point from the inflated ellipsoid to the slant plane before performing precise geolocation along the associated range-Doppler circle.

4.7 In-track, Cross-track, Radial Coordinate System

The in-track, cross-track, radial, or ICR coordinate frame is an ECEF, platform-based coordinate system, usually with origin at the vehicle center of mass.  Because it is platform based, it is the natural frame in which to specify errors in vehicle position and velocity (i.e., ephemeris errors).  The in-track direction is defined by the vehicle’s velocity vector, the radial direction points along the direction from the earth’s geocenter through the vehicle, and cross-track direction completes a right-handed system.  Two orientations of the ICR system are possible depending on the vehicle velocity vector.  For some satellite platforms, the in-track axis is aligned with the vehicle’s inertial velocity vector, orienting the ICR system to an Earth-Centered Inertial (ECI) frame (Figure 20).  For other satellite platforms and most airborne systems, the in-track axis is aligned with the aircraft’s ECEF velocity vector, orienting the ICR system to an ECEF frame (Figure 21).
When position and velocity errors are specified in an ICR frame, the SAR metadata should designate whether the frame is aligned with the ECI or ECEF frame, in order to properly handle coordinate transformations between the ICR system and other systems.  At issue is the handling of earth-relative angular velocity in ICR coordinate transformations.  For systems that define ICR with respect to ECEF, Earth-relative angular velocity may be considered to be zero, but for systems that define ICR with respect to ECI, the proper Earth-relative angular velocity must be used. 
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Figure 20. ICR coordinate system oriented to an Earth-centered inertial (ECI) frame.  The in-track (I) axis is aligned with the vehicle’s ECI velocity vector.
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Figure 21. ICR coordinate system oriented to an Earth-fixed Earth-centered (ECEF) frame.  The in-track (I) axis is aligned with the vehicle’s ECEF velocity vector.

5. Transformations between Coordinate Systems

Section ‎4 provided definitions of the common coordinate systems used in development of a SAR sensor model.  A high level description of possible transformations used in image formation was described, both from ground plane to slant plane and inflated ellipsoid to slant plane.  In order for a sensor model to correctly exploit a SAR image for precise geopositioning, the exact transformations used in image formation must be inverted so that the imaged location can be calculated in ECEF ground coordinates.  This imaged location defines a point through which the range-Doppler circle (RDC) passes.  This circle is also known as the imaging locus, a collection of all possible 3-D positions that map to a specific image location.

Figure 22 is a flow diagram illustrating the steps involved from time of active sensing to producing a detected image, and examples of the possible paths to a formed image.  The purpose is to put these transformations into context in terms of the coordinate systems defined in Section ‎4.  The figure shows five example scenarios of forming a geo-rectified detected image: 1) slant plane, 2) ground plane by projecting along RDC, 3) ground plane by projecting along slant plane normal (SPN), 4) inflated ellipsoid by projecting along RDC, and 5) inflated ellipsoid by projecting along SPN.  Scenarios 1 and 2 can be treated equivalently using the algorithm to be outlined in Sections ‎6.1 and ‎6.2.  Scenarios 3 and 5 require use of Eq. 27 in order to project along the SPN once the point is located on the output surface.  Scenario 4 requires use of Eq. 28 in order to locate the point on the output surface; and then once located one can apply the range-Doppler condition equations presented in Section ‎5.3.  In summary, the SAR geolocation process generally requires first determining the ECEF coordinates in the slant plane through which the imaging locus passes, and then writing the range-Doppler condition equations.  If the image was formed by projecting along the range-Doppler curves from the slant plane to the output surface, then projecting back to the slant plane is not necessary.  Instead the process requires first determining the ECEF coordinates in the output surface through which the imaging locus passes, and then writing the range-Doppler condition equations. 
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Figure 22. Flow diagram from active sensing to image formation

The following subsections detail the steps and equations required to transform line and sample image coordinates to ECEF ground coordinates, i.e., an image-to-ground mapping.  It addresses the specific Scenarios 1 and 2 (defined in the previous paragraph) of geo-rectified spotlight SAR images where its metadata provides the ECEF coordinates of the output plane unit vectors and image coordinates map into the output plane via a simple four parameter transformation with two scales and two translations.  Note that the mathematics is presented with sufficient generality that the output plane defined during image formation could have been aligned with the ground plane, the slant plane, or some other arbitrary plane. 

5.1 Image Coordinates to Output Plane Coordinates

Output plane coordinates are defined as offset distances from the scene center point along the image line and sample axes.  Given image line and sample spacing in meters/pixel and the line/sample values at the SCP (from the image metadata) we can translate and scale image line and sample coordinates to output plane U and V coordinates:
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	Eq. 30
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	Eq. 31


Note that SAR images are often oversampled during image formation, with pixel sampling distances being smaller than the image resolution in order to retain maximum information.  Thus, fields labeled as “Resolution” or “IPR” should not be used for line and sample spacing.
5.2 Output Plane Coordinates to ECEF Coordinates

5.2.1 Output Plane Unit Vectors

The conversion from output plane coordinates to ECEF coordinates requires the output plane unit vectors and the coordinates of the SCP, both given in ECEF coordinates.  Generally, the output plane unit vectors are included with the image metadata, but they may be easily computed with knowledge of the output plane type (e.g., slant, ground) and the corresponding elements defining the output plane (Section ‎4.2 and Figure 17).
5.2.1.1 Slant Plane Unit Vector Computation

1. Set the SCP and ARP position vectors in the ECEF coordinate system.
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	Eq. 32
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	Eq. 33


2. Compute the SCP-to-ARP slant range unit vector.
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	Eq. 34


3. Compute a slant plane normal vector.  Take the cross-product of the slant range unit vector and the sensor velocity vector.
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	Eq. 35


4. Determine the look direction of the sensor.  The look direction is the side of the vehicle that data was collected on, left or right, relative to the vehicle velocity direction.  The look direction is required in order to orient the slant plane normal away from the Earth and create the desired right-handed coordinate system.
a. Set ECEF “pole” vector. 
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	Eq. 36


b. Compute the unit vector normal to the reference ellipsoid at the SCP.
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	Eq. 38


Where e´2 is the square of the second eccentricity of the reference ellipsoid, and is given by
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	Eq. 39


And f is the flattening factor of the reference ellipsoid
c. Compute the look direction (+1 = left-looking, -1=right-looking).
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	Eq. 40


5. Compute the slant plane unit normal, adjusted for look-direction.

	

[image: image95.wmf]s

s

L

s

n

n

K

Z

×

=

ˆ


	Eq. 41


6. Compute the cross-range unit vector, completing the right-handed coordinate system.
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	Eq. 42


5.2.1.2 Ground Plane Unit Vector Computation

1. Set ECEF “pole” vector as per Eq. 36.

2. Set the SCP and ARP position vectors in the ECEF coordinate system as per Eq. 32 and Eq. 33.

3. Compute the ground plane unit normal vector, as per Eq. 37 and Eq. 38, since it coincides with the unit vector normal to the reference ellipsoid at the SCP.
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	Eq. 43


4. Compute the ground plane unit vector in the cross-range direction.
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	Eq. 44


5. Compute the ground plane unit vector in the range (SCP-to-ARP) direction.
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	Eq. 45


Figure 18 shows the relationship between the slant plane unit vectors and the ground plane unit vectors.

5.2.1.3 Output plane coordinates to ECEF

Given output plane unit vectors, output plane coordinates U and V can be transformed to the ECEF system.  The first step is to combine the unit vectors into a 3x3 transformation matrix that transforms SCP offset distances (U,V) to three-dimensional output plane coordinates relative to the SCP as origin.  The transformation matrix for slant plane images is given by
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	Eq. 46


Note that the transformation direction indicated by the subscript “ECEF/UV” reads right-to-left, i.e., UV-to-ECEF.  Similarly, the transformation matrix for ground plane images is given by
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	Eq. 47


The matrix transforms the offset vector (U,V) into three components in the ECEF coordinate system.  Adding the SCP position vector yields the coordinates of the ground point, G, in the output plane referenced to the ECEF system. 
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	Eq. 48


Where 
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 is written in general to apply to either the slant plane or ground plane special case.

5.3 ECEF Output Plane Coordinates to Terrain Surface Coordinates

We have described how image line and sample coordinates are transformed to output plane coordinates referenced to the ECEF system. To obtain a useful ground coordinate, output plane coordinates are usually mapped to a terrain surface such as that defined by a digital elevation model.  In the midst of coordinate transformations, it is important to keep in mind that a line and sample in a SAR image represent range value and range rate (Doppler) values.  The range value of a pixel identifies a sphere of constant radius, while the Doppler value identifies a cone of constant angle.  The intersection of the range sphere and Doppler cone is a range-Doppler circle.  If a plane is intersected with the range-Doppler circle, as shown in Figure 15, the intersection occurs at two points on the circle.  If this plane is assumed to be the output plane, then the output plane coordinates computed by the method in the previous section represent one of these two intersection points.  If we wish to compute coordinates on a surface other than the output plane, we can “follow” the range-Doppler circle that passes though the output plane coordinates until it intersects a desired terrain surface, e.g., a Digital Elevation Model (DEM), and compute the ECEF coordinates at that intersection point. Following the range-Doppler circle from its intersection with the output plane to another surface requires that the range and Doppler values corresponding to the output plane coordinates be held constant. Therefore, two conditions must be maintained for following the range-Doppler circle: 1) The distance (range) from the ARP to the point in the output plane must be kept constant; and 2) The range rate (Doppler) from the ARP to the point in the output plane must be kept constant.  These two conditions are called the range sphere condition and the Doppler cone condition.

