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Abstract.  We investigate displacement measurements of up to 
17 mm on a heterodyne laser interferometer laboratory model. The 
measurement error for small (up to 200 nm) linear displacements is 
found to be 270 pm at a 10-s averaging time. The results obtained 
can be used for developing a space laser interferometric system for 
the global Earth’s gravity field mapping.

Keywords: space gravimetry, laser interferometer, linear displace-
ment measurements.

1. Introduction

The accuracy of determining parameters of the Earth’s grav-
ity field and its variation in time and space is enhanced by 
employing clusters of spacecrafts (SCs), which form a kind 
of an ‘orbital gradiometer’. Such a scheme makes it possible 
to efficiently suppress coherent disturbances acting on the 
SCs and measure variations of the Earth’s global gravity 
field. The first satellite constellation, which comprised two 
SCs in near-circular orbits at ~500-km altitude separated 
from each other by a distance of ~200 km, was launched in 
the frameworks of the special gravitational mission GRACE 
(Gravity Recovery and Climate Experiment) intended for 
mapping the Earth’s global gravity field with a spatial reso-
lution of ~400 km every thirty days. The satellites were 
launched on 17 March 2002 [1]. The spacecrafts were linked 
by a high-accuracy inter-satellite microwave K-band rang-
ing system. For obtaining the required accuracy of an inter-
satellite distance, the dual-frequency K- (24 GHz) and 
Ka-band (32 GHz) phase measurements were transmitted 
and received by both satellites. After ground processing the 

combined measurements provided obtaining the inter-satel-
lite distance free of ionosphere instability [2]. Each of the 
spacecrafts was equipped with GPS-receivers, altitude sen-
sors, and precision accelerometers.

On 22 May 2018, GRACE project was followed by the 
launch of two twin-satellites in the framework of the GRACE 
Follow-On (FO) project [3]. The latter was aimed at provid-
ing data flow for monthly global high-resolution models of 
the Earth’s gravity field. It was a continuation of monitoring 
slow time variations of the Earth’s gravity field [4] started in 
the GRACE project. Two satellites of GRACE FO have the 
same orbit with an altitude of 500 km (the orbital period is 90 
min) at a distance of ~200 km from each other. The essential 
difference between GRACE FO and GRACE is that the SCs 
carry additional tools, namely, a laser interferometric system 
[5]. Methods of laser interferometry make it possible to mea-
sure a distance with very high accuracy and are widely 
employed in many fields of science and technique from 
astronomy [6] and gravitational wave detection [7] to surface 
shape control [8] and medicine [9]. GRACE FO satellites, in 
addition to microwave devices identical to those in GRACE, 
are equipped with laser systems based on Nd :YAG lasers 
emitting at a wavelength of 1064 nm. The error of measuring 
a distance between satellites in GRACE constellation was 
~1 mm, and in GRACE FO it reached 1 nm [3].

Space laser interferometers utilise transmitter – responder 
(transponder) technology, which implies that one of the SCs 
having got a signal from the other SC, does not reflect it back-
ward but sends a signal of another laser, whose phase is 
locked to the received signal (Fig. 1). Each SC has a similar 
interferometer with frequency-stabilised laser sources. When 
the radiation of the master laser on SC1 crosses the inter-sat-
ellite distance and reaches SC2, the optoelectronic system of 
an automatic phase control synchronises the radiation phase 
of the slave laser SC2 with that of the received weak light sig-
nal. Then, the laser radiation of SC2 is directed back to SC1. 
Information about the length of the light beam double-pass 
trip is comprised in a phase difference between the SC1 refer-
ence beam and received weak light signals. It is the basic oper-
ation principle of a transponder-type laser interferometer, 
which in this case is used as a range finder and measures a 
distance between two SCs separated from each other by 
~200  km. Such a scheme makes it possible to weaken the 
requirements to the laser source and increase reliability of sys-
tem functioning.

Presently, the development and implementation of a 
native space gravimetry project is actively discussed. 
Realisation of a laser interferometric system is one of the 
main directions in this project [10 – 12]. The present work is a 
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step towards this aim. It is intended to demonstrate function-
ality of principal units of a laboratory interferometer and esti-
mate attainable measurement errors for linear displacements.

