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1 Introduction

The eLIGO OMC DCPD preamps (D060572-v1) and photodiodes (EG&G/Perkin-Elmer
C30665, 3-mm InGaAs) will be reused on the Advanced LIGO OMCs. This document
describes the characterization of the preamps and diodes at the time of their removal from
the eLIGO assemblies so that this information is available during alLIGO.

2 Analysis

2.1 Livingston — L1

During the H1 squeezing experiment, the eLIGO-L1 OMC was shipped to Hanford due to
its lower loss, and the eLIGO-H1 OMC was sent to Livingston. Therefore, the photodiodes
and preamps (S/N 006 and 008) from the eLIGO-H1 OMC will be on the aLIGO-L1 OMC.

2.1.1 DCPD preamp transimpedance

The transimpedances of the preamprifiers were measured in High-Z and Low-Z mode:

e Preamp S/N 006
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— Zm = 399.630
— Z1o = 100.48Q

e Preamp S/N 008

— Zy = 399.880
— Zo = 100.6912

These were stable to below 0.01€2 on the display, though systematics particularly from cables
probably make these numbers less accurate than that.

(LLO ALOG 7323)

2.1.2 DCPD dark noise

The DCPD dark noise was measured using a spare eLIGO whitening amplifier. The voltage
signal was picked off at the output of the in-vacuum preamp, and the external whitening
amplifier was only used as a power supply and to provide the transimpedance switching
function. The photodiodes and preamps were still installed in the eLIGO assembly.

Figures 1 and 2 show the photocurrent-referred noise level of the DCPD and preamp chains
in both the 100- and 400-€2 configurations, compared with a LISO simulation for each circuit.
The shot-noise level for a 35-mA photocurrent is plotted for reference. Also plotted is the
measurement noise level in each case.

2.1.3 DCPD preamp voltage transfer function

After removal of the photodiodes, the preamp voltage transfer functions were measured by
injecting an excitation at the photodiode socket between the anode and ground pins. This
means the excitation is applied across the transimpedance resistor, but this is negligible
given the low source impedance of the spectrum analyzer.

The transfer function measurements are shown in Figs. 3 and 4. Each preamp plotted along-
side the LISO prediction, and the variation from the model is shown magnified against the
right axis.

Further, a LISO vector fit was applied to the measured transfer functions for the purpose of
empirically constructing the appropriate digital compensation filters (since the true transfer
functions deviate significantly from the design). These fit results are shown in Figs. 5 and 6.
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Preamp #006 / Input-referred Current noise (2013/06/06)
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Figure 1: L1 DCPD A (S/N 006) photodiode and preamp chain noise for Z = 100 © and Z
= 400 Q.
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Preamp #008 / Input-referred Current noise (2013/06/06)
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Figure 2: L1 DCPD B (S/N 008) photodiode and preamp chain noise for Z = 100 © and Z
= 400 Q.
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Preamp #006 / Circuit model consistency check (2013/06/06)
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Figure 3: L1 DCPD A (S/N 006) measured transfer function compared with a LISO simu-
lation of the design.
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Preamp #008 / Circuit model consistency check (2013/06/06)
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Figure 4: L1 DCPD B (S/N 008) measured transfer function compared with a LISO simu-
lation of the design.
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Preamp #006 / LISO empirical ZPK fit (2013/06/06)
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#LI1SO SOURCE
zer0 7.4673352960 ##4 fitted (name = zero0)
zero 7.4673352960 ### fited (name = zerol)

zero 228.8721712631k 379. it
zero 1.3669731892k 141.2732297221m ### fitted (ng
zero 822.8066296486 1.2794812162 ### fitted (nar

pole 68.8589643238 ##4 fitted (name =
pole 122.4172483034 #4# fitted (name
pole 15.2033054358k #t# fitted (name = pole2)
pole 15.2032736526k #t# fitted (name = pole3)

le = zerod)

pole 853.0188718899 1.2026911334 ### fitted (nampe = poled)

pole 1.1971266387k 119.8255710086m ### fitted ()
factor 1.9923637906 ### fitted

param zero0:f 1 100
#param zerol:f 1 100 # use zeroO:f = zerol:f due to
sparam zerol:f

