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Abstract
A simple and compact parallelogram mirror drive based on ﬂexure pivots suitable for intermediate resolution Fourier
transform spectroscopy is presented. The system permits 12 mm of mirror translation with a residual tilt of less than
±0.4 mrad in the horizontal plane and ±0.2 mrad in the vertical plane. A system prototype was built and fully characterized for a Fourier transform spectrometer operating on a stratospheric balloon.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction
A common problem in Fourier transform spectrometers (FTS) is the design of an eﬀective mirror
drive compliant with the alignment requirements
particularly in the case of the long path diﬀerences
needed in a high-resolution instrument. This is a
major problem in the case of instrumentation
designed to operate from aerospatial platforms,
where after the shocks and vibrations of the launch,
long term unattended operation is needed.
Mirror drive quality directly aﬀects the data in
terms of phase and sampling errors resulting in data
degradation or, at least, in the need of applying
*
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corrections during the data processing [1]. Requirements on the quality of the scan mirror drive can be
relaxed by using optical compensation schemes
[2,3], these can be as simple as the use of tilt-compensating retroreﬂectors like the cube corner [4]
and the catÕs eye [5,6]. If polarization distortions
cannot be accepted, as in the polarizing interferometer according to the Martin–Puplett scheme [7],
such retroreﬂectors are not suitable and more complex schemes involving foldings in the optical path
are needed [8,9]. In the latter case, often only a partial optical compensation is obtained, and the mirror drive mechanism design is still a main issue,
which requirements must be matched with the
instrument optical design.
A system prototype of a parallelogram frictionless mirror drive and its application to a balloonborne FTS, called REFIR (radiation explorer in
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the far infrared) [10–12], and aimed to the study of
the EarthÕs atmosphere spectral radiance in the 100–
1100 cm 1 range, are presented in this paper. A
description and the characterization of the realized
prototype are reported in Sections 2 and 3, respectively. The performances on the balloon-borne
instrument are also shown.
2. System description
The parallelogram mirror drive here described is
designed for the REFIR prototype. The optical
setup of the REFIR interferometer is depicted in
Fig. 1 and it is described with many details in Ref.
[3]. It is a Martin–Puplett scheme modiﬁed for using
both planes of polarization of the input radiation.
The input ports I1, I2 are located on the bottom
instrument level, whereas the output ports O1, O2
are on the upper level. The two levels are separated
inside the moving arms of the interferometer by
using as retroreﬂectors two roof-top mirrors moving
in a single unit (RTMU). In this way a folding of the
optical path on two overlapped planes and a factor
of 4 multiplier between mechanical scan and optical
path diﬀerence (OPD) are obtained. P(0) and
P(45) are 0 and 45 polarizing wire-grids, respectively. Input/output optics, and detector and calibration units are not reported in Fig. 1. The
instrument uses one room-temperature pyroelectric
detector per each output port in the focal plane of
an oﬀ-axis parabolic mirror, and the calibration is
performed by using two black-body reference
sources.

Fig. 1. Optical setup of the REFIR interferometer. I, O—input
and output ports, P—polarizing beam splitters (with polarization
angle), RTMU—roof-top mirror unit.

This conﬁguration provides good performances
over the whole REFIR spectral bandwidth and in
particular the optical design provides some compensations of misalignment errors of the moving
RTMU: because of the diﬀerent number of reﬂections in the two arms, RTMU yaw aﬀects in the
same way both interfering wavefronts. RTMU pitch
is compensated by the use of 90 roof-top mirrors.
Both compensations operate in a ﬁrst order approximation, and scan accuracy still depends on mirror
drive. The mirror drive mechanism chosen for this
application is shown in Fig. 2: a double parallelogram system supports the RTMU on one side, while
on the other side is placed the scan motor. In principle, with this mechanism, RTMU translates parallel
to itself without tilt errors. The hinges of the parallelograms make use of ﬂexure pivots (C-FLEX,
mod. E-10), that for the low deﬂection angles
involved in the design, give an optimal solution to
avoid friction and limit mechanism wear [13–15].
The maximum travel of the RTMU is about
12 mm, considering a parallelogram arm length of
58 mm, this translates into a maximum deformation
of the ﬂexure pivots of less than ±6, well inside the
factory speciﬁcation of ±15 as maximum deformation for indeﬁnite operating life. Considering the
factor of 4 multiplier, the corresponding maximum
path diﬀerence provides a spectroscopic resolution
better than 0.2 cm 1 with double-sided interferogram acquisition. It should be noted that all the
mechanical parts of the parallelogram mirror drive