5.3.1 Range Sphere Condition

The range condition requires that the distance from the ARP to a ground point be equal to its observed distance.  This constrains the location of the ground point to be on a sphere with radius equal to the observed distance.  The range condition equation is given by
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	Eq. 49


Where:
R:
ECEF coordinates of the unknown ground point


RARP:
ECEF coordinates of the ARP position

The observed value, Rangeobs, is computed by the equation:
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	Eq. 50


Where 
[image: image106.wmf]G

is the observed location of the unknown ground point in the output plane computed as a function of the measured line and sample coordinates in the image; see Eq. 48.  The term Rangeobs is itself considered an observation because the SAR sensor actually measured the range from the ARP to the unknown point.
5.3.2 Doppler Cone Condition

The Doppler angle value of a pixel identifies the surface of a cone of angle,(, from the antenna’s velocity vector that is defined by the Doppler cone equation or Doppler cone condition:
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	Eq. 51


Where:
VARP:
ECEF coordinates of the sensor velocity vector,

R:
ECEF coordinates of the unknown ground point

RARP:
ECEF coordinates of the sensor position


:
Doppler cone angle

It is interesting to note that when the Doppler angle is 90°, the Doppler cone becomes a plane, and the right side of Eq. 51 goes to zero.  This is the case for many stripmap mode imaging systems.

For computation purposes we may rewrite the condition equation to eliminate the need for the Doppler cone angle:
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	Eq. 52


The observed value, Dopplerobs, is computed by the equation:
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Where 
[image: image110.wmf]G

is the observed ground point as a function of line and sample, as computed in Eq. 48.

5.3.3 Solution of range-Doppler condition equations

For SAR images and products, the range sphere and Doppler cone condition equations (Eq. 49 and Eq. 52) together define the imaging locus, which is precisely the arc of a circle.  Because of the non-linearity of these equations, however, the image-to-ground function is usually constructed as an iterative procedure; see Section ‎6 for details.  The SCP is often used as an initial estimate of the ground coordinates, but a simplified model, such as the corner coordinates commonly provided in the metadata may also be used (see box below).
There are two geolocation scenarios that use the range-Doppler equations to compute a precise geoposition, similar to the methods used for an optical sensor and their collinearity equations.  These are:

1. Intersect the range-Doppler circle for a given pixel with a known elevation, such as a DEM, and 

2. Use two or more images of the same ground area and find the “intersection” of the two or more range-Doppler circles associated with the corresponding pixels.

A Note About Non-photogrammetric Methods

As with optical images, SAR images often come with Earth coordinates that can be used for rudimentary positioning.  For example, given a slant plane or ground plane image, the corners of the image are often projected to a tangent plane or some other simple model of the Earth’s surface, such as the Earth ellipsoid or the geoid.  Combined with the pixel count or pixel GSD, this can be used to estimate surface coordinates.  However, since the true location of a pixel from a single image is ambiguous, these methods are only rough approximations (in fact, these approximations can be very inaccurate when variations in terrain are not taken into account).  One can think of these ambiguities as analogous to the perspective distortion seen in optical images taken at oblique angles.
These two geolocation scenarios are solved by the sensor exploitation tool (SET) and are therefore beyond the responsibility of the sensor model builder as described in Section ‎6.  However, the following two sub-sections provide a brief overview for completeness.

5.3.3.1 Mono Image with an Elevation Source

Given an elevation source, such as a known object height or a DEM of the Earth’s surface, and the equation of the circle for a given pixel, we can calculate the intersection of the two.  (This is equivalent to using the collinearity equations for an image from an optical sensor in the same fashion.)  Generally, there will be two intersections – one on the left side of the velocity vector and one on the right.  Since the pointing direction from the ARP to the SCP is known, only one of these makes sense.  The equations must be solved iteratively due to the non-linear nature of the range-Doppler condition equations.   Techniques such as those in [13] can be applied.

When a DEM is used, it is possible for the circle to intersect the DEM more than once on the same side of the sensor, however.  This can occur, for example, in mountainous areas where there is significant terrain relief or in urban areas where a high-resolution surface DEM can represent buildings and other structures in great detail.  The cause of this multiple-intersection is radar return information in a single range-Doppler cell that comes from more than one surface location.  This is an ambiguity in SAR data that cannot be resolved.  The visual image effect of this ambiguity is known as layover, since it appears in the image that the near-vertical face of an object (e.g., mountain, building) appears to “lay-over” on the surfaces in front of the object (see Figure 23 and Figure 24).  When performing geopositioning, this becomes a concern if the resolution of the DEM results in ambiguities where multiple 3-D ground or object points map to the same image point.
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Figure 23. Layover effect.  Point B is at a higher elevation than point A.  This causes a displacement in the SAR image whereby point B appears to be located at point B’.
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Figure 24. Typical layover seen in aircraft radar images of mountainous terrain.  The beam is directed from right to left. 

5.3.3.2 Multi-Ray Intersection

When two images are collected of the same ground location (assuming different ARPs), the pixels associated with that location in each image will define distinct range-Doppler circles.  The intersection of those two circles or, more specifically, the intersections of the two Range Spheres and two Doppler Cones will define the 3-D coordinates of a point.  Note that the simultaneous solution of the two Range and two Doppler equations is overdetermined, as there are four equations and three unknowns.  Hence, any errors in the range or Doppler information in either image will result in a variety of closed solutions.  Figuratively, this means that the range-Doppler circles do not directly intersect, but come very close.  Iterative least squares techniques, such as those discussed in [13], must be used to solve for the optimal (in a least squares sense) result.
5.4 Geodetic to Geocentric Transformation

The transformation of geodetic coordinates latitude, , longitude, λ, and height, h, to ECEF geocentric position vector (X, Y, Z) is
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5.5 Geocentric to Geodetic Transformation

The geocentric to geodetic transformation converts a geocentric position vector to geodetic latitude, longitude, and height above ellipsoid.  Given a vector in ECEF coordinates, (X, Y, Z), the semi-major axis of the reference ellipsoid, a, and the first eccentricity squared of the reference ellipsoid, e2, the geodetic latitude, , and longitude, λ, height above the ellipsoid, h, can be computed.
  The steps for computing the geocentric to geodetic transformation are given below, and refer to geometric elements of the reference ellipsoid described in Figure 25.
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Figure 25. Reference Ellipsoid Geometry
Glossary


a, f
-
Semi-major axis and flattening factor of the reference ellipsoid

b
-
Semi-minor axis of the reference ellipsoid: 
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Beginning with the equation for the reference ellipsoid,
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Iterating, starting with h = 0,
	

[image: image136.wmf](

)

1

2

1

tan

-

-

=

e

p

Z

i

f


	Eq. 72


	

[image: image137.wmf]i

i

i

b

a

a

N

f

f

2

2

2

2

2

sin

cos

+

=


	Eq. 73


	

[image: image138.wmf]i

i

i

N

p

h

-

=

f

cos


	Eq. 74


The second iteration begins with hi, Ni, and i,
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Continue until
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And
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Where
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And
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Note: Use four quadrant arctangent function when computing the longitude.

There are also non-iterative, closed form solutions for the geodetic coordinates from the geocentric coordinates. Krakiwsky & Wells
 and Korn & Korn
 involve the solution of a quartic or biquadratic equation in terms of the tangent of the geodetic latitude (tan). Depending on the application, it may be more useful to use this formulation.

5.6 ENU to ECEF Transformation

The transformation matrix for converting from local east, north, up (ENU) coordinates to ECEF is given by
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	Eq. 84


Where:
  geodetic latitude, in radians, of the ENU origin

geodeticlongitude, in radians, of the ENU origin
Note that the transformation direction indicated by the subscript “ECEF/ENU” reads right to left, i.e., ENU-to-ECEF.  The transpose of Eq. 84 gives the transformation in the opposite direction, from ECEF to ENU:
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5.7 ICR to ECEF Transformation

Transformation from the ICR to ECEF coordinate system is given by the following steps:

1. Set the Earth inertial spin rate vector, based on whether the vehicle is a satellite, subject to effects of motion relative to the Earth’s rotation, or an aircraft, where effects of vehicle motion relative to the Earth’s rotation are negligible.

a. For a satellite
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       Where e = Earth inertial spin rate in radians/second, not including precession

b. For an aircraft
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2. Convert ECEF sensor velocity to inertial velocity in the ECEF frame
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3. Compute the radial, cross-track, and in-track unit vectors.
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4. The transformation matrix from ICR to ECEF is given by
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Where:
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And the transformation from ECEF to ICR is given by
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5.8 External Influences on Geopositioning Accuracy

Atmospheric Refraction.  The atmospheric refraction of the microwave radiation should be adjusted for within the image formation processor.  Errors in the estimation of this factor during image formation may affect accuracy at longer ranges.  Generally, geopositioning should not need to consider a correction due to this factor.  However, the fact that this correction is not perfect needs to be considered in the error propagation; see Section ‎6.
Curvature of the Earth.  The curvature of the Earth should be adjusted for within the image formation processor.  Generally, geopositioning should not need to consider this factor.

6. Math Model for a Generic Spotlight SAR Sensor

Building on the background given in the previous sections, this section describes a rigorous math model for a generic spotlight SAR sensor.  A CSM compliant plug-in has been built using C++ source code that is documented in this section. The model can support both air and space borne sensors and is sensor “agnostic” as long as the necessary metadata elements are populated correctly.  The description is limited to basic photogrammetric operations for exploiting a single image, and follows the requirements set forth in the Community Sensor Model (CSM) Technical Requirements Document Appendix C, Application Program Interface
. The CSM API defines an application program interface for implementing sensor model photogrammetric operations, and the interface between a plug-in CSM sensor model and a host Sensor Exploitation Tool (SET).  The following sections describe the basic CSM photogrammetric functions required to perform mappings between image space and ground space, including adjustable parameters,  condition equations, partial derivatives, coordinate transformations, and the error covariances needed to perform rigorous error propagation.