2. Heterodyne interferometer

In a laser heterodyne interferometer, the optical beams of ref-
erence and signal arms are superposed on a photodetector. A 
heterodyne signal from the photodetector passes to a phase-

meter, which measures a signal phase y(t) proportional to a 
distance from a remote object r(t) [5]:

y(t) » 4 ( )t toffset
pw
l

r- - ,	 (1)

where l is the laser source wavelength; and woffset is the shift of 
the radiation angular frequency in the interferometer refer-
ence arm. This shift may be related to a master laser frequency 
detuning from that of a slave laser, a Doppler effect due to SC 
relative motion, etc. In our study, we have elaborated and 
realised a heterodyne interferometric scheme comprising two 
enclosed interferometers and two laser beams, each of them 
passing its own optical path (Fig. 2). This scheme measures 
linear displacements in the configuration close to the tran-
sponder one without creating two full interferometric units 
with independent laser sources and large-size vacuum cham-
bers. One interferometer measures ‘the initial’ phase differ-
ence of optical beams y0(t), and the other interferometer mea-
sures their phase difference y(t) after one of the beams reflects 
from the mirror undergoing a linear displacement. The signal 
directly related to the linear displacement is obtained by sub-
tracting these two phase signals. The analogy with a tran-
sponder scheme is that the phase difference between the 
beams of two lasers (master and slave) is also detected in two 
interferometers (see Fig. 1): first, in the SC with the slave laser 
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Figure 1.  (Colour online) Schematic of measuring displacement with a 
laser interferometer in a transponder scheme:	
(SC1, SC2) spacecrafts; (PD) photodetectors; r(t) is the optical path 
length; y(t) is the measured phase signal; ‘the lock’ denotes phase lock-
ing.
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Figure 2.  (Colour online) Laboratory model of a heterodyne interferometer:						    
(AOM1, AOM2) acousto-optic modulators; (C1 – C4) collimators; (P) polarisers; (M) mirror; (PM) mirror on a piezoactuator; (NPBS) nonpolaris-
ing beam splitter; (PBS) polarising beam splitter; ( l/2) half-wave phase plates; ( l/4) quarter-wave plates; (PD1, PD2) photodetectors; (LPF) low-
pass filters; (RFA) radio-frequency amplifiers; (PC) personal computer; V(t) is the voltage applied to the piezoactuator; r(t) and rref (t) are the 
lengths of the signal and reference interferometer arms, respectively; y0(t) and y(t) are the measured phase signals; blue colour designates fibre-
optic cables, black colour refers to electric signals, red and pink colour marks optical beams.
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(for phase locking to the master laser) and, second, in the SC 
with the master laser (for detecting the linear displacement 
signal). The scheme used in the present work differs from a 
transponder one by the absence of phase locking between 
one laser and the other. However, the scheme can be com-
pleted by a phase-locked loop: a signal of the initial phase 
difference from the first interferometer can be used as a 
feedback signal applied, for example, to an acousto-optic 
modulator (AOM).

The source of laser radiation was a cw fibre laser Koheras 
AdjustIK E15 with a radiation wavelength of 1550 nm, whose 
frequency was locked to an external silicon resonator [13]. 
The laser frequency instability may introduce an error d rlas 
into displacement measurements, which can be estimated as 
follows:

4 L4las las
coh

refd
p

d
p

l l r r
= =

-
yr ,	 (2)

where dylas is the phase error of laser radiation for the time 
lapse needed to pass the optical path difference; r – rref is the 
length difference between interferometer signal and reference 
arms (that is, the optical path difference); and Lcoh is the 
coherence length of the laser radiation source. The laser had a 
relative frequency instability below 10–14 for averaging times 
of 200 ms – 1 s and the coherence length of ~30000 km, which 
corresponds to a displacement measurement error of 0.1 fm at 
the path difference in the present work of 2.5 cm (for the 
orbital path difference of ~200 km, the error would be 
0.8 nm).

In the scheme from Fig. 2, a laser radiation with a power 
of 20 mW was split by a fibre splitter in the ratio 50 : 50 into 
two beams. Each beam passed through the fibre AOM, which 
shifted the radiation frequency in one beam by 80 MHz, and 
in the other beam by 82 MHz. A beat note at the difference 
frequency woffset = 2 MHz was observed while detecting the 
interference of the beams. This was a simulation of the 
Doppler shift corresponding to a relative velocity of two sat-
ellites 1.3 m s–1.

