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Euclid NISP Signal Estimator
A challenging problem, an analytical solution, and its implications
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NISP instrument: survey operation (Battaglia+24)

● Spectrometric:   4 × MACC(15,16,11) // 550 s
● Photometric:    12 × MACC(4,16,4) // 87 s

10 deg2/day = 20 ROS/day → 320 NISP obs/day
Focal plane:               16 × 2048 × 2048 pixels/obs
Total data volume:     20000 Gbit/day
Requirement:             290 Gbit/day

What should be done? 

Reference Observation Sequence (ROS) // 1.5 h

(Gillard+24)

Region of Interest ( >15000 deg2)

   A challenging problem…
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>2000 
frames/day  

Raw Data Volume

290 
Gbit/day

Downlinked
 Data VolumeTM budget

640 
frames/day

NISP Signal 
Detection Chain

   An analytical solution…

NISP instrument meets the stringent operational and scientific requirements 
thanks to an ad-hoc hardware-software architecture.



NISP Signal Detection Chain: the hardware
NISP Warm electronics

E
uc

li
d/

N
IS

P
 S

ig
na

l D
et

ec
ti

on
 C

ha
in

Data Processing Units

Instrument 
Control Unit

NISP Focal plane (4 x 4 H2RG detectors)

   An analytical solution…

NISP SIDECAR ASIC electronics Medinaceli+20Barbier+18
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Data Processing Units

   An analytical solution…
NISP Signal Detection Chain: the software

NISP Warm electronics

Kubik+16

NISP Onboard Data Acquisition and Processing
Readout noise attenuation

Common mode noise correction

Signal correlation attenuation

Analytical signal measurement

Analytical goodness-of-fit estimate 



Key Processing Parameters:
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ΔGi Difference of Groups [electrons]

Signal Sampling Properties:
ng = Number of Groups
nf = Number of Frames
nd = Number of Drops

Pixel Properties:
 fe = Conversion Gain [e-/ADU]
σR = Readout Noise [e-]

NISP Onboard Data Acquisition and Processing

“Processing each of the 67 × 10⁶ NISP px/obs at 1.5 × 10⁶ km from Earth, aboard Euclid ”

Readout noise attenuation

Common mode noise correction

Signal correlation attenuation

Analytical signal measurement

   An analytical solution…

Kubik+16, Cogato+26



“What level of accuracy does the NISP signal estimator achieve?”
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To optimize satellite’s resources NISP onboard processing applies a single
detector-average readout noise (σDPU) to each detector array (2040x2040 px)

Data Processing Approximation

Readout Noise [electrons]
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Key Processing Parameter

NISP 
Signal Estimator

σR = Readout Noise [electrons]

∝ Pixel Properties

   And its implications…

Cogato+26



From Data Stream to Scientific Data

LE1

NIR

VIS

MER

SIR

SPE

PHZ

SHE

LE3
Science
Working
Groups

We focus on 
NISP Raw Data
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   And its implications…
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NISP LE1 Raw Data

750 × 750  pixel2 

Control Sample
RAW LINE

16 × 2040 pixels/obs

Onboard Data
NIR SCI

16 × 2048 × 2048  pixels/obs
A

cc
um

ul
at

ed
 C

ha
rg

e 
[e

le
ct

ro
ns

]

Time [s]



“What level of accuracy does the NISP signal estimator achieve?”
Comparison with un-weighted Least Square Fit of UTR frames
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In-flight analysis:
NISP Signal Estimator

On-ground analysis: 
Least Square Fittingvs.

RAW LINE

   And its implications…

Cogato+26



In-flight analysis:
NISP Signal Estimator

On-ground analysis: 
Least Square Fittingvs.

“What level of accuracy does the NISP signal estimator achieve?”
Comparison with un-weighted Least Square Fit of UTR frames
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   And its implications…

Cogato+26



NISP Flight Data (8 months of Euclid Wide Survey)  
~ 5000 exposures/passsband

“What level of accuracy does the NISP signal estimator achieve?”
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Near-infrared zodiacal background 
Photo-Spectrometric  ~  1 e–/s

|| sys-σR ||  <  0.01  e–/s (99% pixels)

   And its implications…

Cogato+26
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Impact of the NISP signal estimator bias on the accuracy of the spectroscopic flux calibration

SpectroMACC: |𝛿f| < 0.5%
At 1 e/s, the NISP signal estimator bias increases the 

total uncertainty budget (RMSE) at the sub-percent level:

RGE:  0.6% → 0.8%
BGE:  1.4% → 1.5%

Gabarra+(in prep.)

