
Advanced LIGO O3 Calibration
Ling Sun, LIGO Excellence Award Talk, Feb 2020 @ MIT 

DCC-G2000234

Source: GIPHY



Agenda

• Why is calibration important 

• How does calibration work 

• Understanding systematics and uncertainties 

• O3 improvements and future perspectives

2



Agenda

• Why is calibration important 

• How does calibration work 

• Understanding systematics and uncertainties 

• O3 improvements and future perspectives

3



• Need to cancel the signal and 
keep the detector in null range 

• Quadruple pendulum 
suspension systems 

• Active seismic isolation systems 

• Not enough — DARM 
displacement must be further 
controlled!

Calibration pipeline produces h(t)

C. Cahillane et al. 2017 PRD 96, 102001

Differential arm (DARM) control system

4

DARM displacement:



Impact on estimating source properties

Abbott et al. PRL 121, 161101 (2018) 5

• Further improved instrumental 
calibration could improve 
constraints on NS EoS

• Calibration magnitude affects the estimation 
of luminosity distance 

• Phase response affects the estimation of 
intrinsic source properties, e.g., chirp mass 

Abbott et al.  
PRX 9,031040 (2019)



Impact on cosmology and high-redshift events

Credit: C. Messenger
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• Correlated calibration 
systematic errors impact 
H0 measurement 

• Calibration systematic errors and 
statistical uncertainties impact 
the horizon distance, source-
frame masses, rates, especially at 
high redshift
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How does calibration work?

B. P. Abbott, et al. 2017 PRD 95 062003

Recover me!

Differential arm (DARM) control loop

�Lfree(t) =
1

C(t) ⇤ derr(t) +A(t) ⇤ dctrl(t)
<latexit sha1_base64="m/VPWzf+xPrbkhV9OYQd1ZzFmeU="></latexit>

�Lfree(f) =
1

C(f)
derr(f) +A(f)dctrl(f)

<latexit sha1_base64="4jdPMQK2/jXEATle2KD+i6qQIHQ="></latexit> 8Sensing

High freq Low freq

Actuation



Detector’s response function

B. P. Abbott, et al. 2017 PRD 95 062003
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We can define a response 
function by writing h(t) in 
terms of the error signal derr

Calculate h(t) bypassing 
digital filter D

3994.xxx m +/- (~ mm) Response function

R̃(f) =
1

C̃(f)
+ Ã(f)D̃(f)

<latexit sha1_base64="EaDRXDyxxm7BI+sdHZdNKEgNpBE=">AAACJ3icbZBLS8NAEMc39VXrK+rRy2IRKkJJpKIXpVoPHqvYBzShbDabdunmwe5GKCHfxotfxYugInr0m7hpc9DWgYXf/GeG2fk7EaNCGsaXVlhYXFpeKa6W1tY3Nrf07Z22CGOOSQuHLORdBwnCaEBakkpGuhEnyHcY6TijRlbvPBAuaBjcy3FEbB8NAupRjKSS+vqFJSlzSXKXVrxDeA4tjyOcmGmS641MT4/y7DLLcr7OuK+XjaoxCTgPZg5lkEezr79abohjnwQSMyREzzQiaSeIS4oZSUtWLEiE8AgNSE9hgHwi7GRyZwoPlOJCL+TqBRJO1N8TCfKFGPuO6vSRHIrZWib+V+vF0juzExpEsSQBni7yYgZlCDPToEs5wZKNFSDMqforxEOknJLK2pIywZw9eR7ax1WzVj25rZXrV7kdRbAH9kEFmOAU1MENaIIWwOARPIM38K49aS/ah/Y5bS1o+cwu+BPa9w8He6Vu</latexit>

Frequency-domain response function



Time dependent correction factors (TDCFs)

�Lfree =
1

Cmodel
derr +Amodeldctrl

<latexit sha1_base64="lSBTMlSp99IJWNvoAwD2tQvL860="></latexit>

• If Sensing (C) and Actuation (A) models are perfectly known at any 
given time, there’s no systematic error (there’s still statistical 
uncertainty). 

• Use high SNR calibration lines, track temporal variations in DARM 
loop model parameters, and correct them

�Lfree =
1

C(t)Cmodel
derr + A(t)Amodeldctrl

<latexit sha1_base64="rpXe2ghmivmDXJpxdVwGBRWGGNc="></latexit>

TDCFs
10

See Viets et al. 2018 
(arXiv:1710.09973), T1700106

? ?
• But the model parameters are changing slightly — due to charge 

accumulation around the test/reaction mass, drifts of the optical 
alignment in the arm cavities, etc.

