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PART II: 
The OMC Whitening Chassis, 
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II.1 What’s the issue?
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LHO:55620
IIET:14567Monday Afternoon, Time of first observation ready segment after change is

Mar 16 2020 14:18:54 PDT
Mar 16 2020 21:18:54 UTC
GPS 1268428752

Reduced the amount of OMC analog whitening from all 3 stages (2 whitening stages and one 
low pass) to just 1 stage of whitening. Results in 1-1.5% systematic error change.
Could have modelled sooner and created a new pyDARM parameter file, but ran out of time, 
so now we must predict the systematic error to be included in the uncertainty budget.

Live trace is Mar 16 2020 18:00:33 UTC, 30 seconds after change.
Reference is Feb 24 2020 19:00:39 UTC

https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=55620
https://services.ligo-la.caltech.edu/FRS/show_bug.cgi?id=14567
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II.2 Game Plan
• Revisit the Stefan / Lilli aLOG, find the fitting script, make sure we can 

reproduce the results.
• Will need fit-from-measured zpks’s of each stage of both channels. Do 

we even have the right data to do this?
• Find that data, if it’s not used in Lilli’s fitting script already.
• If need be replot / innovate Lilli’s script.

• Find the right Foton Filter File, get all the z’s p’s and k’s for each filter 
module.

• Make a prediction of 
• All three stages ON and compensated, vs.
• Only one stage ON and compensated

• Once DCS frames become available, re-process broadband injections before 
vs. after change.
• Maybe Maddie has processed them already? check email.
• Compare against prediction above.

• Build the ability to include that frequency-dependent systematic error in to 
RRNom.
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II.2 Review of the Data: Measurement Setup
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D1900027

Open questions (now that we’ve learned such a valuable lesson in Part I and in 
LHO:48358 about paying attention to electrical grounds): Should we have floated the 
shields? Does it matter that we’re “connected to the AA chassis as normal?”

https://dcc.ligo.org/LIGO-D1900027
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=48358


II.2 Review of the Data: Lots of renaming…
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1. Rich measured the chassis, zipped up the files, and gave them to Stefan as .78d files: LHO:47418
2. Stefan converted the .78d files to useable .asc data, and wrote a script to build the compensation filters: LHO:47257
3. The script and data were renamed and moved by Jeff to CalSVN: LHO:47290
4. Lilli renamed the files (LHO:47358) that based on Rich’s configuration map (from LHO:47418)

Here “F1”, “F2” (Rich) or “FM1,” “FM2” (Lilli) is for “filter 
module,” [as in the corresponding compensation filter] but 
really means “whitening stage” [as in the corresponding analog 
filter stage].
All of these newly renamed files were processed with 

fit_OMCDCPDWhiteningChassis_20190304.py
and for the record, used a former measurement of the coil 
driver test box that was used from the 2019-03-07 
measurement of S1900070.

Rich’s Measurement 
configuration

DCPD A (Chan 4)
SR785 File Name

DCPD A (Chan 4)
Lill’s File Name

DCPD B (Chan 5)
SR785 File Name

DCPD B (Chan 5)
Lilli’s File Name

All three stages ON srs0020.78d PDA_FM1FM2FM3_mag.asc srs0036.78d PDB_FM1FM2FM3_mag.asc    

no DC voltage offset srs0021.78d PDA_FM1FM2FM3_pha.asc srs0037.78d PDB_FM1FM2FM3_pha.asc    

First two stages ON srs0024.78d PDA_FM1FM2_mag.asc srs0034.78d PDB_FM1FM2_mag.asc   

no DC voltage offset srs0025.78d PDA_FM1FM2_pha.asc srs0035.78d PDB_FM1FM2_pha.asc 

First stage ON srs0026.78d PDA_FM1_mag.asc srs0032.78d PDB_FM1_mag.asc 

no DC voltage offset srs0027.78d PDA_FM1_pha.asc srs0033.78d PDB_FM1_pha.asc 

All stages OFF srs0028.78d PDA_noFM_mag.asc srs0030.78d PDB_noFM_mag.asc

no DC voltage offset srs0029.78d PDA_noFM_pha.asc srs0031.78d PDB_noFM_pha.asc

File  names for data taken  on SR 785

③

gaza
 look HZ FileName

,  ooo pts
20421 Mag & phase 3 Fitt No . Dc

10mV
so

" "

22 & 23 Mag & phase 3 Fitt 4.99 VDC::&IImm:3&::::¥:&
,

one ) '÷÷:÷i÷÷
.

to

28429 Mag & phase  NO  DC  NO  FILTERS

30  & 31 Mag & phase NO  DC  NO  FILTERS

32433 Mag & phase T
B

*  less image phase Eike ?!  Dc )"÷!¥!w4ien .

' to

36$37 Mag & phase 3 Fitt No  Dc

38439 Mag & phase 3 Fitt 4.99 VDC

circuit change summary D 01001530 - V 7 Circuit Board

, .
Removed 1211 ( 301  r ) from  DC gain stages  associated with 3dB

,
6dB

, & 12dB  stages
to prevent  any dynamic loading effects  associated with saturating these  stages

2
.

We left the  24dB  stage functional
,

but  increased the  input resistor ( Ril ) from  30  Into Her

to  avoid loading the differential driver  when  this  stage  saturates
,

3.  changed the Imf  capacitor on the  second filter  stage from  ceramic to

film type (Digi key PN  495-1119 - ND )

4 .  For  each of the  now  unused Dc gain  stages ,
the positive input ( pin  3) was tied to ground .

Measurement was taken *after* all ECRs (including fixing sensitivity to DC offset) were implemented
So Lilli using “no DC offset” data is OK, even though DCPDs during NLN have ~50 mA = ~5V running through the chassis

https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47418
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47257
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47290
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47358
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47418
https://svn.ligo.caltech.edu/svn/aligocalibration/trunk/Common/Electronics/H1/Scripts/fit_OMCDCPDWhiteningChassis_20190304.py
https://svn.ligo.caltech.edu/svn/aligocalibration/trunk/Common/Electronics/H1/Data/CoilDriverTestBox/S1900070


II.2 Review of the Data: Welp, I need to refit the data
1. I need to understand with what raw data I’m working, so I can understand how to work with it.

2. Stefan’s metric for success in LHO:47257 was “A / B”, but the DCPDs are *added*, so we need 
something like “A + B”

3. Although the fit looks pretty fantastic in LHO:47358, Lilli just fit each measurement straight up, and 
didn’t compute any ratios of transfer functions to isolate poles and zeros from each stage, so hard to 
verify which poles are coming from which stage (and if say, FM1’s fit changes when it’s a part of FM1, 
FM2, and FM3).

4. When computing the residual contribution to R in LHO:47453, Lilli plotted (A+B)/2, instead of 
(b_A*A+b_B*B), where b_A and b_B are the balance matrix values, 
• (no need for the “divide by two” part of the “average” since it’s an over all gain, and captured in 

H_C)

5. I think there’s a bug in fit_OMCDCPDWhiteningChassis_20190304-compareTF.py, 
fit_OMCDCPDWhiteningChassis_20190304-compareRes.py, and 
fit_OMCDCPDWhiteningChassis_20190304-compareRes-writeTXT.py, which all mis-represent the 
poles and zeros installed in foton; we should just import the design from the real foton file, 
H1OMC_1239468752.txt

6. IIRrational has improved, and should now need a lot less input, so we can make the code cleaner.

ALSO, Again, Open Question: As discussed in LHO:48358 (learned, unfortunately, a month later), the DUT 
and coil driver test box *must* be properly referenced to ground, or one may get distortions in the 
frequency response at high frequency. The data for S1900070 clearly shows a gain of 2.002, confirming that 
at least the test box measurement was done with an errant “floating” ground. Nothing we can do about it 
now, but the OMC whitening chassis might behave like the AA chassis, where the high-frequency response 
gets distorted without measurement shields properly referenced to ground.
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https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47257
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47358
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47453
https://svn.ligo.caltech.edu/svn/aligocalibration/trunk/Common/Electronics/H1/Scripts/fit_OMCDCPDWhiteningChassis_20190304-compareTF.py
https://svn.ligo.caltech.edu/svn/aligocalibration/trunk/Common/Electronics/H1/Scripts/fit_OMCDCPDWhiteningChassis_20190304-compareRes.py
https://svn.ligo.caltech.edu/svn/aligocalibration/trunk/Common/Electronics/H1/Scripts/fit_OMCDCPDWhiteningChassis_20190304-compareRes-writeTXT.py
https://svn.ligo.caltech.edu/svn/aligocalibration/trunk/Common/H1CalFilterArchive/h1omc/H1OMC_1239468752.txt
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=48358
https://svn.ligo.caltech.edu/svn/aligocalibration/trunk/Common/Electronics/H1/Data/CoilDriverTestBox/S1900070
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II.3 Review of the Circuit: Squad goals

• I’m gunna do the same thing I did for the UIM driver and break down the circuit 
into manageable pieces (I’ll go a little faster, assuming you’re used to the 
methods now having gone through Part I).

• Again, this is (a) to teach you, the next generation, and (b) so can be sure we 
know what to expect when fitting, as well as verifying that we’re modelling it 
correctly.

• As before, we’ll be focusing on finding frequency response, since the over all gain 
of the OMC DCPD chain is measured as a whole. You’ll find that the super-
Nyquist high-frequency poles are especially interesting…
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II.3 Review of the Circuit: Forest through the Trees
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Revision History:

Rev1 - Initial release, festooned with problems, trashed.  PCB mysteriously named version 
2.  Threw away PCB

Rev2 - First actual functioning prototype.
Rev3 - Fixed missing VCC to DG412 on pin 12.  Used wider footprint for R31 in logic 
section.  Grounded pins 2, 7, 10, and 15 on U14 and U15 as they were pulling to the wrong 

voltage.  Removed C34 and C35 as they are no longer needed.  Added +/-15 on J2 for 
Optical Lever PD head power

Rev4 - A schematic change due to BOM error and a tendency to slew rate limit on noise.
R1 changed from 1.58k to 15.0k

R2 changed from 124 ohms to 1.58k
C4 changed from 4.7pF to 100pF

Rev5 - Replaced all AD829 parts with OP27 due to excess low frequency noise in the 
AD829

Rev6 - Added text notation describing the ECR (E1600252) that implements a 
non-inverting pole-zero to accomodate violin-mode resonances at LLO

Rev7 - Added text notation describing the ECR (E1600192) that removes capacitors in the 
differential input stages of the last two channels.  This modification is only applied to the 

OMC DCPD Chain, and was done to permit better visibility of transmitted PI modes in the 
10kHz to 80kHz band of frequencies.
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-15 for Optical Lever PD

The second stage (PZ2_a and PZ2_b) has been 
modified in the OMC DCPD Readout at LLO to 

allow more gain in the presence of the violin modes 
(500Hz).  The modified stage is now inverting 

topology with a pole at 50Hz, zero at 500Hz.  See 
E1600252 for circuit details

These stages have been modified in the OMC 
DCPD Readout Chain as part of E1600192, an ECR 

to allow higher bandwidth visibility of PI Modes in 
transmission of the OMC.  The bandwidth limiting 

components, C37, C38, C39 have been removed in 
the Split-Whitened DCPD version of this design
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Differential Input 
from interface board

(a) Differential to 
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driver

(b) Four adjustable gain 
stages

(d) Filter Stage Modified into a 
Low Pass

(e) Output 
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Driver
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Bold things we’ll find to have interesting frequency response
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From pg 2 of D1001530-v7

To analyze, let’s break in to three parts
i. The voltage divider
ii. some passive input low pass filter
iii. the *actual* differential-to-single-

ended driver

For (a), it’s our typical LIGO input voltage divider, aka load termination, for the long cable run from in 
vacuum. That means we have to understand to what this board is connected (guh). So, we go upstream to 
the interface board, D1300520-v3 (see no impedance), then further to the head D1300369-v1 (see no 
impedance), then finally to the in-vac preamp D060572-v1, to see an impedance of 1k (plus whatever small 
resistance from the cable run). *This* time, unlike the UIM, I think we can ignore parasitic cable 
capacitance,  so this is just a gain “drop” of 

⁄𝐺!" = 𝑉!
# 𝑉!"

# = ⁄𝑉!
$ 𝑉!"

$ = ⁄𝑅&' (𝑅( + 𝑅&') ≈ 0.99

https://dcc.ligo.org/LIGO-D1001530
https://dcc.ligo.org/LIGO-D1300520
https://dcc.ligo.org/LIGO-D1300369
https://dcc.ligo.org/LIGO-D060572
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For (ii), the passive low-pass filter, we can do the usual trick of splitting the different circuit in half, and 
dividing the impedance of components that span the legs in two. In this case just a capacitor, so 

-
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𝑓-(. = ⁄1 2𝜋 2𝑅+*𝐶+, = 28.42 kHz
For (iii), the actual differential driver, you can see that I’ve re-drawn it to better match the 
traditional analysis for of an instrumentation amplifier, make it easier to agree that the transfer 
function takes the form

because, as expected, the circuit is symmetric (e.g. R17=R19, R15=R21, etc.).  Since R17 = 0 Ω, 
and R18 has been omitted, i.e. R18 = ∞ Ω, the first term reduces to 1.0. With
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https://en.wikipedia.org/wiki/Instrumentation_amplifier
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Revision History:

Rev1 - Initial release, festooned with problems, trashed.  PCB mysteriously named version 
2.  Threw away PCB

Rev2 - First actual functioning prototype.
Rev3 - Fixed missing VCC to DG412 on pin 12.  Used wider footprint for R31 in logic 
section.  Grounded pins 2, 7, 10, and 15 on U14 and U15 as they were pulling to the wrong 

voltage.  Removed C34 and C35 as they are no longer needed.  Added +/-15 on J2 for 
Optical Lever PD head power

Rev4 - A schematic change due to BOM error and a tendency to slew rate limit on noise.
R1 changed from 1.58k to 15.0k

R2 changed from 124 ohms to 1.58k
C4 changed from 4.7pF to 100pF

Rev5 - Replaced all AD829 parts with OP27 due to excess low frequency noise in the 
AD829

Rev6 - Added text notation describing the ECR (E1600252) that implements a 
non-inverting pole-zero to accomodate violin-mode resonances at LLO

Rev7 - Added text notation describing the ECR (E1600192) that removes capacitors in the 
differential input stages of the last two channels.  This modification is only applied to the 

OMC DCPD Chain, and was done to permit better visibility of transmitted PI modes in the 
10kHz to 80kHz band of frequencies.

+15

-15

a15 for Optical Lever PD

-15 for Optical Lever PD

The second stage (PZ2_a and PZ2_b) has been 
modified in the OMC DCPD Readout at LLO to 

allow more gain in the presence of the violin modes 
(500Hz).  The modified stage is now inverting 

topology with a pole at 50Hz, zero at 500Hz.  See 
E1600252 for circuit details

These stages have been modified in the OMC 
DCPD Readout Chain as part of E1600192, an ECR 

to allow higher bandwidth visibility of PI Modes in 
transmission of the OMC.  The bandwidth limiting 

components, C37, C38, C39 have been removed in 
the Split-Whitened DCPD version of this design
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From pg 3 of D1001530-v7… … and back to pg 1 of D1001530-v7 to get values…

… and then look through ECR E1900064…

To remember that *all* of the switchable gain stages have been disabled / bypassed in O3: 
- the removal of each R11 in the last three stages makes an infinite resistance to ground, so there’s no longer any 

input, and further (though no where so explicitly stated) the switches are bypassed with a jumper so the output of 
the opamp is no longer connected.

- R11 in the first stage remains, but is increased to 1k. Because it’s connected to the ZRC network of the ”Diff. Rec.” 
aka “Differential to Single Ended Driver” aka ”Instrument Amplifier,” and the real part of ZRC is dominated by R20 
= 1.5 kΩ, which means the only remaining, fixed gain is

𝐺 = ⁄𝑅&& 𝑅*< + 𝑅&& = 1500/(1000 + 1500) = 0.4

https://dcc.ligo.org/LIGO-D1001530
https://dcc.ligo.org/LIGO-D1001530
https://dcc.ligo.org/LIGO-E1900064
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From pg 4 of D1001530-v7… These can be redrawn as a non-inverting 
amplifier…
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(1 + 𝑖𝜔𝑅*𝐶2)(1 + 𝑖𝜔𝑅&𝐶')

𝑍& =
𝑅&(1 + 1/𝑖𝜔𝐶')
(𝑅& + 1/𝑖𝜔𝐶')

=
𝑅&

(1 + 𝑖𝜔𝑅&𝐶')

𝑍&𝑍*

𝑍* = 𝑅* + 1/𝑖𝜔𝐶2 =
(1 + 𝑖𝜔𝑅*𝐶2)

𝑖𝜔𝐶2

𝒇𝒑𝑭 = ⁄𝟏 𝟐𝝅 𝟐𝑹𝟐𝑪𝟓 = 𝟏𝟎. 𝟎𝟕𝟑 𝐇𝐳
𝒇𝒑𝑭 = ⁄𝟏 𝟐𝝅 𝟐𝑹𝟏𝑪𝟒 = 𝟏𝟎𝟔. 𝟏𝟎𝟑 𝐤𝐇𝐳

𝒇𝒛𝑭 = ⁄𝟏 𝟐𝝅 𝑹𝟏𝑪𝟓 + 𝑹𝟏𝑪𝟒 + 𝑹𝟐𝑪𝟓 = 𝟎. 𝟗𝟔𝟎 𝐇𝐳
𝑓E= = ⁄1 2𝜋 * 𝑅&𝑅*𝐶'𝐶2 = 1.069 MHz

https://dcc.ligo.org/LIGO-D1001530
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II.3 Review of the Circuit: (c) Whitening Stages 

The z:p pair we really want at 0.96:10.07 Hz i.e. the “1:10” whitening as expected.
But... there is the z:p pair at 1.06:0.103 MHz that causes 0.5 deg phase loss at 1 kHz if we exclude it.
Two-take-aways:
1. This 1.06 : 0.103 MHz response is a part of each filter stage, so it comes and goes, depending on 

whether you’re using the stage (you need a “high-frequency pole” for each stage you use)
2. Very important lesson for measurement taking and fitting: know where the zeros and poles are ahead 

of time, so you don’t end up fitting for them with data that doesn’t sufficiently cover their frequency 
region (fitting for zeros or poles outside of data frequency region = BAD, prone to errors)



+

C5 

C4 

R1

R30

R2

Rn

R2

New 
Value!

New 
Value!
R1=R2

New 
Resistor!

New 
Value!

Different
connection

to input!

C5 is inaccessible,
so no change, 

just disconnected

New Ground Connection!

II.3 Review of the Circuit: (d) The New Low Pass
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Advanced LIGO Engineering Change Request (ECR) 

CIT/MIT LIGO Laboratory F1200011-v3  Form 
Page 1 of 3 

ECR Title: Modification to OMC DCPD Whitening 
Chassis Filter Chain 

DCC No:  E1600252-v2 

Date: 5 August 2016 

Requesters: Richard Abbott  
 

Impacted Subsystem(s): ISC 
SUS  

 

Description of Proposed Change(s): The existing Whitening Amplifier chassis (D1002559) will be changed as 
follows:  Whitening channels 4 and 5 (starting numbering at 0) within the D1002559 chassis on circuit board 
D1001530 will be modified.  Filter 2 of 3 will be changed to: 

 
 

Reason for Change(s):  The existing Whitening Amplifier (D1002559) needs modification to accommodate the 
violin modes of the main LIGO optics in the vicinity of 500Hz that have a tendency to saturate the existing 
whitening chain’s pole-zero filters.  A modification to the whitening filters is proposed wherein the second filter 
in a chain of 3 is changed from: zero = 1Hz, pole = 10Hz, non-inverting, to pole = 50Hz, zero = 500Hz, inverting 
topology.  This change would be applied to both OMC DCPD channels. 

Estimated Cost: About $20 per chassis in parts. 

Schedule Impact Estimate: It will take about 2 hours or less to do each chassis plus the time to fetch them and 
put the chassis back in place.  Call it about a half day of work.  The OMC DCPD path magnitude and phase 
change will change. 

Another documentation doozy… images from E1600252

Seriously: While I chide Rich 
Abbott for his documentation, this 
change is indicative of his true 
engineering brilliance, and artistic 
mastery of circuits.
He’s a busy man, just getting the 
job *done*.
It’s *literally* only us who care at 
this level.

𝑉=!" 𝑉=%>?

Redlines 
re-drawn

https://dcc-lho.ligo.org/LIGO-E1600252
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II.3 Review of the Circuit: (d) The New Low Pass

+

C4 

R1

Rn

R2

Redlines re-drawn again, shown 
with functionally equivalent design 

intent as an inverting op-amp.

Now “easy” to analyze:

𝑉=!" 𝑉=%>?

𝑉=%>?
𝑉=!"

