
Single Photon Sensitive Lidar Systems: 
Current State-of-the-art And Challenges



OUTLINE

§ Brief Introduction to NCALM
§ Introduction to Single Photon Systems

1. Geiger Mode Systems
2. IceSat-2
3. SPL100

§ SPL100 Analysis
§ Challenges
§ Conclusions



“On-Demand” Data Acquisition

Funded by National Science Foundation IF/EAR Since 
2003 (current to 2023)

Based at UH and Operated in partnership with UC 
Berkeley

Primary Center Objectives:
1. Provide research quality remote sensing (geodetic imaging) data 

to the scientific community
2. Develops and implements emerging and new technologies, and
3. Educate and train students

MISSION
National Center for Airborne Laser Mapping



NCALM Acquisition Systems
LiDAR Hyperspectral Sensor



28 States including Alaska and Hawaii

Domestic International

8 Countries including Puerto Rico

• Base funding from NSF since 2003, 
renewed in 2018 for an additional 5 
years.

• 300 projects for 206 PIs and 104 
different universities, covering more 
than 60,000 square kilometers.

• 650 Papers published (as of 
December 2018) using NCALM data 
in referred journals, including Nature, 
Science, PNAS, Physics Today, 
Report On Progress in Physics …

Worldwide Project Sites



What is Single Photon Lidar? 
Geiger Mode LiDAR (binary)

(Harris, ALIRT, MACHETE)

Single Photon Sensitive LiDAR

(IceSat-2, SPL100)
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3D Imaging with Array-Based Laser Radar 
(Geiger)

Geolocated 3D Image

Key Differences 

from Flying Spot 

Systems:

• Massive 

parallelization of 

measurements

• Flood-illumination

• Lower scan 

frequencies

• Need enough laser 
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all pixels

Pulsed 

Laser

Receiver

Optics

Focal plane 

array 

of timers

Position & 
orientation 

of telescope

Elapsed time 
(range) for 

each pixel

Photon-counting 

demands 100x less 

power
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Detecting Photons One by One

Assumptions:
Pdet = 0.2 (pixel fires on 20% of pulses)
Bin width = 0.5 ns
Range resolution = 20 cm FWHM 

Return Signal Profile

Slide Courtesy of:
Dale.Fried@3DEO.biz



ALIRT 3D Imaging System 
(Airborne Lidar Imaging Research Testbed; Operational Oct 2010 – Sept 2014)

Vibration Isolated 
Optical Bench

Lidar Package

Microchip Laser

Scanned 
Line-of-Sight

(30�� 40� FOR)

Geiger-Mode 
APD Array

32x128, 50 μm

Telescope: 
10-cm Aperture
f/10 optics

Satcom

Window

2 W microchip laser

On-board
Processing

NSS / BAE
Two-Axis Scan Mirror

Applanix GPS / IMU
POS-AV 610

USAF C-20K (G-
III)
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Geiger-Mode APD Array and Electronics (Camera)

Headboard Controls Array 
Function and Reads Out Data 

32 x 128 APD Detector Array

PPRROODDUUCCTT  SSUUMMMMAARRYY      

Specifications subject to change without notice 

Princeton Lightwave GmAPD camera products and associated technical data are subject to the controls of the 
International Traffic in Arms Regulations (ITAR).  Export, re-export, or transfer of these items by any means to a foreign 
person or entity, whether in the US or abroad, without appropriate US State Department authorization, is prohibited.  

2555 US Route 130 S. 
Cranbury, NJ  08512 

Tel:  609-495-2600 
http://www.princetonlightwave.com 
© 2013, Princeton Lightwave, Inc. 

Rev. 1.2

128 x 32 Geiger-mode Avalanche Photodiode (GmAPD) Camera 
The Princeton Lightwave 128 x 32 Geiger-mode avalanche photodiode (GmAPD) camera is a turn-key 
system containing a single-photon imaging sensor designed for three-dimensional laser radar (LADAR) 
imaging with time-of-flight information captured at every pixel in the array.  The GmAPD pixels of this 
camera provide true single photon sensitivity in the wavelength range from 920 nm to 1140 nm, including 
common pulsed laser wavelengths at 1030 nm and 1064 nm.   

