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Abstract
This Algorithm Theoretical Basis Document, or ATBD, describes the methodology used to 
convert the L1A parsed, partially reformatted, time ordered telemetry data into the L1B Science 
unit converted time ordered telemetry, along with some preliminary products corrected for 
known system calibrations and environmental effects that will be used in the derivation of the 
next level of data products.
These data are intended to be an end product for system level quality control analysis.  They are also a 
source file for use in the Level-2 products and the PPD and POD solutions. 

The list of L1B products includes, but is not limited to: all data, including house-keeping and ancillary 
data, converted to scientific units; reconstructed absolute time-bias corrected Time of Day (TOD) for all 
laser fire times and time tagged data; Time-of-Flight (TOF) for each photon event corrected for known 
system time biases and time base errors derived from the GPS 1pps and PCE self-calibration channels 
assuming a constant speed of light (ignoring atmospheric effects, for the moment); raw histogram 
atmospheric profiles range corrected to height and aggregated to 25-Hz frames; and the approximate 
location of each beam footprint on the WGS84 reference surface using the Spacecraft GPS position and 
Spacecraft pointing control data to allow for quick searching of data based on footprints on the ground.

All data are stored in NCSA HDF5 formatted files.

CHECK https://icesat-2mis.gsfc.nasa.gov

TO VERIFY THAT THIS IS THE CORRECT VERSION PRIOR TO USE.
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CM Foreword
This document is an Ice, Cloud, and Land Elevation (ICESat-2) Project Science Office 
controlled document.  Changes to this document require prior approval of the Science 
Development Team ATBD Lead or designee.  Proposed changes shall be submitted in the 
ICESat-2 Management Information System (MIS) via a Signature Controlled Request (SCoRe), 
along with supportive material justifying the proposed change.  
In this document, a requirement is identified by “shall,” a good practice by “should,” permission by 
“may” or “can,” expectation by “will,” and descriptive material by “is.”

Questions or comments concerning this document should be addressed to:

ICESat-2 Project Science Office
Mail Stop 615
Goddard Space Flight Center
Greenbelt, Maryland 20771
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Preface
This document is the Algorithm Theoretical Basis Document for the Level 1B processing to be 
implemented at the ICESat-2 Science Investigator-led Processing System (SIPS). The SIPS 
supports the ATLAS (Advance Topographic Laser Altimeter System) instrument on the ICESat-
2 Spacecraft and encompasses the ATLAS Science Algorithm Software (ASAS) and the 
Scheduling and Data Management System (SDMS). The science algorithm software will produce 
Level 0 through Level 4 standard data products as well as the associated product quality 
assessments and metadata information. 
The ICESat-2 Project Science Office (PSO), assumes responsibility for this document and updates it, as 
required, as algorithms are refined or to meet the needs of the ICESat-2 SIPS.  Reviews of this document 
are performed when appropriate and as needed updates to this document are made. Changes to this 
document will be made by complete revision.

Changes to this document require prior approval of the Change Authority listed on the signature page.  
Proposed changes shall be submitted to the ICESat-2 PSO, along with supportive material justifying the 
proposed change.  

Questions or comments concerning this document should be addressed to:

Thorsten Markus, ICESat-2 Project Scientist
Mail Stop 615
Goddard Space Flight Center
Greenbelt, Maryland 20771





XXX-TBD-TBD-XXXX Draft Version

     6

Review/Approval Page

Prepared by:

Reviewed by:  

  
<Enter Position Title Here>
<Enter Org/Code Here>

  
<Enter Position Title Here>
<Enter Org/Code Here>

Approved by: 

 
<Enter Position Title Here>
<Enter Org/Code Here>
 

 

*** Signatures are available on-line at: https://icesat-2mis.gsfc.nasa.gov ***



XXX-TBD-TBD-XXXX Draft Version

     7

Change History Log
Revision Description of Change SCoRe No. Date Approved

0.1 Early Release for Informal Review

0.2 Revised Release for Formal Review

1.0 Initial Release



XXX-TBD-TBD-XXXX Draft Version

     8

List of TBDs/TBRs
Item No. Location Summary Ind./Org. Due Date



XXX-TBD-TBD-XXXX Draft Version

     9

Table of Contents
ABSTRACT 2

CM FOREWORD 3

PREFACE 4

REVIEW/APPROVAL PAGE 6

CHANGE HISTORY LOG 7

LIST OF TBDS/TBRS 8

TABLE OF CONTENTS 9

LIST OF FIGURES 12

LIST OF TABLES 13

ACRONYMS AND TERMINOLOGY 14

1 INTRODUCTION 16

1.1 BACKGROUND 16

1.2 TERMINOLOGY, NOTATION, AND CONVENTIONS 20

1.3 DESCRIPTION OF RELEVANT HARDWARE INTERACTIONS 22

1.4 INSTRUMENT DATA 30

1.4.1 Data Products 31
1.5 GENERAL DATA QA PHILOSOPHY 33

1.6 KNOWLEDGE OF INSTRUMENT CONFIGURATION & RELEVANT CALIBRATIONS 33

1.7 DELTA TIME VALUES & DATA RATES FOR PACKETS 34

1.8 CLOCKS + TIMING RELATIONSHIPS 34

2 TIME OF DAY CALCULATION 37

2.1 GROUND RULES & ASSUMPTIONS 37

2.2 VARIABLE DEFINITIONS AND NOTATION SYNTAX 37

2.3 CALCULATION OF EVENT TIME OF DAY 38

2.3.1 Calculation Phase 0: Constructing AMET Counter Values 39
2.3.2 Calculation Phase 1: Determination of GPS Time of First T0 in Major Frame 40
2.3.3 Calculation Phase 2: Determining Effective Shot (T0) Count within Major Frame 41
2.3.4 Calculation Phase 3: Calculation of GPS Time at T0 of Shot 42
2.3.5 Calculation Phase 4: Calculation of GPS Time of Leading Lower of Shot 42
2.3.6 An Alternative View: Calculation of GPS Time of Leading Lower of Shot Expressed in AMET 42

Time Alignment of Data 43
2.3.7 43

2.3.7.1 Aligning Data Via AMET Value 43

2.3.7.2 Aligning Data Via Time of Day or Delta Time 43

2.3.7.3 Delta Times of non-PCE Data 44

2.4 DEALING WITH MISSING DATA 44

2.5 DATA QUALITY MONITORING 45

2.5.1 Quality Check of TOD Calculation Inputs 45
2.5.2 Confirmation of TOD Calculations and Data Alignment 46



XXX-TBD-TBD-XXXX Draft Version

     10

2.5.3 Data QA 47
2.6 DATA PRODUCTS 47

3 TIME OF FLIGHT CALCULATION 48

3.1 GROUND RULES & ASSUMPTIONS 48

3.2 VARIABLE DEFINITIONS AND NOTATION SYNTAX 49

3.3 MAPPING OF TRANSMIT AND RETURN EVENT INFORMATION 52

3.3.1 Laser Start Pulse Detector Channels 52
3.3.2 Photon Detector Channels 52

3.4 CALCULATION OF START TIME 53

3.4.1 Calculation of Leading Lower Start Event Coarse Time 53
3.4.2 Calculation of Other Element Start Event Coarse Time 54
3.4.3 Calculation of Transmit Event Fine Time 54
3.4.4 Calculation of Precise Start Event Times 56
3.4.5 Calculation of Precise Start Time & Overall Timing Uncertainty 57
3.4.6 Calculation of Pulse Widths and Start Skews 58

3.5 CALCULATION OF RECEIVE EVENT TIMES 58

3.5.1 Calculation of Receive Event Coarse Time 58
3.5.2 Calculation of Receive Event Fine Time 59
3.5.3 Assigning Range Window Start Value 59
3.5.4 Determining Downlink Band Offset 59
3.5.5 Calculation of Precise Event Times 60

3.6 CALCULATION OF NOMINAL TIME OF FLIGHT (TOF) 61

3.7 IDENTIFICATION OF DUPLICATE RETURN-EVENT TIME TAGS 61

3.8 DETERMINING TIMES OF RANGE WINDOW + DOWNLINK BAND FEATURES 62

3.8.1 Calculation of Range Window Start Time 63
3.8.2 Calculation of Range Window Width in Units of Time 63
3.8.3 Calculation of Downlink Band Start Time 63
3.8.4 Calculation of Downlink Band Width in Units of Time 63

3.9 A WORD ON ZERO RANGE POINT 63

3.10 DATA QUALITY MONITORING 64

3.11 DATA PRODUCTS INCLUDED IN ATL02 OUTPUT FILE 66

4 TRANSMITTER ECHO PATH 68

4.1 DETERMINING IF THE TE IS CAPTURED BY A DLB 69

4.2 CALCULATION OF TEP TIME OF FLIGHT (TEP-TOF) 71

4.3 A WORD ON TEP SIGNALS 72

4.4 DATA QUALITY MONITORING 72

4.5 DATA PRODUCTS 72

5 RADIOMETRY 74

5.1 DATA PRODUCTS 74

5.2 TRANSMITTED ENERGY 74

5.2.1 Total Transmitted Energy 75
5.2.1.1 Calculation 75



XXX-TBD-TBD-XXXX Draft Version

     11

5.2.1.2 Data sources 76

5.2.1.3 Input data range 77

5.2.1.4 Output data range 77

5.2.2 Individual Transmitted Beam Energies 78
5.2.2.1 Calculation 78

5.2.2.2 Output data range 78

5.3 SMALL-SIGNAL RECEIVER SENSITIVITY 78

5.3.1 Maximum Sensitivity 79
5.3.1.1 Sensitivity under nominal conditions 79

5.3.1.2 Variation of sensitivity with temperature 80

5.3.1.3 Variation of sensitivity with voltage 80

5.3.1.4 Combined Effects 80

5.3.1.5 Data Sources 80

5.3.1.6 Input data range 81

5.3.1.7 Output data range 81

5.3.2 Background Sensitivity 82
5.3.2.1 Calculation 82

5.3.2.2 Output data range 82

5.3.3 Return Sensitivity 82
5.3.3.1 Variation of sensitivity with transmit/receive misalignment 82

5.3.3.2 Variation of sensitivity with mistuning 83

5.3.3.3 Combined effects 84

5.3.3.4 Data sources 85

5.3.3.5 Input data range 85

5.3.3.6 Output data range 86

5.4 DEAD TIME EFFECTS ON RADIOMETRY 86

5.5 DATA QUALITY MONITORING 86

6 POINTING AND GEOLOCATION GEOMETRY 87

6.1 PRECISION ORBIT DETERMINATION 87

6.2 PRECISION POINTING DETERMINATION 87

6.3 GEOLOCATION OF PHOTON BOUNCE POINTS 88

6.4 DATA PRODUCTS 88

6.5 DATA QUALITY MONITORING 88

7 ATMOSPHERIC HISTOGRAMS 89

7.1 DATA PRODUCTS 89

7.2 ATMOSPHERIC HISTOGRAM NOMINAL CALCULATIONS 90

7.3 DATA QUALITY MONITORING 90

8 OTHER DATA & DATA PASS-THROUGHS 91

8.1 THERMAL & ELECTRICAL HKT DATA (/ATLAS/HOUSEKEEPING/MEB, PDU, THERMAL) 91

8.2 MCE HKT DATA (/ATLAS/HOUSEKEEPING/MCE_POSITION) 91

8.3 RADIOMETRY HKT DATA (/ATLAS/HOUSEKEEPING/LASER_ENERGY_*) 91

8.4 POINTING, POSITION, & VELOCITY HKT DATA (/ATLAS/HOUSEKEEPING/POINTING, POSITION_VELOCITY) 92



XXX-TBD-TBD-XXXX Draft Version

     12

8.5 ALGORITHM SCIENCE DATA (/ATLAS/PCEX/ALGORITHM_SCIENCE/) 92

8.6 LRS DATA (/LRS/) 92

8.7 SPACECRAFT DATA (/GPSR/*, /ORBIT_INFO/, /SC/*) 92

8.8 QUALITY ASSESSMENT (/QUALITY_ASSESSMENT/) 93

APPENDIX A 95

APPENDIX B 95

APPENDIX C 96

APPENDIX D 96

APPENDIX E 98



XXX-TBD-TBD-XXXX Draft Version

     13

List of Figures
FIGURE 1: ATLAS IS A LASER ALTIMETER WHICH COMPUTES THE RANGE BETWEEN IT AND THE SURFACE OF THE EARTH. 17
FIGURE 2: ATLAS IDEALIZED BEAM AND FOOTPRINT 18
FIGURE 3: ONBOARD PROCESSING FUNCTIONS 19
FIGURE 4: ATMOSPHERIC HISTOGRAMS SPAN THE LOWEST 14.5 KM OF THE ATMOSPHERE WITH 30-M VERTICAL BINS. ALTIMETRY 

HISTOGRAMS SPAN A MUCH SMALLER COLUMN WITH 3-M BINS IN SEARCH OF THE SURFACE SIGNAL. ONCE FOUND, THE SIGNAL 
RELATED TIME-TAG DATA IS TRANSMITTED TO GROUND WITH CHOSEN DOWNLINK BANDS. 20

FIGURE 5: PCE HAS DUAL RELATED FUNCTIONS – TIME-TAG RECORDING AND MANAGEMENT ON ONE SIDE IN DIRECT RELATIONSHIP WITH 
THE HISTOGRAMS AND DOWNLINK BAND SELECTION ON THE OTHER SIDE – EACH WORKING IN CONCERT TO EXTRACT SIGNAL DATA 
WHILE RESTRICTING THE VOLUME OF DATA TELEMETRY WITHIN SET LIMITS. 20

FIGURE 6: ATLAS SYSTEM-LEVEL COMPONENTS ARE SHOWN HERE THAT ARE, WITHIN THE SCOPE OF THIS ATBD, INSTRUMENTAL IN 
PHOTON COUNTING, HISTOGRAMMING, TIME TAGGING, SIGNAL BAND SELECTION, AND DOWNLINK TO GROUND. 23

FIGURE 7: TIMING APPARATUS USES HIERARCHICALLY NESTED, MULTI-RESOLUTION TIME SCALES. 24
FIGURE 8: BLOCK DIAGRAM OF ATLAS TIMEKEEPERS AND LINKAGES BETWEEN THEM TO CORRELATE EVENTS TIMES FOR CORRECT AND 

ROBUST GEOLOCATING. THE GREEN PATH FROM ASC/INTERNAL 1PPS TO EACH PCE IS THE DEFAULT OPERATIONAL CONDITION 
SELECTED BY THE MULTIPLEXER; THE OTHER GPS/EXTERNAL SOURCES FOR THE 1PPS SIGNAL ARE AVAILABLE REDUNDANTLY FOR 
FAULT TOLERANCE. 27

FIGURE 9: PCE ARCHITECTURE BLOCK DIAGRAM SHOWS THE FOUR MAIN FUNCTIONS: TDC, DATAFLOW CONTROL, HISTOGRAMMING, AND 
ONBOARD SIGNAL PROCESSING. 28

FIGURE 10: PCE “RULER CLOCK” HAS COARSE-TIME (10 NS) AND FINE-TIME (SUB 10-NS) RESOLUTION. NOTE: THE COARSE-CLOCK TIMES ARE 
ALWAYS MEASURED TO THE NEXT COARSE-CLOCK EDGE (TICK), SO THE FINE-CLOCK TIME MUST BE SUBTRACTED FROM THE COARSE 
TIME TO OBTAIN THE TIME MEASUREMENT IN FULL RESOLUTION. 30

FIGURE 11: ICESAT-2 DATA PROCESSING FLOW OF ICESAT-2 DATA FROM LOWEST TO HIGHEST LEVEL OF PROCESSING.  COLOR INDICATES 
DATA PRODUCT LEVELS, WHILE TEXT CORRESPONDS TO DATA PRODUCT NUMBER AND THE DATA PRODUCT SHORT NAME.  ALL 
PRODUCTS (ATLXX) ARE GENERATED BY THE SCIENCE INVESTIGATOR-LED PROCESSING SYSTEM (SIPS), AND DISTRIBUTED BY THE 
NATIONAL SNOW AND ICE DATA CENTER (NSIDC). 32

FIGURE 12 - GENERAL ALGORITHM FOR CALCULATING TIME OF DAY (TOD) FOR EACH MAJOR FRAME 39
FIGURE 13 - LASER PULSE IS DETECTED USING FOUR THRESHOLDS THAT ARE TWO-WAY ADJUSTABLE. 52
FIGURE 14: SCHEMATIC OF NOMINAL ZERO RANGE DISTANCE AND TEP-BASED CORRECTION FOR ZERO RANGE MEASUREMENT. 64
FIGURE 15: SCHEMATIC OF THE DATA FLOW TO DETERMINE BIAS-CORRECTED PHOTON RANGES. 64
FIGURE 16: DETERMINE WHETHER OR NOT A TE EVENT CAN BE OBSERVED WITHIN A GIVEN RANGE WINDOW 69
FIGURE 17: HOW TO DETERMINE IF A TRANSMITTER ECHO IS IN THE DOWNLINK BAND 70
FIGURE 18: SIMPLIFIED TE TOF REFERENCES 71
FIGURE 19.  TRANSMITTED ENERGY WORK/DATA FLOW. 75
FIGURE 20.  RECEIVER SENSITIVITY WORK/DATA FLOW 79
FIGURE 21 - RELATIONSHIP OF T0S AND TXS UNDER VARIOUS PHASE RELATIONSHIPS 98



XXX-TBD-TBD-XXXX Draft Version

     14

List of Tables
TABLE 1: PHOTON COUNTING ELECTRONICS TERMINOLOGY 21
TABLE 2: PRIMARY MEASUREMENTS 21
TABLE 3: SYNCHRONOUS TIME REFERENCES 21
TABLE 4: DIRECTIONS FOR SELECTION OF ANC-27/CAL-10 VALUE 35
TABLE 5: GENERALIZED TOF CALCULATION NOTATION 37
TABLE 6: DICTIONARY OF TOF DERIVATION VARIABLES 37
TABLE 7: MISSING DATA SCENARIOS AND THEIR ASSOCIATED REPERCUSSION + MITIGATION 44
TABLE 8: GENERALIZED TOF CALCULATION NOTATION 49
TABLE 9: DICTIONARY OF TOF DERIVATION VARIABLES 49
TABLE 10: THE LOGICAL MAPPING OF RETURN EVENT CHANNELS IDS 53
TABLE 11: SUPER CHANNEL ASSIGNMENT ALGORITHM 53
TABLE 12: DIRECTIONS FOR SELECTION OF ISF/CAL-17 VALUE 55
TABLE 13: DIRECTIONS FOR SELECTION OF CAL-44 VALUE 56
TABLE 14: MAPPING OF CASE, I, ACCORDING TO WHICH THRESHOLD DATA IS MISSING FROM SCIENCE DATA TELEMETRY (X DENOTES 

MISSING DATA) 57
TABLE 15: DOWNLINK BAND ASSIGNMENT + IDENTIFICATION 60
TABLE 16: DIRECTIONS FOR SELECTION OF CAL-49 VALUE 61
TABLE 17: FILTER ALGORITHM TO REMOVE DUPLICATE RETURN-EVENT TIME TAGS. 62
TABLE 18: ATMOSPHERIC HISTOGRAM EU CONVERSIONS 90



XXX-TBD-TBD-XXXX Draft Version

     15

Acronyms and Terminology
AMET ATLAS Mission Elapsed Time 

APID Application Identifier (ID) 

ASAS ATLAS Science Algorithm Software 

ASC ATLAS Serial Card 

ATBD Algorithm Theoretical Basis Document 

ATLAS Advanced Topographic Laser Altimeter System 

CCSDS Consultative Committee for Space Data Systems

COI Center of Integration

DAA Detector Array Assembly

DEM Detector Electronics Module

DFC Data Flow Controller (one of three FPGAs on a PCE card) 

DLB Downlink Band

DLBO Downlink Band Offset

DOP Degree of Polarization 

FLATLAS The collective set of ATLAS Engineering Models 

FSW Flight Software

FSR Flight Software Receiver algorithm

GMT Greenwich Mean Time 

GPS Global Positioning System 

GPSR GPS Receiver

Granule The smallest unit of subject data processed at any one time at a given level (e.g. L1B)

HRGs Hemispherical Resonator Gyros 

ICRF International Celestial Reference Frame 

IMET Instrument Mission Elapsed Time (Maintained on each PCE; 3 values)

LRS Laser Reference System 

ISF Instrument Support Facility

MEB Main Electronics Box 

MIS Management Information System 

MKS System of units based on measuring lengths in meters, mass in kilograms, and time in seconds

NSIDC National Snow and Ice Data Center 

PCE Photon Counting Electronics 

POD Precision Orbit Determination 

PPD Precision Pointing Determination 

PSO Project Science Office 

QA Quality Assurance

RMAP Remote Memory Access Protocol 



XXX-TBD-TBD-XXXX Draft Version

     16

RWC Range Window for Clouds used for atmospheric range windowing

RWS Range Window Start for altimetry range windowing

RWW Range Window Width for altimetry range windowing

SBC Single Board Computer

SCoRe Signature Controlled Request 

SIPS Science Investigator-led Processing System 

SNR Signal to Noise Ratio

SPD Start Pulse Detector 

SSIRU Scalable Space Inertial Reference Unit 

SST Spacecraft Star Tracker 

TAMS Telescope Alignment Monitoring System

TAT Time-at-the-Tone-was

T0 Represents the time of the laser fire command 

TDC Time to Digital Conversion 

TE Transmitter Echo 

TOD Time of Day 

TOF Time of Flight 

USO Ultra-Stable Oscillator 

UTC Universal Time Coordinated; Coordinated Universal Time 



XXX-TBD-TBD-XXXX Draft Version

     17

1 Introduction
This section provides an introduction to the ICESat-2 mission, the measurement concept of its sole instrument, 
the Advanced Topographic Laser Altimeter System, or ATLAS, and the family of ICESat-2 data products. 

1.1 Background

The ICESat-2 observatory and ATLAS instrument (Anthony J. Martino, 2011) use a photon-counting LIDAR 
and ancillary systems (primarily GPS and star cameras) to make three primary measurements. As portrayed in 
Figure 1, the measurements are (1) the time of flight of a photon from ATLAS, to the earth, and back to 
ATLAS; (2) the pointing vector at the time a photon is transmitted by ATLAS; and (3) the position of ICESat-2 
in space at the time a photon is recorded by ATLAS.  

Figure 1: ATLAS is a laser altimeter which computes the range between it and the surface of the earth.