6.1 Adjustable Parameters

Adjustable parameters are parameters in the sensor model that have error covariances associated with them and whose values can be computed during triangulation [13], resection [13], or model-based registration operations.  In the CSM approach, each adjustable parameter has two values.  The first value, called the original parameter value, is initialized from the original image metadata.  The second value, called the current parameter value, represents the value of the parameter after any adjustments have been made by an external application (e.g., triangulation, resection) and then passed into the model.  If no adjustments have been made, then the current parameter value is equal to the original parameter value.  Some of the basic CSM photogrammetry functions in the generic spotlight SAR model make use of both original and current parameter values.

There are seven adjustable sensor parameters in the generic spotlight SAR model: Sensor position (three parameters), sensor velocity (three parameters), and range bias.  Sensor position and velocity values are expressed as corrections to nominal position and velocity in the in-track, cross-track, radial (ICR) coordinate system because this is the natural system for modeling their errors.  Range-bias describes the errors due to unmodeled electronic delays between the time the radar signal reaches the receiving antenna and the time the signal is digitized.  Range-bias, called rangeBias in the equations below, is expressed in distance units in the range direction in the local slant plane coordinate system.  From a resection standpoint, the range-bias parameter is highly correlated with the elements of sensor position.  Therefore, the SET should not attempt to solve for range-bias at the same time as sensor position.  Instead, range-bias should be treated like a shared parameter, i.e., one that is estimated via sensor calibration when multiple overlapping images are available.  All seven adjustable parameters initially have expected values of zeros and are therefore initialized as such. 

6.2 Basic CSM Photogrammetry Functions

6.2.1 Ground-To-Image

The CSM groundToImage function maps a ground coordinate in a three-dimensional ECEF coordinate system to an image point in a two-dimensional image coordinate system.  The range and Doppler cone condition equations (Eq. 49 and Eq. 52, respectively) are used in an iterative, least-squares technique to solve for the image coordinates.  The steps in the algorithm are given below:
1. Set position vector of input ECEF coordinates.
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2. Compute the current value of the sensor position and velocity.  In the generic spotlight SAR model, the sensor position and velocity adjustable parameters are stored in the ICR coordinate system and must be converted to ECEF and added to the original sensor position and velocity values from the metadata to determine the current parameter value.
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3. Compute estimated range vector, estimated range, and estimated Doppler based on ECEF input point and current values of the sensor position and velocity parameters.
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4. Initialize the unknown output plane coordinates (U, V) to zero.

5. Transform (U, V) to ECEF (Eq. 48).
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6. Compute observed range vector, observed range, and observed Doppler based on the original metadata values of the sensor and velocity parameters.
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	Eq. 102


7. Compute partial derivatives of range condition equation (Eq. 49) with respect to (U, V).
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Where 
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  are the output plane unit vectors.  Recall that the output plane can be either the slant plane, the ground plane, or an arbitrarily defined plane, as mathematically defined in Sections ‎5.2.1.1 and ‎5.2.1.2, respectively.
8. Compute partial derivatives of Doppler condition equation (Eq. 52) with respect to (U, V).

	

[image: image182.wmf](

)

op

obs

T

obs

obs

obs

ARP

T

ARP

obs

D

X

r

r

r

r

V

V

r

U

F

orig

orig

ˆ

2

×

÷

÷

÷

÷

÷

÷

ø

ö

ç

ç

ç

ç

ç

ç

è

æ

÷

÷

ø

ö

ç

ç

è

æ

×

·

-

×

=

¶

¶


	Eq. 105


	

[image: image183.wmf](

)

op

obs

T

obs

obs

obs

ARP

T

ARP

obs

D

Y

r

r

r

r

V

V

r

V

F

orig

orig

ˆ

2

×

÷

÷

÷

÷

÷

÷

ø

ö

ç

ç

ç

ç

ç

ç

è

æ

÷

÷

ø

ö

ç

ç

è

æ

×

·

-

×

=

¶

¶


	Eq. 106


9. Compute range and Doppler misclosure.
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10. Compute and apply the corrections to the unknown parameters U and V.
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11. Repeat steps 5 through 10 until the sum of the absolute values of the corrections (U, V) are less than the desired precision (e.g., 0.001 meters).

12. Convert the final U and V coordinates back to line and sample.
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Note that [14] provides a direct, non-iterative, solution to the ground-to-image function that offers advantages to the developer of the function without error propagation.  The approach developed in this formulation paper allows for analytical partial derivatives to be calculated much more simply, at the cost of requiring iterations.

6.2.2 Image-To-Ground

The CSM imageToGround function maps an image point in a two-dimensional coordinate system to a ground point (with coordinates X, Y, Z) in the three-dimensional ECEF coordinate system.  The range and Doppler cone condition equations (Eq. 49 and Eq. 52, respectively) are used in an iterative, least-squares technique to solve for the image coordinates.  To solve for the three unknown ECEF coordinates, a third equation is needed to resolve the height component.  In the generic spotlight SAR model, an inflated ellipsoid condition equation is added to the algorithm:
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	Eq. 116



Where: 
a = semi-major axis of the reference ellipsoid
b = semi-minor axis of the reference ellipsoid
h = height above ellipsoid associated with the measured input image point

The computed values and steps in the imageToGround algorithm are similar to the groundToImage algorithm:

1. Compute output plane coordinates U and V from the input line and sample
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2. Transform (U, V) to ECEF (Eq. 48).
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3. Compute observed range vector, observed range, and observed Doppler based on the original metadata values of the sensor and velocity parameters.  Therefore, robs, Rangeobs, and Dopplerobs are computed using Eq. 100, Eq. 101, and Eq. 102, respectively.

4. Set the initial approximation of the unknown ECEF parameter vector.  The SCP serves as a good initial approximation.
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	Eq. 119


5. Compute the current value of the sensor position and velocity.  In the generic spotlight SAR model, the sensor position and velocity adjustable parameters are stored in the ICR coordinate system and must be converted to ECEF and added to the original sensor position and velocity values from the metadata to determine the current parameter value.
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TECEF/ICR is the transformation matrix from the ICR to ECEF coordinate system (Section ‎5.7).

6. Compute estimated range vector, estimated range, and estimated Doppler based on the current values of the ground coordinates, sensor position, and velocity adjustable parameters.

	

[image: image200.wmf]curr

ARP

est

R

R

r

-

=


	Eq. 122


	

[image: image201.wmf]est

est

est

r

r

r

=

ˆ


	Eq. 123


	

[image: image202.wmf]est

est

r

Range

=


	Eq. 124


	

[image: image203.wmf]est

est

ARP

est

r

r

V

Doppler

curr

·

=


	Eq. 125


7. Compute partial derivatives of range condition equation with respect to (X, Y, Z). 
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	Eq. 126


8. Compute partial derivatives of Doppler cone condition equation with respect to (X, Y, Z).
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9. Compute partial derivatives of ellipsoid condition equation with respect to (X, Y, Z).
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	Eq. 130


10. Compute range, Doppler, and ellipsoid misclosure.
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11. Compute and apply the corrections to the unknown parameters (X, Y, Z).
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12. Repeat steps 6 through 11 until the sum of the absolute values of the corrections ( vector) are less than the desired precision (e.g., 0.001 meters).

13. The final ECEF coordinates (X, Y, Z) are contained in the position vector, R.

Again, note that [14] provides a direct, non-iterative, solution to the image-to-ground function that offers advantages to the developer of the function without error propagation.  The approach developed in this formulation paper allows for analytical partial derivatives to be calculated using simpler formulas, at the cost of requiring iterations.

6.2.3 Compute Sensor Partial Derivatives

The computeSensorPartials function is used to return the partial derivatives of image line and sample with respect to the adjustable sensor parameters.  The Jacobian of sensor parameter partial derivatives in the generic spotlight SAR model is given by
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Where:
l, s: 


image line and sample


XARP ,YARP, ZARP:

corrections to sensor position in ICR coordinate system


VXARP ,VYARP, VZARP:
corrections to sensor velocity in ICR coordinate system


rangeBias:

range bias defined in Section ‎6.1
Condition equations directly relating line and sample to the sensor parameters are not easily derived.  We can compute partials of line and sample with respect to the sensor parameters by computing partials in range/Doppler space as we have done in the groundToImage and imageToGround functions and chaining the results together as follows:

1. Convert the input ECEF ground point to line and sample using the imageToGround function.

2. Convert the line and sample returned from imageToGround to U and V using Eq. 30 and Eq. 31.

3. Compute the partials of the U and V equations (Eq. 30 and Eq. 31) with respect to line and sample:
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	Eq. 140


4. Compute the partials of the range and Doppler condition equations with respect to U and V, as given by Eq. 103, Eq. 104, Eq. 105, and Eq. 106:
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	Eq. 141


5. Compute the partials of the range and Doppler condition equations with respect to line and sample using the chain rule for derivatives:
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	Eq. 142


6. Compute the partials of the range and Doppler condition equations with respect to the seven sensor parameters, denoted by the term SensorPar:
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Where 
[image: image224.wmf]curr
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are given by Eq. 120 and by Eq. 121, respectively.
7. Compute the Jacobian of partials of line and sample with respect to the sensor parameters using the chain rule for derivatives:
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Note that the matrix of partial derivatives bracketed in the above equation is invertible and is essentially always approximately a diagonal matrix.
6.2.4 Compute Ground Partial Derivatives

The CSM computeGroundPartials is used to return the partial derivatives of image line and sample with respect to an ECEF ground point.  The Jacobian of ground point partial derivatives in the generic spotlight SAR model is given by
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Condition equations directly relating line and sample to an ECEF X, Y, Z ground point parameters are not easily derived.  We can compute partials of line and sample with respect to X, Y, Z by computing partials in range/Doppler space as we have done in the groundToImage and imageToGround functions and chaining the results together as follows:

1. Perform steps 1 through 5 of Section ‎6.2.3. 
2. Compute the partials of the range and Doppler condition equations with respect to X, Y, Z, as given by Eq. 126 and Eq. 127:
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3. Compute the Jacobian of partials of line and sample with respect to X, Y, Z, using the chain rule for derivatives:
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	Eq. 149

	Again, note that the matrix of partial derivatives bracketed in the above equation is invertible and is essentially always approximately a diagonal matrix.


