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1. Introdction

1.1. About This Manual

Dear customer,

eXimed

Thank you for purchasimgperspectral imagioglpcfrom XIMEA

We hope that tléshnicahanualtogether with the manuals for tlaadigh¢amera serj@an answer your questions,
but should you hamgfurtheguestions or if you wish to claim a service ocasgpedge contact your local dealer or
refer to the XIMEA Support on our websiteémea.com/support

This document is subject to change without notice.

1.1.1. ContacXIMEA
XIMEA is a worldwide opexatipgny

Headquarter Sales America R&D, Production
Sales worldwide
XIMEA GmbH XIMEA Corp. XIME&ARQ
Am Mittbhferil6 12600 W Colfax ASeite 430 Lesna 52
48155 Munster Lakewood, CO 80215 900 33 Marianka
Germany USA Slovakia
Tel+49 (2512024080 Tel+1 (303) 389838
Fax:+49 (25120240899 Fax:+1 (303) 208350
Internet www.ximea.com

General inquiries info@ximea.com
Sales sales@ximea.com

Support support@ximea.com

1.2. Helpful Links

XIMEA Homepage https://www.ximea.com

xiSpec hyperspectral camletizs://www.ximea.com/en/usisBorcamera/hyperspectusb3camerasnini

USB3 Camera Zone https://www.ximea.com/en/usts8orcamera/usb3zone

XIMEA API / SDK descriptitips://www.ximea.com/support/wiki/apis/APls

xiAPI stable versions dowhitasl//www.ximea.com/support/documents/4

xiAPI beta versions downloids://www.ximea.com/support/documents/14

Frequently Asked Questidmigps://www.ximea.com/support/wiki/stacdandras/FAQ Hyperspectral cameras
Knowledge Base https://www.ximea.com/support/wiki/allprod/Knowledge_Base

XIMEA Registration https://www.ximea.com/en/products/register

XIMEA Terms & Conditiorigtps://www.ximea.com/en/corporate/generaltc
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xiSpe2 Camera Series

Xlimed

What is xiS{@ec

XiSpezis an ultraompact Industrial hyperspectral imaging (HSI) camera family

The housing has been optimized for improved spectral results. This optimization is achieved by a new special coatir
inside of the camera. The coating is very sensitive and should not be touched.

Special bandpass filters were newly developed. Thevitiails iate the camera.
The whole camera setup (camera, camera specific bandpass filters, standard |¢vgetesraatlinbidte sensor

on wafer level. The calibration results (calibration file and calibration test report) are delivered withfémailyameras. The
which is used for system calibration is part of the starter Kkit.

It is recommended to use the lenses which are part of the starter kits. These lenses are used for system calibration.

The HSI sensors used are manufactured by imec, a Belgian resdareb ansdititMBEA cooperate closely in
development, sales and customer suppoitioetBgperspectral cameBash the cameras and the starter kits are co
branded

Facts and Features

ThexiSpezcameraeries hasutstandirfgcts antkatures:
Facts
Cameras witBto150 spectral bands
170 fps with USB3 interface, 340 fps with PCle
Snapshot and lsean versions
Smallest and lightest hyperspectral cameradaveitesibes of 26.4 x 26.4 x 30.2 mm, mass of 829B&Ns
Low power consumptigical only 1.5W (USB3)
Rugged, without moving parts
Each camera is spectrally calibrated

Features
Small fast- flexible
Snapshot with global shutter
0 4x4 with 16 bands in the visibl6GBAm range
0 4x4with 1%ands in the red / NIRGEIDNm range
0 5x5with 24ands in the NIES-960 nmrange
Multilinescan with global shutter
0 150+ spectral bands-4900 nm range
Starter ldvailable for rapid development
Flexible and programmable GPIO options

xiSpec2 TechnicalManual V2.00 6



2.3. Models Overview, ssmsal models

eXimed

Qeb pbkpl o gb ek |I2iHSchmeras (pBl & HypdespadtralinBagirgypis basedométandard CMOS ares
sensors with a native resolution of 2048*1088 pixels (AMS/CMOSIS CMV2000 mono).

The HSI sensors are integititeth the standard USB3 camera series xiQ with up to 170 framesipeghsecond
standard PCle 2 lane Gen 2 camera series xiX with up to 340 frames per second

The technical manual for the xiQ camera series is available at:
https://www.ximea.com/downloads/usb3/manuals/xiq_technical _manual.pdf
The technical manual for the xiX camera series is available at:

https://www.ximea.com/downloads/cb/manuals/xix_technical _manual.pdf

The xiSp2cameras are based on the camera model MIMEREY) @D022MBCMX2GZFx (xiXbut of course use

other sensors and special filter glasses to optimally support the HSI sensors and calibration data specially adapted |
xiSpezcameras. All standard camera parameters (structure, dimensions, interface, 10 system, ...) can be found in tf
xiXmanual.

Basic information about the camera

Value Description

Sensor AMS / CMOSIS CMV2000 mond
Resolution 2048 x 1088, 2.2 Mpix

Pix. size [um] 5.5

ADC [bits] 10,8

Sensor size / diagonal [ 11.3 x 6.0

Optical size /,0 |

Fps 170 (USB3.0), 340 (PCle X2G2)
Power typ. W 1.5(xiQ)

table2-1, basic camera specs

Note: Maximum frame rate measured at 8 bits per pixel
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An overview of the xiSpec2 camera models is shown in the following diagram:

SM4X4-VIS SMA4X4-REDNIR
460-600 nm 600-860 nm
SMS5X5-NIR
665-960 nm
LS150-VISNIR
470-900 nm
! ! L 1 1 L !
T T T T T T T
A 400 500 600 700 800 900 1000 nm

Model Nomenclature

Order numbers name conventions for the different models:
<Series>02ZHM<Layout<Wavelength=Dptions>]
<Series>: camera series
MQ: xiQSB3 camdeanily
MX: xiX PCle camera family
<Layout>Layout of the Interference filter

SMnXsnapshot mosaic layout,5:1=4
LSm line scan layout, m= 150

<Options>: Connector options
(none): micreB USB3 (standard)
FL: USBS3 or PCle-fleg connection horizontal
FV: PCle fldine connection vertical
FF: PCle FireFly connection

Xlimed

Model Spectral Band Spectral range [nd Interface

MQO22HBALS150MN2 150 470-900 USB3 mici(Standard)
MQO22HBASMAXARN2 15 600- 860 USB3 mici(Standard)
MQO22HBASMAXA/1S 16 460 - 600 USB3 mici®(Standard)
MQO22HBASMAXZVIS3 10 480-625 USB3 mici(Standard)
MQO22HBASMSXINIR 24 665-960 USB3 mici(Standard)
MQO22H®BASM5XENIR2 24 665-960 USB3 mici®(Standard)
MQO22HMALS150MN2FL 150 470-900 USB3excable
MQO22HBASMAXARN2FL 15 600-860 USB3excable
MQO22HBASMAXA/ISFL 16 460-600 USB3excable
MQO22HBASM5SXBNIR-FL 24 665- 960 USB3excable
MXO22HGMLS150MWN2FL 150 470-900 PCle 2lane Gen 2dibiehorizontal
MX022HEGM SM4AXARN2FL 15 600- 860 PCle 2lane Gen 2dblehorizontal
MXO22HGM SMAXA/ISF-L 16 460-600 PCle 2lane Gen 2dabtehorizontal
MX022HBM SM5XMNIR-FL 24 665-960 PCle 2lane Gen 2dabiehorizontal
MXO22HGMLS1560MN2FV 150 470-900 PCle 2lane Gen 2dbblevertical
MXD22HEBM SMAXRKRN2FV 15 600-860 PCle 2lane Gen 2dbblevertical
MXO22HBM SMAXA/ISFV 16 460-600 PCle 2lane Gen 2dablevertical
MXD22HBM SM5XMNIR-FV 24 665-960 PCle 2lane Gen 2dbblevertical
MXQ22HBMLS1560MN2FF 150 470-900 PCle 2lane Geri2Fly
MX022HBM SMAXRN2FF 15 600- 860 PCle 2lane GeRirzFly
MX022HBM SMAXA/ISF-F 16 460-600 PCle 2lane GerizFly
MX022HEBM SM5XBNIR-FF 24 665- 960 PCle 2lane Geri2Fly

table2-2, models overview

xiSpec2 TechnicalManual V2.00



2.5. Camera connection diagram

The diagram below shows the basic relationships between cameras and accessories based on their conn

Q!
D

anc

For detailed information about the products shown, visit our webpage, where the diagram includes referente(nks tc
individual pradypages:

XIMEA diagram

Lens Adapters

C-Mount

{Mourted by defaut)

CS-Mount

{ Comvertible by customer]

sen Gonvert G 1o CS Mount

USBS3 Interface

Connectors

Family

Flex Horizontal

Cables

GPIO Cable

CBL-MOSYNC-3M0
CBL-MOSYNC-5M0

O I —

Data Cable

CBL-U3-1MO
0

CBL-UBH-10M0
CBL-U3H-15M0
CBL-U3H-20M0

Data/ GPIO Cable

CBL-MO-FL-OM25

Add-ons

Flex Horizontal

PCle X2G2 Interface

Data / GPID Cable

Connectors

Flex Vertical

Cables

Data / GPID Cable

CBL-ECUE-X4G3-20
-ECUE-X4G3-3M

0
0

Cooling

MECH-25MM-HEATSING-HIT

u ()

Mechanical Accessory

Bracket

MOQ-BRACKET-T

Compative caly with USB3 camera madels

Compatible crly with PCle X2G2 camera models

UGPE-FL1100-X4-42

Adapter Board

ADPT-USBIFLEX-USBA-FL

BOB-MO-FL.

Standard USB3 Micro-8

Eim= Sl

CBL-PCI-X4G!

FB-10M0
CBL-PCI-X4G3-FB-20M0

Hl—=—0I3

ADPT-M¥-X262-M
ADPT-MK-X262-M2:
ADPT-NX-X2B2-MINI-POE-FL
ADPT-MX-X262-PCIE-FL
ADPT-MX-X262-X462

(2G2-XBG3
P-X262-XBG3-SFF
¥S-4P-X262-X4G3
M5-6P-YAG2-XB63

Carrier Board

EC2-4P-X262

HA-2P-K4G3-FF-XBGI
HA-BP-K4G3-FF-X1663

XSwitch

X5-8P-X262-FF-¥B63
X5-8P-X262-FF X8B3 MTP

=B |

ADPT-1P-YAG3-FF-X4G3-MTP
ADPT-2P-X2G3-FF-X4G3-MTP
ADFT-4P-X263-FF-XBG3-MTP

MTP Add-«

Data Cable

TP X463-FF-5MO

G3-FF-30M0
CBL-MTP-X4G3-FF-53MD

@

Host Adapter

HA-2P X463
HA-4P-X4G3-

CBL-U3HF-2MD
== Sk ]
Add-ons Add-ons Add-ons
1 ! I [ |
g ' d A
Host Adapter Adapter Board Adapter Board Host Adapter Dongle Adapter Dongle Adapter

ADPT-1P-X4G3-FF-X4G3-5FF
ADPT-2P-X2G3-FF-X4G3-5FF

SFF Add-ons

Data Cable

CBL-5FF-1463
CBL-SFF-04G3-50M0

Borun

Hosts Adapter

HA-1P-XBG3-MTP-XB63

TP Patch Adapter

MECH-OPA-S-ALIGNED

Figur@-1, Diagram of accessories and specific connections for the xiSpec camera family
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3.