param zero2:f 1k 1M

param zero2:q 0 100

param zero3:f 10 10k

param zero3:q 0 100

param zero4:f 10 10k

param zerod:q 0 100

param pole0:f 1 100k
param poleL:f 1 100k
param pole2:f 1 100k
param pole3:f 1 100k
param poled:f 10 10k
param poled:q 0 100
param poleS:f 10 10k
param poleS:q 0 100
param factor 1p 1M

it TFOD6A bod absdeg rel
rewrite samebetter
gnuterm pdf

freq log 0.01 100k 10000 ### from data file

#Parameter Estimation

#Best parameter estimates:
#zero0:f =

7.4673352960064196537 +- 2.338m)
7.4673352960 +- 2.338m (0.0313%)
228872.17126311597531 +- 5.45K (
0.37946794563832347835 +- 19.16)
ero3:f = 1.3669731892k */ 4.263
#2€103:q = 141.2732297221m */ 4.276
822.80662964858265696 +- 45.47 ({
1.2794812162150526191 +- 27,621
68.858964323822476672 +- 50361
122.41724830341620134 +- 6.038 (
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Figure 5: L1 DCPD A (S/N 006) empirical LISO ZPK vector fit.

page 7



Preamp #008 / LISO empirical ZPK fit (2013/06/06)
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factor 1.9913548808 ### fitted

param zero0:f 1 100
#param zero1:f 1 100 # use zero0:f = zeroL:f due to
sparam zeroL:f

param zero2:f 1k 1M

param zero2:q 0 100

param zero3:f 10 10k

param zero3:q 0 100

param zerod:f 10 10k

param zerod:q 0 100

param pole0:f 1 100k
param poleL:f 1 100k
param pole2:f 1 100k
param pole3:f 1 100k
param poled:f 10 10k
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param factor 1p 1M
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Figure 6: L1 DCPD B (S/N 008) empirical LISO ZPK vector fit.

2.1.4 Revised preamp voltage transfer function

When the balance of the OMC DCPD outputs were checked at LLO, it was discovered that
the current model of the DCPD preamplifiers couldn’t explain the relative misbalance of the
DCPDs.

It turned out that the features at around 1kHz in the measured transfer functions on the
bench were measurement artifact. These features can be seen in Figures 3~6. They don’t
exist in the actual eletronics chain. These bumps in the transfer function were, in fact,
precisely reproduced by the transfer function models, and caused mis-compensation of the
DCPD responses.

In order to mitigate this issue, the calibration measurements in eLIGO era were revisited.
D. Yeaton-Massey measured the transfer functions of the in-vacuum preamplifiers at Hanford
in 2009, as found in this iLog entry!. The data files can be found in this link?. In his

lhttp://ilog.ligo-wa.caltech.edu/ilog/pub/ilog.cgi?group=detector&date_to_view=02/24/
2009&anchor_to_scroll_to=2009:02:24:00:58:44-dmass

Zhttps://svn.ligo.caltech.edu/svn/calibration/trunk/calibration/frequencydomain/runs/
S6/H1/measurements/0MCwhiteners/2009FebMar_DMass/
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measurement DCPD1 and 2 correspond to the preamp #006 and #008, respectively.

The measured transfer functions found in the links do not exhibit the bump feature at 1kHz.
And indeed they explains the imbalance of the DCPDs better than the models in the previous
section.

However, these eLIGO measurements have few points below 10Hz and not precise enough
to model the tranfer function below 10Hz. And the models in the previous section shows
better agreement with the measured DCPD imbalance.

Therefore, we have to stitch eLIGO and aLIGO measurements. Figures 7 and 8 shows
how the data were stiched. In Figure 7, top two shows the bode plot of the aLIGO and
eLIGO measurements. The aLIGO measurements (blue) have wider bandwidth and higher
resolution, but have “dent” at 1kHz. The eLIGO (red) measurement does have flat response
at 1kHz, but the resolution is low. The absolute magnitude of the eLIGO measurement is
not calibrated. Therefore, the eLIGO measurement had to scaled such that it matches with
the aLIGO measurement. The bottom plot shows the relative difference of these two data in
magnitude and phase. The aLLIGO data was linearly interporated with the frequency spacing
of the eLIGO data. As one can see, They are well matched below 100Hz and above 3kHz.
The two data were stiched at 30Hz; Below 30Hz, the alLIGO data was used. Above
30Hz, the eLIGO data was used.