Fig. 2. Double parallelogram scan mirror drive with ﬂexure pivot
hinges (white +) and stepper motor drive.
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are machined with a relaxed construction tolerance
of about 0.1 mm.
The transmission providing linear motion of the
parallelogram edge is another critical system: for
the balloon prototype a simple and cost-eﬀective
solution was used, with a computer driven stepper
motor (PI instruments, mod. Intellistep C-161.2i),
a 100:1 reduction stage and a transmission based
on a gear driving a toothed sector. The gear is
coated with elastic material to damp motor vibrations and compensate for backlash. The driving gear
diameter is 10.5 mm, the motor resolution is 20 000
microsteps/turn, thus giving an OPD resolution of
about 66 nm/microstep, enough to perform interferogram sampling up to visible wavelength even in
presence of some amount of mirror drive granularity due to microstepping. While this solution is eﬀective for the balloon application, involving operation
times of the order of several hours, in prevision of a
spaceborne application, a more suitable solution
would be provided by a brushless linear motor with
optical encoder.
The drive is operated in rapidly scanning mode
and the position is controlled by counting the motor
steps. Limit switches are used in order to deﬁne the
starting position and to prevent possible overshoots.
The chosen sampling approach, called ‘‘equal-time
sampling with digital ﬁlter and numerical resampling’’, follows the method introduced by Brault
[16] and is described in more details for application
to the REFIR case in Ref. [17]. Interferograms are
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acquired with equal-time sampling together a reference signal, provided by a reference laser interferometer. From equal-time acquisition of both
signals we obtain the equal-space interferogram
for Fourier transformation.
3. Performance characterization
The performances of the mirror drive in terms of
angular stability throughout the whole scan range
are characterized by using both a collimated laser
beam and a Zygo interferometer. First a rough estimate of the angular deviation was obtained by
means of a laser beam reﬂected by a plane mirror
placed on the RTMU. Angular deﬂection of the
reﬂected beam has been estimated through a CCD
sensor in the focal plane of a f = 400 mm lens. Subsequently, interferograms of the plane mirror have
been acquired through the Zygo interferometer during a stepped scan. Analyzing the interference
fringes an accurate estimate of angular deviation
of the RTMU during scan has been obtained. The
results of these two methods are shown in Fig. 3,
and are in good agreement. Maximum angular deviation of about ±0.4 mrad in the horizontal plane
and ±0.2 mrad in the vertical plane are measured.
The angular stability of the mirror drive can be
used to calculate the eﬀect of tilt errors on the interferometric eﬃciency in the case of the REFIR
instrument. As already seen in Section 2, the peculiar optical scheme of this interferometer allows
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Fig. 3. Mirror unit deﬂection during scan measured with two independent methods (an interferometer and a laser beam with a position
sensitive detector).
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the compensation for tilt errors of RTMU. However the pitch error of RTMU produces a residual
vertical shift of the beams, which is not fully compensated. This eﬀect has been evaluated for the particular geometry of the REFIR interferometer. The
resulting modulation eﬃciency is shown in Fig. 4 as
a function of vertical tilt error of RTMU for diﬀerent values of optical frequencies. The eﬀect is a different apodization function depending on the
optical frequencies. For frequency up to 500 cm 1
the apodization is practically negligible. The losses
become relevant for frequencies above 1000 cm 1.
We notice however that if we take a spectral resolution equal to 0.5 cm 1, as in the case of REFIR, the
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Fig. 4. Modulation eﬃciency of the interferometer as a function
of RTMU vertical tilt calculated for diﬀerent wavenumber values.
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Fig. 6. Scan mirror speed characterization from fringe zero
crossing count for the speed setting of 2000 microstep/s.