General Overview

3.1. Spectral filters and filter response

eXimed

Hyper spectral filters are added dewalfen top of the pixel structure of the sensor.
The spectral filters are Fadot interference filters. The thi¢kredss cavity between two highly reflective surfaces and
the refractive ind@xof the material in the cavity defines the main central Wavktkaditer.
k/ =2nLcos ¢
The response depends on
+ The anglg inside the cavity / between the light and perpendicular to the sensor surface

+  The harmoniés of the interference

\e\n

Figur&-1, FabrnPerot interference filtethemati¢®imec)

These filters are added to any of the pixels of the sensor individually (2048 * 1088 pixels with a size of 5.5 pm each)

NANO-DEPOSITED FILTERS PATTERNED @ PIXEL LEVEL!

-> down to 2um pixels!
- 1t0 100+ colors

Figur&-2, Microscope image at wafe(@redc)

xiSpec2 TechnicalManual V2.00 10
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The response of an ideal interference filter has narrow peaks around the harmonic central wavelengtim ngaaansit)
a Gaussian distribution with a given FWHM (Full Width at Half Maximum).

Different cavity heights used on a sensor result in different central wavelength which can be differentiated.><

Different cavity heights = different o
Narrow-band & high transmission spectral wavelengths captured!
efficiencies spectral filters
Tx (%)

FWHM ~ _ .
5-20nm

740 760 780 800 820 840
Wavelength (nm)

Figur&-3, examplgaosition of tikabrPerot filteendtheirideal filter response

The following figure shows an example of the response curve of a 5x5 snapshot mosaic sensor.

T
[

2 AN LIRS A\ PR - s S N
, 2ex -~ s

400 450 500 550 600 650 700 750 800 850 900 950 1000
Figur&-4, exampleesponse / quantum efficiency curve of a snapshot mosaic sensor SM5X5

Some filters have two sensitivity peaks (first and second or@zosstgdkaseppen when the signal of one pixel
influences the signal on another (imedgpiet. This effect causes unwanted response outside the expected peaks of thi

influenced pixels.

xiSpec2 TechnicalManual V2.00 11



central peak
wavelength

second order first order /

/ response response \

spectral leaking \

crosstalks
400 450 500 550 600 650 700 750 200 850 900 950 1000

Figur&-5, visualization of response peaks, crosstalks and spefitved lzalkadjgidual pixel or filter

Crosstalks are often located at the positiofneigitberep@aks:

< active range =

R \/\/\,M.,_..ﬁm,.»w-mm,, \/N\’_\&__

400 450 500 550 600 650 700 750 800 850 S00 950 1000

Figuré&-6, visualization of the active tmageid second harmonics and spectralrtrakagepixels/filters

The sensors are defined to beitlsedefined spectral raigeactive (wavelength) rarfgesensor behavior is not
defined outside of this raluget@pectral leakagred additional harmdnics

xiSpec2 TechnicalManual V2.00 12
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1000

950

S00

350

300

750

700

650

600

50

5

500

450

400

Figur&-7, visualization of the active range to avoid second harmonics and $peuteabldakageera

Specially designed bandpass filters are built into the xiSpec2 cameras, which limit the light hittinghthaceresor surface

area

1000

950

300

850

800

750

700

650

600

50

5!

500

450

400

Figur&-8, Effective respomstheffect of baxghss filters

The peaks are now almost equidistantly distributed over the active wavelength raigeoWpotisdrladcerdproduce

the position of a band with high accuracy (deviation <

1%).

13
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Sensoand cameralibration
All sensors have been calibrated / matasafedlevéldditionally, every xiBpamera (camera with sensor, filter gg
and a standard lens) is spectrally calibrated after Phedtatiema specific calibration file is part of the scope of)bs(very.
The calibration data is available in the rang&G8fo46th in 1nm steps.

The bandpass filters used are individually calibrated, the measured transmission curves are part of fiteislibration d
are often calibrated for a larger wavelength range and with finer subdivisions.

The xiSpec2 cameras are individually measured against standard colorimetric cards. Measurement protocols are in
each camera.

Camera filter glasses

In xiSp@acameras customized bandpass filters are used, whichviiheibgiie range ofigfie reaching the active area
of the sensdrhenewly developed bandpasddittére snapshot mosaic sensors are desigpedrt the widest possible
wavelength rarvgeile eliminating aagond harmonics.

This glass is placed on a layer of silicone, but not glued. Do not use compressed air to clean the cadusta as this cou
into the camera. Distance frdemthmountifignge tthesensosurfacés 17.526mm0/~0.2mm.

filter glass
1.9 Sensor cover g\ass
6.5 sensor die
\ / /% N\
- N r -l :|
— r;‘ 7_

AN

Figur&-9, position of the customized camera filter glass

Additional filter glasses

Only wththe(discontinuezmera modedM4X4/1S2 aadditionaexterndiltermust be usédlimit thevavelength
range

Lenses

The whole camera setup (camera, camera specific bandpass filters, standard lemsa)ndydhkbsatesbr on wafer
level. The calibration results (calibration file and calibration test report) are delivered with the canfieiass The lens fan
used for system calibrat@wptionally availablepastaf the starter kits. The recommended aperture is f/2.8.

It is certainly possible to use other lenses, but they cannot be part of the system calibration.

The sensor has a size of 6.0 x 11.3 mm and a diagonal of 12.8mm. The lens should support this image size without
and with a resolution of 5um or better. Care should be taken that the lenses are as broadband coatetieas possible, |
digortion as possible, and that the light exposes the sensor surface as perpendicularly as possible.

xiSpec2 TechnicalManual V2.00 14



The harmonic funcfohSpectral filters and filter regpamenstrates the dependence of the peak wavelength oq{-pe

angle of incidence of light. Lenses that ensure an angle below 5° are recommended for use with xiSpec2 ras.
lenses on the sensor side are ideal. —_—

>
o

3.5. Optimized camera housing

Stray light inside the camera can cause the measurements td berdisgptine inner surfaces of the camera housings
were optimized to prevent scatterddhisggbptimization is achieved by a new special coating on the inside of the camere
coating is very sensitive and should not be touched.

—
T

I

Figur&-10, specially optimized surfaces in the camera housing, red marked.
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Filter layoutsameranodel$tolerances

xiSpezcameras use HSI sensors with different filter layouts. These layouts differ in the basic arrangement
on the sensor surface.

e diff

X#T1Ed

Basicallywo different layoutssappoetd
Snapshot mosaic sensors
Line scan sensors

Snapshot mosaic sensors

Thredlifferent snapsinobsaic sensors are available. 4x4 or 5x5 mosaic patterns are repeated continuously on the ser
surface:

4x4Filterarrayactive range in the visibléétieend and600nm

4x4Filterarrayactive range the red and near infrared light between 600 and 860 nm

5x5Filterarrayactive range in near infrared light between 665 and 960 nm
The spatial resolution is ap@x272 pixels (4x4 pattern) or 409x217 pixels (5xEhpattégimal sensor resolution can
be interpolated.

These cameras can be used for real time applitatioasight processing pipeline andasperdage can be
interpreted ahyperspectral imaging cube immediately.

Camera SM4X#52 (discontinued)

Wavelength rarigen] 480 -625nm
#filters 16
# spectral bands / samples 10

BandsPeak central wavelerjgthy | 492.3, 503.5, 517.0, 529.7, 554.7,

566.6, 578.8, 589.7, 602.2, 611.8

Calibration file names CMV2A4SSM4x470_ 626x.x.X.X.xml
tabled-1, basic sensor specs, SMW4AS2

Peak central wavelength tolerances:
max. average relative deviation: £0.8%
max. single band relative deviation: £1.0%

The CMVZESM4x4 \ASensor is a CMOSIS CMV2K sensor with 16 filters in a snapshot mosaic layout, active in the v
light. The filter layout is organized in patterns of 4 rows and 4 cbhsedsndibe for the position of the band in the
pattern, numbered frondeftjht, top to bottom. Index positions:

0 1 2 3
4 5 6 7
8 9 10 | 11

12 | 13 | 14 | 15
Figurd-1, filter index positions, SN432

The builn filter glassonly a camera / sensor protectioA filistom maded4 625nm band pass filtetébvered as
an external filter.

xiSpec2 TechnicalManual V2.00 16



4x4 mosaic = 16 bands

474 486 462 450

AMS/CMOSIS CMV2000 nm SAme om o nm

sa|dwexa Ajuo aJe san|jep
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Figurd-2, filter arrangement at sensor S¥i8%deakvavelength only exemplary)

Example filter response of the SN243dngis:

Figurd-3, example filter response of th¥SK&XSensor

xiSpec2 TechnicalManual V2.00
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4.1.2. Camera SM4X#S3

Wavelength raffige] 460 - 625nm
#filters 16
# spectral bands / samples 16

BandsPeak central wavelerigthy | 464.5, 472.8, 480.2, 489.3, 499.0, 508.2, 516.3,
534.7, 544.3, 552.3, 561.8, 571.2, 580.5, 588.1,

Calibration file names CMV24SSM4x460_B0-x.X.X.X.xml
tabled-2, basic sensor specs, SM434

eXimed

Peak central wavelength tolerances:
+ max. average relative deviation: £0.8%
+ max. single band relative deviation:; +1.0%

The CMVZESM4x4 \BSensor is a CMOSIS CMV2K sensor with 16 filters in a snapshot mosaic layout, active in the v
lightrangeThe filter layout is organized in patterns of 4 rows and 4 cabased.iffidexdor the position of the band in
the pattern, numbered from left to right, top to bottom. Index positions:

0 1 2 3
4 5 6 7
8 9 10 | 11

12 | 13 | 14 | 15
Figurd-4, filter index positions, SN434

4x4 mosaic = 16 bands

474 486 462 450

AMS/CMOSIS CMV2000 S

sa|dwiexa Ajuo aJe sanjep

IR ERERERERERERERERERERER RN ENERERERERERENENERERENENERENENERENE N

N NI SN EEN SN ESE ESN ESN ESE ESE ESE ESE EON ESE EGE EOE EOE BN EEN EEN EOE EOE B ESN ESE ESE NN ESE EEE EEE EGE EEE EEE BN NN NN BN EeE
N EIN EIN EEN EEN NN EIN EEN EEN SN ESN ESN EON EEN EEN EEN EEN NN EEN EEN EEE EEE EEN EEN EEN B EEN EEN EEN EEN EEE EEN EEN NN EEN NN Cd EEE
IR ERERERERERERERERERERER RN ERENERERERERENENERENEENERNENENRERDNENENBLEENENENE]
N EIN EIN EEN EOE EOE EON EON ESE ESE ESE ESE EON ESE EOE EOE EOE BN EON EEN BN EOE BN BN 20N ESE ESE EOE EOE ESE BN UL EEE EE NN EEN BN EeE
N NI SN ESE SN EOE EON EON ESE ESE ESE ESE EOE ESE EGE EOE EEE BN EON EEN OGN EOE BN P8 SN ESE ESE ESE BN vy EOE EON EOE BN N EEE N EeE
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Figurd-5, filter arrangement at sensor SM&X4
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Example filter response of the SN$43dngis:

600

550

500

example filter response of th¥ISK8 Sensor

Figurd-6

A custormade bangiass filter is built intoSkEIX4/ISTamer#o limit the wavelength range to the active region of the

sensor

50%

45%

40%

35%

30%

25%

20%

15%

10%

5%

Figurd-7, Effectiveesponsafter influence of the hzass filter (the scale of the filtel@006) SM4x4/IS3

19

xiSpec2 TechnicalManual V2.00



4.1.3. Camera SM4R42

eXimed

Wavelength rarfigen] 600-860nm
#filters 16
# spectral bands / samples 15

BandsPeak central wavelerjgth} | 609.0, 625.6, 648.0, 666.3, 683.9, 700.8, 718.9,
754.1,770.1, 786.2, 802.4, 818.3, 833.1, 849.4

Calibration file names CMV2sSM4x895 860-x.X.X.X.xml
tabled-3, basic sensor specs, SNRI24

Peak central wavelength tolerances:
+ max. average relative deviation: +0.8%
+ max. single band relative deviation: +1.0%

