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1 Abstract

The Laser Interferometer Gravitational-wave Observatory (LIGO) detects gravitational waves by
sensing minute relative displacements of test mass mirrors using the interference formed by laser
beams which are modulated at radio frequencies. The light beams are detected by multiple radio
frequency photodiodes monitoring the displacements and angular motion of the interferometer.
This project entails the design, development, and testing of a new radio frequency photodiode
preamplifier for improved performance. Instead of a resonant circuit around the photodiode and
a single tank filter for the unwanted first harmonic signal as in the circuit currently used in the
interferometers, the new design uses parallel capacitor-inductor tank circuits to increase diode ca-
pacitance insensitivity, decrease signal nonlinearity, and optimize signal isolation. Test results from
a prototype circuit as well as circuit analysis models show improvements made on the radio fre-
quency photodiodes. Data gathered from this project also provide useful component specifications
for future photodiode development.

2 Introduction

Gravity as radiation waveforms was first predicted by Einstein in his General Relativity and was
confirmed as a material reality with evident energy loss from the Hulse-Taylor binary. The Laser
Interferometer Gravitational Wave Observatory (LIGO) seeks to detect gravitational waves by us-
ing two Michelson Interferometers, one with 4km arms and the other with 2km arms, in Wash-
ington and another 4km-arm Michelson interferometer in Louisiana'. When a gravitational wave
passes by, it stretches one arm of the interferometer while contracting the other arm, causing a
displacement to be measured by LIGO through the change in the interference of the laser beams
in the interferometer. The detection of gravitational waves would confirm present knowledge of
general relativity as well as open up a new science of gravitational wave astronomy?.

Initial LIGO took its first scientific data in 2002 and had four science runs since then. Design
sensitivities were finally reached in November of 2005, and Initial LIGO is currently on its fifth
and last science run. After the fifth science run, installation of Enhanced LIGO will begin, and
Advanced LIGO (AdvLIGO) a few years after that. The much anticipated AdvLIGO will be about
ten times more sensitive and able to listen to a volume of space a thousand times greater than Initial
LIGO?.

The Caltech LIGO 40-meter lab houses a prototype interferometer with 40 meter long arms and
acts as a testing ground for new technologies to be implemented in Enhanced and Advanced LIGO.
Although the 40-meter interferometer does not expect to detect gravitational waves, working on
and improving the prototype interferometer provides many ideas and results for the full-sized in-
terferometers at Hanford and Livingston.
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Figure 1: A Michelson interferometer as those used in LIGO. A gravitational wave would stretch
one arm of the L-shaped configuration while contracting the other, thus producing a minute change
in the lengths of the cavities and thus a change in the interference pattern of the laser beam on the
photodetector?. Only one of the many RF photodetectors used to sense the mirror positions is
shown in figure.

3 Background

3.1 Photodetectors in LIGO

LIGO uses many photodetectors in multiple locations in the interferometers to monitor the dis-
placements and angular motion for multiple degrees of freedom. The most demanding use for
photodetectors in the interferometer has been in the dark port to detect gravitational wave signal
in the laser beam interference. Because the interferometer uses a heterodyne readout technique
where the laser beam is modulated at radio frequencies so that the beam at the dark port carries the
information in the amplitude of a beat signal of two frequencies. Figure [I] shows the layout of a
Michelson interferometer like those used in Initial LIGO.

In AdvLIGO, RF photodetectors will continue to be used in at least a dozen locations within
the AdvLIGO interferometers. Gravitational wave detectors have special requirements for their
photodetectors. Since higher laser power increases the sensitivity of the detectors, the LIGO pho-
todetectors need to detect as high of a laser power as possible and detect a large signal size with
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Figure 2: Basic principle of a photodetector circuit. V_Bias is the bias voltage applied, D1 is the
photodiode, C1 is the preamplifier circuit, and Al is the voltage amplifier*.

a noise floor dominated by photon shot-noise at the radio frequency detection frequencies. Also,
other signals from the different detection frequencies should not disturb the measurement of the
desired detection frequency signal.