This measurement approach is fundamentally different than a full-waveform LIDAR system (such as the 1064-nm GLAS 
instrument on ICESat) in that ATLAS uses statistical analysis to improve the signal-to-noise ratio (SNR) and detect the 
laser-induced signal arising from return events.  In so doing, the ATLAS instrument transmits green (532 nm) laser pulses 
at 10 kHz from the nominal ICESat-2 ~500 km fixed orbit. Figure 2 shows the idealized beam and footprint.  The left 
panel shows the beam pattern for ICESat-2; the right panel shows the instantaneous footprint pattern generated by each 
transmitted laser pulse from ATLAS. One transmitted laser pulse is emitted every ~0.7 m along ground tracks.  Each laser 
pulse emitted is first split by a diffractive optical element in ATLAS to generate six individual beams, arranged in three 
pairs, as shown in Figure 2.  Each pair of laser beams along the three tracks have different transmission energies referred 
hereafter as “strong” and “weak”. The energy ratio between is approximately 4:1, strong to weak. Light green circles in 
Figure 2 indicate “footprints” from the relatively weak beams, and dark green circles indicate footprints from the strong 
beams. The pair of beams (strong, weak) are also separated by about 90 m in the cross-track direction. The beam pairs are 
further separated by about 3.3 km in the cross-track direction, and the strong and weak beams are separated by about 2.5 
km in the along-track direction.
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Figure 2: ATLAS Idealized Beam and Footprint

Only a small fraction of the photons transmitted from ATLAS complete the journey through the atmosphere, reflect off 
the surface of the earth, return through the atmosphere, into the ATLAS telescope, and are recorded by the instrument 
electronics. For highly reflective surfaces and clear skies, on the order of 10 signal photons from a single strong beam are 
expected to be recorded by ATLAS for a given transmit laser pulse.  At the same time, background photons from sunlight 
at the same 532 nm wavelength may be arriving at the detector, and some of them will also be recorded by ATLAS.  The 
number of photon events recorded by ATLAS depends on the geometry and reflectance of the Earth’s surface, solar 
conditions, and on scattering and attenuation in the atmosphere. The instrument thus has to deal with a range of SNR 
depending on these conditions. Statistical analysis is used to improve SNR and detect the signal and decide on the signal 
band to extract and downlink for post processing into usable data products that are geolocated in time and space. These 
processes are discussed in detail in what follows.

Figure 3 shows a block diagram of the ATLAS onboard data processing from photon input capture to intermediate data 
output to downlink telemetry for post processing. As shown, the processing includes a function to time tag key events: 
these include each laser transmit, return events, the “time of day” of these measurements. In order to reduce the volume of 
event data downlinked to earth, ICESat-2 uses onboard flight software to identify and downlink the most likely signal 
photons while also providing data on the atmospheric conditions. This decision making is performed with the help of 
statistics via histograms: primarily for altimetry photon “time of flight” measurements, secondarily with atmospheric 
“sounding” measurements that can detect clouds formations obstructing clear signal returns. The signal band of time tags 
selected for downlink for altimetry ranging (after geolocating) is accompanied by the atmospheric histograms that may be 
used later for atmospheric science and characterization of cloud formations. These histograms are pictured in Figure 4 and 
discussed below.
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Figure 3: Onboard Processing Functions

The statistical approach inherent to photon counting LIDAR allows for the discrimination of signal from background 
noise (Poisson distributed). As pictured in Figure 5, this is the function of three Photon Counting Electronics (PCE) cards 
(ATLAS MEB Photon Counting Electronics (PCE) Data Flow Controller (DFC) Field Programmable Gate Array 
Specification, 2015) via histogramming and so-called Receiver Algorithms (Jan McGarry et al., 2015) executed on board 
to determine which signal data to downlink to the ground station. Given the 10 kHz laser pulse repetition rate, transmitted 
laser pulses are separated in flight by about 30 km in one-way travel, or about 15 km in two-way travel.  As such, there is 
an inherent height ambiguity of about 15 km in received photons and, consequently, ICESat-2 can only characterize the 
lowest 15 km of the earth’s atmosphere.  

The functions of the PCE are pictured in Figure 5. The Receiver Algorithms are run concurrently on three identical 
processors: one LEON3FT processor on each of the three PCE cards (Jan McGarry et al., 2015). Each PCE card contains 
the electronics for the “strong” and “weak” laser spots for one track. Although there are actually six ATLAS spots, this 
document will refer to only two: one strong and one weak. The Receiver Algorithms are identical for all three tracks. The 
sole purpose of the algorithms is to reduce the telemetry data volume to fit within the downlink constraint while 
maximizing the probability of downlinking surface signal. To that end, these algorithms count the received photon events 
and generate histograms to aid the statistical signal processing. As pictured in Figure 4, histograms span the lowest 14.5 
km of the atmosphere, thus covering a 14 km above the surface and 500 m below it. The Receiver Algorithms also select 
the signal location around the ground in real‐time and instruct the hardware to telemeter a vertical band of received 
time‐tags about this signal location (Jan McGarry et al., 2015).  To do that, the algorithms set a range window of at least 
500 m and not more than 6 km and uses histograms with 3-m bins within which photon events are time tagged over 200 
consecutive laser shots. This signal processing is portrayed in Figure 5. The width of the range window is primarily 
dependent on the surface type (e.g. ocean, land ice, land) as well as the topography.  Concurrently with the altimetry 
histograms, atmospheric histograms using 30-m bins are generated that aggregate the number of photon events over 400 
consecutive laser shots. So an atmospheric histogram is generated every 0.04 seconds and spans 280 m of along-track 
distance.  Atmospheric histograms are downlinked for the three strong ATLAS beams. 

While the lower-level data products, such as the ATL02 product described by this ATBD, typically work with individual 
time tags, higher-level geophysical data products work with aggregations of time tags in order to determine the ellipsoidal 
height of the earth, canopy height and structure, and other quantities of geophysical interest.  The curious reader is 
referred to the ATBDs for these higher-level data products.
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Figure 4: Atmospheric histograms span the lowest 14.5 km of the atmosphere with 30-m vertical bins. Altimetry histograms 
span a much smaller column with 3-m bins in search of the surface signal. Once found, the signal related time-tag data is 

transmitted to ground with chosen downlink bands.

Figure 5: PCE has dual related functions – time-tag recording and management on one side in direct relationship with the 
histograms and downlink band selection on the other side – each working in concert to extract signal data while restricting the 

volume of data telemetry within set limits.

1.2 Terminology, Notation, and Conventions

**Open for this section: None. 

The relevant acronyms, terminology, and variable shorthand used in this document are listed the tables below. 
Table 1: Photon counting electronics terminology
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Return photons Photons emitted by the ATLAS laser that scatter off an object downrange, are 
collected by the ATLAS receiver, and strike the detector

Background photons Photons from any other source that strike the detector
Dark electrons All other electrons emitted from the detector cathode are emitted at a constant rate 

(in a constant environment)
Return photons per shot Equals the return pulse energy divided by energy per photon
Background photons per 
second

Equals the background power divided by energy per photon

Energy per photon Equals Planck’s constant times the speed of light divided by wavelength
Photoelectrons Equals the total photons (arriving in a time interval) times counting efficiency 
Events (in a time interval) Is a nonlinear function of total electrons in that time interval and earlier; electrons 

that are emitted within the detector dead time after a previous electron do not 
result in events 

Counting efficiency Includes the detector’s efficiency and the throughput of any optics between the 
input and the detector

Start events Sometimes called transmit events, these digital edges coming from the SPD at 
threshold crossings

Return events Sometimes called receive events, these digital edges are inputs from the DEM, 
assumed to be the result of electrons emitted from the detector cathode. 

Time tags Each time tag corresponds to a particular start or return event and gives the time at 
which events undergo a time-to-digital conversion (TDC) by a PCE.

Table 2: Primary measurements

Purpose Measurement Calculation  Resolution (Units)
Elevation Time of Flight Elapsed Time from Transmit 

Pulse to Return Pulse
 USO: Coarse Time 

(10 ns)
 TDC: Fine Time (200 

ps)
Geolocation Time of Day GPS Time Elapsed from 1PPS to 

Transmit Pulse
 GPS (100 ns)
 IMET (40 ns)
 AMET (10 ns)

Geolocation Pointing Responsibility of POD/PPD

Table 3: Synchronous time references

Time Reference Rate Purpose
Coarse Time 100MHz  Used to time stamp the transmit pulse and return 

pulses, the difference of which provides a coarse time 
of flight

 Used to time the start and stop of the range window
 Used to time the period of each histogram bin

ATLAS Mission 
Elapsed Time 
(AMET)

100MHz  Used to resolve the differences between the Spacecraft 
GPS/external 1pps signal and the ASC/internal 1pps 
signals by calculating the respective time differences.

Instrument Mission 
Elapsed Time 
(IMET)

25MHz  Used to time stamp the GPS 1PPS and T0, the 
difference of which correlates all USO timestamps to 
GPS time
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Time-Zero (T0)  10KHz  Used to reset the coarse-count time of the start pulse to 
zero. All start pulse timestamps are relative to the most 
recent T0. (Note, return pulse times are relative to the 
start of their corresponding range window.)

Major Frame (MF) 50Hz  Used to latch new range window values
 Used to signal to the LEON3FT processor

Table 4: Key IceSat-2 / ATLAS Parameters

Parameter Name Value Unit Notes

Orbital Altitude (minimum) 481 km
Orbital Altitude (maximum) 511 km

Laser Firing Rate (nominal) 10 kHz

Transmitted Energy (typical 
strong beam minimum)

48 µJ Best-estimate actual energies for all 
beams are in ATL02.  See Section 
5.2.Transmitted Energy (typical 

strong beam maximum)
172 µJ

Transmitted Energy (typical 
weak beam minimum)

12 µJ

Transmitted Energy (typical 
weak beam maximum)

43 µJ

Transmitted Wavelength 532.272 nm

Transmitted Beam divergence 
(typical)

21 µrad Measured profiles of all beams are 
in CAL 22

Transmitted Beam Eccentricity 0.4 none
Transmitted Beam diameter 
(typical)

10.5 m At 500 km altitude

Transmitted Beam Angular 
Spacing (long dimension)

6.6 mrad approximately across track

Transmitted Beam Angular 
Spacing (short dimension)

5 rad approximately along track

Transmitted Beam Spacing 
(long dimension)

3.3 km approximately across track, at 500 
km altitude

Transmitted Beam Spacing 
(short dimension)

2.5 km approximately along track, at 500 
km altitude

Track Pair Spacing (nominal) 90 m spacing between weak and strong 
track in the same pair

Receiver Aperture Diameter 0.802 m
Receiver Aperture Effective 
Area

0.41 m2 Less than aperture circular area due 
to obstruction in telescope
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Receiver Field of View 
Angular Diameter

83.5 µrad

Receiver Field of View 
Diameter

41.75 m At 500 km altitude

Receiver Optical Throughput 
(typical at peak wavelength; 
does not include obstruction in 
telescope)

.41 none Best-estimate actual products of 
receiver throughput and efficiency 
are in ATL02.  See Section 5.3.

Receiver Counting Efficiency 
(typical)

0.15 none

Receiver Effective Optical 
Bandwidth

38 pm Rectangular band at peak 
wavelength throughput

Event timing precision 
(typical)

200 ps Width of delay-line cell

Single-photon time-of-flight 
uncertainty (typical standard 
deviation)

800 ps Best-estimate time-of-flight 
uncertainties are in TBD

1.3 Description of Relevant Hardware Interactions

The ATLAS system-level components shown in Error! Reference source not found. are within the scope of 
this ATBD. This section summarizes how these components are used in photon time tagging and within the 
timing apparatus presented in the next section and throughout the remainder of this document.
The ATLAS Serial Card (ASC) is housed within the Main Electronics Box (MEB). The ASC has four primary 
functions: 

1) house two SpaceWire routers to interface the Single Board Computer (SBC) with the three PCEs and the 
Spacecraft;

2) provide a serial interface to the laser electronics responsible for providing the 10-kHz laser fire command to the 
laser;

3) provide the necessary time indexing to correlate the Spacecraft GPS time reference from the active GPS Receiver 
(A or B) to an Ultra-Stable Oscillator (USO) used for precise timing; and 

4) distribute an internal 1 pulse per second (1pps) signal to the various boards in the MEB that need it

All timing events recorded by ATLAS can be related to the internal USO clock, referred to hereafter as the 
“ruler clock.” The ruler clock and other timers have various resolutions that are hierarchically nested. This 
multi-resolution timing apparatus is portrayed graphically in Error! Reference source not found. and Error! 
Reference source not found..
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Figure 6: ATLAS system-level components are shown here that are, within the scope of this ATBD, instrumental in photon 
counting, histogramming, time tagging, signal band selection, and downlink to ground. 

At the lowest resolution, 1-second intervals are counted off both internally in the ASC and externally via 
the Spacecraft GPS Receivers (GPSR). There are two GPSRs, referred to as GPSR A and GPSR B, according 
to which receiver is in use. The GPSR provides about 100-ns resolution time reference to the instrument via a 
one pulse per second (1pps) signal and a corresponding Time-at-the-Tone-was (TAT) message to the MEB via 
the ASC. The SBC receives the TAT message and distributes it to the PCE LEON3FT flight software over the 
SpaceWire link.

As Error! Reference source not found. shows, these nested time-measurement resolutions are used 
from coarse scale to fine scale for measuring the time of events. At the top, and coarsest resolution, there is the 
1pps signal. This is the first step in aligning relative time measurements with the GPS time reference via linear 
interpolation using the ATLAS Mission Elapsed Time (AMET) counter. The source of the 1pps can be either 
ATLAS internal or external. For the internal 1pps the ASC takes its 100-MHz USO clock and divides it down 
to 1 Hz. This is the default source of the 1pps signal and is referred to as the internal 1pps or the ASC 1pps. 
Additionally, the external 1pps is taken directly from either GPSR A or B time signal received by the ASC. We 
refer to that source as the external 1pps, Spacecraft (SC) 1pps, or simply GPS 1pps. Whatever the source, the 
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ASC distributes a 1pps signal to each PCE card, which then correlates it to its internal time measurements, 
which includes the Instrument Mission Elapsed Time (IMET), major frames, and minor frames.

USO 
Clock
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1pps
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Counter

IMET
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Frames 1 2 3 ... 5049
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Time
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Tx/Rx measurements are relative to the latest T0.

The USO provides the “ruler clock” for the measurements.

Figure 7: Timing apparatus uses hierarchically nested, multi-resolution time scales.
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Additional diagrams that may be of use for the pCEs are as follows.
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At the next level of resolution is the 50-Hz data processing frame, otherwise known as the major frame. 
Nominally, each major frame is comprised of 200 minor frames consisting of a single laser shot and its 
associated return event(s). In the nominal case, the internal time measurements are synchronized to the USO 
clock. However, when the external 1pps is used instead, the number of minor frames per major frame may vary 
by plus or minus one count due to the asynchronous relationship between the external 1pps and the internal 
USO, thus resulting in small drifts in the clock phases. 

The purpose of the major frames is to granulize the data processing by the flight software for scheduling 
data processing, data management, operational parameter settings, and housekeeping. The Dataflow Controller 
(DFC) on each PCE maintains a major frame counter for both the strong and weak beam. These counters are 
used as the major frame ID. The major frame counters start counting after PCE power-on reset and can count 
up for about 2.7 years before rolling over. The major frame ID is used to identify individual major-frame 
dependent data carried by both housekeeping and science telemetry packets to, in part, identify the start/return 
events and associated time tags. 

The benefit of the internal 1pps signal should not be understated. Because it stems from the internal 
USO clock we can enjoy clock synchronization across the three Photon Counting Electronics (PCE) cards 
that also receive the USO clock for internal timing alongside the 1pps reference. So, when using internal 1pps to 
define every 1-second period, 10,000 T0 events will always be observed within said period. However, when 
using the asynchronous external 1pps, there will be some clock phase skew and, hence, the number of T0 events 
can differ from 10,000 by either plus or minus one count. It is for that reason that the internal 1pps source is 
favored as the default source to distribute to each PCE and fall back to the external 1pps sources (from either 
GPSR A or B) only for fault tolerance. This is shown graphically in Error! Reference source not found..

Nevertheless, the use of the external 1pps source for internal timing is expected to not adversely affect 
the data processing algorithms beyond what can be corrected by further ground processing. However, testing 
with the redundant GPSR 1pps signals as external sources of 1pps for the PCEs will not be tested operationally. 
Regardless of the 1pps source distributed to the PCEs, both the internal and external 1pps signals are used 
concurrently by the ASC to latch the current AMET value every 1pps pulse. This latch mechanism is also 
shown in Error! Reference source not found..

The ASC divides down the USO clock to a 10 kHz frequency and uses this to drive the laser fire 
commands. Each command results in the emission of laser light from one of the two ATLAS lasers.1 The lasers 
are redundant units so only one laser is operational at a time. Part of the outgoing laser pulse is picked off and 
routed to the Start Pulse Detector (SPD). After filtering, the smoothed laser pulse is timed by reporting the 
time of the leading and trailing edges of the voltage pulse across two adjustable thresholds. Details of this are 
discussed in the next section. For now, suffice it to say that each T0 clock advance (clock tick) is associated (by 
its trigger) with precisely one laser transmit pulse.2 The subsequent return events captured by the Detector 
Array Assembly (DAA) and communicated to the PCEs Rx input channels via the Detector Electronics 
Module (DEM) as electrical pulses. These return events are referred to as Rx events. The Rx event data is 
related to the Tx event also communicated to the PCEs Tx input channels via the SPD. The Tx and associated 

1 Both lasers cannot operate simultaneously; only one will be active at any given time.
2 The correct T0 to associate with each Tx must be referred with the procedure presented in Section Error! Reference source 

not found..
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Rx events are all collected within the same major frame. The major frame is processed by the on-board signal 
processing on each PCE card, which is also responsible for start/return time tagging, Rx event histogramming, 
and transmission of the resulting science data via downlink telemetry. 
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÷10,000

Laser Fire 
Command 

(100 µs)

AMET
(10 ns) 

1pps
(1 s)

AMET @ 1pps 
ASC Internal

Latch

AMET @ 1pps 
External GPS A

AMET @ 1pps 
External GPS B

Spacecraft

GPS A

GPS B

MuxMux SelectDefault 02  1  0

100 MHz USO

PCE 2

PCE 3

PCE 1

IMET
(40 ns)

1pps

cCourse-clock
Time (10 ns)

IMET @ 1pps Fine-clock 
Time (160 ps)

Latch

IMET @ 50 Hz

÷4 ÷2500

10 kHz

T0÷200

Figure 8: Block diagram of ATLAS timekeepers and linkages between them to correlate events times for correct and robust 
geolocating. The green path from ASC/internal 1pps to each PCE is the default operational condition selected by the 
multiplexer; the other GPS/external sources for the 1pps signal are available redundantly for fault tolerance. 

The flight software uses the notion of “major frames” to organize the low-level data processing and storage.  A 
50-Hz interrupt to the LEON3FT microprocessor is used to delineate major frame boundaries, which are then used to 
synchronize all flight software operations on each PCE. Even though the major frame counter is unique within the scope 
of an individual PCE, the counter value is not consistently the same across all three PCEs. In other words, for the same T0 
event, the major frame counter of any two PCEs will not necessarily be the same. But this is of no consequence in the time 
management scheme presented in this chapter, as it uses other auxiliary counters and time relationships.

As pictured Error! Reference source not found., each of the three PCE cards makes use of its own clocks.  Part 
of the PCE runs at 100 MHz and, on each PCE card, is driven by the 100-MHz USO on the ASC. All logic related to 
transmit and receive event tag logic – including start pulse detection, range window generation, and T0 signal generation 
– uses this 100-MHz clock. Yet another clock domain runs at 25 MHz, which is divided internally within the FPGA of 
each PCE. It is used for the Instrument Mission Elapsed Time (IMET) functions, thereby maintaining an IMET with a 
resolution of 40 ns. Logic running at 25 MHz includes time tagging the internal 1pps signal, the time of the first T0 after 
the 1pps, the 50-Hz major frame interrupt, latching the major frame counter, and latching the T0 counter. It is also used in 
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the calibration request logic pulse generation. There is a requirement for the IMET to be reported at the receipt of the 
ASC/internal 1pps to a minimum accuracy of 50 ns. As such, the IMET is used to time stamp the GPS/external 1pps and 
T0, the difference of which correlates all USO timestamps to the GPS time.

Error! Reference source not found. shows the four main components of a PCE. A brief description follows. 
Three of the main components are FPGAs; the fourth is the Signal Processor, which is a LEON3FT microprocessor. The 
first FPGA is the Time-to-Digital Converter (TDC), which performs the precise time tagging function. As will be 
discussed soon in detail, the time conversion is performed in two scales of resolution by using a coarse clock and a fine 
clock. The second FPGA is a Dataflow Controller (DFC), which controls the TDC FPGA and performs the time keeping, 
data management, and serves as the primary interface for the downlink telemetry. The DFC data management oversees all 
the critical information and control parameters on the PCE. The data management also includes the collection and storage 
of start/return event time tags that flow from the TDC and manages the high throughput via flow control and queuing. The 
time tags are managed with a special data structure for efficient storage and retrieval by the large on-board memory. The 
DFC timekeeping and control parameters include the 10 kHz T0 clock, 50 Hz major frame counter, 25 MHz Instrument 
Mission Elapsed Time counter for the internal time reference, Range Window Start (RWS), Range Window Width 
(RWW), and Downlink Band Offset (DLBO). The latter three parameters are settable before each major frame by the 
so-called Flight Software Receiver (FSR) algorithm running on the LEON3FT and subsequently used to search for and 
select the signal data. The data collected within the downlink signal bands are transmitted via science telemetry packets 
for data processing on the ground. Finally, the third FGPA is the Histogramming (HISTO), which is the “statistics offload 
engine,” or coprocessor, for the flight software on the Signal Processor. 

Figure 9: PCE architecture block diagram shows the four main functions: TDC, dataflow control, histogramming, and 
onboard signal processing. 

The DFC takes the 1pps and 100 MHz USO as input and derives its own local T0 clock correlated to its internal 
IMET reference. The T0 events reset the coarse clock used to time tag laser start (shot) and return events. These events are 
time tagged by the TDC in full resolution of coarse-clock and fine-clock scales. Ensuing start/return events come flowing 
into the TDC directly and the associated time-tag measurements are passed to the DFC. Asserting the Tx flag conveys to 
the DFC that the event is a start event; otherwise it is considered a return event. The Rx channels into the TDC are also 
passed through to the HISTO. While the DFC is storing the return events (for each start event) for later retrieval, the 
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HISTO is counting and binning the return events. The Signal Processor uses the histograms to perform statistical analysis 
as part of the so-called Altimetry/Atmospheric Receiver Algorithms. The Receiver Algorithms control the range windows 
that collect the return events and associated time tags via control parameters it updates in the DFC via the SpaceWire 
datalink. The range window gates (defining range window start and width) are applied as input to both the TDC and 
HISTO for the altimetry data, but only to the HISTO for atmospheric histogramming purposes. As a hardware co-
processor, the HISTO interrupts the main Signal Processor whenever a certain set of histograms (altimetry/atmospheric, 
strong/weak beams) are ready for analysis by the Signal Processor software implementing the Receiver Algorithms. This 
processor is partitioned into consecutive major frames of 200 Tx shots each for altimetry histograms with the smallest (3 
m range) bins. The DFC (being the time manager) notifies the Signal Processor with a 50 Hz interrupt signal to delineate 
major frame boundaries. Meanwhile, atmospheric histograms are integrated over 400 Tx shots into coarser (30 m) bins. 
Ultimately, the Receiver Algorithms determine which signal downlink bands to send to the ground station via telemetry. 
This decision is communicated to the DFC, at which time it retrieves the start/return time tags from its large memory store 
(not shown), and packages the data for CCSDS telemetry. This data products include both the start/return time tags and 
the atmospheric histograms, which are downlinked inside altimetry science packets and (separate) atmospheric science 
packets, respectively.

