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Abstract − A novel laser accelerometer is introduced, its 
physical principle and main characteristics are explained, 
and preliminary experimental results are presented. The 
accelerometer utilizes two Nd:YAG laser crystals and a 
common proof mass which operate in push-pull mode. The 
main advantages of the described laser accelerometer are 
wide measuring range which covers 9 decades up to 
100 m/s², very high linearity over measuring range and 
excellent dynamics (20 kHz bandwidth). In comparison to 
servo accelerometers, these results represent a high- 
performance sensor. The measurement uncertainty and 
precision analysis have been carried out according to GUM 
guidelines. The analysis shows that the relative uncertainty 
in sensitivity of the laser accelerometer amounts to 10-6.  

 
Keywords: Inertial Navigation, Photoelastic Effect, 

Laser Accelerometer. 
 

1.  INTRODUCTION 
 

In recent decades the demand on high performance 
inertial accelerometer sensors has drastically increased. 
Precision measurement of acceleration and inertial forces is 
a common requirement in measurement technology, e.g. in 
the field of gravimetric/seismic measurements, in the 
determination of vibrations in buildings, industrial robot 
navigation or in vehicle guidance and navigation. Especially 
for inertial guidance of aerospace vehicles, highly accurate 
and sensitive on-board accelerometers are used to determine 
position and speed of the vehicle [1], [2]. 

In conventional closed-loop accelerometers as well as in 
silicon bulk-micromachined accelerometers, the inertial 
force is balanced by opposing spring force and deflection of 
the mass is a measure of acceleration. The deflection is 
determined by capacitive, piezoelectric or piezo-resistive 
principles. In such accelerometers, increasing static 
sensitivity by increasing proof mass or decreasing spring 
stiffness is associated with decreasing bandwidth.  

Investigations in the field of optics reveal that the 
photoelastic effect can be used in high-resolution force and 
acceleration measurements [3], [4]. In [5] a photoelastic 
accelerometer is developed, however with narrow measuring 
range and bandwidth. In the present work, we introduce a 
novel accelerometer using the photoelasticity principle to 
affect the laser frequency. This approach leads to very wide 
measuring range, wide  bandwidth and high resolution. This 

accelerometer is a potential high-accurate measuring device 
and because of its differential operation it is able to 
eliminate significant parts of measurement noise. 

 
2.  BASIC CONFIGURATION OF THE LASER 

ACCELEROMETER 
 

Our contribution covers a new type of accelerometer 
operating on the base of Newton’s axioms and utilizing 
high-precision force-to-frequency conversion by lasers. The 
physical principle of the laser force transducer is explained 
in [3], [4].  

The basic structure of the inertial laser accelerometer 
consists of a proof mass which is supported between (two or 
more) photoelastic microlaser sensors all clamped in a small 
but solid housing as depicted in Fig. 1. The applied laser 
sensors are Nd:YAG crystals, their wavelength is 
λ = 1064  nm. With a proof mass of M0 = 1 g, the accelero-
meter is a cube with an edge length of 10 mm. The housing 
is preloaded with a force F0, which acts equally on both laser 
sensors. The construction of the accelerometer is a 
differential configuration, that is the force acting on one 
laser sensor due to acceleration a leads to increasing force F0 
and at the same time to decreasing force F0 acting on the 
other laser sensor: 

F1(t) = F0 + Fa1(t)  

F2 (t) = F0 – Fa2(t)   (1) 

where Fa1(t) and Fa2(t) are inertial forces affecting on laser 
crystals due to acceleration a. In order to increase the shock 
resistance of the accelerometer in cross directions, the proof 
mass is fixed in the housing using parallel guides with high 
stiffness in cross direction and low stiffness in measuring 
direction as shown in Fig. 1. 

 
Fig.1. Basic configuration of the laser accelerometer 
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The direction of the input axis of the laser accelerometer 
is normal to the optical axes of the lasers. The photoelastic 
microlaser sensors act as force-tuned optical oscillators, 
which are supplied with pump diodes [3], [6]. Thus, the 
frequency-analogue output signal of each microlaser 
depends on the internal force Fsens produced by the common 
proof mass if the housing is accelerated. The optical 
difference frequency of the laser is then easily converted 
into an electrical beat signal of the same frequency f by a 
simple pin-diode/polarizer combination (detector) as: 
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GCff sens00sens
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+=  (2)  

with 
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GCS 0
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=  force sensitivity of  the laser crystal  

f0   =  offset beat frequency G     = geometry factor 
C0 =  photoelastic constant ν     = light frequency 
D  =  ∅ of laser crystal L     = geometric length of crystal 
n   =  refractive index of crystal Fsens = force detected by crystal  

The last equation shows that the frequency deviation is 
inversely proportional to the laser dimensions, i.e. small 
geometry leads to a big sensitivity factor, which does not 
apply to conventional accelerometers.  

