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Abstract: In the following paper, we present an industry perspective of inertial sensors for navigation
purposes driven by applications and customer needs. Microelectromechanical system (MEMS) inertial
sensors have revolutionized consumer, automotive, and industrial applications and they have started
to fulfill the high end tactical grade performance requirements of hybrid navigation systems on a
series production scale. The Fiber Optic Gyroscope (FOG) technology, on the other hand, is further
pushed into the near navigation grade performance region and beyond. Each technology has its
special pros and cons making it more or less suitable for specific applications. In our overview paper,
we present latest improvements at NG LITEF in tactical and navigation grade MEMS accelerometers,
MEMS gyroscopes, and Fiber Optic Gyroscopes, based on our long-term experience in the field.
We demonstrate how accelerometer performance has improved by switching from wet etching to
deep reactive ion etching (DRIE) technology. For MEMS gyroscopes, we show that better than
1◦/h series production devices are within reach, and for FOGs we present how limitations in noise
performance were overcome by signal processing. The paper also intends a comparison of the
different technologies, emphasizing suitability for different navigation applications, thus providing
guidance to system engineers.

Keywords: MEMS accelerometer; MEMS gyroscope; coriolis vibratory gyroscope; fiber optic
gyroscope; multifunction integrated optics chip; angle random walk

1. Introduction

As an industry provider of navigation systems, gyrocompasses and attitude and heading reference
systems (AHRS), we start our discussion driven by industry practice and long term experience by
introducing the basic inertial building blocks, then turn to specific inertial system level requirements
driven by customers and, at the end of this section, introduce the inertial sensor technologies we
provide for our series products based on several decades of experience in the field. For our most recent
improvements we have dedicated sections to each type of inertial sensor.

The terminology of inertial systems can be summarized as follows [1,2]: An Inertial Sensor
Assembly (ISA) is obtained through the combination of accelerometers and gyroscopes in defined
orientations. An Inertial Measurement Unit (IMU) uses an ISA in order to measure the movement of
its body in three-dimensional space without external reference. An inertial system uses an IMU and
external aids could be employed, such as a magnetic compass, airspeed data, barometric altitude, star
tracker, satellite navigation systems (GNSS), etc.
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Some typical links between sensor performance and system functionality are: An Inertial
Reference System (IRS) for aviation estimates an aircraft’s position, velocity, and attitude with respect
to the earth. An IRS requires an ‘inertial navigation quality’ IMU with a gyroscope performance of
0.01◦/h and better. IMUs with a gyroscope performance between 0.01◦/h to 5◦/h are used in attitude
and heading reference systems (AHRSs). An AHRS primarily estimates the attitude angles of an
aircraft. Gyroscopes with 0.1◦/h and better enable the capability to perform coarse navigation and
to gyrocompass. AHRS with 1◦/h gyroscopes need external references, such as magnetic compass,
to find the north direction. Although the integration of IMU and Global Navigation Satellite Systems
(GNSS) has a lot of advantages, a benefit for air navigation can be generated with a gyro performance
of 0.1◦/h or better. More about the role of inertial systems in the environment of GNSS is described
in [3].

Inertial systems in GNSS-denied environments and areas where GNSS are simply not available
are receiving more and more attention again. For example, the main accuracy requirement of the NG
LITEF Drill Pilot used in drilling and mining is defined in terms of the position error relative to the
respective bore distance, i.e., position error (1σ) ≤ 0.5%. In addition, the continuous rotation around
the longitudinal axis with a high angular rate (up to 700◦/s) during drilling operations represents
a major challenge with respect to the sensors and their processing [4].

For the design of inertial systems, sensor performance data and error models are crucial, and
numerical system simulations are an appropriate tool to support the design and evaluation phases.
Reliable simulation tools are more than helpful during the validation and verification process for
complex integrated systems intended to be certified. A suitable tool chain, developed by NG LITEF,
is presented in [5]. Manufacturers that have a deep understanding about the inertial sensors and their
performance characteristics are in a good positon to design optimized inertial systems, namely the
effectiveness in terms of performance and cost.

During the last decades, sensor types without moving parts such as Sagnac effect-based
gyroscopes have replaced mechanical gyroscopes which require rather short maintenance intervals.
For instance, the Fiber Optic Gyroscope (FOG) [6] allows for performance scaling through the fiber
coil length and navigation grade performance has been reported for FOGs. However, mechanical
inertial sensors have reentered the arena due to the progress in microelectronics and associated silicon
processing in the form of MEMS devices.

MEMS-based sensors do not require maintenance of bearings, are suitable to be manufactured in
mass production, and were first introduced for accelerometers, and a little later also for gyroscopes.
Silicon is a very robust material with advantageous properties borrowed from metals, including
low electrical resistivity, but with practically no wear-out when moved or bent within elastic region.
On the other hand, silicon dioxide is an excellent insulator, easy to process and perfectly matches the
mechanical and thermal properties of silicon. Layers of silicon separated by silicon dioxide are called
Silicon-On-Insulator (SOI) wafers and can be purchased as raw material. Among technologies adopted
for MEMS fabrication, two main Si-based branches have evolved: (i) Si-bulk technology with KOH
wet etching and (ii) Deep Reactive Ion Etching (DRIE) and its various derivatives originating from
the classic Bosch process [7]. The chip assembly relies on wafer bonding in both cases. While Si-bulk
technology is still widely used for MEMS accelerometers, for MEMS gyroscopes—apart from a few
early exceptions [8]—nowadays Deep Reactive Ion Etching is applied, owing to structural complexity
of the devices [9].

Having introduced the available sensor technologies and the requirements flow-down from
the system level to inertial sensor performance characteristics, we provide an overview of recent
improvements in NG LITEF MEMS accelerometers in Section 2. We demonstrate that the introduction
of the proof mass as a laterally moving structure along with an optimized DRIE bridge technology
has greatly improved sensor performance at a higher efficiency. Latest developments in MEMS
gyroscopes are addressed in Section 3, where we emphasize the suitability of an optimized dual-mass
Lin-Lin-design in harsh environments including vibration and acoustic noise. NG LITEF’s Fiber Optic
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Gyroscopes have been optimized over more than two decades [10–14], nevertheless some parasitic
effects of the Multifunction Integrated Optics Chip (MIOC) have so far limited the overall high
end FOG performance. In Section 4, we present solutions to significantly reduce these limitations.
We complement the discussion with a brief comparison of FOG and MEMS technologies and their
suitability for different applications in Section 5, assuming that this adds value to the paper for readers
with a system engineering background who are searching for selection criteria.

2. MEMS Accelerometers

2.1. Background

For micromechanical ‘pendulum-type’ accelerometers with capacitive readout and torqueing,
designs with vertical (out-of-plane) or lateral (in-plane) displacements are commonly used. Throughout
Section 2 these are referred to as vertical and lateral designs.

In the accelerometer products of NG LITEF, both design concepts are realized. The vertical design
as used in [15] was developed in the 1990s, whereas the lateral design was introduced in the past few
years. In the following, the two concepts are analyzed theoretically. The results of the analysis are then
supported by production data of the two different accelerometer types. At the end of Section 2, a short
outlook into the near future is given.

2.2. Theoretical Analysis

The capacity C0 of a parallel plate capacitor is given by

C0 = N·ε0·εR·A
d

= N·ε0·εR·L·h
d

, (1)

where L and h are dimensions of the plate and d is the gap between the two plates. N is the total
number of electrodes.