The two-scale time measurement apparatus is pictured in Error! Reference source not found. by using the USO 
ruler clock. That is, the coarse-clock time resolution stems from the USO clock input to each PCE, thus providing 10-ns 
time resolution. Harder to achieve is the fine-clock time resolution. This fine resolution is accomplished by using a 
carefully designed logic gate/cell delay line within the TDC FPGA consisting of 75 gates (cells) in serial chain (see the 
gate delay chain in  Error! Reference source not found.). A pulse input to the front of the chain can be observed as it 
propagate from one cell to the next by latching the input/output of each cell by a designated clock edge to a synchronous 
circuit. In this way, the number of cells a pulse can transit in a fixed internal given the clock period may be measured. 
Doing so establishes a highly precise timing apparatus for making measurements in fine-clock resolution much smaller 
than the 10-ns period of the USO clock. Each cell represents approximately 180 ps of time resolution on average with a 
standard deviation of about 60 ps. The standard deviation is the measure of accuracy, which is quite impressive. There is 
some variability to this resolution according to temperature and the card in use when collecting the data; this is accounted 
for in several calibrations. The TDC is thus able to provide the requisite fine-clock time of the TOF measurement, which 
meets the ATLAS time precision requirement. 
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Figure 10: PCE “ruler clock” has coarse-time (10 ns) and fine-time (sub 10-ns) resolution. NOTE: The coarse-clock times are 
always measured to the next coarse-clock edge (tick), so the fine-clock time must be subtracted from the coarse time to obtain 
the time measurement in full resolution.

To relate return times to start times, and start times to absolute time of day(TOD) for the purpose of geolocating 
(geo-referencing) the return bounce points, additional timers must be introduced. The additional timers are co-related in a 
concerted fashion back to the Spacecraft GPS 1pps signal. That never-ending sequence of 1-second intervals will become 
the definitive time line to which the altimetry science data, including TOFs, will be referenced. That process is presented 
in the Section TBD5 for TOD calculations. 

1.4 Instrument Data

The data telemetered by ATLAS, and its subsequent products, are listed below. It is important to note that 
all of these items are generated at different rates and may not be present in telemetry at the same time:

 Time-tag measurements that are converted to altimetry time-of-flight (TOF) calculations and time-of-day (TOD) 
using GPS time. The calculated TOF values are computed for each return event measured relative to the transmit 
pulse threshold computed herein.

 Data to determine the pointing direction of the transmitted beam with respect to the instrument coordinate system

 Data to determine the direction to known stars with respect to the instrument coordinate system

 Atmospheric histograms
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 Housekeeping data consisting of routine telemetry of the state of instrument components

 Diagnostic data which contains more detailed telemetry pertaining to the state of instrument components (as 
needed).

 Calibration data consisting of time tags and histograms recorded during instrument calibration procedures.

Note that in the ATL02 product, ATL01 (L1A) telemetry packets are converted from native, raw data form to 
engineering data in engineering units (MKS, joules, volts, radians, degrees C, etc.).  
Additionally, data from packets with checksum flag set as failed will not be placed on ATL02. In the QA 
summary there will be a count of packets deleted by packet type. The following sections discuss data processing 
and resulting output of ATL02 data products. 

1.4.1 Data Products

This ATBD covers the data processing steps to generate the ATL02/L1B data product from the ATL01/L1A 
data product including the derivation of several key parameters using pre and post-launch calibration data, 
housekeeping data, and system models.  Throughout this document, ATL02 and L1B are frequently used 
interchangeably, as are ATL01 and L1A.  The goal of the ATL02 data product is to support the Precise Pointing 
Determination (PPD) and the Precise Orbit Determination (POD) processing, as well as the ATL03 (global 
geolocated photons) and ATL04 (calibrated backscatter profiles) data products.  
The family of ICESat-2 mission data products and the connections between them are shown in ????

. The Level 0 data from ICESat-2 is reformatted and unpacked by the ATL01 algorithm and converted into engineering 
units.  The ATL02 processing applies instrument corrections to these data.  For example, photon time tags are corrected 
for the effects of temperature and voltage variations on the ATLAS electronics, and biases are removed from timing and 
pointing measurements within the context of ATL02.  The POD and PPD draw from ATL02 to determine the position of 
the ICESat-2 observatory as a function of time and the pointing vector of ATLAS as a function of time.
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Figure 11: ICESat-2 Data Processing Flow of ICESat-2 data from lowest to highest level of processing.  Color indicates data 
product levels, while text corresponds to data product number and the data product short name.  All products (ATLxx) are 

generated by the Science Investigator-led Processing System (SIPS), and distributed by the National Snow and Ice Data 
Center (NSIDC).

The outputs of the POD, PPD and ATL02 data products are combined in ATL03 to produce a Level-2 product containing 
geolocated ellipsoidal heights for each time-tagged photon event downlinked from ATLAS.  These heights are corrected 
for several geophysical phenomena (e.g. atmospheric refraction, tides) and are classified as likely signal photons (ground 
or TEP) or likely background photons.

Atmospheric data products draw the raw atmospheric profiles for each strong beam from ATL02.  ATL04 provides 
normalized relative backscatter profiles and ATL09 produces calibrated backscatter profiles, atmospheric layer heights, 
and related atmospheric parameters.

All Level 3A data products draw from the geolocated photon heights in ATL03.  Along-track land ice ellipsoidal heights 
are provided in ATL06, along-track sea ice and polar ocean height are provided in ATL07, and along-track terrestrial 
ellipsoidal height and related metrics for vegetation heights are provided in ATL08.  Sea ice freeboard for the arctic and 
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Antarctic seas and associated parameters are in ATL10. Ocean heights are provided in ATL12, while inland water heights 
are in ATL13.  The level 3A products use ATL09 to flag or remove cloudy data from the data products. 

Level 3B data products are gridded products, drawing from the along-track products of Level 3A.  ATL11, 14, and 15 are 
gridded land ice products corresponding to land ice height time series, annually gridded land ice heights, and gridded land 
ice height change.  Sea ice gridded data for the Arctic and Antarctic are provided in ATL20 and 21, respectively.  Gridded 
terrestrial data is provided in ATL18 while the gridded mean sea surface heights are in ATL19.  Lastly, weekly and 
monthly gridded atmospheric data products are provided in ATL16 and 17.

Figure 3 provides a graphical overview of the Input, Data Processes, and Output (Data Product) of this ATL02 document. 

1.5 General Data QA Philosophy

To ensure that the ATL02 data product is generated appropriately and its contents are legitimate, a multi-
faceted data quality assurance process is planned. The following utilities will be used to accomplish this task:

 Custom python scripts developed by the ATL02 ATBD team – These scripts will be used 
primarily for pre-launch validation of ATBD algorithm implementations, telemetry conversions, 
etc in the ASAS code. They will be run sporadically on key test data sets.

 On-board ASAS QA Scripts – This code is integrated directly into the utilities which create the 
ATL02 H5 data products. These scripts will be used to screen for catastrophic type errors in the 
product. If errors are found, further processing of the granule will be halted. These scripts will be 
used both during pre-launch and post-launch validation efforts and will be executed each time an 
ATL02 data product is created.

 SCF Limit Checking Scripts – The ICESat-2 SCF has the ability to perform rote limit checks on 
parameters contained in the ATL02 H5 data products. These scripts will check the values 
contained in the ATL02 products and alert the responsible author(s) when something is out of 
bounds. In the case of the SCF limit checking, the utility will merely be used to flag issues 
warranting additional investigation but are not severe enough to halt the processing of the granule. 
These scripts will be used both during pre-launch and post-launch validation efforts and will be 
executed each time an ATL02 data product is created.

 ISF Trending – The ISF has the ability to trend overall behavior of the results reported out in the 
ATL02 H5 data products. The trending capability of the ISF will be used to evaluate the long-term 
stability of the ATLAS instrument as well as key parameters used when producing the ATL02 H5 
data products. The ISF trends will need to be monitored within the context of operations and 
engineering judgement. These trends will then be used to help identify areas where additional 
investigation may be needed but a halt in ATL02 product creation isn’t necessary.

1.6 Knowledge of Instrument Configuration 

**Open for this section: Need to add content to table indicating how ASAS gets the info. 

Knowledge of the instrument configuration, relevant calibrations, and USO behavior are captured in the ANC13 
and ANC27 products. These products are delivered on by the ISF to ASAS. ASAS utilizes the information 
captured in these ANC files in order to determine the calibration values and other, configuration-specific 
assumptions which go into the calculations outlined in this document. Detailed information on these products 
may be found in ICESat-2-ISF-IFACE-1639. Instrument configurations are captured in the ATL02 data product 
group /ancillary_data/housekeeping/ and ISF/ANC27 supplied constants and calibrations are stashed in the data 
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product group /ancillary_data/isf/. Determination as to whether or not the instrument is in science mode can be 
made by TBD. Emails out on this issue (61).  

1.7 Relevant Calibrations
The following calibration products are used within the context of this ATBD:

Table 5 - Cal Products Used in ATL02 ATBD

Cal 
Product Title

Use 
Described 

in…

Provided to 
ASAS via…

Frequency 
of Updated 

Values
10 USO Frequency Deviation Table 6 ANC-27
17 PCE Effective Cell Delay Table 12 ISF
30 Nominal Rx Sensitivity 5.3.1.1
33 Rx Sensitivity vs. Temperature 5.3.1.3
44 Start Timing Skews Table 13 ISF
45 Transmit Energy Fraction per Beam 5.2.2.1
46 Rx Sensitivity as a function of PMT High Voltage 5.3.1.3

47 Rx Sensitivity as a function of TX-to-IFOV 
Misalignments (2) 5.3.3.1

49 Receiver Channel Skews Table 16 ISF
54 Absolute, Energy Monitor Product 5.2.1.1
61 Rx Sensitivity vs. WTOM Ratio (2-min dwells) 5.3.3.2

Specific direction for selecting these values, including how to recover related information from the 
appropriate ANC file, is provided in context of the section or chapter where they are applied.

1.8 Delta Time Values & Data Rates for Packets

**Open for this section: Explain how delta times, dimension scales, data rates are assigned here.

1.9 Clocks + Timing Relationships

**Open for this section: Add some content here that taks about the clocks, their relationship, and finally, 
determine the SF on the USO that is used *everywhere* else in this doc. Content shown below is residual 
from prior drafts + needs to be tightened up. Have a few busted references to resolve as well. Cal 
selection + calc of SF is up to date.

In order to properly assign a time of day to an laser fire, as recorded by a PCE, one must first understand the 
relationship between the clocks and GPS signals used onboard the spacecraft.

Each PCE has three internal clocks that can be used to time laser fire events: a high-resolution time of flight clock 
and a low-resolution time of day clock. The high-resolution clock, referred to as the ruler clock, is a copy of the 100 MHz 
USO and provides 10 ns resolution. Samples from this clock are generally addressed as an event measured in coarse 
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counts. Combined with the fine counts, the high-resolution clock can time tag laser fire and return events to a resolution 
of approximately 200 ps for time of flight calculation. 

The flight software computes a 64 bit counter at the same resolution. This is called the AMET counter. The 
spacecraft distributes a 1PPS GPS signal that goes to the ASC. The ASC, in turn, latches its ASC 64 bit AMET counter value 
upon receipt of this GPS PPS. The ASC also establishes an internal PPS, latching a second 64 bit AMET counter value to 
this time reference. This internal PPS is in turn distributed to the PCE/DFC. In conjunction with the receipt of the internal 
PPS by the DFC, the flight software computes a pce 64 bit AMET counter value for the first T0 in each major frame 
packet that is produced by the PCE. This is reported as the AMET at first T0 in the first segment of the DFC altimetric 
science packets. (DFC.ALTIMETRIC_SCIENCE, APIDS 1254/1264/1274) and it is understood that the AMET counter if 
reported would increment by 10,000 upon each subsequent laser fire. Therefore, thanks to the Flight Software, these 
latched AMET counter values are the common thread by which events reported in the altimetric science packets can be 
associated back to a spacecraft GPS time. 

It should be noted that each PCE divides the ruler clock to 25 MHz, the IMET clock, which is used to time tag the 
internal (asc)1 PPS and the first T0 after the internal 1 PPS with a 40 ns resolution. While this can be used to compute 
the time of day of each laser to  a resolution of 40 ns it is not used for the TOD specified in this ATBD. Note because the 
PCE uses IMET there is a basic limitation of the 40 ns to the resolution of TOD  and that because each PCE generates its 
own IMET, the three PCEs are likely to assign different IMET times to a given laser fire. 

These values are documented in the packets listed  in table 4 (but Imet is not there ands is not in 1026 so maybe deleted 
this sentence).

A flow of this information can be seen in Error! Reference source not found. below and detailed information on 
the relevant fields of the SIM_HK and DFC.ALTIMETRIC_SCIENCE packets can be seen in Error! Reference source not 
found. and Error! Reference source not found. below.

This section shows the conversion from clock cycles to calibrated time in seconds. First, derive the scale factor 
to adjust for variation in USO frequency (or period).

≝ The nominal period of the USO clock period (10ns).
Equatio
n 11

≝ The as-measured value of the USO clock period.
Equatio
n 12

. Equatio
n 13

Equatio
n 14

Table 6: Directions for Selection of ANC-27/Cal-10 Value

CAL-10: USO Frequency Deviation

Description Over defined time intervals, values for the USO frequency deviation from 
nominal 100-MHz value

Dependencies Date, Instrument Side
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How To Select Value

 Determine date and time of data being evaluated
 Recover the appropriate ANC-27 value provided by the ISF. 
 Use this information to find the “USO_FREQ” line in ANC-27 whose date 

occurs most recently with respect to the time of the data being evaluated. 
Note that the date is provided in the 3rd field of the comma separated line. 

 Recover value from “Offset” field of the same like in ANC-27. This data is 
provided in the 2nd field of the comma separated line and should be used in 
Equation 13.

 Note: Because the instrument only operates on one side or the other, the 
Instrument Side can be deduced from the Date. Therefore, in some sense, 
the SF depends only on date.

Telemetry Point Used to 
Select Calibration

 To determine which USO is in use, consult the 4th field in the ANC-13 file. 

The generalized conversion of clock cycle time (t) to time in seconds (T) can be expressed as follows. This 
basic definition will be used in subsequent sections of this document to establish the time of events.

Equatio
n 15
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2 Time of Day Calculation
The Time of Day (TOD) calculation is used to assign a GPS time to each laser shot (Tx) for the purposes of 

geolocation of laser fires as well as for correlating shot information among the 3 PCE cards. The approach outlined in this 
document takes the GPS time distributed by the spacecraft + climbs through the various internal time references 
established (latched) by ATLAS until reaching the time of a laser fire. It also details how to recover an AMET counter 
value, which may be used to correlate laser fire data among the 3 PCE cards.

2.1 Ground Rules & Assumptions
The following “ground rules” and assumptions apply to the calculations outlined in this chapter:

 Only the leading lower time of a laser fire is used when calculating its GPS time, as this is sufficient for meeting 
the GPS timing requirements as will be discussed later in this section. 

 The analysis outlined in this chapter relies on contiguous major frame data. If a packet or segment is missing, 
each “block” of contiguous data within the granule, beginning with its first full + properly formed major frame, 
must be processed as its own group of data. 

2.2 Variable Definitions and Notation Syntax
Before deriving the equations for determining the TOD of a TX and using this information to align data across the 3 

PCEs, shorthand notations and symbols should be established. These will be used for expressing the generalized form of 
equations. Notation syntax is as follows with the additional considerations:

 Bolded parameters are values expressed in seconds
 Non-bolded parameters are dimensionless (i.e. clock cycles or other ratios)
 Lower case parameters are uncalibrated
 Upper case parameters are calibrated
 Hardware identifiers include Hardware sides (SPD A or B), PCE Identifiers (1, 2, or 3)
 Telemetry Types include: High or low bits for counter values

Table 7: Generalized TOF Calculation Notation

Symbol Parameter Super or Subscript Valid Values
α Hardware Side Superscript A, B
β PCE Identifier Superscript 1, 2, 3
δ Leading Start Component Subscript LL1, LL2, LL3

Because of the great degree of variety of notation in this document, a dictionary of utilized terms follows (in order of 
appearance):

Table 8: Dictionary of TOF Derivation Variables

Uncalibrated
Notation

Calibrated
Notation

Description Units Source

n/a Nominal USO period (10ns) Seconds DFC FPGA Spec
n/a USO scale factor Hz Calculated value per 

Equation 14
n/a Highest 32 bits of 64 bit AMET Ruler clock cycles ATL01 parameter: 
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counter, generated by Flight 
Software at the time of packet 
generation

/atlas/a_sim_hk_1026/
raw_amet_64_bit_hi

n/a Lowest 32 bits of 64 bit AMET 
counter, generated by Flight 
Software at the time of packet 
generation

Ruler clock cycles ATL01 parameter: 
/atlas/a_sim_hk_1026/
raw_amet_64_bit_lo

n/a Lowest 32 bits of 64 bit AMET 
counter, latched at the time when 
the ASC recieves the spacecraft 
1PPS. Note that this counter will 
be representative of only the s/c 
GPS in use (i.e. A | B)

Ruler clock cycles ATL01 parameter: 
/atlas/a_sim_hk_1026/
raw_amet_at_sc_{a|b}_
1pps

n/a Latched Value - The GPS time 
for the 1PPS provided by the 
spacecraft. This value is latched 
at the same time as 
the amet_at_sc_a|b_1pps fields 
and represents the last time at 
tone message used by the flight 
software to propagate time on 
board the instrument. 

Sec ATL01 parameter: 
/atlas/a_sim_hk_1026/
raw_gps_of_used_sc_1
pps_secs

n/a The corresponding subseconds to 
the above 
gps_of_used_sc_1pps_secs field. 
The subseconds are converted to 
seconds by dividing the value by 
4294967296.0 (which is the max 
32-bit integer value).

Sec ATL01 parameter: 
/atlas/a_sim_hk_1026/
raw_gps_of_used_sc_1
pps_sub_secs

n/a Highest 32 bits of 64 bit AMET 
counter, generated by Flight 
Software at time of the first T0 
in the major frame

Ruler clock cycles ATL01 parameter: 
/atlas/pce#/a_alt_scienc
e/raw_pce_amet_mfra
me_hi

n/a Lowest 32 bits of 64 bit AMET 
counter, generated by Flight 
Software at time of the first T0 
in the major frame

Ruler clock cycles ATL01 parameter: 
/atlas/pce#/a_alt_scienc
e/raw_pce_amet_mfra
me_lo

Leading lower element coarse 
counts

Ruler clock cycles ATL01 parameter: 
/atlas/pce#/a_alt_scienc
e_ph/raw_tx_leading_c
oarse

n/a Number of GPS seconds between 
the GPS epoch (1980-01-
06T00:00:00.000000Z UTC) and 
the ATLAS Standard Data 
Product (SDP) epoch (2018-01-
01:T00.00.00.000000 UTC).

Sec ATL01 parameter: 
/ancillary_data/atlas_sd
p_gps_epoch

2.3 Calculation of Event Time of Day
In order to calculate the TOD for the leading lower threshold crossing of a laser fire, the general algorithm shown in 
Figure 12 should be followed for every major frame of a data block for each PCE. Note that this algorithm assumes 
contiguous major frame data for the entire data block. If gaps in major frame data exist, each block of contiguous data, 
which begins with the first segment of an altimetric science packet, should be considered using the same methodology 
outlined in this section. 
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The following sections go in depth into each phase of this calculation.

2.3.1 Calculation Phase 0: Constructing AMET Counter Values 

The SIM_HK packet reports out several different AMET counter values. The ones relevant to the TOD calculation 
are:

 A counter value whose value is based on the time of the packet generation (expressed as a 32 bit amet_64_bit_hi 
+ a 32 bit amet_64_bit_low value) Note that this time should always be the largest time in the 1024 packet 
because it represents the time the ASC times were read by the SBC.

 A counter which latches upon receipt at the s/c 1 pps, one each for the a + b side external pps (expressed as a 32 
bit amet_at_sc_a_1pps, amet_at_sc_b_1pps value, representing the least significant bits, LSBs, of a 64 bit 
expression)

The 64 bit AMET counter value is free running + will generate whenever the SIM_HK packet is created, regardless of 
whether or not the internal or external PPS values are updating. Note that:

TXn is correctly associated with T0n for all cases in granule

Calculate per Equation 26

Let [j1…jn] = 1
Calculate Effective T0s per Equation 25 

Yes

No

Parse all data. Create array of effective T0 values with a length equal to the number of shots in the major frame. 
Set all elements = 0 per Section 2.3.3.

Calculate # ruler clocks between Tx (shot period) according to 

Calculate 64 bit AMET counter values at S/C 1PPS and at first T0 in Altimetric Science Packet per Section 2.3.1 

Calculate GPS time of first T0 in Major Frame per Section 0

Identify Next Major Frame of Data

All shot periods ~0?
Instrument is operating in a T0 straddle 

case; operational action required

Calculation Complete for Current Major Frame
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 For the amet_at_sc_a_1pps and amet_at_sc_b_1pps values, only one of these fields will be incrementing at a 
time, according to which s/c GPS is in use. One of these values will latch upon receipt of the spacecraft 1PPS 
and will not update in the case of a lost GPS signal.

 If a packet’s value for  and/or is found to be unchanged since the last SIM_HK packet, then the packet 
containing the static value is likely stale and should not be used. 

It is important to note that only the SIM_HK packet AMET counter value is expressed as a 64 bit value (split into 
32 high + 32 low bits). The remaining AMET counters only represent the 32 LSBs of their respective AMET counters. To 
reconstitute the 64 bit representation of the amet_at_sc_a|b_1pps values, the amet_64_bit_hi value may be used. However, 
as these AMET references are not generated simultaneously, care must be taken to address the idea that the LSBs will roll 
over (and in turn increment the upper 32 bits of the AMET counter seen in the amet_64_bit_hi field) at different times. 
This 64 bit expression of the latched AMET at spacecraft 1pps may therefore be nominally found as follows:

Equatio
n 21

 
As alluded to previously, the value of  may need to be reduced by 1 count before evaluating Equation 21. This 

reduction is needed only when the following criteria is true:

Equatio
n 22

Similarly, the DFC altimetric science packets also contain a 64 bit expression of the AMET counter value, again 
expressed in 2, 32-bit packet fields. These values are contained in the first (start) segment of the DFC altimetric science 
packets and are generated at the first T0 occurring within a major frame. It is important to note that as the T0s are free 
running and independent across the 3 PCEs, the AMET counter values reported in the first segment of each PCE’s 
altimetric science packet are not expected to align in the majority of circumstances. The value of a given PCE’s first T0 in 
a major frame may be constructed as follows (or the mf_amet can be accessed as a 64 bit number):

Equatio
n 23

2.3.2 Calculation Phase 1: Determination of GPS Time of First T0 in Major Frame

With the latched AMET counter values determined in the previous section, the process of determining the GPS time 
of the fist T0 in a major frame can then be undertaken. Recall the following distribution of timing information:

 The s/c (on A|B) distributes a GPS time as seconds + subseconds at the S/C 1PPS to the SBC via the time at tone 
(TAT) message.