Emission line map
11000 Å

NISP spectroscopic scientific performance

   And its implications…
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Copin+25



Key Processing Parameters:
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Signal Sampling Properties:
ng = Number of Groups
nf = Number of Frames
nd = Number of Drops

Pixel Properties:
 fe = Conversion Gain [e-/ADU]
σR = Readout Noise [e-]

NISP Onboard Data Acquisition and Processing

“Processing each of the 67 × 10⁶ NISP px/obs at 1.5 × 10⁶ km from Earth, aboard Euclid ”

Readout noise attenuation

Common mode noise correction

Signal correlation attenuation

Analytical signal measurement

Analytical goodness-of-fit estimate 

   An analytical solution…

Kubik+16, Cogato+26



“How should the NISP Quality Factor be interpreted?”
The NISP QF quantifies the deviation from ideal linear signal integration.

● Persistence signal and other anomalous behaviours, e.g., bad pixels.  
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~  𝛘2[dof = (ng- 1)  - 1]

   And its implications…

400 × 400 pixel 
Horsehead Nebula

Signal measurement (ΔGᵢ)
Signal parameter (g)



“How should the NISP Quality Factor be interpreted?”
The NISP QF quantifies the deviation from ideal linear signal integration.

● Solar energetic particles and other artefacts
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2040 × 2040  pixel2 2040 × 2040  pixel2 

   And its implications…

~  𝛘2[dof = (ng- 1) - 1]
Signal measurement (ΔGᵢ)

Signal parameter (g)
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Acquisition Mode
Photometric MACC(4,16,4)

Signal integration variance:
Incident flux [e/s]
Readout noise [e]
Conversion gain [e/ADU]

Input Parameter

NISP Signal Estimator 
 NISP Signal + Quality Factor

2040 × 2040 px

“How should the NISP Quality Factor be interpreted?”

Median over 
500 synthetic exposures

Nominal
No readout noise approx 

   And its implications…

“How should the NISP Quality Factor be interpreted?”
A MonteCarlo analysis of NISP QF behaviour

Cogato+26



E
uc

li
d/

N
IS

P
 Q

ua
li

ty
 F

ac
to

r

Median over 
500 synthetic exposures

Nominal
No readout noise approx. 

NISP readout noise approx.
DPA 

Signal integration variance:
Incident flux [e/s]
Readout noise [e]
Conversion gain [e/ADU]

Input Parameter

2040 × 2040 px
   And its implications…

“How should the NISP Quality Factor be interpreted?”
A MonteCarlo analysis of NISP QF behaviour

Cogato+26
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Expected (MC):   QF(10) = 1.31 % of pixels at 1 e/s

   And its implications…

“How should the NISP Quality Factor be interpreted?”
The NISP QF marks every pixel whose signal integration deviates from linear behavior.

Cogato+26

NISP Flight Data: QF(10) = 2.59 % of pixels at 1 e/s
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Theoretical (2.7σ clip):       χ2(2, 10) = 0.67% of pixels 
Expected (MC):            QF(2, 10) = 1.31 % of pixels
Measured (Flight Data):   QF(2, 10) > 3 % of pixels
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   And its implications…

“How should the NISP Quality Factor be interpreted?”
The NISP QF marks every pixel whose signal integration deviates from linear behavior.

Photometric MACC(4,16,4) → χ2(2)

Cogato+24



E
uc

li
d/

N
IS

P
 L

es
so

ns
 L

ea
rn

ed
Lessons Learned on NISP Signal Estimator and Quality Factor

Working in the ΔGᵢ space (Difference of signal groups) reduce signal UTR correlations, resulting in a three-diagonal 
covariance matrix.
However:
● The analytical solution for accurate and precise signal estimation requires several assumptions/approximations:

○ Diagonal approximation, neglect off-diagonal covariance terms.

Onboard data processing was essential for enabling NISP to observe ⅓ of the sky in 6 years w/ 0.3-arcsec resolution. 
However:
● Detector gain and readout noise must be carefully characterized on ground to accurately model the in-flight 

behavior of each pixel in the focal plane.
● The Data Processing Approximation (pixel maps → detector-average) is acceptable, provided the appropriate 

average is selected…

The NISP Quality Factor is a powerful tool for monitoring data quality and detecting various types of anomalies. 
However:
● By construction, it is affected by the same bias that impacts the NISP signal estimator, so it must be handled 

and corrected accordingly.
● Since it flags signal integration anomalies, recovering the true pixel signal is impossible (maybe it’s “just” 

difficult and Monte Carlo simulations may help address this).
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Advertisement on NISP Signal Estimator and Quality Factor

If you are designing a new infrared telescope, there are at least three reasons to integrate the 
NISP signal estimator framework into the data processing chain. 