The CMVZBSM4xXREDNHE®Nsor is a CMOSIS CMV2K sensor with 16 filters in a snapshot mosaiethgodt, active in
near infrare@he filter layout is organized in patterns of 4 rows and 4 cebase.ifddexdor the position of the band in
the pattern, numbered from left to right, top to bottom. Index positions:

0 1 2 3
4 5 6 7
8 9 10 | 11

12 | 13 | 14 | 15
Figurd-8, filter index positions, SNRilR4

bands

4x4 mosaic =

AM‘/CMOSIS CMV2000 -

L] L] T
: -b.-b.-.-b.a-.-.-l-.-.-s.-h.-h.-ﬁ.-l-.-b.-ﬁ.-ﬁ.-.-h.-l.-t.-b Py E
B B BB B B B B B B B BB B BBy o E
e #A#ﬁ#%ﬁh%ﬂ##ﬁ#ﬁﬁﬁm
e e
B T N e
e e e e e

sa|dwexa Ajuo ae san|ep

e e e e e 5 e o o
e e e e e e B s o o
e e A e
e o e o
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A e
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Figurd-9, filter arrangement at sensor SREX4
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Example filter response of the BNEB@&nsor:

30%
25%

20%

15%

10%

Figurd-10, example filter response of th¥ASRINESensor

A custormade bangiass filter is built intoSkkIXARNZamer#o limit the wavelength range to the active region of the

sensor

30%

25%

20%

15%

10%

5%

Figurd-11, Effectiveesponsafter influence of the hzass filter (the scale of the filteL3006) SM4xRN2
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4.1.4. Camera SM5X5ANIR

eXimed

Wavelength rarfigen] 665-960nm
#filters 25
# spectral bands / samples 24

BandsPeak central wavelerjgth§ | 668.7, 686.8, 700.1, 711.6, 728.0, 739.2, 752.3,
780.7, 789.4, 804.5, 815.3, 828.3, 843.4, 852.9,
879.4, 891.6, 899.8, 912.8, 922.2, 931.9, 942.4,
Calibration file names CMV2A4SSNBX5-665 975¢.x.X.X.xml

tabled-4, basic sensor specs, SNABR5

Peak central wavelength tolerances:
+ max. average relative deviation: +0.8%
+ max. single band relative deviation: +1.0%

The CMVZESM5x5 NARensor is a CMOSIS CMV2K sensor with 25 filters in a snapshot mosaic layout, active in the r
infrared. The filter layout is organized in patterns of 5 rows and 5 dmsathgdexef@r the position of the band in the
pattern, numbered frontdeftjht, top to bottom. Index positions:

0 1 2 3 4
5 6 7 8 9
10 | 11 | 12 | 13 | 14
15 | 16 | 17 | 18 | 19

20 | 21 | 22 | 23 | 24
Figurd-12, filter index positions, SNIBR5

5x5 mosaic = 25 bands

AMS/CMOSIS CMV2000 JE EE pos
>>EE
-1 786 801 812 825

>2EEE: -

- nm nm

23c1: HiE
-

sa|dwexa Ajuo aJe sanjep

=
=
o=
-
o
o=
o=
-
o=
o=
-
o
o=
o=
o

'.H.'.H.'.H.'.H.'.H.'.H.'.H.'.H.'

tabled-5 filter arrangement at sensBXsENIR
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Example filter response of th® SNMBSensor:

30%
25%

20%

15%

10%

650

Figurd-13 example filter response of tBXBWIR Sensor

A custormade bangiass filter is built intoSkbXMNIRZamer#o limit the wavelength range to the active region of the

sensor

30%

25%

20%

15%

10%

5%

650

Figurd-14, Effectiveesponsafter influence of the kzags filter (the scale of the filtef 3096) SM5xNIR2
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4.2. Line scan sensors

Two linscan hyperspectral imaging sensors are available:

+ LS2100 with 100+ spectral bands between 600 and 975 nm in appr{iséontistegas sensor)
+ LS150 with 150+ spectral bands between 470 and 900 nm in approx. 3mm steps

eXimed

The line scan filter layout has a wedge @ihafilters in the line scan layout are organimedigof a fixed height
over the full width of the active area.

filter layouts

line scan

‘wedge’ design
100 bands: ~ 600 — 975 nm
150 bands: ~ 470 — 900 nm

Typically, the width of the active area equals the width of the sensor. The height of thetantedtzedeaiials

the bands in pixels (e.g., 8 pixels). The band at the top of the active area has position index 0. Témemsition index is
to the bottom of the active area, with the band at the bottom of the active area ivds Tiusilioa stdexwedge layout

is summarized below:

position index

2
. 3
&
< 4 filt

n filters

: , :
2 band height
5
]

Y

active area width = band width
Figurd-15 basicstructure of a line scan sé8sarce: injec
Because of the organization of the filters in bands over the whole width of the sensor, this filter llayescarbest suited
applications.

Note that the number of available bands does not necessarily coincide with the actual number of bands on the sens
because some bands are used for production quality checks and future product development.

%Pl ro b7 fjb~ ) | evmbopmb  gl625) pbkplop) gb eklildv o
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4.2.1. Camera MQ022HE_.S100 NERdiscontinged

Wavelength range 600-975 nm
# spectral bands / sampl| 100+

Calibration file names | CMV2(KS1068600_1006k.x.x.x.xml
tabled-6, basic sensor specs, LS100

eXimed

The CMV2K LS100 NIR sensor is a CMOSIS CMV2K sensor with 128 filters in a wedge pattern, active in the near i
975 nm). Each band is 8 rows high, covering 1024 rows of the sensor.

NoteAt least 100 of the 128 bands are available for use on the sensor. The remaining bands are used for productiol
checks and future product development. Typically, the available bands are band 13 to band 114.

A custom made 68D6 nm band pass filter is built into the XIME¢ari8peec
AMS/CMOSIS CMV2000

600 nm

100+ bands
8lines heigh

]
7 975 nm

Figurd-16, filter arrangement at serSt60

Example filter responses of the LS100+ NIR sensor in the activ&(@dgenf 600
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Figurd-17, example filter response &fSh0®Eensor
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Several interference filters in caskQf@@amera model do have two peak wavelengths in teeurkespahs first
and second order harmonics.

Xlimed

T —

600 650 700 750 800 850 900 950

Figurd-18 example filter response af3h8®ensor bands with first and second harmonics

Requirements:

The camera requires a broadband coated lens designed for wavelengths ranges of visible light and near infrared up
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4.2.2. Camera MQO022HELS150 NIR

Wavelength range 470-900 nm
# spectral bands / sampl 150+

Calibration file names | CMV2KS15470_ 90ax.x.x.x.xml
tabled-7, basic sensor specs, LS150

eXimed

The CMV2K LS156N/RSsensor is a CMOSIS CMV2K sensor with 64 filters active in the \d60atmgrayed(428

filters active in the near infrare@@00Um). The filters are distributed over two separate active areas. Within each active
the filters are organized in a wedge pattern in which each band covers 5 rows. The active areas are sdparated from
an empty interface zone of 120 rows. An overview of the filter layout is given in the figure below.

0 VIS
I VIS
62 VIS
63 VIS

empty interface zone

64 NIR
65 NIR
190 NIR
191 NIR

Figurd-19, Principle structureld@H50ine scan sensdth 2 filter zon@ource: imec

Note: At least 150 of the 192 bands are available for use on the sensor. The remaining bands are used for productic
checks and future product development.

Note: The pixel response in the empty interface zone is not defined. These pixels are often fully saturated.

AMS/CMOSIS CMV2000 i 470
. nm

64 bands
5 lines heigh

620 nm

32 bandsgap
unused

580 nm

128 bands
5 lines heigh

900 nm

Figurd-20, filter arrangement at serSb60
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An example of the responses of the filters is given in the figure below for wavelengths in the range of 400 &OO ni
sensor is designed for an active rangeQ@d AnQ ><

45%

35%

30%

ft

fi P

i i jI: ok 1 1
iy il [
b VAT AR NN i
800 850 900

450 500 550 600

Figurd-21, example filter response dfShé&®Eensor

A custormade banpiass filter is built intoSkbXMNIRZamer#o limit the wavelength range to the active region of the
sensor

50%
- VMWW’\MM-A‘/\M'\'\
40%
35%

30%

R i,

i

Figurd-22, Effectiveesponsafter influence of the kzags filter (the scale of the filte L 8096)LS150/N2

4.2.2.1. Requirements:

The camera requires a broadband coated lens designed for wavelengths ranges of visible light and near infrared up
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Sensor Defect Specifications D

Qefp pb qfl k bkrjbo~qbp geb ~° "bmg*"k b “ofgbof "gqe
sensors anilSpec2 camergstems. The measurements are done with a camera system using an F/8 optical Mm ar
uniform white target under broadband illumination.

Definitions

Pixel Defect
A pixel having a gain that is more than nine standard deviations away from the median gain measured over all pixel
sensor covered by the same filter and-aftéomaity correction is called a pixel defect.

Row/Column Defect

Group of contiguous pixel defects along a single row / column is called a row / column defect. The diemip size of the
is dependent on the sensor type and is defined as the cluster thl#eh8|kiIpar2 sensor defect acceptance
criteria

Cluster Defect

Group of two or more adjacent pixel defects. Size of a cluster is spetifestimtierragaffected pixels, as the cluster
threshold (Téhled-8, xiSpec2 sensor defect acceptance criteria

Acceptanceiteria
Name M.ax. numbe Defective thr(élstjr?;?c; (T Cluster Cluster
pixel defect{y rows/column . . <=T >T
in pixels

CMV24§SM4x470_620

CMV2ASSM4x460_600 <100 0 4x4 Z5 0
CMV2ASSM4x595 860

CMV28SM5x665 975 <100 0 5x5 Zz2 0
CMV2KS15e470 900’ <100 0 10x10 Zz2 0

tabled-8, xiSpec2 sensor defect acceptance criteria

Notes:1) w/o the empty interface zone as des¢rh2Gamera MQO22HELS150 NIR
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xiSpezstarter lgt

Xlimed

kits- scope of delivery

All xiSpec? starter kits include the following components:
tripod bracket
USB3.0 cable 3m
Trigger 1/0O cable 3m
PHOGcrewdriver
USB3 Tyyi2 OTG adapter
PELI case with customized foam set
One of the lenses described below
The starter kits can contain the following optional components:
Mini tripod
Lite Diffuse Reflectance target

The followilfgptional) accessories are available:

item P/N Description

XISPECAKAT16 xiSpec?2 starter/demo Kit with 16mm lens

XISPEERTLI6-TILE xiSpec?2 starter/demo Kit with 16mm lens and diffuse reflection target
XISPEEKRITIGTILETRI | xiSpec?2 starter/demo Kit with 16mm lens, diffuse reflection targeicand 1
XISPEARTL6-TRI xiSpec?2 starter/demo Kit with 16mm lenstapddnini

XISPEAT25 xiSpec?2 starter/demo Kit with 25mm lens

XISPEGRAT25-TILE xiSpec?2 starter/demo Kit with 25mm lens and diffuse reflection target
XISPEARAT25TILETRI | xiSpec?2 starter/demo Kit with 25mm lens, diffuse reflection targeicand 1
XISPEEKIT25 TRI xiSpec2 starter/demo Kit with 25mm lenstapdanini

XISPEEAQT35 xiSpec?2 starter/demo Kit with 35mm lens

XISPEEKRIT35TILE xiSpec2 starter/demo Kit with 35mm lens and diffuse reflection target
XISPEERIT3STILETRI | xiSpec?2 starter/demo Kit with 35mm lens, diffuse reflection targeidand 1

XISPEEKRIT35TRI xiSpec? starter/demo Kit with 35mm lenstapdadnini
tables-1, xiSpezstarter kits

Lens

The lens is an industrial grade NIR ¢cbn@sdbdnd coated lens1828 nmE-mount lesfrom Edmund Optics with a
filter mount thread (25.5 x 0.5mm) with manually aperture and focus control.
Lenses with focal lengths of 1Bsmmrand35mm are available

16mm: FOV horizontal: 38.9°, vertical: 21.2°, WBY1DOminb f deq7 41d

25mm: FOV horizontal: 25.5°, vertical: 13.7°, WRy1pOminb f d e(sfandart Erk)

35mm: FOV horizontal: 18.3°, vertical: 9.8°, WDy15mmmb f deq7 42d

Lens selection is a critical component of a hyperspectral imaging project. Loogtiéoealttendésigre
recommended to decreasetatkdretween pixels.