2.2.1. Electrode Design: Geometrical Sensitivity

The geometrical sensitivity γ of an accelerometer to displacements x is given by the derivative of
the capacity by displacement. In designs with vertical sensing, the sensitive direction (input axis x) of
the single (N = 1) accelerometer electrode is in direction of d, as shown in Figure 1.
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including top electrode.

Hence the sensitivity of the vertical design is

γV ≈
ε0·εR·A
d2−x2

≈ ε0·εR·A
d2 . (2)
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For vertical designs, wet etching processes can be used. Large pendulum sizes A of e.g., 1× 1 mm2

can be structured within a wafer, whereas the gap d between the parallel plates is adjusted by removing
specific silicon oxides from top and bottom electrodes. Thus, tiny gaps of the order of a few microns are
easily attainable. Vertical designs, processed with KOH, were the first MEMS accelerometer designs,
not only at NG LITEF. With the rough numbers given above, geometrical sensitivities of the order
>10−6 F/m = 1 pF/µm can be realized.

With wet etching processes, high aspect ratios (the ratio of the size to the height of structures,
such as gaps or trenches) are not achievable, since different crystal lattice orientations show largely
different etching rates. Thus, wet-etched accelerometer designs most likely show features with angles
of 54.74◦ as can also be seen in Figure 1.

Later, Deep Reactive Ion Etching (DRIE) was developed, in particular with the development of
the Bosch process [7]. Although the 54.74◦ limitation of wet etching processes does not exist for DRIE,
there is still a limit for the maximum aspect ratio that must be obeyed. The actual limit depends on the
etching machines and the level of experience of the MEMS technologists operating them. In order to
allow for gap sizes of a few microns, the active layer thickness is of the order of 100 µm maximum at
present. For newer designs, DRIE processes are utilized to structure the wafer.

In vertical DRIE designs, the pendulum size is smaller. It is given by the product of the thickness
of the active layer times the electrode length. This results in an electrode area of the order of 0.05 mm2

maximum. Thus, in vertical DRIE designs between 10 and 50 electrodes are required to produce a
similar geometrical sensitivity as a vertical wet-etched design with a single pendulum electrode.

In lateral DRIE designs, the length L is changed through external accelerations by ±∆x. Here,
the symbol h refers either to the thickness of the device wafer (the pendulum height), as in Figure 2.
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to achieve reasonable sensitivity; (b) Electrode scheme.

In lateral designs, the sensitivity is

γL = 2·N·ε0·εR·h
d

. (3)

The aspect ratio (h/d) puts a universal limit on the sensitivity of a single electrode. For an aspect
ratio of h/d ≈ 18, one finds a geometric sensitivity of only 3 × 10−10 F/m = 0.3 fF/µm. Newer
developments [16] utilize a gap reduction after DRIE. This method allows increasing the maximum
aspect ratio by a factor of 5 to 10. Nevertheless, the relationship between the sensitivity of vertical
to lateral designs is at least of the order of several hundreds to a thousand for a single electrode.
Thus, the number of electrodes must be increased in lateral design in order to compensate the lack of
sensitivity, as shown in Figure 2.
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2.2.2. Spring Design and Displacement vs. Acceleration

At low frequencies, the displacement x of the pendulum is proportional to the acceleration by

x =
a
ω2

0
, (4)

where ω0 is the undamped resonant frequency of the pendulum, determined by the ratio of the spring
constant k and the mass m of the pendulum. In order to obtain a high sensitivity to acceleration,
the resonant frequency must be low. This can be obtained with a spring design that provides a
small spring constant in the sensitive direction, but has a high stiffness in the perpendicular directions
(in order to suppress cross-axis sensitivities). Alternatively, the spring constant in the sensitive direction
can be adjusted electrostatically [17].

The product of geometrical sensitivity and the displacement/acceleration relationship yields the
capacitive sensitivity of the MEMS chip to accelerations. If a high bias stability of the accelerometer is
desired, it is important to have a high capacitive sensitivity to accelerations, so that parasitic capacitive
impacts are suppressed effectively. For designs with a lower acceleration sensitivity, as for example
in lateral designs, special care must be taken in the packaging, MEMS die attachment, layout, and
bonding of the sensitive lines to the front-end electronics.

2.2.3. Forces: Linearity

The force F in a parallel plate capacitor with constant voltage U is

Fmax = γV/L·
U2

2
. (5)

For vertical designs, the force depends on the pendulum position (the sensitivity depends on
the displacement x), whereas in lateral designs the maximum acceleration is independent from the
pendulum position. This means that torque and pickoff signals do depend on the pendulum position
in a non-linear way in vertical designs. Consequently, a linearization procedure has to be performed
in accelerometers operating with vertical displacement if good performance is required. In contrast,
accelerometers with lateral displacement do not require such additional linearization procedure.

When the feedback force is largely independent from the pendulum displacement, an excellent
behavior of the accelerometer, even under high vibration levels, can be expected.

Since the force determines the accelerometer scale factor, a positive impact on its progression over
temperature should be observable. This statement is true in particular for lateral designs, where a
position independent force is reached by design.

A further impact on the accelerometer scale factor is given by the fact that in vertical designs
processed with wet etching, the top and bottom electrodes are subject to the outside air pressure.
Changes in the pressure can alter the electrode distances and thus the scale factor. This impact is
particularly visible in non-hermetic accelerometer packages for obvious reason, in non-evacuated
hermetic packages the impact can be seen as a progression with temperature. In lateral designs
and in vertical design processed with DRIE, the electrode distance is normally not in a pressure
sensitive direction.

2.2.4. Damping, Noise, and Bandwidth

In vertical designs, squeeze film damping is dominant between the two parallel plates moving
on each other. Even with a low pressure in the MEMS device, a high damping coefficient can be
obtained. In contrast, the squeeze film effect does not play an important role in lateral designs,
since the electrodes do not move over each other. Thus, special damping electrodes are required if
large displacements shall be avoided. In addition, the gas pressure must be significantly higher in
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comparison to vertical designs. Unfortunately, this causes a higher thermomechanical noise from the
Brownian motion of the fill gas.

Damping very often is a tradeoff between thermomechanical noise and vibration rectification error
(VRE). The latter can be partly compensated even with a lower damping coefficient if the accelerometer
is operated closed-loop and the bandwidth is sufficiently high. In NG LITEF’s current accelerometer
products, the vibration rectification error of lateral designs is kept low by both maximum damping
and a very fast dead-beat controller [18] loop with a bandwidth of well above 2 kHz. The drawback is
higher thermomechanical noise.

2.3. Production Data

For the evaluation of production data, the following two settings representing two different
accelerometer products of NG LITEF were evaluated (see Table 1).

Table 1. Details of two different accelerometer products of NG LITEF with different design concepts.

Accelerometer Design Vertical Lateral

Structuring KOH—Wet etching DRIE
Controller PI Dead-beat
Bandwidth >400 Hz >2 kHz
Damping Torquer/Pickoff electrodes Damping electrodes

Gas pressure 13 mbar 200 mbar

It is important to mention that the following results and the conclusion are specific for the two
MEMS accelerometers from NG LITEF. They are calibrated in a temperature range from −40 ◦C to
85 ◦C. The parameters scale factor, bias, and misalignment are determined with a static multi position
test [19] at various temperatures during heating and cooling. Effectively, a progression of these
parameters with temperature is obtained and loaded into the accelerometer’s digital signal processor
(DSP) as compensation models. The following residual errors over temperature are measured and
verify the compensation in a final acceptance test.