1. In flight, it provides accurate signal estimation (together with data-quality control) while 
significantly reducing the total raw data volume. 

2. On the ground, it accelerates signal processing and provides a robust goodness-of-fit 
estimator that helps identify a wide range of anomalies, which can then be handled later in 
the processing pipeline. 

3. Looking ahead, there is always room for improvement – perhaps another paper will join the 
legacy:

Kubik et al. 2016, Cogato et al. 2026, ??? et al. <2036 ?
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Presented by  Fabrizio Cogato on behalf of Euclid Consortium
IRIS workshop 2026 / INAF – OAS Bologna

Euclid NISP Signal Estimator
A challenging problem, an analytical solution, and its implications

Thanks for listening!

contact: fabrizio.cogato@inaf.it
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Spectroscopic MACC(15,16,11)

NISP Signal [ADU]

N
IS

P 
Q

ua
lit

y 
Fa

ct
or

QF non–linearity characterization:

   log(QFNL) – log(QFLIN) = Poly(SIGNAL)

QF non–linearity correction: 

   QFCORR = QF ⋅ 10 – Poly(SIGNAL) 

Corrected QF distribution is expected to be:
 χ²–like!

     Impact of signal non-linearity on the NISP Quality Factor 
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“How should the NISP Quality Factor be interpreted?”
The NISP QF is statistically equivalent to 𝛘2(ng-2) distribution

2.7σ clip

χ2(2, 10) = 0.67% of pixels (2.7σ clip)
NISP readout noise approx.

1 e/s → QF(10) = 1.31 % of pixels
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NISP SIDECAR ASIC electronics NISP Warm electronicsNISP Focal plane (4 x 4 H2RG)
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Analogue                →                  Digital

(Barbier+18)



NGC6543 (Cat’s Eye Nebula)
Credits: ESA/NASA/Euclid Consortium

Read Out Integrated Circuit

ROIC

NOT TO SCALE
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NIR photon

photoelectric interaction
photo–electron
photo–hole

PIXEL
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“How should the ramp slope be estimated?”

(Adapted from Mosby+20)
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Multi–Accumulated Mode

MACC( ng , nf , nd )
ng = Number of Groups
nf = Number of Frames
nd = Number of Drops

  
Up The Ramp Sampling MACC( 4 , 16 , 4 )

“Well, it’s just a straight line!”
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Up The Ramp Sampling MACC( 4 , 16 , 4 )
Groups Co-adding Gi

“Well, it’s just a straight line!”
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Up The Ramp Sampling MACC( 4 , 16 , 4 )
Groups Coadding Gi

Groups Difference ΔGi

“Perhaps a straight horizontal line would be better.”
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ΔGi Difference of Groups [electrons]
    fe Conversion Gain [electrons/ADU]

               σR Readout Noise [electrons]
    ng    nf    nd Number of groups, frames, drops

Full details presented in Kubik+16, Cogato+26

Euclid’s NISP Signal Estimator
Signal integration analytical model

  
Up The Ramp Sampling MACC( 4 , 16 , 4 )
Groups Coadding Gi

Groups Difference ΔGi

“Perhaps a straight horizontal line would be better.”
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“Ok, now we know how to perform an analytical horizontal-line fit…”
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NISP Signal

NIR Science Raw Data [SCI]

750 × 750  pixel2 



NISP Quality Factor
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“…and derive an analytical measure of the goodness of fit!”
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NIR Science Raw Data [SCI]

𝛘2

750 × 750  pixel2 

NIR Data Quality [DQ]

750 × 750  pixel2 



Copin+25

Astrophysical flux densityNISP Spectroscopic Sensitivity Curve

“What level of accuracy does the NISP signal estimator achieve?”
Impact of the NISP signal estimator bias on the accuracy of the spectroscopic flux calibration
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Total flux within each spectral bin → 

Flux within central detector pixel   → 

Flux fraction for a 2D Gaussian distribution   → 

Assuming a typical galaxy w/
angular size of 0.5 arcsec,  σ = 0.9 detector pixels 



   nisp-sci-cal-support                                                                                                              NISP flux calibration accuracy and detectors properties                                                                                                                                                                                                        

Impact of the NISP signal estimator bias on the accuracy of the spectroscopic and photometric flux calibration

=  Flux within central detector pixel 

Astrophysical flux densityAssuming a typical galaxy with an angular size of 0.′′5, 
the spatial profile of the signal can be approximated by a 
2D Gaussian with σ = 0.9 detector pixels (Copin+25)

=  Total extracted flux 

Cogato/PhDThesis



“What level of accuracy does the NISP signal estimator achieve?”
Impact of the NISP signal estimator bias on the accuracy of the spectroscopic flux calibration
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SpectroMACC: |𝛿f| < 0.5%

At 1 e/s, the NISP signal estimator bias increases the total 
uncertainty budget (RMSE) at the sub-percent level:

RGE:  0.6% → 0.8%
BGE:  1.4% → 1.5%

Cogato/PhDThesis
Gabarra+(in prep.)

