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General Description

Lepton®is a complete longvave infrared
(LWIR) camera module designed to interface
easilyinto native mobiledevice interfaces and

other consumer electronics. It captures infrared

radiation input in its nominal response
wavelength bandfrom 8 to 14 microns) and
outputs a uniform thermal image with
radiometry* to provide temperature image with
measurements.
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Integral shutter configuratios
Configurations witl25°, 50° and 57°
HFQV (f/1.1 silicon doublet)
LWIR sensor, walength 8 to 14um
Arrayswith 80x60 and 160x12@ctive
pixelsavailable
Thermal sensitivity <50 mK
Integrated digital thermal image
processing functions, including
automatic thermaknvironment
compensation, noise filtersion-
uniformity correction, andyain control
Radiometric accuraéy35°C blackbody)
o High gain+5C @ 2%C
0 Low gain +10C @ 25
Radiometic Leptonsfeature
temperature measurement including
per pixel and frame radiometric output
(TLineay and Spotmeter
Export compliant frame rate (< 9 Hz)
SPI video interface
Twowire 12C seriatontrol interface

! Radiometric Leptons are 2.5 and 3.5.

1 Uses standard cefihone-compatible
power supplies: 2.8 V to sensor, 1.2 V to
digital core, ad flexible 10 from 2.8 V
to 3.1V

1 Fasttime to image (< 1.2 sec)

1 Low operating power

o Nominallyl60 mW

0 800mW typical during shutter
event (~1s)

0 Low power mode 5 mW

1 RoHS compliant

1 32-pin socket interface to standard
Molex orsimilar sidecontact connecto

Applications

1 Mobile phones

1 Gesture recognition

1 Building automation

1 Thermal imaging

1 Night visia

2 All specifications subject to change without notice
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1 Introduction
1.1 Revision History

Revision Date Description of Change

100 05/03/2016 Lepton with Radiometry release

110 11/12/2016 Updates to include low gain mode feature details

200 03/21/2018 Consolidating all Lepton current configurations into one

datasheet. Older document numbers are 500-0771-01-09, 500
0763-01-09, 500-0726-01-09.

201 04/06/2018 Corrected part number for Lepton 1.5. Minor editorial changes.
Added document number.

202 07/0 2/2018 Updated dimensions and weight.

203 08/28/2018 Clarified validity of scene dynamic range.

Updated EAR statement.

Clarified that THousingin telemetry is only supported for Lepton
2.5 and 3.5.

1.2 ConactUs
email: BACOREQFLRCOM

http://ww w.FLIRcom

1.3 References

110014404 Lepton Software Interface Description Documiguif)
80x80 Lepton VoSPI Developer Guigdf)

110014450 Lepton VoSPI Developers Gujadf) (For 160x120)

Lepton_Example_Schematic_CAD_rIDEN CadenceCapture schematic CAD file)
Lepton_Example_Schematic_CAD_rpa6(CadenceCapture schematic PDF file)
Lepton_Examle_Schematic_CAD_r100d (Cadenceillegro PCB layout CAD file)

102-PS24575 Advanced Radiometry App Ndjif)

Configuration | Mechanical IDD
15 500-0643-41.pdf
1.6 500-069041.pdf
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2.0 500-065941.pdf
2.5 500-076341.pdf
3.0 500-072641.pdf
35 500-0771-41.pdf
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1.4 Device Overview

Lepton is an infrared camera system that integrates a fiveds lens assembly, an 80x&0160x120dong-wave
infrared (LWIR) microbolometer sensor array, and signatessing electronic&ome configurations ar@so

provided with an integral shutter assembly that is used to automatically optimize image uniformity on a periodic
basis. Easy to integrate and operate, Lepton is intended for mobile devices as well as any other application
requiring very small footprint, vg low power, and instanbn operation. Lepton can be operated in its default
mode or configured into other modes through a command and control interface (CCl).

Figurel shows a view of the Leptowith Radiometrycamera as standahe and mounted in a socket.

Figurel. Lepton with shutterCamera (with and without socke'

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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1.5 Key Specifications

Table 1- Key Specifications
All numbers are nominal unless tolerances are specified.

Available configurations

Distortion (barrel)
High gain (Low gain
Pixel pitch

Array format
Horizontal field of viev
Shutter
Thermalradiometry
Scene Dynamic range

Part number
Lepton 1.5: 50@643-00 | 80x60 | 50°| No <8% |-10°Cto+140°C | M T
Lepton 1.6: 5069000 | 80x 60 | 25°| No - <3% | -10°Cto+140°C | M T
Lepton 2.0: 50065901 | 80x60 | 50°| Yes| - <8% |-10°Cto+140°C | M T
-10 °Cto +140 °C
Lepton 2.5: 50076301 | 80x60 | 50°| Yes| Yes| <8% | (-10°Cto 450°Q MT
Lepton 3.0: 50@726-01 | 160 x 120 57°| Yes| - <13% | -10°Cto +140°C | M H
-10 °C to +140 °C

Lepton 3.5: 50077101 | 160 x 120 57°| Yes| Yes| <13% | (-10°Cto 400°Q M H
Overview

Sensor technology Uncooled VOx microbolometer

Spectral range [ 2y 3ot @S AYTFNINBRS y >Y (2

Video scan Progressive

Effective frame raté 8.7 Hz (exportable

Thermal sensitivity <50 mK (0.05®

Temperature compensation | Automatic. Output image independent of camera
temperature.

3 Scene Dynamic Range is specified at room temperature and may vary over ambient temperature. It is typically somewhat
reduced at lower operating temperature.

4Lepton 1.5, 1.6, 2.0, 2.5 stream video at 26Hz with every 3 frames repeated (effectively Befitla 3.0 and 3.5 stream
segments of the images with effectively full frames at 8.7Hz. In this document, when referring to number of frames the

frame rate 26Hz is understood.
The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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Output format

Userselectable 14oit, 8-bit (AGC applied), or 2dit RGB
(AGC and colorization applied)

Solar protection

Integral

Thermal radiometric
accuracy(Lepton 2.5 and 3.5

- High gain mode: Greater of £5 °C or 5% (typical)
- Low gain mode: Greater of £10 °C or 10% (typical)

Electrical

Input clock

25-MHz nominal CMOS IO Voltage Levels in accordance \
Electrical Specificationgage73.

Video data interface

Video over SPI

Control port

CCI (12dike), CMOS 10 Voltage Levels in accordante
Electrical Specificationgage’3.

Input supply voltage
(nominal)

28V,1.2V,25Vt03.1VIO

Power dissipation

Nominally 150 mW at room temperature (operating), 5 mV,
(stardby). For 2.0, 2.5, 3.0 and 350mW during shutter
event

Mechanical

Dimensions [mm] (w x | x h)

Lepton 1.5 (without shutter): 8.47 %67 x 5.62

Lepton 1.6 (without shutter): 8.47 %69x 8.84

Lepton 2.0 (with shutter): 10.50 x 11.70 x 6.37

Lepton 25, 3.0, 3.5 (with shutter): 11.50 x 12.70 x 6.835

Dimensions with socket
105028101 [mm] (w x | x h)

Lepton 1.5 (without shutter): 10.7820.60x 5.92
Lepton 1.6 (without shutter): 10.7820.60% 9.15
Lepton 2.0 (with shutter): 10.78 x 11.70 x 6.68
Lepgon 2.5, 3.0, 3.5 (with shutter): 11.50 x 12.70 x 7.14

Weight (typical)

Lepton 1.5, 2.0: 0.6§-ams
Lepton 2.5: 1.02 grams
Lepton 3.0, 3.5: 0.91 grams

Environmental

Camera operating
temperature range

Lepton 1.5, 1.6, 2.0, 2.5, 2.0, 3:50 °C to +80C
Lepton 2.0, 3.0: Shutter operation limited b0 °C to +65 °C

Non-operating temperature
range

-40 °C to +80 °C

Shock

1500 G @ 0.4 ms

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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1.6 System Architecture
Asimplifiedarchitectural diagram of the Lepton camera moduleis shownin Figure2.

Figure2 - Lepton Architecture

- o . - .
I 1 . Bias,
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: > ctrl VosPl o
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I r_g; 3 : (comm) S
| g % I LenS Focused GPIO
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1 o = | .
| — Discrete controls
S 1 >
N . .
! wn 1 Digita e Clk
|
| N\ data
: | strea VDD, VDDC, VDDIO
- e mm o

Thelensassembly focusesinfrared radiation from the scene onto anarray of thermal detectorswith 17nm or
12mm pitch. Eachdetectorelement is avanadium-oxide (VOx)microbolometer whosetemperature variesin
responseto incident flux. Thechange in temperature causesa proportional change in each microbolometer@
resigance. VOxprovidesa high temperature coefficient of resistance (TCR)and low 1/f noise, resultingin excellent
thermal sensitivityandstable uniformity. Themicrobolometer arrayis grown monolithicallyon top of areadout
integrated circuit (RQC)to comprisethe completefocalplane array (FPA).

For shuttered configurationshe shutt er assembly periodically blocksradiation fromthe seneand presentsa
uniform thermal signal to the sensor array, allowing an update to internal correction termsusedto improve image
guality. Forapplicationsin whichthere islittle to no movement of the Lepton camerarelativeto the scene (for
exanple, fixed-mount secuity applications),the shutter assenbly isrecommended. For applicationsin which
thereisamplemovement (for example handheldapplications)the shutter assemblyslessessentialalthoughstill
capableof providing slight improvement to image quality, particularly at start-up and whenthe ambient
temperature variesrapidly. The shutter is also used as a reference for improved radiometric performance.

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
Informationon this pageis subjectto changewithout notice.
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Theserial streamfrom the FPAisreceivedby a sysemon achip (S5C) device which providessignal processingand
output formatting. Thisdevice ismore fully definedin Functional Desription, pagelZ2.

2 Functional Degiption
Adetailedblockdiagram of the Lepton cameramodule is shownin Figure3.

Figure3 - Lepton Detailed Block Diagram

FPAIF SVP Core
T 2 Video IF P SPI_MOSI
PWR_DWN_L | SPI_MISO
RESET_L % | spicik =
MASTER CLK | | sy cu MemorySys SPI_CS_L
SCL 5 S : S— GPIO[0-3]
_ SDA < < S
VDDC S v 3 =
VDD 2| Power e S8A
VDDIO _| Management
il
ASIC o

2.1 FPA Interface Module

The FPAnterface module generates timing and control signals to the FPA. It also receives and deserializes the
digital data stream from the FPA. The output values eboard temperature sensors are multiplexed into the

pixel data stream, and the FPA Interface mledstrips these out and accumulates them (to improve SNR).