4 Photodetector Circuit

Figure 2] shows the basic working principle of a photodetector circuit. A bias voltage is applied
to the photodiode (D1), which generates a current as the light hits it. As such, the diode can be
seen approximately as a current generator. The preamplifier circuit acts as a current-to-voltage
converter with a conversion factor of transimpedance Z = V/I. The signal is then sent to an
operational amplifier for amplification and output®.

More precisely, the photodiode is modeled as a current generator with inherent resistance and
capacitance, shown in Figure (3| This is the model used in the circuit analysis in this project.

5 Initial LIGO Photodetector

Figure {|shows the photodetector circuit used in Initial LIGO. The circuitry shown above the diode
(D1) itself provides the bias voltage for the photodiode. A resonant circuit is formed by the inherent
capacitance of the diode and L1, tuned to the detection frequency. The tank circuit formed by C2
and L2 forms a notch filter which filters out the unwanted first harmonic signal. The signal then
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Figure 3: The diode model used. IP is the input photocurrent, CD is the diode capacitance, and
RD is the diode resistance.
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Figure 4: The photodetector circuit currently used in Initial LIGO?.
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Figure 5: Circuit diagram of new photodetector preamplifier design. The blue section of the circuit
contains the model of the the diode, the yellow section the DC output, the green and orange sections
capacitor-inductor tank circuit branches tuned to detection frequencies.

passes through a high pass filter formed by C3 and L3 before reaching the operational amplifier
OP1 for output.

This circuit topology poses several disadvantages, the most important of which is the fact that the
signal voltage appears across the photodiode, which is very undesireable for large signal sizes.
Because the capacitance of the photodiode itself is used to create the resonance in the signal, the
signal voltage appears across the diode, modulating the bias voltage of the photodiode, causing
non-linearities in the signal which leads to additional noise and shifts in resonance frequency.
Also, the signal is very sensitive to the choice of photodiode since the resonant circuit includes the
diode capacitance. Ideally, the preamplifier circuit should be as independent from the the diode as
possible in case the photodiode needs to be replaced.

6 New Photodetector Design

Figure [5] shows a circuit diagram of the new design of photodetector circuit using the concepts
of the current photodetector circuit used at the GEO 600 gravitational wave detector. The first
CL tank circuit is tuned to resonate at a detection frequency of 9MHz, and the second CL tank
circuit is tuned to resonate at a detection frequency of 45SMHz. Instead of having the signal appear
full-strength at the photodiode anode, the photocurrent flows into a series CL resonant circuit at
detection frequency and outputs at the nodes between the capacitors and inductors. Thus, the two
tank circuits act as notch filters at the diode anode at detection frequencies. Also, since the two
tank circuits are parallel to each other, the 9MHz tank branch acts as a notch for the 9MHz signal
at 45MHz and vice versa, maximizing the ratios of the desired detection frequecy over the other.
The final circuit design will include four parallel tank circuits with the additional two branches
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Figure 6: Transimpedance transfer functions and ratios of the new photodetector circuit. TF1 and
TF2 are the transfer functions from the current I;p at the photodiode to the voltages at OUT1 and
OUT?2, respectively, with units of V/A. TF,,,4. 1s the transfer function seen by the anode of the
photodiode, from /;p to the anode of the diode at the node between RD and the tank branches in
Fig.|5l V1/V2 and V2/V1 are the ratios of the detection frequency signals where V1 is the 9MHz
signal voltage out of OUT1 and V2 is the 45SMHz signal voltage out of OUT2.

tuned to the beat frequencies of 9MHz and 45 MHz. For the purposes of this analysis, however,
only the 9MHz and 45MHz branches are considered as a simpler model.

