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Abstract 
Precise seismic measurements and active isolation in the low-frequency domain are more and more required. 

In order to meet the requirements, an optical inertial sensor is developed, where a lightly damped mechanical 

structure (high Q factor) is employed. The sensor consists of two parts. The first part is a homemade 

interferometric readout which has a resolution below 1 pm/√Hz at 1 Hz, and the other one is a mechanical 

part which has a low resonance frequency and a high Q factor. For the developed sensor at hand, the 

mechanical structure of STS-1 vertical seismometer is used and adapted for hosting the interferometric 

readout. The sensor is then placed inside a vacuum chamber to be immune from the ambient noise. The 

sensor resolution is experimentally examined using huddle tests. 
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1 Introduction 

Inertial sensors are often used to measure either linear or angular motions. A good review about rotation 

sensors can be found in Lee et al. [1]. In this paper, only linear motion is considered, and a thorough 

discussion about this kind of sensors can be found in Collette et al. [2]. Inertial sensors are widely used in 

many fields like seismology, structural engineering, and navigation. However, traditional inertial sensors 

cannot meet the requirements for active vibration isolation of large instruments like the Laser Interferometer 

Gravitational-Wave Observatory (LIGO). Novel inertial sensors are required which should incorporate the 

features of a high resolution in a low-frequency domain, an ambient noise (magnetic field, temperature 

variations, etc.) insensitivity, and a low tilt-horizontal coupling [3, 4]. 

In order to improve the performance of inertial sensors, one way is to use homodyne quadrature 

interferometric readout to increase the sensor resolution. The advantages of using optical readouts are 

twofold: they are coil free and thus insensitive to magnetic field; the quadrature interferometric signal 

processing methods [5-7] provide a picometer resolution. Using the optical readout, a vertical sensor based 

on leaf springs structure was developed by Otero et al [8, 9], which reaches the resolution around 1 pm/√Hz 

at 1 Hz. A horizontal sensor based on a folded pendulum structure was developed by Acernese et al. [10, 

11], the resolution of which is lower than 1 pm/√Hz at 1 Hz.  

Developments of optical inertial sensors are also conducted by the PML of ULB [12-13]. Currently, it is 

coupled with the mechanics of an STS-1V seismometer [14], which has a Q factor of 30 and resonant 

frequency of 0.28 Hz. In this paper, recent developments of our prototype are presented. A description of 

the optical readout and mechanical part is discussed in Section 2. Section 3 presents and discusses the results 

of the huddles tests of two optical inertial sensors and two Guralp CMG-6T sensors. Section 4 contains the 

conclusions and presents the future plans. 
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2 Optical inertial sensor 

Our optical inertial sensor is designed to measure the vertical motion, which is shown in Figure 1. A is our 

homemade optical readout. B is the STS-1V seismometer. C is the horizontal pendulum of the seismometer, 

on which a corner cube is mounted.  D is a mirror mounted at 45 degrees to reflect the laser beam. When 

the horizontal pendulum vibrates, the laser beam is reflected by the corner cube and the 45 degrees mounted 

mirror, the relative motion between the horizontal pendulum and the monolithic structure can be obtained 

by the optical readout. E is a vacuum chamber which can provide a vacuum environment down to 0.5 mBar 

in order to avoid disturbances from the air fluctuation.  

 

Figure 1.  The overall view of the inertial sensor  

2.1 Optical readout 

As Shown in Figure 1, the homemade optical readout is one of the important parts of the inertial sensor. The size 

of the monolithic readout is around 120mm × 80 mm × 60mm, which can be easily combined with the 

mechanical structure of STS-1V. The optical readout is schematically shown in Figure 2.  
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Figure 2. Scheme of the optical readout. [15] 

The laser is a 1550 nm fibered laser source, which generates a single polarization laser beam. The red arrows 

show the propagation direction of the laser beam. After passing through a polarizing beamsplitter (PBS), a 

quarter-wave plate, a non-polarizing beamsplitter (BS) and a half-wave plate, the two polarization states of 

the laser beam are separated by a PBS and the two beams with orthogonal polarization states are reflected 

by corner cubes. The corner cube 1 is a fixed reflector in the reference arm. The corner cube 2 is a movable 

reflector in the measuring arm. When the laser beam is reflected by the corner cube 2, the information of 

the displacement of the corner cube 2 is carried by the laser beam. After reflection, the two beams recombine 

and arrive at the BS where one part of the laser beam reaches the photodiode 1 (PD1) and the other reaches 

the photodiode 2 (PD2). Thanks to different polarizing components, the orthogonal polarization states of 

the two laser beams reaching on the two photodiodes are guaranteed. Ignoring the non-linearity and noises 

in measurements, the power of the laser beams measured by the PD 1 and PD 2 are given by 
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where 0P  is the original laser power from the laser source;   is the wavelength of the laser beam, which is 