• Including factors for 
3 actuation stages

• Frequency-dependent, 
time-dependent factors



Photon calibrator (Pcal)
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Karki et al. Review of Scientific Instruments 87, 114503 (2016) 
Bhattacharjee et al. (2020) arXiv:2006.00130 

• Photon radiation pressure from auxiliary, power-modulated laser beams  
• Sets absolute scale factor for calibration 
• Serves as a perfect reference (with statistical uncertainty) 
• Laser power, optical efficiency, incidence angle, mass of the test mass, rotation, etc. 
• Laser power is calibrated by NIST (main contribution to overall uncertainty)

• O2 Pcal uncertainty = 0.79% 

• O3 Pcal uncertainty = 0.54% 

• Only in magnitude



Sensing function (C)
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Viets et al. 2018 CQG 35, 095015 • Transfer function from the 
differential arm (DARM) residual 
displacement             to digitized 
photodetector output signal, derr 

• Low frequency (<1kHz): 
determined by Fabry-Perot cavity 
response 

• High frequency (>1kHz): 
determined by analog-to-digital 
conversion process

C̃(f ; t) = C(t)HC

✓
1

1 + iff
�1
cc (t)

◆✓
f
2

f2 + f2
s (t)� iffs(t)Q�1(t)

◆
CR(f) exp(�2⇡if⌧C)

<latexit sha1_base64="zzcpTOTSIv2sP1uJMypbvYmLKf4="></latexit>

�Lres

<latexit sha1_base64="A+nmm7+zHq/xHVDdvYHGbvEIS8E=">AAAB+3icbVBNS8NAEN3Ur1q/aj16WSyCp5KIoseiHjx4qGA/oAlhs520SzebsLsRS8hf8eJBEa/+EW/+G7dtDtr6YODx3gwz84KEM6Vt+9sqrayurW+UNytb2zu7e9X9WkfFqaTQpjGPZS8gCjgT0NZMc+glEkgUcOgG4+up330EqVgsHvQkAS8iQ8FCRok2kl+tuTfANcF3fubKCEtQuV+t2w17BrxMnILUUYGWX/1yBzFNIxCacqJU37ET7WVEakY55BU3VZAQOiZD6BsqSATKy2a35/jYKAMcxtKU0Him/p7ISKTUJApMZ0T0SC16U/E/r5/q8NLLmEhSDYLOF4UpxzrG0yDwgEmgmk8MIVQycyumIyIJ1SauignBWXx5mXROG85Z4/z+rN68KuIoo0N0hE6Qgy5QE92iFmojip7QM3pFb1ZuvVjv1se8tWQVMwfoD6zPH3Y8lBU=</latexit>

Overall gain Fabry-Perot 
cavity response 
(approximated)

Optical spring from the 
signal recycling cavity 
(approximated)

Electronics response 
and time delay



Actuation functions (AU, AP, AT)
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Viets et al. 2018 CQG 35, 095015

• Mechanical 
response of each 
pendulum stage 

• Mainly contribute 
at low frequencies

Ã(f ; t) =
h
U (t)ÃU (f) + P (t)ÃP (f) + T (t)ÃT (f)

i
exp(�2⇡if⌧A)

<latexit sha1_base64="wR9BsaUmZXjMFiaJCsfTQ42P8ls="></latexit>

Time delay

mechanical resonances

UIM actuation 
response

⇠ 1/f6
<latexit sha1_base64="4GbGlgzSSdX9qpHHi0+q0CblzZI=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiZWqu6KblxWsA9sY5lMJ+3QySTMTIQS+hduXCji1r9x5984SYP4OnDhcM693HuPF3GmtG1/WIWFxaXlleJqaW19Y3OrvL3TVmEsCW2RkIey62FFORO0pZnmtBtJigOP0443uUz9zj2VioXiRk8j6gZ4JJjPCNZGuu0rFiDnyL+rD8oVu2pnQH+Jk5MK5GgOyu/9YUjigApNOFaq59iRdhMsNSOczkr9WNEIkwke0Z6hAgdUuUl28QwdGGWI/FCaEhpl6veJBAdKTQPPdAZYj9VvLxX/83qx9s/chIko1lSQ+SI/5kiHKH0fDZmkRPOpIZhIZm5FZIwlJtqEVMpCOE9R/3r5L2kfV51atXZ9Umlc5HEUYQ/24RAcOIUGXEETWkBAwAM8wbOlrEfrxXqdtxasfGYXfsB6+wRgH5A0</latexit>