Figure 7 shows the same plots for the preamp #008. Based on this plot, the two data
were stiched at 30Hz in the same way.

Now, the stiched data sets are fitted by LISO to obtain ZPK model. Here the revised
modeling results are shown.
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eLIGO DCPD1 (Preamp 006) response eLIGO/aLIGO comparison
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Figure 7: Comparison of the eLIGO and al.LIGO measurements for the preamp #006. The
eLIGO data is scaled by a factor of 8.0 so that it can match with the aLIGO measurement

in magnitude.
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eLIGO DCPD2 (Preamp 008) response eLIGO/aLIGO comparison
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Figure 8: Comparison of the eLIGO and al.LIGO measurements for the preamp #006. The
eLIGO data is scaled by a factor of 6.95 so that it can match with the aLIGO measurement

in magnitude.
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Figure 9: L1 DCPD A (S/N 006) revised measured transfer function compared with a LISO
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Preamp #008 / Circuit model consistency check (2015/05/16)
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Figure 10: L1 DCPD B (S/N 008) revised measured transfer function compared with a LISO
simulation of the design.
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Preamp #006 / LISO empirical ZPK fit (2015/05/16)

#L1SO SOURCE
zero 7.4758184074 #4## fitted (name = zero0)
zero 7.4758184074 #t# fitted (name = zerol)
zero 175.9447564838k #4## fitted (name = zero2)
10 2L pole 82.2022639484 ### fitted (name = pole0)
pole 82.2022639484 ### fitted (name = polel)
S‘ pole 11.3228470725k ### fitted (name = pole2)
< pole 24.6836488786k ### fitted (name = pole3)
>
= factor 1.9926963048 #:## fitted
c
Kel param zero0:f 1 10
© 'sparam zerol:f
c param zero2:f 1 1M
=]
‘: param pole0:f .1 1M
T 10 1L sparam polel:f
% param pole2:f .1 1M
- param pole3:f .1 1M
o param factor 1p 1M
=
fit Preamp006.bod absdeg rel
gnuterm pdf
O measured
LISO empmca| fit rewrite samebetter
0 freq log 0.01 100k 1000 ### from data file
10 L L L L L
-1 0 1 2 3 4 5
10 10 10 10 10 10 10
Frequency [Hz]
180 T T T T T
—_— #Parameter Estimation
=3
[} #Best parameter estimates:
E 7.4758184073999887076 +- 40.6m (0.543%)
= 7.4758184074 +- 40.6m (0.543%)
% 75.9447564838Kk */ 1.
© = 82.202263948400172922 +- 425.8m (0.518%)
< = 82.2022639484 +- 425.8m (0.518%)
o 11322.847072500042486 +- 737 (6.51%)
24683.648878600131866 +- 4.2k (17%)
180 | | | | | #factor = 1.9926963048000070344 +- 13.34m (0.669%)
-1 0 1 2 3 4 5
10 10 10 10 10 10 10
Residual
T 1
=)
405 &
i) e
g 1° ©
o [}
[2]
4-05 ©
i
o
0.98 L L L L -1
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Figure 11: L1 DCPD A (S/N 006) revised empirical LISO ZPK vector fit.
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Preamp #008 / LISO empirical ZPK fit (2015/05/16)

#LI1SO SOURCE
zero 7.7035143792 ### fitted (name = zeroQ)
zero 7.7035143792 #i## fitted (name = zerol)
zero 1345024181647k #4## fitted (name = zero2)
10 2L pole 84.5723492984 ### fitted (name = pole0)
pole 84.5723492984 ##4 fitted (name = polel)
S‘ pole 22.3835023628k ##i fitted (name = pole2)
< pole 11.9020537576k ### fitted (name = pole3)
>
— factor 19914251238 ## fitted
c
Kel param zero0:f 1 10
© 'sparam zerol:f
c param zero2:f 1 1M
=]
': param pole0:f .1 1M
T 10 1L sparam polel:f
w“— param pole2:f .1 1M
@ param pole3:f .1 1M
E param factor 1p 1M
fit Preamp008.bod absdeg rel
gnuterm pdf
O measured
LISO empirica| fit rewrite samebetter
0 freq log 0.01 100k 1000 ### from data file
10 L L L L L
10 10° 10t 102 103 10* 10°
Frequency [Hz] S —
180 T T T T T
—_ #Parameter Estimation
=3
[} #Best parameter estimates:
k=2 #ze100:f = 7.7035143791999995955 +- 33.87m (0.44%)
#--> zerol:f = 7.7035143792 +- 33.87m (0.44%)
% #zero2:f = 134502.41816470012418 +- 46.44k (34.5%)
< #pole0:f = 84.572349298399998929 +- 355.9m (0.421%)
c #--> polel:f = 84.5723492984 +- 355.9m (0.421%)
o #pole2:f = 22383.502362800008996 +- 3.336k (14.9%)
7 #pole3:f = 11902.053757599991513 +- 809.9 (6.8%)
#factor = 1.9914251238000000299 +- 10.8m (0.542%)
Residual
1.02 - - - - 1
=)
o)
1.01 105 5,
i) =
g 1 1° o
o [}
[2]
0.99 1-05 ©
T
0.98 L L L s -1
-1 0 1 2 3 4 5
10 10 10 10 10 10 10