Having passed the AOM, each of the beams passed 
through a single-mode fibre-optic cable to the interferometer 
mounted on an optical breadboard and was collimated by an 
aspheric lens (C1 and C2). Then, for each beam, one of two 
orthogonal polarisations (horizontal or vertical) was formed 
by using a half-wave plate l/2 and polariser P. Then, the 
beams from two channels were mixed on a nonpolarising 
beam splitter 50 : 50 (NPBS). One part of the radiation was 
directed to a photodetector PD1 recording the heterodyne 
signal at the frequency woffset = 2 MHz with the phase

y0 (t) = – woffsett – jin(t),	 (3)

where jin(t) is the phase difference for radiations in two opti-
cal beams prior to splitting in the NPBS. In front of the col-
limator, there was a polariser P transmitting the radiation 
linearly polarised at an angle of 45° with respect to vertical. In 
this way, the parts of radiation with similar polarisations were 
selected from both the beams for observing the interference. 
The other part of radiation passed to the second interferom-
eter, namely, to a polarisation beam splitter (PBS) with the 
extinction ratio of greater than 1000 : 1. Since the polarisa-
tions in two beams are orthogonal, one of them passes to the 
reference arm, and the second passes to signal arm. The signal 
arm length was ~5 cm, and the reference arm length was ~2.5 

cm. The mirror was moved by a piezoactuator. Beams in both 
arms passed through quarter-wave plates l/4 and were 
reflected back. The beams reflected back to the polarisation 
beam splitter PBS were focused by a collimator C4 onto a 
photodetector PD2, which detected the heterodyne signal 
with the phase

( ) ( ) [ ( ) ( )]t t t t t4
offset refin

py w j
l

r r=- - - - .	 (4)

This signal was detected by an InGaAs pin-photodiode 
with fibre-optic FC/APC connectors. Photodetector signals 
with a power of approximately – 23 dBm at frequencies of 
about 2 MHz passed a low-pass filter LPF with a cutoff fre-
quency of 2.5 MHz and were amplified in a RF amplifiers 
RFA by 24 dB. The signal-to-noise ratio in obtained signals 
was at least 31 dB and was limited by extinction ratio of the 
employed polarisation optics. Then these signals passed to a 
digital phasemeter K + K FXE [14] operated in the L-regime 
[15]. This phasemeter has four measuring inputs for signals 
with frequencies in the range 4 kHz – 60 MHz and one refer-
ence input for a 10-MHz signal. The reference signal was a 
signal from a RF oscillator stabilised by a passive hydrogen 
maser. The phasemeter simultaneously counted the number 
of cycles in the signal under study for the time corresponding 
to a definite number of reference signal cycles (similarly to a 
frequency counter) and measured an analogue phase inside 
the cycle. This gives a possibility to measure phase shifts in an 
unlimited range with a high resolution. The intrinsic noise of 
the phasemeter is studied in Section 3 of the present paper. 
The phasemeter transmits phase values y0 (t) and y (t) to a 
computer (PC), and a displacement of the mirror on a piezo-
actuator can be calculated by formulae (3) and (4):

( ) ( ) (0)
4
[ ( ) ( )] ( ) (0)t t t t tref0p

r r r l y y r rD = - = - + - .	 (5)

In calculations of displacements from experimental data it 
was assumed that rref (t) = const, and not varying terms rref (t) 
and r(0) were neglected.

For determining the error of measuring linear displace-
ments, it was necessary to minimise the path difference varia-
tions in the interferometer not related to piezoactuator 
motion. One factor affecting the length of interferometer 
arms was fluctuating laboratory pressure and temperature, 
which changed the air refractive index. To minimise the influ-
ence of this factor, we placed the interferometer into a vac-
uum chamber with electrical and fibre-optic feedthroughs. In 
experiments, the vacuum chamber was evacuated by a scroll 
pump to a pressure of 2 ´ 10–1 mbar. A higher vacuum in the 
chamber had no effect on measurement errors. Thermal 
expansion of the interferometer optical table was minimised 
by stabilising its temperature with an ohmic heater having the 
residual oscillations of less than 0.05 K at the averaging time 
of 5 hours. A general view of the laser interferometer model is 
shown in Fig. 3.

