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Low Frequency of Gravitational Waves

ET

Low frequency:
Bigger redshift -- earlier universe
More massive binary systems
Longer time in the sensitive band

Seismic noise
Becomes dominant ~ 1Hz 
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OmniSens

Seismic Noise: Tilt-Horizontal Coupling

3 Hz 
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OmniSens 

OmniSens: Inertial Isolation System

Drag-free control

Passive isolation

Active isolation

Test Mass
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Active Platform

Stage 0
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C. M. Mow-Lowry and D. Martynov. “A 6D interferometric inertial isolation system”. Class. Quantum Grav. 36.24, Nov 2019
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OmniSens
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OmniSens

A) B)

b) Softly suspended
A)

Active platform

a) Blades
Flexures

B)

End mass

Active: 
Displacement sensors and actuators

Passive: 
a) and b) Blades, flexures and silica fibre

Qing’s project 
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OmniSens 



Working Principle
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Displacement Sensors for Test Mass 

Actuator System

Sensor

Working 
point



Working Principle
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Displacement Sensors for Test Mass 

Actuator System

Sensor

Working 
point

CPS
(Differentiate) capacitor 
position sensors

HoQIs
homodyne quadrature 
interferometer

Absolute position Relative movement 
Straight forwards,
noise low enough

High fringe visibility, high 
sensitivity, compact...

Finding the working point Inertial movement



Working Principle
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Set working to the centre of the sensing frame
• Zero output
• Small non-linearity

Displacement Sensors for Test Mass 

Actuator System

Sensor

Working 
point

CPS
(Differentiate) capacitor 
position sensors

HoQIs
homodyne quadrature 
interferometer

Absolute position Relative movement 
Straight forwards,
noise low enough

High fringe visibility, high 
sensitivity, compact...

Finding the working point Inertial movement



Setup  
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Displacement Sensors for Test Mass 



Setup 
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Displacement Sensors for Test Mass 

Metal stop



DAQ and Analytical model
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Displacement Sensors for Test Mass 

DAQ and working scheme

ADC

DAC

Vacuum

Input
amplification

Output
differential &
amplification

EM

RTPC
Generation
  

Demodulation
DAQBOX 

CPS_LINE_RAW

CPS_1_H_RAWPhase
tuning

CPS_1_H_DEMOD

CPS_REF

Lab

CPS_LINE

 CPS_1_H_DEMOD_i   From RTPC
and SR560

End mass
& the frame

Vacuum (apply to working environment)

Continue in 
the board...

EN
+

+

-

-
DGND

Input and 
output cables 

with braid

EN
+

+

-

-
DGND

Buffers
(main board 

upgrade)

Right

Vertical

Left

Alternative 
setup: shorter
output cables 
without braid

Analytical model



Analytical Calculation
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Displacement Sensors for Test Mass 

Gain is unrelated to output cables
CPS is stable in a sense of using different cables

Parameter space

Gain is related to C1 and C2



Simulation 
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Displacement Sensors for Test Mass 

LTspice

Linear behaviour when working around the centre

Use a 12pF capacitor for C1, cubic fit for C2 = 60pF

Gain increases in simulation
• Losing signal from 

components’ noise
Can use cubit fit for the curve

Use a 12pF capacitor for C1



Analytical, Simulation and Measurement
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Displacement Sensors for Test Mass 

CPS is working as we designed!

Model

Measurement

Simulation

👍



Noise Optimization and Board Upgrade
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Displacement Sensors for Test Mass 

10m + old 
board

10m + old board 
+ braid

5m + old 
board

5m + new 
board

10m + new board 
+ braidMeasurements

21st Mar. 2025 10th Apr. 2025 3rd May 2025 15th May 202514th May 2025Time stamps

Gain 188μm/V (x0 ~ 1.05mm) 480μm/V 111μm/V 99μm/V 96μm/V

Action Add braid to 
reduce noise

Change cables to 
verify signal loss

Upgrade board to 
amplify signal

Change cables to see CPS’ 
independence of cables

Distance 
tuning

Step scanning with constant 
distance
Gain measurement with 
micrometric rail

Gain is stable indeed



Noise Analysis: Optimization of Board and Cabling
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Displacement Sensors for Test Mass 

For all frequency

For the same cables

For the same board

👑

Final decision:
 Updated board short cables
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Possible Error: Centre Offset Check

Biggest gradient 
point x0

sensing noise

Displacement Sensors for Test Mass 

Miscalibration force 

Reasonable mechanical variable that are negligible     



Relative Position Sensing: HoQIs
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Displacement Sensors for Test Mass 

TM

A. Mitchell. et. al. “Integration of high-performance 
compact interferometric sensors in a suspended 
interferometer”. Class. Quantum Grav. 42, 19



Relative Position Sensing: HoQIs
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Displacement Sensors for Test Mass 

TM

After alignment and ellipse fitting

A. Mitchell. et. al. “Integration of high-performance 
compact interferometric sensors in a suspended 
interferometer”. Class. Quantum Grav. 42, 19



Combined Measurement 
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Results

Left to Right Still Right to Left



Combined Measurement 
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Results

Left to Right Still Right to Left

Shortcut Shortcut

Shortcut

Left to Right Still Right to Left



Fitting: Linear or Cubic
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Results

Linear behaviour around centre position



Offset Analysis: Functioning Well
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Results

Continuous and smooth for HoQIs
Less smooth for CPS



Offset Analysis: Fringe Slipping 
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Results

HoQIs levels out for a small range, 
losing the record of the movement



Offset Analysis: Fringe Slipping 
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Results



Zero Net Gross Offset
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Results

Fitting reconstruct 
smaller displacement 
near short cut point



CPS Calibrating HoQIs
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Bouncing at the edge
Low fringe visibility
Lose interference
...

Not the biggest worry, 
can be avoid by working around the centre

Results



34

Results

For CPS: 
• Model ~ Simulation ~ Measurement
• Independent of cables
• Small centre offset 

For HoQIs:
• High fringe visibility 
• HoQIs largely reduces the noise of inertial 

moving readout

Working Condition:
• CPS and HoQI are helping each other
• Slow moving
• Small dynamic range around centre

What it can be used for the OmniSens: 
• Provide a sensitive inertial movement sensing for 

drag-free control -- help to reach OmniSens’ 
sensitivity target 

• Enable to find the new equilibrium (e.g. change in 
buoyancy..)

• Can use CPS to check HoQIs fringe slipping

Result: a Functional Sensing System
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