 The s/c (on A|B) distributes a simultaneous electronic tick to the ASC card. This causes the latch of the AMET 
counter at the GPS 1PPS time. 

 The ASC also latches the AMET when it generates the internal ASC 1PPS. 
 The internal ASC 1pps is distributed to the DFC.
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 The DFC uses this ASC 1pps in conjunction with the 10ns ruler clock to record an AMET value (via FSW) for the 
first T0 in the major frame. This value is reported in the first segment of the DFC altimetric science packet with a 
40 ns resolution.

Based on this, the GPS time of the first T0 in each major frame can be found as follows. Note that the values of  ,  and  
used in Equation 24 should be selected based on the value of  which is the nearest neighbor to each  value.

Equatio
n 24

2.3.3 Calculation Phase 2: Determining Effective Shot (T0) Count within Major Frame

In order to establish a GPS time for every transmit present in the altimetric science data, the GPS time for the T0 
from which every shot is referenced must be established. Unfortunately, this process is not particularly straight-forward. 
The phase relationship between the T0 marked by the respective PCE and when the laser actually fires is randomly 
established according to the time at which the PCE board is powered up. This is a critical nuance to the ATLAS timing 
scheme. Because each Tx tag will be referenced from the T0 immediately preceding it, simply assuming that the first shot 
is referenced to the first T0, the second shot to the second T0, etc., is not practical nor advisable.

It is helpful to understand the relationship between laser fire commands, laser fires, and T0 before describing the 
details of how to match laser first to T0s. Each PCE generates its T0s by dividing the USO by 10,000. The ASC generates 
the laser fire command by dividing the USO by 10,000. Because the four dividers (3 PCEs and 1 ASC) start 
asynchronously, the initial time difference between any pair is an arbitrary number. But once established, that time 
difference is fixed until a PCE(s) is reset or ATLAS is power cycled. 

The ASC fire command is sent to the laser, but does not directly trigger the fire. The laser synchronizes the 
received fire to its own internal clock (probabily 30 MHz), which operates asynchronously from the USO and ASC fire 
command. The result is a slow drift of the time between the ASC fire command and the laser actual fire until the fire 
command catches a different edge of the laser’s internal oscillator where upon the laser period experiences a 30 ns jump. 
The result is the time between the laser fire command (and the three PCE T0s) follows a saw tooth, slowly increasing (or 
decreasing) followed by a 30 ns jump. Once the lasers are warmed up, the saw tooth has a period of about 30 shots (3 ms). 
The document refers to the time variations between the fire command (and T0s) and the actual laser light as “jitter” 
although it is not a random process and will happen six or seven times during each major frame.

When the ASC fire command is very close to a PCE’s T0, it is possible for the laser fire jitter to cross the T0, 
sometimes triggering the laser before it and sometime after the T0. The result is a given T0 may have zero, one, or two 
laser fires associated with it. This scenario creates a number of complications and thus is to be avoided. Luckily, an 
operational constraint of needing to perform a “soft reset” of the symptomatic PCE card can mitigate this scenario. 

Should a PCE “soft reset” not be advisible for some reason, additional mathematics can be used in order to 
determine the effective T0 of each laser fire. This math can be seen in Appendix D. Otherwise, in the nominal scenario, 
the effective T0 for shot, n, within a major frame may be calculated as the cumulative sum of all preceeding shot indicies: 

Equatio
n 25

Note that T0 effective should index from 0, not 1, as the AMET value reported at the start of the major frame is based on 
the first T0. This effective term is intended to increment from there.
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2.3.4 Calculation Phase 3: Calculation of GPS Time at T0 of Shot

Once each shot’s effective T0 is found, the calculation of its GPS time may be calculated as follows:

Equatio
n 26

2.3.5 Calculation Phase 4: Calculation of GPS Time of Leading Lower of Shot

Once each shot’s effective T0 GPS is found, the its LL GPS time may be determined. To compute the time of an 
individual laser fire, the coarse counts elapsed relative to the T0 it is associated with in the science data telemetry must be 
considered. Thus:

Equatio
n 27

To conserve bits in the final data product, the GPS time will be established relative to the ATLAS standard data 
product (SDP) GPS Epoch, which is defined per ATL02 L1B. Therefore, this delta time cal be found as:

Equatio
n 28

2.3.6 An Alternative View: Calculation of GPS Time of Leading Lower of Shot Expressed 
in AMET

Should it be desired that as much of the calculation be performed in integer math as is practical, the 
equations shown on the previous slides may be combined + reduced as follows:

Equatio
n 29

By ignoring both the conversion to seconds and the addition of GPS time, the AMET counter value at 
leading lower can thus be found:

Equatio
n 210

2.3.7 Time Alignment of Data 



XXX-TBD-TBD-XXXX Draft Version

     44

Because the Time of Flight Data recorded by the PCEs is split amongst 3 cards, and thus 3 asynchronous 
APIDs, an effort to align the data among these sources must be made. Sections 2.3.7.1 and 2.3.7.2 outline 
approaches for accomplishing this. The choice of the preferred method is left to the discretion of the 
implementing engineer. 

2.3.7.1 Aligning Data Via AMET Value 

Since the AMET counter value found via Equation 210 is referencing the same counter across all 3 PCE cards, the 
value may be used for time alignment of data (which will be required in subsequent chapters in this document). To do so: 

1. Identify the PCE whose first value of  is the largest. This will become the point to which the remaining two 
PCEs are aligned. 

2. Recover the array of  values for the remaining two PCEs. Find the value in each array which is the nearest 
neighbor to the  value found in the previous step.  This is the point at which the 3 PCEs are aligned to the 
same event.

A nearest neighbor is considered to be a good match if the AMET counters are aligned to within +/- 15 counts. The 
reasons for this are as follows:

 The IMET has a 40 ns resolution so that although an AMET is assigned to each T0 and shot with a 10 ns 
resolution, those times can’t be expected to match between PCEs to better than 40 ns, or 4 AMET counter 
intervals.

 If the PPS arrives at a PCE within 1 or 2 IMET cycles of the start of a MF, there is an 80ns(8 USO cycle) 
ambiguity in the time provided by the instrument for the AMET at major frame. 

Thus, a +/- 15 count (+/-150ns) tolerance is suggested as it gives nearly 2x margin on this 80ns ambiguity. 

Lastly, because of the way that the ground system parses data into granules, it is possible that the time of the first 
packet on each of the 3 PCEs will be sufficiently far apart that a triad of nearest neighbor values will not exist. In these 
cases, only the remaining PCEs (1 or 2 total) will be able to be aligned to one another. This will have additional 
implications when calculating the start centroid time later on in this document.

2.3.7.2 Aligning Data Via Time of Day or Delta Time

If desired, the PCE data may alternatively be aligned using the TOD or delta time assigned to each laser 
shot. Similar to the process outlined in 2.3.7.1, the data may be aligned as follows:

1. Identify the PCE whose first value of () is the largest. This will become the point to which the remaining two 
PCEs are aligned. 

2. Recover the array of () values for the remaining two PCEs. Find the value in each array which is the nearest 
neighbor to the () value found in the previous step.  This is the point at which the 3 PCEs are aligned to the 
same event.

The data is considered to be well aligned when the times are aligned to within 150ns, per the rationale 
outlined in 2.3.7.1. Further, because of the way that the ground system parses data into granules, it is possible that the 
time of the first packet on each of the 3 PCEs will be sufficiently far apart that a triad of nearest neighbor values will not 
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exist. In these cases, only the remaining PCEs (1 or 2 total) will be able to be aligned to one another. This will have 
additional implications when calculating the start centroid time later on in this document.

2.3.7.3 Delta Times of non-PCE Data

In the case of other, non-altimetric science data packets, delta_times are determined in a slightly different 
manner. To assign a delta time to these data products, the following conventiosn are used:

 The timestamp of atmopspheric data is computed as the TOD for the first major frame associated with 
the histogram.

 For packets that reference the 1PPS, the TOD of the 1PPS is used

 GPSR and LRS packet times are described in their respective documentation (DN-ICESat2-SYS-024 & 
ICESat-2-LRS-IFACE-1794 respectively)

 All other packet times (i.e. those without a 1PPS) are computed using the SIM_HK CCSDS time and 
1PPS TOD interpolated to that packets CCSDS time. In the case of A_HKT_A-E, this is additionally 
supplemented by an additive offset. 

2.4 Dealing With Missing Data
Since there is potentially several circumstances which would lead to the above calculations not being able to be 

performed as designed. Table 7 outlines the various scenarios and their potential repercussions + mitigation strategies.

Table 7: Missing Data Scenarios and Their Associated Repercussion + Mitigation

Scenario Repercussion + Mitigation
All APIDs are present but 
begin at different CCSDS 
timestamps

Provided all packet segments are available, the calculations proceed as 
outlined above, with the warning that some TODs may not have a full 
compliment of 3 PCE’s worth of data aligned at a given AMET time. This is 
likely to occur at the very beginning and end of a granule. The implication of 
this is that the start centroid calculation will lose some precision; aside from 
that, all other calculations can be performed as written. 

Missing first segment of a 
major frame packet 

If the first segment of a major frame is missing, this eliminates the ability to 
align any data within the remainder of the frame to its appropriate T0 value. 
The code should simply skip the remainder of the frame missing its first 
segment. Remaining contiguous data should be evaluated from the start of the 
next available major frame.

Missing any of 2nd-end 
segment of a major frame 
packet

If any continuation segments of a major frame are missing, this eliminates the 
ability to align any data from that point forward (within the frame) to its 
appropriate T0 value. The code should simply skip the remainder of the frame 
missing its first segment. Remaining contiguous data should be evaluated 
from the start of the next available major frame, with the stipulation that if 
scenario 2 or 3 is present in this subsequent block of contiguous data, the 
same check of the first major frame in this block of data for a missing T0 
must also be performed.

Missing a SIM_HK packet The 64 bit AMET rolls once every ~5800 years (unless the system is reset), 
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so calculation can simply use the nearest available SIM_HK packets. Even if 
only 1 SIM_HK packet is present in a 10 minute granule, the timing 
knowledge will be TBD. 

If no SIM_HK packets are present in any of the granule, the telemetry should 
be called into question and no further processing should be performed.

If all AMET hi + low 
bytes are 0

Check for non-zero value of Range Window Start + Range Window Width 
Parameters. If all are found to be 0, then the AMET counter has not yet 
initialized. The major frame should be discarded.

2.5 Data Quality Monitoring
The data quality monitoring of TOD data should undertake a two-fold check. First, to check the inputs to the TOD 

calculations and secondly to confirm that the output of the calculations, including alignment of data, is reasonable.

2.5.1 Quality Check of TOD Calculation Inputs

In order to ensure that the TOD calculations are likely to yield reasonable results, the input values must be 
checked for their own integrity. What follows is a suggested quality check of the fields within the SIM_HK packet, which 
is the backbone not only for spacecraft GPS time references, but also the flight software calculated AMET values relied 
upon in the DFC.ALT_SCI packets.

To begin, compute the available times of the spacecraft GPS:
 

Equatio
n 211

Next, calculate teh time interval between the GPS PPS values:

Equatio
n 212

Then calculate the AMET counter interval between the GPS PPS values. The 64 bit AMET value should be used. 

Equatio
n 213

Finally, compute the time between the ASC interal PPS values. Note that this value is not used directly by any of 
the calculations outlined in this section; however, it is used by the flight software when assigning an AMET value to the 
first T0 in each major frame. The 64 bit AMET value should be used.

Equatio
n 214
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The data from the SIM_HK packet is likely good if the following criteria are met:

 All values of  are approximately 1second (which matches the expected rate of the packet)

 All values of  and  are approximately 100e6, which matches the expected roll of 10,000 amet counts per 
shot * 10,000 shots/sec

 By element comparison of the values of  and  show that the approximate AMET roll between the receipt 
of the s/c 1pps and the generation of the internal 1pps is consistent

If one or more of the above criteria is not met, this suggests that the SBC is either uncertain about some 
information being received by via the spacecraft 1PPS or that the values are not updating as they should. In 
either event, the data should be flagged for additional inspection.

If all of the above criteria are met, this indicates that the data is flowing into the SBC appropriately. However, the 
relative behavior of all of the time references should be compared. To do so, compute the following ratios:

Equatio
n 215

Equatio
n 216

If:

 , this indicates that the time stamps are likely reasonable and the scale factor is accurate. Otherwise, this 
indicates a problem with one or both of these.

 , this indicates that the time stamps are likely reasonable. Otherwise, this indicates a problem with the 
time stamps.

Should either of the criteria for R1 or R2 not be met, this is indicative of a problem with the GPS time stamps 
and/or the scale factor. In these cases, additional inspection will be necessary.

2.5.2 Confirmation of TOD Calculations and Data Alignment

The individual TODs assigned to a shot must be evaluated to see if they are reasonable. To do so, the time elapsed 
between adjacent shots should be calculated per Equation 217. If time delta within the data being examined outside of the 
expected jitter (100usec +/- 30ns), the time assignments are questionable and warrant additional investigation. This may 
also be an indication of missing time data.
 

Equatio
n 217

If all of the individual time deltas are found to be reasonable within the context of a given PCE, the time series of 
deltas from each PCE should be correlated to one another, with the data aligned according to section 1.1.1. 
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Equatio
n 218

Equatio
n 219

Equatio
n 220

If the data from the 3 PCE cards is properly aligned, the values for , ,  will result in a strong correlation. For the 
purposes of this document, a strong correlation is defined as a . In the event that a sufficiently strong correlation is not 
identified in all 3 possible correlation combinations, this is suggestive of a questionable data association.

2.5.3 Data QA

Check Pass Criteria Screening 
Mechanism

Method Failure Response

Time elapsed 
per shot

Within 0.0001sec 
+/- TBDtol

SCF By PCE, compare delta_time 
intervals. If time is out of 
tolerance, this suggests that a 
shot has an improper TOD value

Alert via digest email. 
Additional investigatin of 
granule may be needed if this 
behavior is observed outside 
of a DNF or similar warning 
where a skipped shot is 
expected.

Shot time delta 
correlation

 for all 
combinations

ASAS After aligning data by 
delta_time, compute correlation 
per section 2.5.2

Data is poorly aligned. Stop 
processing of granule + 
investigate further. 

AMET Counter 
Increments Per 
Second

ASAS Compute R1 + R2 values. If out 
of tolerance, suggests issue with 
scale factor and/or time stamps

AMET references may be 
poorly conditioned. Stop 
processing of granule + 
investigate further. 

Freewheel Flag 
Is Non-Zero

Flag = 0 SCF Evaluate if instrument ever 
entered a freewheel state by 
checking the value of 
A_PCEx_PMF.TIMEKEEPING
. 

If flag is non-zero, this 
indicates that the instrument 
was projecting AMET/GPS 
times. Data is likely still valid, 
but should be viewed 
accordingly. 

2.6 Data Products
The following values, as related to TOF calculations, are to be written to the ATL02 output file. Anywhere shot-wise data 
is stored within the ATL02 standard data product, the following time of data reference will also be stored:  
Value Equation or Table Units Stored In Both:

 /atlas/pcex/altimet
ry/s_w/photons 
and
/atlas/pcex/tep

Minimum data 
length/expected 
LSB precision

The Time of Day 
associated with the 
Transmit (TX) 

Equation 28 Seconds delta_time Float64 (1sec >> 
230 ps)
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pulse, relative to the 
ATLAS SDP GPS 
Epoch.

Note that since both the /atlas/pcex/altimetry/s_w/photons and /atlas/pcex/tep groups write out data at the photon rate, shot 
information is repeated for every photon which originated from a given shot.
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3 Time of Flight Calculation
Time of Flight (TOF) is one of the fundamental and crucially important measurements made by the 

ATLAS instrument. This section presents the algorithms to compute the intermediate TOF data time series. 
Within the context of this chapter, TOF will be expressed relative to the centroid of the detected laser start pulse 
and will be subsequently corrected with calibration data as defined throughout this derivation. 

Physically, TOF is the time difference between the emission of a light pulse from ATLAS and the detection 
of a photon from that pulse by ATLAS after returning from the target. The emission of the pulse is detected by 
the ATLAS Start Pulse Detector (SPD). This occurrence is referred to as a “start event”, denoted as Tx. The 
time of each returned photon is detected and the pulse transmitted to the PCE by the Detector Electronics 
Module (DEM) within the Detector Array Assembly (DAA). This occurrence is similarly referred to as a 
“return event” and is denoted as Rx. The process of measuring the precise times of the Tx and Rx events, and 
the TOF value resulting from them, are described in detail below.

3.1 Ground Rules & Assumptions

The following “ground rules” and assumptions apply to the calculations outlined in this chapter:

 PCE power-up and reset sequences are not held to a common pattern. Each PCE has its own free running AMET 
counter which is initialized at PCE power up (or reset), and as such, the simultaneous AMET time across the 3 
PCEs is very unlikely to match. 

 Because of this, all calculations will be performed with the assumption that the PCEs all detect the LL threshold 
crossing simultaneously. Given this, it can be assumed that the LL value of each PCE can be used as a common 
origin point for all calculations. 

 Calibration application should be consistent with what is presented in the calibration documentation (CAL-##). In 
the event of a conflict between what is shown in this document and the calibration documents, the calibration 
documents will govern. The following calibrations are applied within the context of this document: CAL-10, 17, 
44, 49. (TBD6)

 The phrase “coarse time”, “coarse counts”, and “coarse clocks” will be used to refer to a ruler clock derived time, 
nominally expressed as an integer multiple of the ~10ns USO period. Coarse times may be expressed as integers 
(multipliers) coarse clock interval values or in seconds.

 The phrase “fine time” and “fine counts” will be used to refer to a TDC delay chain derived time, nominally 
expressed as a fractional portion of the ~10ns USO period. Fine times may be expressed as fractions of coarse 
clocks or in seconds. 

 The phrase “precise time” will refer to a calculated time which is derived from a coarse time, fine time, and all 
applicable calibrations (skews, scale factors, etc).

 The precise start time will be calculated using 3 pairs of threshold crossing values, all corresponding to the same 
laser fire. Each PCE will report the time of the leading lower threshold crossing and one other crossings. In this 
document, “leading” and “other” are the terms used to generalize this description.

 Because of the asynchronous nature of PCE operation, it is possible that the streams of data from one PCE vs 
another may be several shots out of phase. This must be corrected prior to beginning any precise start center 
calculations. This will be discussed in another portion of this ATBD; for the purpose of the equations outlined 
here, it is assumed that the data across the 3 PCEs has been synchronized.

 Within the context of ATL-02, fully calibrated time of flight is calculated from the specific spot’s zero range point 
(ZRP) to a receive photon event. This calculation is performed by calibrating the individual parameters and then 
accounting for the center of the transmit pulse.

3.2 Variable Definitions and Notation Syntax
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Before deriving the equations for TOF, establish the following shorthand notations + symbols. These will 
be used for expressing the generalized form of equations. Notation syntax is as follows with the additional 
considerations:

 Bolded parameters are values expressed in seconds
 Non-bolded parameters are dimensionless (i.e. clock cycles or other ratios)
 Lower case parameters are uncalibrated
 Upper case parameters are calibrated
 Hardware identifiers include Hardware sides (A or B), PCE Identifiers (1, 2, or 3)
 Telemetry Types include: Toggle values, Start Components, Downlink Band, Spot Type, Channels (Return 

Events)

Table 8: Generalized TOF Calculation Notation

Symbol Parameter Super or Subscript Valid Values
α Hardware Side Superscript A, B
β PCE Identifier Superscript 1, 2, 3
γ Toggle Value Subscript Rising, 

Falling
δ Leading Start 

Component
Subscript LL1, LL2, 

LL3
τ Other Component Subscript LU, TU, TL
ξ Spot Type Subscript Strong, Weak
ζ Downlink Band Subscript 1, 2, 3, 4
ε Channel Subscript 1, 2, …, 20

Because of the great degree of variety of notation in this document, a dictionary of utilized terms follows (in 
order of appearance):

Table 9: Dictionary of TOF Derivation Variables

Uncalibrated
Notation

Calibrated
Notation

Description Units Source

n/a Nominal USO period (10ns) Seconds DFC FPGA Spec
n/a USO scale factor Hz Calculated value per 

Equation 14
Leading lower element coarse 
counts

Clock cycles tx_cc: ATL01 parameter: 
/atlas/pce#/a_alt_science_ph
/
raw_tx_leading_coarse

TX_CC: Calculated value 
per Equation 34

n/a Integer correction to coarse 
count values to Tx

Clock cycles DFC FPGA Spec

n/a Start marker bit for “other” start 
element

Clock cycles ATL01 parameter: 
/atlas/pce#/a_alt_science_ph
/
raw_tx_start_marker

n/a “Other” start element Clock cycles Calculated value per 
Equation 34

n/a Total number of TDC delay line 
cells observed per USO (or CC) 

Delay Line Cells ATL01 parameter: 
/atlas/pce#/a_alt_science_ph
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clock cycle over the course of 
256 consecutive USO clock 
cycles

/
????

n/a Averaged and smoothed value 
representing the number of 
delay line cells expected per 
USO cycle

Delay Line Cells Calculated Value

Fine count value for leading 
start element. Calibrated (or 
effective) value found via CAL-
17.

Delay Line Cells tx_fc: ATL01 parameter: 
/atlas/pce#/a_alt_science_ph
/
????

TX_FC: Lookup via CAL-
17

Fine count value for other start 
element. Calibrated (or 
effective) value found via CAL-
17.

Delay Line Cells tx_fc: ATL01 parameter: 
/atlas/pce#/a_alt_science_ph
/
????

TX_FC: CAL-17 via ANC??
n/a Precise time of leading start 

element relative to T0
Clock cycles Calculated Value

n/a Precise time of other start 
element relative to T0

Clock cycles Calculated Value

n/a Calibrated offset to correct for 
the SPD path delay between the 
leading and other transmit pulse 
threshold crossing. Found via 
CAL-44.