2.2 System Control (Sys Ctrl) Module
The System Control module provides the phlmsdcloop (PLL) and generates all clocks and resets required for
other modules. It also generates other timing eveiniduding syncs and the internal watchdog timer.
Additionally, it provides the boot controller, randenumber generator, and command and control interface (CClI)
decode logic.
The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
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2.3 Power Management Module
The Power Management module controls the power switchesler direction from the System Control Module.

2.4 Softwarebased Video Processing (SVP Core) Module
The SVP Core module is an asymmetric reolté digital signal processor (DSP) engine that provides the full video
pipeline, further described ivideo Pipeling pagel4.

2.5 Memory System (Memory Sys) Module
The Memory System module provides the memory interfacalltthe other modules that require access to SRAM
and/or OTP.

2.6 General Purposerécessor (GPP)
The GPP is a central processing unit (CPU) that provides the following functionality:

Servicing of CCl commands

Initialization and configuration of the video pipeline
Power management

Other housekeeping functions

= =4 =4 =4

2.7 Video Interface Module (ViddF)
The Video Interface module receives video data and formats it for VoSPI pr(teealocuments iRReferences

pageob).

2.8 OneTime Programmable Memory (OTP)

The OTP memomontainsall the norvolatile data for the camera, including the software programs for the SVP
Core and GPP as well as calibration data and cam@cae data (such as serial number). There ar@mwisions
for directlywriting to OTP memory outside of the Leptfactory, except theUser Default values as described
below.

AnoptionalUser Defaulfeature is availablen some Lepton versioris configure the desired defaults (e.g. FFC
mode, radiometry configuration, etc.), and write these defaults once by thetosBif P. This feature removes the
needs for an initialization sequence at stap to configure the desired rutime settings. See/ser Defaults
Featurg page42.

2.9 Static RandoriccesdMiemory (SRAM)
SRAM is the primary volatile memory utilized by all other modules.

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
Informationon this pageis subjectto changewithout notice.
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2.10 GPIO Interface Module (GPIO IF)
The GeneraPurpose Input / Output (GPIO) Interface module implements the GPIO pins, which can be runtime
configured (seé>P1O Modegpage39).

2.11 Video Pipeline
A block diagram of the video pipeline is showrrigure4.

Figure4 - Lepton Video Pipeline Block &gram

Image Pipeline

raw data in AGC disabled
Non-uniformity Defect Spatial / Temporal
T >
correction (NUC) K Replacement ) Filtering
AGC enabled

e

Fa
| AGC / Colorization enabled
AGC Colorize

The videopipeline includesnon-uniformity correction (NUG, defectreplacement, spatial andtemporal filtering,
automaticgaincorrection (AGQ, and colorization.

2.11.1NUC
The nonuniformity correction (NUC) block applies correction terms to ensurettifeacamera produces a

uniform output for each pixel when imaging a uniform thermal scene. Factlilgrated terms are applied to
compensate for temperature effects, pixel response variations, andillemsination roltoff. To compensate for
temporal dift, the NUC block also applies an offset term that can be periodically updated at runtime via a process
called flatfield correction (FFC). The FFC process is further describédirState pagels.

2.11.2 Defect Replacement
The defectreplacement block substitutes for any pixels identified as defective during factory calibration or during

runtime. The replacement algorithm assesses the values of neighboring pixels and calculates an optimum
replacement value.

2.11.3 Spatial / Temporal Filtering
The image pipeline includesgveralsophisticated image filters designed to enhance sigoadoise ratio (SNR) by

eliminating temporal noise and residual naniformity. The filtering suite includes a scebased noruniformity

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
Informationon this pageis subjectto changewithout notice.
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correction (SBNUC) algorithm which relies on motion within the scene to isolate fixed pattern noise (FPN) from
image content.

2.11.4 AGC
The AGC algorithm for converting the fidbolution (14bit) thermal image into a contrastnhanced imge

suitable for display is a histograbased nodinear mapping functionAGCViodes, page34.

2.11.5 Colorize
The colorize block takes the contrasthanced thermal image as input and genesat 24bit RGB color output.

SeeVideo Ouput Format Modes page36.

2.12 Master Clock
In Lepton the masteclock (MASTER_CLOCK) frequen2$ MHz.

3 Operating States and Modes

Lepton pravidesseveraloperating states and modes, more completely defined in the sections that follow:

1 Power Statespagel5

FFC Statepagel8

Gain Statepage2?

Telemetry Modes page23
Radiometry Modespage?9

AGC Modegpage34

Video Ouput Format Modes page36
GPIO Modegpage39

=A =4 =4 4 -4 -4 4

3.1 Power States

Lepton currently provides five power states. As depicted in the state diagram shéwnline5, most of the
transitions among the power states are the result of explicit action from the host. The automatic transition to and
from the overtemperature (Overtemp)state is an exception.

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
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Figure5 - State Diagram Showing Transitions among thee=Power States

Note: Transition to “off” from every other
state occurs by removing VDD, VDDC, and VDDIO.
For simplicity, these transitions are not shown below

Apply VDD, VDDC, and
VDDIO

10-sec counter v Shutdown
Umes;ou = Reset Uninitialized
Start-up Shutdown
sequence sequence

Lepton > 80C

Start-up sequence

Lepton < 80C

Thepower statesare listed here:

1 Off: When no voltageis applied, Lepton isin the off state. Inthe off state, no camera
functionsare available.

1 Uninitialized: Inthe uninitialized state, all voltageformsare applied, but Lepton has not yet
beenbootedandisin anindeterminate state. It isnot recommended to leaveleptoninthisstate
aspower is not optimized; it should instead be booted to the on-state (and then transitioned

backto Shutdownif imagingisnot required).
1 On:Intheonstate, all functionsand interfacesare fully available.

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,

andtherefore, not subject to EARNSR §/14/2018).
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1 Shutdown: Inthe shutdownstate, allvoltageformsare applied, but powerconsunmptionis
approximately5 mW. In the shutdownstate, no functionsare available, but it is possible to
transition to the on state viathe start-up sequencedefined in Figure6. The shutdown sequence
shownin Figure6 isthe recommended transition backto the shutdownstate. It isalsopossible
to transition between shutdownand on statesviasoftware commands, asfurther definedin the
software IDD.

1 Ovetemp: The Overtemp state is automatically entered whenthe Lepton sensesthat its
temperature hasexceeded approximately80 °C.Upon entering the Overtemp state, Lepton
enablesad autdownimminenii étatushbit in the telemetry line andstartsa 10-secondcounter. If
the temperature of the Lepton falls below 80 °Cbefore the counter timesout, the éshutdown
imminS y Bitds cleared and the systemntransitionsbackto the onstate. If the counter doestime
out, Leptonautomatically transitionsto the standby state.

Power sequencingisasshownin Figure6.

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
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Figure6 - Lepton Power Sequencing

Start-up Sequence (from uninitialized to on Shutdown Sequence
and shutdown to on) (from on to shutdown)

Assert PWR_DWN_L

Assert RESET_L
(should be low)

Wait > 5000 clk periods

3.2 FFC States

Lepton is factory calibrated to produce an output image that is highly uniform, such as shbwuie7 (a),

when viewinga uniformtemperature scene. However, drift effects over long periods of time degrade uniformity,
resulting in imagery which appeagsainierigure? (b)) and/or blotchy Figure7 (c)). Columns and other pixel
combinations may drift as a group. These drift effects may occur even while the camera is powered off. Operation
over a wide temperatureange (for example, powering on &t0 °C and heating to 65 #thout performing and

FFQ will also have a detrimental effect on image dyyaandradiometric accuracy.

For scenarios in which there is ample scene movement, such as most handheld applications, Lepton is capable of
automatically compensating for drift effects usingiaternal algorithm called sceAgased noruniformity
correction (scendased NUC or SBNUC). However, for use cases in which the scene is essentially stationary, such

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
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as fixedmount applications, scenrbased NUC is less effective. In statioregpplicationsand those which need

highest quality or quickly available video, it is recommended to periodically performféefthtorrection (FFC).

FFC is a process whereby the NUC terms applied by the camera'’s signal processing engine are automatically
recalibrated to produce the most optimal image quality. The sensor is briefly exposed to a uniform thermal scene,
and the camera updates the NUC terms to ensure uniform output. The entire FFC process takes less than a
second.

Figure7 - Exampes of Good Uniformity, Graininess, and Blotchiness

(a) Highly uniform image (b) Grainy image (c) Blotchy image
(high-spatial frequency noise) (low-spatial frequency noise)

Lepton provides three different FFC modes:

1 External(default for shutterless configurations)
1 Manual
1 Automatic (defaulfor configurations with shutter

In external FFC mode, FFC is only executed apammand, and it should only be commanded when the camera

is imaging an external uniform source of a known temperature. To ensure radiometric accuracy in this mode, the
user must explicitly update the radiometry shutter mode to "User" and input the tempeeatf the scene during

FFC via the CCI. If in imaging mode only and temperature measurement is not required (radiometry disabled), any
uniform source such asumiform wall will suffice.

Manual FFC mode is also executed only upon command, except thathiAteis commanded, Lepton closes its
integral shutter throughout the process. Note that it is not necessary to ensure a uniform external scene of a
known temperature before commanding FFC in manual FFC mode because the shutter serves as the uniform
sourceand includes a temperature sensor with automatic input for radiometric measurements.

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
Informationon this pageis subjectto changewithout notice.
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In automatic FFC, the Lepton camera will automatically perform FFC under the following conditions:

1 Atstartup

9 After a specified period dime (default of 3 minutes) haslapsed since the last FFC

91 If the camera temperature has changed by more than a specified value (default of 1.5 Celsius degrees)
since the last FFC

The time trigger and the temperatwehange trigger described above are both adjustable parameters viaGhe C
however, the default values are recommended under most operating conditions. Decreasing the temperature or
time interval to FFC more often will provide better radiometric accuracy, but the tradeoff is decrease in useful
camera output and radiometry reiings due to the increased occurrence of FFC.