 
3.  DYNAMIC MODELING AND SIMULATIONS 
 
The dynamic model of the accelerometer is depicted in 

Fig. 2. M0 represents the proof mass and M1 and M2 are 
masses of laser crystals. Due to symmetrical construction of 
the device, damping d and stiffness k for both parts of the 
accelerometer are of the same magnitude. 

 
Fig.2.  Dynamic model of the differential accelerometer 

M0: proof Mass, M1 and M2: laser crystals 
 

For the parameters of the mathematical model the 
following values are used: 
The proof mass can be selected for various measuring 
ranges. For a maximum input acceleration of 100 m/s² the 
corresponding proof mass is M0 = 10 g which induces the 

force Fa= 0.5 N on each laser crystal. We assume the 
maximum frequency fmax measured by commercial 
frequency-measuring devices is 1.5 GHz. Due to the 
differential configuration of the accelerometer, the offset 
frequency f0 shall be equal to 0.5⋅fmax i.e. 750 MHz. Under 
this assumption the required force sensitivity of the laser 
crystal is S0=1.5 GHz/N. By using (2) and substituting the 
values C0=1.25⋅10-6 mm2/N, n =1.82, ν=2.82⋅1014 Hz and 
G=8/π [7], the product L⋅D of the laser crystal is calculated 
L⋅D=0.32 mm². The best choice is the diameter D=0.4 mm 
and the length L=0.8 mm which guarantees a longitudinal 
single mode activity of the laser. The density of the 
Nd:YAG crystal is ρ = 4.56 g/cm³, so their masses are 
M1=M2=4.58 mg.  

The damping factor d is determined experimentally as  
d = 10 Ns/m. The stiffness k is due to the Hertz contact of 
the laser crystals located between the proof mass and the 
accelerometer housing which have the same material 
specifications. By using the calculation of Hertz, the 
resulting stiffness including the crystal stiffness is calculated 
k = 5.0⋅107 N/m [6]. 

The dynamic equations are derived as follows. For mass 
M1, M0 and M2 the 2. Newton axiom yields 

0)xx(k)xx(dkxxd)xx(M 010111e11 =−+−++++ &&&&&&&  
0)xx(k)xx(d)xx(k)xx(d)xx(M 10102020e00 =−+−+−+−++ &&&&&&&&

0)xx(k)xx(dkxxd)xx(M 020222e22 =−+−++++ &&&&&&&  (3) 

These three equations describe the dynamics of the sensor 
completely. The forces affecting on the laser sensors caused 
by the acceleration a as indicated in Fig. 2 are: 
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Due to the preloaded accelerometer housing, the total force 
applied to each laser crystal is respectively: 
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These forces produce internal forces Fsens1 and Fsens2 in 
the laser crystals. According to the minimal configuration of 
the laser force sensor, these forces are obtained for each 
crystal as [6]: 
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Fig. 3 shows the block diagram of the accelerometer 
with differential configuration.  
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Fig. 3. Block diagram of the differential accelerometer including signal processing (full symmetry is assumed) 
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By using simulation techniques, the step response of the 
induced forces Fsens1 and Fsens2 as a result of input 
acceleration a = 10 m/s2 are shown in Fig. 4. Owing to 
differential construction of the accelerometer the responses 
of the laser sensors are mirrored around the F0 (here 
F0=0.5 N) and are completely opposite in phase. For a proof 
mass of M0=10 g, the settling time of the response is 7.8 ms 
and the resonance frequency is 11.3 kHz. 

 

 
Fig. 4. Step response of the acceleration-induced forces Fsens1 and 

Fsens1 for an input acceleration a = 10 m/s2 and S0=1.5 GHz/N 
 
In Fig. 5 the frequency responses H(jω)=Fsens(jω)/a(jω) 

of the accelerometer for three different proof masses 
M0 = 10 g, 2 g and 1 g are shown. The frequency responses 
include the dynamic model of the accelerometer (3) and the 
minimal configuration of the laser sensors (6).  

 

 

Fig. 5.  Frequency response H(jω)=Fsens(jω)/a(jω) of the 
accelerometer for different proof masses and S0=1.5 GHz/N 
 
The wide frequency response of the sensor is one of the 

outstanding  features of  the laser accelerometer. The figure 
shows that decreasing the weight of the proof mass leads to 

increasing the bandwidth and resonance frequency and 
decreasing the static gain H0=|H(ω=0)| of the sensors. The 
latter, however, could be compensated by decreasing the 
laser crystal dimensions as pointed out in section 2.  