Seconds CAL-44

n/a Time elapsed between the 
leading and other transmit pulse 
threshold crossing

Seconds Calculated Value

Time elapsed between T0 and 
LL for a given PCE and laser 
fire

Seconds Calculated Value

n/a Time elapsed between LL and 
the precise start time (centroid)

Seconds Calculated Value

n/a Coefficient for computation of 
precise start time

n/a Calculated Value

n/a Range window start value, 
expressed relative to leading 
lower
(note: value is 
corrected/calibrated by FSW and 
1 coarse count does not need to 
be deducted)

Clock cycles tx_fc: ATL01 parameter: 
/atlas/pce#/a_alt_science/
????

TX_FC: CAL-17 via ANC??

n/a Time elapsed between LL and 
Range Window Start

Seconds Calculated Value

n/a Range window width value 
(note: value is 
corrected/calibrated by FSW)

Clock cycles tx_fc: ATL01 parameter: 
/atlas/pce#/a_alt_science/
????

TX_FC: CAL-17 via ANC??
n/a Time elapsed between the start 

and end of the Range Window
Seconds Calculated Value

n/a Downlink band offset value, 
expressed relative to range 

Clock Cycles tx_fc: ATL01 parameter: 
/atlas/pce#/a_alt_science/
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window start
(note: value is 
corrected/calibrated by FSW)

????

TX_FC: CAL-17 via ANC??
n/a Time elapsed between the start 

of the Range Window and the 
DLBand

Seconds Calculated Value

n/a Downlink band width value 
(note: value is 
corrected/calibrated by FSW)

Clock Cycles tx_fc: ATL01 parameter: 
/atlas/pce#/a_alt_science/
????

TX_FC: CAL-17 via ANC??
n/a Time elapsed between the start 

and end of the DLBand
Seconds Calculated Value

Receive event coarse counts Clock Cycles tx_fc: ATL01 parameter: 
/atlas/pce#/a_alt_science/
????

TX_FC: CAL-17 via ANC??
n/a Integer correction to coarse 

count values
Clock Cycles DFC FPGA Spec

Receive event fine counts. 
Calibrated (effective) value 
found via CAL-17.

Delay Line Cells tx_fc: ATL01 parameter: 
/atlas/pce#/a_alt_science/
????

TX_FC: CAL-17 via ANC??
n/a Precise time elapsed between 

LL and the receive event
Clock cycles Calculated Value

n/a Receiver channel skew 
correction found via CAL-49.

Seconds CAL-49

n/a Time elapsed between LL and 
the receive event 

Seconds Calculated Value

n/a Time elapsed between LL and 
the following coarse clock

Seconds Calculated Value

n/a Time of flight, as measured 
from the precise start centroid to 
the return

Seconds Calculated Value

n/a Nominal number of ruler clocks 
per T0 interval (10,000)

Clock Cycles n/a

tep_tol n/a Tolerance value which takes up 
the maximum deviation of laser 
fires from 10,000 and the 
maximum expected time 
between laser fire and TE return

Clock Cycles Defined in this document

N n/a Number of shots “apart” 
between the TEP TX and the TX 
that the TEP return is associated 
with

T0 intervals Calculated Value

n/a Start centroid time relative to T0 Seconds Calculated Value
n/a Precise TEP Time of Flight Seconds Calculated Value

3.3 Mapping of Transmit and Return Event Information

3.3.1 Laser Start Pulse Detector Channels
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The TOF calculation makes use of three pairs of start event time measurements.  The TDC FPGA in each of the 
three PCEs records the time that the leading edge of the outgoing laser pulse crosses the "leading-lower" 
threshold, and time of one of the "other" threshold crossing times.  As shown in Figure 13, these threshold 
crossing times are referred to as Tx leading-lower (LL), leading-upper (LU), trailing-upper (TU), and trailing-
lower (TL).

Figure 13 - Laser pulse is detected using four thresholds that are two-way adjustable.

For each PCE  two threshold measurements and their associated calibrations are allocated on two start channels 
to each PCE according to this mapping:

Equatio
n 31

3.3.2 Photon Detector Channels

It is necessary here to briefly describe the electrical chain between the detector and the PCEs. The photo-
multiplier tube converts photons into a pulse of electrons. The electrical signal passes through an amplifier 
(check this) to a discriminator which generates a digital pulse for as long as the detector output is above a given 
threshold. From the discriminator, the signal goes to a mono-stable multivibrator, a one shot, that generates a 
fixed length pulse. The one shot, defines the system dead time, the minimum time between events on each 
channel. Next the signal goes to the clock input of a toggle flip flop which changes output state in response to 
each detected event. This flip flop is what generates the PCE rising and falling edges; identified in the telemetry 
because the PCE responds to the two edges slightly differently.

The path described above is duplicated for each of the PCE physical return channel inputs. For each PCE, the 
inputs are numbered 1 to 20 and identify the specific input such that channels 1 through 16 correspond to 
channels mapped to the strong spot detector and channels 17 through 20 correspond to channels mapped to the 
weak spot detector. 

For data telemetry and processing with software, a different mapping is defined. This mapping includes a total 
of 240 logical return channel IDs and cover a range of channel attributes for receiver channel input rising edge 
and falling edge, for both detectors A and B, and PCE 1, 2, and 3. The return channel IDs are obtained from 
ATL01 data from the altimetry science packet telemetry and is an input to ATL02. This logical return channel 
mapping is defined in Table 10.

Table 10: The logical mapping of return event channels IDs

For Detector A, photon channel ID values 1 to 60 are for rising edge and are mapped to PCEs like so:
PCE1 (1 to 20), PCE2 (21 to 40), PCE3 (41 to 60),
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whereas values 61 to 120 are for falling edge and are similarly mapped:
PCE1 (61 to 80), PCE2 (81 to 100), PCE3 (101 to 120).

For Detector B similar values and mapping for value 121 to 240: photon channel ID values 121 to 180 are for 
rising edge and are mapped to PCEs like so:

PCE1 (121 to 140), PCE2 (141 to 160), PCE3 (161 to 180),
whereas values 181 to 240 are for falling edge and are similarly mapped:

PCE1 (181 to 200), PCE2 (201 to 220), PCE3 (221 to 240).

It is important to note, however, that an alternative convention to what is seen in Table 10 has been developed 
by the ATLAS calibration team. This convention, referred to as “super channels”, seeks to uniquely describe a 
channel and toggle combination for a PCE. This convention has been established as follows and can 
occasionally be seen in calibration data products. This information is used in conjunction with the instrument 
side to select the appropriate calibration data. 

Table 11: Super Channel Assignment Algorithm

For a given PCE:
Start Leading Lower is definied as super channel 0 and is always a rising edge
Start Other is defined as super channel 1 and is always a rising edge
All others defined as super channel = 2*pce_rx_ch + toggle value (valid super channel values are 2 
through 41)

Note that in cases of low signal with minimal background, it is possible to have transmits which do not yield 
any returns. In this case, the a “return” photon will still be listed in the data, but will have a channel number of 
0. The transmit data in these entries are valid, but the return information is filler and should thus be discarded.  

3.4 Calculation of Start Time

The precise start time of the TOF calculation is determined via a centroid calculation which considers 6 
measurements of the start pulse’s threshold crossings. Each PCE characterizes the time of the Leading Lower 
(LL) threshold plus one “other” threshold element: PCE1, Leading Upper (LU); PCE2, Trailing Upper (TU); 
and PCE3, Trailing Lower (TL). In order to determine the start time, the precise time of each of these threshold 
crossings must be determined. All precise times recorded by the ATLAS instrument include a coarse time 
(maps to 10ns ruler clock) and a fine time (fractional expression of 1 ruler clock interval as measured via the 
TDC delay chain). 

3.4.1 Calculation of Leading Lower Start Event Coarse Time

To calculate the coarse time of a LL event, expressed in clock cycles:
≝ Start event  value in units of USO coarse-clock cycles (counter) input from 

ATL01.
Equatio

n 32

≝ Start time offset is an integer-valued correction to the coarse-clock counter to 
account for the difference between the reported number and the actual number. 
This offset can be unique for each PCE, , but is nominally set to . This is a 
calibration value defined by the DFC spec.

Equatio
n 33

Equatio
n 34
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3.4.2 Calculation of Other Element Start Event Coarse Time

As a bit saving measure, “other” element coarse times are referenced via a start marker bit (“smbit”) relative to 
the value of . Based on this, the coarse time of “other” events may be calculated as follows:

Equatio
n 35

Equatio
n 36

3.4.3 Calculation of Transmit Event Fine Time

In order to meet the instrument’s precise timing requirements, all event tags include a fine-clock time.  Each 
PCE has 22 delay chains, two for the transmitter and one for each of the 20 receiver channels. The speed of a 
signal down the delay chain, hence the number of delay units per USO clock cycle, is a weak function of the 
PCE environment and is different for the input rising and falling edges. A twenty-third delay chain, the 
calibration channel, characterizes the delay chains. At 50 Hz, as part of each Major Frame packet, each PCE 
reports the number of delay chain units (fine counts) per USO clock cycle for the rising edge and for the falling 
edge. In the case of the transmit-event tags, fine clock times are only recorded via rising edge delay chain 
appropriate for the PCE and instrument side in use. 

As established elsewhere in the ATBD, the fine component of time – essentially a fraction of a coarse clock -- is 
calculated using the value of the delay chain cells. Because there is inherently some noise on this measurement, 
the value should be smoothed (a boxcar of 120 seconds, or 6000 samples, is suggested) before applying to the 
TOF equation. A pair of values (rising, falling) is computed for each PCE. Note that this series of equations is 
presented within the context of transmit event time calculations, but it applies to other times recorded by the 
instrument as well (ie. receive events). 

. Value is reported in the first segment of the major frame.
Equatio

n 37

Equatio
n 38

Once the number of fine counts in the delay chain is determined, it can be used in conjunction with the event’s 
fine count (as reported in telemetry) to calculate the fine time expressed as fractional coarse clock cycles. This 
approach is applicable to both the leading lower and other element event times. Ideally, all delay chain 
elements, fine counts, are the same. However, they each differ by small amounts and each chain contains one 
element that is nearly twice as long as the others. CAL-17 converts the integer fine counts, that assume identical 
delay elements, into effective delays, non-integer delays that account for element to element variations. 
 The calculation for the leading lower component fine time is as follows:

 for leading start element Equatio
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n 39

. Directions for selecting the appropriate calibration value are provided in Table 12.
Equatio

n 310

≝The calibrated measure of fractional ruler clock cycles for a LL event without 
regard to the actual clock frequency

Note that start channels only see rising edge events.

Equatio
n 311

Table 12: Directions for Selection of ISF/Cal-17 Value

CAL-17: PCE Effective Cell Delay
Description Calibration product for PCE Unit Cell Delay, is a matrix of effective fine counts, 

for each fine count reading as reported in telemetry
Dependencies Temperature, voltage, PCE card, channel, and event edge (rising, falling), all of 

which are reflected in the cal rising + falling value in the first segment of the 
major frame

How To Select Value  Take cal rising + cal falling values from first segment of major frame
 Use index table for CAL-17, as provided via the ISF, to find cal table 

corresponding to nearest neighbor based on PCE + cal value
o If values for cals result in 2 different tables selected, raise warning that 

temperature behavior of PCE may be off.
o These are expected to come from the same file so raise a cautionary 

warning if not.
 According to super channel + reported cell value from the tag, select the 

effective cell value from the cal table. (super ch = col, cell = row) This is the 
value that is used for fine count value in the appropriate equations.

 Note: the super channel used in this table is calculated as follows. This may 
differ from the assignment in SIPS:
o LL is defined as super channel 0
o “Other” start element is defined as super channel 1

All others defined as super ch = 2*pce_rx_ch + toggle

Telemetry Point Used 
to Select Calibration

Taken from ATL01:
For PCE1: /atlas/pce1/raw_alt_cal_rise + /atlas/pce1/raw_alt_cal_fall
For PCE2: /atlas/pce2/raw_alt_cal_rise + /atlas/pce2/raw_alt_cal_fall
For PCE3: /atlas/pce3/raw_alt_cal_rise + /atlas/pce3/raw_alt_cal_fall

Similarly, the other element fine time can be found via:

 for other start element
Equatio

n 312

 . Directions for selecting the appropriate calibration value are provided in Table 12. 
(Other is super channel 1)

Equatio
n 313

≝The calibrated measure of fractional ruler clock cycles for an “other" start event 
without regard to the actual clock frequency

Note that start channels only see rising edge events.

Equatio
n 314
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3.4.4 Calculation of Precise Start Event Times

Once the coarse and fine time of the start event are understood, the precise time of the LL event in ruler clock 
cycles may be calculated as follows:

= Equatio
n 315 

Similarly, the precise start time of the “other” time in ruler clock cycles may be found as followed:

= Equatio
n 316 

To compute the time (in seconds) between the leading + other elements. 
≝ Calibrated offset to correct for the SPD path delay for the other transmit pulse 

threshold crossing on PCE β. (Cal-44) Directions for selecting the appropriate 
calibration value are provided in Table 13.

Equatio
n 317

Equatio
n 318

Table 13: Directions for Selection of Cal-44 Value

CAL-44: Start Timing Skews
Description Produces start pulse timing skews within & among PCEs to properly align all 

start pulse timing channels.
Dependencies Start Pulse Detector Side, Temperature

How To Select Value  Recover CAL-44 via ISF

 Select values based on start pulse detector in use + nearest neighbor temperature (use 
reported SPD temperature)

Telemetry Point Used to 
Select Calibration

To determine which SPD is in use: /ancillary_data/housekeeping/spd_ab_flag
To determine SPD temperature: /atlas/housekeeping/thermal/hkt_spd_t

3.4.5 Calculation of Precise Start Time & Overall Timing Uncertainty

In order to calculate a precise start time, each PCE’s LL time must be corrected such that the start time 
reference is instead reported relative to its start center. To accomplish this, the start data must be first aligned 
per section 2.4.7.

All PCE’s measure of LL are assumed to occur simultaneously. (Note that because of the resolution of the 25 
MHz IMET clock, the actual LL assigned times may differ up to 40 ns.) To calculate the time of LL of a given 
PCE relative to its T0: 

Equatio
n 319
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However, the reported coarse count values may vary across the PCEs due to the free-running nature of T0. 
Therefore, the precise centroid time must be found relative to LL. Expressed in seconds:

= Equatio
n 320

The scenario-specific values of the coefficients, k, are calculated via the ISF as the laser thresholds and/or energy levels 
are adjusted throughout the life of the mission and are delivered via ANC27. These scenarios characterize the 8 possible 
combinations of missing threshold information. Note that the criteria for a missing PCE threshold data is satisfied when 
one or more of the following conditions are met:

1. PCE is not telemetering

2. PCE skips a frame

3. PCE throws a DNF

4. The leading + trailing start information (uncalibrated) is identical

A summary of the 8 possible scenarios is shown in Table 14. 

Table 14: Mapping of case, i, according to which threshold data is missing from science data telemetry (x denotes missing 
data)

Scenari
o (i)

PCE1 PCE2 PCE3
LL LU LL TU LL TL

1
2 X
3 X
4 X
5 X X
6 X X
7 X X
8 X X X

It is important to note that the scenarios outlined above will each result in a different level of uncertainty in the  
calculation. This is not something that is considered within the context of this document, but rather is important 
when determining the overall TOF (or TEP TOF) uncertainty in ATL03G/POD. Each scenario’s uncertainty is 
calculated by the ISF and provided in ANC27. This uncertainty can, in turn, be RSS’ed on a by-shot basis with 
the standard deviation of the TEP return histogram computed by ANC41. This RSS’ed value represents the 
overall TOF uncertainty for all returns associated with that particular shot.

3.4.6 Calculation of Pulse Widths and Start Skews

Though not required for calculating a photon’s TOF, downstream data products require knowledge of a shot-
wise skew value. To compute this, the following equations may be used once data has been aligned by TOD 
across the PCEs. 
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To determine the lower and upper widths, use the value of TX_T calculated per Equation 318:

= Equatio
n 321 

= Equatio
n 322 

To compute the pulse skew, relative to LL:

= Equatio
n 323 

It is important to note that, due to the nature of the alignment of PCE data, it is possible that one or more of the 
above TX_T values will be unavailable. In these cases, the equations which rely on the missing TX_T should 
simply return a known invalid value. The returned time series of delta_time, pulse_width, and pulse_skew 
values reported in the final ATL02 data product should span the full span of available PCE data. 

3.5 Calculation of Receive Event Times

Receive events (Rx), like Tx events, are recorded using a fine + a coarse time component. However, unlike Tx 
events, they are expressed relative to the LLof the start rather than to T0. The following sections describe how 
to calculate the time of the Rx relative to LL. First define the list of all Rx events originating from a return  (i, 
i+1, …. n) as follows:

3.5.1 Calculation of Receive Event Coarse Time

To calculate the coarse time of a receive event, expressed in clock cycles and relative to the DLB offset:
≝ List of receive event values in units of USO coarse-clock cycles (counter) input 

from ATL01.
 Equatio
n 324

≝ Start time offset is an integer-valued correction to the coarse-clock counter to 
account for the difference between the reported number and the actual number. 
This offset can be unique for each PCE, , but is nominally set to . This is a 
calibration value defined by the DFC spec.

Equatio
n 325

Equatio
n 326

3.5.2 Calculation of Receive Event Fine Time

To calculate the fine time of a receive event, expressed in clock cycles:
 for start element Equatio

n 327
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. Directions for selecting the appropriate calibration value are provided in Table 12. Equatio
n 328

≝The calibrated measure of fractional clock cycles for a receive event without regard 
to the actual clock frequency. See derivation of  term in section 3.4.3. Note that 
each element must be divided by the appropriate value of  according to if it has a 
rising or falling toggle.

Equatio
n 329

3.5.3 Assigning Range Window Start Value

The Range Window Start () value is a bit-saving measure that is used to describe where the ground 
returns contained in the altimetric histogram begin. It is expressed once per major frame (200 shots or 50Hz) 
per spot and is reported in the first segment of the major frame packet. The value is expressed in terms of coarse 
clocks elapsed since the clock occurring after the LL for the shot which generated the returns.

3.5.4 Determining Downlink Band Offset

A downlink band (DLB) is a subset of the range window which contains a feature of interest, such as the 
TEP or ground return, which is identified by the ATLAS flight software and associated algorithms. Specifically, 
DLBs are used to prevent the telemetering of extraneous amounts of data. The offset (position) of the each DLB 
is expressed relative to the start of the range window in units of coarse clocks. Its width is also provided in units 
of coarse clocks. Information on DLBs is telemetered on a by-PCE basis once per major frame (200 shots or 
50Hz) in the first segment of the science data packets.

ATLAS has the ability to assign up to a total of 4 unique DLBs per PCE, with 0, 1, or 2 bands assigned 
for use by the strong spot channels (Ch 1-16) and 0, 1, or 2 bands assigned for use by the weak spot channels 
(Ch 17-20). Thus, tags from each channel can appear in, at most, 2 bands. A particular event is assigned to a 
DLB according to a combination of its channel and DLB bit. 

Per the DFC FPGA spec (ICESat-2-MEB-SPEC-0875), DLBs are allocated as seen in Table 15 below:

Table 15: Downlink Band Assignment + Identification

Band # Spot DLB
1 Strong or Weak 0
2 Strong or Weak 1
3 Weak or Strong 0
4 Weak or Strong 1

Note that the DFC FPGA does not constrain how the DLB should be set or which channels (strong or 
weak) should be specified. The FSW must specify these parameters so that the proper offset may be used during 
data post-processing on the ground. Thus, there are four possible combination of DLB allocations for each PCE; 
that is: 
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- Bands 1+2 are available for use by the strong spot and bands 3+4 are are available for use by the weak 
spot,

- Bands 1+2 are are available for use by the weak spot and bands 3+4 are are available for use by the strong 
spot, 

- Bands 1+4 are are available for use by the strong spot and bands 2+3 are are available for use by the week 
spot, or

- Bands 1+4 are are available for use by the weak spot and bands 2+3 are are available for use by the strong 
spot

Alternatively, only 1 (or none) of the available DLBs may be used if a particular spot is disabled or all 
data is able to successfully flow through a single DLB. 

To determine which of the DLBs a tag falls into, the following approach may be used on a by-Major 
Frame basis:

- Recover the DLB masks available at the fist segment of the major frame 
- Confirm the validity of the paired masks sharing the same DLB value. The 20 LSBs of the logical mask 

should be compared bit-wise. 
o If, for any bit position, the masks are both allowing a particular channel to pass through, the mask 

combination is invalid and a warning should be thrown.
- If the bit-wise comparison yields a clean mask, then each return can be associated to a DLB according to 

which DLB mask is allowing it through AND has the same corresponding DLB value. 
- Once the DLB has been identified, the corresponding value for that particular return’s DLB offset, , may 

be recovered.

3.5.5 Calculation of Precise Event Times

Because the time of RX_CC is expressed relative to the start of the DLB, the rx event time relative to LL 
expressed in clock cycles may be written as:

= Equatio
n 330

To compute the time (in seconds):
≝ Channel skew correction as recovered from CAL-49. Directions for selecting the 

appropriate calibration value are provided in Table 16.
Equatio
n 331

Equatio
n 332

Table 16: Directions for Selection of Cal-49 Value

CAL-49: Receiver Channel Skews
Description Timing skews for every rising/fall channel on ATLAS.

Dependencies Instrument Side, temperature, and event edge (rising, falling)
How To Select Value  Use instrument side (delivered via ANC-13) + nearest neighbor of temperature 

listed below to select the appropriate cal table from the index file
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 Once into cal table, select skew value based on super channel (super channel definition 
same as seen in CAL-17)

Telemetry Point Used 
to Select Calibration

For PCE1: /atlas/a_hkt_c_1061/raw_hkt_meb_pce1_1_t (or _2_t…) 
For PCE2: /atlas/a_hkt_c_1061/raw_hkt_meb_pce2_1_t (or _2_t…)
For PCE3: /atlas/a_hkt_c_1061/raw_hkt_meb_pce3_1_t (or _2_t…)
Value must be converted according to database

3.6 Calculation of Nominal Time of Flight (TOF)

To calculate the nominal time of flight (TOF), the time elapsed between the RX and precise TX start (centroid) 
is computed. It must be kept in mind that the Rx is established relative to the LL coarse clock, so the value from 
equation Equation 311 must be added to account for the fine time component of the start. Begin by calculating 
the fine time of the LL event which originated the return being examined:

Equatio
n 333

With this information, the nominal precise TOF for an event can be calculated as follows:

 Equatio
n 334

3.7 Identification of Duplicate Return-event Time Tags

Duplicate time tags are generated by the TDC FPGA because of the need to ensure that fine timing 
measurements are made throughout the entire 100 MHz clock period. Because of small timing variations due to 
temperature or voltage, additional resources are incorporated in the TDC to ensure that there will not be missing 
time tag data. However, the trade-off of ensuring full measurement coverage throughout the clock period is that 
there may be duplicate time tag data output from the TDC. Upon receipt of the event time tag, if duplicate time 
tag removal is enabled, the DFC performs a duplicate time tag removal function as described in ICESat-2-
MEB-SPEC-0875, Section 5.7.2 which removes many, but not all, duplicates.