The sensor engine of the camera is a 50 ȝm pixel pitch focal plane array (FPA) consisting of an 
InP/InGaAsP GmAPD detector array flip-chip bonded to a custom CMOS readout integrated circuit 
(ROIC).  Every pixel contains an independent counter to provide per-pixel timestamps specifying photon 
detection events with sub-nanosecond time bin resolution.  A GaP microlens array is attached to the 
GmAPD array to provide high fill factor, and the hermetically sealed FPA housing has an integrated two-
stage thermoelectric cooler to maintain appropriate operating temperatures.  The GmAPD camera is 
supplied as a fully integrated system with a high-performance personal computer supporting an industry-
standard data interface, RAID0 solid-state drive storage, and comprehensive GUI-driven control software. 

Features 
x Simple camera operation requiring only low-voltage power supply 
x 128 x 32 imaging sensor with Geiger-mode APD pixels 
x High-efficiency single-photon sensitivity between 0.92 µm and 1.14 µm 
x Pixel-level circuitry performs rapid active quenching to minimize crosstalk 
x Integrated microlens array for high fill factor 
x  Very high frame rates (>70 kHz) 
x Industry-standard CameraLink serial data interface 
x User-selectable range gate from 4 ns to 40 µs 
x Independent time-of-flight measurement at every pixel 

with high-resolution sub-nanosecond time bins 
x On-board clock accuracy < 1 ppm 
x Master or slave operation supported for system-level 

synchronization  
x External trigger input and laser trigger output 
x Accepts 1PPS synchronization input for absolute 

time-stamp capability 
x Non-uniformity correction function for grayscale 

image capture 
x Integrated thermoelectric cooler for sensor 

temperature control 
x Convection cooling or fluid cooling available 
x Robust hermetic sensor packaging  
x Chassis C-mount for lens attachment 

Applications 
x 3-D LADAR imaging with single-photon return pulses 
x Photon counting LIDAR 
x Passive imaging in photon-starved environments 
x Single photon detection and timing for quantum optics 
x Optical tomography 

10 cm x 10 cm x 9 cm 
(without lens) 

Extended wavelength range available (920 –  1620 nm)
- For operation with eye-safe illumination (Ȝ > 1400 nm) 
- For use with shortwave infrared sources, including 15xx nm 

10 cm

Tech 
Transfer 

from MIT/LL

Now 
Commercially 

Available



§ 50 kHz * 4096 = 205 MHz !
§ BUT:

§ Probability of Detection (PDET)  – function 
of PDE, laser power, and LIDAR cross 
section of your target

§ PDET is normally around 15%
§ So, Only 600 detections (of 4096)

§ AND:
§ Noise (Dark Count and Solar) plus 

crosstalk
§ Approximately 25% noise.
§ So, at best 450 detections

§ ALSO:
§ Need to play statistical game, and 

averaging to separate true signals from 
noise 

§ Not published, but rule of thumb for 
system is 30-50 positive detections per 
outgoing pulse

§ Real Measurement Rate ~ 2 MHz

Specifications of Harris IntelliEarth System

Chart from Harris.com



§ Launched on 09/15/2018
§ Data available as of 

06/10/2019 

§ 17 m footprint
§ 10 kHz (0.7 m)
§ 6.5 m pointing accuracy
§ 532 nm

§ 1.5 ns pulse width
§ 800 ps photon timing 

accuracy
§ Photomultiplier tube
§ ~3.2 ns dead time

Icesat-2 – Technical Specifications



Icesat-2 Data Samples

Data Available at: www.nsidc.org



• 100 laser beamlets.   Single photon returns from 
individual beamlets are imaged into a 10 x 10 
detector, with low jitter and very fast recovery time

• Each pixel output is input to an independent channel 
of a high resolution (< 100 psec), multi-stop timer 
(1.6 nsec dead time).