As can be seen in Figure [6] the impedance seen by the photodiode anode at the detection fre-
quencies are much lower than the transimpedance for the total current-to-voltage conversion of the
circuit since the two CL tank circuits form notches in the TF,,4. transfer function at the detection
frequencies. This prevents the signal voltage from appearing across the photodiode and modulat-
ing the bias voltage and the subsequent non-linearities. Each of the tank circuit transfer functions
forms a notch at the detection frequency of the other, causing a peak in its ratio over the other at its
own detection frequency. This shows the great isolation of the desired detection frequency signal
from the total signal achieved by this new design. Since the resonance frequency of the detection
frequency signals is no longer produced by the diode capacitance, the preamplifier is almost en-
tirely insensitive to the differences in the photodiode. Notice that the transfer functions of the tank
circuits do not peak at their detection frequencies of 9MHz and 45MHz, respectively. Instead, a
resonance peak occurs in both transfer functions at 1 1MHz and another occurs at 48MHz. These
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Figure 7: Transfer functions of the two tank circuits with varied diode capacitances.

resonant peaks are caused by parasitic resonances of the inductors and capacitors of the parallel
branches of the circuit and not very important in considering this circuit. When the capacitance of
the photodiode is changed, the rest of the transfer function curves are changed, but the point at the
detection frequency of the tank circuit stays almost constant, as shown in Figure|/{ This makes the
point on the tank circuit transfer functions at its detection frequency not only the point at which
is the desired signal voltage peaks over other signals present, but also the most diode capacitance
insensitive on the transfer function. Also, the ratio functions are not changed at all by the varied
diode capacitance (the ratios of each varied capacitance case lay on top of each other).

7 Signal-to-Noise Ratio Analysis

A gravitational wave detector photodetector needs to be shot-noised limited with a noise floor
dominated by the photon shot noise, which means the shot noise must be greater than other noise
sources by several factors. Photon shot noise is a quantum fluctuation in the photocurrent caused
by the discrete nature of photons. To show the dominance of shot noise over electronic noise
sources in the circuit, a signal-to-noise ratio analysis was performed with shot noise, Iy, as the

signalS. Lnor 1s a current noise spectral density in units of \/LH—Z. Shot noise is a white noise, and I;p
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Photodiode and Circuit Parameters

Parameter Symbol Value Units
Input referred voltage noise of op-amp V, 2 nV/vHz
Input referred current noise of op-amp I, 3 pA/vHz
DC Photocurrent P 50 mA
Diode Capacitance CD 200 pF
Diode Resistance RD 10 Q
DC Trap Inductance LDC | mH
DC Trap Resistance RDC 100 Q
9MHz Trap Capacitance Cl 0.13 g
9MHz Trap Inductance L1 24 pH
9MHz Trap Inductor Resistance R, 5.43 Q
45MHz Trap Capacitance C2 0.026 nk
45MHz Trap Inductance L2 0.48 pH
45MHz Trap Inductor Resistance R:» 6.8 Q

Figure 8: Table of parameters used in SNR analysis.

is the DC photocurrent:

Lipor = V 2elip (1)

7.1 Signal Calculation

The signal voltages at OUT1 and OUT?2 are determined by the current through the branch of the
tank circuit, calculated by Kirchhoff’s Laws, multiplied by the impedance of the tank inductor,
according to generalized Ohm’s Law:

Vour = Itank(i(DLtank + RL) (2)

where [, 1s the current through any of the branches of tank circuits, ® is 27 x f of the signal,
L;ani 18 the inductance of the tank inductor, and Ry, is the resistance of the tank inductor.

As can be seen in Figure [0 the signal sizes at OUT1 and OUT2 are almost the same since the
transimpedances of the two tanks are tuned to be as equal as possible. The signal at OUT1 is about
1.69 x 1073V, and the signal at OUT?2 is about 1.28 x 1073V.

7.2 Noise Calculation

The noise sources taken into account in this SNR calculation were the input voltage and current
noise of the operational amplifier used (as shown in figure[§)) and the Johnson thermal noise of the
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Figure 9: Plot of signal voltage out of each detection frequency output. V1 is the voltage out of
OUTI1 while V2 is the voltage out of OUT2.
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Vv

circuit. The amount of electronic noise in N calculated by:
N = \/Vn2 + (InZsystem)2 + VJZ (3)

where V, is the input referred voltage noise of the operational amplifier, 7, is the input referred
current noise of the operational amplifier, Zsyg., is the impedance of the system as seen by the
non-inverting input of the operational amplifier, and V; is the Johnson noise, as given by:

Vi = \/4KBTRe(Zsystem) 4
where Kp is Boltzmann’s Constant and 7 is the temperature in Kelvins, assumed to be 300K.