Ideally, if the time tag’s fine-count value is greater than the number of delay-line cells (fine-clock counts) per 
USO clock cycle for a given logical channel ID, which accounts for differences in rising and falling events, the 
time tag can be considered to be a duplicate time tag. Flight software can write to the duplicate margin time tag 
removal register in the DFC FPGA to provide some extra tolerance for this removal process. This is necessary 
since the reported calibration value is meant to be averaged and presents a border condition relating to the 
duplicate cut-off point. The setting also allows for the removal of duplicate time tags at either the beginning or 
end of the measurement path. Depending on the setting of the +/- bit of the duplicate margin register, the DFC 
adds or subtracts a value of 0 to 15 to the ideal calculated value. If the DFC considers the time tag to be a 
duplicate, then it is not stored when duplicate time tag removal is enabled. On board duplicate removal can 
reduce the duplicate rate from approximately 50% of events having a duplicate to about 3% of events having 
duplicates. Unfortunately, complete on board duplicate removal can’t be accomplished without a significant 
chance of loss of non-duplicate events. Note that duplicate time-tag removal by the DFC FPGA can be disabled 
for diagnostic use.
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Regardless of how aggressive the on board duplicate removal is, additional removal of duplicate time-tags is 
needed during ground processing. The algorithm presented in Table 17 below is used to perform this removal. 
Note that the duplicate time tags are removed from the list and not passed to ATL02; all other are saved as 
output in the ATL02 file. 

Table 17: Filter algorithm to remove duplicate return-event time tags.

Define the tolerance for the number of cells in the delay chain as 

Identify returns coming from the same shot, on the same channel, with the same toggle via ph_id count

For set of returns satisfying this criteria, take difference of coarse counts from nth Rx vs all others. Repeat for 
all Rx.

 = 

if   and    then tag pair contains a duplicate

if = -1  Keep nth value. Other value is duplicate + should be removed.

else Keep other value being compared. N is duplicate + should be removed. (Note: This results 
in keeping the event with the smaller CC value and flagging the other as a duplicate.) 

3.8 Determining Times of Range Window + Downlink Band Features

Data products down-stream from ATL02 will occasionally need to have knowledge of the start + width of 
the altimetric histogram. For its part, ATL02 is able to provide this information in units of time, which can in 
turn be converted to range, if desired. The following sections outline the equations for parameterizing the 
altimetric histogram boundaries.

3.8.1 Calculation of Range Window Start Time 

The range window start (RWS) is reported uniquely for each spot (strong, weak) for each PCE. Therefore, the 
six RWS times, relative to a respective PCE’s LL, may be calculated as follows. Units are in seconds.

Equatio
n 335

3.8.2 Calculation of Range Window Width in Units of Time

The range window width (RWW), like the RWS, is reported uniquely for each spot on each PCE. Therefore, the 
six RWW values may be calculated as follows. Units are in seconds.

Equatio
n 336

3.8.3 Calculation of Downlink Band Start Time 

The downlink band time is referenced from the start of the range window. Therefore, the downlink band start 
time may be calculated relative to a respective PCE’s LL as follows. Units are in seconds. Note that the DLB is 
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associated with a spot-specific RWS value, so care must be taken to ensure that the appropriate RWS value is 
used in this application.

Equatio
n 337

3.8.4 Calculation of Downlink Band Width in Units of Time

The downlink band width (DLBW) is reported uniquely for each of the 4 possible DLBs on a given PCE. 
Therefore, the 12 possible DLBW values may calculated as follows. Units are in seconds.

Equatio
n 338

3.9  A Word on Zero Range Point

The photon TOF calculations outlined in this document will still need to be calibrated to account for ATLAS’s 
zero range point. Because these corrections are developed via products which rely on the output of ATL02, the 
zero range point correction needed to fully calibrate the TOF values is applied in ATL03. More information on 
the development of this correction and its application can be found in ATL03. A top level outline of these 
corrections can also be seen in Figure 14 and Figure 15 below. 

Figure 14: Schematic of nominal zero range distance and TEP-based correction for zero range measurement.
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Figure 15: Schematic of the data flow to determine bias-corrected photon ranges.

3.10Data Quality Monitoring

To assure that the TOF values calculated under this ATBD are technically sound, the following quality checks 
should be performed. In the event that a check fails, the appropriate failure response (if applicable), shall be 
taken as follows:

Pre/Post 
Calculatio
n

Check Pass Criteria Screening 
Mechanism

Method Failure Response

Pre Coarse count 
values in range

CC less than or 
equal to 10,000

ASAS Compare coarse 
count for every Tx + 
Rx tag to the 
maximum number of 
intervals occurring 
between consecutive 
T0s

Ignore this major frame of 
data on this PCE; likely 
corrupted. Write out 
error/warning flag in data 
product.

Pre Fine count 
values in range

FC less than 75 ASAS Compare fine count 
for every Tx + Rx tag 
to the maximum 
number of intervals 
occurring in the TDC 
delay chain

Ignore this major frame of 
data on this PCE; likely 
corrupted. Write out 
error/warning flag.

Pre Channel 
Number Validity

Value falls in 
range [1,20] or is 
special channel 
value [28, 29, 
TBC]

ASAS Compare every Rx 
tag channel to the 
range of allowable 
values

Ignore this major frame of 
data on this PCE; likely 
corrupted. Write out 
error/warning flag.

Post # Tx per Major 
Frame

Nominal: [199, 
201]
w/ DNF: < 201

ASAS Compare the number 
of transmits in a 
frame to the expected 
value 

Ignore this major frame of 
data on this PCE; likely 
corrupted. Write out 
error/warning flag.

Post Tx Jitter Nominal: 30ns SCF Compare positions of 
LL vs T0 for 
consecutive shots (n 
vs n+1)

This may be an indication of 
laser instability. Issue warning 
via digest email.

Post Shot 
Index/Alignmen
t

Max period 
difference < 1ns

SCF Construct a series of 
laser periods as 
observed by each PCE 
by taking the difference 

This may be an indication 
poorly aligned data. Issue 
warning via digest email.
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between  LL time ( ) of 
adjacent shots. Then 
compute the difference 
between the sequences 
for each pair of PCes. If 
they are aligned, the 
maximum period 
difference absolute 
value will be less than 1 
ns. If they are not 
aligned, the maximum 
will be larger than 5 ns.

Post TOF Within range 
window and 
downlink band 
bounds

SCF Compare TOF value 
to start + end time of 
downlink bands 
expressed relative to 
T0. 

This may be an indication of 
poorly chosen calibration 
value. Issue warning via 
digest email.

Post Duplicate ID By channel 
duplicates < 10% 

SCF Compare (as a 
percentage of total) 
the number of 
duplicate returns 
identified. Evaluate 
by channel. If 
percentage is greater 
than 10%, check 
fails.

This may give indication of a 
dead time issue. Issue warning 
via digest email.

Post Missing Start 
Thresholds

No criteria ISF Provide summary of 
% of occurances per 
scenario per granule 
using tof_flag

Trend behavior and inspect 
peridocally. If percentages 
vary drastically, indicates that 
laser behavior or settings may 
not be as expected. Additional 
investigation needed.

Post Relative Bias 
Per Channel

No Criteria ISF Compute relative bias 
for all channels on a 
given spot + 
compare/trend. 

If bias is changing drastically, 
then investigation of cal 
product may be needed. 

Pre DNF No Criteria SCF Identify how many 
major frames did not 
finish transferring. 

Report out as part of digest 
email. 

Post Cal Value No Criteria SCF Report out 
min/max/mean of cal 
rising + falling values

Report out as part of digest 
email. Gives a feel for system 
stability. 

Pre Range Gate 
Settings

Values Match ASAS Compare range gate 
settings reported by 
the DFC_HK and 
ALT_SCI packets. 

If values do not match, this 
indicates that there may be an 
off-nomina condition in the 
instrument configuration. Halt 
processing of granule and 
investigate. 

Pre Ambigouous 
Downlink Band

Channel+Toggle 
Combo Occur in 
Only One Band

SCF Compare available 
downlink bands for a 
given spot. Verify 
that only one mask 
permits 
channel+mask combo 
through .

If values are ambiguous, this 
indicates that there may be an 
off-nomina condition in the 
instrument configuration. Halt 
processing of granule and 
investigate.

Note that it is possible to 
disable some channel+toggle 
combos. This is a valid 
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approach.

3.11Data Products Included in ATL02 Output File

The following values, as related to TOF calculations, are to be written to the ATL02 output file. 

At the major frame level (Data rate: 50Hz)
Value Equation or Table Units Stored In ‘

/atlas/pcex/altimetry/
Minimum data 
length/expected LSB 
precision

Time Elapsed Since SDP 
Epoch

Equation 28 Seconds delta_time

cal_{fall|rise}_sm
n_bands
ch_mask_{s|w}
ds_{strong|weak}_channel
_index
pce_mframe_cnt

Range Window Start (RWS) 
Time, Relative to LL

Equation 335 Seconds {strong|weak}/alt_rw_start Float32 (4 ms>240 ps)
Float64 (4 ms>> 1 fs)

Range Window Width Equation 336 Seconds {strong|weak}/alt_rw_widt
h

Float32 / (10 us > 0.5 ps)

Downlink Band Offset Time, 
Relative to RWS

Equation 337 Seconds {strong|weak}/band{1|2}_
offset

Float32 / (10 us > 0.5 ps)

Downlink Band Width Equation 338 Seconds {strong|weak}/band{1|2}_
width

Float32 / (10 us > 0.5 ps)

Number of Photons Within 
Major Frame

N/A Counts {strong|weak}/n_mf_ph

{strong|weak}/ph_ndx_beg

At the shot level (Data rate: 200Hz max)
Value Equation or Table Units Stored In ‘

/atlas/tx_pulse_width/
Minimum data 
length/expected LSB 
precision

Time Elapsed Since SDP 
Epoch

Equation 28 Seconds delta_time

tx_pulse_skew_est
tx_pulse_width_lower
tx_pulse_width_upper

At the return / photon level (Data rate: unlimited & variable)
Value Equation or Table Units Stored In 

/atlas/pcex/altimetry/s_
w/photons/

Minimum data length

Time Elapsed Since SDP 
Epoch

Equation 28 Seconds delta_time

pce_mframe_cnt
ph_id_channel
ph_id_count
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ph_id_pulse
Precise Ground Return Time 
of Flight (TOF), as measured 
from the start centroid to the 
return event

Equation 334 Seconds ph_tof Float32 (4 ms>240 ps)
Float64 (4 ms>> 1 fs)

Time elapsed between T0 
and the Leading Lower (LL)

Equation 319 Seconds tx_ll_tof Float32 (100 us>6 ps)
Float64 (100 us>>1 fs

Time elapsed between LL 
and “other” start elements

Equation 318 Seconds tx_other_tof Float32 (10 ns>> 1fs

Flag Indicating Which Start 
Elements Are Missing from 
the Start Time Calculation

Table 14 Non-
dimensional

tof_flag Byte

Time Elapsed between LL 
and start centroid

Equation 320 Seconds TBD4 Float32 (10 ns>> 1fs)

rx_band_id
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4 Transmitter Echo Path
The ATLAS Transmitter Echo Path (TEP) is a feature of ATLAS designed to allow some measure of timing and 

radiometric self-calibration on-orbit. The TEP takes a small fraction of the transmitted laser beam from the Laser 
Sampling Assembly (LSA, which also takes a sample of the outgoing laser pulse to feed the Start Pulse Detector and the 
Wavelength-tracking Optical Module), and feeds the light via fiber optics into the Optical Filter Module (upstream of the 
filters) for two of the three strong beams. One TEP is on PMT1 that goes to the strong detector connected to PCE1; the 
other TEP is on PMT3 that goes to the strong detector connected to PCE2. 

In each case, the TEP enters the receiver path at the upstream end of the Optical Filter Module, which is, in turn, 
upstream of the detectors and the associated electronics. The transmitter echo (TE) pulse is attenuated so that the mean 
number of TE events per laser shot is approximately 0.1 photons. Provided that the laser wavelength is properly tuned to 
the pass band of the optical filters, light entering the detector chain via the TEP will be treated by the PCEs like any other 
received photon. So, when TE photons fall within the range window, the events are timed in the same way as normal 
ground return and solar background events. If the TE pulse also falls within one of the DLBs, the events will be 
downlinked along with the other (non-TE photon) events that have also been recorded. 

Unlike ground returns, which travel 3 to 4 milliseconds between transmit and receive and arrive many shots after the 
laser fire that generated them, TE returns have a TOF less than 100 ns.  However, since the ATLAS telemetry does not 
distinguish TE photon arrivals from any other photon, the PCEs pair the TE returns with a laser start many shots before 
the laser shot that actually generated the TE photons. (It is essentially paired with a “queued” transmit which is associated 
with the ground returns being detected by the instrument around the same time as the TE photons.) Because the RWS and 
DLBO value vary, the location of TE events in the DLB will also vary; and may not even appear in the DLB. Also note 
that it is possible for the TE and actual ground returns to overlap. ATL02 must identify possible TE returns and pair them 
with the correct start so that an accurate TE TOF is calculated. The following sections present a heuristic procedure for 
detecting and identifying a TE time tags within the downlink telemetry.

Beyond these basics, there are several additional items to be kept in mind while working with TE data:

 Only two predetermined strong beams will have TE photons. Receive photons in any of the other four 
beams can safely neglect the following considerations presented below. 

 ATLAS can be commanded (via ground uplink) to downlink a range window that only contains the TE.  
In this case, the TE photons are unequivocal; these returns are not processed beyond the ATL02 algorithm 
by the higher level ATBDs but, instead, are processed by the ATLAS Sustaining Engineering Team for 
evaluation. (This case is not given additional consideration in this document)

 Once identified, the data processing at ATL03 or higher can integrate the TE TOF measurements over 
enough shots to product a temporal profile of the laser pulse shape. Shifts in the pulse shape or center can 
then be identified and used to correct the TOF data products. 

 The algorithm for finding TE events is a heuristic, and thus cannot perform perfectly. Some 
classifications may be indecisive (i.e., when TE and at least one other photon event are too close to 
distinguish). To help matters, the relative distance between the TE event and its correct start-event time 
tag is relatively constant and may be used when attempting to further downselect the data. But, because 
the RWS value can vary, the temporal occurrence of the TE event will also vary within the range window. 
And for small DLBWs, the TEP event may be missed entirely. 

It should be noted that, although the TE return is relatively weak (about 1 return per 10 shots), there are two 
reasons to distinguish TE returns from the rest. First, whenever a TE return is detected within one of the DLBs, it may be 
used as an on-orbit calibration for timing stability and laser pulse-shape changes. Second, correctly identifying the TE 
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returns within a downlink band allows higher-level data products to appropriately recognize the TE returns as TOF 
artifacts, rather than altimetric and, hence, ignored as anything geophysical.

Figure 16 provides a graphic on how to determine if a TE event falls within a given downlink band. A particular 
downlink band is defined by its DLBO measured from the RWS. Case 1 shows an example where the downlink band fails 
to include a TE time tag. (This happens when the downlink band falls between two laser fire events (Tx).) Given that the 
Tx events are spaced about 100 µs (10,000 USO clock cycles) apart, and a downlink band is typically on the order of 10 
µs in width, the odds that a Tx event will fall within a downlink band are roughly 10/100, or 1 in 10. Case 2 shows an 
example when a TE time tag is included in a downlink band. When the downlink band contains a Tx event, there is a high 
likelihood that the downlink band will also contain a TE event since TE events occur predictably less than 100 ns after a 
Tx event. However, once the time tag in question is suspected of being from a TE event, it must now be related to the 
correct start event so that a correct TOF is calculated. 

USO 
Clock

Rx

USO 

time

T0

Tx
RWS

DLB 1

DLB 2

TE
Rx

TE

10,000 USO cycles

RWW

DLBO1

DLBO2

Case 1: 

Case 2: 

10,000N USO cycles TE Capture Window

Figure 16: Determine whether or not a TE event can be observed within a given range window

To distinguish and properly associate the TE time tags with the true start time tag (all four Tx threshold 
measurements), knowledge of how ATLAS generates time tags is leveraged to predict where in the range window a TEP 
is likely to be occur. The two-step procedure defined in the sections below can examine the time tags within a downlink 
band and identify the tags suspected of being a TEP return. It is a heuristic, so while not infallible, we expect it to perform 
well most of the time.

4.1  Determining if the TE is Captured by a DLB
To begin, it must be determined whether or not a TE event can be observed within a given downlink band. This is 

likely the case if a return event occurring N shots after S can occur within a DLB extending from start  to finish , as shown 
in Figure 17. The laser fires are nearly 10,000 clock cycles apart, but there is jitter of a few clock cycles between them. 
Also, the TE return actually occurs a short time after the laser fire. Therefore, TE returns, if detected, would be in the 
DLB if there is an integer N that satisfies:

Equatio
n 41
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where  represents the maximum deviation of ruler clock intervals per laser fires from 10,000. 

The existence of a valid integer value, N, indicates that there may be TE returns in the down link band. Further, its value 
indicates how many starts to move forward to match the TE with their proper start. Note that this value is calculated on a 
by-major frame basis and thus should be considered applicable to all returns in a given frame. 

USO 
Clock

Case 2: Rx

USO 

time

T0

Tx

DLBO1

RWS

S

10,000NUSO cycles

DLB 1

DLBO2

DLB 2

TE

Incorrectly assigned TOF
Correctly assigned TOF

Case 1: Rx
Downlink Band misses TE

TE

T

TOFT

TOFS

R

S

T

10,000 USO cycles
TE Capture Window

Figure 17: How to determine if a transmitter echo is in the downlink band

To calculate N, begin by defining the nominal number of coarse clocks per T0 interval as follows. This value is 
insensitive to USO calibration:

Equatio
n 42

N may then be determined as follows:

tep_tol
 tolerance value which takes up the maximum deviation of laser fires from 10,000 and the 
maximum expected time between laser fire and TE return. Nominally, this is set to 7 clocks 
(70ns).

Equatio
n 43

Equatio
n 44

Equatio
n 45

N Equatio
n 46

4.2 Calculation of TEP Time of Flight (TEP-TOF)
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As stated previously, the previously calculated TOF needs to be adjusted such that the TE returns are “re-
associated” with the appropriate laser fire. Since the nominal TOF calculation establishes the time elapsed relative to the 
start centroid and not its T0 boundary, this may be leveraged to develop a relative correction to account for the jitter in 
start position using each shots T0 boundary as an origin point. A simplified view of this may be seen in Figure 18 below.

Figure 18: Simplified TE TOF References

To do this, begin by calculating the start centroid position for both the TX with which the TEP return was 
incorrectly associated with in the telemetry (jth shot) and the shot it actually came from (the j+Nth shot, in the “future”). 
Both calculations are relative to T0 and expressed in seconds:

[j] Equatio
n 47

[j+N] [j+N] [j+N] Equatio
n 48

Then, the time elapsed between the shot which made the TE return and the one it was improperly associated with 
must also be accounted for. Using the value of N calculated previously, this duration may be found via:

Equatio
n 49

Finally, all of these terms are put together to calculate the TE TOF for each return as follows: 

[j+N] - ) – Equatio
n 410

It is important to note that while a value of  may be found via the methodology above, it must be further assessed 
for validity relative to the physical geometry of the TE hardware. Specifically, events with a less than 0ns will be 
discarded, as the transmit echo cannot arrive before the laser fired.  Events with modified greater than 100ns are also 
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discarded since they arrived too long after the laser fire to be a TE. The events with within this interval are kept as 
possible TE events. Assuming the expected TEP signal strength of about one photon per ten shots, this procedure is 
expected to detect TE at a rate of about 20 TE events per major frame (of 200 shots each). However, background photon 
events that occur between the TE bounds defined previously will also be accounted for in this assessment. 

4.3 A Word on TEP Signals

The TEP TOFs found in accordance with this section of the ATBD are, at the level of ATL02, simply a 
collection of discrete data points. Subsequent data products, namely ATL03, will create histograms of these 
TOF values. It is important to remember that the term TEP refers collectively to both the primary and secondary 
(echo) TEP pulse that will be seen in ATL03 histograms. Put another way, the two signal appearance of ATL03 
TEP histograms is expected given the geometry and implementation of the hardware. 

4.4 Data Quality Monitoring

To assure that the TEP TOF values calculated under this ATBD are technically sound, the following quality 
checks should be performed. Inherently, each photon’s nominal TOF will be assessed for its validity. The 
checks below only apply to those photons which are suspected as TEP returns. 

In the event that a check fails, the appropriate failure response shall be taken as follows:

Pre/Post 
Calculatio
n

Check Pass Criteria Sceening Method Method Failure Response

Post Position of 
Return vs. 
Start Event

TEP TOF > 0 
AND 
TEP TOF < 100 
ns (TBC)

ASAS Assess TEP TOF for 
all suspected TEP 
returns. Valid values 
fall within the range 
of 0 < TEP TOF < 
100ns relative to laser 
fire. 

Remove photon from list of 
suspected TEP values.

4.5 Data Products

The data products are times of flight from an alternative start for events received in the downlink band 
that are suspected of being from a TEP. Events suspected of coming from the TEP are identified as such and 
their true TOF is added to the Group /atlas/pcex/tep/ with appropriate attributes: i.e., with the same information 
as reported in Group /atlas/pcex/a_alt_science_ph/ for the same time tag but with some minor changes. Before 
adding events to the “TEP” group, the TOF for this return time tag must be calculated from the correct laser 
shot: if truly a TE time tag, it is now paired incorrectly with a start time tag associated with the current range 
window, not the actual laser fire that occurred a very short time (about 60 ns) before it. 

The TEP parameters written as output are all in the Group /atlas/pcex/tep/ and will be processed by the ATLAS 
Sustaining Engineering Team for evaluation to produce accurate ranges for all potential TE photon events. This data may 
also be used in the ATL03 data processing to aid the determination of the impulse-response function of the return events. 
Because TEP data is an alternate view of a subset of all nominal TOF data, the relevant major frame info is common to 
both sets of data. Similarly, the majority of data quality checks are common and will be recorded against the behavior of 
the nominal TOF values. 

At the photon level (Data rate: unlimited & variable)
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Value Equation or 
Table

Units Stored In 
/atlas/pcex/tep/

Time Elapsed Since SDP Epoch Equation 
28

Seconds delta_time

Major Frame N/A – Pass 
Through 
from ATL01

Non-
Dimensional 
Major Frame 
Number

pce_mframe_cnt

Channel Number Table 10 Non-
Dimensional 
Channel 
Number

ph_id_channel

The photon event counter is part of photon ID and counts 
from 1 for each channel until reset by laser pulse counter.

ph_id_count

The laser pulse counter is part of photon ID and counts 
from 1 to 200 and is reset for each new major frame.