2.3.1. Scalefactor Residual Error

According to the theory presented above, the accelerometer scale factor of lateral designs should
have a smoother progression over temperature for two reasons: First, it is independent from the actual
pendulum position, and secondly the electrode distance is not sensitive to changes of the outside
pressure. Looking at data obtained with the two different designs, one finds an improvement in scale
factor residuals over temperature by more than a factor of two for the lateral design with currently
50 ppm in average.

2.3.2. Bias and Bias Residual Error

The raw bias of lateral designs should be higher due to their lower sensitivity to acceleration.
Effectively, tiny asymmetries in the MEMS chip or stray capacities in any place lead to a high bias.
The comparison of production data from vertical and lateral design indeed reveals a raw absolute bias
value that is a factor 3.5 higher for the lateral design with about 300 mg average. Nevertheless, the bias
variation over temperature is about 30% smaller for the lateral design which shows a temperature
sensitivity of the bias of about 20 µg/K.

This positive result is mainly due to the fact that, during the development of the lateral design
for series production, packaging topics and layout issues were improved significantly. Consequently,
the bias residual error over temperature was also improved by about 30% to 65 µg on average.
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2.3.3. Vibration Rectification Error

The vibration rectification error of NG LITEF’s AHRS product LCR-100 [20] is monitored regularly
in production in a vibration performance test. This test allows for comparison of accelerometers with
the two different design approaches. As expected, it turns out that the lateral design is superior
to the vertical design. This statement is true for all vibration levels. While the improvement in
vibration rectification error is only about 20% at highest vibration levels (above 10 grms at sensor level),
the impact of displacement independent forces can be seen even more at the lowest vibration levels
where highest performance is required. At these vibration levels, the lateral design outperforms the
vertical design by more than a factor of five.

2.4. Summary and Outlook

Two different designs of MEMS accelerometers were compared on a theoretical level and by
analyzing data collected during series production of both designs at NG LITEF. In summary, the newer
design operating with lateral displacement shows an improved performance in comparison to the
older design with vertical displacement. Some of the performance improvements were expected
per design, such as scale factor and vibration performance at low vibration levels. Others were reached
by carefully adapting the overall accelerometer concept to the special weaknesses of lateral designs,
such as low damping and lower sensitivity. The impressive results for the lateral design are partly due
to the fact that wet etching technology is applied for the vertical design. A comparison with a vertical
design, processed with DRIE, would probably come out more balanced.

In the future, two aspects of high performance MEMS accelerometers will be improved:

1. The excellent behavior of the current lateral design in heavy vibration environments will be
improved by further increasing the bandwidth of the accelerometer while the force independency
of the design will be maintained.

2. The acceleration sensitivity of the MEMS chip shall be increased to improve the bias stability of
the system. This can be achieved by either a chip redesign or by electrostatic manipulation of the
accelerometer’s spring constant. While the former concept is a more general task to be performed
as an iteration of the current MEMS chip design, the latter can be applied already on existing
chip designs.

However, we recognize there is a trade-off between the two aspects.

3. MEMS Gyroscopes

3.1. Technology

The technological processes are identical for our MEMS accelerometers and gyroscopes and are
based on DRIE and Silicon Fusion Bonding as already explained in Sections 1 and 2.1. However,
recent major improvements have been achieved by the insertion of an additional routing layer
through wafer-bonding of conductive silicon on silicon in addition to silicon on insulating silicon
dioxide [21] as depicted in Figure 3. Research groups have reported similar approaches [22]. A a
major step forward this, MEMS-bridging technology provides conductive access to inner MEMS
electrodes without sacrificing valuable degrees of freedom in micro-mechanical design. Open C-frame
shaped Coriolis-sensitive masses can be circumvented and thus the associated parasitic effects of
pincer movements.

With the bridging technology, we manage to achieve quality factors above 0.1 Mio. without a
getter and measure the quality factor with a precision of better than 0.25% with relative measurements
before and after aging stress and monitoring storage. This is accomplished on a series production scale
for every single MEMS gyroscope and can thus confirm long-term stability over product lifetime.
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3.2. Gyroscope Chip Design

For our latest MEMS gyroscope design, the main focus was on robustness with respect to
environmental conditions for which MEMS are known to be inherently susceptible. Many MEMS
manufacturers have reported excellent results for bias under benign conditions. However, under real
operating conditions over temperature, vibration, acoustic noise, cross-axis coupling, and aging, the
availability of performant devices quickly narrows. We have addressed the above by a dual-mass
gyroscope with dedicated rotational coupling and intentional decoupling of the Coriolis-sensitive parts
from the excitation oscillation [23]. We found that by using special linear acceleration control loops
operated in the DC-frequency-band for each of the two Coriolis-sensitive masses, only an approximate
8–10 factor of reduction of vibration rectification coefficient could be achieved. While by strong
rotational spring coupling in the gyro-chip, a reduction of two orders of magnitude has been achieved.
Figure 4 depicts the micromechanical structure (a) and the strongly coupling rotational spring (b).
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spring; (b) Mass-suspension scheme.

Acoustic sensitivity is strongly related to vibration sensitivity however, the predominant parts of
vibration spectra typically range from 0 Hz to about 1 kHz, while the predominant acoustic spectra
range from 0 Hz to about 8 kHz and can therefore directly influence the MEMS-oscillations. The strong
rotational spring coupling also reduces the acoustic sensitivity, and a simple measure is to keep the
resonant frequency out of the acoustic spectrum. Additionally, a carefully chosen chip mounting on the
module assembly level further mitigates acoustic noise susceptibility. For the targeted tactical-grade
performance, we found the measures to be by far sufficient, however it is evident that a quad mass
design could be superior for higher-precision MEMS gyros as they are not only force balanced, but
also torque balanced with respect to an outer frame [24].

Aging effects are very hard to model. With class II gyros such as quad mass gyros, methods
for dynamic self-calibration have been proposed [25] and promise a new revolutionary MEMS gyro
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performance range. However, there are also drawbacks in terms of complexity and redundancy and
the alternative is to reserve aging margins in the specification and to monitor key characteristics during
the manufacturing process. This is especially true for the enclosed vacuum, as it can be seen from
the error model in [26] that the stability of the resonator quality factors directly affects the long-term
stability of the instrument bias.

3.3. Operating Principles

Various MEMS manufacturers employ Delta-Sigma-modulation schemes to operate MEMS
gyroscopes (see e.g., [27–29]). Major benefits are low size and low power consumption. The switching
typically takes place between only two voltage levels.

A similar pulse modulation scheme is ternary pulse modulation [30,31], which employs three
voltage levels. The use of positive, negative, and zero voltage levels provides additional degrees of
freedom for pick-off electronics and can completely avoid accumulation of bound charges along oxide
planes in less-sophisticated chip structures.

The introduction of electrostatic springs for frequency matching is simple when a separate set
of electrodes is provided, or alternatively—as in our case—a time multiplex modulation scheme is
employed using D/A-converters and a single A/D converter. We found this tradeoff suitable to achieve
very high performance, while sacrificing some size and power consumption. Our highly-optimized
time multiplex scheme achieves the following functions with quasi-parallelism: (i) Excitation mode
drive; (ii) excitation mode pick-off; (iii) detection mode rate and quadrature rebalancing; (iv) detection
mode pick-off; (v) detection mode resonant frequency matching with excitation mode; and (vi) DC
quadrature control of detection mode. All voltage stimuli are summed at a single charge amplifier
connected to the proof mass’s silicon layer and are demultiplexed and demodulated by signal
processing in a digital signal processor or FPGA/ASIC.