= −
𝑍&
𝑍*

= −
𝑅&
𝑅*

1 + 𝑖𝜔𝑅"𝐶'
(1 + 𝑖𝜔 𝑅& + 𝑅" 𝐶')

𝑍& =
𝑅& 𝑅" + 1/𝑖𝜔𝐶'
𝑅& + 𝑅" + 1/𝑖𝜔𝐶'

= 𝑅&
1 + 𝑖𝜔𝑅"𝐶'

(1 + 𝑖𝜔 𝑅& + 𝑅" 𝐶')

I𝐺!/
;)

= −
𝑅&
𝑅*

= −1.0

𝒇𝒛𝑭 = ⁄𝟏 𝟐𝝅𝑹𝒏𝑪𝟒 = 𝟓𝟎𝟑. 𝟔𝟓𝟓 𝐇𝐳

𝒇𝒑𝑭 = ⁄𝟏 𝟐𝝅 𝑹𝟏 + 𝑹𝒏 𝑪𝟓 = 𝟒𝟗. 𝟗𝟓𝟒 𝐇𝐳

OK, cool. No sneaky high 
frequency poles here…



II.3 Review of the Circuit: (e) and (f) buff and SE-D amp
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Revision History:

Rev1 - Initial release, festooned with problems, trashed.  PCB mysteriously named version 
2.  Threw away PCB

Rev2 - First actual functioning prototype.
Rev3 - Fixed missing VCC to DG412 on pin 12.  Used wider footprint for R31 in logic 
section.  Grounded pins 2, 7, 10, and 15 on U14 and U15 as they were pulling to the wrong 

voltage.  Removed C34 and C35 as they are no longer needed.  Added +/-15 on J2 for 
Optical Lever PD head power

Rev4 - A schematic change due to BOM error and a tendency to slew rate limit on noise.
R1 changed from 1.58k to 15.0k

R2 changed from 124 ohms to 1.58k
C4 changed from 4.7pF to 100pF

Rev5 - Replaced all AD829 parts with OP27 due to excess low frequency noise in the 
AD829

Rev6 - Added text notation describing the ECR (E1600252) that implements a 
non-inverting pole-zero to accomodate violin-mode resonances at LLO

Rev7 - Added text notation describing the ECR (E1600192) that removes capacitors in the 
differential input stages of the last two channels.  This modification is only applied to the 

OMC DCPD Chain, and was done to permit better visibility of transmitted PI modes in the 
10kHz to 80kHz band of frequencies.

+15

-15

a15 for Optical Lever PD

-15 for Optical Lever PD

The second stage (PZ2_a and PZ2_b) has been 
modified in the OMC DCPD Readout at LLO to 

allow more gain in the presence of the violin modes 
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II.3 Review of the Circuit: Conclusions
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Revision History:

Rev1 - Initial release, festooned with problems, trashed.  PCB mysteriously named version 
2.  Threw away PCB

Rev2 - First actual functioning prototype.
Rev3 - Fixed missing VCC to DG412 on pin 12.  Used wider footprint for R31 in logic 
section.  Grounded pins 2, 7, 10, and 15 on U14 and U15 as they were pulling to the wrong 

voltage.  Removed C34 and C35 as they are no longer needed.  Added +/-15 on J2 for 
Optical Lever PD head power

Rev4 - A schematic change due to BOM error and a tendency to slew rate limit on noise.
R1 changed from 1.58k to 15.0k

R2 changed from 124 ohms to 1.58k
C4 changed from 4.7pF to 100pF

Rev5 - Replaced all AD829 parts with OP27 due to excess low frequency noise in the 
AD829

Rev6 - Added text notation describing the ECR (E1600252) that implements a 
non-inverting pole-zero to accomodate violin-mode resonances at LLO

Rev7 - Added text notation describing the ECR (E1600192) that removes capacitors in the 
differential input stages of the last two channels.  This modification is only applied to the 

OMC DCPD Chain, and was done to permit better visibility of transmitted PI modes in the 
10kHz to 80kHz band of frequencies.
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-15 for Optical Lever PD

The second stage (PZ2_a and PZ2_b) has been 
modified in the OMC DCPD Readout at LLO to 

allow more gain in the presence of the violin modes 
(500Hz).  The modified stage is now inverting 

topology with a pole at 50Hz, zero at 500Hz.  See 
E1600252 for circuit details

These stages have been modified in the OMC 
DCPD Readout Chain as part of E1600192, an ECR 

to allow higher bandwidth visibility of PI Modes in 
transmission of the OMC.  The bandwidth limiting 

components, C37, C38, C39 have been removed in 
the Split-Whitened DCPD version of this design
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PIP107

PIP108

PIP109

PIP1010
PIP1011

PIP1012

PIP1013

PIP1014
PIP1015

PIP1016

PIP1017

PIP1018

PIP1019
PIP1020

PIP1021

PIP1022

PIP1023
PIP1024
PIP1025

PIP1026

PIP1027

PIP1028
PIP1029

PIP1030

PIP1031

PIP1032
PIP1033
PIP1034

PIP1035

PIP1036

PIP1037

COP1

PIP201 PIP202
PIP203 PIP204

PIP205 PIP206

PIP207 PIP208

PIP209 PIP2010
PIP2011 PIP2012

PIP2013 PIP2014

PIP2015 PIP2016

PIP2017 PIP2018

PIP2019 PIP2020
PIP2021 PIP2022

PIP2023 PIP2024

PIP2025 PIP2026

PIP2027 PIP2028
PIP2029 PIP2030
PIP2031 PIP2032

PIP2033 PIP2034

PIP2035 PIP2036

PIP2037 PIP2038
PIP2039 PIP2040

COP2

PIP301
PIP302
PIP303

PIP304

PIP305

PIP306
PIP307

PIP308

PIP309

PIP3010
PIP3011
PIP3012

PIP3013

PIP3014

PIP3015
PIP3016

PIP3017

PIP3018

PIP3019

PIP3020
PIP3021

PIP3022

PIP3023

PIP3024
PIP3025
PIP3026

PIP3027

PIP3028

PIP3029
PIP3030

PIP3031

PIP3032

PIP3033

PIP3034
PIP3035

PIP3036

PIP3037

COP3

PIP401
PIP402

PIP403

COP4

PIR301 PIR302

COR3

PIR401 PIR402

COR4

PIR501 PIR502

COR5

PIR601 PIR602
COR6

PIR701PIR702

COR7

PIR801PIR802

COR8

PIR901

PIR902
COR9

PIR1001

PIR1002 COR10

PITP101
COTP1

PITP201
COTP2

PITP301 COTP3

PITP401
COTP4

PITP501COTP5
PITP601 COTP6

PITP901
COTP9

PITP1001
COTP10

PITP1101
COTP11

PITP1201
COTP12

PITP1301
COTP13

PITP1401
COTP14

PITP1501
COTP15

PITP1601
COTP16

PITP1701
COTP17

PITP1801
COTP18

PITP1901
COTP19

PITP2001
COTP20

PITP2101
COTP21

PITP2201
COTP22

PIU302

PIU303

PIU304
PIU305

PIU306

PIU307

COU3

PIU402

PIU403

PIU404
PIU405

PIU406

PIU407

COU4

PIU502

PIU503

PIU504
PIU505

PIU506

PIU507

COU5

PIU602

PIU603

PIU604
PIU605

PIU606

PIU607

COU6

PIU701 PIU703

PIU704

COU7

Differential Input 
from interface board

(a) Differential to 
single-ended 
driver

(b) Four adjustable gain 
stages

(d) Filter Stage Modified into a 
Low Pass

(e) Output 
buffer

(f) Single-
ended to 
Differential 
Driver

Differential Output 
to AA Chassis

(c) Two remaining 
Whitening stages

(a)

I𝐺!/
;)

= 0.498

𝐺!" ≈ 0.99

𝒇𝒑𝒊𝒂 = 𝟏𝟖. 𝟗𝟓 𝐤𝐇𝐳

(b) 𝐺 = 0.4

(c)

𝒇𝒛𝑭: 𝒇𝒑𝑭 = 𝟎. 𝟗𝟔𝟎: 𝟏𝟎. 𝟎𝟕𝟑 𝐇𝐳
𝒇𝒛𝑭: 𝒇𝒑𝑭 ≈ 1.069: 0.106 MHz

Two whitening stages available,
Per stage you get:

(d) 

𝒇𝒛𝑭: 𝒇𝒑𝑭 = 𝟓𝟎𝟑. 𝟔𝟓𝟓: 𝟒𝟗. 𝟗𝟓𝟒 𝐇𝐳
(e)

(f)

𝐺G = 1.0

𝐺%/ = 2.0
𝑮𝒐𝒗𝒆𝒓𝒂𝒍𝒍 = 𝑮𝒊𝒏 #𝑮𝒊𝒂 𝑫𝑪

𝑮 𝑮𝑩 𝑮𝒐𝒂 ≈ 𝟎. 𝟒

One low-pass available:

The overall gain (differential in, differential out) is therefore



Outline
Two Parts, each quite long. *sigh*

PART I: The ETMX UIM Driver, from Nov 27 to Dec 03 2019

PART II: The OMC Whitening Chassis, from Mar 16 to 27 2020
1. What’s the issue?
2. Game Plan / Review of the Original Data
3. Review of the Circuit
4. Review of the Existing Compensation Scheme
5. Fitting and Predicting the Response Function Systematic Error
6. Comparison against measured Response Function Error
7. Collateral Damage on TDCFs
8. Final Answer
9. Conclusions
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II.4 Compensation Scheme: Context
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64 kHZ  

16 kHZ

4 kHZ

ANALOG

2 kHZ

Sensing Function

ADC
ct/V

LSC-DARM_IN1

CAL-DARM_ERR_DBL_DQ

LF1DA1

SUS-ETMY_L3_CAL_LINE_EXC

A Control FiltersActuation Function

C

D

PDB
A/W

AA
(A)

16-64
AI(D)

IOPD3
15

IOPD2
15

IOPD1
15

DAD1
45

DAC
V/ct

DAC
V/ct

DAC
V/ct

AI
(A)

AI
(A)

AI
(A)

OPT
GAIN

CAL-DARM_CTRL_DBL_DQ

CAL-DELTAL_CTRL_UIM_DBL_DQ

CAL-DELTAL_CTRL_PUM_DBL_DQ

CAL-DELTAL_CTRL_TST_DQ

CAL-DELTAL_CTRL_DBL_DQ

CAL-DELTAL_RESIDUAL_DBL_DQ

SUS-ETMY_L3_CAL_LINE_OUT_DQ

DA2

DCS-CALIB_STRAIN

CAL-PCALY_EXC CAL-PCALY_EXC_OUT
CAL
61

LEGEND

LF3

TIME DELAY or ADVANCE 

ANALOG/DIGITAL WHITENING

ANTI-IMAGING (ANALOG)

FORCE-TO-LENGTH SUS RESP 

ANALOG/DIGITAL CONVERTER

READ-BACK CHANNEL

O3 CALIBRATION SCHEME

COIL/ESD DRIVER

LF3

CAL-PCALX_EXC

CAL-PCALX_EXC_OUT

GDS-CALIB_STRAIN

LF2 LF1LF3

CC
POLE

CAL-CS
“Front-End”
“Real-Time”

GDS
“Low-Latency”

PCAL

CAL
61

64-16
AA(D)
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DAD2
45

DAD3
45

CAL-PCALX_TX_PD_DQ

CAL-PCALX_RX_PD_DQ

CAL-PCALY_RX_PD_DQ

CAL-PCALY_TX_PD_DQ

CC
POLE

ADC
ct/V

PDA
A/W

AA
(A)

64-16
AA(D)

FULL ACTUATION FILTERING

FULL INVERSE SENSING FILTER

OPT
GAIN

CC
POLE

Pcal X TxPD (m)

Pcal Y RxPD (m)

Pcal Y TxPD (m)

Pcal X RxPD (m)

DCS
“Offline”

LF2

L3 DC 
m/NDA3

DAC
V/ct

16-64
AI(D)

16-64
AI(D)

DAC
V/ct

16-64
AI(D)

16-64
AI(D)

TTIAX
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC 
m/N

TPDX
A/W

RTIAX
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC 
m/N

RPDX
A/W

RTIAY
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC 
m/N

RPDY
A/W

TTIAY
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC
m/N

TPDY
A/W

64-16
AA(D)

64-16
AA(D)

64-16
AA(D)

64-16
AA(D)

IOPDY
15

DADX
45

AI
(A)

IOPDX
15

DADY
45

AI
(A)

AOM

OPT
GAIN

RESIDUAL INVERSE SENSING FILTER

DARM LOOP

1/L

1/L

SUS
L1-L3

SUS
L2-L3

SUS
L3-L3

16-4
AA(D)

16-4
AA(D)

16-4
AA(D)

DA1 L1 DC 
m/N

DA3

DA2 LF2

OFS

AOMOFS

4-2
AA(D)

4-2
AA(D)

L2 DC 
m/N

ACTUATION

TIA_A
V/A

TIA_B
V/A

W_A
Resp.

W_B
Resp.

PARTIAL INVERSE SENSING

OPTICAL GAIN

TRANSIMPEDANCE AMP

DRIVE ALIGN FILTER

SUPER-NYQUIST ELECTRONICS 
POLES

FOTON IIR FILTER WARPING

LOCK FILTER

NORMALIZED, WHITENED 
SUSPENSION FORCE-TO-LENGTH 

RESP

OPTICAL FOLLOWER SERVO

ACOUSTO-OPTIC MODULATOR

CORRECTED READOUT

EXCITATION CHANNEL

TD

AI
(A)

TA

W W

AI
(A)

DRVR
stage

DRVR
stage

SUS
L2-L3

SUS
L1-L3

SUS
L3-L3

OPT
GAIN

COUPLED-CAVITY POLE CC
POLE

CC
POLE

OPT
GAIN

LF1LF2LF3

FORCE-TO-LENGTH DC GAIN L1 DC 
m/N

DA3DA1 DA2

TIA TIA

HF
OMC

IIR
WARP

ADC
ct/V

DAC
V/ct

OFS

AOM

L3-L3
NORM

PHOTODIODE QUANTUM 
EFFICIENCY * RESPONSIVITY

64-16
AA (D)

64-16
AA (D)

64-16
AA(D)

64-16
AA (D)

2 1Hz 
poles

2 1Hz 
poles

2 1Hz
poles

2 1Hz 
poles

AA
(A)

AA
(A)

AA
(A)

AA
(A)

OFFLINE CORRECTION

MID F
L2

MID F
L3

ANTI-IMAGING (DIGITAL) 2-16
AI(D)

2-16
AI(D)

L1
N/ct

L2
N/ct

L3
N/ctACTUATION COEFFICIENT

PCAL ACTUATION COEFFICIENT

LIGHT

SIGNAL 

1 The blocks with white letter are inverse of it counterparts in blocks with black letters
* Partial correction (when full correction is not possible)

Filter / 
Delay

Inverse
Filter / 

Advance

IIR
WARP

RESIDUAL ACTUATION FILTERING

ROLL 
OFF

PCDY
61

PCDX
61

SRC
D-2N

UD1
61

UD2
61

UD3
61

SRC
D-2N

ATA
13

ATD
12

AA
(A)

64-16
AA(D)

HF
OMC

Sens
sign

IIR
WARP

CAL
61

SRC
D-2N

ATA
13

ATD
12

AA
(A)

64-16
AA(D)

HF
OMC

Sens
sign

HF
OMC

HF
OMC

HF
OMC

CAL
61

(Super-nyquist poles
from transimpedence

amplifier and whitening.
Front end compensation 
corrects for all except

these poles.)

AA
gain

AA
gain

AA
gain

AA
gain

DC V/ct
ADC
ct/V

AA
gain

AA
gain

TPDY N/V
AA(A)
gain

TPDY
V/W

Y Opt.
eff.

N/W
TX Y

RPDY N/V
AA(A)
gain

RPDY
V/W

Y Opt.
eff.

N/W
RX Y

TPDX N/V
AA(A)
gain

TPDX
V/W

X Opt.
eff.

N/W
TX X

RPDX N/V
AA(A)
gain

RPDX
V/W

X Opt.
eff.

N/W
RX X

DC V/ct
ADC
ct/V

DC V/ct
ADC
ct/V

DC V/ct
ADC
ct/V

ATD
13

ATA
12

(Light
travel time)

(Single pole
correction)

“cts2V” “N/V” “susnorm” “m_per_N”

AI
gain

AI
gain

AI
gain

LSC-DARM_IN1

LSC-DARM_IN1

CAL-PCALY_RXPD 64-16
AA (D)

AA
(A)

Optical response * Optical Gain

LOW F
L3

GAIN
L3

LOW F
L2

GAIN
L2

LOW F
L1

GAIN
L1

ESD
L3

OSEM
L1

OSEM
L2

m/N N/A A/V

AA
gain

AA
gain

N/V V/V

SUS
L3-L3

L3-L3
NORM

L3 DC
m/N

2 1Hz 
poles

L1 N/ct
DAC
V/ct

GAIN
L1

OSEM
L1

L1-L3  
NORM

L2-L3  
NORM

L3-L3  
NORM

L2 N/ct
DAC
V/ct

GAIN
L2

OSEM
L2

L3 N/ct
DAC
V/ct

GAIN
L3

ESD
L3

6 1Hz 
poles

4 1Hz 
poles

2 1Hz 
poles

SUS
61

(Thiran filter is used for
non-integer—fractional—
delays at LLO. At LHO, an
integer number of clock

cycles are used for the delay)

AI
(A)

16-64
AI(D)

IOP3
15

DAD3
45

UD3
61

SUS
61

?TD3
?/?

AI
gain

16-4
AA(D)

2-16
AA(D)

CAL
61

AI
(A)

16-64
AI(D)

IOP2
15

DAD2
45

UD2
61

SUS
61

?TD2
?/?

AI
gain

16-4
AA(D)

CAL
61

2-16
AA(D)

RESIDUAL PUM FILTER

RESIDUAL TST FILTER
TST filter

2-16
AI(D)

K_T
CORR

16-2
AA(D)

SUS-ETMY_L1_CAL_LINE_EXCSUS-ETMY_L1_CAL_LINE_OUT_DQ

SUS-ETMY_L2_CAL_LINE_EXCSUS-ETMY_L2_CAL_LINE_OUT_DQ

CC
POLE

OPT
GAIN

CFTD PARTIAL INVERSE SENSING

IIR
WARP

ROLL 
OFF

SRC
D-2N 1/K_CCC

POLE
TD CC
POLE CAL-CFTD_DELTAL_RESIDUAL_DBL_DQ

CFTD OUTPUT

D

OUTPUT 
MATRIX

LF3

ACT2
SIGN

ARM 
SIGN

ACT1 
SIGN

ARM 
SIGN

BIAS 
SIGN

ACT3 
SIGN

ARM 
SIGN

L1 ACT.

L2 ACT.

L3 ACT.

L1 ACT.

L2 ACT.

L3 ACT.

+

+

K_U
CORR

K_P
CORR

K_T
CORR

      L1 ACT.

L2 ACT.

L3 ACT.

L1 ACT.

L2 ACT.

L3 ACT.

    CFTD INV. C

   INV. C

Thiran
filter

7/0 
DELAY

INV. C

16-4
AA(D)

CAL-CFTD_DELTAL_CTRL_DBL_DQ16-4
AA(D)

Thiran
filter

7/0 
DELAY

CAL-CFTD_DELTAL_EXTERNAL_DQCTFD INV. C

      CTFD L1 ACT.

      CTFD L1 ACT.

      CTFD L1 ACT.
CAL-CTFD_DELTAL_CTRL_UIM_DBL_DQ

CAL-CTFD_DELTAL_CTRL_PUM_DBL_DQ

CAL-CTFD_DELTAL_CTRL_TST_DBL_DQ

16-4
AA(D)

16-4
AA(D)

16-4
AA(D)

CTFD L1 ACT.

CTFD L2 ACT.

CTFD L3 ACT.

4-2
AA(D)

CAL
61

AI
(A)

16-64
AI(D)

IOP1
15

DAD1
45

UD1
61

SUS
61

?TD1
?/?