The current FFC state is provided through the telemetry line. There are four FFCestatasrated below and
illustratedin Figures:

1. FFC not commanded (defaultn this state, Lepton applies by default a set of factggnerated FFC
terms. In automatic FFC mode, this state is generally not seen because Lepton performs automatic
FFC at stanp.

2. FFC imminentThe camera only enters this state when it is operatinguitomatic FFC mode. The
OF YSNI} SyYyGSNEB daCC/ AYYAySyidé aidldS | (atPeHzorJSOA T
approximately 2 seconds) prior to initiating an automatic FFC. The intent of this status is to warn the
host that an FFC is aboutéacur.

3. FFC in progressepton enters this state when FFC is commanded from the CCI or when automatic
FFC is initiated. The default FFC duratioriginally 23 frameat 26Hz in which case the camera
integrates 8 frames of output as the basis for thereotion (the additional frames are overhead). It is
possible to configure the FFC to integrate fewer or more frames (from 1 to 128 in powers of 2).
Utilizing fewer frames obviously decreases the FFC period (with diminishing returns due to overhead)
whereas utilizing more frames provides greater reduction of spatial noise (also with diminishing
returns due to 1/f noise)-igure9 quantifies the benefit. Radiometry readings are invalid during this
state.

4, FFC complet Lepton automatically enters this state whenever a commanded or automatic FFC is
completed.

[ SN2y +fa2 LINRPYARSa Iy acc/ RSaANBRe FfF3a Ay GKS O
conditions that cause automatic FFC whenid@YF A0 CC/ Y2RS® ¢KI G Aaxz (GKS a
start-up, when a specifiederiod (default = 3 minutes) has elapsed since the last FFC, or when the sensor
temperature has changed by a specified value (default = 1.5 Celsius degreethasilast FFC. In automatic
Y2RS>E (GKS OFYSNI AYYSRAIFIGSte& SyGSNR daCC/ AYYAySyilé
The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
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SEGSNYyIf cc/ Y2RS> (KS acc/ RSaEANBRE TFEl3I Aa Ayl

possible oppaunity.

Lepton automatically prohibits the shutter from operating when it detects the temperature to be outside the

i

range-10°C to +80°CFor examplgif the camera is operating at a temperature-d5°G no automatic FFC will be
performed, andthecamera A f f A 3Jy2NB |yeé O2YYlFIYyRSR CC/ AF¥ G4KS cc/

operation of the shutter will automatically resume when the temperature is back within the valid range. A status

flag is provided in the telemetry line indicating when shutteckout is in effect.

Figure8 - FFC States

Lepton powered on

FFC Not FFC Mode = Automatic

FEC Commanded

Commanded
FFC
Imminent

FFCIn
Progress FFC imminent counter > specified delay period

FFC Complete

FFC
Commanded

FFC

Complete

FFC Mode = Automatic
&
FFC Desired = True

5Lepton 2.0 and 3.0 have an upper shutter lockout temperature set to 65 °C.
The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
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Figure9 - Relative Spatial Noise after FFC vs. Number of Integrated Feaffaefaults is 8)
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3.3 Gain States

Lepton2.5 and 3.5an be configured to operata a high-gainstate (the only available state ather versions of
Lepton) or a lowgain state. The high gain state provides lower NEDT and lowessicérze range and thiew-
gain state provides high&dEDT buachieves higher intracene rangeLepton povidesthreedifferent gain
selectionmodes:

9 High (default)
T Low
1 Automatic

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
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In high gain mode, the camera operates in the high gain state only. In low gain mode, the camera operates in the
low gain state only. In automatic gain mode, the camera softwateraatically selects between high and low
gain states based on the scene conditions and the followingselectable parameters:

1 Highto-low temperature / highto-low population: The camera transitions to low gain when a
percentage of the pixel populatiogreater than the usedefined population threshold is imaging a hotter
scene temperature than the uselefined temperature threshold

1 Lowto-high temperature / lowto-high population: The camera transitions to high gain when a
percentage of the pixel papation greater than the usedlefined population threshold is imaging a colder
scene temperature than the uselefined temperature threshold

1 Gain mode ROI: region of interest used for the calculations used to determine whether the scene
conditions (tempeature and population) meet the criteria for a gain switch

Radiometry must be enabled to configure the camera software to automatic gain mode as scene temperature is
used as the metric to determine the gain mode switchiefpaviour Note that an FFC is reiged upon gain

switch for uniformity and radiometric accuracy updates; therefore, the recommended FFC mode for automatic
gain mode is automatic FFC. In automatic gain mode and external of manual FFC mode, the camera will transition
to a different gain modevithout an automatic FFC occurring and the user must initiate the FFC utilizing a

telemetry bit (e.g. effective gain state or FFC desired) to determine when the switch occurred and an FFC is
necessary.

3.4 Telemetry Modes
There are three telemetry modes thaffect the video output signal:

1 Telemetry disabled (default)
1 Telemetry as header
1 Telemetry as footer

Explicit commands over the CCI select each mode. The contents and encoding of the telemetry data are shown in
Table2.

Table3 shows the encoding of the status bits (Telemetry Row A, Words 3 and 4).

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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Table2 - Telemetry Data Content and Encoding

Number
Telemetry | Word | Word )
Name Notes
Row start End Eiig e
Words
A 0 0 1 Telemetry
Revisin Format=major (byte 1), minorrev (byte 0).
A 1 2 2 TimeCounter | 32-bit counterin unitsof msecelapsedsine
boot-up
A 3 4 2 StalsBits | ge Taple3
A 5 12 8 Module serial #
A 13 16 4 Softwaerevision
A 17 19 3 Reserved
A 20 21 2 Frame Cownter | 35 hit counter of output frames
A 22 22 1 Frame Mean
A 23 23 1 FPATemp |Incounts(priorto conversiorto Kelvin)
A 24 24 1 FPATemp |InKdvinx 100
. In counts(prior to conversiornto Kelvin)
A 25 25 1 Housing Temp Lepton 2.5, 3.5
A 26 26 1 . In Kelvin x 100
HousingTemp | o ston 2.5, 3.5
A 27 28 2 Reserved
FPATemp at last
A 29 29 1 FEC Updatd evely FFCUnits are Kevin x100

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
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Number
Telemetry | Word | Word of 16bit Name Notes
Row start End
Words
Time Counterat
A 30 31 2 lag EFC Updatd evely FFCUnitsare msec
Housingempat | ypdaied every FFCUnitsare Kevin x10Q
A 32 32 ! las FFC || epton 2.5, 3.5
A 33 8BS 1 Reserved
A 34 37 4 AGCROLI | (top, left, bottom, right)
AQCdip-Limit
A 38 38 1 High
AGCdip-Limit | S€ACLpagels
A 39 39 1 Low
A 40 71 32 Reserved
A 72 | 73 2 Video seVideo Ouput Format Mod 36
Output e Video Ouput Format Modespage
Format
LogZ2of
A 74 74 1 : See FFC Statepagel8
FFC
A 75 79 5 Reserved
B 0 18 19 Reserved
B 19 19 1 Emissivity |Scaled by 8192
B 20 20 1 Background |Temperature irkelvinx 100
Temperature
B 21 21 1 Atmospheric |Scaled by 8192
Transmission
B 22 22 1 Atmospheric | Temperature irkelvinx 100
Temperature
B 23 23 1 Window  [Scaled by 8192
Transmission

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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Number
Telemetry | Word | Word of 16bit Name Notes
Row start End
Words
B 24 24 1 Window Scaled by 8192
Reflection
B 25 25 1 Window  [Temperature irKelvinx 100
Temperature
B 26 26 1 Window  [Temperature irKelvinx 100
Reflected
Temperature
B 27 79 53 Reserved
C 0 4 5 Reserved
C 5 5 1 Gain Modé |0 = High, 1 = Low, 2 = Auto
C 6 6 1 Effective Gain |In Auto mode, 0 = High, 1 = Low
C 7 7 1 Gain Mode 0 = current gain mode is desired, 1 = gain mogd
Desired Flag [switch desired
C 8 8 1 Temperature [Temperature threshold ifiC used to determia
Gain Mode |when an Auto switch to Low gain mode (while
Threshold High fHigh gain mode) should occur in Radiometry
Low (Q enabled/TLinear disabled mode
C 9 9 1 Temperature [Temperature threshold ifCused to determine
Gain Mode |when an Auto switch to High oramode (while in
Threshold Low t{Low gain mode) should occur in Radiometry
High €Q enabled/TLinear disabled mode
C 10 10 1 Temperature [Temperature threshold in Kelvin used to
Gain Mode |determine when an Auto switch to Low gain m
Threshold High f(while in High gaimode) should occur in TLine;
Low (K) mode

6 SeeGain Stategpage? L.

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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26

Informationon this pageis subjectto changewithout notice.