PUM actuation 
response

⇠ 1/f4
<latexit sha1_base64="BSOHDoSYYldgPmismUJjguY6Brg=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqia2+NgV3bisYB/YxjKZTtqhk0mYmQgl9C/cuFDErX/jzr9xkgbxdeDC4Zx7ufceL+JMadv+sAoLi0vLK8XV0tr6xuZWeXunrcJYEtoiIQ9l18OKciZoSzPNaTeSFAcepx1vcpn6nXsqFQvFjZ5G1A3wSDCfEayNdNtXLEDOkX9XH5QrdtXOgP4SJycVyNEclN/7w5DEARWacKxUz7Ej7SZYakY4nZX6saIRJhM8oj1DBQ6ocpPs4hk6MMoQ+aE0JTTK1O8TCQ6Umgae6QywHqvfXir+5/Vi7Z+5CRNRrKkg80V+zJEOUfo+GjJJieZTQzCRzNyKyBhLTLQJqZSFcJ7i5Ovlv6R9XHVq1dp1vdK4yOMowh7swyE4cAoNuIImtICAgAd4gmdLWY/Wi/U6by1Y+cwu/ID19gldF5Ay</latexit>

TST actuation 
response

⇠ 1/f2
<latexit sha1_base64="vv88+/dNQNNCptRm9J2oF8goSkk=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFc1aQVH7uiG5cV7APbWCbTSTt0ZhJmJkIJ/Qs3LhRx69+4829M0iBqPXDhcM693HuPF3KmjW1/WguLS8srq4W14vrG5tZ2aWe3pYNIEdokAQ9Ux8OaciZp0zDDaSdUFAuP07Y3vkr99gNVmgXy1kxC6go8lMxnBJtEuutpJpBz7N9X+6WyXbEzoHni5KQMORr90kdvEJBIUGkIx1p3HTs0boyVYYTTabEXaRpiMsZD2k2oxIJqN84unqLDRBkgP1BJSYMy9edEjIXWE+ElnQKbkf7rpeJ/Xjcy/rkbMxlGhkoyW+RHHJkApe+jAVOUGD5JCCaKJbciMsIKE5OEVMxCuEhx+v3yPGlVK06tUrs5Kdcv8zgKsA8HcAQOnEEdrqEBTSAg4RGe4cXS1pP1ar3NWhesfGYPfsF6/wJaD5Aw</latexit>
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1/C̃(model)(f)

R̃(model)(f)
<latexit sha1_base64="1tpvAVMAQP2aGzFXCNc2qLv5ycw=">AAACKXicbVBNS8NAEN3U7/pV9ehlsQj1UhMVP27FXjxWsVpoatlsJu3S3STsboQS8ne8+Fe8KCjq1T/itgZR64OBx3szzMzzYs6Utu03qzA1PTM7N79QXFxaXlktra1fqSiRFJo04pFseUQBZyE0NdMcWrEEIjwO196gPvKvb0EqFoWXehhDR5BeyAJGiTZSt1RzA0lo6uy6mnEf0np2k7pS4IqIfOA7WSXYwVmamxeTZtYtle2qPQaeJE5OyihHo1t6cv2IJgJCTTlRqu3Yse6kRGpGOWRFN1EQEzogPWgbGhIBqpOOP83wtlF8HETSVKjxWP05kRKh1FB4plMQ3Vd/vZH4n9dOdHDcSVkYJxpC+rUoSDjWER7Fhn0mgWo+NIRQycytmPaJiU6bcIvjEE5GOPx+eZJc7VWd/er++UG5dprHMY820RaqIAcdoRo6Qw3URBTdoQf0jF6se+vRerXev1oLVj6zgX7B+vgEP4Cmvw==</latexit>

Ã(model)
T (f)D̃(f)

R̃(model)(f)
<latexit sha1_base64="ZoXVreicbDQflMsC38aK5IF0mfs="></latexit>

Ã(model)
P (f)D̃(f)

R̃(model)(f)
<latexit sha1_base64="nX+OOL1JsXyehwkbAwoRsulQ4rU="></latexit>

Ã(model)
U (f)D̃(f)