6.3 SAR Error Model

In all the metric applications of imagery, the quality of the extracted information is considered as important as the information itself.  This is particularly true for geopositioning applications, which require high levels of accuracy and precision.  Although CSM has adopted the ECEF coordinate system for ground coordinates, the location of an object in the three-dimensional ground space is usually presented to a user in terms of its geodetic coordinates of longitude ((), latitude ((), and height (above the ellipsoid, h).  Although there are many ways to express the quality of the coordinates, the most fundamental is through the use of an error covariance matrix.  For example:
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	Eq. 150


in which (X2, (Y2, (Z2 are the error variances of the coordinates in East, North, and Up, respectively, and (XY, (XZ, (YZ  are covariances between the coordinates, which reflect the correlation between them.  Note that when a sensor model returns a ground covariance matrix to the SET, its X, Y, Z will correspond to ECEF coordinates; therefore its covariance matrix will need to be transformed so that X, Y, Z correspond to East, North, and Up.  The practice is often to reduce these six different numbers to only two:  one expressing the quality of the horizontal position and the other the quality in the vertical position.  The first is called circular error, or CE, and the second linear error, or LE.  Both of these can be calculated at different probability levels, CE50 for 0.5 probability, CE90 for 0.9 probability, etc.  Commonly used measures, particularly by NGA under “mapping standards,” are CE90 and LE90.  The CE90 value is derived from the 2x2 submatrix of ( that relates to X, Y, or Z.
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	Eq. 151


The LE90 is calculated from (Z2.  In these calculations, the correlation between the horizontal (X, Y) and vertical (Z) positions, as represented by (XZ, (YZ, are ignored (i.e., assumed to be zero).

In order to have a realistic and reliable value for the estimated covariance matrix, (, of the geoposition, all the quantities that enter into calculating the coordinates X, Y, Z must have realistic and dependable variances and covariances.  These latter values present the image sensor modelers and exploiters with the most challenge.  Sensor designers frequently do not provide any reasonable estimates of the expected errors associated with their sensor parameters.  For well-calibrated sensors, it is usually reasonable to have the values of the needed sensor parameters as well as their quality.

The quality of the six adjustable SAR ephemeris parameters can be determined via analytical or empirical methods during a resection or triangulation process.  Since these parameters are carried as adjustable parameters, it is not as critical to have good prior error estimates.  These prior values can be approximate since, through the adjustment process, they will be refined through rigorous error propagation associated with least squares adjustment.  These updated parameter covariances are, in turn, used in a rigorous propagation to produce the final covariance matrix, (, associated with each object point.

For a SAR sensor, the corresponding full covariance matrix associated with ephemeris error is given by the following 21 elements:
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	Eq. 152


The diagonal elements of the square symmetric non-singular matrix in Eq. 152 are the variances of the ICR sensor position parameters (RI, RC, RR) and their corresponding ICR velocities (VI, VC, VR).  The off-diagonal elements of the matrix, EPH, in Eq. 152 are the covariances among all six components of the position and velocity.

Covariances will always exist if the image has been processed through either single image resection or as part of multi-image triangulation.  For an unprocessed image, EPH may simply be a diagonal matrix containing variances, with all off-diagonal elements being zero.  On the other hand, for a processed image, EPH will be a full matrix.  In fact, for two processed images i and j, the total covariance matrix, TOT will be a 12-by-12 symmetric non-singular matrix of the form:
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	Eq. 153


For a pair of correlated images, the matrix in Eq. 153 needs to be provided in order to calculate quality measures associated with physical sensor models, particularly when such models are used to extract geopositions from the image pair.

The most difficulty is encountered when no adjustability is allowed and the information is based solely on the image metadata.  In this case, if the input values for the quality of the parameters are either grossly in error, or non-existent, the propagated geolocation covariance matrix, (, can be considerably in error.  This is of particular concern when performing stereo intersections using SAR, as discussed in Section ‎5.3.3.2
The generic spotlight SAR error model estimates the uncertainty in an image or ground location computed by the ground-to-image and image-to-ground transformations.  The error model accounts for uncertainties in:

· Ephemeris (sensor position and velocity)

· Range bias from unmodeled electronic delays
· Signal propagation delays through the atmosphere

· Image processing/model error, i.e., unmodeled error

The following sections develop the error covariances for these models, and describe their implementation in ground-to-image and image-to-ground error propagation.

6.3.1 Ephemeris Error Covariance

The ephemeris error covariance combines the 21 elements of the sensor position and velocity error covariances as shown in Eq. 152.  It can be constructed from individual components as follows:

1. Position-position covariance:
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	Eq. 154


2. Position-velocity covariance:
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	Eq. 155


3. Velocity-velocity covariance:
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	Eq. 156


4. Total ephemeris covariance in the ICR system:
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	Eq. 157


6.3.2 Range-Bias Covariance

Range-bias errors are errors due to unmodeled electronic delays between the time the radar signal reaches the receiving antenna and the time the signal is digitized.  In the image metadata, range-bias error is given in distance units in the local slant plane range/azimuth coordinate system described in Section ‎4.4.  Because range-bias error is defined only in the range direction, the range-bias covariance matrix is given by a single 1-sigma error value resulting in the variance rb2.
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	Eq. 158


6.3.3 Atmospheric Error Covariances

The sensor-to-target distance, or slant range, is computed based on the two-way time delay associated with transmitting and receiving a radar pulse.  For the purpose of computing the slant range, radar signals are assumed to travel at the speed of light.  Variations in the index of refraction of the ionosphere and troposphere, however, cause variations in the average speed of light through these layers of the atmosphere.  These variations in the speed of light, therefore, cause errors in estimated slant range distance which are equivalent to range location errors for all image pixels.
  

In the image metadata, error caused by propagation delays through the atmosphere are expressed as range and azimuth (range rate) uncertainties in excess vertical path length. These errors are typically expressed in a local vertical system where the line-of-sight (slant range) vector intersects particular layers of the atmosphere (Figure 26).  Atmospheric models call these layers “shells” or “scale heights”. Generally, one or two shells are used to model a particular layer of the atmosphere.  In the generic spotlight SAR model, the troposphere and ionosphere are modeled as single shells at heights of 7 km and 350 km above the Earth, respectively.  A simple geometric ratio may be used to relate the vertical direction to the line-of-sight or slant range direction.
  This vertical-to-slant ratio is computed by taking the cosecant of the path elevation angle, which is defined as the local grazing angle at a given shell height.  The ratio is used in sensitivity matrices that transform troposphere and ionosphere error values obtained from the image metadata into errors in the local slant plane range/azimuth system.
  From the local slant plane system, the errors are transformed to the ICR system for folding into the total sensor parameter covariance (Section ‎6.3.5). The following sections define these sensitity matrices and show how they are used to construct the troposhere and ionosphere error covariances.
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Figure 26. Atmosphere Error Model Geometry

Notation:

Re 
Earth radius, set to unity for derivations

H 
Distance from Earth center to atmospheric scale height (e.g., troposphere, ionosphere)

r
Target-to-vehicle range (line-of-sight) vector

RA 
Atmosphere/line-of-sight intersection position

R 
Target position

RARP 
Sensor position
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Unit vector normal to reference ellipsoid at target position R

eca
Earth central angle

gr
Grazing angle at the target position R

GR(H)
Path elevation angle, the local grazing angle at the atmospheric scale height

la
Path look angle, the angle between nadir at point RA and the range vector r

6.3.3.1 Troposphere Error Covariance

Steps for computing the troposphere error covariance at ECEF point R are as follows:

1. Compute slant plane unit vectors per Section ‎5.2.1.1, substituting the point R about which the error is to be computed, in place of RSCP.

Let:



[image: image241.wmf]r

ˆ

= slant plane unit vector in the range direction with origin at point R


[image: image242.wmf]a

ˆ

= slant plane unit vector in the azimuth (cross-range) direction with origin at point R
2. Compute the local “up” unit vector per Section ‎5.2.1.1, substituting the point R about which the error is to be computed, in place of RSCP.
Let:


[image: image243.wmf]R
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= local “up” unit vector at point R
3. Compute the vertical component of the range unit vector.  This is equivalent to the sine of the local grazing angle.
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	Eq. 159


4. Compute the vertical component of the azimuth (cross-range) unit vector.
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	Eq. 160


5. Compute the normalized radial distance from Earth center to the height of the troposphere.  The troposphere scale height is defined to be 7000 meters.
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Where a is the semi-major axis of the reference ellipsoid.
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6. Compute the cosecant (1/sin) of the path elevation angle. This geometric ratio maps the local vertical at the scale height to the local slant range direction.
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7. Compute the sensitivity of slant plane range and azimuth errors to range uncertainty in excess vertical path length.  Use the geometric vertical-to-slant ratio, ftrop, to perform the transformations.

a. Sensitivity of local range error to range uncertainty in excess vertical path length:
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b. Sensitivity of local azimuth error to range uncertainty in excess vertical path length:
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	Eq. 165



Where gr = grazing angle (computed in Section ‎6.4.1)

The total troposphere sensitivity matrix is given by:
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	Eq. 166


8. Propagate the variance of excess vertical path length error into the local slant plane range/azimuth coordinate system.
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Where 
[image: image253.wmf]rg

trop

s

 = troposphere excess vertical path length range standard deviation.  The troposphere covariance in the range/azimuth coordinate system is given by
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	Eq. 168


6.3.3.2 Ionosphere Error Covariance

Steps for computing the ionosphere error covariance are as follows:

1. Compute slant plane unit vectors per Section ‎5.2.1.1, substituting the point R about which the error is to be computed, in place of RSCP.