Lepton Engineering Datasheet, Document Number: 500-0659-00-09 Rev: 203

SFLIR

The World’s



FLIR

Number
Telemetry | Word | Word of 16bit Name Notes
Row start End
Words
C 11 11 1 Temperature [Temperature threshold in Kelvin used to
Gain Mode |determine when an Auto switch to High gain
Threshold Low timode (while in Low gain mode) should occur if
High (K) [TLinear mode
C 12 13 2 Reserved
C 14 14 1 Population GairnPopulation threshold in percent of the Gain Md
Mode ThresholdROI used to determine when an Auto switch tg
High to Low [Low gain mode (while in High gain mode) shou
occur
C 15 15 1 Population GairPopulation threshold in percent of the Gain Mg
Mode ThresholdROI used to determine when an Auto switch tg
Low to High |High gain mode (while in Low gain mode) shot
occur
C 16 21 Reserved
C 22 25 Gain Mode RO|(startRow, startCol, endRow, endCol)
C 26 47 22 Reserved
C 48 48 1 TLinear EnablgTrue if enabled
Ctata
C 49 49 1 TLinear T-Linear resolution (0 = 0.1, 1 = 0.01)
C 50 50 1 SpotmeterMean|Spotmetermean value in Kelvin within ROI
C 51 51 1 Spotmeter [Spotmetermax value in Kelvin within ROI
Maximum
C 52 52 1 Spotmeter |Spotmetermin value in Kelvin within ROI
Minimum
C 53 53 1 Spotmeter [Number of pixel irSpotmeterROI
Population

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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Number
Telemetry | Word | Word of 16bit Name Notes
Row start End
Words
C 54 54 1 SpotmeterROI |SpotmeterROI starting row coordinate
Start Row
C 55 55 1 SpotmeterROI [SpotmeterROI steting column coordinate
Start Col
C 56 56 1 SpotmeterROI [SpotmeterROI ending row coordinate
End Row
C 57 57 1 SpotmeterROI [SpotmeterROI ending column coordinate
End Col
C 58 79 22 Reserved

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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Table3 - StatusBit Encoding (€lemetry Row A, words 3 and)4

Bit start Bit end Nymber i Name Notes
Bits

0 3 Reserved

3 3 FRCDesired’ 0=FFCnot desired
1=FFQesired

4 5 2 FFRCState 00=FFGevercommanded
01 =FFCimminent
10=FFQn progress
11=FFQomplete

6 11 6 Reserved

12 12 1 AGCState 0=Disbled
1=Enabled

13 14 2 Reserved

15 15 1 Shutter lockout’ 0=Shuter not locked out
1 =Shutterlockedout
(outsice of valid temperature
range -10°Cto 80°C)

16 19 Reserved

20 20 1 Overtemp shu downimminent| Goestrue 10secondsefore
shutdown (seePower
States pageld)

21 31 11 Reserved

3.5 Radiometry Modes

The Leptorwith Radiometry(2.5 and 3.5)ncludes multiple options for radiometry modes that affect the video

output signal:

" See FFC Statepage?l.

8 Lepton 2.0 and 3.0 have an upper shutter lockout temperature set to 65 °C.
The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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1 Radiometry enabled, TLinear enabled (defatdtr Lepton 2.5 and 3.
1 Radiometryenabled, TLinear disabled
1 Radiometry disabled

3.5.1 Radiometry Enabled- TLinear

The radiometry enabled mode affects the transfer function between incident flux (scene temperature) and pixel
output. From an imagguality standpoint, both radiometry modes prodeioearly identical performance (no
change in NEDT), and either mode is appropriate for strict imaging applications. However, for applications in
which temperature measurement is required, radiometry must be enabled to access the related calibration and
software features, such as TLinear gdplotmeter which support these measurements. In radiometry enabled
mode, enabling the corresponding TLinear mode changes the pixel output from representing scene floi in 14
digital counts to representing scene tempéure values in Kelvin (multiplied by a scale factor to include
decimals). For example, with TLinear mode enabled with a resolution of 0.01, a pixel value of 30000 signifies that
the pixel is measuring 26.85°C (B00K¢ 273.15K). The Lepton with Radiometonfiguration is intended as a

fully radiometriccamera therefore, the factory defaults are defined to have both radiometry and TLinear modes
enabled.

With radiometry mode enabled (independent of TLinear state), 3petmeterfeature can utilized. The

Sotmeter returns the mean, maximum, and minimum temperature readings in Kelvin for a given frame and ROI
via the CCI and/or telemetry. The ROI coordinates are-smlectable via CCl to allow for readings confined to any
arbitrary size or location withirhe array.

The radiometric accuracy over the operational temperature range is typically within £5°C or 5%. Integration into
an endsystem and environment and/or scene differences can affect the radiometric performance. To address
these factors, useconfigurable parameters are available in software to account for the difference between
calibration method at the factory and the final system and application. The parameters include scene emissivity,
atmospheric temperature and transmission, background tempeeg and parameters to account for the
recommended window included on a fully integrated system (transmission, reflection, temperature, and reflected
temperature). For a more detailed discussion on radiometry principles, accuracy, and calibration,aefien
Radiometry Application Note.

Note that the following discussion assumes AGC is disabled\(Sé€eModespage34). If AGC is enabled, the
differences between the two radiometimodes are completely obscured by the AGC algorithm. In other words,
with AGC enabled, any differences in signal output between radiontabled and radiometrgnabled modes
are negligible.

3.5.2 Radiometry Enabledz Flux linear

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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With radiometry enabled, Leptoperforms internal adjustments to the signal level such that in principle the
output is independent of the camera’'s own temperature. The resulting output for three different scene
temperatures is illustrated hypothetically ingure10. Notice inFigure10 that the output is only a function of
scene temperature, not camera temperature (again, the figure is for illustration purposes only and not perfectly
representative. In @ctice, there is slight output variation as camera temperature changes, particularly when the
temperature change is rapid). Also notice that responsivity is also independent of camera temperature; that is,
the difference in output between two different sne temperatures is a constant, as opposed télipurellon
page32, where it decreases with increasing camera temperature.

Figurel0- Hypothetical lllustrdion of Camera Outpuin countsvs. Camera Temperature in
Radiometryenabled Mode

Radiometry Enabled
120050
10000
E 8000
I Iscene = Tcamera
8 I
_E. —Tstene = 80C
8 AN ——— Iscene = 40
2000 Iscene = 20C
&
20 0 20 40 G0 20
Camera Temp (deg C)

3.5.3 Radiometry Disabled

With radiometry disabled, the output of a given pixel is intended to be in the lower quarter of thé tange

(~4096) when viewing a scene with anjgerature equal to the temperature of the camet&urthermore, the
responsivity, which is defined as the change in pixel output value for a change in scene temperature, varies over

9 With Lepton1.5, 1.6 2.0 and 3.0the output was intended to be in the middle of the-hit range (~8192) but was updated

to provide more scene dynamic range at the hotter end of the spectrum for the radiometric release.
The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
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the camera's operating temperature range. The resulting output for thiferént scene temperatures is
illustrated hypothetically ir-igure 11 (note that the figure is for illustration purposes and not perfectly
representative).

Figurell - Hypothetical Illustation of Camera Output vs. Camera Temperature in Radiometry
disabled Mode

Radiometry Disabled
12666
15066
g 5aa
= -
= \\_ =——Tscene = Tcamera
= 6000 — _
_E. ---..___.._._______‘_=__ m——Tscene = 80C
e ey
e It T — Tscene = 40C
2000 —Tgrene = 200
&
-20 o 20 40 a0 80
Camera Temp (deg C)

3.5.4 Radiometric Accuracyz Module
Lepton camera module radiometric accuracy in high gain mode’ @& 23C against a 3& blackbody for a

Lepton camera module (usingasimpletes2  NR ¢A (0K y2 aA3IYyAFAOLIYGd KSIG &azd
blackbody at 25cm, corrected for emissivity, and in a normal room environnheriigh gain mode the intra

scene temperature range is typicaiy0°Cto 140°C

Lepton camera module radiometra@curacy in low gain mode is 0@ 28C against a 3& blackbody for a

[ SLIi2y OF YSNI Y2RdzZ S o6dzAaAy3 | &aAYLXS (dSad o02FNR oAl

blackbody at 25cm, corrected for emissivity, and in a normal room environniebdw gain mode the intra
scene temperature range is typicaily0°Cto 450°C(or 400 °C for Lepton 3.5)

3.5.5 Radiometric Accuracyz SystemConsiderations

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
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The radiometric accuracy of the Lepton camera module depends primarily on the ambient and scene
temperaure. The size, distance, and emissivity of the target are also facExseme humidity, high

concentrations of certain gases such as,@dd nearby extremely hot or cold objects may also affect
measurements and should be avoided during module test& Sy YSI adzNBSR | 3L Ayad | wmé
corrected for target emissivity, and at thermal equilibrium under typical room conditions, the typical accuracy of
the Lepton module in high gain mode is pexble4.

Table4- RadiometricAccuracy overConditions, High Gain

0°C | 30°C| 60°C

ISIeels) 10°C | +7°C [ £7°C | £8°C

50°C [ +6°C | £5°C| £5°C

100°C| +6°C | +5°C | +4°C

When the Lepton module is integrated into a system, there aretahdl error sources that must be considered.
Heat from nearby components such as electronic devices, motors and solenoids, and even heat from an
2LISNI 62NRa KFIYyRZ YIFIe RANBOGtE@ 2NJ AYRANBOUGT érced yONBI &
should be avoided. It is important that the heat presented to the Lepton module from surrounding electronics
and other sources be consistent and symmetric about the Lepton module to make compensation effective. The
correction parameters are scalaalues ancdcannot accommodate dynamic or gradient effects. In addition, when

a protective window is required, reductions of the amount of scene radiation from the window as well as direct
emissions and reflections from it, will alter the received radiatidhe Lepton module provides methods to

correct for these effects.

When the Lepton camera module is used in a device with a protective window and surrounding heat sources, the
radiometric temperature reading can be improved by performing a gain aisdtofbrrection for best accuracy.

The gain and offset values are input as window transmission and window temperature parameters though the CCI
interface. After performing a recalibration at room temperature against two reference blackbodies and
programmng these two parameters, the typical accuracy in high gain mode can be according to

Table5b.

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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Table5 - Typical Radiometric Accacy after Per Wit Calibration.

0°C | 30°C| 60°C

JSIechlEl 10°C | £5°C | £5°C | +6°C

50°C [ +£5°C | £3°C | £3°C

100°C | +5°C [ #4°C | £3°C

A protective window will also affect intrecene temperature range. Any environmental or system factors that
reduce the flux received by the sensor Jdgllver the lowerlimit, andraise theupper limit, of the range. Such
factors will also decrease sensitivity and possibly even accuracy, so should normally be kept to a minimum.

3.6 AGC Modes
There are two AGC modes:

1 AGC disabled (default)
1 AGC enabledsee AGC HEQ Output Scaletéiaand AGC Calculation Enable State in the Software IDD for
additional, related options)

AGC is a process whereby the large dynamic range of the infrared sensor is collapsed to a range more appropriate
for a display system. For Lepton, this is ebit4o 8-bit conversion. In its most simplistic form, AGC can be a linear
mapping from 14pit to 8-bit; however, a simple linear AGC is generally incapable of providing pleasing imagery in
all imaging conditions. For example, when a scene includes both colabanelgions (for example, a hot object in

front of a cold background as illustratedfingure13), linear AGC can produce an output image in which most

pixels are mapped to either full black or full white with yéittle use of the grasghades (&it values) in between.
Because of this limitation of linear AGC, a more sophisticated algorithm is preferred.