Due to MEMS-chip imperfections such as asymmetries, the quadrature over temperature
becomes a performance limiting factor. The time multiplexed scheme therefore provides quadrature
compensation components in the DC and AC domains, where the DC-regulator is the slower control
loop compared to the AC loop by far, with bandwidth still high enough to follow temperature changes.

The major control loops for control of constant excitation oscillation and for force-rebalancing
of the detection oscillation are operated in the bandpass domain and are augmented by noise
shaping at the torquers. The overall behavior is very much comparable to a ternary pulse or
Delta-Sigma-modulation technique, however avoiding auxiliary electrodes for special functions.

As a background task, the excitation resonator frequency is tracked to derive clock and
demodulation signals. In addition, artificial out of band noise and a sensor model are used to estimate
the basic detection resonator parameters. The local temperature at the MEMS gyro can be monitored
very precisely by using the natural resonance frequency sensitivity of the silicon. Research groups
have reported similar approaches [32].

3.4. Performance and Outlook

So far, with our MEMS-IMU product [33] on a series production scale, a performance of 10◦/h
(1σ) residual bias for the MEMS gyroscopes has been specified in the datasheet. With the optimized
technology, design and operating principle described above, MEMS gyroscopes have been assembled
into our MEMS-IMU as a research test vehicle. The recent improvements indicate that bias errors over
temperature <1◦/h are within reach for series production. Example data of three optimized gyroscopes
measured in the MEMS-IMU over temperature and evaluated in the range of −20 ◦C and +75 ◦C
ambient temperature are shown in Figure 5. To our knowledge, such performance for a triad of silicon
MEMS gyros in an IMU has not been published before.

With further optimizations through improvements in algorithms and auxiliary control loops, we
expect that 0.5◦/h MEMS dual-mass gyroscopes should be feasible on a broad series production scale.
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The next true MEMS revolution with a jump in performance over about two orders of magnitude
however, is likely to rely on class II quad mass gyroscope designs [25].
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Figure 5. MEMS gyroscopes temperature-cycled and evaluated in our MEMS-IMU SN1880 as a test
vehicle and evaluated in the temperature range from −20 ◦C to +70 ◦C ambient. Temperature was
stabilized at −15, −54, −10, +30, +75, and +10 ◦C for 2 h, with intermediate ramps of 1 K/min.
The three subgraphs show 60 s median filtered rotation rate data in [◦/h] over temperature in [◦C] for
the three gyro axes X, Y, and Z respectively. The three temperatures were measured locally at each gyro.
The 1σ bias errors over temperature of the three gyroscopes are 0.8, 0.4, and 0.6◦/h respectively.

4. Fiber Optic Gyros

4.1. Background

For more than 25 years, NG LITEF has been continuously improving its Fiber Optic Gyroscope
products based on its breakthrough closed loop signal processing technology with random modulation
and auxiliary control loops [13], the Multifunction Integrated Optics Chip (MIOC or I/O Chip) and
dedicated coil winding and potting technology. Two mature FOG architectures have evolved: (i) the
0.05◦/h class of FOG triads with cooled superluminescent diode (SLD) light source used in the NG
LITEF AHRS, marine and land navigation products [20]; and (ii) the 1◦/h to 6◦/h class of single axis
µFORS FOGs suitable e.g., to build dedicated IMUs and for stabilization applications operating under
harsh environmental conditions.

The MIOC chip is fabricated in compliance with quality standard DIN/ISO 9001 in NG LITEF
production laboratories using Lithium Niobate (LiNbO3) as the material basis. Since the early 1990s
more than 190,000 different types of optical chips have been produced for our own use in Fiber Optic
Gyroscopes and for systems based on our FOGs. The MIOCs are manufactured using the annealed
proton-exchange technique on x-cut Lithium Niobate wafers [34] and integrate the standard functions
of (i) a polarizer; (ii) a main coupler/beam splitter; and (iii) a broadband electro-optical push-pull
phase modulator on a single chip.

For miniaturized single axis Fiber Optic Gyroscopes of the µFORS product family, modified
MIOCs were developed to further optimize integration efficiency. The so-called Mixed-Signal
MIOC [35] which integrates, in addition to the standard functions mentioned above, a full 12-bit
Digital-to-Analog Converter. The latter is realized through 12 binary-weight divided electrodes for
electro-optical phase modulation and an additional small electro-optical phase shifter (see Figure 6).
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The advantage of the binary-weight divided electrode structure of the phase modulator is the possibility
to drive the electrodes from our digital ASIC [11] with no further need of an additional DAC.

In the digital ASIC, look-up RAM is implemented which can be used to correct bit errors of all
individual digital electrodes to maximize the accuracy of the optical Digital-to-Analog Converter [36].
By introducing this feature, not only can all bit errors be minimized but also the use of non-binary
or the combination of binary/non-binary electrodes would be possible. The combination of
binary/non-binary electrodes also allows 16-bit resolution with at least 15-bit accuracy for the optical
D/A converter without increasing the chip length and cost. Additionally, the look-up table can be
used to optimize the linearity of the phase modulation.
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The additional small phase shifter of the Mixed-Signal MIOC introduces an optical phase shift
of π/32 which is used as an input for the control of the modulation frequency tracking [37]. Most
FOG properties depend on temperature and tolerances always exist in the production process of the
fiber coil. However, if the modulation frequency of a FOG is maintained at a fixed constant cycle
time, that cycle time generally does not match the momentary transit frequency of the light passing
the FOGs optical path, making the FOG susceptible to synchronous crosstalk that contributes to
the bias error. To adapt the modulation frequency to the actual conditions over temperature, the
transit time of the light can be used to obtain a way to control the modulation frequency. For that
reason, the additional modulation correlated to the detected signal allows the operation of an auxiliary
control loop for a Voltage Controlled Oscillator (VCO) which for its part is used to control the internal
modulation frequency. The concept is shown in Figure 7 and technically realized by a Direct Digital
Synthesizer (DDS).
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On average, a three-fold bias improvement on a series production scale has been achieved for
our µFORS products through this method and experiments showed that which such improved Mixed
Signal-MIOCs the performance of navigation grade Fiber Optic Gyroscopes can be achieved.

Lithium Niobate and modified Lithium Niobate with annealed proton exchange waveguide
formation show a low intrinsic conductivity which results in a high-pass-type behavior of an
electro-optical modulator also termed phase bleed. The typical cut-off frequency is lower than 1 mHz
(−3 dB value) as shown in Figure 8. The high-pass-type behavior of the modulator chips has, so far,
limited the achievable angle random walk coefficient with closed loop operation in very sensitive
applications. Only recently, NG LITEF developed a DC-free modulation scheme (see the following
sections) to avoid low frequencies in the random modulation signal. A special new MIOC supports
this modulation scheme with a relatively small push-pull half-wave voltage of 1.7 V on a moderate
chip length of 30 mm.
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Figure 8. (a) Example of a measured electro-optical transfer function of LiNbO3 modulator chip with
logarithmic scaling of frequency axis; (b) Derived model of the high-pass-type transfer function of a
non-ideal phase modulator with linear scaling of the frequency axis.