AI
gain

16-4
AA(D)

2-16
AA(D)

K_U
CORR

RESIDUAL UIM FILTER

+K_P
CORR

K_T
CORR

PUM filter

2-16
AI(D)

16-2
AA(D)

UIM filter

2-16
AI(D)

16-2
AA(D)

OUTPUT 
MATRIX

K_P
CORR

K_U
CORR

LF3 SUS
L3-L3DA3 16-64

AI(D)
AI
(A)

HI F
L3

AI
gain

DAC
V/ct

GAIN
L3

ESD
L3

CAL
61

BIAS 
SIGN

ACT3 
SIGN

ARM 
SIGN

LF3 SUS
L2-L3DA2 16-64

AI(D)
AI
(A)

HI F
L2

AI
gain

DAC
V/ct

GAIN
L2

OSEM
L2

ACT2 
SIGN

ARM 
SIGNLF2 CAL

61

LF3 SUS
L1-L3DA1 16-64

AI(D)
AI
(A)

HI F
L1

AI
gain

DAC
V/ct

GAIN
L1

OSEM
L1

CAL
61

ACT1 
SIGN

ARM 
SIGNLF2 LF1

f_cc

K_T
CORR

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

D

1

K_T
CORR LF3 ?TD3

?/?
SUS
61

K_P
CORR LF3 ?TD2

?/?
SUS
61 LF2

DA3 IOPD3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

H/M F
L3

GAIN
L3 ESD

DA2 IOPD2
15

DAC
V/ct

AI
(A)

DAD2
45

16-64
AI(D)

SUS
L2-L3

UD2
61

AI
gain

H/M F
L2

GAIN
L2 OSEM

K_U
CORR LF3 ?TD1

?/?
SUS
61 LF2 DA1 IOPD1

15
DAC
V/ct

AI
(A)

DAD1
45

16-64
AI(D)

SUS
L1-L3

UD1
61

AI
gain

H/M F
L1

GAIN
L1 OSEMLF1

K_C f_cc

f_cc

S

2

SRe SImf 1

SRe

SUS
L3-L3

SUS
L3-L3

PD
V/W

TIA
V/A

PD
A/W

N/W
X

X Opt.
eff.

Y Opt.
eff.

N/W
Y

Front end Compensation

BALANCE
MATRIX

TIA_A
Resp.

W_A
Resp.

Rough
mA/ct

Front end Compensation

TIA_B
Resp.

W_B
Resp.

Rough
mA/ct

Front end ompensation turns ADC counts 
into a rough calibration in milli-amperes 

of current on the DCPDs
Within control band, some electronic response 

is compensated digitally
Balance, linearization, 
and input matrix gains

can be arbitrary (including signs), so
DARM_IN1 units are “counts”
(though not “just” ADC counts)

CAL-DELTAL_EXTERNAL_DQWHITE

FE Comp

LOW F
L1

FE Comp

LOW F
L2

FE Comp

LOW F
L3

OMCBS
RATIO

OUT
LOSS

TIA_A
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TIA_B
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W_A
V/V

W_B
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ARM
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ARM
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ARM
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64-16
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2 1Hz 
poles
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OPT
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RATIO

PDA
A/W

TIA_A
V/A
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C 
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AA(D)

16-0.5
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SIGN

MID F
L3

HI F
L3

MID F
L2

HI F
L2

MID F
L1

HI F
L1

ETMY_L3_EXC 1
IOP3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

GAIN
L3 ESDMID F

L1
HI F
L1

ACT3 
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(A)
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CC
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SRC
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ATD
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64-16
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HF
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TIA_A
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C LSC-DARM_IN1
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64-16
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ARM
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1
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LSC-DARM_IN1

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

1

AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

CAL-PCALY_RXPD Sens
sign

LSC-DARM_EXC

LSC-DARM_IN2

(1 + G)

C

LSC-DARM_IN1

ETMY_L3_EXC

LSC-DARM_IN1

LSC-DARM_IN1

CAL-PCALY_RXPD

ETMY_L3_EXC

LSC-DARM_EXC

LSC-DARM_IN2

CAL-DARM_ERR_DBL_DQ

ATD
13

ATA
12

HF
OMC

1

2 1Hz 
poles

ARM
SIGN

CAL-PCALY_RXPD Sens
sign

CAL
61

IIR
WARP

ROLL 
OFF

Front-end 
incapable

of compensating
for these

Front-end 
does a poor job of 

these
Back to “in loop”

error signal

HI F
L2

HI F
L3

IIR
WARP

IIR
WARP

IIR
WARP

IIR
WARP

Front-end incapable
of compensating

for these

Back to “in 
loop” control 

signal

Front-end 
does a poor job of 

these

Sub Nyquist
WithIn Control Band

Super Nyquist

Actuator Driver Response Digital-to-Analog Signal Processing and Artifacts Suspension Front-end Control Computation

Digital-to-Analog Signal 
Processing and Artifacts

Global Sensing And Control 
Front-end Control ComputationPhoto-diode Readout ResponseInterferometric Response to Differential Arm Displacement

Global Sensing And Control 
Front-end Control Computation

Real-time Calibration Front-end Monitor Computation

 Actuator Strength and 
Force-to-Displacement Response

Inter-computer
communication

Low-latentecy Data Monitoring Tool (DMT) Computation

K_C
CORR

f_cc
CORR

BIAS 
SIGN

+

MID F
L3

MID F
L2

MID F
L1

W/m

IOP
15

DAD1
45

UD1
61

SUS
61

?TD1
?/?

DAD2
45

DAD3
45

IOP
15

UD2
61

IOP
15

UD3
61

SUS
61

?TD2
?/?

SUS
61

?TD3
?/?

K_C
CORR

?TD3
?/?

?TD2
?/?

?TD1
?/?

LIN INPUT
MATRIX

LDAS Cluster Computation

LF3 SUS
61

CAL-PCALY_RX_PD_DQ
64-16
AA (D)

AA
(A)

2 1Hz 
poles

ARM
SIGN

16-0.5
AA(D)

SUS-ETMY_L3_CAL_LINE_OUT_DQ

CAL-DARM_ERR_DBL_DQ

CAL
61

CAL
61

CAL-DARM_ERR_DBL_DQ

Front-end ompensation for N/V
is better described in T1800046

Generation of time dependent correction factors 
better described in T1700106

(A_T) 

(A_T) 

LF3 SUS
61

LF3 SUS
61

IOP3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

GAIN
L3 ESDMID F

L3
HI F
L3

ACT3 
SIGN

ARM 
SIGN

(1 + G)

C

LSC-DARM_IN1

ETMY_L3_EXC
t = now

IOP3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

GAIN
L3 ESDMID F

L3
HI F
L3

ACT3 
SIGN

ARM 
SIGN

BIAS 
SIGN

BIAS 
SIGN

LF3 SUS
61 LF3 SUS

61

(A_T)

(A_T) SUS
L3-L3DA3 16-64

AI(D)
AI
(A)

HI F
L3

AI
gain

DAC
V/ct

GAIN
L3

ESD
L3

BIAS 
SIGN

ACT3 
SIGN

ARM 
SIGN

MID F
L3

DAD3
45

IOP
15

UD3
61

?TD3
?/?LF3SUS

61
LOW F

L3
LOW F

L3

1

t = now

t = ref

BIAS 
SIGN

BIAS 
SIGN

ACT1 
SIGN

ARM 
SIGN

BIAS 
SIGN

ACT2 
SIGN

ARM 
SIGN

ACT3 
SIGN

ARM 
SIGN

BIAS 
SIGN

Sens
sign

OVER
GAIN

CC
POLE

SRC
D-2N

t = now

S

C (t = now)

CAL-DARM_ERR_DBL_DQ

CAL-PCALY_RXPD AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

1

CAL
61

LSC-DARM_IN1

CAL-DARM_ERR_DBL_DQ
CAL
61

(1 + G)

C

1/C + AD

1

C (t = now)
(1/C + AD)              —          AD

t = now t = now

1

             -          AD
t = now t = now

(1 + G)

C

1
CAL-PCALY_RX_PD_DQ

64-16
AA (D)

AA
(A)

2 1Hz 
poles

ARM
SIGN

CAL
61

CAL-DARM_ERR_DBL_DQ

TIME DEPENDENT CORRECTION K_P
CORR

K_U
CORR

K_T
CORR

K_C
CORR

f_cc
CORR

LOW F
L1

GAIN
L1

MID F
L1

HI F
L1

Expanded
Definition

GAIN * RESPONSE

AI
(A)

AI
gain

W_A
Resp.

W_A
V/V

TIA_B
V/A

TIA_B
Resp.

PD
A/W

ANTI-ALIASING (ANALOG)

ANTI-ALIASING (DIGITAL)

AA
(A)

AA
(A)

64-16
AA (D)

64-16
AA (D)

AA
(A)

AA
gain

DETUNED SRC OPTICAL SPRING SRC
D2N

SRC
D2N

GAIN ONLY

RESPONSE ONLY

RESPONSE ONLY

RESPONSE ONLY

RESPONSE ONLY

RESPONSE ONLY

GAIN ONLY

L2 DC 
m/N

L3 DC 
m/N GAIN ONLY

GAIN ONLY

GAIN ONLY

WSUS
L3-L3

L3 DC 
m/N

RESPONSE ONLY

N/W
X

Opt.
eff.OPTICAL EFFICIENCY

PCAL Front-end Monitor Computation

Within control band, 
some electronic 

response is 
compensated digitally

OUTPUT 
MATRIX

CAL-PCALY_RX_PD_DQ

(1 + G)

C
DA3 ?TD3

?/?LF3SUS
61

1

(A_T)
?TD3
?/?

?TD3
?/?

DA3

DA3

?TD3
?/?DA3 ?TD3

?/?DA3

t = now

t = ref t = ref

Using a zoom in on the relevant corner of the Subway Map G1501518, each 
channel’s zeros and poles of OMC whitening chassis response is represented as the 
white “W_A Resp.” and “W_B Resp.”  boxes

For the low frequency zeros and poles, i.e.

we “compensate” (multiply) the raw ADC signal with 
(by) digital filters “in loop,” with digital IIR filters in the 
front-end shown as black boxes with the same name

𝒇𝒛𝑭: 𝒇𝒑𝑭 = 𝟎. 𝟗𝟔𝟎: 𝟏𝟎. 𝟎𝟕𝟑 𝐇𝐳
𝒇𝒛𝑭: 𝒇𝒑𝑭 = 𝟓𝟎𝟑. 𝟔𝟓𝟓: 𝟒𝟗. 𝟗𝟓𝟒 𝐇𝐳

The Balance Matrix 
digitally adds the two 
paths together, with 
coefficients that are 
*close* to 1.0 (not 0.5!)
These take care of the 
*differential* gain 
between the channels

𝒇𝒛𝑭: 𝒇𝒑𝑭 = 𝟎. 𝟗𝟔𝟎: 𝟏𝟎. 𝟎𝟕𝟑 𝐇𝐳

https://dcc.ligo.org/LIGO-G1501518
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II.4 Compensation Scheme: Context

Balance Matrix

DCPD SUM
that will be 

fed to 
quadratic 

normalize-
ation

DCPD A 
Compensation 
filter bank

DCPD B 
Compensation 
filter bank

Raw ADC 
Signals

64 kHZ  

16 kHZ

4 kHZ

ANALOG

2 kHZ

Sensing Function

ADC
ct/V

LSC-DARM_IN1

CAL-DARM_ERR_DBL_DQ

LF1DA1

SUS-ETMY_L3_CAL_LINE_EXC

A Control FiltersActuation Function

C

D

PDB
A/W

AA
(A)

16-64
AI(D)

IOPD3
15

IOPD2
15

IOPD1
15

DAD1
45

DAC
V/ct

DAC
V/ct

DAC
V/ct

AI
(A)

AI
(A)

AI
(A)

OPT
GAIN

CAL-DARM_CTRL_DBL_DQ

CAL-DELTAL_CTRL_UIM_DBL_DQ

CAL-DELTAL_CTRL_PUM_DBL_DQ

CAL-DELTAL_CTRL_TST_DQ

CAL-DELTAL_CTRL_DBL_DQ

CAL-DELTAL_RESIDUAL_DBL_DQ

SUS-ETMY_L3_CAL_LINE_OUT_DQ

DA2

DCS-CALIB_STRAIN

CAL-PCALY_EXC CAL-PCALY_EXC_OUT
CAL
61

LEGEND

LF3

TIME DELAY or ADVANCE 

ANALOG/DIGITAL WHITENING

ANTI-IMAGING (ANALOG)

FORCE-TO-LENGTH SUS RESP 

ANALOG/DIGITAL CONVERTER

READ-BACK CHANNEL

O3 CALIBRATION SCHEME

COIL/ESD DRIVER

LF3

CAL-PCALX_EXC

CAL-PCALX_EXC_OUT

GDS-CALIB_STRAIN

LF2 LF1LF3

CC
POLE

CAL-CS
“Front-End”
“Real-Time”

GDS
“Low-Latency”

PCAL

CAL
61

64-16
AA(D)

G1501518-v18  Apr. 24, 2018

DAD2
45

DAD3
45

CAL-PCALX_TX_PD_DQ

CAL-PCALX_RX_PD_DQ

CAL-PCALY_RX_PD_DQ

CAL-PCALY_TX_PD_DQ

CC
POLE

ADC
ct/V

PDA
A/W

AA
(A)

64-16
AA(D)

FULL ACTUATION FILTERING

FULL INVERSE SENSING FILTER

OPT
GAIN

CC
POLE

Pcal X TxPD (m)

Pcal Y RxPD (m)

Pcal Y TxPD (m)

Pcal X RxPD (m)

DCS
“Offline”

LF2

L3 DC 
m/NDA3

DAC
V/ct

16-64
AI(D)

16-64
AI(D)

DAC
V/ct

16-64
AI(D)

16-64
AI(D)

TTIAX
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC 
m/N

TPDX
A/W

RTIAX
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC 
m/N

RPDX
A/W

RTIAY
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC 
m/N

RPDY
A/W

TTIAY
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC
m/N

TPDY
A/W

64-16
AA(D)

64-16
AA(D)

64-16
AA(D)

64-16
AA(D)

IOPDY
15

DADX
45

AI
(A)

IOPDX
15

DADY
45

AI
(A)

AOM

OPT
GAIN

RESIDUAL INVERSE SENSING FILTER

DARM LOOP

1/L

1/L

SUS
L1-L3

SUS
L2-L3

SUS
L3-L3

16-4
AA(D)

16-4
AA(D)

16-4
AA(D)

DA1 L1 DC 
m/N

DA3

DA2 LF2

OFS

AOMOFS

4-2
AA(D)

4-2
AA(D)

L2 DC 
m/N

ACTUATION

TIA_A
V/A

TIA_B
V/A

W_A
Resp.

W_B
Resp.

PARTIAL INVERSE SENSING

OPTICAL GAIN

TRANSIMPEDANCE AMP

DRIVE ALIGN FILTER

SUPER-NYQUIST ELECTRONICS 
POLES

FOTON IIR FILTER WARPING

LOCK FILTER

NORMALIZED, WHITENED 
SUSPENSION FORCE-TO-LENGTH 

RESP

OPTICAL FOLLOWER SERVO

ACOUSTO-OPTIC MODULATOR

CORRECTED READOUT

EXCITATION CHANNEL

TD

AI
(A)

TA

W W

AI
(A)

DRVR
stage

DRVR
stage

SUS
L2-L3

SUS
L1-L3

SUS
L3-L3

OPT
GAIN

COUPLED-CAVITY POLE CC
POLE

CC
POLE

OPT
GAIN

LF1LF2LF3

FORCE-TO-LENGTH DC GAIN L1 DC 
m/N

DA3DA1 DA2

TIA TIA

HF
OMC

IIR
WARP

ADC
ct/V

DAC
V/ct

OFS

AOM

L3-L3
NORM

PHOTODIODE QUANTUM 
EFFICIENCY * RESPONSIVITY

64-16
AA (D)

64-16
AA (D)

64-16
AA(D)

64-16
AA (D)

2 1Hz 
poles

2 1Hz 
poles

2 1Hz
poles

2 1Hz 
poles

AA
(A)

AA
(A)

AA
(A)

AA
(A)

OFFLINE CORRECTION

MID F
L2

MID F
L3

ANTI-IMAGING (DIGITAL) 2-16
AI(D)

2-16
AI(D)

L1
N/ct

L2
N/ct

L3
N/ctACTUATION COEFFICIENT

PCAL ACTUATION COEFFICIENT

LIGHT

SIGNAL 

1 The blocks with white letter are inverse of it counterparts in blocks with black letters
* Partial correction (when full correction is not possible)

Filter / 
Delay

Inverse
Filter / 

Advance

IIR
WARP

RESIDUAL ACTUATION FILTERING

ROLL 
OFF

PCDY
61

PCDX
61

SRC
D-2N

UD1
61

UD2
61

UD3
61

SRC
D-2N

ATA
13

ATD
12

AA
(A)

64-16
AA(D)

HF
OMC

Sens
sign

IIR
WARP

CAL
61

SRC
D-2N

ATA
13

ATD
12

AA
(A)

64-16
AA(D)

HF
OMC

Sens
sign

HF
OMC

HF
OMC

HF
OMC

CAL
61

(Super-nyquist poles
from transimpedence

amplifier and whitening.
Front end compensation 
corrects for all except

these poles.)

AA
gain

AA
gain

AA
gain

AA
gain

DC V/ct
ADC
ct/V

AA
gain

AA
gain

TPDY N/V
AA(A)
gain

TPDY
V/W

Y Opt.
eff.

N/W
TX Y

RPDY N/V
AA(A)
gain

RPDY
V/W

Y Opt.
eff.

N/W
RX Y

TPDX N/V
AA(A)
gain

TPDX
V/W

X Opt.
eff.

N/W
TX X

RPDX N/V
AA(A)
gain

RPDX
V/W

X Opt.
eff.

N/W
RX X

DC V/ct
ADC
ct/V

DC V/ct
ADC
ct/V

DC V/ct
ADC
ct/V

ATD
13

ATA
12

(Light
travel time)

(Single pole
correction)

“cts2V” “N/V” “susnorm” “m_per_N”

AI
gain

AI
gain

AI
gain

LSC-DARM_IN1

LSC-DARM_IN1

CAL-PCALY_RXPD 64-16
AA (D)

AA
(A)

Optical response * Optical Gain

LOW F
L3

GAIN
L3

LOW F
L2

GAIN
L2

LOW F
L1

GAIN
L1

ESD
L3

OSEM
L1

OSEM
L2

m/N N/A A/V

AA
gain

AA
gain

N/V V/V

SUS
L3-L3

L3-L3
NORM

L3 DC
m/N

2 1Hz 
poles

L1 N/ct
DAC
V/ct

GAIN
L1

OSEM
L1

L1-L3  
NORM

L2-L3  
NORM

L3-L3  
NORM

L2 N/ct
DAC
V/ct

GAIN
L2

OSEM
L2

L3 N/ct
DAC
V/ct

GAIN
L3

ESD
L3

6 1Hz 
poles

4 1Hz 
poles

2 1Hz 
poles

SUS
61

(Thiran filter is used for
non-integer—fractional—
delays at LLO. At LHO, an
integer number of clock

cycles are used for the delay)

AI
(A)

16-64
AI(D)

IOP3
15

DAD3
45

UD3
61

SUS
61

?TD3
?/?

AI
gain

16-4
AA(D)

2-16
AA(D)

CAL
61

AI
(A)

16-64
AI(D)

IOP2
15

DAD2
45

UD2
61

SUS
61

?TD2
?/?

AI
gain

16-4
AA(D)

CAL
61

2-16
AA(D)

RESIDUAL PUM FILTER

RESIDUAL TST FILTER
TST filter

2-16
AI(D)

K_T
CORR

16-2
AA(D)

SUS-ETMY_L1_CAL_LINE_EXCSUS-ETMY_L1_CAL_LINE_OUT_DQ

SUS-ETMY_L2_CAL_LINE_EXCSUS-ETMY_L2_CAL_LINE_OUT_DQ

CC
POLE

OPT
GAIN

CFTD PARTIAL INVERSE SENSING

IIR
WARP

ROLL 
OFF

SRC
D-2N 1/K_CCC

POLE
TD CC
POLE CAL-CFTD_DELTAL_RESIDUAL_DBL_DQ

CFTD OUTPUT

D

OUTPUT 
MATRIX

LF3

ACT2
SIGN

ARM 
SIGN

ACT1 
SIGN

ARM 
SIGN

BIAS 
SIGN

ACT3 
SIGN

ARM 
SIGN

L1 ACT.

L2 ACT.

L3 ACT.

L1 ACT.

L2 ACT.

L3 ACT.

+

+

K_U
CORR

K_P
CORR

K_T
CORR

      L1 ACT.

L2 ACT.

L3 ACT.

L1 ACT.

L2 ACT.

L3 ACT.

    CFTD INV. C

   INV. C

Thiran
filter

7/0 
DELAY

INV. C

16-4
AA(D)

CAL-CFTD_DELTAL_CTRL_DBL_DQ16-4
AA(D)

Thiran
filter

7/0 
DELAY

CAL-CFTD_DELTAL_EXTERNAL_DQCTFD INV. C

      CTFD L1 ACT.

      CTFD L1 ACT.

      CTFD L1 ACT.
CAL-CTFD_DELTAL_CTRL_UIM_DBL_DQ

CAL-CTFD_DELTAL_CTRL_PUM_DBL_DQ

CAL-CTFD_DELTAL_CTRL_TST_DBL_DQ

16-4
AA(D)

16-4
AA(D)

16-4
AA(D)

CTFD L1 ACT.

CTFD L2 ACT.

CTFD L3 ACT.