Let:

[image: image255.wmf]r

ˆ

= slant plane unit vector in the range direction with origin at point R

[image: image256.wmf]a

ˆ

= slant plane unit vector in the azimuth (cross-range) direction with origin at point R
2. Compute the local “up” unit vector per Section ‎5.2.1.1, substituting the point R about which the error is to be computed, in place of RSCP.
Let:


[image: image257.wmf]R
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= local “up” unit vector at point R
3. Compute the vertical component of the range unit vector. This is equivalent to the sine of the local grazing angle.
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4. Compute the vertical component of the azimuth (cross-range) unit vector.

	

[image: image259.wmf]a

U

a

R

v

ˆ

ˆ

·

=
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5. Compute the azimuth (cross-range) component of the sensor velocity.
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6. Compute azimuth angular velocity.
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	Eq. 172


7. Compute the normalized radial distance from Earth center to the height of the ionosphere.  The ionosphere scale height is defined to be 350,000 meters.
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Where a is the semi-major axis of the reference ellipsoid
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8. Compute the cosecant (1/sin) of the path elevation angle.  This geometric ratio maps the local vertical at the scale height to the local slant range direction.
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9. Compute the sensitivity of slant plane range and azimuth errors to range and azimuth (range rate) uncertainties in excess vertical path length.  Use the geometric vertical-to-slant ratio, fion, to perform the transformations.

a. Sensitivity of local range error to range uncertainty in excess vertical path length:
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	Eq. 176


b. Sensitivity of local range error to azimuth (range rate) uncertainty in excess vertical path length:
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	Eq. 177


c. Sensitivity of  local azimuth error to range uncertainty in excess vertical path length:
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	Eq. 178



Where gr = grazing angle (computed in Section ‎6.4.1)

d. Sensitivity of local azimuth error to azimuth (range rate) uncertainty in excess vertical path length:
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	Eq. 179


Where a is the azimuth angular velocity and 1/a represents the rate of change in Doppler angle.

The total ionosphere sensitivity matrix is given by
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10. Propagate the variance of excess vertical path length error into the range/azimuth (local slant plane) coordinate system.
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Where:
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    = ionosphere excess vertical path length range standard deviation
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= ionosphere excess vertical path length azimuth (range rate) standard deviation
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= correlation coefficient between ionosphere range/azimuth standard deviations

The total ionosphere covariance in the range/azimuth coordinate system is given by
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	Eq. 182


6.3.4 Unmodeled error covariance

The unmodeled error covariance is populated from the image metadata image processing/model error fields.  Image processing/model error is given in local slant plane range/azimuth space and, following CSM convention, must be converted to image space for use within the generic spotlight SAR model.  The CSM getUnmodeledError function returns the unmodeled error covariance for a given line and sample:

1. Compute the height above ellipsoid at the SCP by converting the SCP from geocentric to geodetic coordinates (Section ‎5.5).

2. Compute the vector of ECEF coordinates, R, from the given line and sample, and the height computed from step 1 using the CSM imageToGround function.

3. Compute slant plane unit vectors per Section ‎5.2.1.1, substituting point R about which the error is to be computed, in place of RSCP.

Let: 


[image: image275.wmf]r

ˆ

= slant plane unit vector in the range direction with origin at point R

[image: image276.wmf]a

ˆ

= slant plane unit vector in the azimuth (cross-range) direction with origin at point R
4. Compute the output plane sensitivity matrix.  This matrix relates errors in local slant plane range/azimuth space to errors in the output plane.
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Where:
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= output plane unit vectors

5. Set a transformation matrix for scaling output plane distance units to image space pixels.
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6. Set the range/azimuth space processor/model covariance.
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Where the following are given in the image metadata:
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= standard deviation of image processing/model error (range direction)


[image: image283.wmf]az
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= standard deviation of image processing/model error (azimuth direction) 


[image: image284.wmf]pm

r


= correlation coefficient between image processing/model error in range 


   and azimuth directions

7. Convert the image processing/model errors given in the image metadata from local slant plane range/azimuth space to image space.
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6.3.5 Total Sensor Parameter Covariance

The total sensor parameter covariance is created by combining the ephemeris, range-bias, troposphere, and ionosphere covariances.  Like ephemeris errors, atmospheric errors are constant over an entire spotlight SAR image.  In order to incorporate atmospheric errors into the total sensor parameter covariance, they are summed with the position error portion of the ephemeris covariance (Eq. 154).  Unmodeled error varies across an image and therefore cannot be included in the sensor parameter covariance. The total sensor parameter error covariance is formed as follows:

1. Convert troposphere and ionosphere covariances from range/azimuth to ICR space.
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is the transformation matrix from local slant plane range/azimuth space to ICR space computed as follows:
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Where:
[image: image291.wmf]r

ˆ

= slant plane unit vector in the range direction with origin at point R
[image: image292.wmf]a

ˆ

= slant plane unit vector in the azimuth (cross-range) direction with origin at point R, and
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= slant plane normal unit vector with origin at point R
Again, note that these three slant plane unit vectors are computed per Section ‎5.2.1.1, substituting point R, about which the error is to be computed, in place of RSCP.

2. Set the total sensor parameter covariance.  Sum the position-position covariance with the troposphere and ionosphere ICR covariances to form the upper 3x3 portion of the matrix.  Insert the other 3x3 ephemeris elements and the range-bias variance.
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	Eq. 191


6.3.6 Ground-to-Image Error Propagation

Ground-to-image error propagation combines ground space errors represented in the total sensor parameter covariance (ephemeris error, atmospheric error, and range-bias error), the a priori ground covariance, and the unmodeled error covariance and propagates these into image space.  The ground-to-image error propagation equation is given by
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Where:


JS  = Jacobian of partial derivatives of line and sample with respect to sensor parameters

SS= Total sensor parameter covariance


JG  = Jacobian of partial derivatives of line and sample with respect to ground points

GG= a priori ECEF ground covariance


JU  = Jacobian of partial derivatives of line and sample with respect to unmodeled error parameters

UU= Unmodeled error covariance

And:


JS  is obtained by calling the CSM computeSensorPartials function (Section ‎6.2.3).

SS is computed per Section ‎6.3.5.


JG  is obtained by calling the CSM computeGroundPartials function (Section ‎6.2.4)


GG is input to the model by an external application


(JU  UU  JU T)  is obtained by calling the CSM getUnmodeledError function (Section ‎6.3.4)
The CSM model contains a separate version of the groundToImage function that allows a ground covariance to be input, propagates ground space errors to image space, and returns the resulting image covariance.

6.3.7 Image-to-Ground Error Propagation

Image-to-ground error propagation combines ground space errors represented in the total sensor parameter covariance (ephemeris error, atmospheric error, and range-bias error), the a priori image covariance, and the unmodeled error covariance and propagates these into image space.  The image space covariance is formed by summing the a priori image covariance and the unmodeled errors, and inserting the a priori height variance:
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	Eq. 193


Where:


SS= Total sensor parameter covariance


(l,s)= a priori image covariance


JU  = Jacobian of partial derivatives of line and sample with respect to unmodeled error parameters

UU= Unmodeled error covariance


h = a priori 1-sigma height uncertainty

And:


SS is computed per Section ‎6.3.5.


(l,s) is a covariance matrix representing the measurement quality of the line/sample pair


(JU  UU  JU T)  is obtained by calling the CSM getUnmodeledError function (Section ‎6.3.4)

h is the 1-sigma error describing the quality of the elevation source used in the ground point computation

Propagation of the image space error in Eq. 191 is accomplished as a by-product of the iterative, least-squares image-to-ground technique described in Section ‎6.2.2.  Because CSM dictates that partial derivatives are taken in image space, it is easier to perform image-to-ground with error propagation in image space, as follows:

1. Write two condition equations in image space, one for line, and one for sample.  The ellipsoid equation is the third condition equation.
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	Eq. 196


2. Compute the partial derivatives of the condition equations Fl, Fs, and FE, with respect to the observations: The sensor parameters, line, sample, and height.
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 If Js denotes the Jacobian matrix of Fl and Fs in Eq. 194 and Eq. 195 with respect to the sensor parameters, then
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Note that JS may be obtained by calling the CSM computeSensorPartials function.

3. Compute the partial derivatives of the condition equations with respect to the unknown ground points (X, Y, Z).  If JG denotes the Jacobian matrix of Fl and Fs in Eq. 194 and Eq. 195 with respect to the unknown ground coordinates, then
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Note that JG may be obtained by calling the CSM computeGroundPartials function.

4. Compute the misclosure vector.

	

[image: image303.wmf]ú

ú

ú

û

ù

ê

ê

ê

ë

é

-

=

E

s

l

F

F

F

f
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5. Transform the total a priori image covariance from image space to ground space.
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	Eq. 201


in which  is given in Eq. 193.

6. Compute the weight matrix.
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	Eq. 202


7. Compute the normal equations matrix and transformed misclosure vector.
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	Eq. 204


8. Compute the unknown ground point corrections ( vector) and update the ground point estimate.  As with the non-error propagation version of the image-to-ground function (‎6.2.2), the algorithm iterates until correction values are small and meet the desired stopping criteria.
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	Eq. 205
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	Eq. 206


9. After all iterations are completed, compute the final ECEF ground covariance, to be returned along with the final ECEF ground point.
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	Eq. 207


6.4 SAR Angles

Various descriptive angles, which are sometimes provided in SAR metadata, can be calculated from the parameters that are needed to perform precise geopositioning.  These are described below.

6.4.1 Grazing Angle

Grazing angle is defined as the angle between radar line of sight and a plane tangent to the geoid at the target location, often the SCP.