According to these calculations, the noise at OUT1 at 9MHz is 2.03 x 10_9\/LH7, and the noise at

OUT?2 at 45MHz is 2.05 x 10*9¢LH7 Thus, the SNR at OUT1 at 9MHz is 7.2, and the SNR at
OUT?2 at 45MHz is 6.2, both an improvement on Initial LIGO’s photodetector SNR of 6.1.

Output | Signal (V) | Noise (—=) | SNR
OUTI [ 1.69x10°8 | 2.03x 102 | 7.2
OUT2 | 1.28x 1078 | 2.05x10°° | 6.2

The above table summarizes the results of the SNR analysis.

8 Wave-Front Sensor Photodetectors

Measurements of the transfer functions of the LIGO wavefront sensor photodiodes were taken to
assess the quality of the current photodiodes. An HP4195A network analyzer outputted a spec-
trum sweep to an RFAM test laser which was shined on a quadrant of a photodiode, the output of
which was connected to the network analyzer recording the transfer functions of that quadrant. The
HP4195A network analyzer had no accessible built-in data acquisition interface, so a MATLAB
function was written to easily import data from the network analyzer to a computer via a GPIB
cable. The function is included in the appendix of this document. Since the responses of the quad-
rants on a photodiode is supposed to match each other, the transfer functions of the four quadrants
of each photodiode were plotted on one graph for comparison. For a more valid comparison, the
measurement DC voltages are first divided from each transfer function. Figure[I0]shows the results
from photodiode 1 of the wave-front sensors, and Figure |l 1| shows the results from photodiode 2.

The wavefront sensor photodiodes are supposed to have resonance peaks at around 29MHz and
notches at the first harmonic frequency. As can be seen from the plots, the wave-front sensor
photodiodes are not tuned very well since the peaks and notches of each quadrant are not very
close to each other.
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Figure 10: Plot of the transfer functions of the quadrants of wave-front sensor photodiode
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Figure 11: Plot of the transfer functions of the quadrants of wave-front sensor photodiode 2.
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Figure 12: Circuit diagram with the currents used in the mesh analysis labeled. The colored boxes
denote the impedances grouped together in the analysis for convenience.

9 Methods

The analysis presented in this paper was performed with mesh analysis on the parallel LC branch
circuit as shown in Figure [12]

In subsequent calculations, the impedance of the capacitor in the blue box will be known as Z;, the
impedance of the resistor in the pink box will be known as Zj, the total impedance of the elements
in the green box will be known as Z3, the total impedance of the elements in the yellow box will
be known as Zg, and the total impedance of the elements in the gray box will be known as Zs.

I; is equal to the input current from the photodiode, I, in the first mesh loop. The equations
written for the other three loops are:

Z\b+Z3(L—1)+Z(Lb—1) =0 &)
Ze(b—14)+Z3(b— L) =0 (6)
Zs(Is —I3) +Zs14, =0 (7

To solve for the voltages at OUT1 and OUT?2, the value of I is needed. A matrix equation formed
from the mesh equations can be used to solve for the mesh currents:

(-Z2) (Zi+Za+7Z3)  (-Z3) 0 L 0
1 O 0 O 12 . IShOt
0 (-Z3) (Zz+Zs) (-Ze) I3 0
0 0 (—Z6) (Zs+ Z6) Iy 0
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Mathematica was used to solve the matrix equation, and the following result for /; were obtained:
(IshorZ2Z3Zs)

Iy = 8
4 (Z1Z3Zs5 + 27375 + 21 Z3Z6 + Zp 2326 + Z1Z5Z6 + Z2ZsZ6 + Z3Z57s) ®)
To calculate the signal voltage at OUT2, I4 is multiplied by the impedance of L2:
Lspot 207237,
V2 — ol (IshorZ2Z3Zs) ©)