Components:

Lens EdmundOptics VIS/NIRN&msniGB5mm fixed focal length with M25.5x0.5mm filter{fitéxd (#67
https://www.edmundoptics.com/imdgimees/fixetbcallengthlenses/35mya-seriesvis nir-fixedfocallength
lens/
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Lens EdmundOptics VIS/NIRN&msni@25mm fixed focal length with M25.5x0.5mm filter-{fit&xd (#67
https://lwww.edmundoptics.com/imdgimses/fixetbcallengthlenses/25mya-seriesvis nir-fixedfocallength
lens/

eXimed

Lens EdmundOptics VIS/NIRN&msniCL6mm fixed focal length with M25.5x0.5mm filter{fitdad (#67
https://www.edmundoptics.com/imdgmees/fixetbcallengthlenses/16myua-seriesvis nir-fixedfocallength
lens/

5.3. Lite Diffuse Reflectance target

In order to enable reference images, e.g. to measure the reference light for reflectance calculation8atnd/or for all po
field corrections, it is recommended tiffusereflectance target

5.3.1. Component:

Lite Diffuse Reflectance target, Zenith Lite-Babjad SG
http://sphereoptics.de/entmptent/uploads/sites/3/2014/03/SphereOfitalg T argetsZenithLite. pdf

5.4. PHOGcrewdriver

A PHOO screwdriver is required to screw the tripod adapter to the camera.

5.4.1. Component:

Wera 2050 PHOOx40mm, 05118019001
https://products.wera.de/en/screwdrivers_series_kraftform_micro_2050_ph_micro.html

5.5. Standard camera accessories:

SeveraliQ cameecessories to run the camera are part of the delivery:

+  Tripod bracket part MEBRACKHET (xiQ manual chapter 3.12)
+ USB3.0 cable 3.0 m part CBU33MO (xiQ manual chapter 3.9)
+ Trigger I/O cable 3m part CBMQSYNE&MO (xiQ manual chapter 3.11)
+  Mini tripod

Details are described in the xiQ technical manual:
http://www.ximea.com/downloads/usb3/manuals/xiq_technical_manual.pdf
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http://www.ximea.com/downloads/usb3/manuals/xiq_technical_manual.pdf

USBEStick

The delivery of each x23y@@cera includes a USB stick with the following content:

Xlimed

Main folder

Here is a readme file and information on how to register with imec's support.

Cliabo | @jbo”~ cfibp”

The camesspecific calibration file and the acceptance/quality report of the spectral calibration of the camera are stor:

Cliabo !Al “rjbkqg~rqfl k’

Various documentations are stored in this directory.

XiQechnical manual

The technical manual of our xi(f2s@Nexiels Overview, sensors and)nitelelest recent verdioavailable at:
http://www.ximea.com/downloads/usb3/manuals/xig_technical_manual.pdf

The installation of our APl / SDK is described in chapter 5.3ff.

xiSpec2thnical manual
The technical manual of Spec®eriegthis documentje most recent versmoavailable at:
https://www.ximea.com/downloads/usb3/manuals/xispec_technical _manual.pdf

XML schemas
To support your own software development, the USB stick contains the XML schemas of the files thatesne stored in
of the camera, including the sensor calfwataded3.2XML Schema

Calibration files reference (imec)

FileCalibration Files Reference Manual.pdf
Qeb jlpg ob bkg cfib fp ~s~rfi~r_ib fk fjb>$%$p prmmlogq
A detailed description is part of this i&@anabr Calibration data./ files

API / SDK / drigiswnload)

Our API / drivers etc. are available for download for free:

Most recent beta versitip://www.ximea.com/support/documents/14
Stable version (and LINUX / Mac@gdfilés)vw.ximea.com/support/documents/4
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Sensor Calibration data / files

The data coding is according to XML 1.0 (Extensible Markup Langhtpe/(dMivL300rg/TR/XmI
The data encoding 8 WfRFC3628ttp://www.rfeditor.org/rfc/rfc3629.txt

According to W3C XML Schema Definition Language (XSD) the namespace prefix xs id bound to the standard nam
http://www.w3.0rg/2001/XMLSchema

All XSD structures are described at https://www.w3.org/TRAh kst ¢éneaddtatypes used are described in
http://www.w3.org/TR/xmlscher11

Xlimed

Further documents can be foatigsat/www.w3.0rg/TR/?title=xm|%20schema

XSD XML Schema

The xiSpec2 calibration files use standard XML structures aheé\emesisond to an XML schema and can be
serialized / deserialized difBoty<SD structure is listed in ApBeh@BGalibration files XML Schema V2.0.1

The xiSpec2 calibration data remain stable as long as possible.

Sensor calibration data

Thecamerapecific calibration dagameasured by imec (interference filter response data difigbaadpasssion
data) anchliculate@pectral correctiosn)MEQ he data format is finally normalized laye<X$idEd on the 448&kand
inthe camerafilesysemf p -~ i f _o~qfl k cfib cloj”~q fp _~pba |k f
XIMEA uses a standard Microsoft .NET 4@&rialistiion routine to create tHdexXMis may lead to restrictions
especially when encoding XML simpleTypes like xs:dateTime. It is explicitly requested not to make any manual chal
XML calibration files in order not to influence tiseridizatien when using the data.
This normalized and stable XML format is described in this chapter.
Please note:
TheXMLEtypé'xs:string (enum)" means that an XML type xs:string is used, but only values from a fixed enumerati
allowed. This enumeration is listed in the description of the element or attribute
Some datists are created in xs:list fdomiat:tunately, Microsoft's XML serializatiesthietsoaBinding xs:list to

XMEelements is unfortunately not supported. Data lists are therefore stored as attributes. Example
<response nr_elements="2" values="0.001 0.003" />
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Rootlement sensor_calibration

The xiSpec2 calibration data contains only one (root) element: sensor_calibration.

Attributes:
Name Description XMliype
version Version of the calibration file format xs:int
sensor_id Foudigitsensor serial number XS:string
created Date and time of the sensor calibration xs:dateTime
modified Date and time of the last modification of this calibration file xs:dateTime
software Reference to the software and version used for the last modificatioff xs:string

Elements:
Name Description XMLype
sensor_info Basic information about the sensor used (AMS/CMOSIS CMV2000 xscomplexType
filter_info Characteristics of the Hdmyt filters and info about the wavelength ri xscomplexType
system_info Information about the additional components of the camera (bandp| xscomplexType

spectral correction data
sensor_info

Basic information about the sensor used

Attributes:
Name Description XML type
version For compatibility reasons, fixed value = 2 xs:int

sensor_type

Type of the sensor. For xiSpec2 cameras = CMV2K
Allowed values:

xs:string (enum

CMV2K
CDL640
Elements:
Name Description XML type
width_px Width of the active sensor array, value in pixels xs:int
height_px Height of the active sensor array, value in pixels xs:int
pixel_pitch_um | Pixel size (squared pixels), value in pm xs:double
bit_depth Recommended bit depth xs:int
overall_gain Recommended overall gain xs:double
analog_gain Recommended analog gain xs:double
digital_gain The digital gain used during gain calibration xs:double
full_well_capacity] The corresponding full well capacity, in electrons xs:int
gain_mode For compatibility reason. Not used for xiSpec2 cameras Xs:strin@enum)
Example:

<sensor_info version="1">
<width_px>2048</width_px>

<height _px>1088</height
<pixel_pitch

_px>

_nm>5.5</pixel_pitch _nm>

<full_well_capacity_e>10443</full_well_capacity_e>

é

</sensor_info>
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filter_info
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Characteristics of the Fradamyt filters and info about the wavelength range

Attributes:
Name Description XML type
version For compatibility reasons, fixed alue = xs:int
Elements:
Name Description XML type
calibration_info | Information about the saxadiaration measurements xs:complexTypg
filter_zones Information about the filter zones on the sensor xs:complexTyps

calibration_info

The characteristics of the filters vary from sensor to sensor. The response curve of each filter on thersensor is meas
production in a monochromator setup usaudiiorttied light at discrete wavekgpgthidrom 4001000nm in steps of
Inm.

The list of measuring points for sensor calibration is stored here.

Attributes:
Name Description XML type
version For compatibility reasons, fixed value = 5 xs:int
Elements:
Name Description XML type
sample_points_n list of measuring points for sensor calibration (empty)
The content is stored in two attributes of this element:
name description XMLtype
nr_element{ Number of elements in the attribute| xs:int
values list of measuring points xs:list
of xs:double
Example:
<sample_points_nm nr_elements="601" values="399.998 400.999 401.999 é " \>
filter_zones

Information about the filter zones on the sensor.
The element filter_zones is just a container of all filter_zone information.
Attributes: None

Elements:
Name Description XML type
filter_zone Information abaufilter zone on the sensor surface xs:complexTyps
This element may occur more than once
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filter zone
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Typically, the filters do not cover the entire surface of the sensor. The area on the sensor covereel adtivéiltersiis calle
areaA HSI sensor may have more than one of these active filter zones.

A filter_zone is a collection of info about the sensor area and the &andstéFaeyce filters) located in that

filter_zone.
Attributes:
Name Description XML type
version For compatibility reasons, fixed value = 3 xs:int
layout Type of the filter arrangement Xs:string (enum
Allowed values:
MOSAIC
TILED
WEDGE
index 0-based index of the filter zone on the sensor xs:int
Elements:
Name Description XML type
filter_area Area of the sensor on which the filter_zone is located xs:complexTyp
pattern_width Number of different filters along the width of the pattern xs:int
pattern_height Number of different filters alohgitfidf the pattern xs:int
filter_width Size of the different filters along the width of thie piitésn xs:int
filter_height Size of the different filters alonegigief the patterim pixels xs:int
spectral_range_start | Lower limit of the wavelength range for which this filter_zone i§ xs:double
spectral_range_end_| Uppelimit of the wavelength range for which this filter_zone is { xs:double
bands Container for all interference filters in this zone and their propg xs:complexTyp
Notes:

The width and height of one filter pattern in pixels equals pattern_width x filter_width and pattern_height x filter_
respectively.

The filter pattern is repeated on the filter area to fill the whole area.

Depending on the sensor model, the filters are organized in one or two filter zones.
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7.2.7. filter_area

Area of the sensor on which the filter_zone is located

Attributes:
Name Description XML type
Version For compatibility reasons, fixed value = 0 xs:int
Elements:
Name Description XML type
offset_x column offset of the filter area from the first column of the sens| xs:int
offset_y row offset of the filter area from the first row of the sensor xs:int
width width of the filter area xs:int
height height of the filter area xs:int
Example:

<filter_area version="0">
<offset_x>0</offset_x>
<offset_y>3</offset_y>
<width>2045</width>
<height>1080</height>

<[filter_area>

Active area

Snapshot mosaic 5X5-NIR, 675-975nm

Sensor width (2048 Px)

Sensor height (1088 Px)

Active area width

Figurg-3, example filter area position

Active area height
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bands

Information about the interference filters inside of a filter_zone.
The element bands is just a container of all band information.