4-2
AA(D)

CAL
61

AI
(A)

16-64
AI(D)

IOP1
15

DAD1
45

UD1
61

SUS
61

?TD1
?/?

AI
gain

16-4
AA(D)

2-16
AA(D)

K_U
CORR

RESIDUAL UIM FILTER

+K_P
CORR

K_T
CORR

PUM filter

2-16
AI(D)

16-2
AA(D)

UIM filter

2-16
AI(D)

16-2
AA(D)

OUTPUT 
MATRIX

K_P
CORR

K_U
CORR

LF3 SUS
L3-L3DA3 16-64

AI(D)
AI
(A)

HI F
L3

AI
gain

DAC
V/ct

GAIN
L3

ESD
L3

CAL
61

BIAS 
SIGN

ACT3 
SIGN

ARM 
SIGN

LF3 SUS
L2-L3DA2 16-64

AI(D)
AI
(A)

HI F
L2

AI
gain

DAC
V/ct

GAIN
L2

OSEM
L2

ACT2 
SIGN

ARM 
SIGNLF2 CAL

61

LF3 SUS
L1-L3DA1 16-64

AI(D)
AI
(A)

HI F
L1

AI
gain

DAC
V/ct

GAIN
L1

OSEM
L1

CAL
61

ACT1 
SIGN

ARM 
SIGNLF2 LF1

f_cc

K_T
CORR

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

D

1

K_T
CORR LF3 ?TD3

?/?
SUS
61

K_P
CORR LF3 ?TD2

?/?
SUS
61 LF2

DA3 IOPD3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

H/M F
L3

GAIN
L3 ESD

DA2 IOPD2
15

DAC
V/ct

AI
(A)

DAD2
45

16-64
AI(D)

SUS
L2-L3

UD2
61

AI
gain

H/M F
L2

GAIN
L2 OSEM

K_U
CORR LF3 ?TD1

?/?
SUS
61 LF2 DA1 IOPD1

15
DAC
V/ct

AI
(A)

DAD1
45

16-64
AI(D)

SUS
L1-L3

UD1
61

AI
gain

H/M F
L1

GAIN
L1 OSEMLF1

K_C f_cc

f_cc

S

2

SRe SImf 1

SRe

SUS
L3-L3

SUS
L3-L3

PD
V/W

TIA
V/A

PD
A/W

N/W
X

X Opt.
eff.

Y Opt.
eff.

N/W
Y

Front end Compensation

BALANCE
MATRIX

TIA_A
Resp.

W_A
Resp.

Rough
mA/ct

Front end Compensation

TIA_B
Resp.

W_B
Resp.

Rough
mA/ct

Front end ompensation turns ADC counts 
into a rough calibration in milli-amperes 

of current on the DCPDs
Within control band, some electronic response 

is compensated digitally
Balance, linearization, 
and input matrix gains

can be arbitrary (including signs), so
DARM_IN1 units are “counts”
(though not “just” ADC counts)

CAL-DELTAL_EXTERNAL_DQWHITE

FE Comp

LOW F
L1

FE Comp

LOW F
L2

FE Comp

LOW F
L3

OMCBS
RATIO

OUT
LOSS

TIA_A
Resp.

TIA_B
Resp.

W_A
V/V

W_B
V/V

ARM
SIGN

ARM
SIGN

ARM
SIGN

ARM
SIGN

ARM
SIGN

ARM
SIGN

CAL-PCALY_RXPDPcal Y RxPD (m) AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

OVER
GAIN

OPT
GAIN

OUT
LOSS

OMCBS
RATIO

PDA
A/W

TIA_A
V/A

W_A
V/V

AA
gain

ADC
ct/V

Rough
mA/ct

PDB
A/W

TIA_B
V/A

W_B
V/V

AA
gain

ADC
ct/V

Rough
mA/ct

BALANCE
MATRIX LIN INPUT

MATRIX units of counts / meter 

MCMC Input for 
C 

LSC-DARM_EXC

LSC-DARM_IN2

16-0.5
AA(D)

16-0.5
AA(D)

16-0.5
AA(D)

LSC-DARM_EXC

LSC-DARM_IN2

(1 + G)

1 C

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

LSC-DARM_EXC

LSC-DARM_IN2

LSC-DARM_IN1 LSC-DARM_IN1

CAL-PCALY_RX_PD_DQ

AA
(A)

Pcal Y RxPD (m)

64-16
AA (D)

(1 + G)

C 2 1Hz 
poles

ARM
SIGN(1 + G)

C

2 1Hz 
poles

ARM
SIGN

Sens
sign

Sens
sign

ACT1 
SIGN

ARM 
SIGN

ACT2 
SIGN

ACT3 
SIGN

MID F
L3

HI F
L3

MID F
L2

HI F
L2

MID F
L1

HI F
L1

ETMY_L3_EXC 1
IOP3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

GAIN
L3 ESDMID F

L1
HI F
L1

ACT3 
SIGN

ARM 
SIGN

OVER
GAIN

CC
POLE

SRC
D-2N

64-16
AA (D)

AA
(A)

2 1Hz 
poles

ARM
SIGN

MCMC Input for 
A_T DAC

V/ct
AI

gain
GAIN

L3

ESD

LSC-DARM_IN1

LSC-DARM_IN1

CAL-PCALY_RXPD

ETMY_L3_EXC
64-16
AA (D)

AA
(A)

2 1Hz 
poles

ARM
SIGN

IOP3
15

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

MID F
L1

HI F
L1

ACT3 
SIGN

ARM 
SIGN

LSC-DARM_EXC

LSC-DARM_IN2

LSC-DARM_IN1

ATD
13

ATA
12

HF
OMC

1

2 1Hz 
poles

ARM
SIGN

CAL-PCALY_RXPD Sens
sign

LSC-DARM_IN1
IOP3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

(1 + G)

CC
POLE

SRC
D-2N

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

AA
gain

HF
OMCGAIN

L3 ESD

ETMY_L3_EXC

MID F
L1

HI F
L1

OVER
GAIN

Sens
signACT3 

SIGN
ARM 
SIGN

C OVER
GAIN

CC
POLE

SRC
D-2N

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

Sens
sign

W_A
Resp.

TIA_A
Resp.

W_A
Resp.

TIA_A
Resp.

(1 + G)

C LSC-DARM_IN1

AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

1

C
LSC-DARM_IN1

CAL-PCALY_RXPD AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

1

(Optical Response * Overall Gain) Only 

LSC-DARM_IN1

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

1

AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

CAL-PCALY_RXPD Sens
sign

LSC-DARM_EXC

LSC-DARM_IN2

(1 + G)

C

LSC-DARM_IN1

ETMY_L3_EXC

LSC-DARM_IN1

LSC-DARM_IN1

CAL-PCALY_RXPD

ETMY_L3_EXC

LSC-DARM_EXC

LSC-DARM_IN2

CAL-DARM_ERR_DBL_DQ

ATD
13

ATA
12

HF
OMC

1

2 1Hz 
poles

ARM
SIGN

CAL-PCALY_RXPD Sens
sign

CAL
61

IIR
WARP

ROLL 
OFF

Front-end 
incapable

of compensating
for these

Front-end 
does a poor job of 

these
Back to “in loop”

error signal

HI F
L2

HI F
L3

IIR
WARP

IIR
WARP

IIR
WARP

IIR
WARP

Front-end incapable
of compensating

for these

Back to “in 
loop” control 

signal

Front-end 
does a poor job of 

these

Sub Nyquist
WithIn Control Band

Super Nyquist

Actuator Driver Response Digital-to-Analog Signal Processing and Artifacts Suspension Front-end Control Computation

Digital-to-Analog Signal 
Processing and Artifacts

Global Sensing And Control 
Front-end Control ComputationPhoto-diode Readout ResponseInterferometric Response to Differential Arm Displacement

Global Sensing And Control 
Front-end Control Computation

Real-time Calibration Front-end Monitor Computation

 Actuator Strength and 
Force-to-Displacement Response

Inter-computer
communication

Low-latentecy Data Monitoring Tool (DMT) Computation

K_C
CORR

f_cc
CORR

BIAS 
SIGN

+

MID F
L3

MID F
L2

MID F
L1

W/m

IOP
15

DAD1
45

UD1
61

SUS
61

?TD1
?/?

DAD2
45

DAD3
45

IOP
15

UD2
61

IOP
15

UD3
61

SUS
61

?TD2
?/?

SUS
61

?TD3
?/?

K_C
CORR

?TD3
?/?

?TD2
?/?

?TD1
?/?

LIN INPUT
MATRIX

LDAS Cluster Computation

LF3 SUS
61

CAL-PCALY_RX_PD_DQ
64-16
AA (D)

AA
(A)

2 1Hz 
poles

ARM
SIGN

16-0.5
AA(D)

SUS-ETMY_L3_CAL_LINE_OUT_DQ

CAL-DARM_ERR_DBL_DQ

CAL
61

CAL
61

CAL-DARM_ERR_DBL_DQ

Front-end ompensation for N/V
is better described in T1800046

Generation of time dependent correction factors 
better described in T1700106

(A_T) 

(A_T) 

LF3 SUS
61

LF3 SUS
61

IOP3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

GAIN
L3 ESDMID F

L3
HI F
L3

ACT3 
SIGN

ARM 
SIGN

(1 + G)

C

LSC-DARM_IN1

ETMY_L3_EXC
t = now

IOP3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

GAIN
L3 ESDMID F

L3
HI F
L3

ACT3 
SIGN

ARM 
SIGN

BIAS 
SIGN

BIAS 
SIGN

LF3 SUS
61 LF3 SUS

61

(A_T)

(A_T) SUS
L3-L3DA3 16-64

AI(D)
AI
(A)

HI F
L3

AI
gain

DAC
V/ct

GAIN
L3

ESD
L3

BIAS 
SIGN

ACT3 
SIGN

ARM 
SIGN

MID F
L3

DAD3
45

IOP
15

UD3
61

?TD3
?/?LF3SUS

61
LOW F

L3
LOW F

L3

1

t = now

t = ref

BIAS 
SIGN

BIAS 
SIGN

ACT1 
SIGN

ARM 
SIGN

BIAS 
SIGN

ACT2 
SIGN

ARM 
SIGN

ACT3 
SIGN

ARM 
SIGN

BIAS 
SIGN

Sens
sign

OVER
GAIN

CC
POLE

SRC
D-2N

t = now

S

C (t = now)

CAL-DARM_ERR_DBL_DQ

CAL-PCALY_RXPD AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

1

CAL
61

LSC-DARM_IN1

CAL-DARM_ERR_DBL_DQ
CAL
61

(1 + G)

C

1/C + AD

1

C (t = now)
(1/C + AD)              —          AD

t = now t = now

1

             -          AD
t = now t = now

(1 + G)

C

1
CAL-PCALY_RX_PD_DQ

64-16
AA (D)

AA
(A)

2 1Hz 
poles

ARM
SIGN

CAL
61

CAL-DARM_ERR_DBL_DQ

TIME DEPENDENT CORRECTION K_P
CORR

K_U
CORR

K_T
CORR

K_C
CORR

f_cc
CORR

LOW F
L1

GAIN
L1

MID F
L1

HI F
L1

Expanded
Definition

GAIN * RESPONSE

AI
(A)

AI
gain

W_A
Resp.

W_A
V/V

TIA_B
V/A

TIA_B
Resp.

PD
A/W

ANTI-ALIASING (ANALOG)

ANTI-ALIASING (DIGITAL)

AA
(A)

AA
(A)

64-16
AA (D)

64-16
AA (D)

AA
(A)

AA
gain

DETUNED SRC OPTICAL SPRING SRC
D2N

SRC
D2N

GAIN ONLY

RESPONSE ONLY

RESPONSE ONLY

RESPONSE ONLY

RESPONSE ONLY

RESPONSE ONLY

GAIN ONLY

L2 DC 
m/N

L3 DC 
m/N GAIN ONLY

GAIN ONLY

GAIN ONLY

WSUS
L3-L3

L3 DC 
m/N

RESPONSE ONLY

N/W
X

Opt.
eff.OPTICAL EFFICIENCY

PCAL Front-end Monitor Computation

Within control band, 
some electronic 

response is 
compensated digitally

OUTPUT 
MATRIX

CAL-PCALY_RX_PD_DQ

(1 + G)

C
DA3 ?TD3

?/?LF3SUS
61

1

(A_T)
?TD3
?/?

?TD3
?/?

DA3

DA3

?TD3
?/?DA3 ?TD3

?/?DA3

t = now

t = ref t = ref

64 kHZ  

16 kHZ

4 kHZ

ANALOG

2 kHZ

Sensing Function

ADC
ct/V

LSC-DARM_IN1

CAL-DARM_ERR_DBL_DQ

LF1DA1

SUS-ETMY_L3_CAL_LINE_EXC

A Control FiltersActuation Function

C

D

PDB
A/W

AA
(A)

16-64
AI(D)

IOPD3
15

IOPD2
15

IOPD1
15

DAD1
45

DAC
V/ct

DAC
V/ct

DAC
V/ct

AI
(A)

AI
(A)

AI
(A)

OPT
GAIN

CAL-DARM_CTRL_DBL_DQ

CAL-DELTAL_CTRL_UIM_DBL_DQ

CAL-DELTAL_CTRL_PUM_DBL_DQ

CAL-DELTAL_CTRL_TST_DQ

CAL-DELTAL_CTRL_DBL_DQ

CAL-DELTAL_RESIDUAL_DBL_DQ

SUS-ETMY_L3_CAL_LINE_OUT_DQ

DA2

DCS-CALIB_STRAIN

CAL-PCALY_EXC CAL-PCALY_EXC_OUT
CAL
61

LEGEND

LF3

TIME DELAY or ADVANCE 

ANALOG/DIGITAL WHITENING

ANTI-IMAGING (ANALOG)

FORCE-TO-LENGTH SUS RESP 

ANALOG/DIGITAL CONVERTER

READ-BACK CHANNEL

O3 CALIBRATION SCHEME

COIL/ESD DRIVER

LF3

CAL-PCALX_EXC

CAL-PCALX_EXC_OUT

GDS-CALIB_STRAIN

LF2 LF1LF3

CC
POLE

CAL-CS
“Front-End”
“Real-Time”

GDS
“Low-Latency”

PCAL

CAL
61

64-16
AA(D)

G1501518-v18  Apr. 24, 2018

DAD2
45

DAD3
45

CAL-PCALX_TX_PD_DQ

CAL-PCALX_RX_PD_DQ

CAL-PCALY_RX_PD_DQ

CAL-PCALY_TX_PD_DQ

CC
POLE

ADC
ct/V

PDA
A/W

AA
(A)

64-16
AA(D)

FULL ACTUATION FILTERING

FULL INVERSE SENSING FILTER

OPT
GAIN

CC
POLE

Pcal X TxPD (m)

Pcal Y RxPD (m)

Pcal Y TxPD (m)

Pcal X RxPD (m)

DCS
“Offline”

LF2

L3 DC 
m/NDA3

DAC
V/ct

16-64
AI(D)

16-64
AI(D)

DAC
V/ct

16-64
AI(D)

16-64
AI(D)

TTIAX
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC 
m/N

TPDX
A/W

RTIAX
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC 
m/N

RPDX
A/W

RTIAY
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC 
m/N

RPDY
A/W

TTIAY
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC
m/N

TPDY
A/W

64-16
AA(D)

64-16
AA(D)

64-16
AA(D)

64-16
AA(D)

IOPDY
15

DADX
45

AI
(A)

IOPDX
15

DADY
45

AI
(A)

AOM

OPT
GAIN

RESIDUAL INVERSE SENSING FILTER

DARM LOOP

1/L

1/L

SUS
L1-L3

SUS
L2-L3

SUS
L3-L3

16-4
AA(D)

16-4
AA(D)

16-4
AA(D)

DA1 L1 DC 
m/N

DA3

DA2 LF2

OFS

AOMOFS

4-2
AA(D)

4-2
AA(D)

L2 DC 
m/N

ACTUATION

TIA_A
V/A

TIA_B
V/A

W_A
Resp.

W_B
Resp.

PARTIAL INVERSE SENSING

OPTICAL GAIN

TRANSIMPEDANCE AMP

DRIVE ALIGN FILTER

SUPER-NYQUIST ELECTRONICS 
POLES

FOTON IIR FILTER WARPING

LOCK FILTER

NORMALIZED, WHITENED 
SUSPENSION FORCE-TO-LENGTH 

RESP

OPTICAL FOLLOWER SERVO

ACOUSTO-OPTIC MODULATOR

CORRECTED READOUT

EXCITATION CHANNEL

TD

AI
(A)

TA

W W

AI
(A)

DRVR
stage

DRVR
stage

SUS
L2-L3

SUS
L1-L3

SUS
L3-L3

OPT
GAIN

COUPLED-CAVITY POLE CC
POLE

CC
POLE

OPT
GAIN

LF1LF2LF3

FORCE-TO-LENGTH DC GAIN L1 DC 
m/N

DA3DA1 DA2

TIA TIA

HF
OMC

IIR
WARP

ADC
ct/V

DAC
V/ct

OFS

AOM

L3-L3
NORM

PHOTODIODE QUANTUM 
EFFICIENCY * RESPONSIVITY

64-16
AA (D)

64-16
AA (D)

64-16
AA(D)

64-16
AA (D)

2 1Hz 
poles

2 1Hz 
poles

2 1Hz
poles

2 1Hz 
poles

AA
(A)

AA
(A)

AA
(A)

AA
(A)

OFFLINE CORRECTION

MID F
L2

MID F
L3

ANTI-IMAGING (DIGITAL) 2-16
AI(D)

2-16
AI(D)

L1
N/ct

L2
N/ct

L3
N/ctACTUATION COEFFICIENT

PCAL ACTUATION COEFFICIENT

LIGHT

SIGNAL 

1 The blocks with white letter are inverse of it counterparts in blocks with black letters
* Partial correction (when full correction is not possible)

Filter / 
Delay

Inverse
Filter / 

Advance

IIR
WARP

RESIDUAL ACTUATION FILTERING

ROLL 
OFF

PCDY
61

PCDX
61

SRC
D-2N

UD1
61

UD2
61

UD3
61

SRC
D-2N

ATA
13

ATD
12

AA
(A)

64-16
AA(D)

HF
OMC

Sens
sign

IIR
WARP

CAL
61

SRC
D-2N

ATA
13

ATD
12

AA
(A)

64-16
AA(D)

HF
OMC

Sens
sign

HF
OMC

HF
OMC

HF
OMC

CAL
61

(Super-nyquist poles
from transimpedence

amplifier and whitening.
Front end compensation 
corrects for all except

these poles.)

AA
gain

AA
gain

AA
gain

AA
gain

DC V/ct
ADC
ct/V

AA
gain

AA
gain

TPDY N/V
AA(A)
gain

TPDY
V/W

Y Opt.
eff.

N/W
TX Y

RPDY N/V
AA(A)
gain

RPDY
V/W

Y Opt.
eff.

N/W
RX Y

TPDX N/V
AA(A)
gain

TPDX
V/W

X Opt.
eff.

N/W
TX X

RPDX N/V
AA(A)
gain

RPDX
V/W

X Opt.
eff.

N/W
RX X

DC V/ct
ADC
ct/V

DC V/ct
ADC
ct/V

DC V/ct
ADC
ct/V

ATD
13

ATA
12

(Light
travel time)

(Single pole
correction)

“cts2V” “N/V” “susnorm” “m_per_N”

AI
gain

AI
gain

AI
gain

LSC-DARM_IN1

LSC-DARM_IN1

CAL-PCALY_RXPD 64-16
AA (D)

AA
(A)

Optical response * Optical Gain

LOW F
L3

GAIN
L3

LOW F
L2

GAIN
L2

LOW F
L1

GAIN
L1

ESD
L3

OSEM
L1

OSEM
L2

m/N N/A A/V

AA
gain

AA
gain

N/V V/V

SUS
L3-L3

L3-L3
NORM

L3 DC
m/N

2 1Hz 
poles

L1 N/ct
DAC
V/ct

GAIN
L1

OSEM
L1

L1-L3  
NORM

L2-L3  
NORM

L3-L3  
NORM

L2 N/ct
DAC
V/ct

GAIN
L2

OSEM
L2

L3 N/ct
DAC
V/ct

GAIN
L3

ESD
L3

6 1Hz 
poles

4 1Hz 
poles

2 1Hz 
poles

SUS
61

(Thiran filter is used for
non-integer—fractional—
delays at LLO. At LHO, an
integer number of clock

cycles are used for the delay)

AI
(A)

16-64
AI(D)

IOP3
15

DAD3
45

UD3
61

SUS
61

?TD3
?/?

AI
gain

16-4
AA(D)

2-16
AA(D)

CAL
61

AI
(A)

16-64
AI(D)

IOP2
15

DAD2
45

UD2
61

SUS
61

?TD2
?/?

