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Conventional lidar Photon counting  lidar

128 x 32                    10 x 10

Multiple returns + intensity Single (or multiple)    1-bit

Single ( or several ) detectors
PMT or APD

Detector array (GmAPD FPA , MCP-PMT )
102 – 103 returns

High power focused beam Low power wide illumination



Max # of photo-electron ( PRR · ns )

# of laser pulses that detect a return

=

Normalized sampling rate

=

Photon counting lidar
low ns , nt

Conventional lidar
high ns , nt

Why photon counting  lidar ?

Photon counting lidar : 2~3 orders of magnitude efficient! ns

ns nt

Laser power
Optical system (T, AR)
Environment(Ta , ρ)
Detector(QE)

Poisson
detection
probability

Detection
threshold



Photon‐counting lidar

Very low
Laser power

Photon counting
Detector  

Scanning system
( high alt.  great coverage )Array 

Flash ( flood illumination )

? … !

Efficient
Optical system

NASA IIP
(7mW1W5W)

Point determination
&    Noise 

Pseudo‐
Intensity

Radiometry of
SPL bathymetry



Conventional
Topo

High‐end
Topo‐bathy

HRQLS IntelliEarth

Avg laser power [W] Several W (1064 nm) 30 (532), 50(1064) 5 (532) 20 (1064)

Pulse energy [ μ J ]
width [ ns ]
peak power [ KW ]

~  100 3000 (10 KHz) 
~ 2

1500

1 (50 KHz) 
0.5
2.5

0.1 (50 KHz)
0.5
0.2

Detector APD PMT MCP-PMT GmAPD

IFOV  [ mrad ] ~ 0.2 2 - 40 0.2 0.035

Aperture [ cm] < 10 20 13 27

Points per second up to   0.5 M 0.1 M 5 M 200 M

2 M                          1 M                     10 M                    20 M

TIM,               full waveform,              TIM,                  on/off
several              up to 30                   several                    1 (no dynamic quenching)

?



Forest waveforms



Canopy structure

Hollow canopy



Class IV  Nd:YAG laser
20 W, 500 ps, 50 KHz , 4K pixels 
 0.4 mJ / pulse
Q0 = 0.1 μJ / pixel 
 Peak power,  P0 ~ 200 W

P ~ 10-8 W

1 W, 700 ps, 25 KHz, 100 pixels  
 0.04 mJ / pulse
Q0 = 0.4 μJ / pixel 
 Peak power,  P0 ~ 600 W

Single photon energy   optical power

532 ~ 4 × 10-17 J  4 × 10-8 W 
1064 ~ 2 × 10-17 J   2 × 10-8 W 

1 photon / ns
onto detector

Optical power of a single-photon regime

Optical power on the detector
log10P

[Watt]

Altitude [m]

Atmospheric transmittance ~ 1.0
Optical system transmittance ~ 0.5
Surface reflectance ~ 0.3

EB ?



Falcon 128 x 32 GmAPD 3D camera MCP (Microchannel plate)



Must Quench (release high reverse bias)
: long reset time to prevent afterpulse
 long hold-off time

128 x 32 chip stack 
on interposer

trapped carriers in the
multiplication region 

Good sensitivity 
to Nd:YAG
(1064 nm)

FPA
Chip stack

PLI GmAPD camera
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APD
Gm
APD

PIN

Gm
APD x 106 s (infinite)

e

PIN x 1
APD x 100s

Linear-mode

Never‐ending avalanche!
(no quenching  single return only)

1‐bit trigger device  no intensity info

MCP‐PMT multi‐anode
1‐bit  no intensity info
Multiple returns!

dead time ~ 1.6 ns

Minimum 1000s of photons

Multiple returns from 1 pulse!
Linear response ( intensity  surface reflectance )



Micro Channel Plate(MCP)
Multi-anode MCP-PMTs

( 10 x 10 )

2 x  50-CH  100 timer

( multiple returns from each channel )

2-3 MCPs
stacking





Focal plane

Single detector system Multiple detector system

Focal plane





How a point is determined in GmAPD lidar ?



Sortie_0937_CTA-05a_id7442
20140923034233

Very high ( ~ 99% ) Frame overlapping rate

~ 20
frames

MTF target,   Hanscom AB, MA

is a must!  Why?  
To overcome low point confidence(high false alarm prob.)
 To ensure the real surface points

to survive the noise‐filtering



CRR: Correlation range receiver

Why big difference in solar background contribution ?