	

[image: image311.wmf]ú

ú

û

ù

ê

ê

ë

é

·

-

-

=

-

R

R

R

R

R

R

gr

ARP

ARP

1

sin


	Eq. 208


6.4.2 Squint Angle

The squint angle is defined as the angle between the vehicle velocity vector and the radar line of sight vector and ranges from -180 to +180 degrees.  Positive angles are measured counter-clockwise from the velocity vector, while negative angles are measured clockwise from the velocity vector.
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	Eq. 209


Where KL is the look direction as computed by Eq. 40.  The squint angle as measured from broadside is called the co-squint. The co-squint may be computed by first computing the squint angle as in Eq. 209, and then using it in the following equation:
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	Eq. 210


Where abs(sq) is the absolute value of the squint angle computed by Eq. 208.  
6.4.3 Twist or Tilt Angle
As defined here, the twist or tilt angle is the angle between the slant plane cross-range unit vector (
[image: image314.wmf]s
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ˆ

) and the ground plane cross-range unit vector (
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), shown in Figure 18.  By this definition, the twist angle is always positive (unsigned) and ranges from zero to 90 degrees.  The unsigned twist angle is computed as follows:

1. Compute the slant plane unit vectors Xs, Ys, Zs, per Section ‎5.2.1.1.

2. Compute the ground plane unit vectors Xg, Yg, Zg, per Section ‎5.2.1.2.

3. Compute the unsigned twist angle:
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	Eq. 211


Where abs is the absolute value function.
The twist angle may be used in Euler angle rotation matrices to transform coordinates between slant and ground frames.  To perform the rotations correctly, three items must be taken into account in order to determine whether a positive or negative rotation of the twist angle should be applied. Assuming a right-handed coordinate system, from the viewpoint of looking down the rotation axis toward the origin, a positive rotation rotates the axis in the counter-clockwise direction while a negative rotation rotates the axis in the clockwise direction. Each of the three items is assigned a direction indicator, as follows:
1. Transformation direction:

a. Ground-to-slant: KT = +1

b. Slant-to-Ground: KT = -1

2. Look direction (as computed in Section ‎5.2.1.1):

a. Left-look: KL = +1

b. Right-look: KL = -1

3. Squint direction, forward or backward, from broadside.  This is equivalent to the sign of the co-squint, as computed in Eq. 210:
a. Forward-squint (positive co-squint): KS = +1

b. Backward-squint (negative co-squint): KS = -1
The correct rotation direction may be obtained by multiplying the three direction indicators and applying the result to the unsigned twist angle.  i.e.,

	

[image: image317.wmf]unsignedTw

KS

KL

KT

signedTw

×

×

×

=


	Eq. 212


Given the signed twist angle, the slant-to-ground transformation, for example, is computed by:
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	Eq. 213


6.4.4 Doppler Cone Angle

Doppler cone angle is defined as the angle between the sensor velocity vector and the Doppler cone.
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6.4.5 Earth Central Angle

Earth central angle is defined as the angle between two vectors having the Earth’s center as their origin, in this case a point R on the Earth’s surface and the sensor position, RARP.
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7. Glossary

For the purposes of this document, the following terms and definitions apply.

active sensor

A sensor that generates the energy that it uses to perform the sensing.
adjustable model parameters

Model parameters that can be refined using available additional information such as ground control points, to improve or enhance modeling corrections

Aperture Reference Point (ARP)

The 3-D location of the platform at the center of the synthetic aperture.  It is usually expressed in ECEF coordinates in meters.

attitude

Orientation of a body, described by the angles between the axes of that body’s coordinate system and the axes of an external coordinate system [ISO 19116]

attribute

Named property of an entity [ISO/IEC 2382-17]

azimuth resolution

The resolution of the SAR data in the cross-range direction.  This is usually measured in terms of the impulse response of the SAR sensor and processing system.  It is a function of the size of the synthetic aperture, or alternatively the dwell time (e.g., larger aperture => longer dwell time => better resolution).

beamwidth

The useful angular width of the electromagnetic energy, usually measured in radians.  It is usually measured as the width between two points that have 1/2 of the power (3 db below) of the center of the beam.  It is a function of the antenna.

broadside

Direction orthogonal to the velocity vector and in a horizontal plane that is parallel to a plane tangent to a reference ellipsoid at the nadir point of the ARP.

complex image

An image whose pixel values are represented by complex numbers (I-Q or magnitude-phase).  This is often the first-level product produced by processing SAR Phase History Data.

coordinate

One of a sequence of n numbers designating the position of a point in n-dimensional space [ISOÊ19111] NOTE:  In a coordinate reference system, the numbers must be qualified by units.

coordinate reference system

Coordinate system that is related to the real world by a datum [ISO 19111]  
NOTE:  For geodetic and vertical datums, it will be related to the Earth.

coordinate system

Set of mathematical rules for specifying how coordinates are to be assigned to points [ISO 19111]

data

Reinterpretable representation of information in a formalized manner suitable for communication, interpretation, or processing [ISO/IEC 2382-1]

datum

A reference from which measurements are made. In surveying and geodesy, a datum is a reference point on the Earth's surface against which position measurements are made, and an associated model of the shape of the Earth for computing positions. Horizontal datums are used for describing a point on the Earth's surface, in latitude and longitude or another coordinate system. Vertical datums are used to measure elevations or underwater depths. [Wikipedia, http://en.wikipedia.org/wiki/Datum, 5 Jun 2007]

depression angle

Angle between the local horizontal at the antenna and radar line-of-sight
Doppler angle

The angle between the vehicle velocity vector and the vector from the ARP to the target.

Doppler shift

The frequency shift imposed on a radar signal due to relative motion between the transmitter and the object being illuminated.
Dynamic Stripmap mode

Most general SAR mode in which the antenna beam is steered to illuminate a swath of ground at various angles relative to flight path throughout the collection.  This also allows dwell time to be increased.  Doppler angle in processed products varies with time during the collection period.  It provides the ability to collect strips at angles non-parallel to the flight direction and with better resolution than stripmap mode.

error propagation

Determination of the uncertainties of calculated quantities from the input uncertainties of known values [ISO 19130]

geodetic coordinate system

Coordinate system in which position is specified by geodetic latitude, geodetic longitude and (in the three-dimensional case) ellipsoidal height [ISO 19111]

geodetic datum

Datum describing the relationship of a coordinate system to the Earth [ISO 19111]

NOTE 1:  In most cases, the geodetic datum includes an ellipsoid description

NOTE 2:  The term and this Technical Specification may be applicable to some other celestial bodies.

geographic information

Information concerning phenomena implicitly or explicitly associated with a location relative to the Earth [ISO 19101]

geographic location

Longitude, latitude and elevation of a ground or elevated point

geolocating

Geopositioning an object using a sensor model

geopositioning

Determining the ground coordinates of an object from image coordinates

grazing angle

The angle between radar line of sight and a plane tangent to the geoid at the target location.   The grazing angle is the complement of the incident angle.

ground control point

Point on the ground that has accurately known geographic location

ground plane

Plane tangent to the reference ellipsoid surface at the target, often the scene center point (SCP).
ground range 

The magnitude of the range vector projected onto the ground.  The “ground range” of an image is represented by the distance from the nadir point of the ARP to the SCP.  Usually measured in the horizontal plane, but may also be measured as true distance along the ground, DEM, geoid or ellipsoid surface.

Ground Reference Point (GRP)

See SCP

image

Coverage whose attribute values are a numerical representation of a remotely sensed physical parameter

NOTE:  The physical parameters are the result of measurement by a sensor or a prediction from a model.

image coordinates

Coordinates with respect to a Cartesian coordinate system of an image

NOTE:  The image coordinates can be in pixel or in a measure of length (linear measure).

image formation

The process by which an image is generated from collected Phase History Data in a SAR system.

image-identifiable ground control point

Ground control point associated with a marker or other object on the ground that can be recognized in an image

NOTE:  The ground control point may be marked in the image, or the user may be provided with an unambiguous description of the ground control point so that it can be found in the image.

image point

Point on the image that uniquely represents an object point

imagery

Representation of objects and phenomena as sensed or detected (by camera, infrared and multispectral scanners, radar and photometers) and of objects as images through electronic and optical techniques [ISO 19101-2]

incident angle

Angle between the radar line of sight and the local vertical to the geoid at the target location.

layover

Visual effect in SAR images of ambiguity among returns from scatterers at different heights that fall into the same range-Doppler-time bin.  The effect makes buildings “lay over” onto the ground in a direction normal to the nominal sensor ground track, akin to perspective views in projective imagery (e.g., EO, IR) (but in the opposite direction).

look angle

Angle between the vertical from the antenna to the ground and the radar line of sight.  The look angle, which is sometimes called the elevation angle, is the complement of the depression angle.
metadata

Data about data [ISO19115]
nadir point
The point directly below a vehicle that intersects the reference ellipsoid
object point

Point in the object space that is imaged by a sensor, often a ground point described by ECEF coordinates
Output Reference Point (ORP)

See SCP.

phase history data (PHD) / video phase history data

The raw radar return signal information after demodulation.  Usually stored as a series of received pulses, each containing information from a specific range bin.  PHD can be thought of as a Fourier domain representation of the imaged scene.

platform coordinate reference system

Coordinate reference system fixed to the collection platform within which positions on the collection platform are defined

pixel

Picture element [ISO 19101-2]

range 

Distance between the antenna and a distant object.  When used in reference to a SAR product, the range is synonymous to the slant range.

range bin

A group of radar returns that all have the same range.

range direction

Nominally the direction from a radar antenna to an object.  Represented by a vector from the ARP to the SCP, i.e., the radar line of sight.

range resolution

Resolution of the SAR data in the range direction.  This is usually measured in terms of the impulse response of the SAR sensor and processing system.  It is a function of the bandwidth of the transmitted pulse.
reference ellipsoid
A reference ellipsoid is a mathematically-defined surface that approximates the geoid, the truer figure of the Earth, or other planetary body.  Geometrically, a reference ellipsoid is usually an oblate (flattened) spheroid with two axes: An equatorial radius (the semi-major axis), and a polar radius (the semi-minor axis). Reference ellipsoids are often the preferred surface on which point coordinates such as latitude, longitude, and elevation are defined.
remote sensing

Collection and interpretation of information about an object without being in physical contact with the object.
resolution

Minimum distance between two objects that can be separately resolved by a sensor system.