AI
gain

16-4
AA(D)

CAL
61

2-16
AA(D)

RESIDUAL PUM FILTER

RESIDUAL TST FILTER
TST filter

2-16
AI(D)

K_T
CORR

16-2
AA(D)

SUS-ETMY_L1_CAL_LINE_EXCSUS-ETMY_L1_CAL_LINE_OUT_DQ

SUS-ETMY_L2_CAL_LINE_EXCSUS-ETMY_L2_CAL_LINE_OUT_DQ

CC
POLE

OPT
GAIN

CFTD PARTIAL INVERSE SENSING

IIR
WARP

ROLL 
OFF

SRC
D-2N 1/K_CCC

POLE
TD CC
POLE CAL-CFTD_DELTAL_RESIDUAL_DBL_DQ

CFTD OUTPUT

D

OUTPUT 
MATRIX

LF3

ACT2
SIGN

ARM 
SIGN

ACT1 
SIGN

ARM 
SIGN

BIAS 
SIGN

ACT3 
SIGN

ARM 
SIGN

L1 ACT.

L2 ACT.

L3 ACT.

L1 ACT.

L2 ACT.

L3 ACT.

+

+

K_U
CORR

K_P
CORR

K_T
CORR

      L1 ACT.

L2 ACT.

L3 ACT.

L1 ACT.

L2 ACT.

L3 ACT.

    CFTD INV. C

   INV. C

Thiran
filter

7/0 
DELAY

INV. C

16-4
AA(D)

CAL-CFTD_DELTAL_CTRL_DBL_DQ16-4
AA(D)

Thiran
filter

7/0 
DELAY

CAL-CFTD_DELTAL_EXTERNAL_DQCTFD INV. C

      CTFD L1 ACT.

      CTFD L1 ACT.

      CTFD L1 ACT.
CAL-CTFD_DELTAL_CTRL_UIM_DBL_DQ

CAL-CTFD_DELTAL_CTRL_PUM_DBL_DQ

CAL-CTFD_DELTAL_CTRL_TST_DBL_DQ

16-4
AA(D)

16-4
AA(D)

16-4
AA(D)

CTFD L1 ACT.

CTFD L2 ACT.

CTFD L3 ACT.

4-2
AA(D)

CAL
61

AI
(A)

16-64
AI(D)

IOP1
15

DAD1
45

UD1
61

SUS
61

?TD1
?/?

AI
gain

16-4
AA(D)

2-16
AA(D)

K_U
CORR

RESIDUAL UIM FILTER

+K_P
CORR

K_T
CORR

PUM filter

2-16
AI(D)

16-2
AA(D)

UIM filter

2-16
AI(D)

16-2
AA(D)

OUTPUT 
MATRIX

K_P
CORR

K_U
CORR

LF3 SUS
L3-L3DA3 16-64

AI(D)
AI
(A)

HI F
L3

AI
gain

DAC
V/ct

GAIN
L3

ESD
L3

CAL
61

BIAS 
SIGN

ACT3 
SIGN

ARM 
SIGN

LF3 SUS
L2-L3DA2 16-64

AI(D)
AI
(A)

HI F
L2

AI
gain

DAC
V/ct

GAIN
L2

OSEM
L2

ACT2 
SIGN

ARM 
SIGNLF2 CAL

61

LF3 SUS
L1-L3DA1 16-64

AI(D)
AI
(A)

HI F
L1

AI
gain

DAC
V/ct

GAIN
L1

OSEM
L1

CAL
61

ACT1 
SIGN

ARM 
SIGNLF2 LF1

f_cc

K_T
CORR

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

D

1

K_T
CORR LF3 ?TD3

?/?
SUS
61

K_P
CORR LF3 ?TD2

?/?
SUS
61 LF2

DA3 IOPD3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

H/M F
L3

GAIN
L3 ESD

DA2 IOPD2
15

DAC
V/ct

AI
(A)

DAD2
45

16-64
AI(D)

SUS
L2-L3

UD2
61

AI
gain

H/M F
L2

GAIN
L2 OSEM

K_U
CORR LF3 ?TD1

?/?
SUS
61 LF2 DA1 IOPD1

15
DAC
V/ct

AI
(A)

DAD1
45

16-64
AI(D)

SUS
L1-L3

UD1
61

AI
gain

H/M F
L1

GAIN
L1 OSEMLF1

K_C f_cc

f_cc

S

2

SRe SImf 1

SRe

SUS
L3-L3

SUS
L3-L3

PD
V/W

TIA
V/A

PD
A/W

N/W
X

X Opt.
eff.

Y Opt.
eff.

N/W
Y

Front end Compensation

BALANCE
MATRIX

TIA_A
Resp.

W_A
Resp.

Rough
mA/ct

Front end Compensation

TIA_B
Resp.

W_B
Resp.

Rough
mA/ct

Front end ompensation turns ADC counts 
into a rough calibration in milli-amperes 

of current on the DCPDs
Within control band, some electronic response 

is compensated digitally
Balance, linearization, 
and input matrix gains

can be arbitrary (including signs), so
DARM_IN1 units are “counts”
(though not “just” ADC counts)

CAL-DELTAL_EXTERNAL_DQWHITE

FE Comp

LOW F
L1

FE Comp

LOW F
L2

FE Comp

LOW F
L3

OMCBS
RATIO

OUT
LOSS

TIA_A
Resp.

TIA_B
Resp.

W_A
V/V

W_B
V/V

ARM
SIGN

ARM
SIGN

ARM
SIGN

ARM
SIGN

ARM
SIGN

ARM
SIGN

CAL-PCALY_RXPDPcal Y RxPD (m) AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

OVER
GAIN

OPT
GAIN

OUT
LOSS

OMCBS
RATIO

PDA
A/W

TIA_A
V/A

W_A
V/V

AA
gain

ADC
ct/V

Rough
mA/ct

PDB
A/W

TIA_B
V/A

W_B
V/V

AA
gain

ADC
ct/V

Rough
mA/ct

BALANCE
MATRIX LIN INPUT

MATRIX units of counts / meter 

MCMC Input for 
C 

LSC-DARM_EXC

LSC-DARM_IN2

16-0.5
AA(D)

16-0.5
AA(D)

16-0.5
AA(D)

LSC-DARM_EXC

LSC-DARM_IN2

(1 + G)

1 C

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

LSC-DARM_EXC

LSC-DARM_IN2

LSC-DARM_IN1 LSC-DARM_IN1

CAL-PCALY_RX_PD_DQ

AA
(A)

Pcal Y RxPD (m)

64-16
AA (D)

(1 + G)

C 2 1Hz 
poles

ARM
SIGN(1 + G)

C

2 1Hz 
poles

ARM
SIGN

Sens
sign

Sens
sign

ACT1 
SIGN

ARM 
SIGN

ACT2 
SIGN

ACT3 
SIGN

MID F
L3

HI F
L3

MID F
L2

HI F
L2

MID F
L1

HI F
L1

ETMY_L3_EXC 1
IOP3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

GAIN
L3 ESDMID F

L1
HI F
L1

ACT3 
SIGN

ARM 
SIGN

OVER
GAIN

CC
POLE

SRC
D-2N

64-16
AA (D)

AA
(A)

2 1Hz 
poles

ARM
SIGN

MCMC Input for 
A_T DAC

V/ct
AI

gain
GAIN

L3

ESD

LSC-DARM_IN1

LSC-DARM_IN1

CAL-PCALY_RXPD

ETMY_L3_EXC
64-16
AA (D)

AA
(A)

2 1Hz 
poles

ARM
SIGN

IOP3
15

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

MID F
L1

HI F
L1

ACT3 
SIGN

ARM 
SIGN

LSC-DARM_EXC

LSC-DARM_IN2

LSC-DARM_IN1

ATD
13

ATA
12

HF
OMC

1

2 1Hz 
poles

ARM
SIGN

CAL-PCALY_RXPD Sens
sign

LSC-DARM_IN1
IOP3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

(1 + G)

CC
POLE

SRC
D-2N

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

AA
gain

HF
OMCGAIN

L3 ESD

ETMY_L3_EXC

MID F
L1

HI F
L1

OVER
GAIN

Sens
signACT3 

SIGN
ARM 
SIGN

C OVER
GAIN

CC
POLE

SRC
D-2N

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

Sens
sign

W_A
Resp.

TIA_A
Resp.

W_A
Resp.

TIA_A
Resp.

(1 + G)

C LSC-DARM_IN1

AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

1

C
LSC-DARM_IN1

CAL-PCALY_RXPD AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

1

(Optical Response * Overall Gain) Only 

LSC-DARM_IN1

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

1

AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

CAL-PCALY_RXPD Sens
sign

LSC-DARM_EXC

LSC-DARM_IN2

(1 + G)

C

LSC-DARM_IN1

ETMY_L3_EXC

LSC-DARM_IN1

LSC-DARM_IN1

CAL-PCALY_RXPD

ETMY_L3_EXC

LSC-DARM_EXC

LSC-DARM_IN2

CAL-DARM_ERR_DBL_DQ

ATD
13

ATA
12

HF
OMC

1

2 1Hz 
poles

ARM
SIGN

CAL-PCALY_RXPD Sens
sign

CAL
61

IIR
WARP

ROLL 
OFF

Front-end 
incapable

of compensating
for these

Front-end 
does a poor job of 

these
Back to “in loop”

error signal

HI F
L2

HI F
L3

IIR
WARP

IIR
WARP

IIR
WARP

IIR
WARP

Front-end incapable
of compensating

for these

Back to “in 
loop” control 

signal

Front-end 
does a poor job of 

these

Sub Nyquist
WithIn Control Band

Super Nyquist

Actuator Driver Response Digital-to-Analog Signal Processing and Artifacts Suspension Front-end Control Computation

Digital-to-Analog Signal 
Processing and Artifacts

Global Sensing And Control 
Front-end Control ComputationPhoto-diode Readout ResponseInterferometric Response to Differential Arm Displacement

Global Sensing And Control 
Front-end Control Computation

Real-time Calibration Front-end Monitor Computation

 Actuator Strength and 
Force-to-Displacement Response

Inter-computer
communication

Low-latentecy Data Monitoring Tool (DMT) Computation

K_C
CORR

f_cc
CORR

BIAS 
SIGN

+

MID F
L3

MID F
L2

MID F
L1

W/m

IOP
15

DAD1
45

UD1
61

SUS
61

?TD1
?/?

DAD2
45

DAD3
45

IOP
15

UD2
61

IOP
15

UD3
61

SUS
61

?TD2
?/?

SUS
61

?TD3
?/?

K_C
CORR

?TD3
?/?

?TD2
?/?

?TD1
?/?

LIN INPUT
MATRIX

LDAS Cluster Computation

LF3 SUS
61

CAL-PCALY_RX_PD_DQ
64-16
AA (D)

AA
(A)

2 1Hz 
poles

ARM
SIGN

16-0.5
AA(D)

SUS-ETMY_L3_CAL_LINE_OUT_DQ

CAL-DARM_ERR_DBL_DQ

CAL
61

CAL
61

CAL-DARM_ERR_DBL_DQ

Front-end ompensation for N/V
is better described in T1800046

Generation of time dependent correction factors 
better described in T1700106

(A_T) 

(A_T) 

LF3 SUS
61

LF3 SUS
61

IOP3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

GAIN
L3 ESDMID F

L3
HI F
L3

ACT3 
SIGN

ARM 
SIGN

(1 + G)

C

LSC-DARM_IN1

ETMY_L3_EXC
t = now

IOP3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

GAIN
L3 ESDMID F

L3
HI F
L3

ACT3 
SIGN

ARM 
SIGN

BIAS 
SIGN

BIAS 
SIGN

LF3 SUS
61 LF3 SUS

61

(A_T)

(A_T) SUS
L3-L3DA3 16-64

AI(D)
AI
(A)

HI F
L3

AI
gain

DAC
V/ct

GAIN
L3

ESD
L3

BIAS 
SIGN

ACT3 
SIGN

ARM 
SIGN

MID F
L3

DAD3
45

IOP
15

UD3
61

?TD3
?/?LF3SUS

61
LOW F

L3
LOW F

L3

1

t = now

t = ref

BIAS 
SIGN

BIAS 
SIGN

ACT1 
SIGN

ARM 
SIGN

BIAS 
SIGN

ACT2 
SIGN

ARM 
SIGN

ACT3 
SIGN

ARM 
SIGN

BIAS 
SIGN

Sens
sign

OVER
GAIN

CC
POLE

SRC
D-2N

t = now

S

C (t = now)

CAL-DARM_ERR_DBL_DQ

CAL-PCALY_RXPD AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

1

CAL
61

LSC-DARM_IN1

CAL-DARM_ERR_DBL_DQ
CAL
61

(1 + G)

C

1/C + AD

1

C (t = now)
(1/C + AD)              —          AD

t = now t = now

1

             -          AD
t = now t = now

(1 + G)

C

1
CAL-PCALY_RX_PD_DQ

64-16
AA (D)

AA
(A)

2 1Hz 
poles

ARM
SIGN

CAL
61

CAL-DARM_ERR_DBL_DQ

TIME DEPENDENT CORRECTION K_P
CORR

K_U
CORR

K_T
CORR

K_C
CORR

f_cc
CORR

LOW F
L1

GAIN
L1

MID F
L1

HI F
L1

Expanded
Definition

GAIN * RESPONSE

AI
(A)

AI
gain

W_A
Resp.

W_A
V/V

TIA_B
V/A

TIA_B
Resp.

PD
A/W

ANTI-ALIASING (ANALOG)

ANTI-ALIASING (DIGITAL)

AA
(A)

AA
(A)

64-16
AA (D)

64-16
AA (D)

AA
(A)

AA
gain

DETUNED SRC OPTICAL SPRING SRC
D2N

SRC
D2N

GAIN ONLY

RESPONSE ONLY

RESPONSE ONLY

RESPONSE ONLY

RESPONSE ONLY

RESPONSE ONLY

GAIN ONLY

L2 DC 
m/N

L3 DC 
m/N GAIN ONLY

GAIN ONLY

GAIN ONLY

WSUS
L3-L3

L3 DC 
m/N

RESPONSE ONLY

N/W
X

Opt.
eff.OPTICAL EFFICIENCY

PCAL Front-end Monitor Computation

Within control band, 
some electronic 

response is 
compensated digitally

OUTPUT 
MATRIX

CAL-PCALY_RX_PD_DQ

(1 + G)

C
DA3 ?TD3

?/?LF3SUS
61

1

(A_T)
?TD3
?/?

?TD3
?/?

DA3

DA3

?TD3
?/?DA3 ?TD3

?/?DA3

t = now

t = ref t = ref

64 kHZ  

16 kHZ

4 kHZ

ANALOG

2 kHZ

Sensing Function

ADC
ct/V

LSC-DARM_IN1

CAL-DARM_ERR_DBL_DQ

LF1DA1

SUS-ETMY_L3_CAL_LINE_EXC

A Control FiltersActuation Function

C

D

PDB
A/W

AA
(A)

16-64
AI(D)

IOPD3
15

IOPD2
15

IOPD1
15

DAD1
45

DAC
V/ct

DAC
V/ct

DAC
V/ct

AI
(A)

AI
(A)

AI
(A)

OPT
GAIN

CAL-DARM_CTRL_DBL_DQ

CAL-DELTAL_CTRL_UIM_DBL_DQ

CAL-DELTAL_CTRL_PUM_DBL_DQ

CAL-DELTAL_CTRL_TST_DQ

CAL-DELTAL_CTRL_DBL_DQ

CAL-DELTAL_RESIDUAL_DBL_DQ

SUS-ETMY_L3_CAL_LINE_OUT_DQ

DA2

DCS-CALIB_STRAIN

CAL-PCALY_EXC CAL-PCALY_EXC_OUT
CAL
61

LEGEND

LF3

TIME DELAY or ADVANCE 

ANALOG/DIGITAL WHITENING

ANTI-IMAGING (ANALOG)

FORCE-TO-LENGTH SUS RESP 

ANALOG/DIGITAL CONVERTER

READ-BACK CHANNEL

O3 CALIBRATION SCHEME

COIL/ESD DRIVER

LF3

CAL-PCALX_EXC

CAL-PCALX_EXC_OUT

GDS-CALIB_STRAIN

LF2 LF1LF3

CC
POLE

CAL-CS
“Front-End”
“Real-Time”

GDS
“Low-Latency”

PCAL

CAL
61

64-16
AA(D)
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DAD2
45

DAD3
45

CAL-PCALX_TX_PD_DQ

CAL-PCALX_RX_PD_DQ

CAL-PCALY_RX_PD_DQ

CAL-PCALY_TX_PD_DQ

CC
POLE

ADC
ct/V

PDA
A/W

AA
(A)

64-16
AA(D)

FULL ACTUATION FILTERING

FULL INVERSE SENSING FILTER

OPT
GAIN

CC
POLE

Pcal X TxPD (m)

Pcal Y RxPD (m)

Pcal Y TxPD (m)

Pcal X RxPD (m)

DCS
“Offline”

LF2

L3 DC 
m/NDA3

DAC
V/ct

16-64
AI(D)

16-64
AI(D)

DAC
V/ct

16-64
AI(D)

16-64
AI(D)

TTIAX
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC 
m/N

TPDX
A/W

RTIAX
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC 
m/N

RPDX
A/W

RTIAY
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC 
m/N

RPDY
A/W

TTIAY
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC
m/N

TPDY
A/W

64-16
AA(D)

64-16
AA(D)

64-16
AA(D)

64-16
AA(D)

IOPDY
15

DADX
45

AI
(A)

IOPDX
15

DADY
45

AI
(A)

AOM

OPT
GAIN

RESIDUAL INVERSE SENSING FILTER

DARM LOOP

1/L

1/L

SUS
L1-L3

SUS
L2-L3

SUS
L3-L3

16-4
AA(D)

16-4
AA(D)

16-4
AA(D)

DA1 L1 DC 
m/N

DA3

DA2 LF2

OFS

AOMOFS

4-2
AA(D)

4-2
AA(D)

L2 DC 
m/N

ACTUATION

TIA_A
V/A

TIA_B
V/A

W_A
Resp.

W_B
Resp.

PARTIAL INVERSE SENSING

OPTICAL GAIN

TRANSIMPEDANCE AMP

DRIVE ALIGN FILTER

SUPER-NYQUIST ELECTRONICS 
POLES

FOTON IIR FILTER WARPING

LOCK FILTER

NORMALIZED, WHITENED 
SUSPENSION FORCE-TO-LENGTH 

RESP

OPTICAL FOLLOWER SERVO

ACOUSTO-OPTIC MODULATOR

CORRECTED READOUT

EXCITATION CHANNEL

TD

AI
(A)

TA

W W

AI
(A)

DRVR
stage

DRVR
stage

SUS
L2-L3

SUS
L1-L3

SUS
L3-L3

OPT
GAIN

COUPLED-CAVITY POLE CC
POLE

CC
POLE

OPT
GAIN

LF1LF2LF3

FORCE-TO-LENGTH DC GAIN L1 DC 
m/N

DA3DA1 DA2

TIA TIA

HF
OMC

IIR
WARP

ADC
ct/V

DAC
V/ct

OFS

AOM

L3-L3
NORM

PHOTODIODE QUANTUM 
EFFICIENCY * RESPONSIVITY

64-16
AA (D)

64-16
AA (D)

64-16
AA(D)

64-16
AA (D)

2 1Hz 
poles

2 1Hz 
poles

2 1Hz
poles

2 1Hz 
poles

AA
(A)

AA
(A)

AA
(A)

AA
(A)

OFFLINE CORRECTION

MID F
L2

MID F
L3

ANTI-IMAGING (DIGITAL) 2-16
AI(D)

2-16
AI(D)

L1
N/ct

L2
N/ct

L3
N/ctACTUATION COEFFICIENT

PCAL ACTUATION COEFFICIENT

LIGHT

SIGNAL 

1 The blocks with white letter are inverse of it counterparts in blocks with black letters
* Partial correction (when full correction is not possible)

Filter / 
Delay

Inverse
Filter / 

Advance

IIR
WARP

RESIDUAL ACTUATION FILTERING

ROLL 
OFF

PCDY
61

PCDX
61

SRC
D-2N

UD1
61

UD2
61

UD3
61

SRC
D-2N

ATA
13

ATD
12

AA
(A)

64-16
AA(D)

HF
OMC

Sens
sign

IIR
WARP

CAL
61

SRC
D-2N

ATA
13

ATD
12

AA
(A)

64-16
AA(D)

HF
OMC

Sens
sign

HF
OMC

HF
OMC

HF
OMC

CAL
61

(Super-nyquist poles
from transimpedence

amplifier and whitening.
Front end compensation 
corrects for all except

these poles.)

AA
gain

AA
gain

AA
gain

AA
gain

DC V/ct
ADC
ct/V

AA
gain

AA
gain

TPDY N/V
AA(A)
gain

TPDY
V/W

Y Opt.
eff.

N/W
TX Y

RPDY N/V
AA(A)
gain

RPDY
V/W

Y Opt.
eff.