Similar to most AGC algorithms that optimize the usgrafrshades Lepton's is histograrhased. Essentially
histogram counts the number of pixels in each frame that have a giv4ait Yalue.~igurel?2illustrates the
concept for a 3x3 pixel area.

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
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Figurel2 - lllustration of a Histogram for a 83 Pixel Area

4

8192 8189

8193 8195 8192
1
8194 8192 8193 . . . . .

8189 8150 8191 8192 8193 8194 8195

Number of Occurences
L%

Classic histogram equalization uses the cumulative histogram as a mapping function betwgeant#8bit.

The intent is to devote the mogfrayshadego those portions of the input range occupied by the most pixels. For
example, an imag consisting of 60% sky devotes 60% of the availgblgshadego the sky, leaving only 40% for

0KS NBYFAYRSNI 2F (KS A Yl 3S dgrayshadeduhenlieréldresgApg Bthé Ay S| NJ ! |
histogram, whereas classic histogram equalization akscaogray-shadedo the gaps. This behavior is in

principle an efficient use of the availalgeay-shades but there are a few drawbacks:

1 The resulting contrast between an object and a much colder (or hotter) background can be rendered poor
bythefactKS | f 32 NAGKY aO2f f I LJAS&a¢é GKS aSLI Nkhade2y o6Si
above the background. This phenomenon is illustratediinure13.

1 Too much emphasis can be placed on background clutteticpkarly when a mostly isothermal
background comprises a large fraction of the total image area. This is also illustrated in Figure 15.

9 For scenes with low dynamic range or less content, both the Linear AGC and Classic HEQ algorithms allow
the applicatian of a high amount of gain to the histogram, resulting in more contrast but increasing noise.

The Lepton AGC algorithm is a modified version of classic histogram equalization that mitigates these
AK2NIO2YAy3ad hyS &ddzOK Y2RAMPAOAVARZYKAAK®E LI NI S ISNI
any single bin, limiting the influence of heavily populated bins on the mapping function. Another parameter

dziAf AT SR o0& (GKS [SLINiz2y Fft3A2NRGKY Aa Obnizérdoiingh®f A LI f A"
histogram, resulting in additional contrast between portions of the histogram separated byfgapsel13is an

example showing the benefit of the Lepton clip parameters.

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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Figurel3- Comparison of Linear AGC and Classic/Lepton Variant of Histogram Equalization

(a) Linear AGC (b) Classic Histogram Equalization (c) Lepton’s Variant of Histogram
Equalization

A high value of clip limit high results in a mapping more like classic histogram equalization, whereas a low value
results in mapping more like linear AGC. Figrlehit low, the opposite is true: a high value results in a mapping
more like linear AGC, whereas a low value results in a mapping more like classic histogram equalization. There
may be some overlap between the two parameters, but the difference betweerwo is that lowering the clip

limit high linearizes the brightness levels of the objects in the scene, while raising the clip limit low makes the
brightness of objects in the scene more representative of their temperature differences. The default @alue

both parameters produce a good compromise between the two; however, because optimum AGC is highly
subjective and often application dependent, customers are encouraged to experiment to find settings most
appropriate for the target application.

By defall, the histogram used to generate Lepton'stito 8-bit mapping function is collected from the full

array. In some applications, it is desirable to have the AGC algorithm ignore a portion of the scene when collecting
the histogram. For example, in sorapplications it may be beneficial to optimize the display to a region of

interest (ROI) in the central portion of the image. When the AGC ROl is set to a subset of the full image, any scene
content located outside of the ROI is not included in the hisiogand therefore does not affect the mapping

function (note: this does not mean the portion outside of the ROI is not displayed or that AGC is not applied

there, only that those portions outside the AGC ROI do not influence the mapping function).

3.7 Video Ouput Format Modes
There are two vide@utput format modes:

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
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1 Rawl4 (default)
1 RGB888

The first mode is appropriate for viewing-b# data (AGC disabled), -t TLinear data (AGC disabled,
TLinear enabled), or-Bit data (AGC enabled) without colorizatiomelsecond mode is for viewing data
after application of the colorization loekp table (LUT) to generate 24t RGB data. This capability is further
described below. Note that the two output format modes result in different packet sizes for the VoSPI
output data (see/oSP| Protocgpage46). To properly view RGB888 data, the following order of operations
should be followed:

1. Disable telemetry if required (telemetry is not valid in RGB8&88e)
Enable AGC (colorization without AGC is not a valid permutation)
Select RGB888 mode
Synchronize or rsynchronize the VoSPI channel (segablishing/ReEstablishing Synpages?)
Optional: Select a desired buift LUT or upload a custom LUT.

a bk wn

¢KS LiJdzN1J32asS 2F wD.yyy Y2RS A& G2 3ASySNIdGdS | aFrfas
by means of a usespecified lookup table (typically called a color palett®)a particular color=igurel4 shows

the 8 builtin color palettes provided in the current release of Lepton, &mglire15 shows an example image

with a color palette pplied. The builin color palettes are selectable by means of the command and control

interface (see the Leptofoftware Interface Description Document for more information on the palette format).
Additionally, a usespecified palette can be uploaded tugh the command and control interface.

0 Raw14 is a mode with 16 bits per pixel of whichtilve most significant bits are zero, except in TLinear mode, when

available.
The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
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Figurel4 - Built-in Color Palette

The upper left corner repre-
sents the color associated
with an 8-bit input value of 0.
The lower right corner repre-
sents the color associated
with an input value of 255.

a) Wheel 6 (b) Fusion (default) (c) Rainbow

(d) Globow (e) Sepia (f) Color
(g) Ice Fire (h) Rain

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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Figurel5- Comparison of an Identical Image with Grayscale and a Fatder Palette

(a) Grayscale (b) False Color

3.8 GPIO Modes
There are two supported GPICodes:

91 Disabled (default)
1 VSYNC enabled

In disabled mode, no signals are provided as input or output on the GR$OPNVSYNC mode, a video sync
signal is provided as an output on GPIO3. The purpose of this signal is more fully descritaeddn
Synchronization pages3.

e NOTE: GPIO0,GPI01, and GPIO2should not be connected, regardless of the
\a selected GPIOmode.

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
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4 Interface Descriptions

4.1 Command and Control Interface

Lepton pravides a command and control interface (CCI) via awive interface similar to 12C (the only difference
relative to the true 12C standard is that all Lepton registers are 16 bits wide and consequently,-bitly 16

transfers are allowed). The CCl addres3x2A. The interface is described in detail in a separate document, the
Lepton Software Interface Description Document (IDD), FLIR documen0#4204. Generally speaking, all
O2YYlIyRA AadadzsSR GKNRdzZAK GKS / /L K€ So dNSH M2NIYRI2HFF ¢ %
(executing a function)l'able6 shows a partial list of parameters / features controllable through the CCI. Note
GKFG GKBY a5 2BISded ¢ TFTASE R Ay itk e softwaré defauk descybdiin thef ¢ | & &
Software IDD as some of the parameters are explicitly configured at the factory for the applicabkeeadal

For example, LeptoR.5 and 3.5are radiometric camerasand therefore the poweon defaults include

Radiometry state enabled,Linearstate enabled, and TLinear resolution of 0.01.

Table6 - Partial List of Parameters Controllable through the CCI

Parameter SOUEE Settion in this document Tglemet y
On LineLaocation
AGCMode Disabled AGC Modegpage34 A34
AGCROR (0,0,7959)or AGC Modegpage34 A34-A37
(0,0,159,119)
AG@ampeningFactor | 64 AGC Modegpage34 A42
AGQip LimitHigh? 4800, 19200 AGC Modespage34 A38
AGQip LimitLow 512 AGC Modespage34 A39
SYSelemetryMode Disabled Telemetry Modespage23 n/a
SYSelemetryLocation Footer Telemetry Modespage?23 n/a
SYSNumberof Frames 8 FFC Statepagels A74
to Average
SYS Gain Mode High Gain Statespage2? B5

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
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Paraneter PO Section in this document T(_alemet Y
On LineLocation
SYS Gain Mode Obj&et  |(0,059,79) or Gain Statespage?? B8-26
(startRow; startCol endRow, endCo) (0’0’119’169): GainRO
W W 25: P_hi_to_lo

90: P_lo_to_hi

115: C_hi_to _lo

85: C_lo_to_hi

388: T _hi_to lo
VIDColorLUTSelect Fusion Video Ouput Format Modespage36 | n/a
VIDUser ColorLUTUpload / [n/a Video Ouput Format Modespage36 | n/a
Downlcad
OEMAC n/a FFC Statepagel8 A34
OEMVideo Output Format [Raw14 Video Ouput Format Modespage36 | A34
OEMGROMode Disabled GPIO Modespage39 n/a
OEMGPIO/SYN@hase |Olines Frame Synchronizatigrpage53 nla
Delay
RAD Radiometry Control |Enabled Radiometry Modespage29 n/a
RAD TLlinear Enable Stat{Enabled Radiometry Modespage29 Cc48
RAD Tlinear Resolution |0.01 Radiometry Modespage29 C49
RADSpotmeterROI (29,30,39,40) Radiometry Modespage29 C5457

1 Note different order of row/col compared to other ROI.
The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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Paraneter Power- Section in this document T(_alemet ry_
On LineLocation
RADSpotmeterValue N/A Radiometry Modespage29 C5053
RAD Flux Linear (8192, 29515, 8192, | Radiometry Modespage29 B1926
Parameters 29515, 8192, 29515,
0, 29515)

4.1.1 User Defaults Feature

The user defaults feature allows the user to write desired operational dsfauch as those described in the CCI
above, to OTP such that an initialization sequence is not necessary alzdtd® ¢ KS ah9a | aSNJ 5S ¥
command is described in the Software IDD. The list of parameters that are included in the user defaults memory
location are described inable?7.