R̃(model)(f)
<latexit sha1_base64="d7/hUVeAHjiusYwH492NW+4PNBY="></latexit>

R̃(f) =
1

C̃(f)
+ Ã(f)D̃(f)

<latexit sha1_base64="EaDRXDyxxm7BI+sdHZdNKEgNpBE=">AAACJ3icbZBLS8NAEMc39VXrK+rRy2IRKkJJpKIXpVoPHqvYBzShbDabdunmwe5GKCHfxotfxYugInr0m7hpc9DWgYXf/GeG2fk7EaNCGsaXVlhYXFpeKa6W1tY3Nrf07Z22CGOOSQuHLORdBwnCaEBakkpGuhEnyHcY6TijRlbvPBAuaBjcy3FEbB8NAupRjKSS+vqFJSlzSXKXVrxDeA4tjyOcmGmS641MT4/y7DLLcr7OuK+XjaoxCTgPZg5lkEezr79abohjnwQSMyREzzQiaSeIS4oZSUtWLEiE8AgNSE9hgHwi7GRyZwoPlOJCL+TqBRJO1N8TCfKFGPuO6vSRHIrZWib+V+vF0juzExpEsSQBni7yYgZlCDPToEs5wZKNFSDMqforxEOknJLK2pIywZw9eR7ax1WzVj25rZXrV7kdRbAH9kEFmOAU1MENaIIWwOARPIM38K49aS/ah/Y5bS1o+cwu+BPa9w8He6Vu</latexit>

Sun et al. (2020) arXiv:2005.02531
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Sun et al. (2020) arXiv:2005.02531

1.Before O3 started
• Photon calibrator 
• Dynamics of quadruple suspension 
• Signal processing electronics



Signal processing analog electronics

17
Example: OMC DCPD Whitening chassis D1002559 
Rich Abbott, https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47254

• Anti-aliasing chassis 
• Anti-imaging chassis 
• Coil driver chassis (UIM and PUM) 
• Electro-static driver (ESD) chassis (TST) 
• Whitening chassis
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2. Each time 
IFO changes



Take measurements and build the model

19
Credit: J Kissel, G1900397

“Swept sine” 
excitation

Reconstructed 

Reconstructed Pcal 
injection signal

�L

<latexit sha1_base64="kTDaqgoKSsaxsh3iIAUoA28ZA44=">AAAB73icdVDJSgNBEO2JW4xb1KOXxiB4GmbGIcstqAcPHiKYBZIh9HR6kiY9i901Qgj5CS8eFPHq73jzb+xJIqjog4LHe1VU1fMTwRVY1oeRW1ldW9/Ibxa2tnd294r7By0Vp5KyJo1FLDs+UUzwiDWBg2CdRDIS+oK1/fFF5rfvmVQ8jm5hkjAvJMOIB5wS0FKnd8kEEHzdL5Yss1YtO24ZW6ZlVWzHzohTcc9cbGslQwkt0egX33uDmKYhi4AKolTXthLwpkQCp4LNCr1UsYTQMRmyrqYRCZnypvN7Z/hEKwMcxFJXBHiufp+YklCpSejrzpDASP32MvEvr5tCUPWmPEpSYBFdLApSgSHG2fN4wCWjICaaECq5vhXTEZGEgo6ooEP4+hT/T1qOabtm7cYt1c+XceTRETpGp8hGFVRHV6iBmogigR7QE3o27oxH48V4XbTmjOXMIfoB4+0TtsSPyg==</latexit>

�LPcal

<latexit sha1_base64="u2qUeVAWRUBKkKNX/8VyuW2/S8E=">AAAB/HicdVDLSgMxFM3UV62v0S7dBIvgqmT6nl1RFy5cVLAP6Awlk6ZtaOZBkhHKUH/FjQtF3Poh7vwbM20FFT1w4XDOvdx7jxdxJhVCH0ZmbX1jcyu7ndvZ3ds/MA+POjKMBaFtEvJQ9DwsKWcBbSumOO1FgmLf47TrTS9Sv3tHhWRhcKtmEXV9PA7YiBGstDQw884l5QrD60HiCB+2CObzgVlARVSr2mUEUbGKrLpta4JQrVEuQUuTFAWwQmtgvjvDkMQ+DRThWMq+hSLlJlgoRjid55xY0giTKR7TvqYB9ql0k8Xxc3iqlSEchUJXoOBC/T6RYF/Kme/pTh+rifztpeJfXj9Wo4absCCKFQ3IctEo5lCFME0CDpmgRPGZJpgIpm+FZIIFJkrnldMhfH0K/yedUtGqFO2bSqF5voojC47BCTgDFqiDJrgCLdAGBMzAA3gCz8a98Wi8GK/L1oyxmsmDHzDePgFeI5Si</latexit>