ScanSAR mode

a special case of stripmap mode provided by some vendors that uses an electronically steerable antenna to quickly change the swath being imaged during collection to essentially collect multiple parallel swaths in one pass.

Scene Center Point (SCP)

The 3-D location of a reference point for a given synthetic aperture.  It is usually the center point of an image (spotlight) or an image line (stripmap). It is usually expressed in ECEF coordinates in meters.

sensor

Element of a measuring instrument or measuring chain that is directly affected by the measurand [ISO 19101-2]

sensor model

Mathematical description of the relationship between the three-dimensional object space and the associated two-dimensional image plane [ISO 19130]

Note that the ISO 19130 use of the word ‘plane’ is restrictive.  The whiskbroom sensor and a panoramic sensor, due to rotation of the optics, collect the image on a cylindrical space.

slant plane 

A plane that passes through the sensor velocity vector and the SCP.

slant range 

The distance between the ARP and a radar scatterer.

spotlight mode

SAR mode in which the antenna beam is steered to illuminate one area during collection.  Doppler angle in processed products is referenced to the center of the aperture.  It provides the ability to collect higher resolution SAR data over relatively smaller patches of ground surface.

squint angle

Two definitions of squint angle are in common use:

1) The angle between the vehicle velocity vector and the radar line of sight vector.  Positive angles are measured counter-clockwise from the velocity vector, while negative angles are measured clockwise from the velocity vector.

2) The angle between the broadside (cross-track) direction, which is orthogonal to the vehicle velocity vector, and the radar line of sight.  Positive angles are measured forward from broadside, while negative angles are measured aft from broadside.  This angle is sometimes called the “co-squint”.

stripmap mode

SAR mode in which the antenna beam is fixed relative to the vehicle throughout the flight collection. It provides the ability to collect SAR data over strips of land over a fixed swath of ground range parallel to the direction of flight.
velocity vector

Vector specifying the sensor or vehicle’s speed and direction.  The first derivative of the antenna’s position vector.

8. Abbreviated terms

3-D

Three-Dimensional

ASC

Aeronautical Systems Center

API

Application Program Interface

ARP

Aperture / Antenna Reference Point

CE


Circular Error 

CE50

Circular Error at 0.50 probability

CE90

Circular Error at 0.90 probability

CCD

Charge-Coupled Device

CCS

Common Coordinate System

CM

Configuration Management

COTS

Commercial Off-The-Shelf

CSMS

Community Sensor Model Standard

CSMWG 

Community Sensor Model Working Group

D


Down

DCGS

Distributed Common Ground/Surface System

DEM

Digital Elevation Model

DoD

Department of Defense

ECEF

Earth-centered, Earth-fixed 

EGM

Earth Gravity Model

ENU

East-North-Up

EO

Exterior Orientation

FPA

Focal Plane Array

FR&T

Future Requirements and Technologies

GEOTRANS

Geographic Translator

GPS

Global Positioning System

GRP

Ground Reference Point

GSD

Ground Sample Distance

GWG

Geospatial Intelligence Standards Working Group

HAE

Height Above Ellipsoid

HMSL

Height Above Mean Sea Level

HAGL / AGL

Height Above Ground Level

IMINT

Imagery Intelligence

ICR

In-track, Cross-track, Radial

INS

Inertial Navigation System

IPR

Impulse Response

IR


Infrared

ISO

International Organization for Standardization 

ITS

Information Technology Standards Committee

LE


Linear Error 

LE90

Linear Error at 0.90 probability

MSL

Mean Sea Level

NATO

North Atlantic Treaty Organization

NED

North-East-Down

NGA

National Geospatial-Intelligence Agency (former NIMA)

NIMA

National Imagery and Mapping Agency

NITF

National Imagery Transmission Format 

NCDM

National System for Geospatial Intelligence Conceptual Data Model

ORP

Output Reference Point

PHD

Phase History Data

ra


Range-Azimuth

RAR

Real Aperture Radar

RSM

Replacement Sensor Model

S2AG 

Sensor Standards Acquisition Guide

SAR

Synthetic Aperture Radar
SET

Sensor Exploitation Tool
SCP

Scene Center Point

SensorML

Sensor Markup Language

STANAG

Standardization Agreement (NATO)

TCPED

Tasking, Collection, Processing, Exploitation and Dissemination

TML

Transducer Markup Language

TRE

Tagged Record Extension

UTC

Coordinated Universal Time

WGS

World Geodetic System

9. Symbols

A

3-D Affine transform matrix
A

Matrix of partial derivatives of condition equations with respect to observed values



Doppler angle


Doppler angle of the SCP

L

Local Doppler angle of a generic point

b

3-D Affine translation vector
B
Matrix of partial derivatives of condition equations with respect to unknown parameters or a sensitivity matrix; also radar pulse bandwidth
(

Radar beamwidth
c

Pixel column number (may be fractional)

c 

Speed of Light in a vacuum
C
Cross-track coordinate in the ICR system; also number of columns (samples) in the image
dx

Pixel width in CCS – not applicable to SAR

dy

Pixel height in CCS – not applicable to SAR

D

Physical radar antenna aperture

E

Local east coordinate



Grazing angle

H

Sensor altitude, HAE meters; also platform Heading

HAE
Height above ellipsoid

Hmsl
Sensor altitude, km MSL

hmsl

Object elevation, km MSL

h

Object elevation, m HAE

I
In-track coordinate in the ICR system; also in-phase (real) component of phase history data sample

km

Kilometer

L

Synthetic aperture length

ℓ

Line number
l

Line number
lineSCP
Location of SCP in line direction in image space



Longitude



Wavelength of radar signal

M

Generic 3-D point (in ECEF)
N

Normal equations matrix; also local north coordinate
P

Platform pitch; also generic point in the image

pl, ps
Line and sample coordinates of a generic pixel in the image



Latitude

Q
Quadrature (imaginary) component of phase history data sample; also used to denote a covariance matrix

R
An ECEF position vector; also a radial coordinate in the ICR system; also platform roll
r

Pixel row number

rA 

Azimuth resolution
rR 

Range resolution
rSR 

Slant range resolution
rGR

Ground range resolution
RG 

Ground range
RS 

Slant range
RARP
ECEF antenna reference point position vector

RSCP
Scene center point (SCP) position vector

s

sample number

sampleSCP
location of SCP in sample direction in image space
(

A one standard deviation value, i.e., 1-sigma



A covariance matrix

T

Radar pulse width

t

Time

U
Output plane coordinate in the line direction; also used to designate a local “up” vector
V

Output plane coordinate in the sample direction
VARP
Sensor velocity vector

X

ECEF X coordinate

Xa

Platform longitudinal axis

Y

ECEF Y coordinate

Ya

Platform pitch axis

Z

ECEF Z coordinate

Za

Platform yaw axis

10. Metadata Elements for Precise Geopositioning

Line spacing

Distance in meters in the output plane between corresponding pixels of adjacent lines (rows).

Sample spacing

Distance in meters in the output plane between corresponding pixels of adjacent samples (columns).

Output plane unit vectors

The unit basis vectors needed to mensurate within an image.  The basis vectors are often given in terms of an output plane unit normal and two unit vectors that align with the line and sample directions in the output plane. The basis vectors in the output plane point in the direction of increasing line and sample indices.

Output plane type

Indicator used to designate the output plane type, e.g., slant plane, ground plane, etc., in which the image pixels lie.
Scene center point (SCP)

The three components of the Scene Center Point (SCP) position vector, typically given in the ECEF coordinate system in meters.

Scene center point line

The image line (row) coordinate in pixels associated with the Scene Center Point (SCP) position.

Scene center point sample

The image sample (column) coordinate in pixels associated with the Scene Center Point (SCP) position.

Antenna Reference Point (ARP)

The three components of the antenna reference point (ARP) position vector in meters.

Antenna Reference Point Velocity

The three components of the antenna reference point (ARP) velocity vector in meters/second.

ICR Orientation

Indicator used to designate the orientation of the in-track, cross-track, radial coordinate system, as it applies to the antenna reference point velocity, i.e., either Earth-centered inertial or Earth-centered Earth-fixed.  Satellite ephemeris errors are usually specified in an ICR frame where the in-track axis is aligned with the satellite’s inertial velocity vector, while aircraft ephemeris errors are usually specified in an ICR frame where the in-track axis is aligned with the aircraft’s ECEF velocity vector.

Position-Velocity Error 

The 21 elements used to create the position-velocity error covariance (Eq. 152), typically given as standard deviation values in meters and meters/sec in the in-track, cross-track, radial (ICR) coordinate system; correlation coefficients that can range from -1.0 to +1.0 are provided to express correlations, if present, between elements.

Range-bias Error 

Range-bias error, typically given as a standard deviation value in meters in the local slant plane.

Troposphere Error 

Troposphere excess vertical path length range error, typically given as a standard deviation in meters.

Ionosphere Error 

Ionosphere excess vertical path length range and azimuth (range rate) errors, typically given as standard deviations in meters.  Includes a correlation coefficient relating error the range and azimuth errors.

Unmodeled Error 

Processor/model (unmodeled) error, due to random errors resulting from the image formation process, in the range direction and in the azimuth direction, typically given as standard deviation values in meters in the local slant plane.  Includes a correlation coefficient relating error in the range and azimuth directions.

Position-Velocity Correlation Coefficient

The position-velocity error correlation coefficient for two images collected by the same vehicle at the same time.