N/W
RX Y

TPDX N/V
AA(A)
gain

TPDX
V/W

X Opt.
eff.

N/W
TX X

RPDX N/V
AA(A)
gain

RPDX
V/W

X Opt.
eff.

N/W
RX X

DC V/ct
ADC
ct/V

DC V/ct
ADC
ct/V

DC V/ct
ADC
ct/V

ATD
13

ATA
12

(Light
travel time)

(Single pole
correction)

“cts2V” “N/V” “susnorm” “m_per_N”

AI
gain

AI
gain

AI
gain

LSC-DARM_IN1

LSC-DARM_IN1

CAL-PCALY_RXPD 64-16
AA (D)

AA
(A)

Optical response * Optical Gain

LOW F
L3

GAIN
L3

LOW F
L2

GAIN
L2

LOW F
L1

GAIN
L1

ESD
L3

OSEM
L1

OSEM
L2

m/N N/A A/V

AA
gain

AA
gain

N/V V/V

SUS
L3-L3

L3-L3
NORM

L3 DC
m/N

2 1Hz 
poles

L1 N/ct
DAC
V/ct

GAIN
L1

OSEM
L1

L1-L3  
NORM

L2-L3  
NORM

L3-L3  
NORM

L2 N/ct
DAC
V/ct

GAIN
L2

OSEM
L2

L3 N/ct
DAC
V/ct

GAIN
L3

ESD
L3

6 1Hz 
poles

4 1Hz 
poles

2 1Hz 
poles

SUS
61

(Thiran filter is used for
non-integer—fractional—
delays at LLO. At LHO, an
integer number of clock

cycles are used for the delay)

AI
(A)

16-64
AI(D)

IOP3
15

DAD3
45

UD3
61

SUS
61

?TD3
?/?

AI
gain

16-4
AA(D)

2-16
AA(D)

CAL
61

AI
(A)

16-64
AI(D)

IOP2
15

DAD2
45

UD2
61

SUS
61

?TD2
?/?

AI
gain

16-4
AA(D)

CAL
61

2-16
AA(D)

RESIDUAL PUM FILTER

RESIDUAL TST FILTER
TST filter

2-16
AI(D)

K_T
CORR

16-2
AA(D)

SUS-ETMY_L1_CAL_LINE_EXCSUS-ETMY_L1_CAL_LINE_OUT_DQ

SUS-ETMY_L2_CAL_LINE_EXCSUS-ETMY_L2_CAL_LINE_OUT_DQ

CC
POLE

OPT
GAIN

CFTD PARTIAL INVERSE SENSING

IIR
WARP

ROLL 
OFF

SRC
D-2N 1/K_CCC

POLE
TD CC
POLE CAL-CFTD_DELTAL_RESIDUAL_DBL_DQ

CFTD OUTPUT

D

OUTPUT 
MATRIX

LF3

ACT2
SIGN

ARM 
SIGN

ACT1 
SIGN

ARM 
SIGN

BIAS 
SIGN

ACT3 
SIGN

ARM 
SIGN

L1 ACT.

L2 ACT.

L3 ACT.

L1 ACT.

L2 ACT.

L3 ACT.

+

+

K_U
CORR

K_P
CORR

K_T
CORR

      L1 ACT.

L2 ACT.

L3 ACT.

L1 ACT.

L2 ACT.

L3 ACT.

    CFTD INV. C

   INV. C

Thiran
filter

7/0 
DELAY

INV. C

16-4
AA(D)

CAL-CFTD_DELTAL_CTRL_DBL_DQ16-4
AA(D)

Thiran
filter

7/0 
DELAY

CAL-CFTD_DELTAL_EXTERNAL_DQCTFD INV. C

      CTFD L1 ACT.

      CTFD L1 ACT.

      CTFD L1 ACT.
CAL-CTFD_DELTAL_CTRL_UIM_DBL_DQ

CAL-CTFD_DELTAL_CTRL_PUM_DBL_DQ

CAL-CTFD_DELTAL_CTRL_TST_DBL_DQ

16-4
AA(D)

16-4
AA(D)

16-4
AA(D)

CTFD L1 ACT.

CTFD L2 ACT.

CTFD L3 ACT.

4-2
AA(D)

CAL
61

AI
(A)

16-64
AI(D)

IOP1
15

DAD1
45

UD1
61

SUS
61

?TD1
?/?

AI
gain

16-4
AA(D)

2-16
AA(D)

K_U
CORR

RESIDUAL UIM FILTER

+K_P
CORR

K_T
CORR

PUM filter

2-16
AI(D)

16-2
AA(D)

UIM filter

2-16
AI(D)

16-2
AA(D)

OUTPUT 
MATRIX

K_P
CORR

K_U
CORR

LF3 SUS
L3-L3DA3 16-64

AI(D)
AI
(A)

HI F
L3

AI
gain

DAC
V/ct

GAIN
L3

ESD
L3

CAL
61

BIAS 
SIGN

ACT3 
SIGN

ARM 
SIGN

LF3 SUS
L2-L3DA2 16-64

AI(D)
AI
(A)

HI F
L2

AI
gain

DAC
V/ct

GAIN
L2

OSEM
L2

ACT2 
SIGN

ARM 
SIGNLF2 CAL

61

LF3 SUS
L1-L3DA1 16-64

AI(D)
AI
(A)

HI F
L1

AI
gain

DAC
V/ct

GAIN
L1

OSEM
L1

CAL
61

ACT1 
SIGN

ARM 
SIGNLF2 LF1

f_cc

K_T
CORR

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

D

1

K_T
CORR LF3 ?TD3

?/?
SUS
61

K_P
CORR LF3 ?TD2

?/?
SUS
61 LF2

DA3 IOPD3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

H/M F
L3

GAIN
L3 ESD

DA2 IOPD2
15

DAC
V/ct

AI
(A)

DAD2
45

16-64
AI(D)

SUS
L2-L3

UD2
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Here’s a new state machine 
diagram to show what’s is done 
to compensate the switchable 
filter response.

Notice, that the fixed 19 kHz pole
and the 1 MHz:100 kHz zero:pole
portion of the switchable 
response is not compensated.

These are the filters that Stefan 
updated quickly, and documented 
in LHO:47257.

(There are other filters in here to 
compensate for the switchable 
trans-impedance and other gain-
only compensation, but not 
relevant to this discussion.)

https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47257


For all the high-frequency response values, 

the front-end code isn’t running fast enough 
• clock cycle is 61 usec, 
• i.e. a rate of 16.384 kHz, 
• thus a Nyquist frequency of 8.192 kHz, 
• but with IIR filter warping, practically that means zeros and poles can’t be accurately 

represented above ~5 kHz

Therefore we must rely on the acausal GDS (or DCS) pipelines to compensate these poles.
We do so assuming a *single* path, that uses the average of the measured pole frequencies from each 
channel.
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GAIN
L1

OSEM
L1

L1-L3  
NORM

L2-L3  
NORM

L3-L3  
NORM

L2 N/ct
DAC
V/ct

GAIN
L2

OSEM
L2

L3 N/ct
DAC
V/ct

GAIN
L3

ESD
L3

6 1Hz 
poles

4 1Hz 
poles

2 1Hz 
poles

SUS
61

(Thiran filter is used for
non-integer—fractional—
delays at LLO. At LHO, an
integer number of clock

cycles are used for the delay)

AI
(A)

16-64
AI(D)

IOP3
15

DAD3
45

UD3
61

SUS
61

?TD3
?/?

AI
gain

16-4
AA(D)

2-16
AA(D)

CAL
61

AI
(A)

16-64
AI(D)

IOP2
15

DAD2
45

UD2
61

SUS
61

?TD2
?/?

AI
gain

16-4
AA(D)

CAL
61

2-16
AA(D)

RESIDUAL PUM FILTER

RESIDUAL TST FILTER
TST filter

2-16
AI(D)

K_T
CORR

16-2
AA(D)

SUS-ETMY_L1_CAL_LINE_EXCSUS-ETMY_L1_CAL_LINE_OUT_DQ

SUS-ETMY_L2_CAL_LINE_EXCSUS-ETMY_L2_CAL_LINE_OUT_DQ

CC
POLE

OPT
GAIN

CFTD PARTIAL INVERSE SENSING

IIR
WARP

ROLL 
OFF

SRC
D-2N 1/K_CCC

POLE
TD CC
POLE CAL-CFTD_DELTAL_RESIDUAL_DBL_DQ

CFTD OUTPUT

D

OUTPUT 
MATRIX

LF3

ACT2
SIGN

ARM 
SIGN

ACT1 
SIGN

ARM 
SIGN

BIAS 
SIGN

ACT3 
SIGN

ARM 
SIGN

L1 ACT.

L2 ACT.

L3 ACT.

L1 ACT.

L2 ACT.

L3 ACT.

+

+

K_U
CORR

K_P
CORR

K_T
CORR

      L1 ACT.

L2 ACT.

L3 ACT.

L1 ACT.

L2 ACT.

L3 ACT.

    CFTD INV. C

   INV. C

Thiran
filter

7/0 
DELAY

INV. C

16-4
AA(D)

CAL-CFTD_DELTAL_CTRL_DBL_DQ16-4
AA(D)

Thiran
filter

7/0 
DELAY

CAL-CFTD_DELTAL_EXTERNAL_DQCTFD INV. C

      CTFD L1 ACT.

      CTFD L1 ACT.

      CTFD L1 ACT.
CAL-CTFD_DELTAL_CTRL_UIM_DBL_DQ

CAL-CTFD_DELTAL_CTRL_PUM_DBL_DQ

CAL-CTFD_DELTAL_CTRL_TST_DBL_DQ

16-4
AA(D)

16-4
AA(D)

16-4
AA(D)

CTFD L1 ACT.

CTFD L2 ACT.

CTFD L3 ACT.

4-2
AA(D)

CAL
61

AI
(A)

16-64
AI(D)

IOP1
15

DAD1
45

UD1
61

SUS
61

?TD1
?/?

AI
gain

16-4
AA(D)

2-16
AA(D)

K_U
CORR

RESIDUAL UIM FILTER

+K_P
CORR

K_T
CORR

PUM filter

2-16
AI(D)

16-2
AA(D)

UIM filter

2-16
AI(D)

16-2
AA(D)

OUTPUT 
MATRIX

K_P
CORR

K_U
CORR

LF3 SUS
L3-L3DA3 16-64

AI(D)
AI
(A)

HI F
L3

AI
gain

DAC
V/ct

GAIN
L3

ESD
L3

CAL
61

BIAS 
SIGN

ACT3 
SIGN

ARM 
SIGN

LF3 SUS
L2-L3DA2 16-64

AI(D)
AI
(A)

HI F
L2

AI
gain

DAC
V/ct

GAIN
L2

OSEM
L2

ACT2 
SIGN

ARM 
SIGNLF2 CAL

61

LF3 SUS
L1-L3DA1 16-64

AI(D)
AI
(A)

HI F
L1

AI
gain

DAC
V/ct

GAIN
L1

OSEM
L1

CAL
61

ACT1 
SIGN

ARM 
SIGNLF2 LF1

f_cc

K_T
CORR

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

D

1

K_T
CORR LF3 ?TD3

?/?
SUS
61

K_P
CORR LF3 ?TD2

?/?
SUS
61 LF2

DA3 IOPD3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

H/M F
L3

GAIN
L3 ESD

DA2 IOPD2
15

DAC
V/ct

AI
(A)

DAD2
45

16-64
AI(D)

SUS
L2-L3

UD2
61

AI
gain

H/M F
L2

GAIN
L2 OSEM

K_U
CORR LF3 ?TD1

?/?
SUS
61 LF2 DA1 IOPD1

15
DAC
V/ct

AI
(A)

DAD1
45

16-64
AI(D)

SUS
L1-L3

UD1
61

AI
gain

H/M F
L1

GAIN
L1 OSEMLF1

K_C f_cc

f_cc

S

2

SRe SImf 1

SRe

SUS
L3-L3

SUS
L3-L3

PD
V/W

TIA
V/A

PD
A/W

N/W
X

X Opt.
eff.

Y Opt.
eff.

N/W
Y

Front end Compensation

BALANCE
MATRIX

TIA_A
Resp.

W_A
Resp.

Rough
mA/ct

Front end Compensation

TIA_B
Resp.

W_B
Resp.

Rough
mA/ct

Front end ompensation turns ADC counts 
into a rough calibration in milli-amperes 

of current on the DCPDs
Within control band, some electronic response 

is compensated digitally
Balance, linearization, 
and input matrix gains

can be arbitrary (including signs), so
DARM_IN1 units are “counts”
(though not “just” ADC counts)

CAL-DELTAL_EXTERNAL_DQWHITE

FE Comp

LOW F
L1

FE Comp

LOW F
L2

FE Comp

LOW F
L3

OMCBS
RATIO

OUT
LOSS

TIA_A
Resp.

TIA_B
Resp.

W_A
V/V

W_B
V/V

ARM
SIGN

ARM
SIGN

ARM
SIGN

ARM
SIGN

ARM
SIGN

ARM
SIGN

CAL-PCALY_RXPDPcal Y RxPD (m) AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

OVER
GAIN

OPT
GAIN

OUT
LOSS

OMCBS
RATIO

PDA
A/W

TIA_A
V/A

W_A
V/V

AA
gain

ADC
ct/V

Rough
mA/ct

PDB
A/W

TIA_B
V/A

W_B
V/V

AA
gain

ADC
ct/V

Rough
mA/ct

BALANCE
MATRIX LIN INPUT

MATRIX units of counts / meter 

MCMC Input for 
C 

LSC-DARM_EXC

LSC-DARM_IN2

16-0.5
AA(D)

16-0.5
AA(D)

16-0.5
AA(D)

LSC-DARM_EXC

LSC-DARM_IN2

(1 + G)

1 C

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

LSC-DARM_EXC

LSC-DARM_IN2

LSC-DARM_IN1 LSC-DARM_IN1

CAL-PCALY_RX_PD_DQ

AA
(A)

Pcal Y RxPD (m)

64-16
AA (D)

(1 + G)

C 2 1Hz 
poles

ARM
SIGN(1 + G)

C

2 1Hz 
poles

ARM
SIGN

Sens
sign

Sens
sign

ACT1 
SIGN

ARM 
SIGN

ACT2 
SIGN

ACT3 
SIGN

MID F
L3

HI F
L3

MID F
L2

HI F
L2

MID F
L1

HI F
L1

ETMY_L3_EXC 1
IOP3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

GAIN
L3 ESDMID F

L1
HI F
L1

ACT3 
SIGN

ARM 
SIGN

OVER
GAIN

CC
POLE

SRC
D-2N

64-16
AA (D)

AA
(A)

2 1Hz 
poles

ARM
SIGN

MCMC Input for 
A_T DAC

V/ct
AI

gain
GAIN

L3

ESD

LSC-DARM_IN1

LSC-DARM_IN1

CAL-PCALY_RXPD

ETMY_L3_EXC
64-16
AA (D)

AA
(A)

2 1Hz 
poles

ARM
SIGN

IOP3
15

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

MID F
L1

HI F
L1

ACT3 
SIGN

ARM 
SIGN

LSC-DARM_EXC

LSC-DARM_IN2

LSC-DARM_IN1

ATD
13

ATA
12

HF
OMC

1

2 1Hz 
poles

ARM
SIGN

CAL-PCALY_RXPD Sens
sign

LSC-DARM_IN1
IOP3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

(1 + G)

CC
POLE

SRC
D-2N

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

AA
gain

HF
OMCGAIN

L3 ESD

ETMY_L3_EXC

MID F
L1

HI F
L1

OVER
GAIN

Sens
signACT3 

SIGN
ARM 
SIGN

C OVER
GAIN

CC
POLE

SRC
D-2N

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

Sens
sign

W_A
Resp.

TIA_A
Resp.

W_A
Resp.

TIA_A
Resp.

(1 + G)

C LSC-DARM_IN1

AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

1

C
LSC-DARM_IN1

CAL-PCALY_RXPD AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

1

(Optical Response * Overall Gain) Only 

LSC-DARM_IN1

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

1

AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

CAL-PCALY_RXPD Sens
sign

LSC-DARM_EXC

LSC-DARM_IN2

(1 + G)

C

LSC-DARM_IN1

ETMY_L3_EXC

LSC-DARM_IN1

LSC-DARM_IN1

CAL-PCALY_RXPD

ETMY_L3_EXC

LSC-DARM_EXC

LSC-DARM_IN2

CAL-DARM_ERR_DBL_DQ

ATD
13

ATA
12

HF
OMC

1

2 1Hz 
poles

ARM
SIGN

CAL-PCALY_RXPD Sens
sign

CAL
61

IIR
WARP

ROLL 
OFF

Front-end 
incapable

of compensating
for these

Front-end 
does a poor job of 

these
Back to “in loop”

error signal

HI F
L2

HI F
L3

IIR
WARP

IIR
WARP

IIR
WARP

IIR
WARP

Front-end incapable
of compensating

for these

Back to “in 
loop” control 

signal

Front-end 
does a poor job of 

these

Sub Nyquist
WithIn Control Band

Super Nyquist

Actuator Driver Response Digital-to-Analog Signal Processing and Artifacts Suspension Front-end Control Computation

Digital-to-Analog Signal 
Processing and Artifacts

Global Sensing And Control 
Front-end Control ComputationPhoto-diode Readout ResponseInterferometric Response to Differential Arm Displacement

Global Sensing And Control 
Front-end Control Computation

Real-time Calibration Front-end Monitor Computation

 Actuator Strength and 
Force-to-Displacement Response

Inter-computer
communication

Low-latentecy Data Monitoring Tool (DMT) Computation

K_C
CORR

f_cc
CORR

BIAS 
SIGN

+

MID F
L3

MID F
L2

MID F
L1

W/m

IOP
15

DAD1
45

UD1
61

SUS
61

?TD1
?/?

DAD2
45

DAD3
45

IOP
15

UD2
61

IOP
15

UD3
61

SUS
61

?TD2
?/?

SUS
61

?TD3
?/?

K_C
CORR

?TD3
?/?

?TD2
?/?

?TD1
?/?

LIN INPUT
MATRIX

LDAS Cluster Computation

LF3 SUS
61

CAL-PCALY_RX_PD_DQ
64-16
AA (D)

AA
(A)

2 1Hz 
poles

ARM
SIGN

16-0.5
AA(D)

SUS-ETMY_L3_CAL_LINE_OUT_DQ

CAL-DARM_ERR_DBL_DQ

CAL
61

CAL
61

CAL-DARM_ERR_DBL_DQ

Front-end ompensation for N/V
is better described in T1800046

Generation of time dependent correction factors 
better described in T1700106

(A_T) 

(A_T) 

LF3 SUS
61

LF3 SUS
61

IOP3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

GAIN
L3 ESDMID F

L3
HI F
L3

ACT3 
SIGN

ARM 
SIGN

(1 + G)

C

LSC-DARM_IN1

ETMY_L3_EXC
t = now

IOP3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

GAIN
L3 ESDMID F

L3
HI F
L3

ACT3 
SIGN

ARM 
SIGN

BIAS 
SIGN

BIAS 
SIGN

LF3 SUS
61 LF3 SUS

61

(A_T)

(A_T) SUS
L3-L3DA3 16-64

AI(D)
AI
(A)

HI F
L3

AI
gain

DAC
V/ct

GAIN
L3

ESD
L3

BIAS 
SIGN

ACT3 
SIGN

ARM 
SIGN

MID F
L3

DAD3
45

IOP
15

UD3
61

?TD3
?/?LF3SUS

61
LOW F

L3
LOW F

L3

1

t = now

t = ref

BIAS 
SIGN

BIAS 
SIGN

ACT1 
SIGN

ARM 
SIGN

BIAS 
SIGN

ACT2 
SIGN

ARM 
SIGN

ACT3 
SIGN

ARM 
SIGN

BIAS 
SIGN

Sens
sign

OVER
GAIN

CC
POLE

SRC
D-2N

t = now

S

C (t = now)

CAL-DARM_ERR_DBL_DQ

CAL-PCALY_RXPD AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN

1

CAL
61

LSC-DARM_IN1

CAL-DARM_ERR_DBL_DQ
CAL
61

(1 + G)

C

1/C + AD

1

C (t = now)
(1/C + AD)              —          AD

t = now t = now

1

             -          AD
t = now t = now

(1 + G)

C

1
CAL-PCALY_RX_PD_DQ

64-16
AA (D)

AA
(A)

2 1Hz 
poles

ARM
SIGN

CAL
61

CAL-DARM_ERR_DBL_DQ

TIME DEPENDENT CORRECTION K_P
CORR

K_U
CORR

K_T
CORR

K_C
CORR

f_cc
CORR

LOW F
L1

GAIN
L1

MID F
L1

HI F
L1

Expanded
Definition

GAIN * RESPONSE

AI
(A)

AI
gain

W_A
Resp.

W_A
V/V

TIA_B
V/A

TIA_B
Resp.