Parameter estimation and build the model

20

H1 Sensing example; 
similar for 3 actuation stages

Reference 
model

Residual errorTransfer functonFeatures 
from SRC  
< 20Hz

Poorly 
measured

Sun et al. (2020) arXiv:2005.02531
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3. Take measurements 
throughout the run



Stack multiple measurements

22

• Collect multiple “swept sine” measurements 
• Correct for time dependence  
• Stack them together to infer residual error and uncertainty

• What’s happening < 20Hz? 

• How much does that contribute 
to the overall uncertainty?

H1 Sensing example; 
similar for actuation

Residual errorTransfer function
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Estimate residual error and statistical uncertainty (GPR)
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• Collect multiple “swept sine” measurements 
• Correct for time dependence, and stack all measurements 
• Input all the residuals (from all measurements) into Gaussian Process Regression

H1 Sensing example; 
similar for actuation
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Sun et al. (2020) arXiv:2005.02531
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H1 UIM example; 
similar for PUM/TST

accuracy

accuracy

precision

precision

Estimate residual error and statistical uncertainty (GPR)

• Another example — H1 UIM actuator
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4. Estimate 
overall uncertainty

R̃(f) =
1

C̃(f)
+ Ã(f)D̃(f)
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O3A final products (Hanford)
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• Not yet taken 
high-frequency 
measurements

Epoch 1

Epoch 2 Epoch 3

• 1-sigma limits of 
systematic error and 
associated statistical 
uncertainty  

• Excursion from unity 
magnitude/zero phase

R̃(f) =
1

C̃(f)
+ Ã(f)D̃(f)
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Sun et al. (2020) arXiv:2005.02531
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O3A final products (Livingston)
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Epoch 1 Epoch 2

• Improved by 
high frequency 
measurements

Sun et al. (2020) arXiv:2005.02531

• Larger uncertainty due to PUM/TST 
actuation authority choice in Livingston 

• Changed from O2 to O3



Agenda

• Why is calibration important 

• How does calibration work 

• Understanding systematics and uncertainties 

• O3 improvements and future perspectives

28



What we had in O2

C00 
(TDCFs 
partly 

corrected)

C02
C01

IFO Front End 
(CAL-CS)

Global 
Diagnostic 

System 
(GDS)

Data & 
Computing 

Systems 
(DCS) 

• Apply time 
independent 
calibration

• Fix real-time flaws 
• Re-time stamp the data 
• Apply scalar time-

dependent corrections

• Same process as CAL-CS and GDS 
• Fix GDS flaws 
• Apply frequency-dependent, time-dependent corrections

29

Real-time calibration 
[IIR filter]

Low-latency (online) calibration 
[FIR filter]

High-latency (offline) calibration 
[FIR filter]



What’s new in O3

TDCF 
corrected 

C00

C01

IFO Front End 
(CAL-CS)

Global 
Diagnostic 

System 
(GDS)

Data & 
Computing 

Systems 
(DCS) 

• Apply time independent calibration 
• Apply scalar time-dependent corrections 
• Apply frequency-dependent, time-

dependent corrections

• Fix real-time flaws 
• Re-time stamp the data 
• Apply scalar time-dependent 

corrections 
• Apply frequency-dependent, 

time-dependent corrections

• Same process as CAL-CS and GDS, applying 
full calibration model in one set of filters 

• Fix GDS flaws
30

Upgraded DARM model into Python 
(pyDARM), improving compatibility, 
robustness, efficiency, and extensibility

CAL-CS and GDS 
compute and 
apply independent 
time dependent 
correction factors 
(TDCFs) for now

Real-time calibration 
[IIR filter]

Low-latency (online) calibration 
[FIR filter]

High-latency (offline) calibration 
[FIR filter]



Best calibration product in O2

• Maximum excursion of the 1-
sigma limits of systematic error 
and statistical uncertainty from 
unity magnitude/zero phase 
(20—1024 Hz):  

Magnitude error: ~2–3 % 

Phase error: ~2–3 deg 

~1% (mag) and ~1 deg 
(phase) in the most sensitive 
region (~100 Hz)