Attributes: None

Elements:
Name Description XML type
band Information abdnterference filter xs:complexTypg
This element may occur more than once
band
Information about one band (interference filter).
Attributes:
Name Description XML type
version For compatibility reasons, fixed value = 4 xs:int
index 0-based index for the position of the band in the pattern, numbered| xs:int
right, top to bottom
selected Flags if the signal of this band is within specifications (true) or not (| xs:Boolean
nonselected bands will result in wrong spectra
Elements:
Name Description XML type
peaks Bkrjborqgfl k I ¢c geb mb~hp "ka q xs:complexTyps
response list of measecband response / quantum effip@nty for sensor calibraf (empty)

The content is stored in two attributes of this element:

name description XMLtype
nr_element{ Number of elements in the attribute| xs:int
values list ofesponse values xs:list

of xs:double

Index positions in case of a SM4X4 sensors:

0 1 2 3
4 5 6 7
8 9 10 | 11
12 | 13 | 14 | 15

Index positions in case of a SM5X5 sensors:

Xlimed

0 1 2 3 4

5 6 7 8 9

10 | 11 | 12 | 13 | 14

15 | 16 | 17 | 18 | 19

20 | 21 | 22 | 23 | 24
The ementrespordek g~ f kp gqeb pmb qo”i I jmlpfgflk Ic ~ _"~katg
fkcloj~rgfl k abmf qp qeb "I kgof rqflk | ¢c b~ e t~sbib

It is important to note that the response values in the calibration file were measured during sensor manufacture.
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Notes: G.)

+ The values of the responseframe(0%jo1 (100%) and equals the conversion rate of photons to electro&r

wavelength _—
>
®

+ The number of measuring pothtselement respamseesponds to the number of anttidseesponse data are
the measured values for the corresponding wavelksigth daltheation_isdonple_point_nm
+ There is one band for each position in trenpatiaats filter_info.pattern_width x filter_info.pattern_height

riiITivvee~

400 450 1000

Figurg-4, example filter response
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peaks

Information about the peak(s) in the filter Fdspetmmepéakss just a container ghediknformation.
Attributes: None

Xlimed

Elements:
Name Description XML type
peak Information abetaks in a filter response. xs:complexTypg
This element may occur more than once
peak
Information about peak in a filter response
Attributes:
Name Description XML type
version For compatibility reasons, fixed value = 2 xs:int
order Number of the harmonic order of the peak xs:int
shape The filter shape that optimally fits the band responses Xs:string (enum
Allowed values:
FabnrPerot
Gaussian
Lorentzian
Elements:
Name Description XML type
wavelength_nm The peak wavelength of the idedP&aibifjiter fitted to the measur| xsdouble
band response, in nanometers
fwhm_nm The full width of the peak at half the maximum, in nanometers | xsdouble
QE Qeb nrrkqgrj bccf fbk>v | ¢ qe|xsdouble
wavelength. The values faomg@ (0%jo 1 (100%)
contribution Qeb "I kgof _rgfl k I c qeb mb~ h|xsdouble
as the area under the fitted peak in{deGxEWHM] relative to the
total response
fit_error Goodness of fit to an ideatFatmtyfilter shape with given peak | xsdouble
wavelength, FWHM and peak QE

Example (new calibration file format, SM5X5)

<bands>
<band version="4" index="0" selected="true">
<peaks>
<peak version="2" order="1" shape="Fabry - Perot">
<wavelength_nm>889.9740572143232</wavelength_nm>
<fwhm_nm>12.10204081632653</fwhm_nm>
<QE>0.0617570698542027</QE>
<contribution>0.3458108387442734</contribution>
<fit_error>0.003824150970179868</fit_error>
</peak>
</peaks>

<response nr_elements="601" values=00.00316754755, 0.
0.003133805330 [/ >
</band>
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system_info
Information about the additional components of the camera (bandpass filter) and spectral correction data
Attributes:
Name Description XML type
version For compatibility reasons, fixed value = 0 xs:int
Elements:
Name Description XML type

optical_components| Enumeration of the optical components in the system

xs:complexTypi

spectral_correction_| Information for spectral correction of the raw data

xs:complexTypi

optical_components

Information about the optical components(s) in the camera. Optical components in Xi8pdp2safileas are
support the optimal spectral performance. Theptilsahertmpondstgist a container diltl descriptions

Attributes: None

Elements:

Name Description

XML type

optical_compong Information aboptical components (filters) in a xiSpec2 camera
This element may occur more than once

xs:complexTyps

optical_component

Information abauatoptical component / filter in a xiSpec2 camera.

Attributes:
Name Description XML type
version For compatibility reasons, fixed value = 2 xs:int
Elements:
Name Description XML type
type Type of the optical component. xs:string (enum
Allowed values:
shortpass_filter
longpass_filter
bandpass_filter
notch_filter
linear_polarizer
circular_polarizer
source
manufacturer The manufacturer of the optical component Xs:string
part_id The unique part identifier as given by the manufacturer Xs:string
tag Custom tag uniquely identifying the component Xs:string
description Textual description of the component Xs:string
measurement Source of the response measurement Xs:string

xiSpec2 TechnicalManual V2.00
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transmission_range startf Pqg”~ oq | ¢ qgeb | j mhakométerddfimed Qs xs:double
the first 50% transmission point of the targeted spectral ran
to the first valuesample_points_nm

transmission range end |[Bka | ¢ geb ~ 1 jml kbkg$p qo”|xs:double
the last 50% transmission point of the targeted spectral ran
to the last valus@mple_points_nm

measured The date on which the optical component was created / me xs:date

sample_points_nm Vector to depict the exact wavelengths at which the filters § (empty)
characterized, in nanometers.

The content is stored in two attributes of this element:
name description XMLEtype

nr_elements| Number of elements in the | xs:int
attribute values

values list obample points xs:list
of xs:doublg

response list of measedresponse (transmission efficiency) for each dg (empty)
The content is stored in two attributes of this element:

name description XMLEtype
nr_elements| Number of elements in the | xs:int
attribute values
values list ofesponse values xs:list

of xs:doublg

Xlimed

Notes:
The attributes nr_element of the eleangpies points_amd response must have the same value.
Both the wavelength range and the number of measurement points used to calibrate the filters may differ from t
measure the sen®afibration_info.sample_points_nm).
The valuesresponseangdrom0 (0%)o. %. - - " &+ Qe blemgntasdilptherfunplopal €lemends fn
the list.

The xiSpRcameras always contain bandpass filters.

It is important to note that the responsef ¥h&ussnsor (band.resperse)measured during sensor manufaeture.
effective response values may differ significantly. They are calculated by multiplying the response values by the trar
values of the filters used.

Thetransmission values of the filters used airetiieddment response

<optical_component version=" 2">

<type>bandpass_filter</type>

<response nr_elements="601" values ="0 0 .. 0.9356" />
</optical_component>
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Figur&@-6, response curve under consideration of the camera filter glass
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Contains information for spectral correction of the raw data. The spectral correction is done by applyirigea ction
measured spectra. This correction matrix is computed by analyzing the response matrix over a specific spé)t@l ran
recomposing virtual filters from the response decomposition data.

spectral_correction_info

The spectral correction matrices are enumerated in the child element correction_matrices.
Attributes:

Name Description XML type

version For compatibility reasons, fixed value = 0 xs:int
Elements:

Name Description XML type

correction_matrices | Enumeration of correction_matrix xs:complexTypi

correction_matrices

Information about the spectral correction data sets. Theettiorennhatricefust a container af@itection_matri
entries.

Attributes: None

Elements:
Name Description XML type
correction_matri] Information abepectratorrectiodata sets. xs:complexTypg
This element may occur more than once

xiSpec2 TechnicalManual V2.00 45



correction_matri

Information abapectral correction data sets

Xlimed

Attributes:
Name Description XML type
version For compatibility reasons, fixed value = 6 xs:int
created Date and time on which the correction matrix was created xsdateTime
Elements:
Name Description XML type
name Name of the correction matrix. Any string value is possible. Xs:string
algorithm the algorithm used to create the matrix. xs:string (enum
Allowed values:
mO
ml

algorithm_version Version of the algorithm used to generate the correction matriy xs:string
twodep bm~ o~ qba krj _ bop+ B+d+)
correction matrix is computed with ihspt, and even when comp
libs_hsimatlab.
type Type of the spectral correction. Xs:stringenum)
Allowed values:
reflectance
irradiance
minimum_band_ener{ Minimum energy of the activated/selected measured bariceres| xsdouble
of those bands used for spectral correction
optical_components | Enumeration of all optical components specific for this correcti| xs:complexTyp

virtual_bands Enumerates the virtual bands that are computed with the spec| xs:complexTyp

Notes:
algorithm:
0 mO: correction matrix computed from the estimated system model
0 m1: correction matrix refined by spectral reference data

The generice.,system level optical_components come on top of these listed under system_info. This allows defil
a set of general optical components (e.g., band pass filters) and a set of application specific optical components
light spectrum or anegfient of the bandpass filters)

The minimum_band_energy is computed after applying all optical components to the measured band response:
of a band response is computed as the sum of the final response values over all wavelengths (assuming a 1 nir
sampling).
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Information about the virtual bands which are the results of a spedtnal coméetiaf. (virtual) bands is the effe
usdle number of sdegin the hyperspectral datacube.

qu)
virtual_bands Léy
>

The elemewittual_bandsjust a container ofietlhal_band entries irctieection_matri
Attributes: None

Elements:
Name Description XML type
virtual_band Information abawgpectradband / sample xs:complexTypg
This element may occur more than once
virtual band
Information abauspectral band / sample
Attributes:
Name Description XML type
version For compatibility reasons, fixed value = 3 xs:int
Elements:
Name Description XML type
wavelengthm The peak wavelength of the idedP&aibifjiter fitted to the measured b| xs:double
response, in nanometers
fwhm_nm The full width of the peak at half the maximum, in nanometers xs:double
coefficients Vectoof he spectral correction coefficients (empty)
The content is stored in two attributes of this element:
Name description XMHype
nr_elements| Number of elements in the attriby xs:int
values
values list okorrection coefficients xs:list
of xs:doublg
Notes:
Jrigfmivfkd ~ jb~"proba pmb gqorj tfqge qeb "I bccf  fl
wavelength. The attribute nr_eléntbetaumber of bands.
Qeb j~rqofu fk tef e b~r"e olt fp "~ sfoqgqr”i _Kka$p |

Multiplying this matrix with an irradiance spectrum results in corrected irradiance spectrum.

The raw spectrum must be sorted on pattern position index and NOT on peak wavelength when multiplying witt
correction matrix.

The response curves of the individual bands can contain various crosstalks to other bands, partly atsacdue to furthe
harmonic3hecorrection_matrix_virtual hk@mmdain correction matrixes to correct the described effects.

If another external filter (usualiypadsror shqrass filter) is added, the transmission curve is also taken into account
multiplicatively
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The result of the spectral corrections amalliee sirtual bands, which represent ideal Gauss curves.
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Figurg-8, calculated virtual bands

Please note detai. @Bpectral correction / Correction. matrix
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8.

Data Acquisition
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8.1. Snapshot mosaic camérterpretation of the sensor calibration files

All needed info to interpret the calibration file and find the right peak wavelength position in the pittern are gscriba
calibration file, which is delivered togetheriBjpe2z camera.