(ZIZ3Z5 + 727375+ 212326+ 223+ 21 Zs2 + 2 2526 + Z3Z5Z6)

Since Zg is parallel with Zs, they can switch positions as drawn in the circuit diagram. Therefore,
the 14 calculated can also be used to produce the signal voltage at OUT1 if all the Zg are switched
for Zs5 and vice versa and then multiplied by the impedance of L1:

(IshotZ2Z5Zs)
(ZIZ3Z5 + 2o 7375+ 2172326+ 2o 7326+ 212526 + 2o 2576 + Z3ZSZ6)

V1 =ioL, (10)

To calculate the transfer functions out of each of the outputs, the signal voltage was divided by the
input shot current, since the transimpedance transfer function of a photodiode circuit is defined as
the output voltage over the input current:

Vour
put
T Four put —

(1)

Ishot

To calculate the noise in the SNR analysis using Eq. E], the Zsysem needed to be calculated for each
output. The Zgy.p, 1s different for each output because the impedance is calculated with the circuit
redrawn so that it is the impedance of the total system as seen by the output. Figure |13| shows
the circuit diagram and Figure shows the equation used to calculate the Zyg., for the noise
calculation at OUT1. Figure [I5|shows the circuit diagram and Figure [I6] shows the equation used
to calculate the Zy., for the noise calculation at OUT2.
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Figure 13: Diagram of the circuit redrawn to calculate the impedance of the system as measured
from OUTI.
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Figure 14: Equation used to calculate Zgyg,, at OUTI.
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Figure 15: Diagram of the circuit redrawn to calculate the impedance of the system as measured
from OUT?2.
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Figure 16: Equation used to calculate Zyg,, at OUT2.
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clear
close all

W

w
o MM D
oot of ot

Is=s5cC
rd=10;
cd=200e-12;
lde=le-3;
1c=100;

8.01,1000);

1i=137
I2=(Is.*Z2.%73.*%25 + I5.*Z2.%Z3.%76 + Is.*72.*Z5.%Z6)./(Z1.*73
Z2.%Z3,%2Z5 4+ Z1.*Z3,%Z6 + Z2.*Z3.%*Z6 + EZl.*Z5.%Z6 + Z2.*Z5
Z3.%Z5.%26) ;
I3=(Is.*Z2.%23.*%(25 + Z6))./(Z1.*Z3.%Z5 + Z2.*Z3,%Z5 + Z1,*Z3
Z2.%Z3,%26 + Z1.*Z5.%*Z6 + Z2.*Z5,.*Z6 + Z3.*L5.*Z6);
I4=(I5.%Z2.%7%3.%26) ./ (Z1.%23.%25 + Z2.%Z3.*%Z5 + Z1.*Z3.%Z6 +
Z2.%Z3.*
+ Z1.%23.%Z6 +

S S S

< <
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+ Z2.*Z3.%Z5 + EZ1.*Z3.%Z6 +

5.%26 + Z3.%Z5.*Z26):

1.*Z3.%Z5 + Z2.*Z23.%Zb + EL1.*Z3.%Z6 +

JKZE + 23.%25.%28)

zbs(tfla./tf2a), 'g--',%

R

1.*Z3.*%25 + Z2.*Z3.%25 + Z1.*E3.*Z6 +

.*Z6 + Z3.*Z5.*Z6);
L*Z3.%Z5 4+ Z2.*Z3.%Z5 + Z1.*Z3.%Z6 +

L*¥E6 + Z3.%Z5.%Z6);

loglog(f,abs (tflb), 'c-
2b./tflb), 'm-."

] PR

tflb./tf2b), 'c-.", £, ...

abs

Figure 17: MATLAB code for the transimpedance transfer functions, output signal voltages, and
transfer functions with varying diode capacitances.
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;pr%:té(g,'FKf;')
fprintf(g, 'DEG")
radi 5

tf(g, 'DPBO")
info.display=0;

Figure 18: HP4195 Network Analyzer Data Acquisition driver function to be used with getgpib-
data.m written by Jameson Rollins.
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