1550 nm; d  is the path difference between the reference arm and the measurement arm. Then, the 

unwrapping dynamic range of d  is calculated by 
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However, several noises affect the performance of this optical readout, which includes the intensity noise 

from the laser source, electronic noises in photodiodes, and analog to digital converter (ADC) noise from 

the data acquisition (DAQ) system. To study the properties of different sources of noise, and their influence 

on the optical readout, a noise budgeting analysis is provided in Watchi et al. [13] 

In order to measure the resolution of the optical readout, the movable corner cube 2 was blocked during the 

measurement. The output power of the laser source is 8 mW, and the amplitude of the two photodiodes is 

set to 20 dB. A 16-bit DAQ system with a sampling frequency of 2 kHz is used to record the data. The 

amplitude spectrum density (ASD) of the optical readout resolution is shown in Figure 3. 

 

Figure 3.  The optical readout resolution. 

The resolution of the optical readout is around 3×10-13 m/√Hz above 10 Hz, 1×10-12 m/√Hz at 1 Hz,   
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1×10-11 m/√Hz at 0.1 Hz and 1×10-10 m/√Hz at 0.01 Hz. Peaks around 20 Hz are the resonance frequencies 

of the optical table.  

2.2 Mechanical structure of STS-1V 

As the inertial sensor is dedicated for the low-frequency applications, the mechanical structure is required 

to have a very low fundamental resonance frequency, which provides a good sensitivity curve in the desired 

low-frequency domain. Meanwhile, the material of the mechanical structure also needs to be carefully 

designed to reduce the thermal noise of the optical inertial sensor. At this stage, three optical inertial sensors 

with the mechanical structures of three STS-1V seismometers have been built. The original electronic 

readout of the seismometer is a pair of linear variable differential transducers (LVDT), which has been 

replaced by our optical readout in the project. The mechanical part of the STS-1V is based on a Lacoste 

suspension structure, which is a horizontal pendulum coupled with a spring. The horizontal pendulum 

swings vertically, and the spring is a leaf spring to counterbalance the gravity. According to the manual of 

the STS-1V, the original fundamental resonance frequency is around 0.3 Hz. To mount a corner cube, the 

horizontal pendulum of the STS-1V is modified slightly (shown in Figure 1) and the resonance frequency 

after modification is 0.28 Hz.  

The dynamic equation of the STS-1V reads 

  wmkyycm  y                                                         (4) 

where, c  is the dashpot, x  is the displacement of the seismic mass, w  is the ground motion and g  is the 

gravity constant. The gravity is counterbalanced by the leaf spring. As the optical readout measures the 

relative motion between the mass displacement and the ground displacement, wxy 
. 

Transforming Eq.4 to the Laplace domain, the transfer function between the ground motion )(sW  and 

the relative motion )(sY  is derived  
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Where s  is the Laplace operator. Once the resonance frequency 0  and the Q factor are known, the Eq. 5 

can be rewritten in the Fourier domain as 
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Thermal noise is one of important noise source in low frequency range [16], and it can be estimated by  

 )(
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where,   is the loss factor of the material, which is approximated as Q1 . Q  is the quality factor (Q 

factor) of the horizontal pendulum known from the datasheet of STS-1V. Bk
 
is the Boltzmann constant, T  

is the Kelvin temperature, k  is the spring constant and be modeled as mk 2

0 , m  is the mass of the 

structure of the STS-1V. The 
2  in the denominator is to convert the acceleration to displacement. The 

numerical values of the above mentioned parameters are shown in Table 1 

No. Parameter Symbol 
Numerical 

values 
Unit 

1 Loss factor   0.05 [-] 

2 Q factor Q  20 [-] 
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3 Boltzmann constant Bk  1.38×10-23 [m2∙kg∙s-2∙K-1] 

4 Kelvin temperature T  300 [K] 

5 Spring constant  k  1.857 [N∙m-1] 

6 Mass m  0.6 [Kg] 

7 
Resonance 

frequency 0  0.28 [Hz] 

Table 1: Numerical Values of Parameters 

2.3 Theoretical resolution of the Optical inertial sensor 

Based on the optical readout and the mechanical structure of STS-1V, the theoretical resolution (blocked 

test) of the optical inertial sensor is shown in Figure 4. The green curve is the model of the thermal noise 

based on Eq. 7. The blue curve is the measured optical readout resolution (shown in Figure 3) multiplied 

with the inverse dynamics of the mechanical structure. The red curve is the resolution of the inertial sensor 

which includes the thermal noise and the readout noise. For the sake of comparison, we also show the 

resolution of Geotech Instrument GS-13 (the gray dash-dot line), which is a first choice geophone, and 

Nanometrics Trillium T-240 (the black dash-dot line), which is a first choice broadband seismometer.  