 
4.  SIGNAL PROCESSING IN THE ACCELEROMETER 

 
As mentioned in section 1, the output signals of the 

accelerometer are electrical beat signals supplied by pin-
diodes, their frequency is a function of acceleration: 
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We assume that both laser crystals have exactly the same 
specifications, i.e. full symmetry in construction of the 
accelerometer is provided. In this case we have 
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Subtracting the output signal of the pin diodes yields the 
desired measurement signal ∆f as: 

a⋅==−=∆ S)a(f2ff)a(f 21  (9) 

which is a function of the applied acceleration a and is 
independent of the preload force F0 and offset frequency f0. 
S=S0H0 (in Hz/ms-2) is called acceleration sensitivity. The 
advantage of the differential configuration beside increasing 
the sensitivity factor is to eliminate all common mode noises 
which may affect both laser sensors equally. 

Another output signal can be generated by adding the 
output signal of the pin diodes as a test signal 

021 f2fff =+=Σ   (10) 

This frequency signal is constant and completely 
independent of the inertial acceleration a and could be 
evaluated as a measure for symmetric operation of the laser 
sensors and accelerometer. It will remain constant during the 
measurement process if the accelerometer is operating 
properly. In Fig. 6 the results of simulations for both 
measurement signal ∆f and test signal Σf are depicted. Due 
to the opposite phase of the f1(a) and f2(a), the test signal is 
an oscillation-free constant signal, its magnitude is 2f0. 

 

 
Fig. 6.  Measurement and test signal as a result of input 
acceleration a=10 m/s² (M0=10 g and S0=1.5 GHz/N) 
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On the contrary, a transient oscillation of frequency 
11.3 kHz appears in the measurement signal. These 
oscillations can be eliminated by using a proper low-pass 
filter allowing a measuring bandwidth of 0.6⋅fres. in order to 
achieve an acceleration-dependent signal without distortion 
and oscillatory component.  

In Table I the main features of the accelerometer for 
various proof masses and measuring ranges are shown.  

 
Table I.  Main characteristics of the accelerometer for various 

proof mass and constant size of crystals (S0=1.5 GHz/N) 

proof  
mass M0  

acceleration 
sensitivity S  measuring range resonance 

frequency fres 

1 g 1.5 
²s/m

MHz  10-6 ⋅⋅⋅ 10³ m/s
2
  35.6 kHz 

2 g 3.0 
²s/m

MHz  5⋅10-7⋅⋅⋅5⋅10² m/s
2
 25.2 kHz 

10 g 15.0 
²s/m

MHz  10-7 ⋅⋅⋅ 10² m/s2 11.3 kHz 

 
5. ERROR ANALYSIS 

 
Error analysis of the accelerometer is carried out 

according the ISO/BIPM Guide to expression of Uncertainty 
in Measurement (GUM). In this analysis, we assume full 
symmetry in construction of the accelerometer, thus 
frequency difference ∆f doesn't depend on offset frequency 
f0. The GUM is applied to investigate the uncertainty of the 
static accelerometer sensitivity. For this purpose, the 
possible uncertainties are categorized into the following 
contributions: 

- uncertainty due to tolerances in the dimensions of laser 
crystal and proof mass, and crystal geometry 

- uncertainty due to temperature deviations in 
environment and in accelerometer 

- acceleration-induced uncertainty 
- uncertainty in calibration process. 
The mathematical expression for the output signal f 

according to (2) can be generally formulated as: 

)T,D,L,n,,C,G,f(f 00 ν= f   (11) 

where T is temperature and affects various parameters of f. 
According to the GUM guidelines [8], the total 

expression for the measurement uncertainty is 
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The results of uncertainty analysis considering 

geometrical tolerances arising in manufacturing, temperature 
deviations, acceleration-induced uncertainty and uncertainty 
in calibration process are summarized in Table II.  

Table II.  Uncertainty analysis of the sensitivity factor of laser 
accelerometer (M0=10 g and S0=1.5 GHz/N) 

 

uncertainty source uncertainty 

contribution /
²s/m

Hz
 

ratio of 
uncertainty  to S0 

geometric 
tolerances 7509.8  5.0 10-5

temperature  10839.5 7.2 10-6

acceleration induced 9.1  6.1 10-9

calibration with an 
accuracy of 10-3 75.0  5.0 10-8

total uncertainty 
(without geometric 
tolerances) 

10839.7  7.2 10-6

In the calculation of the total uncertainty, the 
contribution of the geometrical manufacturing tolerances is 
not considered because it can be eliminated during the 
calibration process. Analysis shows that the uncertainty due 
to the temperature fluctuations is the biggest uncertainty 
source, however, a major part of the temperature 
contribution to uncertainty can be compensated [9], so the 
relative uncertainty in sensitivity of the laser accelerometer 
amounts to 10-6; i.e. deviation of internal parameters as well 
as environmental disturbances have little influence on the 
measurement results.  