Raw
LAS

Noise filtering

Thermal-trigger
Solar background photon 
Laser‐leak between pulses

Major noise source
: solar background photon



(𝑇𝑇𝑎𝑎)
Atmosphere

Noise : surface reflected solar photons

Optical system Transmittance
interference filter band width (∆𝜆𝜆)

(𝑇𝑇)

Target
Reflectance

(𝜌𝜌)

𝐸𝐸𝑑𝑑

Θ𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝐴𝐴𝑠𝑠

𝑃𝑃 = 𝑇𝑇𝑇𝑇𝑎𝑎𝜌𝜌𝐴𝐴𝑟𝑟𝐸𝐸𝑑𝑑∆𝜆𝜆 (𝜣𝜣𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰)2/4

P ~ 10-12 W
Optical power onto a FPA pixel
due to reflected solar photons

0.5    1.0   0.3    π(0.27)2/4

0.5Wm-2nm-1 1.0     35 μrad

L =
𝜌𝜌
𝜋𝜋
𝐸𝐸𝑑𝑑

Ω =
𝐴𝐴𝑟𝑟
𝐻𝐻2

𝐴𝐴𝑠𝑠 =
𝜋𝜋𝐷𝐷𝑠𝑠2

4
=
𝜋𝜋(Θ𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐻𝐻)2

4

𝐻𝐻

IFOV = 200 μrad
13 cm, Ed,532nm =1.0
20% more ρ

Aperture
Area (𝐴𝐴𝑟𝑟)

Ω

𝑃𝑃 ∶ 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑖𝑖𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑖𝑖𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎, 𝑃𝑃 ∝ (𝜣𝜣𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰)𝟐𝟐



Optech
CZMIL
Deep CHShallow CH

IFOV [rad]

log10P
[Watt]

Effect of IFOV
on solar background

Single photon energy   optical power

532 ~ 4 × 10-17 J  4 × 10-8 W 
1064 ~ 2 × 10-17 J   2 × 10-8 W 

35 μrad

log10P
[Watt]

~ 0.2
mrad

IFOV [rad]

1 solar photon / 100ns
~   1 / 15 m



Sortie_0938_Pt Target - Camps and Pad - 3a_id7395

Should be
nearly the same
reflectance ??

Intensity image  2D point density of projected area (pixel)

GmAPD lidar 
: noise-cleaned point cloud
SPL
: Without removing solar background noise

 Issue with 
noise-cleaning



Advance Waveform Simulator

0.2 mrad
𝑎𝑎𝐼𝐼 = 0.155 𝑚𝑚−1

𝑎𝑎 = 0.1 𝑚𝑚−1P [W]

CZMIL



𝑎𝑎𝐼𝐼 = 0.05 𝑚𝑚−1

2 mrad

𝑎𝑎𝐼𝐼 = 0.155 𝑚𝑚−1

0.2 mrad



alow

Dmax( alow )

Optical power
Dynamic range
 optical depth
 geometrical

Max depth

> 10-4 W

~ 10-7 W

Power dynamic range
> 3 orders of magnitude

𝑎𝑎𝐼𝐼 = 0.02
Very small system attenuation

𝑎𝑎𝐼𝐼 = 0.15
Very large system attenuation

alow

W8104 −×
log( Pmin )

log( N·Pmin )

Dmax( ahigh )

ahigh



Volume return ? 
Suspended object ?  
Solar photon noise ? 

Integration of the 
entire volume backscattering
 Less than a single photon energy

No contribution from volume return
Most (All) from Solar background

What are those points in the water???



Dmax = 1
2(𝒂𝒂+𝑎𝑎𝐹𝐹)

𝑎𝑎𝑖𝑖 𝑵𝑵

𝒂𝒂 [m-1]

[m]

𝑎𝑎𝐼𝐼~0.15𝑚𝑚−1

Effect of IFOV and max depth

Attenuation due to F-function of HRQLS system
( mainly due to a small FOV relative to beam divergence )

[m]

( if    IFOV = 2 mrad )

𝑎𝑎𝐼𝐼~0.05𝑚𝑚−1



Lidar waveform simulator

Theory :  Radiative Transfer of a Laser pulse
through the abs/scat medium

Bluebook II Ch.5

Waveform simulation : Bluebook II Ch.6

Presented at JALBTCX, Chicago

IFOV
~ 0.2

[ mrad ]

Beam
Divergence
~ 0.1  ?
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