Furthermore, the design of all MIOCs produced at NG LITEF is optimized to avoid residual
intensity modulation coming from the interference of a secondary light path in the chip with the light
paths in the modulated waveguides. Additionally, on all MIOCs the Z-faces of the crystal are coated
with a conductive layer to short out the pyroelectric effect and to achieve high stability over strong
temperature ramps [38].

4.2. Random Modulation and MIOCs with Phase Bleed in the FOG

The technical concept of random modulation for the FOG is discussed in detail in reference [39]
and its basics in [40–43]. The problem of the insensitivity sectors (also called dead zones) of the fiber
optic gyroscope is brought up in [39,44,45] and at the same time the solution to the problem applying
random modulation is stated. This solution is due to an improvement to the modulation procedure,
which is controlled by a random data generator and which is applied to the correlation freedom of the
demodulator reference signal.

It was from the results of constructed Fiber Optic Gyroscopes that the effects of MIOC phase bleed
in a closed loop FOG with random modulation was first detected. In an ideal gyro experiencing a
constant applied rate, the digital output would be centred on the applied rate with values symmetrically
above and below this value. However, the situation for low input rates did not have a normal
distribution but exhibited a preference for values in the region of Ω = 0. This is illustrated in Figure 9
in which each top graph shows the gyro output over time and the lower graph is a distribution of the
reported values.
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Figure 9. (a) Measured time signal and value distribution histogram for low applied rotation rate of
approximately 12◦/h; (b) Measured time signal and value distribution histogram for special case of
applied rotation rate of 0◦/h.

In the graph of Figure 9a, the input rate of the gyro is located at approximately 12◦/h. Clearly,
this is not a normal distribution about the applied rate and is rather unbalanced with values that extend
into Ω = 0. If the input rate is set to zero then, as is shown in Figure 9b, there is no normal distribution
in the measured values but, again, an emphasis of measurement data around Ω = 0. The time plot
clearly shows regular constrictions of the rotational speed from which the measurement distribution
arises. NG LITEF circumvented this behavior by introduction of an additional dithering modulation
that also drives the FOGs auxiliary gain control loop, however at the cost of a basic limitation of
achievable angle random walk that persisted until recently.

As explained in Section 4.1, the real behavior of the phase modulator can be modelled with
high-pass characteristic as shown in Figure 8b and implemented into our FOG sensor simulation
model. For a frequencyω = 0—and also at very low frequencies—the phase modulators have a lower
gain than at higher frequencies.

Figure 10a shows simulated rate values and their distribution for an applied rate of −10◦/h.
The trend of the output rate towards 0 is clearly visible. In Figure 10b are the rate values and the
distribution for a zero-input rate. Here, too, the preference of the initial rotation rates is zero and it is
apparent that the rate value signal is constricted.
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Figure 10. Simulations including non-ideal MIOC transfer function; the dithering for auxiliary gain
control loop is off to emphasize the effects of MIOC phase bleed: (a) Simulated time signal and value
distribution histogram for a low applied rotation rate of approximately −10◦/h; (b) Simulated time
signal and value distribution histogram for applied rotation rate of 0◦/h.
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4.3. Approach with DC-Free Modulation

4.3.1. Preliminary Considerations

Figure 11 shows the intensity over phase characteristic of the Sagnac interferometer.
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During the operation of the fiber optic gyroscope, the marked operating points are always
controlled by the modulation signal at the MIOC. Regarding the choice of the sequence of the operating
points, there are certain degrees of freedom that require careful consideration. These are expressed
through the following items:

1. Without modulation, the peak of the interferometer characteristic would be steered where the
slope is zero. Thus, the sensitivity of the sensor is also zero and there would be no directional
information present. To avoid these disadvantages, the control uses points that lie where the
slope is greatest.

2. If only points with the same sign were controlled, an applied rotation rate would lead to a DC
voltage signal at the photodetector, which would be suppressed by the subsequent circuit stages.
Therefore, work points with changing signs are controlled. This results in a modulation of the
detector signal so that the signal lies in the transmission range of the following amplifier stages.

3. If the control of the working points alternates periodically between positive and negative slopes,
the drive signal at the MIOC would correlate with the demodulator reference of the detector
signal. This results in an insensitivity in the sensor for small rotation rates. Therefore, the sequence
of the signs of the slope at the operating points have to be chosen in a way that the mentioned
correlation disappears.

4. The modulation must be such that a stable operation of the scale factor controller (auxiliary
control loop) can be ensured for any input rotation rates of the sensor.

The MIOC has a lower transmission factor at very low frequencies than at medium and high
frequencies. If the low frequencies and DC voltage were kept away from the MIOC, then the sensor
errors must disappear since the drop of the transmission factor at low frequencies can no longer have
an effect.

The concept, therefore, is to modify the modulation scheme or, better, the statistical properties of
the controlled work points so that the modulation signal at the MIOC has the mean eliminated; that
is: it is a mean-free modulation as the expectation value would be zero. In addition to the above four
objectives, a fifth item arises:

5. The modulation must be such that the expected value of the MIOC drive signal becomes zero.
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However, it is now apparent that in the above-described prior art method, the degrees of freedom
have been exhausted by specifying the first four objectives. Therefore, should the fifth property be
applied, this would be at the cost of the first four objectives. In particular, it is expected that the
freedom from correlation between the MIOC control signal and the demodulator reference would
disappear. This is a prerequisite for the disappearance of the lock-in effect during over-coupling from
the MIOC signal to the detector signal. This has been confirmed by simulation. This statement applies
to the method in the current technical concept with a modulation range of the MIOC signal of 2π.
However, it is now possible to increase the control range of the MIOC signal to 4π and thereby increase
the number of degrees of freedom which can be used in controlling the work points. In this case, all
five of the above-mentioned objectives can be achieved. The resulting solutions for the 4π control
range of the MIOC are presented in the following sections.

4.3.2. Statistical Rounding

The mean value freedom of the MIOC control signal can be achieved by so-called statistical
rounding [46]. As shown in Figure 12a, the wanted signal x ∈ [0, q) is mixed with a random number
with a distribution shown in Figure 13a.
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A comparator then checks whether the output signal meets the y ≥ q condition. The probability
P(y ≥ q) of the hatched area of Figure 13b is

P(y ≥ q) =
x
q

. (6)
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This constructs the rounded signal

xr =

{
0 for y < q
q for y ≥ q

. (7)

Thus, the expected value for xr is

E(xr) = P(y < q)·0 + P(y ≥ q)·q =

(
1 − x

q

)
·0 +

x
q
·q = x . (8)

The rounded signal xr thus corresponds to the input signal x. If signal x − xr is formed, then its
expected value is

E(x − xr) = 0 (9)

As a basic concept, q = π or q = 2π is selected and the MIOC, instead of a signal x, is fed with a
mean-value-free signal, x − xr. For q = π, the transition from x to x − xr changes the MIOC signal.
Hence the phase of the interferometer is changed by the value π, which changes the operating point to
an operating point with an opposite slope. This measure changes the demodulator reference. For the
situation of q = 2π, there is also a change of the operating point but the slope is unchanged. Owing
to the periodicity of the interferometer characteristic, there are no other changes. Figure 12b shows the
circuit realization of statistical rounding for mean-free-value (E(x − xr) = 0) of the MIOC signal.