Figure 12: L1 DCPD B (S/N 008) revised empirical LISO ZPK vector fit.

2.2 Hanford - H1

As described in Sec. 2.1, the OMC assembly at Hanford during the eLIGO-to-aLIGO tran-
sition was actually the original L1 OMC. Therefore, the alLIGO H1 preamps (S/Ns 004 and

Frequency [Hz]

005) are the L1 preamps from enhanced LIGO.

The H1 preamp testing was performed by K.A. some months after W.Z. K. did the L1

testing, but the methods used were the same as those described in Sec. 2.1.

page 15




LIGO-T1300552-v3

2.2.1 DCPD dark noise

Preamp #004 / Input-referred Current noise (2013/11/08)
— — -DCPD (100 ohm)
= = - LISO prediction (100 ohm)
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Figure 13: H1 DCPD A (S/N 004) photodiode and preamp chain noise for Z = 100 2 and
Z = 400 €.
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Preamp #005 / Input-referred Current noise (2013/11/08)

10 ey
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Figure 14: H1 DCPD B (S/N 005) photodiode and preamp chain noise for Z = 100 §2 and
Z = 400 Q.

2.2.2 DCPD preamp transimpedance

X

The transimpedances of the preamprifiers were measured in High-Z and Low-Z mode:

e Preamp S/N 004

— Zwi = 400.9Q
— Z1o = 100.8Q

e Preamp S/N 005
— Zwr = 400.002
~ Zio = 100.29

The meter cable resistance was subtracted. The error is £0.15).
(Based on the note by KA on Nov 09, 2013)
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2.2.3 DCPD preamp voltage transfer function

Preamp #004 / Circuit model consistency check (2013/11/08)
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Figure 15: H1 DCPD A (S/N 004) measured transfer function compared with a LISO sim-
ulation of the design.
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Preamp #005 / Circuit model consistency check (2013/11/08)
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Figure 16: H1 DCPD B (S/N 005) measured transfer function
ulation of the design.
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Preamp #004 / LISO empirical ZPK fit (2013/11/08)

#LI1SO SOURCE
zero 7.6888797467 ### fitted (name = zerod)
zero 7.6888797467 ### ftted (name = zerol)
zero 203.8951136310k 429.3478455409m ### fitted (name = zero2)
2
10" | pole 78.9118487735 ### fitted (name = pole0)
pole 90.6417057880 ### fitted (name = pole1)
— pole 17.7979845020k ### fitted (name
S pole 13.6911700320k ### fitted (name
2. factor 19826044025 ### fitted
c
o param zero0:f 1 100
5 #param zerol:f 1 100 # use zeroO:f = zerol:f due to strong correlation
sparam zerol:f
e param zero2:f 1k 1M
= param zero2:q 0 100
S 1l
% 10 | param pole0:f 1 100k
c param pole1:f 1 100k
< param pole2:f 1 100k
,: param pole3:f 1 100k
param factor 1p 1M
O fit TFO04A bod absdeg rel
O measured rewrite samebetter
LISO empirical fit gnuterm pdf
100 i i i I I
_1 0 1 2 3 4 5 freq log 0.01 100k 10000 ### from data file
10 10 10 10 10 10 10
Frequency [Hz]
180 T T T T T
. 120
= #Parameter Estimation
(i} 60
. #Best parameter estimates:
© 0 #izero0f=  7.6888797467062959257 +- 1.48m (0.0192%)
I} #-—> zeroL:f = 7.6888797467 +- 1.48m (0.0192%)
@ -60 f 203895.11363095470006 +- 327.3 (0.161%)
g 0.42934784554092980668 +- 988.1u (0.23%)
78.911848773472399898 +- 192.7m (0.244%)
-120 90.641705787996272647 +- 215.5m (0.238%)
i i i i i 17797.984501992519654 +- 51.78 (0.291%)
-180 13691.170031991910946 +- 33.54 (0.245%)
10! 10° 10t 102 10° 10* 10° #actor=  1.9826044025026203776 +- 559.1u (0.0282%)
Residual
1.02 T T T T T 1
?
1.01r B,
L8 =
T 1r a)
o )
0.99F i
i
0.98 i i i i i
I 0 1 2 3 4
10 10 10 10 10 10