Another error source to be investigated is the effect of 
unsymmetrical operation of the accelerometer due to 
different specifications of the laser crystal and different 
temperature distribution (and gradient) in the accelerometer 
[9]. For this purpose, a block diagram is proposed in Fig. 7.  
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Fig. 7.  Model for uncertainty caused by unsymmetrical operation 

of the accelerometer 
 
According to this model, the measurement and test 

signals are: 

a002010
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∆+∆+∆+=Σ
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The last two terms in each equation represent the differences 
in offset frequencies and in static sensitivity factors of the 
laser crystals, respectively, which introduce additional 
uncertainty in the accelerometer. By advanced signal 
processing techniques and temperature sensing it is possible 
to reduce these error terms. The term ∆f0(T) could be 
eliminated by a temperature compensation process, knowing 
the temperature of both laser crystals. The last term could be 
minimized by tight manufacturing tolerances. Further 
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analysis could be done to determine the effects of other 
environmental disturbances such as air pressure, external 
electric and magnetic fields, etc. which are not considered 
here. Our experiments show that these disturbances under 
normal environmental conditions have no effect on the 
frequency of laser crystals. Another disadvantage which the 
conventional accelerometers suffer from, is the so-called 
cross-axis sensitivity which in this accelerometer should be 
zero due to the differential configuration.  

 
6.  EXPERIMENTAL AND RESULTS 

 
Our simulation results on differential laser accelerometer 

are supported by experimental data, which we gained in two 
areas: 

1. Experiments covering precise force-to-frequency 
conversion by Nd:YAG laser crystal. 

2. Experiments on drift suppression in the output channel 
of differential laser accelerometer. 

Concerning 1, our experiments demonstrate that the 
photoelastic effect in diode-pumped small monolithic 
Nd:YAG lasers can be applied successfully to high precision 
force measurement. The measurement range of the laser 
force sensor covers 9 decades in which its output frequency 
is strictly proportional to the applied force magnitude with 
nonlinearity error and reproducibility of lower than 10-4, 
creeping below 10-5 and hysteresis 10-4 [3], [6].  

It is of interest here that force sensitivity S0 actually 
increases strongly if the size of the laser crystals is 
miniaturized as in (2). Furthermore, an excellent dynamic 
response in force measurement is offered: based on the 
minimal configuration of the laser crystal (6), the 
modulating force is converted into frequency without any 
change in the conversion factor within the measurement 
bandwidth from DC to at least 100 kHz. The experiments 
show that the frequency of modal oscillations of the used 
laser crystal is in the range of 107-1010 Hz which is far from 
the resonance frequency of the accelerometer. The transient 
behaviour of the laser process is approximately 109-1010 Hz. 
This is again several times the resonance frequency of the 
accelerometer and hence no influence on the measurement 
process. 

Concerning 2, the observed drift suppression in the 
output channel of differential laser accelerometer applying 
the photoelastic effect was in the order of 2.5⋅10-3 which was 
observed over a period of several hours. Thus, the 
differential configuration actually offers a possibility to 
eliminate the common mode disturbances which may affect 
on laser crystals. This leads to long-term stability of the 
accelerometer operation. 

7.  CONCLUSIONS 
 
Contrary to well known servo accelerometers, the 

measurement bandwidth of the laser accelerometer does not 
decrease if its measurement sensitivity and its resolution 
increases. According to Table I, by decreasing the proof 
mass, the bandwidth of the accelerometer could be 
increased. At the same time, increasing the measurement 
range is possible by decreasing the laser crystal dimensions. 

So a wide range of requirements in the field of acceleration 
measurement in the range of 9 decades within DC to 20 kHz 
frequency range will be covered by properly combining 
proof mass and laser crystal dimensions.  

Thus, precise measurements of static acceleration and 
fast time-depending acceleration are feasible with high 
sensitivity and high resolution. Since some challenging 
application areas such as aerospace and aircraft inertial 
navigation demand extra precision accelerometers, we 
conclude that accelerometers applying microlaser 
technology can be practised offering inertial grade qualities. 
Further applications are vibration analysis, tactile robot 
sensing and high-precision measurements in machine tools. 
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