The unmodified signal is x(t) ∈ [0, q). This, for example, could have a word width of 12 bits.
The weighting of the MSB is q

2 . To this signal, x(t), is added an equally-distributed random number
which also has the same word width of 12 bits. The condition x + r ≥ q is signaled by the carry
bit—the sum itself is not used. If the signal is now formed into a 13-bit number, with the carry bit
forming the new MSB, then this number can be interpreted as a two’s-complement number and is
mean-free since the new MSB has the weight of –q. The signal x − xr with E(x − xr) = 0 can be now
fed to a D/A-converter which, in turn, controls the MIOC. As already explained above, two different
cases are possible:

1. q = π which results in a modulation range of the MIOC of 2π (henceforth referred to as
2π-modulation).

2. q = 2π which results in a modulation range of the MIOC of 4π (henceforth referred to as
4π-modulation).

It will now be shown how these modifications are incorporated into the current technical concept.
This related part of the circuit is shown again in Figure 14.
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4.3.3. Mean-Value-Free MIOC Control with 4π-Modulation

As already mentioned, compromises would be made in the implementation of mean-value-free
2π-modulation since the number of degrees of freedom was not sufficient for the control work points.
This goal—a mean-value-free control of the MIOC—can be achieved by surrendering other conditions.
If a control range of 4π for the MIOC signal is considered, then all simultaneous conditions for a
correlation-free demodulation signal and a mean-free MIOC signal can be fulfilled. For statistical
rounding, a quantization of q = 2π is chosen. The entire data path remains unchanged. Only
here the D/A converter receives an additional bit as MSB with the weighting of 2π. This range
expansion achieves a mean-value freedom at the D/A converter. The additional bit shifts the controlled
operating points by an amount of 2π, which does not change the sign of the slope of the respective
operating point, and thus leaves the demodulation signal unchanged. Thus, the non-correlation of
the demodulation signal is restored but the MIOC control is now mean-value-free. However, the
generation of the demodulation signal for the scale factor controller has to now be adapted for the new
method. Figure 15 shows the resulting configuration.
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Figure 15. Configuration for mean-value-free 4π-modulation.

The implementation is slightly simplified since there is now no longer any effect on the
demodulation signal (this is stated again for emphasis). Note that the signal at the output of the
phase accumulator is subjected to statistical rounding with q = 2π and that the additionally-obtained
bit is fed as an MSB to the one-bit-wider D/A converter. In this example, the additional bit is also
fed back into the register of the phase accumulator. This is necessary to derive the demodulation
signal for the scale factor controller. Figure 16a shows the rate and value distribution at applied rate of
−10◦/h. Similarly, the rates and value distribution for an input rate of zero are shown in Figure 16b.
Both figures show a normal distribution of values. Figure 17 shows the frequency distribution of the
controlled operating points. The number of operating points has doubled from four to eight.
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4.4. Discussion and Outlook

Our method demonstrates that FOG sensor errors in the form of periodic phases can be fed back
with a sensor output signal from zero to a frequency-dependent transmission function of the MIOC
with attenuation at low frequencies. These errors can be eliminated, if low frequencies and DC voltage
are kept away from the MIOC by a mean-free drive.

It has also been shown that the mean-value freedom of the MIOC control signal can be produced
by subtracting a signal quantized by q = π or q = 2π, obtained by statistical rounding of the original
MIOC control signal. When q = π, this results in a MIOC control range of 2π. Mean-value-free
range of freedom can be produced here only by modifying the modulation scheme, whereby other
sensor properties can be impaired. Setting q = 2π gives a MIOC control range of 4π. In this case, the
mean-value-free state can be achieved without detriment to the modulation scheme and thus without
adversely affecting other sensor properties.

Breaking the MIOC phase-bleed-induced noise limitation through means of an improved
and efficient signal processing has paved the way for further FOG applications with navigation
grade demands.
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5. Comparison of Fiber Optic and MEMS Gyroscopes

Both types of sensors are equally suitable to build strapdown navigation and AHRS systems.
Since MEMS gyroscopes have entered the high-end tactical grade performance of 1–5◦/h they have
started to replace some Fiber Optic Gyroscopes due to their inherent cost, size, weight, and power
(CSWaP) advantages. Nevertheless, there are a number of implications that need to be considered
during the selection process.

From the fact that Fiber Optic Gyros do not contain moving parts it can be concluded that
they perform generally much better over vibration, shock, and acoustic noise [µFORS]. Nevertheless,
there is a sensitivity of the fiber coil towards mechanical stress that can be considered a temporary
stress-induced Shupe effect [47]. However, this sensitivity only becomes apparent for performance
ranges where MEMS gyroscopes are not available yet.

Temperature related Shupe effect and magnetic sensitivity due to the Faraday effect are
disadvantages of the FOG and advantages of the MEMS gyroscope. These types of environmental
conditions can be shielded from FOG coils, however the mechanical construction and calibration effort
generally affect size and cost.

FOG noise is widely affected by the light source, electronics, and the signal processing scheme,
while MEMS gyroscope noise is widely affected by the moveable mass and also electronics and the
signal processing scheme. While MEMS are inherently associated with small size, it is unlikely that
they will outperform FOG noise performance on a large scale. Nevertheless, MEMS performance can
be scaled with size.

One of the greatest advantages of FOG gyroscopes over MEMS gyroscopes is the achievable
bandwidth. We have accomplished several hundreds of Hz bandwidth with MEMS, however FOGs
due to their interferometric nature and simple deadbeat control scheme offer merely infinite bandwidth,
only limited by the interface sampling frequency. For applications with very fast control loops—e.g.,
in some military domains—FOG is likely to remain the best choice. The following Tables 2 and 3
summarize technical parameters achieved within Northrop Grumman LITEF’s MEMS and Fiber Optic
Gyroscopes in serial production. After all, it is clear that FOGs are performance-scalable and will
continue to remain the predominant gyro sensor for several years in applications that require better
than 0.1◦/h bias and less than 0.05◦/rt(h) angle random walk. Very high performance FOGs can be
found in marine systems with large scale factor (~1 km of fiber length and large diameter), where
benign environmental conditions can be assumed. Alternatives such as Hemispherical Resonator
Gyros (HRGs) and axisymmetric Class II MEMS Gyroscopes are however either already entering the
market or are under intensive development.

FOG and MEMS are both mature technologies that are suitable to meet the highest safety standards
for aircraft certification. They both provide scalability and are therefore suitable technologies to span
over orders of magnitude in performance.

Table 2. Typical values achieved by single-axis MEMS gyroscopes for the use in the Northrop Grumman
LITEF MEMS IMU. All parameters tested on the IMU level.

Parameter Test Conditions Typ. Unit

Dynamic range 1500 (max.) ◦/s
Scalefactor repeatability −40 ◦C ≤ T ≤ 85 ◦C; 1σ 300 ppm

Bias repeatability −40 ◦C ≤ T ≤ 85 ◦C; 1σ 1.2 ◦/h
Bias instability (Allan deviation) 0.1 ◦/h

Angle random walk 0.1 ◦/
√

h
Vibration rectification error rms 0.09 ◦/h/g2

−3 dB bandwidth 240 Hz
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Table 3. Typical values achieved by single-axis FOGs for the use in the Northrop Grumman LITEFs
FOG-IMU based systems. All parameters tested on the IMU level.