PD
A/W

ANTI-ALIASING (ANALOG)

ANTI-ALIASING (DIGITAL)

AA
(A)

AA
(A)

64-16
AA (D)

64-16
AA (D)

AA
(A)

AA
gain

DETUNED SRC OPTICAL SPRING SRC
D2N

SRC
D2N

GAIN ONLY

RESPONSE ONLY

RESPONSE ONLY

RESPONSE ONLY

RESPONSE ONLY

RESPONSE ONLY

GAIN ONLY

L2 DC 
m/N

L3 DC 
m/N GAIN ONLY

GAIN ONLY

GAIN ONLY

WSUS
L3-L3

L3 DC 
m/N

RESPONSE ONLY

N/W
X

Opt.
eff.OPTICAL EFFICIENCY

PCAL Front-end Monitor Computation

Within control band, 
some electronic 

response is 
compensated digitally

OUTPUT 
MATRIX

CAL-PCALY_RX_PD_DQ

(1 + G)

C
DA3 ?TD3

?/?LF3SUS
61

1

(A_T)
?TD3
?/?

?TD3
?/?

DA3

DA3

?TD3
?/?DA3 ?TD3

?/?DA3

t = now

t = ref t = ref

64 kHZ  

16 kHZ

4 kHZ

ANALOG

2 kHZ

Sensing Function

ADC
ct/V

LSC-DARM_IN1

CAL-DARM_ERR_DBL_DQ

LF1DA1

SUS-ETMY_L3_CAL_LINE_EXC

A Control FiltersActuation Function

C

D

PDB
A/W

AA
(A)

16-64
AI(D)

IOPD3
15

IOPD2
15

IOPD1
15

DAD1
45

DAC
V/ct

DAC
V/ct

DAC
V/ct

AI
(A)

AI
(A)

AI
(A)

OPT
GAIN

CAL-DARM_CTRL_DBL_DQ

CAL-DELTAL_CTRL_UIM_DBL_DQ

CAL-DELTAL_CTRL_PUM_DBL_DQ

CAL-DELTAL_CTRL_TST_DQ

CAL-DELTAL_CTRL_DBL_DQ

CAL-DELTAL_RESIDUAL_DBL_DQ

SUS-ETMY_L3_CAL_LINE_OUT_DQ

DA2

DCS-CALIB_STRAIN

CAL-PCALY_EXC CAL-PCALY_EXC_OUT
CAL
61

LEGEND

LF3

TIME DELAY or ADVANCE 

ANALOG/DIGITAL WHITENING

ANTI-IMAGING (ANALOG)

FORCE-TO-LENGTH SUS RESP 

ANALOG/DIGITAL CONVERTER

READ-BACK CHANNEL

O3 CALIBRATION SCHEME

COIL/ESD DRIVER

LF3

CAL-PCALX_EXC

CAL-PCALX_EXC_OUT

GDS-CALIB_STRAIN

LF2 LF1LF3

CC
POLE

CAL-CS
“Front-End”
“Real-Time”

GDS
“Low-Latency”

PCAL

CAL
61

64-16
AA(D)
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DAD2
45

DAD3
45

CAL-PCALX_TX_PD_DQ

CAL-PCALX_RX_PD_DQ

CAL-PCALY_RX_PD_DQ

CAL-PCALY_TX_PD_DQ

CC
POLE

ADC
ct/V

PDA
A/W

AA
(A)

64-16
AA(D)

FULL ACTUATION FILTERING

FULL INVERSE SENSING FILTER

OPT
GAIN

CC
POLE

Pcal X TxPD (m)

Pcal Y RxPD (m)

Pcal Y TxPD (m)

Pcal X RxPD (m)

DCS
“Offline”

LF2

L3 DC 
m/NDA3

DAC
V/ct

16-64
AI(D)

16-64
AI(D)

DAC
V/ct

16-64
AI(D)

16-64
AI(D)

TTIAX
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC 
m/N

TPDX
A/W

RTIAX
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC 
m/N

RPDX
A/W

RTIAY
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC 
m/N

RPDY
A/W

TTIAY
V/A

ADC
ct/V

AA
(A)

L3-L3
NORM

L3 DC
m/N

TPDY
A/W

64-16
AA(D)

64-16
AA(D)

64-16
AA(D)

64-16
AA(D)

IOPDY
15

DADX
45

AI
(A)

IOPDX
15

DADY
45

AI
(A)

AOM

OPT
GAIN

RESIDUAL INVERSE SENSING FILTER

DARM LOOP

1/L

1/L

SUS
L1-L3

SUS
L2-L3

SUS
L3-L3

16-4
AA(D)

16-4
AA(D)

16-4
AA(D)

DA1 L1 DC 
m/N

DA3

DA2 LF2

OFS

AOMOFS

4-2
AA(D)

4-2
AA(D)

L2 DC 
m/N

ACTUATION

TIA_A
V/A

TIA_B
V/A

W_A
Resp.

W_B
Resp.

PARTIAL INVERSE SENSING

OPTICAL GAIN

TRANSIMPEDANCE AMP

DRIVE ALIGN FILTER

SUPER-NYQUIST ELECTRONICS 
POLES

FOTON IIR FILTER WARPING

LOCK FILTER

NORMALIZED, WHITENED 
SUSPENSION FORCE-TO-LENGTH 

RESP

OPTICAL FOLLOWER SERVO

ACOUSTO-OPTIC MODULATOR

CORRECTED READOUT

EXCITATION CHANNEL

TD

AI
(A)

TA

W W

AI
(A)

DRVR
stage

DRVR
stage

SUS
L2-L3

SUS
L1-L3

SUS
L3-L3

OPT
GAIN

COUPLED-CAVITY POLE CC
POLE

CC
POLE

OPT
GAIN

LF1LF2LF3

FORCE-TO-LENGTH DC GAIN L1 DC 
m/N

DA3DA1 DA2

TIA TIA

HF
OMC

IIR
WARP

ADC
ct/V

DAC
V/ct

OFS

AOM

L3-L3
NORM

PHOTODIODE QUANTUM 
EFFICIENCY * RESPONSIVITY

64-16
AA (D)

64-16
AA (D)

64-16
AA(D)

64-16
AA (D)

2 1Hz 
poles

2 1Hz 
poles

2 1Hz
poles

2 1Hz 
poles

AA
(A)

AA
(A)

AA
(A)

AA
(A)

OFFLINE CORRECTION

MID F
L2

MID F
L3

ANTI-IMAGING (DIGITAL) 2-16
AI(D)

2-16
AI(D)

L1
N/ct

L2
N/ct

L3
N/ctACTUATION COEFFICIENT

PCAL ACTUATION COEFFICIENT

LIGHT

SIGNAL 

1 The blocks with white letter are inverse of it counterparts in blocks with black letters
* Partial correction (when full correction is not possible)

Filter / 
Delay

Inverse
Filter / 

Advance

IIR
WARP

RESIDUAL ACTUATION FILTERING

ROLL 
OFF

PCDY
61

PCDX
61

SRC
D-2N

UD1
61

UD2
61

UD3
61

SRC
D-2N

ATA
13

ATD
12

AA
(A)

64-16
AA(D)

HF
OMC

Sens
sign

IIR
WARP

CAL
61

SRC
D-2N

ATA
13

ATD
12

AA
(A)

64-16
AA(D)

HF
OMC

Sens
sign

HF
OMC

HF
OMC

HF
OMC

CAL
61

(Super-nyquist poles
from transimpedence

amplifier and whitening.
Front end compensation 
corrects for all except

these poles.)

AA
gain

AA
gain

AA
gain

AA
gain
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(Thiran filter is used for
non-integer—fractional—
delays at LLO. At LHO, an
integer number of clock

cycles are used for the delay)
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16-4
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CTFD L2 ACT.
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CAL
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AI
(A)

16-64
AI(D)

IOP1
15

DAD1
45

UD1
61

SUS
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?TD1
?/?

AI
gain

16-4
AA(D)

2-16
AA(D)

K_U
CORR

RESIDUAL UIM FILTER

+K_P
CORR

K_T
CORR

PUM filter

2-16
AI(D)

16-2
AA(D)

UIM filter

2-16
AI(D)

16-2
AA(D)

OUTPUT 
MATRIX

K_P
CORR

K_U
CORR
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AI(D)
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(A)

HI F
L3

AI
gain

DAC
V/ct

GAIN
L3

ESD
L3

CAL
61

BIAS 
SIGN

ACT3 
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ARM 
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L2-L3DA2 16-64

AI(D)
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(A)
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AI
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DAC
V/ct

GAIN
L2

OSEM
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ACT2 
SIGN

ARM 
SIGNLF2 CAL

61

LF3 SUS
L1-L3DA1 16-64

AI(D)
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(A)

HI F
L1

AI
gain

DAC
V/ct

GAIN
L1

OSEM
L1

CAL
61

ACT1 
SIGN

ARM 
SIGNLF2 LF1

f_cc

K_T
CORR

ATD
13

ATA
12

AA
(A)

64-16
AA(D)

HF
OMC

D

1

K_T
CORR LF3 ?TD3

?/?
SUS
61

K_P
CORR LF3 ?TD2

?/?
SUS
61 LF2

DA3 IOPD3
15

DAC
V/ct

AI
(A)

DAD3
45

16-64
AI(D)

SUS
L3-L3

UD3
61

AI
gain

H/M F
L3

GAIN
L3 ESD

DA2 IOPD2
15

DAC
V/ct
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(A)

DAD2
45

16-64
AI(D)

SUS
L2-L3

UD2
61

AI
gain

H/M F
L2

GAIN
L2 OSEM

K_U
CORR LF3 ?TD1

?/?
SUS
61 LF2 DA1 IOPD1

15
DAC
V/ct

AI
(A)

DAD1
45

16-64
AI(D)

SUS
L1-L3

UD1
61

AI
gain

H/M F
L1

GAIN
L1 OSEMLF1

K_C f_cc

f_cc

S

2

SRe SImf 1

SRe

SUS
L3-L3

SUS
L3-L3

PD
V/W

TIA
V/A

PD
A/W

N/W
X

X Opt.
eff.

Y Opt.
eff.

N/W
Y

Front end Compensation

BALANCE
MATRIX

TIA_A
Resp.

W_A
Resp.

Rough
mA/ct

Front end Compensation

TIA_B
Resp.

W_B
Resp.

Rough
mA/ct

Front end ompensation turns ADC counts 
into a rough calibration in milli-amperes 

of current on the DCPDs
Within control band, some electronic response 

is compensated digitally
Balance, linearization, 
and input matrix gains

can be arbitrary (including signs), so
DARM_IN1 units are “counts”
(though not “just” ADC counts)

CAL-DELTAL_EXTERNAL_DQWHITE

FE Comp

LOW F
L1

FE Comp

LOW F
L2

FE Comp

LOW F
L3

OMCBS
RATIO

OUT
LOSS

TIA_A
Resp.

TIA_B
Resp.

W_A
V/V

W_B
V/V

ARM
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ARM
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ARM
SIGN

ARM
SIGN

ARM
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ARM
SIGN

CAL-PCALY_RXPDPcal Y RxPD (m) AA
(A)

64-16
AA (D)

2 1Hz 
poles

ARM
SIGN
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GAIN

OPT
GAIN

OUT
LOSS

OMCBS
RATIO

PDA
A/W

TIA_A
V/A

W_A
V/V

AA
gain

ADC
ct/V

Rough
mA/ct

PDB
A/W

TIA_B
V/A

W_B
V/V

AA
gain

ADC
ct/V

Rough
mA/ct

BALANCE
MATRIX LIN INPUT

MATRIX units of counts / meter 

MCMC Input for 
C 
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SIGN

ARM 
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CC
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ARM
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MCMC Input for 
A_T DAC
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CAL-PCALY_RXPD
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ARM
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16-64
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HI F
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ACT3 
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ARM 
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ATD
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ATA
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HF
OMC

1
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ARM
SIGN
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LSC-DARM_IN1
IOP3
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DAC
V/ct

AI
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CC
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SRC
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ATD
13
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64-16
AA(D)

HF
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W_A
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TIA_A
Resp.

W_A
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C LSC-DARM_IN1
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64-16
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ARM
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1

C
LSC-DARM_IN1

CAL-PCALY_RXPD AA
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(Optical Response * Overall Gain) Only 
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LSC-DARM_IN1
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IIR
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Front-end 
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Front-end 
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IIR
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IIR
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for these
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Front-end 
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Sub Nyquist
WithIn Control Band

Super Nyquist

Actuator Driver Response Digital-to-Analog Signal Processing and Artifacts Suspension Front-end Control Computation

Digital-to-Analog Signal 
Processing and Artifacts

Global Sensing And Control 
Front-end Control ComputationPhoto-diode Readout ResponseInterferometric Response to Differential Arm Displacement

Global Sensing And Control 
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is better described in T1800046
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K_T
CORR

K_C
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GAIN
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AI
(A)
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W_A
Resp.

W_A
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TIA_B
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Resp.

PD
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AA
(A)
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(A)
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AA (D)

64-16
AA (D)

AA
(A)

AA
gain

DETUNED SRC OPTICAL SPRING SRC
D2N

SRC
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RESPONSE ONLY

RESPONSE ONLY

RESPONSE ONLY

RESPONSE ONLY
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m/N
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m/N GAIN ONLY

GAIN ONLY

GAIN ONLY

WSUS
L3-L3
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RESPONSE ONLY

N/W
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PCAL Front-end Monitor Computation

Within control band, 
some electronic 

response is 
compensated digitally

OUTPUT 
MATRIX

CAL-PCALY_RX_PD_DQ

(1 + G)

C
DA3 ?TD3

?/?LF3SUS
61

1

(A_T)
?TD3
?/?

?TD3
?/?

DA3

DA3

?TD3
?/?DA3 ?TD3

?/?DA3

t = now

t = ref t = ref

𝒇𝒑𝒊𝒂 = 𝟏𝟖. 𝟗𝟓 𝐤𝐇𝐳
𝒇𝒑𝑭 = 𝟎. 𝟏𝟎𝟔 MHz

pyDARM creates this filter, informed by the model parameter files …

Now you know what we’ll be comparing our *new* fit against, and you’ve 
got a good handle on how things fit in to the bigger compensation picture. 

So let’s get to fitting, and estimating the systematic error.

(Notice the 1 MHz zero is dropped from 
the discussion, since it is assumed to 
have negligible impact in the response 
below 1 kHz)



Outline
Two Parts, each quite long. *sigh*

PART I: The ETMX UIM Driver, from Nov 27 to Dec 03 2019

PART II: The OMC Whitening Chassis, from Mar 16 to 27 2020
1. What’s the issue?
2. Game Plan / Review of the Original Data
3. Review of the Circuit
4. Review of the Existing Compensation Scheme
5. Fitting and Predicting the Response Function Systematic Error
6. Comparison against measured Response Function Error
7. Collateral Damage on TDCFs
8. Final Answer
9. Conclusions
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II.5 Fitting and Predicting Systematic Error
• Order of operations for fitting and predicting the error:

A. For each of the two DCPD Channels:
i. Import measurement (which are of cascaded application of filtering), 

divide by test box
ii. Take ratios of measurements to obtain individual stage response
iii. Fit individual stages, obtain expected zeros and poles
iv. Stack fit zeros:poles to re-create cascading application of filtering, 

compare against measurement to create residuals
v. Reconstruct residuals of compensation we actually used (both in front-

end for LF and GDS for HF)
B. Then, for each filter state

i. Sum each paths residuals (use “balance matrix” for compensation 
version, and apply HF poles)

ii. Create a residual (both with existing compensation, and with fit)
iii. Take the ratio of State 1 (one Whitening Stage – i.e. configuration after 

Mar 10), and State 3 (both whitening stages and the low pass – i.e. 
what we had for all prior times in O3)

C. Finally, estimate response function error
i. Use ratio of State 1 to State 3 as “hOMCWC” for C
ii. Compute reference R from 20200103 model, then a modified R using 

C* hOMCWC

iii. FINAL ANSWER ESTIMATE Take ratio of R_hOMCWC / R_reference
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II.5 Fitting and Predicting Systematic Error
A.i. Import measurement (which are of cascaded application of filtering), divide by test box

This (the right panels) is the data that Lilli fit in LHO:47358. In fact, we really only took the results from the 
green curve (i.e. State 3). One can see how a fitting program might get confused, having to fit for the poles 
and zeros of all *four* states simultaneously… and note the frequency vector only spans 5 Hz to 100 kHz.

State 0
State 1
State 2
State 3

https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47358
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II.5 Fitting and Predicting Systematic Error
A.ii. Take ratios of measurements to obtain individual stage response

Ah, that’s reassuringly simple. BUT – we see much more clearly that the data only goes down 
to 5 Hz and up to 100 kHz, so fitting for the 1 Hz zero and 0.1 MHz pole will be  error prone.

𝒇𝒑𝒊𝒂 = 𝟏𝟖. 𝟗𝟓 𝐤𝐇𝐳

𝒇𝒑𝑭 ≈ 0.106 MHz

𝒇𝒛𝑭: 𝒇𝒑𝑭 = 𝟎. 𝟗𝟔𝟎: 𝟏𝟎. 𝟎𝟕𝟑 𝐇𝐳

𝒇𝒛𝑭: 𝒇𝒑𝑭 = 𝟓𝟎𝟑. 𝟔𝟓𝟓: 𝟒𝟗. 𝟗𝟓𝟒 𝐇𝐳

So again, we need better data, but we’ll proceed with what we have…

No Filters
1st Whitening
Low pass
2nd Whitening
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II.5 Fitting and Predicting Systematic Error
A.iii. Fit individual stages, obtain expected zeros and poles

𝑓-= ≈ 0.106 MHz
𝑓E=: 𝑓-= = 0. 960: 10.073 Hz

Fits are now much more simple – but the fit for the two whitening stages are limited 
because they’re trying to fit for zeros or poles outside the data’s frequency region.
At the low end, given incomplete data for the 1 Hz, the fitter yields a residual with 
~0.25% error in magnitude.  
I think this is why Stefan felt the need to add a little gain modifiers to each compensation 
filter as reported and installed in LHO:47257.

Expected:

Seed (PDB):

New Results (PDB):
𝑓-= = 0.032 MHz

𝑓E=: 𝑓-= = 1.0 ∶ 10.0 Hz

𝑓-= = 0.868 MHz
𝑓E=: 𝑓-= = 0. 985: 10.455 Hz

2nd Whitening Stage, PDB

Previous Results:

𝑓-= = 0.0328 MHz
𝑓E=: 𝑓-= = 1.000: 10.467 Hz

𝐺 = 0.9973

https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47257
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PDA New Result 
Zeros

Old Result 
Zeros

New Result 
Poles

Old Result 
Poles

Old Result Gain

Fixed Response 0.2057 0.0489,
13612.7,
17873.2

11346

1st Whitening Stage 0.9894 0.969 10.4215,
98277.1

10.440,
32875.3

G = 0.9734

Low Pass 501.119 497.5 49.7277 49.63 G = -0.9995

2nd Whitening 
Stage

0.9677 0.9865 10.3377,
86258.7

10.372, 
32875.3

G = 1.0020

PDB New Result 
Zeros

Old Result 
Zeros

New Result 
Poles 

Old Result 
Poles

Old Result Gain

Fixed Response 0.2067 0.0505,
13707.1,
18046.0

11521

1st Whitening Stage 0.979 0.966 10.1639,
98413.7

10.160,
32863

G = 0.975458

Low Pass 501.790 497.7 49.8120 49.72 G = -1.0004

2nd Whitening 
Stage

0.9845 1.000 10.4551,
86788.8

10.467,
32683

G = 0.9973

II.5 Fitting and Predicting Systematic Error
A.iii. Fit individual stages, obtain expected zeros and poles



• Most low frequency zeros and poles are very similar, 

• BUT new fit takes out DC gain from State 0 with nearly 
cancelling zero:pole pair at ~0.20:0.05 Hz; old fit did it with a 
gain on each of the State 1, 2, and 3 fits.
• Which is better? Dunno. Seems like new fit might be conceptually 

better, but here’s where we’d need data down to (past) 1 Hz. 
• Preferably, get data down to 0.5, 0.2, 0.1… for whatever patience 

allows, and fit again.

• New fit does a *much* better job at fitting for the 0.1 MHz 
pole 
• (though the State 3 fit still reports ~20 kHz too low)
• Would be nice to get data out to 200 kHz, or to see if “ratio of State 

3 / State 2” data we used agrees with a new measurement of “only 
State 3 on” but probably not worth chasing

• Both old and new fit for State 0 have a high frequency pole 
at 11 or 13 kHz, respectively, where there shouldn’t be
• What’s going on here? Should it be included? Dunno…
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II.5 Fitting and Predicting Systematic Error
A.iii. Fit individual stages, obtain expected zeros and poles
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II.5 Fitting and Predicting Systematic Error
A.iii. Fit individual stages, obtain expected zeros and poles

Here’s the residuals between each stage 
and the fit for that stage.