8.1.1. RAW image interpretation / snapshot mosaic

Position of the index in the pattern structure:
| Qebr*pba fkabu clo geb mlpfgflk | ¢c qeb _"~ka fk qgeb I

Index positions in case of a SM4X4 sensors:

0 1 2 3
4 5 6 7
8 9 10 | 11
12 | 13 | 14 | 15

Index positions in case of a SM5X5 sensors:

0 1 2 3 4
5 6 7 8 9
10 | 11 | 12 | 13 | 14
15| 16 | 17 | 18 | 19
20 | 21 | 22 | 23 | 24

Pattern interpretation

2 leaves on a stone
Snapshot mosaic 5X5-NIR

Spectrum (Raw-values)

o g el e

975 nm

Figur&-1, visualization and interpretation of a single filter pattern (exeaitipd® BnEXBNg pass filter
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8.1.2. Peak wavelength sort order

The index position only describes the position of the pixel on the sensor surface within the patterfroﬁhm'mo& diffe
sort order of the peak wavelengths. ><
®

Example (8kRN2)

801 | 817 | 833 | 848
735 | 753 | 769 | 786
665 | 682 | 698 | 717
802 | 608 | 625 | 647

These wavelengths are rearranged and adjusted during speetsdbtowsctiavelength(index):

608(13), 625(14), 647(15), 665(8), 682(9), 698(10), 717(11), 735(4), 753(5), 769(6), 786(7), 802(0+12), 817(1), 833
848(3)

8.2. Line scan sensors: Data acquisitonpeéatnd spectrum calculation

Sensor or object has to move. The spectral info for one position has to be collected:

I — Pos 100 (975 nm)

time

Pos 1 (600 nm)

Spectrum (Raw-values)
. Pixel to grab the
spectral signature from M

600 nm 900 nm

Figur@-2, schematic sequence of data acquisition with movement of sensor / object

The lingcan sensor that is used in iGpweras to acquire a hyperspectral representation of an object consists of a
conventional sensor with specialized filters added on top. Each filter only transmits a small portionmf the complete s
reflected by the scene. All this informatiooosbieed with the known motion of the sensor or object to create a
hyperspectral representation of the scene: a hypercube.
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sensor width (w pixels)

eXimed

(sjaxid y) yB1ay Josuas

Figurd&-3, line scan (wedge) lajutrce: imec

A representation of the wedge sensor is given above. It consists of a sensor with a resolution of wanklpixels, with n
processed. Each band has a fixed height in pixels (see above) guixktswidth of w

As explaingtie frequensypecific regions on the sensor are organized in adjacent bands. In order to capture the spect
every point of an objecthusiensure that every point of the subject passes over each individual band. This is done by
the object under the sensor or moving the sensor relative to the subject, perpendicular to the orientatibinif the wedc
is illustrated below:

t

t

A
PN LY.

Figurd&-4, line scan sensacan phas¢Source: imec

A full scan of an object consists olup sthaise (tB), a steadbate phase (t4), and a shutdown phigsdfiing the
startup phase and the shutdown phtdarfd td7, respectively), not all captured data will be used for hypercube
congtuction. This unused data is shown in grey in the figure adieadyBtafege t4), all captured data is used in the
hypercube construction. The number of Stradg statkepends on the length of the object.

The construction of a hypercube from these wedge imagesamgdammatyrref the individual bands, in such a way that
all bands of a specific wavelength, taken over consecutive frames, are stitched together, and this foisevery wavelen
illustrated in the figure below. A spectrum of a specific point on the object can be obtained by takhmg the information
position over all bands.
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#lines
~+
~+

# samples

Figur@&-5, line scan sensatlata cubgSource: imec

8.2.1.1. Example

We consider as an example a fictitious line scan sensor with 4 spectral bands, each 24 pixels wide ad 4 pixels higt
raw resolution of the sensor is 24 x 16 pixels:

A
A2
A3
M

The goal is to capture an object as a hyperspectral data cube that is larger than the camera could capture with an ir

The entire width of the object is captured with an image, but not the height.

TR n
B I
H A3
m T

g ! A4

The camera provides an image of a part of the object. This image is always transferred to the computer as a RAW i
No single transmitted image fromaalineamera can be used to calculate an HSI cube.

The upper quarter of the image contains only information about #ie thawsdengthquarter about the wav&ength
etc.

A hyperspectral data cube is alttmegsional representation in which the spectral information for eaghpt@ced)(in the x
is stored as a third dimension.
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We consider 6 different points, which are to be used to represent 6 different materials / spectral signatures:

+ P1: Wheel

+ P2: Skateboard
+ P3: TShirt

+ P4: Shoe

+ P5: Eyes

+ P6: Skin

The signature vector of a point P is

P=(/1, 4 of o)

If we now analyze the image

NN
N [T ITTE ]
H ] |1 II\I:;%_)\]_
i’ W dEsERi PV
i a3

we get the resulting spectral information for the 6 points:

P1 and P6: outside of the RAW image
P2: contains info for spectral pesitioly
P3: contains info for spectral paBitinty
P4 and P5: contain info for spectral gbsitiyn

Not a single spectral vector is complete:

P1=(?,?,2,7

P2=(2,2,2,
P3=(2/,,2,?
P4=(/,,2,2,?
P5=(/,,2,2,?
P6=(2,2,2,%
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Toobtain the missing spectral data (other bands) for the object points, these points must also be recortled e ott
the sensor that are sensitive in these spectral bands.

To achieve this goal, the object and camera/sensor are moved relative to each other and several images aggken.

This means that all spectral data (bands) can be "collected" for the points of the object. .

» O
=3
=,
[}
2}
-

camera/ object

relative movement

i i HHAM
A2
A3
A4

Camera

This process will now be explained in detail. Camera and object are moved relative to each other and several RAW
recorded and evaluated.

The goal must be to record each point of the object at least once with the 4 different sensor areas (flag)the 4 peak we

If several results for a spectral band are recorded for one pixel, solutions must be provided in the sadtteare implemel
how these different measured values are processed in the calculation of the spectra.

In the following, the mean value is calculated from the various duplicate values.
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We take several RAW picturéanR1

The measured values for one of the gethferRie bands<4 are called

Pm,/ k
V%

n: picturet
m: # of the Point-{d)
k: # of the band{<4)

Picture 1 Measured values

e A
A2
A3
A\
Picture 2 Measured values
P1,/1
Vé
A3
A\
Picture 3 Measured values
P1,/ 2
V%
P2,/1
V3

A

Resulting vectors

Pl=(?2,2,2,7
P2=(2,2,2,%
P3=(?2,2,2,?
P4=(2,2,2,%
P5=(?,?,?,7

P6=(?,2,2,%

Resulting vectors

P1= (V1 2,2,
P2=(?,7,7,7

P3=(?,2,2,?

P4=(2,2,2,%
P5=(?,?,?,7
P6=(?,2,2,%

Resulting vectors

PL=(4"4v"%,2,2,
P2=(V*'1,2,2,2
P3=(?,?2,?,?
P4=(?,7,2,7
P5=(?,?,?,7

P6=(2,2,2,%
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Picture 4
Pl
L)
1I Al
-1 ] A2
A3
LR M
Picture 5
iy
LN
||‘r. zﬁ: Al
nl Az
-9 s A3
H ! A4
Picture 6
o
TR )
= =
Eer wm ! A2
H HHA3
T Sasi s

Measured values

P1,/3

Measured values

P1/ 4
\45

Measured values

Resulting vectors

Ei: (V;’l,/l’vg’l,/ 2,Vfl’/ 3,?)
32' — (ng,/l’vfz,/z,?,?:
P3=(v%'%,2,2,?
P4=(2,2,2,%
P5=(?,?,?,7

P6=(?,2,2,7

Resulting vectors

Ej_: (Vgl,/l’vgl, /2’\/431, S’V:l,/ 4)
52‘ - (ng,/l’vfzj 2’V5Pz,/ 3 ' ?)
532 (st,/l,vsps,/z'?’?:
P4=(*'12,2,?
P5=(?,?,?,7

P6=(?,2,2,7

Resulting vectors

Ej_: (Vgl,/l’vgl, /Z,Vfl’ s’ \51, 4)

DA — 2/1 ,P2,/2 P2, 3 ,P2/4
P2= (2" vy 2 % P )

P3,/ 2 P3,/ 2

=3 A A .
P3=(V53'/1,¥,?,?‘
2
P4,/1 P4,/1
—_— 1 + l
p4=(u,?’?’?
2

P5=(v;'",?,2,?

P6=(2,2,2,%
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Picture 7 Measured values

ol A3 P3,/3
I I"]—rl B )l4

|

|
1
<

Picture 8 Measured values

=222 I
A2

;@F;:

Picture 9 Measured values

Al
A2

T
T
T
| ML
|
|
=
In
<

Resulting vectors

Ei: (V;’l,/l,v:fl, /2,Vfl’ B’ \51, 4)

P2,/ 4 P2,/ 4

—t V, +V
_ P2./1 2/2 . .,P2RB Ve 7
P2= (2 AR 1)
2
P3,/ 2 P3,/2
— VACEE RV
P3 = (VP3,/1, 5 6 ’VP3,/ 3 ’ r))
4 2 7
P4,/1 P4, L
paz (WU e 5
2 1 V7 IR
P5,/1 P5,/1
. LS '
p5=(X_ V1 500

P6=(V\°'1,2,2,?

Resulting vectors

Ej_: (VzPl,/l’V;l, /Z,Vfl’ 13’ \51, 4)
P2,/ 4 P2, /4

— V, + V.
P2 = (ng,/l’vfz,/z’vgz, B’ 6 2 7 )

P3,/ 2 P3,/2

e V, +V
P3= (Vf3"1, s 5 ’v;>3, /3'V;3,/4)
2

P4/l , P41

— AV V. "

Pa= (e TV ez pars )
P5/1 , \,P5, A

s A0 VAR !

F)5 - ( 6 7 ’VSPS,/ 2’?,?‘

DA — (\P6,/1  P6/2 N
P6=(v " v "°,?,7

Resulting vectors

E]’_: (Vzpl,/l’vcfl, /Z,Vfl’ 13’ \51, 4)

P2,/ 4 P2,/4
55 VAR Vi
P2 = (V;Z,ll’V:’Z,/Z,\/SDZ, B’ 6 7 )
2
P3,/ 2 P3, /2
—_— V ’ +V )
P3= (V:’3,/1’ 5 6 ’V$3, /3'\4»333, A)
2

P4,/1 P4, /1
- AV +V ,
F)4=( 5 6 ’V;’4,/2'\/834, /3’V:4,/4)

P5,/1 5,/1
- V ’ +VP i
P5 — ( 6 7 ,V;S’/ Z,Vg’S,/ 3,?)

DA — 6/1 ,,P6/2  P6/3
P6= (V" Vg™ 0, 2)
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Picture 10

A2
A3

Picture 11

Al
A2
A3

Measured values

Measured values

P6.,/ 4

Resulting vectors

Ei: (V;’l,/l,v:fl, /2,Vfl’ B’ \51, 4)

eXimed

P2,/ 4 P2,/4

Py = (VP2/1 VP2 12 sz BV 2V7 )

P3,/ 2 P3,/2

V +V

P3/1 3,/13 P3, 4

P41, P4 4, B , P44
54:(\/5 + Ve NIERVINE V5 Mo )

2 ! 2

P5,/1, \,P5,/1
oE_ Ve TV P5./ 2 5/3 Voo 4
P5—(—2 N2 ANES R v

P6./3 4 \,P6/3
V +Vv,.
P6 (VP6/1 Vad /2’ 10 ,?)
® 2
Resulting vectors
1 — PL/L P12 1, B 1,
PL= (5 2 A )
P2/ 4 L \/P2,/4
V V
P2 (VP2/1 sz 2 \/’2 3 )
2
P3,/2 , \,P3,/2
V +V
P3 (VP3/1 . ’st,/slvgs, A)

P41, P4, N P4, A 4, 4
oA (Vs TV N 4,13 Vg +V1Po'
P4—(f, . \/D —)

P5,/1, . P5,/1
o — (V6 i P52 \p5 3 5n
PS—(—2 Vg VP \{[;

P6./3 | \P6./3
V +V, '
P6 (VP6/1 Vge 2 10 ,VPG‘M)

2 11
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Picture 12 Measured values Resulting vectors GE')
I HH HAL - P1= (V;l,/l,v:ljl, /Z,Vfl’ B’\gl, 4) ><
A2 P2,/ 4 P2,/4

A3 P2 (VP2/1 VP2 /2 VP2 B V V7 )
A 2
P3,/ 2 P3,/2
Vs + Vs
PS (VP3/1 ,v:3, /3'VEI:3, ll)
2
P4/1 P4, /1 P4, A 4, 4
+yp VAV
P4 ( 6 Y. ;4/2 VP4 /3 )
2 2
P5 /1 P5, /1

+ V.
P5 ( 27 ’8P5/2 VP5/3leOSA

P6/3 P6, /3

P6 = (VP6/1 Vpe 2 Vo + Vi \{Ds 4
1

The result of this scanning process are complete spectra for all object points considered.