Fig. 5. Interference fringe frequency stability.
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movement of RTMU can be limited to ±0.25 cm
with a reduction of the pitch error to less than
0.1 mrad. As a consequence, the modulation eﬃciency results to be always above 80%.
While angular stability is the main requirement in
the mirror drive, also an accurate speed control is
needed to minimize sampling errors. In the adopted
scheme involving a stepper motor, the main concern
is motion granularity more than speed stability.
Characterization of mirror motion has been
obtained by using the reference laser interferometer.
An accurate characterization of speed stability of
the mirror drive can be obtained from the frequency
stability analysis of the laser fringes. In Fig. 5 we
can see a sample of the laser fringes and the power
spectrum of fringe signal for three diﬀerent values of
the speed, 2000, 8000 and 32 000 microsteps/s. The
structure shown by the peak at the lower speed values indicates the presence of fringe modulation.
To further analyze and evaluate the amount of
this eﬀect, OPD vs. time has been calculated from
fringe zero crossing count. In Figs. 6–8, upper

panel, the normalized speed vs. time is shown for
the three speed settings previously considered. An
oscillating behavior is present at the lower speeds.
The consequences of this eﬀect on speed stability
is clearly visible in the speed distribution histograms
shown in Figs. 6–8, center panel. From the analysis
of both the time series and the power spectrum of
the normalized speed (Figs. 6–8 upper and lower
panels), we notice that for each speed setting, an
oscillation is present at a frequency proportional
to the stepping frequency itself. At 2000 microsteps/s this oscillation occurs at 10 Hz, and gives
rise to strong harmonics due to mechanical resonances in the system. At 8000 microsteps/s the forcing oscillation is at 40 Hz and fewer harmonics are
present, while at the fastest speed setting
(32 000 microsteps/s), the oscillation is greatly
reduced being above all mechanical resonances,
and the peak at 160 Hz is barely visible above noise.
The forcing oscillation identiﬁed in the speed
spectrum can be interpreted as depending on the
stepping motor. The driving stepper motor has a
1.5
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Fig. 7. Scan mirror speed characterization from fringe zero
crossing count for the speed setting of 8000 microstep/s.
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native resolution of 400 steps/turn against an eﬀective resolution of 20 000 microsteps/turn.
The ﬂuctuations in the mirror speed are reduced
by the inertia of the mechanics when operating at
high speed and, in any case, do not produce significant sampling errors if a proper sampling approach
is used such as the equal-time sampling with digital
ﬁlter and numerical resampling, mentioned above,
used with the REFIR instrument. With this method
it is shown that the spectral noise due to sampling
error is reduced to about 1/2000 the signal with a
rms speed error up to 7 · 10 5 m/s [17], which is
greater than the peak value of 3 · 10 5 m/s measured in our drive.
While the deviation of less than 20% (worst case,
i.e. lowest speed) is more than enough for the application, we clearly see how the use of a brushless DC
motor with dedicated electronics can greatly
improve speed stability characteristics of the mirror
drive.
4. Conclusions
A simple, low-cost and compact mirror drive has
been fabricated for Fourier transform spectrometer
applications. The particular parallelogram mechanical structure with ﬂexure pivots and the driving
stepper motor have allowed good performances
despite the relaxed accuracy required in the mechanical fabrication. An accuracy of 0.1 mm is suﬃcient
for obtaining the performances shown in this paper
in terms both of parallel translation, with tilt errors
less than ±4 mrad. Also, the use of a simple stepper
motor drive has provided enough speed accuracy,
with errors less than 20% at the lowest speed and
better than 5% at higher speeds. The low mechanical
accuracy required in this design makes the system
accessible at low-cost to any laboratory workshop
facility. Neverthless, the relaxed requirements
become acceptable for this critical part of an FTS
instrument only when a comprehensive characterization, as shown in this paper, is made.
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