Table7 - Parameters stored in the User Defaults OTP Memory Location

Parameter Power-On Section in this document
Default

AGQVode Disabled AGC Modegpage34
AGQRO¥? (0,0,7959)or | AGC Modegpage34
(startCol startRow endCol encRow) (0,0,159,119)
AG@ampeningFactor 64 AGC Modegpage34
AGip LimitHight? 4800, 19200 AGC Modegpage34
AGQJip LimitLow 512 AGC Modegpage34
SYSelemetryMode Disabled Telemetry Modespage?23
SYSelemetryLocation Footer TelemetryModes, page?23
SY®Numberof Frameso 8 FFCStates pagel8
Average

12 First set of coordinates refer to Lepton 1.5, 1.6, 2.0 and 2.5. The second set refers to Lepton 3.0 and 3.5.
The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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Parameter

Power-On
Default

Section in this document

SYS Scene Stats ROI
(startCol startRow endCol endRow)

(0,0,7959) or
(0,0,159,119)

8192, 29515, 0O,
29515)

SYS FFC Mode Auto FFCStates pagel8
SYS FFC Period 180000 FFCStates pagel8
SYS FFC Temp Delta 150 FFCStates pagel8
SYS Gain Mode High Gain StategpageGain States??
VIDColorLUTSelect Fusion Video Ouput Format Modespage36
OEMVideo Output Format | Raw14 Video Ouput Format Modespage36
OEMGROMode Disabled GPIO Modegpage 39
OEMGPIOVSYN®@hase Olines Frame Synchronizatigrpage53
Delay
RAD Radiometry Control | Enabled Radiometry Modes page29
RADTLineaEnable State | Enabled Radiometry Modes page29
RADTLineaResolution 0.01 Radiometry Modes page29
RADSpotmeterROI (29,393040)or | Radiometry Modes page29
(startCol, startRow, endCol, endRow (59,79,60,80)
RAD Flux Linear Parametel (8192 29515, | Radiometry Modes page29

8192, 29515,

¢KAA TSI Gdz2NB A&

defined inTable9 below.

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
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Table8 - Lepton Camera Module Pin Description for VPROG

Signal
Pin # Pin Name Type Signal Level Description
17 VPROG Power 5.9v Supplyfor Programming t@TP (5.9%/-2%).

Table9 - Electrical Specifications for VPROG

Symbol Parameter Min Typ Max Units
VPROG Programming/oltage (power for 5.79 5.9 6.01 \olts
programming OTP)

4.2 VoSPI Channel

The Lepton VoSPI protocol allows eéiit and verifiable transfer of video over a SPI channel. The protocol is
packetbased with no embedded timing signals and no requirement for flow control. The host (master) initiates
all transactions and controls the clock speed. Data can be pulled frerhepton (the slave) at a flexible rate. This
flexibility is depicted if-igure 16, which shows the use of a relatively slow clock utilizing most of the available
frame period as well as the use of a fast clock thursts frame data. Once all data for a given frame is read, the
master has the option to stop the clock and/or-dssert the chip select until the next available frame.
Alternatively, the master can simply leave the clock and chip select enabled,din gdsie Lepton transmits

discard packets until the next valid video data is available.
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Figurel6- VoSPI Flexible Clock Rate

1/27 sec

1 frame video data

(a) Fscix ~2.2 MHz

. =

(@) Fscix ~20 MHz

4.2.1 VoSPI Physical Interface
As illustrated ir-igure 17, VoSPI iiizes 3 of the 4 lines of a typical SPI channel:

1 SCK (Serial Clock)
1 /CS (Chip Select, active low),
1 MISO (Master In/Slave Out).

Figurel7-VoSPI I/O

Lepton
SCK 4
SPI /CS |s SPI
Slave MISO = . MISO Master
MOSI
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The MOSI (Master Out/Slave In) signal is not currently employed and shogiouneled or set low

Implementations are restricted to a single master and single slave. The Lepton uses SPI Mode 3 (CPOL=1,
CPHA=1); SCK is HIGH widn Data is set up by the Lepton on the falling edge of SCK and should be sampled by
the host controlleron the rising edge. Séegurel8. Data is transferred mostignificant byte first and in big

endian orderFigure19 provides an example of the transmission of the valu8C08.

Figurel8- SPI Mode 3 (CPOL=1, CPHA=1)

5CK

N AN N (R
— —
MISC >_< >_< >_< \/.

/CS

Figurel9- SPI Bit Order (transmission of 0x8C08)

SCK cikD cikis

AT IR RV RTAR VARV RVARA VAL

1 1 1 1 1 1 1 1
MISS 1 1 1 1 1
[1\ 5 s o\
The maximum clock rate is 20 MHz. The minimum clock rate is a function of the number of bits afrdesane
that need to be retrieved. As described in the sections that follow, the number of bits of data varies depending
upon user settings (video format mode, telemetry mod&3.an example, iRawl4 modendtelemetry disabled,
there are 60 video packetper framefor an 80x60 arrayeach 1312 bits long, at approximat@lgframes per
second. Therefore, the minimum rate is on the order of 2 MHz.

1
1 1 1
1 1 1
| ! 1 [ !
g H i 0 9]

== —

1 1 1
1 1 1
[ ! I
g g @

4.2.2 VoSPI Protocok Lepton 1.5, 1.6, 2.@nd 2.5
VoSPI is built on a collection of object types as defined fukieally below.

1 VoSPI PackefThe Lepton VoSPI protocol is based on a single standardized VoSPI packet, the minimum
GUNI yalk OlAaz2yé o0SGoSSYy YHadSNIFyR atl gSo 91 OK QAR
telemetry line. In addition to video paets, the VoSPI protocol includes discard packets that are provided
when no video packets are available.
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1 VoSPI FrameA VoSPI frame is defined as a continuous sequence of VoSPI packets consisting of a full
frame's worth of pixel data.
1 VoSPI StreamA VoSRitream is defined as a continuous sequence of VoSPI frames.

As summarized inable 10, the packet length and number of packets per frame vary depending upon two
runtime user selections, telemetry mode and bit regan.

Telemetry mode:

1 Telemetry disabled (default)
1 Telemetry enabled

Video Format mode:

1 Rawl4 (default)
1 RGB888

Table10- Packet Length and Number of Video Packets per Frame as a Function of User Settings

Video Format Mode Telemetry Mode
Telemetry Disabled Telemetry Enabled
Rawl14 Packet length: 164 bytes Padket length: 164bytes
Video packetsper frame: 60 Videopackesperframe: 63
RGB888 Padket length: 244 bytes N/A
Video packets perframe: 60

4.2.2.1 VoSPI Packets

As depicted irrigure20, each packet contains abyte header followed by either a 18fyte or 24Gbyte

payload. Note: because the payload size differs between video formats, the setting should be selected before
VoSPI synchroration is established. If the setting is changed while VoSPI is active, it is necessary to
synchronize (se€’ 0SP| Strearpages0).

Figure20 - Generic VoSHPacket

ID CRC Payloa
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4 bytes 1600r 240bytes (depending upon bit resoltion setting)

For video packets, the header includes-by2e ID and a-byte CRC. The ID field is aldiPpacket number as

shown inFigure21 (the leading 4 bits of the ID field are reserved and are not part of the packet number). Note
that packet numbering restarts at zero on each new frame. The CRC portion of the packet header contains a 16
bit cyclic redundancy check (CRC), computadguitie following polynomial:

6 2 0

x4+ x4 X%+ x
TheCRG s calculatedoverthe entire packet, includingthe ID and CRCfields.Howeve, the four most-significant
bitsof the ID and all sixeen bitsof the CRGre setto zero for calcubtion of the CRCThere is no requirementfor
the hostto verify the CRCHowever, if the host doesfind a CROmismatch,it isrecommended to re-synchronizethe

VoSPktreamto prevent potential misalignment.
Figure21 - Video Packet

ID CRC Payload

XNNN CRC Video pixelsfor onevideoline
(16bits) | (16 bits)

At the beginning of SPI video transmission until synchronization is achieved (see VoSPI Stream, suadj@ 41)

the idle period between frames, Lepton transmits discard packets until it hasvdrame from its imaging

pipeline. As shown iRigure22,the26 @ 4S L5 FTASEt R FT2NJ RAaOINR LI O1Si0a
Ol NB¢ O2Yy RA (A 2ahabled cargeia$Sdo ik tavk vertigaSalution approaching 3840 lines

(OxF00), and therefore it is never possible for the ID field in a discard packet to be mistaken for a video line.

Figure22 - Discard Packet

ID CRC Payload
XFxx XXXX Discarddata (samenumberof bytesasvideopackes)

For video packets, the payload contents depend upon the selected bit resolution.
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1 For Rawl4 mode (the default case), the payload is 160 bytes long. Excluding telemetry lines, each packet
contains pixel data for all 80 pixels isiagle video line
o With AGC disabled
A With 14-bit raw datathe first two bits of each pixel's twbyte word are set to 0
A With TLinear outpugll 16 bits are used
o With AGC is enabled
A The first eight bits are set to 0.
1 For RGB888 mode, the payload is B§6es long. Excluding telemetry lines (which are invalid in RGB
mode), each packet consists of pixel data for a single video line (3 bytes per pixel).

Each case is illustrated in the falling payload encoding figures.

Figure23- Rawl14 Mode: 1 video line per 16éfyte payload

Byte 0 Byte 1 Byte 2 Byte 3 Byte 158 Byte 159
Line m Line m Line m
Pixel 0 Pixel 1 FPixel 79
Figure24 - RGB888 Mode: 1 video line per 249te payload
Byte 0 Byte 1 Byte 2 Byte 3 Byte 4 Byte & Byte 237 Byte 238 Byte 239
Line m Line m Line m Line m Line m Line m Line m Line m Line m
Pixel O Fixel 0 Fixel 0 FPixel 1 Pixel 1 Fixel 1 Fixel 79 Fixel 79 Pixel 79
R B R B R B

4.2.2.2 VoSPI Frames

A single Lepton frame contains data from allo8@20rows of the sensor. However, the total number of video
packets is not necessarily 60 12Q the exact number depends upon user settings, specifically the telemetry
mode (disabled, as header, or as footérble11 shows the number of packets per frame and the cotsesf
each packet for all of the various combinations.