Non-
Dimensional

ph_id_pulse

Flag to indicate downlink band id associated with the 
received time tag. Note that in order to reconstruct the 
event time tag, the 10-bit offset even coarse value must be 
added to the specified downlink band offset relating to that 
time tag.

rx_band_id

Receiver Channel ID Non-
Dimensional 
Channel 
Number

rx_channel_id

Number of Pulses Between Pulses Considered in TEP 
Equations

Non-
Dimensional 
Tx Count

tep_pulse_num

Precise Transmitter Echo Path (TEP) return TOF values, as 
measured from the TEP transmit start centroid to the TEP 
return event

Equation 
410

Seconds tof_tep

tx_ll_tof_tep
tx_other_tof_tep
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5 Radiometry 

ATL02 includes radiometric products related to transmitted laser energy and small-signal receiver sensitivity. 

5.1 Data Products

The radiometric data products are:

 Total transmitted energy per pulse in all six beams 

 Transmitted energy in each of the six beams 

 Receiver sensitivity to small signals for each of the six active detectors

5.2 Transmitted Energy

Two transmitted energy products are computed:  the total transmitted energy and the individual beam energies.

The work/data flow is shown in Figure 19.  The total transmitted energy is computed first, in three versions 
derived from data from each of three energy sensors:  the SPD Energy Monitor (the primary sensor), the laser 
internal energy monitor, and the LRS.  From each of the total energy products, a set of values for each beam is 
computed.

Figure 19.  Transmitted Energy work/data flow.
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5.2.1 Total Transmitted Energy

5.2.1.1 Calculation

CAL 54 contains a table giving, for each sensor (SPD A, SPD B, Laser 1 Internal, Laser 2 Internal, LRS), a list 
of coefficients {a, b0, b1, c0, c1}sensor for calculating total optical pulse energy leaving ATLAS as a function of 
sensor counts and sensor temperature.  

ATL02 reports out three estimates of the total transmitted energy: one from the active SPD energy monitor, one 
from the active laser internal energy monitor, and one from the LRS.

For each sensor, the total energy is computed using the following equation, where S comes from the sensor 
reading from telemetry, T is the sensor temperature from telemetry, T0,sensor is the reference temperature for that 
sensor from CAL 54 and {a, b0, b1, c0, c1} are the coefficients for that sensor from CAL 54.

For the SPD energy monitors, S is the raw telemetry value + 32768.  For other sensors, S is the raw telemetry 
value.

Equatio
n 51

5.2.1.2 Data sources

Data sources for   and  are given in this table:

Description Product APID mnemonic
SPD energy monitor A ATL01 1063 Chan 0-18 (evens): SPD PRI LSR 

ENERGY MON

SPD energy monitor B ATL01 1063 Chan 1-19 (odds): SPD RED LSR 
ENERGY MON

SPD temperature, A (Laser 1) ATL01 1061 Chan 82:
raw_hkt_beamx_t

SPD temperature, B (Laser 1) ATL01 1061 Chan 82:
raw_hkt_beamx_t

SPD temperature, A (Laser 2) ATL01 1061 Chan 74: PRIMARY SPD 
THERMISTOR MEB-34

SPD temperature, B (Laser 2) ATL01 1061 Chan 81: REDUNDANT SPD 
THERMISTOR MEB-35

Laser  internal energy monitor (whichever 
laser is active)

ATL01 1032 energy_data_shg

Laser 1 interface temperature ATL01 1061 Chan 59: Laser 1 I/F TCS-14 (also: 
A_HKT_CCHP_LAS1_T)
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Laser 2 interface temperature ATL01 5 HT_ATL_TIB1_LSR2_IF01_Y07_T
(byte offset 146)

LRS magnitude, Spot 1 ATL01 1123 CMT[4].MAGNITUDE
LRS magnitude, Spot 2 ATL01 1123 CMT[5].MAGNITUDE
LRS magnitude, Spot 3 ATL01 1123 CMT[6].MAGNITUDE
LRS magnitude, Spot 4 ATL01 1123 CMT[7].MAGNITUDE
LRS magnitude, Spot 5 ATL01 1123 CMT[8].MAGNITUDE
LRS magnitude, Spot 6 ATL01 1123 CMT[9].MAGNITUDE
LRS temperature ATL01 1061 HKT LRS ORAD1 T (primary, Ch. 

56)
HKT LRS ORAD2 T (redundant, Ch. 
57)

Selected Laser ANC13
Laser Energy Level ANC13
Selected SPD ANC13

For the SPD energy monitors and the laser internal energy monitors, the sensor reading is the telemetry value.  
For the LRS, the sensor reading is the sum of all the spot magnitudes:

Equatio
n 52

where N is the number of valid spot magnitudes reported in the LRS telemetry.  The relation between window 
labels in the LRS telemetry and laser spot IDs is not necessarily constant, so LRS data cannot be used to 
calculate individual transmitted beam energies.  The sum of the magnitudes is used to compute the total beam 
energy.  Normally, there are 6 magnitudes, one for each spot, but it is possible that the LRS may fail to find one 
or more; in that case, the input data validity check fails.

5.2.1.3 Input data range

Acceptable input ranges for transmitted energy telemetry values are given in this table:

Description Minimum Maximum
SPD energy monitor A 0 30000
SPD energy monitor B 0 30000
SPD temperature, A (˚C) -20 +50
SPD temperature, B (˚C) -20 +50
Laser  internal energy monitor (whichever 
laser is active) 0 200

Laser 1 interface temperature (˚C) +20 +40
Laser 2 interface temperature (˚C) +20 +40
Number of LRS spots 6 6
LRS magnitude Sum 0 2000
LRS individual spot magnitude 0 500
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LRS temperature (˚C) -20 +50

5.2.1.4 Output data range

The expected output ranges for total transmitted energy:
Need to add Units to Table Below

Laser Energy Level
Minimum (J)



Maximum (J)


1 130 530
2 160 650
3 220 860
4 240 980
5 280 1120
6 310 1250
7 350 1400
8 380 1500
9 400 1610
10 430 1740
11 450 1800
12 680 2700

These values were derived by multiplying measured mean pulse energies from the Flight 3 laser by 0.5 and 2.0.

5.2.2 Individual Transmitted Beam Energies

5.2.2.1 Calculation

CAL-45 contains a list of the fraction of the total transmitted energy in each of the 6 beams.

Equatio
n 53

ATL02 reports out three sets of estimates of the transmitted beam energies: one set of 6 beam energies of each 
of the 3 active sensors.

Equatio
n 54

5.2.2.2 Output data range
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Individual beam energies are computed from the total beam energy by multiplying by a fixed factor, without 
any additional telemetry being involved.  Therefore no specific expected ranges are defined for individual beam 
energies.

5.3 Small-signal Receiver Sensitivity 

This product is the small-signal receiver sensitivity, for each of the six active detectors, in terms of events at the 
receiver output per unit of optical input at the plane of the telescope aperture.  It does not include any effects of 
receiver dead time.

Receiver sensitivity is computed in two steps: 1) the maximum sensitivity is computed, 2) from that, the 
sensitivity to returns and sensitivity to background are computed. The overall work/data flow is shown in Figure 
20.

Figure 20.  Receiver Sensitivity work/data flow

5.3.1 Maximum Sensitivity

Maximum receiver sensitivity  is an intermediate calculation that is used to produce two ATL02 outputs, 
background sensitivity and return sensitivity.  It is not itself reported out.

5.3.1.1 Sensitivity under nominal conditions

CAL-30 contains a slope and intercept that, for each spot (1 through 6) on each side (A and B) of the receiver, 
calculate small-signal event rate from optical power entering the spot's field of view:

Equatio
n 55
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The intercepts  given in CAL-30 represent the dark count rates in events/second. [The current values are noisy, 
and contain physically-impossible negative values.  This will be corrected in a future version of CAL-30.]

The slopes  given in CAL-30 represent , the maximum small-signal receiver sensitivity in events/second per 
watt at the nominal conditions of temperature and voltage.  

The maximum small-signal receiver sensitivity under current conditions is calculated using CAL 33 and CAL-
46, taking into account the current temperature, the current PMT bias voltage, and an aging correction, as 
follows.

5.3.1.2 Variation of sensitivity with temperature

Results of thermal/vacuum testing indicate that the variation of receiver maximum sensitivity with temperature 
is insignificant over the relevant temperature range.  Therefore no computation needs to be done in ATL02 to 
correct for such an effect.  

5.3.1.3 Variation of sensitivity with voltage

CAL-46 contains a set of nominal bias voltages  and parameters  for a function that describes the relative 
change of receiver sensitivity with deviation from the nominal bias voltage:

Equatio
n 56

The ratio of receiver sensitivity at the current voltage  to the receiver sensitivity at the nominal voltage is

Equatio
n 57

5.3.1.4 Combined Effects

Putting these together gives

Equatio
n 58

 is computed for each of the 6 spots on the active side.

Aging corrections have a default value of 1.  Updated values will be supplied from the ISF in ANC27.

5.3.1.5 Data Sources

Data sources for the temperatures and bias voltages are given in this table:
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Description Product APID mnemonic

PMT HV bias A 1
ATL01

1059
Chan 70: PRI HVPC 
MODULE 1

PMT HV bias A 2
ATL01

1059
Chan 71: PRI HVPC 
MODULE 2

PMT HV bias A 3
ATL01

1059
Chan 72: PRI HVPC 
MODULE 3

PMT HV bias A 4
ATL01

1059
Chan 73: PRI HVPC 
MODULE 4

PMT HV bias A 5
ATL01

1059
Chan 74: PRI HVPC 
MODULE 5

PMT HV bias A 6
ATL01

1059
Chan 75: PRI HVPC 
MODULE 6

PMT HV bias B 1
ATL01

1060
Chan 70: RED HVPC 
MODULE 1

PMT HV bias B 2
ATL01

1060
Chan 71: RED HVPC 
MODULE 2

PMT HV bias B 3
ATL01

1060
Chan 72: RED HVPC 
MODULE 3

PMT HV bias B 4
ATL01

1060
Chan 73: RED HVPC 
MODULE 4

PMT HV bias B 5
ATL01

1060
Chan 74: RED HVPC 
MODULE 5

PMT HV bias B 6
ATL01

1060
Chan 75: RED HVPC 
MODULE 6

5.3.1.6 Input data range

Acceptable input ranges for the temperatures and bias voltages are given in this table:

Description Minimum Maximum
PMT HV bias A 1 -2000 V 0 V
PMT HV bias A 2 -2000 V 0 V
PMT HV bias A 3 -2000 V 0 V
PMT HV bias A 4 -2000 V 0 V
PMT HV bias A 5 -2000 V 0 V
PMT HV bias A 6 -2000 V 0 V
PMT HV bias B 1 -2000 V 0 V
PMT HV bias B 2 -2000 V 0 V
PMT HV bias B 3 -2000 V 0 V
PMT HV bias B 4 -2000 V 0 V
PMT HV bias B 5 -2000 V 0 V
PMT HV bias B 6 -2000 V 0 V

5.3.1.7 Output data range
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The expected output range for maximum sensitivity:

Description
Minimum 
(events/sec/watt)

Maximum 
(events/sec/watt)

Maximum Sensitivity 5 x 1017 2 x 1018

5.3.2 Background Sensitivity

5.3.2.1 Calculation

Background sensitivity is the receiver's response in (events/sec) per watt of continuous illumination in the 
receiver's passband from a diffuse source larger than the receiver's field of view, in the absence of any dead 
time effects.  It is computed from maximum sensitivity by a scaling factor:

Equatio
n 59

The default value of the scaling factor is 1; it is a placeholder for any adjustment that may be needed.

About 10% of the background event rate is due to stray light from outside the receiver's field of view.  CAL 33 
is computed using measurements made with a light source that greatly overfills the field of view, so it 
accurately reflects the conditions of background light.

ATL02 reports background sensitivity for each of the 6 active spots.

5.3.2.2 Output data range

Background sensitivity computed from maximum sensitivity by multiplying by a fixed factor, without any 
additional telemetry being involved.  Therefore no specific expected range is defined for background sensitivity.

5.3.3 Return Sensitivity

Return sensitivity is the receiver's response in (events/return pulse) per (joule/return pulse) in the receiver's field 
of view, in the absence of any dead time effects.  It is affected by angular alignment of the transmitter to the 
receiver and by tuning of the transmitter's wavelength to the receiver's passband.  

Note that the dimensions given for background sensitivity and return sensitivity both reduce to events per joule.  
They are expressed as they are to reflect the different quantities that are of interest in each case.

5.3.3.1 Variation of sensitivity with transmit/receive misalignment
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CAL-47 describes the dependence of receiver sensitivity on transmit/receive misalignment.  There are two 
versions, a radial version and an image version.  While both are described here, the ATL02 product will be 
calculated using the image version.

CAL-47 (Radial version) contains a list of sample points of a radial function that describes the loss of return 
sensitivity as the transmitter is misaligned from the receiver by an angle  in any direction:

Equatio
n 510

where N is the number of sample points, and  is the ratio of sensitivity to sensitivity with 0 misaligment.  Using 
the radial method, the ratio of receiver sensitivity at misalignment  to the receiver sensitivity at zero 
misalignment is calculated by

Equatio
n 511

CAL-47 (Image version) contains a two-dimensional array of sample points of a function that describes the loss 
of return sensitivity as the transmitter is misaligned from the receiver by a pair of angles  and :

Equatio
n 512

Using the image method, the ratio of receiver sensitivity at misalignment  to the receiver sensitivity at zero 
misalignment is calculated by

Equatio
n 513

The default values of  (for the radial method) and  are zero.  During the initial processing run for a given set of 
data, the default value is used.  ISF will provide values of  derived from the AMCS Calibration procedure for 
use in later reprocessing runs in ANC27.  If the valid times for two consecutive AMCS Calibrations are tN and 
tN+1, then for a time t such that:

Equatio
n 514

The misalignment to be used is:

Equatio
n 515
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For ATL02, use the image method (Equations 5-14 and 5-15).

5.3.3.2 Variation of sensitivity with mistuning

Two wavelength deviation indicators,  and , are used:

Equatio
n 516

Equatio
n 517

where Dpeak is the WTEM peak signal, Dedge is the WTEM edge signal,  SPD is the SPD energy monitor reading 
as described above, and W has the value 1 at launch and is updated to reflect any changes in the relation 
between the maximum value of Dedge and the SPD.   is used when Standard Tuning is in effect, and  is used when 
Alternate Tuning is in effect.  

CAL 61 contains sets parameters of a function that relates loss of sensitivity to spectral mistuning as indicated 
by the WTEM edge signal (Dedge), the WTEM peak signal (Dpeak), and the SPD energy monitor.  Sets of 
parameters are included for Standard Tuning and Alternate Tuning and for several values of .  

Equatio
n 518

where   is the value of  when the laser is tuned to maximum transmittance of the OFMs.  [ANC13 or ANC27] 
contains a flag that indicates which tuning is in effect and the current value of . 

The ratio of receiver sensitivity at the current state of tuning to the receiver sensitivity at zero mistuning is 
calculated by

Equatio
n 519

5.3.3.3 Combined effects

Putting all this together gives:

Equatio
n 520

or
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Equatio
n 521

depending on which misalignment method is used.  

The default value of the scaling factor is 0.9, reflecting the absence of return light from outside the field of view 
when the transmitter and receiver are aligned.  CAL 33 is computed using measurements made with a light 
source that greatly overfills the field of view, so this correction is necessary to accurately reflect the conditions 
of return light.

ATL02 reports return sensitivity for each of the 6 active spots.

5.3.3.4 Data sources

Data sources for quantities associated with alignment and tuning are given in this table:

Description Product APID Mnemonic

Misalignment
ANC27 Bias offset_X

Bias offset_Y

Misalignment Rate
ANC27 Rate of change of 

bias

Time misalignment data is valid
ANC27 Time data in 

record is valid

WTEM peak signal (Dpeak) ATL01 1063 Chan 21: 
raw_peak_xmtnc

WTEM edge signal (Dedge)
ATL01

1063
Chan 20: 
raw_edge_xmtnc

SPD energy monitor A ATL01 1063 Chan 0-18 (evens): 
SPD PRI LSR 
ENERGY MON

SPD energy monitor B ATL01 1063 Chan 1-19 (odds): 
SPD RED LSR 
ENERGY MON

Tuning (Standard or Alternate) ANC13
WTOM Wavelength Offset ()  ANC13
Alternate Tuning Correction (W) ANC13
Selected SPD ANC13

5.3.3.5 Input data range

Acceptable input ranges for quantities associated with alignment and tuning are given in this table:

Description Minimum Maximum
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Misalignment 0 µR 70 µR
WTEM peak signal (Dpeak) >0 Infinity
WTEM edge signal (Dedge) >0 Infinity
SPD energy monitor A 0 30000
SPD energy monitor B 0 30000

5.3.3.6 Output data range

The expected output range for return sensitivity:

Description Minimum (events/Joule) Maximum (events/Joule)
Return Sensitivity 0 2 x 1018

5.4 Dead time effects on radiometry

The effects of dead time on receiver sensitivity, which are apparent at sufficiently high return strengths, are not 
treated in ATL02.  They are calculated at the point of surface return analysis in higher-level science data 
products.

5.5 Data Quality Monitoring

Data quality monitoring consists of input and output range checking.

If an input value is out of range, the product is not computed, a placeholder value is reported, and a flag is set to 
indicate input out of range.  Acceptable input ranges are defined liberally, to protect against the computation 
creating an error condition.

If an output value is out of range, the computed value is reported, and a flag is set to indicate a suspect value.  
Output ranges are defined based on physical expectations.

Range checking is performed wherever range tables are given.

If a total transmitted energy value is flagged as suspect, then the individual beam energies calculated from it are 
also to be flagged as suspect.

If the maximum receiver sensitivity is flagged as suspect, then the background and return sensitivities calculated 
from it are also to be flagged as suspect.
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6 Pointing and Geolocation Geometry
The geolocation of the laser altimeter bounce point relies on the precise knowledge of several components:
1. position of the space based ranging instrument from the Precision Orbit Determination (POD)

2. pointing of the laser pulse from the Precision Pointing Determination (PPD)

3. photon event round trip travel time (TOF) observation measured by the ATLAS instrument

6.1 Precision Orbit Determination

Precision Orbit Determination (POD) knowledge consists of the position of the spacecraft center of mass, the 
tracking point offsets of the instrument related to the spacecraft center of mass, the pointing of the instrument, 
and the range bias of the instrument. The parameters defining the temporal history of the spacecraft center of 
mass position and velocity, or the orbit, can be refined through the minimization of the spacecraft tracking data 
residuals utilizing precise tracking data measurement models. The POD process is capable of estimating both 
dynamic parameters contributing to the force modeling of the spacecraft, and measurement modeling 
parameters which can include a host of geophysical parameters such as Earth orientation parameters, and 
tracking system specific parameters such as antenna phase center offsets. The accuracy of the precision orbit 
solution relies on the fidelity of the force and measurement models, and the quality of the tracking data.

6.2 Precision Pointing Determination

Precision Pointing Determination (PPD) knowledge consists of laser pointing unit vectors (one for each of the 
six laser beams) and their uncertainties. The POD process determines all six unit vectors in the International 
Celestial Reference Frame (ICRF). Each pointing vector indicates the direction of a laser beam at the time of 
the laser fire. During processing, the laser pointing vectors are expressed, first, in the laser reference sensor 
coordinate frame and, second, in the celestial frame using the estimated sensor attitude. The laser reference 
sensor is a custom instrument designed specifically for laser pointing determination and plays the central role 
for pointing knowledge. Data processing is similar to the previous ICESat mission, which also centered on a 
custom laser reference sensor tying laser pointing to the celestial frame (N. Smith, 2014).
The pointing vectors are determined by combining stellar- and laser-side data from the Laser Reference System (LRS), 
stellar data from the Spacecraft Star Trackers (SSTs with integrated angle measurements from the Hemispherical 
Resonator Gyros (HRGs) in the Scalable Space Inertial Reference Unit (SSIRU). Data processing observes 
simultaneously the altimetry lasers, stars, and reference signals, all in its own instrument coordinate frame. The star 
observations along with observations from the spacecraft star trackers and gyro unit are used to estimate the rotation 
between the sensor coordinate frame and the celestial frame.

ATL02/L1B takes as input the relevant LRS, SST and SSIRU data provided by ATL01/L1A. The L1A input date is 
updated at a rate of 50 Hz for all input data types except for the LRS data for spacecraft star tracker quaternions, which is 
updated at 10 Hz. The input data is converted from its raw form to appropriate engineering units and further processed 
with calibrated corrections. The calibration data is determined prelaunch during ground testing. The resulting output is a 
time series of pointing and position vectors of each laser beam in the ICRF indexed over fixed time intervals that advance 
at a rate of 50 Hz. The interval time-series data is interpolated as needed to co-relate with each laser fire time tag.

6.3 Geolocation of Photon Bounce Points

To transform these measurements into geolocated bounce points for each photon event, a variety of models, 
algorithms, and corrections need to be adopted and applied. These include the determination of the spacecraft 
position and laser pointing within a consistent geodetic reference frame, the correction for atmospheric 
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refraction path delay, ranging and time-tag corrections, the removal of unwanted geophysical effects such as 
tides, the invariant geoid and rotational deformation. 

6.4 Data Products

The ATL02 data product converts raw data from the aforementioned instruments to engineering units. 
Corrections are then applied to centroids, timing, and magnitude observations. The data products are:

 Data to determine the pointing vector of the transmitted beam with respect to the ICRF

 Data to determine the vector to known stars with respect to ICRF

LRS data from L1A groups (packets) for laser and stellar image and windows, TAMS window and timing will 
be placed on ALT02/L1B when available. 
The data processing here is mainly a pass-through. The engineering unit conversions, though performed in 
ATL02, are defined elsewhere in TBD document number TBD. The calibrated corrections are applied in 
ATL03g. So no other science data calculations are performed here.

6.5 Data Quality Monitoring
Boolean flags can be used to indicate that centroids pass basic validity checks in the LRS software. For example, false (0) indicates 
valid centroids; true (1) indicates that the corresponding centroid is considered suspect (i.e., the corresponding centroid should not be 
expected to report a valid target with full accuracy).
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7 Atmospheric Histograms
We have addressed in the previous sections the TOF and TOD calculations for the signal data detected with the 
aid of altimetry histograms. Concurrently with the altimetry histograms, atmospheric histograms are generated 
that span the lowest 14.5 km of the atmosphere with 30-m vertical bins (Figure 4). Atmospheric histograms are 
generated at 25 Hz (every 0.04 seconds) and span a distance of 280 m along track. ATLAS computes these 
histograms using the flight software running on the LEON3FT on each PCE card (see Figure 5 and Error! 
Reference source not found.). The histograms are first computed for every major frame of 200 shots, for both 
the strong and the weak spots, and then two consecutive histograms are summed to produce a 400-shot 
histogram; hence the 0.04 sec. per atmospheric histogram (400 shots / 10k shots per second = 0.04 seconds). 
These histograms are ultimately downlinked with the altimetry time-tag data for the selected, as previously 
discussed. Both the strong and weak spot histograms are used by the flight software to determine the presence 
of thick clouds using a cloud detection algorithm. The atmosphere histograms contain the same 200 shots as the 
science packet reported major frame and the 200 for the next major frame. 