Figure 17:

Frequency [Hz]

H1 DCPD A (S/N 004) empirical LISO ZPK vector
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Preamp #005 / LISO empirical ZPK fit (2013/11/08)

#L1SO SOURCE

zer0 7.0942919452 ### fitted (name = zerod)
zer0 7.0942919452 ### ftted (name = zerol)
zero 204.4392196028K 426.2327893430m ### fitted (name = zero2)

2
10 pole 73.1306183678 ### fitted (name = pole0)
pole 831674987244 ### fited (name = pole1)
— pole 17.8046818260k ##4 fitted (name = pole2)
S pole 13.7144712644k ##4 ftted (name = pole3)
2. factor 1.9836135815 ### fitted
5 param zero0:f 1 100
E=] #param zeroLif 1 100 # use zero0:f = zeroL:f due to strong correlation
e sparam zerolf
S param zero2:f 1k 1M
= param zero2:q 0 100
1
% 10 param pole0:f 1 100k
I param poleL:f 1 100k
IS param pole2:f 1 100k
,: param pole3:f 1 100k

param factor 1p 1M
fit TFOOSA.bod absdeg rel

rewrite samebetter

O  measured
LISO empirical fit
I T

gnuterm pdf
10° . :
_1 0 1 2 3 4 5 freq log 0.01 100k 10000 ### from data file
10 10 10 10 10 10 10
Frequency [Hz]
180 T T T T ——
_. 120
[=2] #Parameter Estimation
o 60
. #Best parameter estimates:
) 0 #zero0:f = 7.0942919452000001712 +- 1.341m (0.0189%)
0 #--> zerol:f = 7.0942919452 +- 1.341m (0.0189%)
© —60 #zero2:t = 204439.21960279991617 +- 313.4 (0.153%)
-& #ze102:q = 0.42623278934299996257 +- 934.8u (0.219%)
#pole0:f = 73.130618367800025226 +- 182.1m (0.249%)
-120 #polel:f = 83.167498724400019228 +- 201.6m (0.242%)
i i i i i #pole2:f = 17804.681826000014553 +- 49.3 (0.277%)
-180 " 5 T 2 3 B s #pole3if = 13714.471264399995562 +- 31.95 (0.233%)
= #factor = 1.9836135815000000004 +- 550.7u (0.0278%)
10 10 10 10 10 10 10 (00278
Residual
1.02 T T T T T 1
3
1.01r B,
° =
g 1r o)
o o]
0.99r i
i
0.98 i i i i i 1
AL 0 1 2 3 4 5
10 10 10 10 10 10 10

Frequency [Hz]

Figure 18: H1 DCPD B (S/N 005) empirical LISO ZPK vector fit.

2.2.4 DCPD preamp linearity check

In addition to the noise and transfer function verification that was done at L1, the H1
preamps were also subject to a linearity test: the amplifiers were swept with excitations of
two different amplitudes (10 mV and 20 mV) and it was verified that this made no difference
in the measured transfer functions.

The results of these tests are shown in Figs. 19 and 20.
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Preamp #004 / Linearity Check (2013/11/08)

LIGO-T1300552-v3
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: H1 DCPD A (S/N 004) linearity verification.
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Preamp #005 / Linearity Check (2013/11/08)
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Figure 20: H1 DCPD B (S/N 005) linearity verification.
2.3 3rd IFO

This section will be completed once the corresponding analysis is done on the 11 DCPDs.
Note that these will not have previously been integrated in an eLIGO OMC.
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