Stitching the individual bands of consecutive wedge frames together will only produce a good result if:

The object moves under the sensor perpendicular to the orientation of the wedge bands. Any misalignment can rest
incorrectly stitched images, both spatially and spectrally.

The frame rate at which the camera captures images is in sync with the speed at which the object is moved under tt

Maximum line rate calculation
The highest speed at which the camera can be moved without losing information is the height of a spattral band (in
image to image.
This value multiplied by the maximum frame rate gives the highest number of lines that can be read per second.
Height of a band:
LS100: 8 pixels
LS150: 5 pixels

Maximum frame rate:
Standard xi@BB3.0 camera series: 170 fps @ 8 bit
xiX PCle camera series: 322 fps @ 10 bit
If the staxtp and shutdown phases are not considered, the maximum line rate that can be achieved is:
Height of a band (in pixels) * Frairesats]

lines /s XiQ xiX
LS100 1360 2576
LS150 850 1610

tableB-1, line scan sensors, max. line rate
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Hyperspectral data correction

Xlimed

simplified
camera

¥

RAW image use calibration data

™ / active area, offsets
- Wavelength positions

A _4

de-vignetting / fixed pattern correction
de-noising

napsh I - | |
S apS ' Ot int;r%tlacl}gfion il ||ne Scan
MosalC 1

Spectral correction

L 2

corrected
HSI cube

Data~ spectral correction /snapshot mosaic sensor

These sensors have significantly different degrees of cross talks between neighboring pixels dependént on the angl
rays to perpendicular to the sensor surface.

The response curves are determined during sensor production and stespe ¢ifitheatibnatida The calibration
data are delivered together with the cBlneerasponse curves, which also show the crosstalk between adjacent pixels,
determined with collimated light that falls vertically on the sensor surface.

Qross talks (depending on the setup [camera, lens, aperture, distance to object and illumination]) can lead to change

spectral signature outside the sensor center:
Object Converging

lens at hlgh angleS:

Standard lens:

- . peak shift
U \\\ ,mageJ( band-specific vignetting

Source: aplusphysics.com -
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When using standard VIS-NIR lenses, a significant “vignetting” may occur:

eXimed

The “vignetting” has also an impact on the spectral curves:

=2.8 (recommended aperture from imec) W‘/V\/\ e

Snapshot mosaic 5X5-NIR, 675-975nm, upper left corner upper right corner
Edmund Optics 35mm VIS-NIR lens

Halogen lighting MW\/_/V\/

center

N\M///\’\W/—'—/\“

lower left corner lower right corner

It is recommended to a implement a white image / fixed pattern image correction for each band

This effect can be reduced using (sensor side) telecentric lenses:

Telecentric lenses: \/_‘ ._ No peak shift and

band-specific vignetting

Source: ivent.de

The reference values are measured by capturing images of a diffuse target, which reflects light of all wavelengths al
fabkgf ~iiv+ %> afccr pb2stateckitsh g~k b g”~odbg fp m~togq
This correction step is practically@a belnd f-ccffbi 4 cil*qqob  qf |l k°~ fk obi~qgfl k ql
The cross talks can be corrected by multiplying the raw sensor spectra with a correction matrix.
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9.2. Data~spectral correction / line scan mosaic

Some response curves have two peak wavelength (cannot be eliminated with long or
short pass filters).

response curves /line scan sensor

firstand second harmonics (peak wavelength)

single peak

Some response curves have two peak wavelength (cannot be eliminated with long or
short pass filters).

firstand second harmonics The pOSitiOﬂ of the second
harmonic (peak wavelength)
is not the peak wavelength of
another band.
This effect can be corrected
by a correction matrix.

00

05

n
1

9.3. Requirements for the procedures described here

All following explanations / calculations assume that

+ the sensor is operated in a range of a linear ratio of exposure time to gray value in the RAW image.

All measurements are performed when the sensor is already heated to operating temperature.

I+
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ed

Band specific flat field correction ge
spe

Tocorrect the effect of brightness distribution of the lighting, the influence of the lens (vignetting, gpbeure)

spectral shifts to the corners due to increasing crosstqlkcibaftet field" correcﬁé(\yp can be applied.

Parameter / values:

Oy s Sensor filter area offset x

0, 5 Sensor filter area offset y

Wy Width of the filter area

hg Height of the filter area

Ng Pattern size (height and width) of tHeeFattfiiter pattern

W;* Hg  Spatial resolution (width x heigittapshot mosaic pattern)

2m+1 Size of the center for reference calculation (usually: 10 <= m <= 20)
Xy Center of the spatial resolution, x
Yu Center of the spatial resolution, y
th;’yp Raw value of bddd0-based index) of the snapsbsdic pattern position
Xo, Yp WithO< =X, W, andO< =y, Hg

Xgp’yp Sensor-gosition c)f’xt;,yp (Obased index)
ytx),,,yp Sensor-gosition c)f’xivyp (Obased index)
VA9 Reference value for Hand

b : .
fxp,yp Correction value for pixel / band RA\Aﬁy&Iue

With:

X, = WG

M _g 2
Y = oo

M 8 2

5b 2

b — s N

Xe yo = Oxs X" Ng B gn_ H n,
S

b .. &b

yxp,yp =05 Y Ng &—
éls
Xy tm Yy, 4m
s s b
a abV,
b — X=Xy My ¥ m
. =
re (2m+ 1)2
b
b - Vref
Xp 1 Yp b
’ Xp,Yp

[] GauR bracket notgtionnd down to integer)
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Reflectance calculation

The values read from the sensor is the captured radiance of an object.

Imea

The quantum efficiency (QE) of the sensor (sensor plus interference filter) depends on the WavelengtheRaMce \Z

do not represent the light absorption or reflectance curves of materials used in literature.

In order to eliminate the influence of the entire setup (QE, transmission values of the optical path &all the spatial an

variance of the illumination),-tadlesth reflectance can be calculated.

Basically, the object radiance is divided by a reference radiance. The reference values are measured by capturing i
diffuse target, which reflects light of all wavelengths almost identically. These reflectance ésgdtcasnodiee matt

of barium sulphate.

Due to different brightness levels of the object and the reference target, the exposure (integrationptimed.may be diff

N Number of spectral bands

R= (n,....ry) Reflectance spectrum (vebtogimensional

éo =0y Q) Radiance spectrum (vector) of thd\bbjirtensional

éRef = (/‘ e K ) Radiance spectrum (vector) of the white refereNcedtergesional
to Exposure time of the object spectrum

[P Exposure time of the reference spectrum

R= ( [ ) is calculated as:

_ 0| tRef
rh=——
rts

The black value of the X@$peteras is usually set in such a way that it is not necessary to consider black images (whe

camera is closed) for the reflectance calculation.

If dark images are to be used in the calculation after all, this can be achieved by using two dark images:

N — (A0 o}
Do = (dl ""’dN ) Dark image radiance spectrum, exposure time of the object spectrum

~ —_ Ref Ref
Drer = (dl ""’dN ) Dark image radiance spectrum, exposure time of the reference spectrum

R= ( Lyeensly ) is then calculated as:

_ 0-d° te
ri - _ dRef
ri i t‘O

For the calculation of the reflectance, the band djgddifiorilattion described above can be omitted.
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Spectral correction / Correction matrix

The application of this spectral correction requires a previously performed reflectance calculation

Xlimed

Please note that the number of the generated (so called virtual) bands in the spectrum may vary depending on the ¢
filter set used. As mentioned before: In some cases, the peak wavelengths are very close, the response curves ove
complety.

In such cases, one effective spectral band will be generated to allow quantitative analyses. The number of spectral |
contained in the corrected spectrum can therefore be lower than the number of pixels in the sensor pattern.

Ns Number of bands on the sensor surface
Nc Number of the (virtual) bands in the corrected spectrum

M N Ns Correction mathik™e'™s with N rows andg columns
SS Uncorrected (reflectance / sensor) spectrum (J&gteterwéhts

SC Corrected spectrum (vectorN@'thelements

S is calculated as:

§ — MNC3 Ng 3§

Please note:

The elemem{%,n in § = (/ ) are sorted by wavelength.

TITITIY A

/

The elementss , in S, = (/ sy

S1rvees ) are sorted by their sensor pattern position (index+1) (!) to use the regul

correction math&" ™ (stored in the calibration file).

If SS is sorted by wavelength either the eIerS@ruslime columnshih ™’ s musbe resorted!
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Example correction data / virtual bands (part of the sensor calibrations files): D

Nc (virtual) bands of the corrected spectrum are defined in the section <correction_matrix> in the sensor;zﬁbratic

<correction_matrices>
<correction_matrix é >

<virtual_bands>
<virtual_band ée >

<wavelength_nm> /V’1 </wavelength_nm>
<fwhm_nm> Vv 1 </fwhm_nm>

<coefficients nr_elements=" NS" val ue sflf (‘)f1’2 fl’a . fl,NS o />

</virtual_band>
<virtual_band é >
<wavelength_nm> /v,2 </wavelength_nm>

<fwhm_nm> V 2 </fwhm_nm>

<coefficients nr_elements=" NS" val u esffvp f2,2 f2’3 . fZ,NSG />

</virtual_band>

<virtual_band é >

<wavelength_nm> /V’3 </wavelength_nm>
<fwhm_nm>|/ 3 </fwhm_nm>

<coefficients nr_elements=" NS" val u esfgp f3’2 f3y3 . f3YNSﬁ />

</virtual_band>

<virtual_band é >

<wavelength_nm> / v,Ng </wavelength_nm>
<fwhm_nm>V/ N, </fwhm_nm>

<coefficients nr_elements=" NS" valu eJN_(;,? ch,2 fNCvs . ch~Nsé />

</virtual_band>
</virtual_bands>
</correction_matrix>
</correction_matrices>
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The correction matrix is:

Xlimed

;&e /PR PR SR P

@y faz faa w o fa

MU =St fas e g
%..

%NCJ froz fas = o« fan

Uncorrected (sensor) spectrum;

The elemen{ssyn in SS are sorted by their sensor pattern:position

1 |2

So=(/ s fs )

Corrected spectrum

The elemem[sC,n in SC are sorted by wavelength. These wavelengths are the peaks of the virtual bands (see the exe

correction matrix / virtual bands above).

S=M¥" /g k) E G o4) Ivirtual band peak
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10.

qu)
Development: é
nd ir

A software solution must be used / developed that is able to acquire the RAW data from the camera and r
calibration date. An API/SDK to acquire the RAW data and control the camera is available for free. Pleasem that
softvare components or own image processing is required tosgeadsats/ peespectral cubes.

10.1. API / SDK / drivers:

Our API / drivers etc. are available for download for free:
Most recent beta versitips://www.ximea.com/support/documents/14
Stable version (and LINUX / Mac@8di#esuww.ximea.com/support/documents/4
Link to our ARttps://www.ximea.com/support/wiki/apis/APls
C/C++ manuhbltps://www.ximea.com/support/wiki/apis/XiAP1_Manual
C# manual: https://www.ximea.com/support/wiki/apis/XiAPINET_Manual
Part of the driver/API is the standard viewer xiCamTool.