7.1 Data Products

The atmospheric histogram, as defined above, is the distribution of the apparent times of flight computed from 
all detected photon events. These histograms are passed-through for use in the downstream workflow. The 
atmospheric histogram is used to detect clouds in the ATL04 and ATL09 data products, which may bias the 
range calculation or make the data unreliable. The atmospheric histogram is also used in ATL03 to calculate 
thresholds for identifying signal photons.
There are a few things needed so that the atmospheric histograms are usable. For each of the three histograms, we need to 
compute:

1. The distance from the spacecraft to the top bin of the profile

2. The amount a 200-shot histogram is shifted with respect to the other to form an aggregate 400-shot histogram by 
summing

3. Whether or not dead time correction has been applied to the histograms (and this is preferably done here in 
ATL02)3

4. The time of the profile and location (latitude/longitude) of the ground laser spot

5. The angle with respect to nadir of each profile

The data processing here is mainly a pass-through. The engineering unit conversions, though performed in ATL02, are 
defined elsewhere in TBD document number TBD.  Though the atmospheric histogram are passed-through without 
change, ATL02 will produce ancillary data products that indicate the precise TOF of the top and bottom of the 
atmospheric histogram span of 14.5 km. The TOF values are fully corrected by calibrations and thus provides the most 
accurate locations of the top and bottom span in units of seconds. 

7.2 Atmospheric Histogram Nominal Calculations

So far, in Sections 2 and 3, we have not performed any calculations or data conversions for the atmosphere 
histograms.  We let the time tag for the atmosphere histogram be the time of the first Tx event used in the 400-
shot sum. This is determined by matching the major frame ID with the altimeter major frame and using the 
(TBD) indexed Tx time, as calculated in Section 3.

3 Dead time correction is not important for the atmosphere return, but is important for the ground return.
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There are two EU conversions performed by ATL02 listed in Table 18 below. 

<todo><Describe them in more detail>

<note><Is this the conversion to calibrated TOF for RW start and width?>
Table 18: Atmospheric Histogram EU Conversions

Routine Description

euconv_rw_start EU-converts range window start to equivalent, fully-corrected 
TOF

euconv_rw_width EU-converts range window width to equivalent, fully-corrected 
TOF

The atmospheric histogram gives the distribution of the apparent TOF calculated from all detected photon events from 
400 consecutive laser fire events, binned with 30-m resolution over a 14-km range. Nominally from 500 m to 1 km below 
the surface to 13 km to 14 km above the surface. The histograms are first computed for every major frame of 200 shots, 
for both the strong and the weak spots, and then two consecutive histograms are summed to produce a 400-shot histogram. 
Before summing two histograms from adjacent major frames, the histograms must be shifted slightly to account for any 
differences in the range window starts that might occur between two major frames of 200-shots each. If the start of the 
atmospheric histogram changes from one major frame to the next, one of the 200-shot histograms is shifted before it can 
be added to the other.  Changes to the histogram start are always done in 200 ns (~30 m) increments so that the histogram 
bins can always be aligned. There is a slight difference in the start of the range window, to the order of about 40 ns. This 
currently is not corrected for in the ATL02/L2A processing. 

The atmospheric histogram with bins closest to the surface are retained, while the bins highest in the 
atmosphere, which do not overlap between histograms, should be discarded. The histogram with the smaller 
range window start is shifted before adding.  This means that, after the summation, there will be bins at the start 
and end of the histogram that do not overlap and will, hence, contain the original 200 shot values. The flight 
software discards the bins at the start of the histogram that do not overlap and will not discard the bins at the 
end of the histogram that do not overlap. Since the non-overlapping bins at the start of the histogram are 
discarded, the total length of the histogram—including the non-overlapping bins at the end—will not change, so 
there will still be 467 bins. To determine how many bins at the end of the histogram do not overlap (and, hence, 
contain the original 200 shot values), we take the shift amount (in clock cycles) and divide that by 20 (to 
account for the 20 clock cycles per bin) to get the number of bins. There is a slight difference in the start of the 
range window, to the order of about 40 ns. This currently is not corrected for in the L2A processing.

7.3 Data Quality Monitoring

TBD
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8 Other Data & Data Pass-Throughs
In addition to the data outlined in previous sections, ATL02 provides a “pass-through” for numerous other types 
of data. The majority of these are used by down-stream products for their processing; some, however, are 
included in order to provide context for the analysis performed within the ATL02 data product. In most cases, 
little to no manipulation of the data is performed. The following subsections outline all of the data for which 
ATL02 is a conduit. 

8.1 Thermal & Electrical HKT Data (/atlas/housekeeping/meb, pdu, thermal)

The following ATL02 groups include housekeeping data, including relevant voltage, current, temperature, 
and energy level telemetry points, as well as a delta_time for each reported value. These values are converted 
per the flight-delivered ITOS databse (atlas_xml_01_29_2018_fsw_310_db_19_0.xml) and are reported as 
floats at a rate of 1Hz. The information is derived from the 1059, 1060, 1061, and 1062 APID packets.

 /atlas/housekeeping/meb/ (includes ground check, currents, voltages, & temperatures)
 /atlas/housekeeping/pdu/ (includes information on HVPC modules, currents, & voltages)
 /atlas/housekeeping/thermal/ (includes temperature readouts from numerous thermistors)

8.2 MCE HKT Data (/atlas/housekeeping/mce_position)

The following group contains the full-rate MCE position data, when available. This information is derived 
from the 1057 APID packet and is provided at its full rate of 200Hz, when available. It is important to note that 
the delta_time is reported at the native 200Hz rate of a packet which contains 50 az/el samples. Thus, the time 
reported corresponds to the first of the 50 samples. The size of the az/el fields in this packet are 50x the length 
of the delta_time vector, and are thus reported at a rate of 10kHz. The time of each sample in this packet can be 
reconstructed using the count of az/el pairs since the last 1PPS of the last az/el pair in the packet. Directions for 
this are provided in ICESat-2-ISF-TN-5362. WHAT ABOUT mce_total_cycles and ds_50??

 /atlas/housekeeping/mce_position/

8.3 Radiometry HKT Data (/atlas/housekeeping/laser_energy_*)

The following groups contain information about the laser energy, as measured from 3 points of reference 
(internal, LRS, spd).  Groups each contain pertinent temperature information, the total and individual spot 
energies as derived from the split of the energy monitor value by the calibration.  Values are derived from 
APIDs 1032, ####, and 1063 respectively. They are reported out as BLAH at a rate of XXHz.

 /atlas/housekeeping/laser_energy_internal/
 /atlas/housekeeping/laser_energy_lrs/ 
 /atlas/housekeeping/laser_energy_spd/

8.4 Pointing, Position, & Velocity HKT Data (/atlas/housekeeping/pointing, 
position_velocity)
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The following groups contain information on the pointing 

 /atlas/housekeeping/pointing/
 /atlas/housekeeping/position_velocity/

8.5 Algorithm Science Data (/atlas/pcex/algorithm_science/)

/atlas/pcex/algorithm_science/
/atlas/pcex/algorithm_science/s_w/

8.6 LRS Data (/lrs/) 

The ATL02 data product provides a pathway for the POD/PPD group to recover pertinent pointing information 
via the LRS. The following groups are provided for use by the PPD, whose ATBD is ICESat-2-SIPS-SPEC-1595. 
The LRS data is decommutated per its ICD (ICESat-2-LRS-IFACE-1794) and is stored in the following groups in 
the ATL02 data product. These parameters are recovered from APIDs 1120, ####.
 

 /lrs/hk_1120/
 /lrs/laser_centroid/
 /lrs/laser_image/
 /lrs/laser_image/window_nn/
 /lrs/laser_window/
 /lrs/stellar_centroid/
 /lrs/stellar_image/
 /lrs/stellar_image/window_nn/
 /lrs/stellar_window/
 /lrs/tams_window/

8.7

8.8 Spacecraft Data (/gpsr/*, /orbit_info/, /sc/*)

ATL02 acts as a conduit for spacecraft provided data. This includes information on the GPS receiver, orbit info, 
and other spacecraft hardware groups. This information is decommed per DN-ICESat2-SYS-024 and is stored in 
the following groups in the ATL02 data product. This information is telemetered via spacecraft APIDs###.

 /gpsr/
 /gpsr/carrier_amplitude/
 /gpsr/carrier_phase/
 /gpsr/channel_status/
 /gpsr/code_phase/
 /gpsr/hk/
 /gpsr/navigation/
 /gpsr/noise_histogram/

 /gpsr/time_correlation/
 /orbit_info/
 /sc/
 /sc/attitude_control_system/
 /sc/ephemeris/
 /sc/hk/
 /sc/inertial_measurement_unit/
 /sc/inertial_measurement_unit/gyro_abcd/
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 /sc/solar_array/
 /sc/star_tracker/
 /sc/star_tracker/optical_head_1/

8.9

8.10Quality assessment (/quality_assessment/)

The /quality_assessment group and all of its subgroups contain the various flags and outputs of ASAS’s intenral 
QA code that is run as part of the ATL02 generation process. These groups include:

 /quality_assessment/along_track/: count (per 10 second inteval) of the number of duplicates, strong, 
weak, tep, tx events, for each PCE

 /quality_assessment/along_track/pcex/: statistics for (per 10 second interval) of mean, min, max, sdev 
LL and OTHER (these may not be meaningful now),

 /quality_assessment/record_counts/: number of apid records read for each input APID
 /quality_assessment/record_counts/pcex/
 /quality_assessment/summary/
 /quality_assessment/summary/pcex/

Summary - per granule summary of  the number of duplicates, strong, weak, tep, tx, OOB events, for 
each PCE
Summary - per granule summary of  the number of skipped major frames, for each PCE
Summary - per granule summary of  the number of non-consecutive 1PPS values, for each PCE

Summary - per granule statistics (min, mean, max, sdev) for cal_rise and cal_fall
Summary - per granule statistics (min, mean, max, sdev) for the difference between consecutive TOD 
values, for selected critical TODs.
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Appendix A 
This appendix presents a table below of the software grouping that organizes the algorithm work and data flow. 
Group Description

/atlas/engineering/ The basic ATLAS housekeeping data is provided in a total of five packets of telemetry labeled A 
through E: Packets A and B are identically associated with PDU A and PDU B; packet C conveys 
the temperatures; packet D conveys the voltages and currents; and packet E conveys the laser power 
consumption. L1B engineering data will be reported only for the active unit (e.g., laser primary or 
redundant).

/atlas/a_sc_tat_1136/ Reported time data from the Spacecraft received by ATLAS

/atlas/a_sc_pos_1137/ Reported position data from the Spacecraft received by ATL

/atlas/a_sc_pon_1138/ Reported pointing data from the Spacecraft received by ATLAS

/atlas/a_sim_hk_1026/ MEB time measurements AMET time at both internal and external and GPS time at the 1pps

/atlas/tx_pulse/ Contains the six transmit threshold measurements per laser pulse

/atlas/qa_pulse/ QA status on time of day and transmit pulse

/atlas/pcex/alt_science/ Reports the cell-delay information along with the channel band offsets and reports active channels. 
The group has parameters that are common to both weak and strong channels and also sub-groups 
that are specific for each beam. For each PCE the altimeter science data is placed in groups for 
strong and weak beams. The PCE channels 1 to 16 are the strong and channels 17 to 20 are the 
weak.

/atlas/engineering/ The basic ATLAS housekeeping data is provided in a total of five packets of telemetry labeled A 
through E: Packets A and B are identically associated with PDU A and PDU B; packet C conveys 
the temperatures; packet D conveys the voltages and currents; and packet “e” conveys the laser 
power consumption. L1B engineering data will be reported only for the active unit (e.g., laser 
primary or redundant).

/atlas/a_sc_tat_1136/ Reported time data from the Spacecraft received by ATLAS

/atlas/a_sc_pos_1137/ Reported position data from the Spacecraft received by ATLAS

/atlas/a_sc_pon_1138/ Reported pointing data from the Spacecraft received by ATLAS

/atlas/pcex/tep/ The TEP group closely matches the receive photon event group. Each event identified as a possible 
TEP are contain with in its own group for that PCE.

/atlas/pcex/a_pmf_algorithm_science/ The algorithm science group contains the reported 50 shot background count for the strong and 
weak channels for that PCE.

/atlas/pcex/a_pmf_timekeeping/ This group contains the events for each PCE that allows proper computation of the time of day for 
each laser transmit and received event

/geolocation/ This group reports the general (latitude, longitude) of the reference ground track as computed by the 
Spacecraft and contains the orbit and cycle number for the granule

/lrs/ The LRS group contains the converted LRS data. The prime groups are the laser centroids and the 
stellar centroid. Time and position with in the LRS pixels are reported for each centroid.

/quality_assessment/along_track/ reports the number of laser pulses and number of received events for each fixed time interval

/quality_assessment/packet_counts/ reports the number of packet processed by packet type for each fixed time interval

/quality_assessment/summary/ Provides a granule summary of the number of received photons and laser pulses.

/sc/ The measurement instrument collects the Spacecraft data. Each data type has been properly time 
tagged according to the orbital design note. The prime groups are for the ASC, IMU, STE and 
GPSR
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Appendix B 
This appendix presents a table below that associates the mathematical terms presented above with the coded 
mnemonic alongside a description and where each appears in the text. The terms are grouped according the data 
product groups listed above in Appendix A.

Appendix C 
This appendix presents a table below of the calibrations used in ATL02 with a brief description and where the 
calibration product appears in the text by section number. ATL02 Terms marked “>?<” are yet to be defined.

Appendix D 
Stash info here on how to construct unique photon identifier for QA.

The Photon Identification Parameter

In order to uniquely determine the heritage of any received photon event within the ATLAS 
instrument, ATL03 includes parameters that can be combined to form a unique photon ID. All of these 
parameters are provided at the photon rate, and are therefore in the /gtx/heights/ group along with 
other parameters at the photon rate.

The parameter pce_mframe_cnt indicates which major frame a particular photon was recorded in. As 
described in the ATLAS Science Receiver Algorithms document, a major frame is an aggregration of 
two hundred consecutive shots, and is used by the onboard software to determine the downlinked 
telemetry band. The major frame counter is read from the digital flow controller on each 
photon counting electronics (PCE) card, and is unique to each PCE. Within a PCE, the major frame 
counter is identical for both weak and strong spots. This counter is incremented sequentially with 
each major frame boundary, and will roll over in approximately 2.7 years (or about 4.3 billion major 
frames) at a nominal laser pulse repetion frequency of ten thousand shots per second.

In order to make sense of the major frame counter, one must also know which PCE that counter is 
associated with. The parameter ph_id_channel provides this information, as well as additional insight 
into the heritage of a particular photon event. Each PCE has twenty different timing channels used 
to time received photon events. The channel number assigned for any received photon event is 
designated as ph_id_channel in the ATL02 product. In addition, it is desirable to know if a photon 
event was triggered by a rising or falling edge signal from the detector electronics, as the times 
associated with rising and falling edge signals are not necessarily identical (a subtletly used in ATL02 
processing to produce the photon time of flight). Lastly, onboard ICESat-2, there are two banks of 
detectors (labeled A and B). Combining all this information, we have three PCEs with twenty channels 
each, a corresponding rising or falling edge signal form either dector bank A or B, or 3x20x2x2 = 240 
possible paths for received photon events in ATLAS. We assign a unique ph_id_channel number 
(between 1 and 240) according to the table below.
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(I pasted the table as an attachment)

The last two parameters are ph_id_pulse and ph_id_count. The first of these records the laser pulse 
counter within a major frame, and nominally spans 1-200 (although at times there may be 199 or 201 
laser pulses, a detail described in more detail in the ATL02 ATBD). Since each major frame is unique 
to a given PCE, the laser pulse count may also be unique to each PCE (since major frames 
boundaries among the PCEs will rarely, if ever, perfectly co-align). The ph_id_count parameter 
records the number of photons associated with an individual laser pulse, and is reset each time the 
laser pulse counter is incremented. It is important to note that the ph_id_count parameter is a per-
channel photon event counter, not a per-spot photon event counter. For a given channel of a given 
spot, this counter will record the number of photon events in that channel for the current value of the 
laser pulse counter. It is necessary to consider the corresponding value 
of ph_id_channel to determine which channel, which spot and which PCE a particular value 
of ph_id_count is associated with.

Combining the information in these four parameters allows a user to determine the provenance of any 
particular received photon event with respect to a specific ATLAS timing channel, major frame, laser 
shot, or detector, from ATL03 back to ATL01 if necessary.  With the exception of the pce_mframe_cnt 
roll-over every 2.7 years, this framework establishes a unique identification for every photon in the 
ICESat-2 data products.

Appendix E 
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In the event that the TX is found within 10 coarse counts of the T0 boundary, a straddle case is suspected. While 
process controls are in place to avoid this scenario, it is possible that it will still be encountered during flight operations. In 
the event that this comes to pass, the following modifications should be made to the calculations:

Prior to Solving Equation 25

In conjunction with the inherent jitter in the system, it is possible that the T0s marked by each PCE may be 
referenced by anywhere from 0 to 2 Tx tags. In order to overcome this and properly assign the effective shot (T0) count 
within its respective major frame, an individual shot (n) must be considered within the context of the surrounding shots, 
including those introduced by crossing a subsequent major frame boundary. There are three scenarios of how these 
shots may relate to each other:

1. They are separated by 1 T0 edge (nominal)
2. They are separated by 2 T0 edges (skipped a T0 interval)
3. They aren’t separated by any T0 edges (doubled up in a T0 interval)

Going one step further, every skipped T0 will eventually be matched to a doubled T0 because performance 
requirements of the laser indicate that its fire interval must hold steady to within +/- 3 ruler clocks for the duration of its 
operation. Put another way, the relationship between a transmit and the T0 to which it is associated will never vary by 
more than +/- 3 ruler clocks.  depicts the three possible scenarios, as well as a fourth possible scenario (which is a corner 
case of scenario 2). The fourth scenario will be discussed later in section 2.3.4. Additionally, if scenarios 2-3 are observed, 
the incidence will be on the order of every ~30 shots (or 6-7x/major frame) and easily identified via evaluation of the first 
major frame of data. (This incidence rate is an artifact of system stability when the laser has thermally stabilized.) 
Conversely, if scenario 1 is observed for the entirety of the first major frame, the entire granule is considered “clean” and 
will behave nominally. (This allows some latitude to the implementation of these algorithms in ground processing 
software.)

Figure 21 - Relationship of T0s and TXs under various phase relationships 

Skipped and doubled up T0 intervals are present when the start is detected very close to the T0 boundary. Both 
will likely occur multiple times in the same major frame, and as a result, the same contiguous block of data. Based on 
experiences during I+T, it is expected that this will happen every ~30 shots, or 6-7x per major frame. In these two cases, 
the effective T0 count may be off (one larger or smaller) than the T0 count used for calculating the T0 TOD in the 
nominal case. This behavior will persist until the PCE card is reset and the phase relationship between the T0 and laser 
fire is reestablished. Since it cannot be assumed that a PCE card reset will be a feasible on-orbit operation, the shot’s 
effective T0 must be determined mathematically. 

Before going any further, it is imperative that the following assumption be reiterated:
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All altimetric science data being evaluated using this methodology must be contiguous. If gaps in major frame 
data exist, each block of contiguous data should be considered using the same methodology outlined for the granule 

level. As such, the first full major frame of data present in a contiguous block of data on a given PCE must be 
identified and the following analysis began there.

To calculate the effective T0 of every laser fire within a major frame, begin by constructing an array of elements, j 
= [j0…jn], where all values of j are set to 0 and the length of j is equal to the number of Tx tags in the major frame. Next, 
compare the coarse count values of the nth and the nth+1 shot. Note that the nth+1 shot may occur in a subsequent major 
frame. 

Equatio
n 81

According to the value of , assign the value of jn+1. If:

 = 0+/-10, then the effective number of T0 elapsed between shot n and n+1 is 1. Therefore, let element  (Scenario 
1)

 = 10000+/-10, then the effective number of T0 elapsed between shot n and n+1 is 0. Therefore, let element  
(Scenario 2)

 = -10000+/-10, then the effective number of T0 elapsed between shot n and n+1 is 2. Therefore, let element  
(Scenario 3)

Once the values of have been found for all values in the data set, proceed with solving Equation 25.

After Solving Equation 26

If the major frame being evaluated is not the first major frame in a contiguous block of data, the times 
calculated via Equation 26 are valid and the calculation can proceed directly to section 2.3.5. However, if the 
major frame being evaluated is the first major frame in a contiguous block of data, more scrutiny is needed. The 
reason for this is, in the case of the first major frame, no knowledge of the previous frame – and thus the shot occurring 
immediately prior to the start of the frame – is available. Thus, there is no deterministic way of determining the value 
offor the first shot of the first major frame using the methods previously described. The first T0 interval is assumed to 
contain a single laser fire until proven otherwise. 

To overcome this lack of knowledge, the time of the first shot of the second major frame can be projected from 
the time of the first T0 in the first major frame (found via Equation 24) and compared to the time of the time of the first 
shot of the second major frame as found via Equation 26.

To begin, compare the coarse count value of the last shot in the first major frame to the first shot in the second 
major frame: 

Equatio
n 82

As was done in the previous section, define  according to the outcome of . If:

 = 0+/-10, then the effective number of T0 elapsed between shots is 1. Therefore, let element  (Scenario 1)
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 = 10000+/-10, then the effective number of T0 elapsed between shots is 0. Therefore, let element  (Scenario 2)
 = -10000+/-10, then the effective number of T0 elapsed between shots is 2. Therefore, let element  (Scenario 3)

This value can in turn be used to calculate the time of the first T0 in the second major frame as projected from the 
time of the first T0 in the first major frame:

Equatio
n 83

Finally, the value of  to the time  for major frame 2 (found via Equation 24) may be compared:

Equatio
n 84

If: 

 , then calculation of effective shot counts for the first Major Frame are correct, the first T0 was not empty, 
contained only one shot, and thus no additional manipulation of any data is needed.

 , then calculation of effective shot counts for the first Major Frame are incorrect. The first T0 was empty, 
contained no shots, and thus all GPS times of T0s in the first major frame only must be adjusted. In this case, all 
values of  for the first major frame should be reduced by 1 and all times, , shoulld be recalculated accordingly. 
All other major frames remian unchanged.

 , then calculation of effective shot counts for the first Major Frame are incorrect. The first T0 contained two shots, 
and thus all GPS times of T0s in the first major frame only must be adjusted. In this case, all values of  for the 
first major frame should be increased by 1 and all times, , shoulld be recalculated accordingly. All other major 
frames remian unchanged.

Once the above correction (if applicable) has been made, calculations proceed as written in Chapter 2.