NISP YE NISP BGE VIS + NISP BGE

Emission line map
11000 Å



   nisp-sci-cal-support                                                                                                              NISP flux calibration accuracy and detectors properties                                                                                                                                                                                                        

Impact of the NISP signal estimator bias on the accuracy of the spectroscopic and photometric flux calibration

Following Schirmer+22, and assuming that the total source flux is collected within a single detector pixel, the 
apparent AB magnitude as a function of the instrumental count rate can be expressed as:

PhotoMACC: |𝛿ne| < 1%

According to Schirmer+22, the dominant contribution to the uncertainty on the NISP photometric zero point arises from 
uncertainties in the detector quantum efficiency curves, amounting to  ± 0.05 mag.
The total uncertainty on the zero point calibration can therefore be expressed as:

                NISP average zero-point = 25 mag
Cogato/PhDThesis



   nisp-sci-cal-support                                                                                                              NISP flux calibration accuracy and detectors properties                                                                                                                                                                                                        

Impact of the NISP signal estimator bias on the accuracy of the spectroscopic and photometric flux calibration

The impact of the NISP bias can also be evaluated in terms of the absolute photometric flux calibration. 
Converting the zero point magnitude into flux units:

At 1 e/s, this corresponds to a reference zero point of about 0.3 μJy. 
A 1% bias in the measured count rate translates into a variation of 0.003 μJy.

This effect is well below the 5% accuracy requirement on the NISP near-infrared absolute flux calibration. 

Polenta+25



Reference Signal      Least Squares Fitting (LSF) of Averaged Groups (16 co-added raw frames)

NISP DPU–measured Signal

AP approximation Bias                                                              vs.

   nisp-sci-cal-support                                                                   Euclid’s first year of operation. Performance of the NISP signal estimator                                                                                                                                                                                                        

NISP Signal. Averaged–Parameter (AP) approximation



   PhD Yearly Evaluation A.A. 2023/2024                                                                                                Euclid’s first year of operation. Properties of the Near Infrared signal                                                                                                                                                                                                                 

NISP Data Processing: the Averaged–Parameter (AP) approximation
Case Study. Spectroscopic MACC(15,16,11)

• DARK CURRENT

NISP instrument @ LAM

Filte
r W

heel Shutter

Master Dark (500 images stack)

Raw Line (2040 pixels)



   PhD Yearly Evaluation A.A. 2023/2024                                                                                                Euclid’s first year of operation. Properties of the Near Infrared signal                                                                                                                                                                                                                 

NISP Data Processing: the Averaged–Parameter (AP) approximation
Case Study. Spectroscopic MACC(15,16,11)

• DARK CURRENT
Master Dark (500 images stack)

Raw Line (2040 pixels)

Averaged over 800 exposures/detector

99% pixels



   PhD Yearly Evaluation A.A. 2023/2024                                                                                                Euclid’s first year of operation. Properties of the Near Infrared signal                                                                                                                                                                                                                 

NISP Data Processing: the Averaged–Parameter (AP) approximation
Case Study. Spectroscopic MACC(15,16,11)

• ZODIACAL BACKGROUND (Scientific Images)

NISP instrument @ LAM

Grism
 W

heel

RGS000 exposure (not calibrated)

Raw Line (2040 pixels)

Red Grism 
(slitless spectroscopic)



   PhD Yearly Evaluation A.A. 2023/2024                                                                                                Euclid’s first year of operation. Properties of the Near Infrared signal                                                                                                                                                                                                                 

NISP Data Processing: the Averaged–Parameter (AP) approximation
Case Study. Spectroscopic MACC(15,16,11)

• ZODIACAL BACKGROUND (Scientific Images)
RGS000 exposure (not calibrated)

Raw Line (2040 pixels)

Averaged over 5800 exposures/detector

99% pixels



   PhD Yearly Evaluation A.A. 2023/2024                                                                                                Euclid’s first year of operation. Properties of the Near Infrared signal                                                                                                                                                                                                                 

NISP Data Processing: the Averaged Parameterization approximation

DARK



   PhD Yearly Evaluation A.A. 2023/2024                                                                                                Euclid’s first year of operation. Properties of the Near Infrared signal                                                                                                                                                                                                                 

NISP Data Processing: the Averaged Parameterization approximation

ZODIACAL BACKGROUND