• A high speed optical wedge scanner produces a 
conical scan and a large circular pattern on the 
ground.

• System records multiple events per pixel channel per 
shot.   Currently working at 6.0 million points per 
second, with multiple stops. 

• Operates at 532 nm, so it produces bathymetry if 
required.

SPL100 - Single Photon Lidar Technology



Silicon Photomultiplier (SiPM) Detectors

§ Each detector is made up of dense arrays of Geiger Mode APDs (called 
microcells) - densities of 100-1000 per mm2 – typically 1, 3, 6 mm size 
detectors

§ Photons cause Geiger avalanche in individual microcells – other cells 
still armed and ready to detect photons

§ Output voltage proportional to number of activated microcells
§ Detection probability of ~25% at 532 nm
§ Dark count rates of ~ 30 kHz/mm2



Houston Flight Campaign
• Collected near downtown Houston on February 25, 2017 with a flight altitude of 3500 m
• GPS and coincident Linear Mode LiDAR Collected by NCALM



Issues with SPL Data

§ Foliage Penetration/Multi-Return Detection

§ Intensity Characterization

§ Horizontal and Vertical Accuracy

A Comparison of Single Photon and Full Waveform LiDAR –
Mandlburger, Lehner, Pfiefer



SPL Intensity vs. LML Intensity

Linear Mode Intensity
(at 532 nm)

Original SPL Intensity
(based on Pulse Width)

De-noised SPL Intensity
(Gaussian Filter) SPL Normalized Density

Estimates of signal intensity from SPL are indirectly estimated 
by:
1. Pulse width, pulse width increases as the expected number 

of photons increases (used in SPL100);
2. Normalized point density, bright objects have a higher 

expected number of detected photons (Geiger). 



SPL Intensity Fitted Models

• Pulse Width Provides a Better Estimate of Intensity than Normalized 
Point Density, when # of photons returned is large.
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Open Challenges with SPL



Getting to that Final Point Cloud

§ Use of SPL data, not unlike Linear mode data, requires 
calibration and filtering.

§ Existing COTS software not sufficient for noise removal 
and calibration of SPL data.

§ Currently reliant on hardware vendor for calibrated and 
filtered point cloud (smoothing is applied to reduce 
noise)

§ Majority of existing literature focused on profile filtering 
(IceSat-2)



Calibration Model
§ Pixel Stretch (laboratory)

§ Range Bias (laboratory)

§ Boresight (data driven)

§ Scanner Wedge Misalignment (data 
driven) – Fourier Series

§ Bundle Adjustment for Strip Matching 
(aka Coincidence processing).

§ Filtering Required BEFORE Calibration 

§ Receiver centric versus laser centric 
models



Scanner Wedge Calibration

(a), SPL100 SN1 sensor models and (b) SPL100 SN2 sensor models. The corrected 
pattern is estimated from the actual datasets and the Fourier Series Model coefficients. 

• Each system has a unique wedge calibration.  Correlation to 
boresight parameters makes it important to periodically reassess.

• Pan, Z., Hartzell, P., and Glennie, C. (2017). "Calibration of an Airborne Single-Photon Lidar System With a Wedge Scanner." IEEE Geoscience and 
Remote Sensing Letters, 14(8), 1418-1422.



Wobble Correction with FSM

Line 1 Line 2

Line 1 Line 2

Conventional boresight calibration for (a) line 1, 
(b) line 2; calibration with Fourier Series Model 
(FSM) compensating wobbling for (a) line 1, (b) 
line2. 

Overall boxplot of all lines

Planar RMSE



Future Work
§ Increase PDE and Decrease DCR

§ Reliable Measure of Signal Strength (Intensity)

§ Coincidence Processing to Overcome Pointing 
Accuracy Limitations

§ New Models for Calibration

§ Automated Filtering and Denoising algorithms without 
smoothing



Thank You!

Craig Glennie
University of Houston

clglennie@uh.edu
http://ncalm.cive.uh.edu/
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