3. Measurement of linear displacements

At a first stage of the experiment, the maximal possible linear 
displacement of the mirror was measured. The piezoactuator 
was driven by a triangular control signal V(t) at a frequency 
of 0.55 Hz with an amplitude of 75 V. The control signal was 
recorded simultaneously with data from the digital phaseme-
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ter. The signal and measurement results are presented in Fig. 
4. The maximal displacement was 17.1 mm. The nontriangle 
shape of the phase signal is explained by a nonlinear hystere-
sis character of piezoactuator motion [16].

The measurement error was estimated by comparing the 
measured mirror displacement with the nominal shift calcu-
lated as a product of the control voltage and average piezoac-
tuator gain k:

D rnom(t) = kV(t).	 (6)

The comparison was performed for small displacements 
of at most 200 nm, because in this range piezoactuator dis-
placements can be considered almost linear. A random con-
trol signal was applied to the piezoactuator at an average fre-
quency of 0.1 Hz (Fig. 5). The measurement error was calcu-

lated as the difference between the phase measurement result 
and nominal calculated shift:

d r(t) = D r(t) – D rnom(t).	 (7)

In addition, a phasemeter noise was measured by applying a 
signal from one of the photodetectors to two independent 
inputs of the phasemeter with following subtraction of phase-
meter readings.

For the main values characterising errors, we used modi-
fied Allan variance [17] and the power spectral density (PSD) 
of noise calculated by the Welch method [18] (Fig. 6). The 
error determined by the phasemeter was below 40 pm over the 
whole range of averaging times, and at the averaging time of 
1 – 4 ́  103 s it was less than 10 pm. The PSD of the phasemeter 
noise did not exceed 10–5 nm Hz–1/2 in the frequency range 
10–3 – 50 Hz. The total measurement error was 92 pm at the 
averaging time of 0.1 s, then it increased and reached 8.2 nm 
at the averaging time of 104 s. At the averaging time of 10 s, 
corresponding to a typical measurement time in an orbit 
constellation, the error was at most 270 pm. The PSD of 
noises was ~4 ´ 10–5 nm Hz–1/2 in the frequency range 
1 – 50 Hz. In the range 10 – 50 Hz, the noise spectrum had 
several narrow peaks caused by the action of vibrations on 
the interferometer. At frequencies below 1 Hz, the noise 
PSD increased and reached 2.5 nm Hz–1/2 at a frequency of 

Figure 3.  (Colour online) General view of the laser interferometer mod-
el (the vacuum chamber is open).
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0.0013  Hz. This measurement error value is most likely 
related to imperfect calculation of mirror position (at short 
averaging times) and residual thermal effects, which lead to 
unaccounted variations of optical trace length (at long 
times), rather than to fundamental limitations of the mea-
surement system.

4. Conclusions

The study shows that the designed laboratory model of the 
heterodyne interferometer makes it possible to detect linear 
displacements up to 17.1 mm, which in the order of magnitude 
corresponds to the measurement range of real displacements 
in the SC pair of GRACE FO (±25 mm). An estimated error 
of measuring small linear displacements (up to 200 nm) was 
~270 pm at the averaging time of 10 s and ~8 nm at averag-
ing time of several hours. In this case, the measured PSD of 
phase noises of the heterodyne interferometer was at a level 
corresponding to characteristics of existing orbital laser inter-
ferometric systems [3]. The error introduced by a laser fre-
quency instability was negligible. The observed characteris-
tics can be further improved by introducing an additional 
interferometer to the scheme as an independent sensor of mir-
ror position and by better thermal stabilisation of the vacuum 
chamber.

The developed model is a simplified variant of a laser 
interferometric system; however, it comprises the units that 
correspond to a transponder scheme and allows one to simu-
late a Doppler frequency shift due to satellite mutual motion. 
The investigation performed proved the possibility to reach 
the sensitivity needed for the development of an orbital con-
stellation project. The development of a model closer to real 
conditions requires the addition of such units as a system for 
stabilising an optical beam direction and system for locking 
the phase of one laser to the radiation of the other laser; also, 
the optical path length should be enlarged.
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Figure 6.  (Colour online) (a) Modified Allan variance, as well as (b) 
power spectral density of phasemeter noise and displacement measure-
ment error calculated by formula (7). The parameters mentioned were 
calculated for the measurements from Fig. 5, that is, at small mirror 
shifts (up to 200 nm).