>cgbo fkpg?rii~rgflk I c gqeb >MF vIir$ii cfka pljb p”*jm
C\XIMBExamples (Windows):

ExampleiSample C: how to start

Exampi8ourcasiAPI C#: how to start

Please do not use MONO modes. Only RAWS8 or RAW16 will deliver the original sensor data. MONOS8 / MONO16 i
processed format. Please note

https://lwww.ximea.com/support/projects/apis/wiki/XiApi_Manual#X|_PRM_IMAGE_-DA g daGiRiviAdt

You can set the output bit depth using:
https://lwww.ximea.com/support/projects/apis/wiki/XiApi_Manual#Xl_PRM_SENSOR_DAA_BIT_DEPTH
sensor_bit_depth
https://www.ximea.com/support/projects/apis/wiki/XiApi_Manual#Xl_PRM_OUTPUT_DAFA _BIT _DEPTH
output_bit_depth
https://lwww.ximea.com/support/projects/apis/wiki/XiApi_Manual#Xl_PRM_IMAGE_DASA_BIT_DEPTH
image_data_bit_depth

It is recommended to use the data packing to increase the transfer speed in case of a bit depth of 10 or 12 bits.
If you need to change the exposure time dogacpjioglease use the parameter

https://lwww.ximea.com/support/projects/apis/wiki/XiApi_Manual#Xl_PRM_IMAGE_DAGA_BIT_DEPTH
image_data_bit _depth
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https://www.ximea.com/support/documents/14
https://www.ximea.com/support/documents/4
https://www.ximea.com/support/wiki/apis/APIs
https://www.ximea.com/support/wiki/apis/XiAPI_Manual
https://www.ximea.com/support/wiki/apis/XiAPINET_Manual
https://www.ximea.com/support/wiki/apis/XiAPI_Manual#XI_PRM_IMAGE_DATA_FORMAT-or-imgdataformat
https://www.ximea.com/support/projects/apis/wiki/XiApi_Manual#XI_PRM_SENSOR_DATA_BIT_DEPTH-or-sensor_bit_depth
https://www.ximea.com/support/projects/apis/wiki/XiApi_Manual#XI_PRM_SENSOR_DATA_BIT_DEPTH-or-sensor_bit_depth
https://www.ximea.com/support/projects/apis/wiki/XiApi_Manual#XI_PRM_OUTPUT_DATA_BIT_DEPTH-or-output_bit_depth
https://www.ximea.com/support/projects/apis/wiki/XiApi_Manual#XI_PRM_OUTPUT_DATA_BIT_DEPTH-or-output_bit_depth
https://www.ximea.com/support/projects/apis/wiki/XiApi_Manual#XI_PRM_IMAGE_DATA_BIT_DEPTH-or-image_data_bit_depth
https://www.ximea.com/support/projects/apis/wiki/XiApi_Manual#XI_PRM_IMAGE_DATA_BIT_DEPTH-or-image_data_bit_depth
https://www.ximea.com/support/projects/apis/wiki/XiApi_Manual#XI_PRM_IMAGE_DATA_BIT_DEPTH-or-image_data_bit_depth
https://www.ximea.com/support/projects/apis/wiki/XiApi_Manual#XI_PRM_IMAGE_DATA_BIT_DEPTH-or-image_data_bit_depth

Access to the sensor calibration files

IMEC measures every/iyyperspectral serssat xiSpcamerandividually. The resulting calibration files will be detivered

together with the sehsamera.

XETEed

XIMEA stores the calibrationtfilefiiénsystem of the camera. The files can be read using API functions. Additionally, th
calibration files are delivered orstidiSBe calibration files in the camera file system are stored zipped.

File name schematics

Thefilename structise
CMV2KType<W-Rangex<SENSerNr>.xml
Type: sensor type:

SSM4x4 Snapshot mosaiattern siZex4, 16nterference filters
SSM5x5 Snapshot mosaiattern sizx5, 25nterference filters
(Ls100 Line scan, 100 bands-NliRcontinued)

LS150 Line scan, 150 bands VISNIR

WRange: Active wavelength range:

470_620 SM4x4/IS2 camera
460 600 SM4x4/1S3 camera
595 860 SM4x4 RN2 camera
665_975 SM5x5 NIR2 camera
600_1000 LS1I0WNIR2

470_900 LS150/N2

SENSerNr: Sensor serial number
4 numbers, separated by dots, e.g4.2.16.0

Examples for valid filenames:
CMV2IsSM5x665_9751.2.3.4.xml
CMV2IsSMx4-460_6061.2.3.4.xml
CMV2KS158170 900-1.2.3.4.xml
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File storing in the file system D
There is exactly one calibration file for aheat®pac The calibration file is stored zipped in the file system of tgamer
To simplify access, the same file name is always used: ><

hyperspectral_cal_data

For some first cameras of the2d®pes, other file names were used for the calibration files: the file names as describe
chaptet0.2.1File name schemaiiith the file extension *.zip, example:

CMV2Is§SM4x470_6260.2.4.1%ip

To remain compatible with previous implementations and to support the possibility of future extensiansabf the conce
file with mapping information is stored:

sens_calib.dat

Directory of the file system, Example:
Directory of 'mmf1/*

13-Jan-2021 12:11:58 63016 hyperspectral_cal_data
13-Jan-2021 12:11:58 1 69 sens_calib.dat
2 files

63185 bytes

Mapping infeens_calib.dat

Thefilesens_calib.dastored in XMarmatThe XSD structure is listed in ApBehdalibration file mapping XML
Schema V1.0.1

The ontent of the file sens_calib.ddtanslation tabM&C calibration file namdile name in cameras file system
<file_name> is the name of the calibration file

<file_link> is the name of the file in the file system

Example:

<calibrations>
<calibration>
<file_name>CMV2K - SSM4x4 470 620 - 9.2.4.11.xml</file_name>
<file_link> hyperspectral_cal_data <ffile_link>
</calibration>
</calibrations>
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API| implementation

API function to get the sensor serial number which is used to build the file name
C/C++

char sensor_sn [100] = #fAo;
xiGetParamsString(xiH, XI_PRM_DEVICE_SENS_SN, sensor_sn, 99);

.NET

String xi_sensor_sn;
xiH.GetParam(PRM.DEVICE_SENS_SN, out xi_sensor_sn);

API function to read files from the file system

C/C++
Set the file name to be used
char  xi_filename[MAX_PATH]="sens_calib.dat"; Ile.g.

xiSetParamString(xiH, XI_PRM_FFS_FILE_NAME, xi_filename, sizeof (xi_filename));

Read a file

#define BUFFER_LENGTH 1024000

char  *buffer_InOut;

int i_filelength = 0;

buffer_InOut = (char*) calloc(BUFFER_LENGTH, 1);

xiGetParamsString(xiH, XI_PRM_READ_FILE_FFS, buffer_InOut, BUFFER_LENGTH);

.NET

Set the file name to be used

String internalFileName_used,;
internal Fil eName_used = ffegns_calib.dato;
xiH.SetParam(PRM.FFS_FILE_NAME, internalFileName_used);

read a text file:
String buffer;
buffer =",
xiH.GetParam(PRM.READ_FILE_FFS, out buffer);
fileLength = buffer.Length;

read a binary file-(ziptainer)
int file_size = xiH.GetParamInt(PRM.FFS_FILE_SIZE);
byte[] bufferZipped = new byte[file_size + 1];
xiH.GetParam(PRM.READ_FILE_FFS, out bufferZipped, out file_size);
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API functions to read the directory from the file system

Example code to get the info about the files in the file system:

.NET

class DirectoryEntry

{
public string name;
public int size;

}

List<DirectoryEntry> directory = new List<DirectoryEntry>();

int free_ffs_size, used_ffs_size, maxID_directory;
myCam.GetParam(PRM.FREE_FFS_SIZE, out free_ffs_size);
myCam.GetParam(PRM.USED_FFS_SIZE, out used_ffs_size);

int maxID_directory = myCam.GetParam(PRM.FFS_FILE_ID _MAX);

for (int ii=0; iix=maxID_directory; ii++)
{
DirectoryEntry directoryEntry = new DirectoryEntry();

myCam.SetParam(PRM.FFS_FILE_ID, ii);
string buffer = myCam.GetParamString(PRM.FFS_FILE_NAME)
int fileLength = myCam.GetParamInt(PRM.FFS_FILE_SIZE) ;

directoryEntry.name = buffer;
directoryEntry.size = fileLength;
directory.Add(directoryEntry);
}
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Example .NET project to read the calibaation dat

The XML Schemas can be used to generate directtfassalsleasiyg e b k*j bp m” " b uf E
xsd sens_calib.xsd /c /f /n:xiHsi
xsd HSI_calibration_V2.0.1.xsd /c /f /n:xiHsi
Prepare a new Visual Studio project:
Framework .Net Framework 4.7.2
Activate framework reference:
AssemblfEramewdystem.lO.Compression
Add a new refereticget access to XIMEAs camera API:
BrowseiAPI.NET64.dIl
path C\XIMBAPKIAPI.NET.FrameworRd4Ap2 NETX64.xml
Change a program property:
Build: Platform:  x64
namespace xiHsi {
using System.Xml.Serialization;
I/l c# - classes generated from the XML - Schemas:
public partial class Calibrations { ¢é }
public partial class Sensor_Calibration { é }
}
é
using System.|O;
using System.|O.Compression;
using System.Xml.Serialization;
using xiApi.NET;
é .
Sensor_Calibration sensor_calibration;
xiCam xiH = new xiCam(); ;
xiH.OpenDevice(0); /I first camera in enumeration
xiH.SetParam(PRM.FFS_FILE_NAME, "sens_calib.dat");
xiH.GetParam(PRM.READ_FILE_FFS, out string sens_calib_buffer);
XmiSerializer serializer_Cal = new XmlSerializer(typeof(Calibrations));
Calibrations calibrations
= (Calibrations)serializer_Cal.Deserialize(new StringReader(sens_calib_buffer));
xiH.SetParam(PRM.FFS_FILE_NAME, calibrations.calibration[0].file_link);
int file_size = xiH.GetParamInt(PRM.FFS_FILE_SIZE);
byte[] bufferZipped = new byte[file_size + 1];
xiH.GetParam(PRM.READ_FILE_FFS, out bufferZipped, out file_size);
ZipArchive archive = new ZipArchive(new MemoryStream(bufferZipped));
ZipArchiveEntry entry = archive.Entries[0];
String calibration_buffer = (new StreamReader(entry.Open())).ReadToEnd();
XmiSerializer serializer = new XmlSerializer(typeof(Sensor_Calibration));
sensor_calibration
= (Sensor_Calibration)serializer.Deserialize(new StringReader(calibration_buffer));
xiH.CloseDevice();
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At the end tife manufacturing process, the sensor, the bandpass filter and the entire camera (together wit
lenses) are calibrated checked against the targets and maximum tolerances as d€ifiteadamteamera
modeld Filter layouts / camera models

QU]

D

Measurement protocol M%
[eCol

>

The result is cameras that can be used as spectral measurement instruments.

Each camera is accompanied by a measurement protocol showing the comparison of spectral curves of the camers
resolution point spectrometer. Standardized color measurement cards are used for the measurement:

File name conventfonghe different models:
Ximea_kayout>< WRange_<NrBands> imeedesr_<CameraSerNr>_<SensorSerNr>.pdf
<Layout> Layout of the Interference filter
shapshot  snapshot mosaic sensor / camera

linescan line scan sensor / camera
<W-Range>: Wavelength range

VIS visible light

RedNIR Red and NIR

NIR NIR

VNIR Visible light to NIR
<NrBands>: Number of spectral bands (after spectral correction)
<imeedescr> imec internal sensor description

<CameraSerNr>: Camera Serial number
<SensorSerNr>:  Sensor serial numbenimbers, separated by dot4,21kH.0

Example (SM4XM2 camera model):
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