Tablell - Video Packet Contents Per Frame as a Function of Video Format and Telemettg
Settings

Configuration
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Telemetry Asheader Asfooter Disabled
Mode
PackeD Telemetry line A FPARowO FPARowO
Packetl Telemetryline B FPARowl FPARowl
Packet Telemetryline C FPARow?2 FPARow?2
Packe® FPARowO FPARow3 FPARow3
X X X X
Packet29 FPARow26 FPARow29 FPARow 29
PackeB0 FPARow27 FPARow30 FPARaw 30
Packe31 FPA Row28 FPARow31 FPARow 31
PackeB2 FPARow29 FPARow32 FPARaw 32
X X X
Packet9 FPARow56 FPARow59 FPARowv 59
Packe60 FPARow57 Telemetryline A n/a
Packe1 FPARow58 Telemetryline B n/a
Packe62 FPA Row59 Telemetryline C n/a

4.2.2.3 VoSPI Stream

A VoSPI stream is simply a continuous sequence of VoSPI frames following a synchronization event. Provided that
synchronization is maintained, a VoSPI stream can continue indefinitely. Note that the frame ratetoédhe of
packets is nominally just below 27 Hz, allowing easy interface to a display system without the need-$iddost
frame buffering. However, the rate of unique frames is just below 9 Hz to comply with US export restrictions. For
each unique 80x60dme, two duplicates follow in the VoSPI stream. This pattern is illustrated on! Not a

valid bookmark seklreference, with unique frames shown in blue and duplicates shown in gray. In some
applications, it nght be beneficial to identify the first of the three identical frames (the frame with the least
latency). The 3dit frame counter provided in the telemetry lines (séelemetry Modes page23) can be used

for this purpose. It only increments on new frames, which is also illustratedrior! Not a valid bookmark
self-reference.

For 160x120 stream details, s8ectiord.2.3below, and also 11014450 Lepton3.xVoSPI Developers Guide
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Figure25 - Frame Counter for Successi8@x60Frames

Frame counter=0
Frame counter=0
Frame counter=0
Frame counter=3
Frame counter=3
Frame counter=3
Frame counter=6

Frame counter=6

Frame counter=6

” NOTE: Blue frames are different than the previousframes, gray framesare identi cal
\ 4 to the previous blue frame.

The information contained herein does not contain technology as defined by the EAR, 15 CFR 772, is publicly available,
andtherefore, not subject to EARNSR §/14/2018).
Informationon this pageis subjectto changewithout notice.
Lepton Engineering Datasheet, Document Number: 500-0659-00-09 Rev: 203

QI-'LIR' The Werlds S

51



FLIR

4.2.2.3.1 Establishing/R&stablishing Sync
The basic process for establishing synchronization is listed below:

T

=

Deassert /CS and idle SCK for at least 5 frame periods (>185 msec). This step ensures a timeout of the
VoSPI interface, which puts thepton in the proper state to establish (orestablish) synchronization.
Assert /CS and enable SCLK. This action causes the Lepton to start transmission of a first packet.
Examine the ID field of the packet, identifying a discard packet. Read out tihe gacket.

Continue reading packets. When a new frame is available (should be less than 39 msec after &&erting
and reading the first packet), the first video packet will be transmitted. The master and slave are now
synchronized.

4.2.2.3.2 Maintaining Sync
Thee are three main violations that can result in a loss of synchronization:

T
1

Intra-packet timeout. Once a packet starts, it must be completely clocked out within 3 line periods.
Provided that VoSPI clock rate is appropriately selected and that /CS is-asseig@ed (or SCLK
disrupted)duringthe packet transfer, an intr@acket timeout is an unexpected event.

Failing to read out all packets for a given frame before the next frame is available. Two examples of this
violation are shown ifrigure27 andFigure28. Note that the vertical blue line shown in the illustrations
represents an internal frameync signal that indicates a new frame is ready for +eaid

Failing to read ot all available frames. This violation is depicteéinure29. Note that the requirement

to read out all frames applies to both the unique and the duplicate frames.

A CRC error does not result in an automatsslof synchronization. However, as mentioned previously, it is
recommended to intentionally reynchronize (dassert /CS for >185 msec) following a CRC error.

The following figures are examples of violations that result in a loss of synchronization.

Figue 26 - Valid Frame Timing (no loss of synchronization)

52

1/27 sec | 1/27 sec

|_¢
-

h 4
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Figure27-Clock Too SlowFailure to Read an Entire Frame Within the Frame Period

| 1727 sec |

Video framen

Figure28- Intra-FrameDelay Too &ng- Failure to Read Out an Entire Frame Before the Next is
Available

L 1/27 sec 1727 sec |

L4

F
A 4

Video framen Video frame n+1

Figure29 - Failure to Read Out an Available Frame

| 1727 sec 1727 sec

sl‘ B
- r‘w L il

4.2.2.3.3 Frame Synchronization

The VoSPprotocolis designed suchthat embeddedtiming signalsare not required. Howe\er, the Lepton does
providean optional frame-timing output pulsethat canaid in optimizing hosttiming. Forexanple, the host can
burst-read data at a high clock rate and thenidle until the nextframe-timing pulseisreceivel. The pulseisenabkd
by selectinghe VSYCGPIOmodeviathe CClwhenenaled, it is providedonthe GPIO3in (seeGPIO Modes
page 39). Thesignal can be configured (also viathe CQ) to lead or lagthe actual internal start-of-frame (that is, the
time at which the next frameisreadyto be read) by -3 to +3line periods (appraxiimately-1.5 msecto +1.5 msec).
By default, the pulsedoesnot leador lag.
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4.2.3 VoSPI Protocok Lepton 3.0 and 3.5
The Leptor8 VoSPI is built on a collection of object types as defined hierarchically below.

A VoSPI PackefThe Lepton 3 VoSPI protocol is based on a single standardized VoSPI packet, the minimum
GONIyalOGAz2yé¢ 0S0G6SSy YI adSN | orasiaglevideSlibe® I OK @A R
telemetry line. In addition to video packets, the VoSPI protocol includes discard packets that are provided
when no video packets are available.

A VoSPISegment A VoSPkegment islefinedas a continuoussequenceof VoSP backes consgting of
one quarter of drame of pixel data. To maintain synchronization, it is necessary to read out each
VoSPI segment before the next is available.

A VoSPRream AVoSPktream isdefined asa continuous sequence of VoSPkegments.

As summaried inTable10, the packet length and number of packets per frame vary depending upon two
runtime user selections, telemetry mode and bit resolution.
A Telemetry mode:

A Telemetry disabled (default)
A Telemetry enabled
A Video Format mode:
A Rawl4 (default)
A RGB888

Tablel2 - Packet Length and Number of Video Packets per Frame as a Function of User Settings

Video Format Mode Telemetry Mode
Telemetry Disabled ‘ Telemetry Enabled
Rawl14 Packet length: 164 bytes Padket length: 164 bytes
Video packets per frame: 60 Videopackespersegment:
RGB888 Padket length: 244 bytes N/A

Video packets perframe: 60

4.2.3.1 VoSPI Packets
As depicted iri-igure20, each packet contas a 4byte header followed by either a 18@yte or 24Gbyte
payload. Note thabecause the payload size differs between video formats, the setting should be setefted
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VoSPI synchronization is established. If the setting is changed while VoS¢ stas necessary tee-
synchronize (se€'0SP| Streanpageb0).

Figure30- Generic VoSPI Packet

Payload

4 bytes 160 or 240 bytes (depending upon bit resolution setting)

For video packets, the header includes-y2e ID and a-byte CRC. The ID field encodes the segment number

(1, 2, 3, or 4) and the packet number required to determine where the packet belongs in relation to the final 160
x 120image (or 160x122 if telemetry is enabled). The segment and packet location in each frame is exemplified
in Figure31. Recall that with telemetry disabled, each segment is comprised of 60 packets, each comixieing
data for half of a video line. With telemetry enabled, each segment is comprised of 61 packets.

Figure31- Segment and Packet Relationship to the 160x120 video image

160 columns
Segment 1, Packet 0 Segment 1, Packet 1

Segment 1

Segment 1, Packet 59

Segment 2, Packet 0 Segment 2, Packet 1
Segment 2 =
| Segment 2, Packet 59 B
Segment 3, Packet 0 | Segment 3, Packet 1 3
Segment 3 g
| Segment 3 Packet 59
Segment 4, Packet 0 | Segment 4, Packet 1
Segment 4
| Segment 4, Packet 59

(a) Frame contents with telemetry disabled
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160 columns
0 o

g a 0 Segment 2, Paclsto
Segment 2, Packet 1

Segment 2

Segment 2, Packet 59

SMOIZZT

(b) Frame congnts with telemetry enabled

As shown ir-igure32, the first bit of the ID field is always a zero. The next three bits are referred to as the TTT
bits, and the following 12 are the packet number. Note that packet numbers restart at 0 on each new segment.
For all but packet number 20, the TTT bits can be ignored. OntgEkihe TTT bits encode the segment

number (1, 2, 3, or 4)The encoded segment number can also have a value of betbis case the entire

segment is invalid data and should be discardedLire32 also shows an example of Packet 20 of Segment 3.

Figure32 - Packet Header Encoding and an Example

o) 11T Packet Number CRC
T—— " "
VB i 12 Bits 16 Bits

(a) Generic Encoding of the packet header
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oo 1 1 0ooo o001 0100 CRC

(b) Example showing the packet header for line 20 of segment 3

The CR@ortion of the packet header contains a-bé cyclic redundancy check (CRC), computed using the
following polynomial:

w16 4 124540

TheCRG s calculatedoverthe entire packet, includingthe ID and CRCfields.Howeve, the four most-significant
bitsof the ID and all sixeen bitsof the CRGre setto zero for calcubtion of the CRCThere is no requirementfor
the hostto verify the CRCHowever, if the host doesfind a CROmismatch,it isrecommended to re-synchronizethe
VoSPktreamto prevent potential misalignment.

At the beginning of SPI video transmission until synchronization is achievedd{§gé Strearnpage50),and in
the idle period between frames, Lepton transmdiscard packets until it has a new frame from its imaging

pipeline. As shown iRigure22,the20 @ 84S L5 TFTASt R FT2NJ RAaOIFINR LJ O1Sida

O NB¢ 02y RA (A 2ehableéd chneiasSdo fliokHaue vettigal réstlution approaching 3840 lines
(OxF00), and therefore it is never possible for the ID field in a discard packet to be mistaken for a video line.

Figure33- Discard Packet

XFXX XXXX Discard data (same number of bytes as video packets)

For video packets, the payload contents depend upon the selected bit resolution:

A

A For Raw14 mode (the default case), the payload is 160 bytes long. Excluding telemetry lines1, each packet

containspixel data for all 80 pixels in a single video line (with AGC disabled, the first two bits of each
pixel's twoebyte word are always set to O; if AGC is enabled, the first eight bits are set to 0).