Parameter Test Conditions Typ. Unit

Dynamic range 1500 (max.) ◦/s
Scalefactor repeatability −40 ◦C ≤ T ≤ 71 ◦C; 1σ 30 ppm

Bias repeatability −40 ◦C ≤ T ≤ 71 ◦C; 1σ 0.015 ◦/h
Bias instability (Allan deviation) 0.0012 ◦/h

Angle random walk 0.005 ◦/
√

h
−3 dB bandwidth 8000 Hz

6. Conclusions

Based on applications, customer needs, and our long-term experience in the field we revisited the
requirements for tactical and navigation grade inertial sensors in navigation applications and presented
NG LITEF’s recently accomplished improvements in the domains of MEMS accelerometers, MEMS
gyroscopes, and Fiber Optic Gyroscopes to fulfill these requirements. For MEMS accelerometers,
lateral structures provide excellent linearity and pressure insensitivity. For MEMS gyroscopes,
an optimized chip design and operating scheme provide better than 1◦/h residual bias over
temperature with excellent vibration and acoustic noise immunity. For Fiber Optic Gyroscopes,
the MIOC phase-bleed-induced noise has been eliminated by means of signal processing and the bias
over temperature has been improved by continuous adaption to the fiber length. We have also given
a comparison of FOG and MEMS gyro technologies to assist system engineers with the process of
inertial sensor type selection.

Author Contributions: O.D., G.D. and S.V. contributed Section 4, while S.K., T.M. and S.Z. contributed Sections 2
and 3. Sections 1, 5 and 6 were contributed by all authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Curey, R.K.; Ash, M.E.; Thielman, L.O.; Barker, C.H. Proposed IEEE Inertial Systems Terminology Standard
and Other Inertial Sensor Standards. In Proceedings of the Position Location Navigation Symposium
(PLANS 2004), Monterey, CA, USA, 26–29 April 2004.

2. IEEE Std 528-2001. IEEE Standard for Inertial Sensor Terminology; The Institute of Electrical and Electronics
Engineers, Inc.: New York, NY, USA.

3. Strachan, V.F. Inertial Measurement Technology in the Satellite Navigation Environment. J. Navig. 2000, 53,
247–260. [CrossRef]

4. Probst, U. Measurement-While-Drilling System Based on Inertial Sensors for Guided Drilling and
Resurveying Applications. In Proceedings of the Inertial Sensors and Systems 2013 (DGON ISS), Karlsruhe,
Germany, 17–18 September 2013.

5. Martin, T.; Probst, U.; Fischer, H.; Straub-Kalthoff, J.; Herbert, U. Simulation Tool Chain for Multi-Sensor
Navigation Filters. In Proceedings of the Inertial Sensors and Systems 2014 (DGON ISS), Karlsruhe, Germany,
16–17 September 2014.

6. Lefevre, H. The Fiber-Optic Gyroscope, 2nd ed.; Artech House: Boston, MA, USA, 2014.
7. Lärmer, F. Method of Anisotropically Etching Silicon. U.S. Patent 5,501,893, 26 March 1996.
8. Breng, U.; Gutmann, W.; Hafen, M.; Handrich, E.; Leiblich, M.; Ryrko, B.F.; Wetzel, M.; Zimmermann, S.;

Billep, D.; Gessner, T.; et al. A Novel Micromachined Silicon Gyro. In Proceedings of the Symposium Gyro
Technology 1998 (DGON SGT), Stuttgart, Germany, 15–16 September 1998.

9. Xia, D.; Yu, C.; Kong, L. The Development of Micromachined Gyroscope Structure and Circuitry Technology.
Sensors 2014, 14, 1394–1473. [CrossRef] [PubMed]

10. Kemmler, M.W.; Spahlinger, G.; Kunz, J.; Ribes, M.; Zimmermann, S. Design of a commercial small-volume
fiber optic gyro. In Proceedings of the SPIE Fiber Optic Gyros: 20th Anniversary Conference, Denver, CO,
USA, 4 August 1996; Volume 2837, pp. 92–97.

http://dx.doi.org/10.1017/S0373463300008808
http://dx.doi.org/10.3390/s140101394
http://www.ncbi.nlm.nih.gov/pubmed/24424468


Sensors 2017, 17, 567 21 of 22

11. Kunz, J.; Kemmler, M.W.; Spahlinger, G.; Ribes, M. Design of an ASIC for a commercial small-volume fiber
optic gyro. In Proceedings of the SPIE Fiber Optic Gyros: 20th Anniversary Conference, Denver, CO, USA,
4 August 1996; Volume 2837, pp. 98–105.

12. Ribes, M.; Spahlinger, G.; Kemmler, M.W. 0.1 deg/h DSP-Controlled Fiber Optic Gyroscope. In Proceedings
of the SPIE Fiber Optic Gyros: 20th Anniversary Conference, Denver, CO, USA, 4 August 1996; Volume 2837,
pp. 199–206.

13. Spahlinger, G.; Kemmler, M.W.; Ruf, M.; Ribes, M.; Zimmermann, S. Error Compensation via Signal
Correlation in High Precision Closed-Loop Fiber Optic Gyros. In Proceedings of the SPIE Fiber Optic Gyros:
20th Anniversary Conference, Denver, CO, USA, 4 August 1996; Volume 2837, pp. 218–227.

14. Deppe-Reibold, O.; Böhler, H.; Dorner, G.; Hafen, M.; Rasch, A.; Spahlinger, G. Prototype Study of a High
Performance Inertial Measurement Unit for Use in Inertial Navigation Applications based on NG LITEFs
AHRS LCR-100. In Proceeding of the Symposium Gyro Technology 2009 (DGON SGT), Karlsruhe, Germany,
22–23 September 2009.

15. B-290 Triad Three Axis Accelerometer Datasheet; Northrop Grumman LITEF GmbH: Freiburg, Germany, 2011.
16. Billep, D.; Hiller, K.; Froemel, J.; Tenholte, D.; Reuter, D.; Doetzel, W.; Gessner, T. Post-processing gap

reduction in a micromachined resonator for vacuum pressure measurement. In Proceedings of the SPIE
Smart Sensors, Actuators, and MEMS II, 341, Sevilla, 1 July 2005; Volume 5836.

17. König, S.; Leinfelder, P. First results with MEMS tilt sensors on bridges. In Proceedings of the Inertial Sensors
and Systems 2016 (DGON ISS), Karlsruhe, Germany, 20–21 September 2016.

18. Föllinger, O. Lineare Abtastsysteme, 3rd ed.; R. Oldenbourg Verlag: Munich, Germany, 1986.
19. IEEE Std 1293-1998. IEEE Standard Specification Format Guide and Test Procedure for Linear, Single-Axis,

Nongyroscopic Accelerometers; The Institute of Electrical and Electronics Engineers, Inc.: New York, NY,
USA, 1998.

20. LCR-100 Gyrocompass AHRS Datasheet; Northrop Grumman LITEF GmbH: Freiburg, Germany, 2012.
21. Geiger, W.; Breng, U. Method for the Production of a Component, and Component. U.S. Patent 8,258,590,

4 September 2012.
22. Hiller, K.; Hahn, S.; Küchler, M.; Billep, D.; Forke, R.; Geßner, T.; Köhler, D.; Konietzka, S.; Pohle, A.