Notice that the fits are pretty dang 
awesome – but the 1:10 Hz whitening 
stages have low-frequency gain issues. 
Again: this is the result of incomplete 
data.

G2000527-v5

PDA

PDB

But alas. We move on with 
the plan, ‘cause maybe 
“perfect is the enemy of 
good enough.”

No Filters
1st Whitening
Low pass
2nd Whitening

No Filters
1st Whitening
Low pass
2nd Whitening
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II.5 Fitting and Predicting Systematic Error
A.iv. Stack fit zeros:poles to re-create cascading application of filtering, compare against 
measurement to create residuals

State 0
State 1
State 2
State 3

G2000527-v5

PDA

PDB

State 0
State 1
State 2
State 3

Take the poles and zeros from the fit each 
stage, collect them, successively adding them 
to a new model filter of each state, and divide 
that cascaded model against the original data

We see how the lack of low frequency data for 
the whitening stages impacts this residual –
especially for state 3, which has the error from 
both the 1st and 2nd whitening stage

… but the magnitude residual is still only at 
most 0.0025 away from unity at 10 Hz, and 
closer than that for most frequencies until 5 
kHz. 

So now we have a good model of the 
measurement.
Is it better than the old model that Stefan 
and Lilli created and installed?
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II.5 Fitting and Predicting Systematic Error
A.v. Reconstruct residuals of compensation we actually used (both in front-end for LF and 
GDS for HF)

This pulls the LF zeros and poles from 
Stefan’s work.

It does *not* yet include HF poles

The residual is each individual stage’s 
measured response / compensation 
FM response

G2000527-v5

No Filters
1st Whitening
Low pass
2nd Whitening

NOTE THE YLIM SCALE CHANGE
• PDA has a 3% gain error in it’s 1st whitening stage 

compensation, see rabbit hole

• ”No filters” response is clearly missing the 19 kHz 
pole, fine – we compensate that later. Fine.

• 2nd stage compensation is < 0.1% away from unity 
magnitude. Interesting.

PDA

PDBNo Filters
1st Whitening
Low pass
2nd Whitening
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II.5 Fitting and Predicting Systematic Error
A.v. Reconstruct residuals of compensation we actually used (both in front-end for LF and 
GDS for HF)

Here’s the “stacked” version…

One can see the “DC Gain” error is 
stacking up – especially, strangely the 
1st whitening stage of PDA

*but* the magnitude response is still 
“flat” up to ~1kHz 

Phase is rolling off quickly, but that’s 
the missing compensation for 19 kHz 
pole.

This gets applied when I create the 
sum (because that’s how it’s done in 
the current calibration scheme)

State 0
State 1
State 2
State 3

State 0
State 1
State 2
State 3
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II.5 Fitting and Predicting Systematic Error

Dude – you don’t think the rabbit hole is deep enough yet???
Let’s talk about the balance matrix and how the A and B paths are matched. 

B.i. For each (stacked) filtering stage, sum each paths residuals (use “balance matrix” for 
compensation version and apply average HF poles)

Balance Matrix

DCPD SUM
that will be fed 

to quadratic 
normalization

DCPD A 
Compensation 
filter bank

DCPD B 
Compensation 
filter bank

Raw ADC 
Signals
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• Wednesday, Dec 2018, Stefan develops methodology to populate the balance matrix: 
LHO:45734

• Friday, Mar 01 2019, Stefan updates and augments his methodology documentation 
(nice!): LHO:47217

• Mar 01 2019, (same Friday) Stefan updates the balance matrix and turns on FM10 = 
gain of 0.977
• 2019-03-01 22:08 UTC FM10 turned on (Friday at 2pm)

• Saturday, Mar 02 2019 Craig & Stefan discover that the balance is (ah!) DCPD 
light level dependent! LHO:47247

• Sunday Mar 03 2019, Rich and Peter debug and fix the OMC Whitening Chassis, 
LHO:47254

• 2019-03-04 02:35 UTC FM10 is turned off and never used again (Sunday at 5:30 pm).

• Monday Mar 04, Stefan aLOGs that he’s updated the compensation after Rich/Peter 
chassis fix: LHO:47257, but says:
• “Finally, we still will have to re-match the photo diode light levels in lock (alog 47217).”

• …. but I don’t think this “re-match” to the photodiode light level -- i.e. re-compensate 
for the DCPDA channel 0.977 errant gain was ever done – or maybe it was 
encorporated in to the first FMs?! The perils of the Expert Visiting Scientist… 

II.5 Fitting and Predicting Systematic Error
B.i. For each (stacked) filtering stage, sum each paths residuals (use “balance matrix” for 
compensation version and apply average HF poles)

https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=45734
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47217
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47247
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47254
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47257
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II.5 Fitting and Predicting Systematic Error
B.i. For each (stacked) filtering stage, sum each paths residuals (use “balance matrix” for 
compensation version and apply average HF poles)

So, in conclusion, what the compensation scheme really should be is:

𝑺𝒖𝒎𝒓𝒆𝒂𝒍 = 𝑮𝒐𝒗𝒆𝒓𝒂𝒍𝒍
𝑨 ∗ 𝒎𝒆𝒂𝒔𝑳𝑭𝑨 ∗ 𝒎𝒆𝒂𝒔𝑯𝑭𝑨 ∗ 𝒄𝒐𝒎𝒑𝑳𝑭𝑨 ∗ 𝒄𝒐𝒎𝒑𝑯𝑭𝑨 𝑮𝒃𝒂𝒍

𝑨

+ 𝑮𝒐𝒗𝒆𝒓𝒂𝒍𝒍
𝑩 ∗ 𝒎𝒆𝒂𝒔𝑳𝑭𝑩 ∗ 𝒎𝒆𝒂𝒔𝑯𝑭𝑩 ∗ 𝒄𝒐𝒎𝒑𝑳𝑭𝑩 ∗ 𝒄𝒐𝒎𝒑𝑯𝑭𝑩 𝑮𝒃𝒂𝒍

𝑩

𝑺𝒖𝒎𝒎𝒐𝒅𝒆𝒍 = 𝒄𝒐𝒎𝒑𝑯𝑭

But what we’ve modelled in O3 assumes that in the above equation, 

𝑐𝑜𝑚𝑝(=T = 𝑐𝑜𝑚𝑝(=G = 𝑐𝑜𝑚𝑝U= = (𝑚𝑒𝑎𝑠U=T + 𝑚𝑒𝑎𝑠U=G )/2

𝑚𝑒𝑎𝑠(=T ∗ 𝑐𝑜𝑚𝑝(=T = 𝑚𝑒𝑎𝑠(=G ∗ 𝑐𝑜𝑚𝑝(=G = 1

𝐺%VWX/YYT = 𝐺%VWX/YYG = 𝐺%VWX/YY = 𝐺ZW/[

𝐺\/YT = 𝐺\/YG = 1/2 Bad assumption

Bad assumption

Bad assumption

Pulled out / Folded in to 𝐻)

Bad assumption(without allowing for 
switchable response)

So let’s review the *values* for the existing compensation, so we can compare it against the fit.
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# Existing compensation:
# Low frequency --
# From LHO aLOG 47257
# and cross checked to be present in
# ^/trunk/Common/H1CalFilterArchive/h1omc/
# v    H1OMC_1254266332.txt
# "FM0" FM1 FM2 FM3
compOMCzeros_whitening = [[ 1.0, 10.440, 49.63, 10.372], #PDA

[ 1.0, 10.160, 49.72, 10.467]] #PDB
compOMCpoles_whitening = [[ 1.0, 0.966, 497.5, 0.9865], #PDA

[ 1.0, 0.969, 497.7, 1.0000]] #PDB
compOMCgain_whitening = [[ 1.0, 0.973400, -0.9995, 1.0020], #PDA

[ 1.0, 0.975458, -1.0004, 0.9973]] #PDB

# From LHO aLOG 47377
# which has been copied to, e.g. modelparams_H1_20200103.py
# PDA PDB
uncompOMCpoles_whitening = np.array([(11.346e3 + 11.521e3)/2,

(32.875e3 + 32.863e3)/2,
(32.875e3 + 32.863e3)/2])

𝒇𝒑𝒊𝒂 = 𝟏𝟖. 𝟗𝟓 𝐤𝐇𝐳

𝒇𝒑𝑭 ≈ 0.106 MHz
𝒇𝒑𝑭 ≈ 0.106 MHz

# DCPD SUM Balance Matrix Elements
# LHO aLOG 47228
# https://alog.ligo-
wa.caltech.edu/aLOG/index.php?callRep=47228

# PDA PDB
balance = [1.01039,0.98961]

𝒇𝒛𝑭: 𝒇𝒑𝑭 = 𝟎. 𝟗𝟔𝟎: 𝟏𝟎. 𝟎𝟕𝟑 𝐇𝐳
𝒇𝒛𝑭: 𝒇𝒑𝑭 = 𝟓𝟎𝟑. 𝟔𝟓𝟓: 𝟒𝟗. 𝟗𝟓𝟒 𝐇𝐳
𝒇𝒛𝑭: 𝒇𝒑𝑭 = 𝟎. 𝟗𝟔𝟎: 𝟏𝟎. 𝟎𝟕𝟑 𝐇𝐳

II.5 Fitting and Predicting Systematic Error
B.i. For each (stacked) filtering stage, sum each paths residuals (use “balance matrix” for 
compensation version and apply average HF poles)

FM1
FM2
FM3

1st Whitening

Low pass

2nd Whitening

https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=47228
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II.5 Fitting and Predicting Systematic Error

So here’s where we were throughout most of O3: State 3, All three filter stages on, the 
correct number of HF poles,  a *gain* flaw, but again is absorbed in 𝐺%&'( (i.e. 𝐻) )

Stacked gain error of (1.01*0.97*0.97 + 0.98*0.97) ≃ 1.91

1s
t Whitening

No Filte
rs

bal
anc

e
No Filte

rs

bal
anc

e

B.ii. For Each State create a stacked summed residual (both with existing compensation, 
and with fit)

Here’s the new fit – better gain, but honestly, about the same 
level of wiggle

LF phase error from (stacked) poor 
fit of 1 Hz poles in the whitening 
stages

Bad HF compensation 
actually does OK

Bad HF compensation 
actually does OK
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II.5 Fitting and Predicting Systematic Error
B.ii. For Each State create a stacked summed residual (both with existing compensation, 
and with fit)

So here’s where we ended O3: State 1, only one low-pass on

Same story at low frequency

But now, existing 3 
HF poles from 
pyDARM *over* 
compensates for 
state 1, which should 
only have 2 HF poles

However, still neglible effect 
below 1 kHz…
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II.5 Fitting and Predicting Systematic Error
B.ii. Take the ratio of State 1 (one Whitening Stage – i.e. configuration after Mar 10), and 
State 3 (both whitening stages and the low pass – i.e. what we had for all prior times in O3)

OK, now we *might* be on to something.
The *ratio* State 1 / State 3 shows the bad HF compensation
But, it also shows that the new fit isn’t perfect (because of the lack of LF data)

This is our compensation and fit “hOMCWC”s
𝜂!"#!$! will become important later, place a mental bookmark!

𝜂)]^)_)
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II.5 Fitting and Predicting Systematic Error
C.i. Use ratio of State 1 to State 3 as “hOMCWC” for C
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C.ii. Compute reference R from 20200103 model, then a modified R using C* hOMCWC

II.5 Fitting and Predicting Systematic Error

𝑅`!?a_c_%Zd`d
𝑅XWe

𝑅`!?a_c_%Zd`d
𝑅XWe

𝜂1]^)_)
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C.ii. Compute reference R from 20200103 model, then a modified R using C* hOMCWC

II.5 Fitting and Predicting Systematic Error

This is the same as the right two panels on the previous 
page, but zoomed to the same frequency range and ylims
as typical BB injections. 

In short: all this work, and the predicted error isn’t big enough 
to explain what was seen on that fateful day in Mar 2020…

𝜂1]^)_)
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II.6 Compare Against Measurement

Detector was locked and happy for ~19 hours. Went out of OBS_READY at Mar 16 2020 18:29:59 
UTC, switched whitening config, and measured broadband 30 seconds afterword.

• Pre
• 2020-03-02_H1_PCALY2DARMTF_BB_3min.xml: 2020-03-02 19:00:32 UTC
• 2020-03-09_H1_PCALY2DARMTF_BB_3min.xml: 2020-03-09 18:00:33 UTC

• Post 
• 2020-03-16_H1_PCALY2DARMTF_BB_3min.xml: 2020-03-16 18:30:31 UTC
• 2020-03-23_H1_PCALY2DARMTF_BB_3min.xml: 2020-03-23 18:01:20 UTCG2000527-v5 120

Brief NLN, but not 
DMT_ANALYSIS_READY

DMT_ANALYSIS_READY 
end

BB Measurement

DMT_ANALYSIS_READY
resumes

Let’s review what before vs. after broadband injection data is available. 

https://ldas-jobs.ligo-wa.caltech.edu/~detchar/summary/day/20200316/lock/guardian_ifo_top_node_/
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If the whitening configuration changed *before* the 2020-03-16 
measurement, shouldn’t there be a difference?
Ok – maybe if you squint… you can see a change between 2020-03-09 and 
2020-03-16… but what the heck is going on with 2020-03-23?

But somethings already fishy here…
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II.6 Compare Against Measurement

OK, so… there is *some* quantifiable difference (ratio) 
between the “before” and “after” the change

Maybe we can make sushi out of the fish?
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Now, before we compare slide 122 with 118 this is *always* super duper confusing, 
let’s make sure we plot the right thing, and compare apples to apples instead of 
apples to (1/apples).

r
Δ𝐿
𝑃𝐶𝐴𝐿 *<*<$<+$<f

=
𝑅;)g

𝑅XWeWXW"dW

r
Δ𝐿
𝑃𝐶𝐴𝐿 *<*<$<+$&3

=
𝑅;)g

𝑅`!?a_c_%Zd`d

𝜂%Zd`d ≡
𝐶[?/?W &
𝐶[?/?W +

=
𝐶/e?WX
𝐶\We%XW

𝑅XWeWXW"dW =
1

𝐶\We%XW
+ 𝐴𝐷

𝑅`!?a_c_%Zd`d =
1

𝐶/e?WX
+ 𝐴𝐷 =

1
𝐶\We%XW ∗ 𝜂%Zd`d

+ 𝐴𝐷

𝜂1 =
𝑅`!?a_c_%Zd`d
𝑅XWeWXW"dW

|𝜟𝑳/𝑷𝑪𝑨𝑳 𝟐𝟎𝟎𝟑𝟏𝟔
|𝜟𝑳/𝑷𝑪𝑨𝑳 𝟐𝟎𝟎𝟑𝟎𝟗

=
𝑹𝒓𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆

𝑹𝒘𝒊𝒕𝒉_𝜼_𝒐𝒎𝒄𝒘𝒄
=

𝟏
𝜼𝑹

II.6 Compare Against Measurement

On page 115, we’ve defined the systematic error in C as

Then, on page 117 and 118 we show 

For the measurements on page 121 
and 121, remember from T1900169
Δ𝐿
𝑃𝐶𝐴𝐿

=
𝑅;)g
𝑅.)T(

DCS response function isn’t changing – the 
PCAL excitation is measuring the change, Which means

https://dcc.ligo.org/LIGO-T1900169
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II.6 Compare Against Measurement

HaHA! Vindication! The new fit does a good job at predicting the 
*miniscule* change in the response function. Great!
So… what the heck is going on with the 2020-03-23 measurement??

Sushi go!
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II.7 Collateral Damage on/from TDCFs

• G2001293 started out as an unrelated investigation in to why the cavity pole 
changed by 7 Hz after the OMC whitening chassis change.

• However, the result of that investigation concludes that the OMC whitening chassis 
error (predicted in this talk) at 410.3 Hz actually causes the sensing function TDCFs 
to falsely report a change in the optical gain and cavity pole. 

• These poorly informed TDCFs were then applied to h(t), and thus create a self-
inflicted systematic error. In G2001293, we show that accounting for this error 
almost entirely accounts for the change between the 2020-03-16 measurement 
and 2020-03-23 measurement. Mystery solved!

• But, one last thing (picking up after the conclusion of G2001293): to completely
account for impact, we will apply both the (negligible) 𝜂)]^)_)and the (more 
impactful) 𝜂)q;)=[ to the Chunk 2, Period c systematic error and uncertainty budget. 
• (where the application of 𝜂)]^)_) will mostly just account for the small 

amount of error above 1 kHz)
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https://dcc.ligo.org/LIGO-G2001293
https://dcc.ligo.org/LIGO-G2001293
https://dcc.ligo.org/LIGO-G2001293


II.7 Collateral Damage on/from TDCFs 
The maaaaaath covered on page 14 of G2001293 reminds us 
that, because of the “1+” part of the response function, the 
modification to C is not so straightforwardly propagated to a 
modification in R. So let’s pick up where we left off, but
include 𝜂������ as well as 𝜂������.
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𝜂)]^)_) 𝜂)!"d≫d%X

𝜂)
XWe≫!"d

𝜂)?%?/Y

meas_kappaC = 0.995
meas_kappaCprime = 0.9825
meas_fcc = 413
meas_fccprime = 423
f2 = 410.3
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II.7 Collateral Damage on/from TDCFs 

10 100 103
0.01

0.1

1
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D*U/D/R
D*PUD/R

D*dSd/R
D*(dotal	A)/R

(/nv.	C)/R

Even though 𝜂)?%?/Y is small, it gets amplified from 30 
Hz to 250 Hz by a factor of ~2 because of the DARM 
loop shaping of C in both the numerator and 
denominator of 𝜂1

e!"/Y

2020-01-03 Model Component Contribution to R
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1. What’s the issue?
2. Game Plan / Review of the Original Data
3. Review of the Circuit
4. Review of the Existing Compensation Scheme
5. Fitting and Predicting the Response Function Systematic Error
6. Comparison against measured Response Function Error
7. Collateral Damage on TDCFs
8. Final Answer
9. Conclusions
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II.8 Final Answer: The construction of 𝜂!
"#$%&
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II.8 Final Answer: succession of BB vs. Modified Percentile for Period c
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II.8 Final Answer: Predicted Impact across the Entire Band
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II.8 Final Answer
• 𝜂)]^)_) and the bulk of the fitting/modeling plots was produced by
/ligo/svncommon/CalSVN/aligocalibration/trunk/Common/Electronics/H1/Scripts/

fit_OMCDCPDWhiteningChassis_20190304_forG2000527.py

and exported to
/ligo/svncommon/CalSVN/aligocalibration/trunk/Runs/O3/H1/Results/Uncertainty/

2020-08-25_measDate2019-03-04_H1OMC_WhiteningChassisTFs_eta_C_omcwc.txt

• 𝜂)!"d≫d%X𝜂)
XWe≫!"d and the work presented in G2001293 was produced by

/ligo/svncommon/CalSVN/aligocalibration/trunk/Common/Documents/G2001293_O3BChunk2Periodc_OMCWhitening
_and_TDCF_SysError/

showimpact_omcwhiteningchassiserror_on_sensingTDCFs_and_R.py

• 𝜂)]^)_) , 𝜂)!"d≫d%X, and 𝜂)
XWe≫!"d were all combined as described on page 127 by

/ligo/svncommon/CalSVN/aligocalibration/trunk/Runs/O3/H1/Scripts/Uncertainty/

combine_OMCWC_and_BadSensingTDCF_syserror_H1O3BChunk2Periodc_20200316-20200327.py

• The resulting 𝜂1
e!"/Y produce by that script was exported as

/ligo/svncommon/CalSVN/aligocalibration/trunk/Runs/O3/H1/Results/Uncertainty/

2020-08-25_H1O3BChunk2Periodc_ResponseFunctionSysError_OMCWC_and_BadTDCFs_eta_R_omcwc_badtdcfs.hdf5

• RRNom was modified in rev 11150
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II.8 Final Answer
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LHO aLOG 56582 details this, the 2020-03-23 broadband 
injection against the official, RRNom produced budget

https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=56582
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8. Final Answer
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II.8 Conclusions
• Lessons learned:

• We really need to take the time to get to know all of the circuits that 
matter, and understand how to best measure them

• Yes, we can predict the frequency-dependent change caused by 
electronics errors in the sensing function.

• We should take a new measurement of the OMC Whitening Chassis, 
• be sure to get data down to at least 0.25 Hz (and if patience allows 0.1 Hz), and

update the compensation filters.
• be sure to take both cascading response and single filter response 

measurements.

• We’ve found some insidious collateral damage of the OMC 
whitening chassis configuration change itself 
• the sensing function TDCFs were impacted by this, incorrectly reporting 

plant change, and cause *much worse* systematic error
• Discovered and reviewed in G2001293

• Final answer (where we include OMC error itself *and* the 
correction for bad TDCFs) agrees nicely with 2020-03-23 
measurement.
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