A For RGB888 mode, the payload is 240 bytes long. Excledémgetry lines (which are invalid in RGB
mode), each packet consists of pixel data for a single video line (3 bytes per pixel).

Each case is illustrated in the following payload encoding figures.
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Figure34 - Rawl14 Mode: 1 video lia per 160byte payload

Byte O | Byte 1 Byte 2 | Byte 3 Byte 158 | Byte 159
Line m Linem Line m
Pixel 0 Pixel 1 Pixel 79
Figure35- RGB888 Mode: 1 video line per 249te payload
Byte O Byte 1 Byte 2 Byte 3 Byte 4 Byte 5 Byte 237 | Byte 238 Byte 239
Linem Linem Linem Line m Line m Line m Linem Linem Linem
Pixel 0 Pixel O Pixel 0 Pixel 1 Pixel 1 Pixel 1 Pixel 79 Pixel 79 Pixel 79
R B R B R B
Note(s)

1. <ee Telemetry Modes , page 23 for payload contents of the telemetry lines

4.2.3.2 VoSPI Segments

Each valid.epton 3segmentcontainsdata for one quarter of a complete frame. With telemetry disabled, each

segment includes 60 packets comprising 30 video rows. When telemetry is enabled, each segment inchaketss1
comprising 30.5 rows. Note that with telemetry enabled, two rows (4 packets) of pixel data is replaced by the telemetry
lines; pixel data is either shifted down in which the bottom two rows are excluded (header mode) or up in which the top
two rows are excluded (footer mode). With telemetry enabled as a header, paci&tf 6egment 1 provide the

telemetry data and the remaining 57 packets of segment 1 provide data for the first 28.5 rows of pixel data. Segments
2, 3, and 4 each provide data f80.5 rows of pixel data. When telemetry is enabled as a footer, segments 1, 2, and 3
each provide data for 3.05 rows of pixel data whereas packe&6®mf segment 4 contain 28.5 rows of pixel data, and
packets 5% 60 provide the telemetry data. Thacation of the telemetry lines is illustratedfingure 36.

Figure36 - Location of Telemetry Lines
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160 columns
Telemetry |packets 0 -3 of s=gment 1}

SMOJ 77T

(a) Telemetry as header

160 columns

SMoJ ZZT

Telemetry |packets 57-50 of s=zment 4}

(b) Telemetry as footer

4.2.3.3 VoSPI Stream
AVoSPktreamissimplyacontinuoussequenceof VoSPsegmentdollowingasynchonizationevent. Provided that

syndironizationis maintained, a VoSPktream can continue indefinitely. The segment rate is approximately 106 Hz,
which equates to a frame rate of ~ 86-1z. Howevae, the rate of uniqueandvalidframesisjust below9 Hzto comply
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with USexport restrictions.Foreach uniqueframe,two partial andnvalid framedollow in the VoSPktream.This
pattern isillustratedin Figure37, with unique framesshown in blue and invalid framesshown in gray. The 32-bit

frame counter providedin the telemetry lines(seeTelemetry Modespage23) only incremertson newframes,
which isalsoillustratedin Figure37. The segment numbers will follow accordingly: 1, 2, 3, 4,0, 0,0, 0,0, 0, 0, 0,
1, 2, 3, 4, et¢ where unique frames are comprised of segment numle3, 3, 4 and invalid frames are
comprisedof zeros for each segment number.

Figure37 - Fame Couwnter for SuwccessiveHames

Frame counter=0

Frame counter=0
Frame counter=0
Frame counter=3
Frame counter=3
Frame counter=3
Frame counter=6

Frame counter=6

Frame counter=6

a NOTE: Blue frames are different than the previousframes, gray framesare invalid.

=

4.2.3.3.1 Establishinfre-Establishing Sync
The basic process for establishing synchronization is listed below:
1 Deas®rt/CSand idle SCHor at least5 frame periods (>185 msec).Thisstep ensuesatimeout of the
VoSPlInterface,whichputsthe Lepton 3in the proper state to establish(or re-egablish) synchronization.
1 Asset/CSandenable SCK Thisactioncausesthe Lepton 3to start transmissiorof afirst packet.
1 Examinethe IDfield of the packet, identifying a discard packet. Read out the entire packet.
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T

Gontinue reading packets. Whenanew segmentisavailable (should belessthan 10 msecafter asserting /CS
andreadingthe first packet),the first videopacket will be transmitted. Themasterandslaveare now
synchronized.

4.2.3.3.2 Maintaining Sync
There are three main violatis that can result in a loss of synchronization:

A
A

A

Intra-packet timeout. Once a packet starts, it must be completely clocked out within 3 line periods.
Provided that VoSPI clock rate is appropriately selected and that /CS is-asselged (or SCLK

disrupted) in the midst of the packet transfer, an irtpacket timeout is an unexpected event.

Failing to read out all packets for a given frame before the next frame is available. Two examples of this
violation are shown ifrigure27 andFigure28. Note that the vertical blue line shown in the illustrations
represents an internal framsync signal that indicates a new frame is ready for +eaid

Failing to read out all availabfeames. This violation is depictedfimgure29. Note that the requirement

to read out all frames applies to both the unique and the duplicate frames.

A CRC error does not result in an automatic loss of synclat@mnz However, as mentioned previously, it is
recommended to intentionally reynchronize (dassert /CS for >185 msec) following a CRC error.

The following figures are examples of violations that result in a loss of synchronization.

Figure38- Valid Frame Timing (no loss of synchronization)

\ 1/106 sec 1/106 sec
4 e

Y

Video segment n Video segment n+1

Figure39- Clock Too SlowFailure to Read an Entire Frame Within the Frame Period
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1/106 sec
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Figure40- Intraframe Delay Too LongFailure to Rad Out an Entire Frame Before the Next is
Available

1/106 sec 1/106 sec

Video segment n Video segment n+1

Figure4l- Failure to Read Out an Available Frame

| 1727 sec 1727 seg

sl‘ B
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4.2.3.3.3 Frame Synchronization

The VoSPprotocolis designed suchthat embeddedtiming signalsare not required. Howeer, Lepton 3 does
providean optional frame-timing output pulsethat canaid in optimizing hosttiming. Forexanple, the host can
burst-read data at a high clock rate and thenidle until the nextframe-timing pulseisreceival. The pulseisenabled
by selectinghe VSYCGPIOmodeviathe CClwhenenaled, it is providedonthe GP103in (seeGPIO Modes
page 39). Thesignal can be configured (also viathe CQ) to lead or lagthe actual internal start-of-frame (that s,
the time at which the next frameisreadyto be read) by -3 to +3line periods(appraximately-1.5 msecto +1.5
msec).By default, the pulsedoesnot leador lag.

4.2.4 VoSPI Protocok Lepton 2 vs. Lepton 3
This section is provided feustomers already familiar with the Lept®oSPI protocol. It concisely summarizes

the difference between Lepto(80x60 resolutionpand Lepton 3160x120 resolution) Much of the protocol is
identical, including the following:

1) The physical layer is idgeal, including the SPI mode and timing.
2) The minimum VoSPI transaction is a packet, consisting of 164 bytes of data when in Raw14 video mode or
244 bytes of data when in RGB888 mode. The packet protocol, including the packet header and payload,
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are unchaged. However, it is worth noting a single packet represented a singdex8Dvideo line for
Lepton whereas it represents half of a 3pi&el video line in Lepton 3.

3) The synchronization requirements are identical with one exception. To maintain syigzdtion, Lepton
requires each video frame to be read out prior to the next available frame. In contrast, Lepton 3 requires
eachsegmentto be read out prior to the next available segment, where a segment represents one
quarter of a video frame. Leptonsync pulse cannot be used to synchronize external circuitry to frames.

4) For both Lepton and Lepton 3, each unique video frame is followed by twaimigae frames which
must be read out to maintain synchronizatidtor Lepton each unique video frame is dcaed twice.

For Lepton 3 each unique frame is followed by two partial, invalid frames.

The four most significant differences between the Lepton VoSPI interface and that for Lepton 3 are:

1) For Lepton, reconstructing a video frame from the individual ptckexjuires the host to decode the
packet number from each packet header. For Lepton 3, the host must decode both the packet number
and the segment number.

2) There is 4X more data to be read per frame on Lepton 3 compared to Lepton. Therefore, the minimum
SPI clock rate to read a frame of data is 4X higher.

3) If the sync pulse is enabled (see section 9.2.3), its frequency is 4X higher on Lepton 3 than on Lepton. For
Lepton 3, the sync pulse represents when the next available segment is available whetegstdarit
indicates when the next available frame is available.

When telemetry is enabled in Lepton, it results in three extra video lines (63 total packets per frame). When
telemetry is enabled in Lepton 3, it results in 1 additional packet per segroeattbtal of 2 extra video lines.

5 Thermal Camera Basics

It is noteworthy that the integration period for athermal detectordoes not have the same impactonimage
formation asit doesfor aphoton detector, suchasatypical CMO Srray. Whilea photon detector convertsincoming
photonsto electronswith near-instantaneousresponsea microbolometeysuch as the Leptgis always integrating
incident radiation. Thatisto say, it isalwaysa | O (rédg&dgsof whether or not it isbeing actively integrated.
Theability to detect high-speedphenomenas more afunction of the detector's thermaltime constant, which
governstherate of temperature change. For Lepton, the detector time condant ison the order of 12 msec, which
meansthat an ingantaneousirradiancechangewill resultin atemperaturechangeof the detector asshownin
Figure42.
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Figure42 - lllustration of Lepton Detector Time Constant
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In addition to integrating signal currerthe ROIC also digitizes and multiplexes the signal from each detector into
a serial stream. And the Lepton ROIC digitizes data from -@hiprtemperature sensor as well as a thermistor
attached to the camera housing. An argflection (AR) coated wirmdv is bonded above the sensor array via a
wafer-level packaging (WLP) process, encapsulating the array in a vacuum. The purpose of the vacuum is to
provide high thermal resistance between the microbolometer elements and the ROIC substrate, allowing for
maxmum temperature change in response to incident radiation.
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