Position-Velocity Decorrelation Rate

The position-velocity error decorrelation rate for two images collected by the same vehicle at the same.
Troposphere Correlation Coefficient

The troposphere error correlation coefficient for two images collected by the same vehicle at the same time.

Troposphere Decorrelation Rate

The troposphere error decorrelation rate for two images collected by the same vehicle at the same time.
Ionosphere Correlation Coefficient

The ionosphere error correlation coefficient for two images collected by the same vehicle at the same time.

Ionosphere Decorrelation Rate

The ionosphere error decorrelation rate for two images collected by the same vehicle at the same time.
Range-bias Correlation Coefficient

The range-bias error correlation coefficient for two images collected by the same vehicle at the same time.

Range-bias Decorrelation Rate

The range-bias error decorrelation rate for two images collected by the same vehicle at the same time.
Appendix A - Support Data Elements to Support Precise Geopositioning with Generic Spotlight SAR

R = REQUIRED, C = CONDITIONAL
FOR ENTIRE FIELD; UNITS FIELD IS BLANK IF UNITLESS
	Field
	Name/Description
	Units
	Type

	LINE_SPACING
	Line Spacing

Distance in the output plane between corresponding pixels of adjacent rows, measured in meters.
	meters
	R

	SAMPLE_SPACING


	Sample Spacing

Distance in the output plane between adjacent pixels within a row, measured in meters.
	meters
	R

	Output Plane Unit Basis Vectors:

The unit basis vectors needed to mensurate within an image are the basis vectors that align with the line and sample directions in the output plane. The basis vectors point in the direction of increasing line and sample indices.

	X_OP_1
	ECEF X unit vector, X component
	
	R

	X_OP_2
	ECEF X unit vector, Y component
	
	R

	X_OP_3
	ECEF X unit vector, Z component
	
	R

	Y_OP_1
	ECEF Y unit vector, X component
	
	R

	Y_OP_2
	ECEF Y unit vector, Y component
	
	R

	Y_OP_3
	ECEF Y unit vector, Z component
	
	R

	Z_OP_1
	ECEF Z unit vector, X component
	
	R

	Z_OP_2
	ECEF Z unit vector, Y component
	
	R

	Z_OP_3
	ECEF Z unit vector, Z component
	
	R

	OP_TYPE
	Output plane type
	
	R

	SCP_X
	X, Y, and Z components of the Scene Center Point (SCP) position vector in the Earth Centered Earth Fixed (ECEF) coordinate system.
	meters
	R

	SCP_Y
	
	meters
	R

	SCP_Z
	
	meters
	R

	SCP_LINE
	Line Containing SCP
	pixels
	R

	SCP_COLUMN
	Sample Containing SCP
	pixels
	R

	ARP_POS_X
	ECEF Antenna Reference Point Position

	meters
	R

	ARP_POS_Y
	
	meters
	R

	ARP_POS_Z
	
	meters
	R

	ARP_VEL_X
	ECEF Antenna Reference Point Velocity
	meters/
second

	R

	ARP_VEL_Y
	
	meters / second

	R

	ARP_VEL_Z
	
	meters / second

	R

	ICR_ORIENTATION


	Orientation of the in-track, cross-track, radial (ICR) frame used to specify ephemeris errors in this TRE. Satellite ephemeris errors are usually specified in an ICR frame where the in-track axis is aligned with the satellite’s inertial velocity vector, while aircraft ephemeris errors are usually specified in an ICR frame where the in-track axis is aligned with the aircraft’s ECF velocity vector.     
	
	R

	STD_RI 
	Standard deviation of ARP in-track position.
	meters
	R

	STD_RC
	Standard deviation of ARP cross-track position.
	meters
	R

	STD_RR
	Standard deviation of ARP radial position.
	meters
	R

	STD_VI
	Standard deviation of ARP in-track velocity.
	meters / second
	R

	STD_VC
	Standard deviation of ARP cross-track velocity.
	meters / second
	R

	STD_VR
	Standard deviation of ARP radial velocity.
	meters / second
	R

	RHO_RIRC
	Correlation coefficient between in-track position and cross-track position.
	
	R

	RHO_RIRR
	Correlation coefficient between in-track position and radial position.
	
	R

	RHO_RCRR
	Correlation coefficient between cross-track position and radial position
	
	R

	RHO_VIVC
	Correlation coefficient between in-track velocity and cross-track velocity
	
	R

	RHO_VIVR


	Correlation coefficient between in-track velocity and radial velocity
	
	R

	RHO_VCVR


	Correlation coefficient between cross-track velocity and radial velocity
	
	R

	RHO_RIVI


	Correlation coefficient between in-track position and in-track velocity
	
	R

	RHO_RIVC


	Correlation coefficient between in-track position and cross-track velocity
	
	R

	RHO_RIVR
	Correlation coefficient between in-track position and radial velocity
	
	R

	RHO_RCVI
	Correlation coefficient between cross-track position and in-track velocity
	
	R

	RHO_RCVC
	Correlation coefficient between cross-track position and cross-track velocity
	
	R

	RHO_RCVR
	Correlation coefficient between cross-track position and radial velocity
	
	R

	RHO_RRVI
	Correlation coefficient between radial position and in-track velocity
	
	R

	RHO_RRVC
	Correlation coefficient between radial position and cross-track velocity
	
	R

	RHO_RRVR
	Correlation coefficient between radial position and radial velocity
	
	R

	STD_RANGE_BIAS
	Standard deviation of range-bias error in slant plane range/azimuth coordinates
	meters
	R

	STD_TROP
	Troposphere excess vertical path length range standard deviation
	meters
	R

	STD_ION_RG
	Ionosphere excess vertical path length range standard deviation
	meters
	R

	STD_ION_AZ
	Ionosphere excess vertical path length azimuth (range rate) standard deviation
	meters
	R

	RHO_ION
	Correlation coefficient between ionosphere range and azimuth standard deviations
	
	R

	STD_PM_RG
	Standard deviation of image processing model error (range direction) in slant plane range/azimuth coordinates
	meters
	R

	STD_PM_AZ
	Standard deviation of image processing model error (azimuth direction) in slant plane range/azimuth coordinates
	meters
	R

	RHO_PM
	Correlation coefficient between image processing model error in range direction vs. azimuth direction
	
	R

	EPH_CORR_COEF


	Ephemeris error correlation coefficient for two images collected by the same vehicle at the same time (t = 0)
	
	R

	EPH_DECORR_RATE
	Ephemeris error decorrelation rate for two images collected by the same vehicle
	1/second
	R

	TROP_CORR_COEF


	Troposphere error correlation coefficient for two images collected by the same vehicle at the same time (t = 0)
	
	R

	TROP_DECORR_RATE


	Troposphere error decorrelation rate for two images collected by the same vehicle
	1/second
	R

	ION_CORR_COEF


	Ionosphere error correlation coefficient for two images collected by the same vehicle at the same time (t = 0)
	
	R

	ION_DECORR_RATE


	Ionosphere error decorrelation rate for two images collected by the same vehicle
	1/second
	R

	RB_CORR_COEF


	Range bias error correlation coefficient for two images collected by the same vehicle at the same time (t = 0)
	
	R

	RB_DECORR_RATE


	Range bias error decorrelation rate for two images collected by the same vehicle
	1/second
	R
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� Raw SAR data can be processed into many products, one of which, known as a “detected image,” is commonly referred to as a SAR image.


� Manual of Photogrammetry, 5th Edition, ASPRS, 2004, pg 192, or � HYPERLINK "http://en.wikipedia.org/wiki/Geoid" ��http://en.wikipedia.org/wiki/Geoid�, as of June 6, 2007.  


� Thomas Lillesand and Ralph Kiefer, Remote Sensing and Image Interpretation (John Wiley & Sons, Inc 1987), 30


� Lipson, Lipson, and Tanhauser Optical Physics, Third Edition (Cambridge University Press 1995), 337


� Claude E. Shannon, “Communication in the Presence of Noise”, Proceedings of the IEEE, Vol. 86, No. 2, Feb 1998


� Charles Jakowatz, Jr. Spotlight-mode Synthetic Aperture Radar: A Signal Processing Approach (Springer 1996), 11


� Merrill Skolnik Radar Handbook (McGraw-Hill Inc, 1990), 6.8


� Robert S. Elliott Antenna Theory and Design (Prentice Hall, Inc 1981), 123


� Walter Carrara, Ron Goodman, and Ronald Majewski Spotlight Synthetic Aperture Radar Signal Processing Algorithms (Artech House 1995), 27-28


� Walter Carrara, Ron Goodman, and Ronald Majewski Spotlight Synthetic Aperture Radar Signal Processing Algorithms (Artech House 1995), 36


� http://rst.gsfc.nasa.gov/Sect8/Sect8_4.html


� Heiskanen, W., and Helmut Moritz, 1984, “Physical Geodesy”, Reprint, Institute of Physical Geodesy, Technical University, Graz, Austria


� Krakiwsky, E.J., and D.E. Wells, 1971, “Coordinate Systems in Geodesy”, Lecture Notes No. 16, University of New Brunswick, Fredericton, N.B., Canada


� Korn, G.A., and T.M. Korn, 1968, “Mathematical Handbook for Scientists and Engineers”, Second Edition, McGraw-Hill, Toronto, Canada


� Community Sensor Model (CSM) Technical Requirements Document Appendix C, Application Program Interface (API), February 15, 2005, Version 2.0


� Ruler Math Model for Global Hawk SAR Imagery (Draft), Raytheon System Company/Sensor and Electronic Systems, January 25, 2001, Section 2.10.2.3, p. 30


� G. Lanyi, Total Ionospheric Electron Content Calibration Using SERIES GPS Satellite Data, TDA Progress Report 42-85, January-March 1986, p. 3


� D. Bondy, “Vertical_to_Slant_Plane_Transformations_v2.mcd” (Mathcad 13 worksheet), (Integrity-Applications Inc., Feb. 2009)
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