H L V

• Best results achieved in offline calibration (3 months after O2 ended)        
— time-dependent variations (TDCFs) were corrected

31



Calibration product in O3A

• Maximum excursion of the 1-
sigma limits of systematic error 
and statistical uncertainty from 
unity magnitude/zero phase 
(20—1024 Hz):  

Magnitude error: ~2–6 % 

Phase error: ~2–3 deg 

~2% (mag) and ~2 deg 
(phase) in the most sensitive 
region (~100 Hz)

H L V

• Low-latency data quality has been improved (all TDCFs applied) 
• Same level of precision and accuracy in the most sensitive band 
• Remember that interferometers significantly changed from O2 to O3 32

LIGO-G2000141



Calibration lines moved to new frequencies

• Purpose:  
• Better characterize the new IFOs 
• Facilitate calculation of time-dependent correction factors 
• Move out of the most sensitive, astrophysically interesting band of the detectors 

• Actuator lines (O2: H1 ~35, L1 ~15Hz) -> both IFOs to ~15 Hz for O3, out of astro-detection band 

• Sensor line (O2: ~330 Hz) -> both IFOs to ~430 Hz 

• Injected at different places in the DARM loop for different purposes
33

H1 Freq (Hz) L1 Freq (Hz)

15.6 15.1

16.4 15.7

17.1 16.3

17.6 16.9

410.3 434.9

1083.7 1083.1



Low-latency Line Subtraction

34

• Additional channel in 
C00 frames:  GDS-
CALIB_STRAIN_CLEAN 

• Calibration lines and 
power main lines are 
subtracted (power 
main line subtraction is 
not perfect) 

• Line subtraction is done 
in low latency 

• Negligible impact on 
calibration latency

A. Viets, G1801495

Calibration lines

Power main lines



Future: Low-latency Noise Subtraction

35

• Low-latency broadband noise 
subtraction — code frame available 

• Similar methods to DetChar's 
subtraction done in O2 

• Require witness channel

• Example: at time ~GW170817 (excess jitter noise) 

• BNS range increases by 28% 

• Total detectable volume increases by 110% 

• In O3, impact has been small



Future: Astrophysical calibration

• Existing work about astrophysical calibration: Essick & Holz, CQG 36, 12, 125002 (2019)

• Have been using 
calibration error 
budget produced by 
calibration team as a 
spline in CBC 
parameter estimation

• Directly use the samples of 
detector response function 
(drawn from calibration 
parameters) as CBC PE input, 
estimating astrophysical and 
calibration parameters at the 
same time.

• Could larger number of 
loud events tell us what’s 
wrong in our detector 
calibration? (assuming 
waveforms are correct)

36

Vitale, Haster, Farr, Payne, 
Goetz, Hulko, Kissel, Sun



Future: better accuracy and precision is required

37

• Determine the calibration accuracy and precision 
requirements for future generations of detector network 
(SNR ~100) 

• Quantify the impact of calibration accuracy and precision 
on astrophysical interpretations, e.g., non-GR physics 

• Further improve the absolute reference uncertainty of 
photon calibrator (already 0.54%) 

• Investigate and remove sub-percent systematic errors 

• Correct for the high-frequency effects (> 2kHz) caused by 
the approximation of the detector’s response



New techniques: Newtonian calibrator

38

• Prototype is installed and characterized at Hanford  

• NCAL line sweep is seen as expected in DARM



Summary

39
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• O3a overall calibration uncertainty (20–2000 Hz):  
‣ < 7% in magnitude  
‣ < 4 deg in phase 

• Systematic error alone (20–2000 Hz):  
‣ < 2% in magnitude  
‣ < 2 deg in phase

Thanks! 
Questions?
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Understanding the behavior of electronics

41

How good is good enough? Evaluate residual contribution

R̃(f) =
1

C̃(f)
+ Ã(f)D̃(f)
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O3A sensing function measurements at H1

42

101 102 103

100

101

M
ag

ni
tu

de
[1

06
ct

/m
]

C̃model (f 2
s = – 51.8 Hz2)

C̃model (f 2
s = + 6.2 Hz2)

C̃(meas) (Example 1)

C̃(meas) (Example 2)

101 102 103

100

101

M
ag

ni
tu

de
[1

06
ct

/m
]

C̃(meas) (Example 3)
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Verify the uncertainty budget envelope
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