 

Figure 4.  The theoretical resolution of the inertial sensor.  

3 Huddle test of Optical inertial sensors 

Huddle test is often used to determine the incoherent noise floor of a sensor. The working principle of the 

huddle test is discussed in Holcomb [17]. When at least two sensors are placed close to each other to capture 

the same motion (coherent signal), the incoherent noise of the sensors can be extracted from the sensors 

outputs. Meanwhile, we also use two Guralp CMG-6T sensors as a reference to measure the vertical motion. 
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The layout of the instruments on the optical table is shown in Figure 5.  A is two CMG-6T sensors. B and 

C are the optical inertial sensors inside two vacuum chambers.   

 

Figure 5.  The layout of the huddle test  

                                      

The coherence of signals from different sensors is plotted in Figure 6. The blue and the orange curves are 

the coherence between one of the optical inertial sensors and the same CMG-6T sensor. They show that the 

coherence is good below 30 Hz. The yellow curve is the coherence between two optical inertial sensors. The 

purple curve is the coherence between two CMG-6T sensors.  

 

Figure 6. The coherence between sensors during the measurement. 

The noise floor of the two optical inertial sensors and two Guralp CMG-6T sensors are extracted from the 

huddle test and are shown in Figure 7. The blue and the purple curves are the signals extracted from the 

sensor signals, which refer to the vertical table motion. They show that both of optical inertial sensors and 

both of Guralp CMG-6T sensors output similar signals, which indicate that our homemade optical inertial 

sensors work well. The green curve is the noise of the data acquisition system (DAQ) multiplied with inverse 

dynamics of CMG-6T, which predicts the resolution of a CMG-6T sensor with a 16-bits DAQ. The red 

curve is the theoretical resolution of our optical inertial sensor (in blocked mass tests), which is taken from 

Figure 4. The curve is used to predict the noise floor of the optical inertial sensor in the huddle test. The 

A 
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black and gray dashed-dot curves are the resolution of T-240 and GS-13, which are references from Figure 

4. 

 

Figure 7. The results of the huddle test and the resolution comparison.  

The orange curve is the noise floor of the two Guralp CMG-6T extracted from the huddle test. Compared 

with the green curve, it is close to the DAQ noise above 1 Hz, but there is a gap below 1 Hz.  The yellow 

curve is the noise floor of the two optical inertial sensors. It is close to the noise floor of the two Guralp 

CMG-6T, which is higher than the prediction of the red curve. About 30 Hz, the yellow curve is close to the 

purple curve (signal from the optical inertial sensor), which means the two sensors measure incoherent 

signals. Both of the noise floors are higher than the predicted resolution. Below 0.7 Hz, due to the drop in 

the coherence in Figure 6, the difference between coherence signal and incoherence noise is not obvious in 

Figure 7. 

The reason for the difference between the resolution from the huddle test and the resolution from the blocked 

mass test is investigated. Firstly, the two optical inertial sensors are not on the optical table directly. To 

avoid air fluctuation in low-frequency domain, they are put inside two vacuum chambers. Therefore, it is 

not a compacted surface for both optical inertial sensors. Secondly, the culture noise is relatively high during 

the measurement. We need an isolation platform to hold all sensors and perform the huddle test on a 

relatively quiet condition. Thirdly, in the low-frequency domain different noise sources will be investigated 

in the next step. Fourthly, the two mechanical structures of the STS-1V seismometers are assumed as linear 

systems, which might be not the case in practice leading to the estimation errors for the huddle test. 

4 Conclusion 

An optical inertial sensor is presented in this paper. The optical readout and the mechanical structure of the 

inertial sensor are introduced. The sensors are compared with Guralp CMG-6T sensors, and the resolution 

from blocked mass test and huddle tests are shown. There is a difference between the resolution from the 

huddle test and blocked mass test. In the future, the quality of the huddle test will be improved.    
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