Erweiterungen und Anwendungen der BDRIE-Technologie zur Herstellung hermetisch gekapselter Sensoren
mit hoher Güte. In Proceedings of the Mikrosystemtechnik 2013, Aachen, Germany, 14–16 October 2013.

23. Geiger, W.; Leinfelder, P.; Spahlinger, G.; Bartholomeyczik, J. Rotation rate sensor. U.S. Patent 8,365,595,
5 February 2013.

24. Geiger, W. Coriolis Gyro. U.S. Patent 8,342,023, 1 January 2013.
25. Trusov, A.A.; Rozelle, D.M.; Atikyan, G.; Zotov, S.A.; Simon, B.R.; Shkel, A.M.; Meyer, A.D.

Non-Axisymmetric Coriolis Vibratory Gyroscope with Whole Angle, Force Rebalance, and Self-Calibration.
In Proceedings of the Technical Digest of IEEE Solid State Sensors, Actuators and Microsystems Workshop,
Hilton Head Island, SC, USA, 8–12 June 2014.

26. Lynch, D.D. Coriolis Vibratory Gyros. In Proceedings of the Symposium Gyro Technology 1998 (DGON SGT),
Stuttgart, Germany, 15–16 September 1998.

27. Tronics and Si-Ware Systems Partners in Developing MEMS Gyro Sensors. Available online: http://www.
tronicsgroup.com/Tronics-and-Si-Ware-Systems (accessed on 11 March 2017).

28. Omar, A.; Elshennawy, A.; Ismail, A.; Nagib, M.; Elmala, M.; Elsayed, A. A New Versatile Hardware Platform
for Closed-Loop Gyro Evaluation. In Proceedings of the Inertial Sensors and Systems 2015 (DGON ISS),
Karlsruhe, Germany, 22–23 September 2015.

29. Rombach, S.; Maurer, M.; Manoli, Y. Continuous-Time Lowpass and Bandpass ∆Σ-Modulators for
Closed-Loop Readout Circuits of Capacitive MEMS Gyroscopes. In Proceedings of the Inertial Sensors and
Systems 2015 (DGON ISS), Karlsruhe, Germany, 22–23 September 2015.

30. Spahlinger, G. Operating Method for a Coriolis Gyro, and Evaluation/Control Electronics Which Are Suitable
for This Purpose. U.S. Patent 7,805,993, 7 November 2005.

31. Spahlinger, G. Method for Controlling/Regulating a Physical Quantity of a Dynamic System, in Particular a
Micromechanical Sensor. U.S. Patent 7,490,015, 10 February 2009.

32. Prikhodko, I.P.; Trusov, A.A.; Shkel, A.M. Compensation of drifts in high-Q MEMS gyroscopes using
temperature self-sensing. Sens. Actuators A Phys. 2013, 201, 517–524. [CrossRef]

http://www.tronicsgroup.com/Tronics-and-Si-Ware-Systems
http://www.tronicsgroup.com/Tronics-and-Si-Ware-Systems
http://dx.doi.org/10.1016/j.sna.2012.12.024


Sensors 2017, 17, 567 22 of 22

33. Peters, C.; Gutmann, W.; Hafen, M.; Jäckle, A.; Kunz, J.; Ruf, M.; Stumpf, K.; Zimmermann, S.; Geiger, W.
Results of Qualification and Initial Prototype Production of a MEMS IMU. In Proceedings of the Symposium
Gyro Technology 2011 (DGON SGT), Karlsruhe, Germany, 20–21 September 2011.

34. Rottschalk, M.; Rasch, A.; Karthe, W. Electrooptic Behavior of Proton Exchanged LiNbO3 Optical Waveguides.
J. Opt. Commun. 1988, 9, 19–23. [CrossRef]

35. Voigt, S. Electrooptical Digital Waveguide Modulator. U.S. Patent 9,329,412, 8 August 2013.
36. Voigt, S.; Spahlinger, G.; Newzella, A. Digital Phase Modulator for a Fiber-Optic Device. U.S. Patent 7,469,075,

6 July 2006.
37. Spahlinger, G.; Voigt, S. Method for Regulating the Operating Frequency and Multifunctional Integrated

Circuit Chip for a Fiber-Optic Gyroscope. U.S. Patent 7,283,246, 16 October 2007.
38. Bulmer, C.H.; Burns, W.K.; Hiser, S.C. Pyroelectric Effects in LiNbO3 channel waveguide devices.

Appl. Phys. Lett. 1986, 48, 1036–1038. [CrossRef]
39. Spahlinger, G. Fiber Optic Sagnac Interferometer with Digital Phase Ramp Resetting via Correlation-Free

Demodulator Control. U.S. Patent 5,123,741, 23 June 1992.
40. Graindorge, P.; Arditty, H.; Lefevre, H. Device for Measuring a Nonreciprocal Phase Shift Produced in a

Closed-Loop Interferometer. U.S. Patent 4,705,399, 10 November 1987.
41. Arditty, H.; Puech, C.; Papuchon, M. Device for Measuring a Phase Shift Which Is Not Reciprocal Produced

in a Ring Interferometer. U.S. Patent 5,056,919, 15 October 1991.
42. Lefevre, H.C. Integrated optics: A practical solution for the Fiber-Optic Gyroscope. In Proceedings of the

SPIE Fiber Optic Gyros, 10th Anniversary Conference, Cambridge, MA, USA, 18 August 1986; Volume 719.
43. Gröllmann, P. Fiber Optic Sagnac Interferometer with Digital Phase Ramp Resetting. U.S. Patent 5,116,127,

26 May 1992.
44. Büschelberger, H.J.; Spahlinger, G. Fiber Optic Sagnac Interferometer with Digital Phase Ramp Resetting via

Correlation-Free Demodulator Control. U.S. Patent 5,214,488, 25 May 1993.
45. Spahlinger, G. Method and Apparatus for Stabilizing Control Loop Scale Factor and Gain in a Fiber Optic

Sagnac Interferometer. U.S. Patent 5,351,123, 27 September 1994.
46. Spahlinger, G. Suppression of limit-cycles in digital filters by statistical rounding. In Proceedings of the

ISCAS-85, Kyoto, Japan, 5–7 June 1985.
47. Shupe, D.M. Thermally induced nonreciprocity in the fiber-optic interferometer. Appl. Opt. 1980, 19, 654–655.

[CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1515/JOC.1988.9.1.19
http://dx.doi.org/10.1063/1.96640
http://dx.doi.org/10.1364/AO.19.000654
http://www.ncbi.nlm.nih.gov/pubmed/20220911
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	MEMS Accelerometers 
	Background 
	Theoretical Analysis 
	Electrode Design: Geometrical Sensitivity 
	Spring Design and Displacement vs. Acceleration 
	Forces: Linearity 
	Damping, Noise, and Bandwidth 

	Production Data 
	Scalefactor Residual Error 
	Bias and Bias Residual Error 
	Vibration Rectification Error 

	Summary and Outlook 

	MEMS Gyroscopes 
	Technology 
	Gyroscope Chip Design 
	Operating Principles 
	Performance and Outlook 

	Fiber Optic Gyros 
	Background 
	Random Modulation and MIOCs with Phase Bleed in the FOG 
	Approach with DC-Free Modulation 
	Preliminary Considerations 
	Statistical Rounding 
	Mean-Value-Free MIOC Control with 4-Modulation 

	Discussion and Outlook 

	Comparison of Fiber Optic and MEMS Gyroscopes 
	Conclusions 

