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Abstract

Reliable navigation in the absence of Global Navigation Satellite Systems (GNSS) is a key
enabler for both manned and unmanned aerial vehicles. In GNSS-denied environments
caused by interference (jamming), spoofing, or complete signal loss, aircrafts must rely
mostly on inertial navigation. Ring laser gyro (RLG)-based inertial navigation systems (INS)
represent the benchmark in this domain due to their excellent bias stability, low noise
density, and robust long-term drift performance. RLGs are not only used in defense and

research applications but also form the established standard in commercial air transport

aircraft, providing highly reliable navigation, even under degraded GNSS availability.

This whitepaper presents the performance evaluation of iIMAR’s INAT-RQT-4001, a
strategic-grade RLG-INS, using a flight dataset provided by the Institute of Flight Guidance
(IFF), TU Braunschweig. The study investigates GNSS-denied scenarios with several initial
alignment durations and evaluates the impact of aiding strategies. Results show that even
without aiding, the INAT-RQT-4001 maintained acceptable accuracy for short outages
(< 300 m after 15 minutes). With automatic altitude aiding, based on even weak GNSS
altitude constraints from the last measured height, the system proved effective despite the
non-constant altitude profile of the flight, keeping errors within specification for ~120
minutes. With barometric altitude aiding, the system not only met but significantly exceeded
its specification of 0.5 NM/h, achieving ~0.25 NM/h and stable performance over 4 hours.
By contrast, true airspeed aiding without reliable wind estimation (which is not possible at
all by physics due to usual weather constraints) provided no benefit and may even degrade

performance.

The findings confirm that the INAT-RQT-4001 delivers performance well beyond its
specification and is an excellent solution for GNSS-denied operations, far superior

compared to MEMS- or tactical-grade FOG-based system.
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1. Introduction
Reliable navigation in the absence of Global Navigation Satellite Systems (GNSS) is a key
enabler for safe and efficient operation of both manned and unmanned aerial systems
(UAS). In urban canyons, under intentional interference (jamming / spoofing), or in complete

signal outage (GNSS-denied environments), aircrafts must rely on self-contained navigation

to maintain accurate position, velocity, and attitude information.

Ring laser gyro (RLG)-based inertial navigation systems (INS) are widely recognized as a
benchmark technology and used for decades in this domain due to their excellent bias
stability, low noise density, and robust long-term drift characteristics. RLGs are not only used
in defense and research applications but are also the established standard in commercial
air transport aircraft, where they provide highly reliable navigation performance over
intercontinental flights and under degraded GNSS availability. Hemispherical resonator
gyroscopes (HRGS), by contrast, have only more recently entered the market, and there is
still very limited published data available on their actual performance in GNSS-denied
conditions. It therefore remains unclear whether HRGs can consistently achieve error growth

rates below 0.5 NM/h, particularly in scenarios with very short alignment durations.

The INAT-RQT-4001 represents a strategic-grade navigation system, i.e. it contains inertial
sensors capable of maintaining highly accurate navigation solutions over extended GNSS
outages. Such performance is fundamentally out of reach for micro-electro-mechanical
systems (MEMS)-based inertial sensors, which exhibit orders of magnitude higher bias
instabilities and drift rates nowadays. Demonstrating the accuracy and robustness of the
INAT-RQT-4001 therefore also serves to underline the Ilimitations of other sensor
technologies with lower sensor performance. This whitepaper investigates the performance
of the INAT-RQT-4001 in GNSS-denied scenarios. The study has three main objectives:

e To experimentally validate the specified accuracy of the INAT-RQT-4001 under real-
world conditions.
e To analyze the performance of the unaided INS solution, emphasizing the natural drift
behavior of the strapdown mechanization without external aiding.
e To assess the benefit of simple aiding strategies for improving navigation
performance during GNSS outages:
o Automatic altitude aiding: applying weak altitude constraints from GNSS to

stabilize error growth even under non-constant altitude profiles.
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o Barometric altitude aiding: Fusing a barometric altimeter with the INS

significantly reduces vertical drift and improves overall trajectory accuracy,
while requiring only minimal integration effort.

o True Airspeed (TAS) aiding: examined for sensitivity to wind error, which can

also degrade high-grade INS performance.

The results can be used as a guideline by system integrators and operators: barometric
aiding is highly effective and low-cost, automatic altitude aiding can provide stabilization
when barometric data is unavailable, while TAS aiding requires explicit wind modeling to

avoid severe position errors, if any.

2. Scenario Description and used Tools

This study uses a dedicated flight dataset from the Institute of Flight Guidance (IFF),
Technische Universitat Braunschweig. The experiments were flown with the Cessna F406
(Caravan ll) research aircraft “D-ILAB”, a high-wing, twin-turboprop platform configured for
airborne sensing and avionics research (Figure 1). With its twin-propeller layout and proven
operational envelope, the Cessna F406 (Caravan Il) provides a practical platform for realistic

navigation experiments.

Figure 1: Cessna F406 “D-ILAB” research aircraft (courtesy of IFF, TU Braunschweig) [1].

The aircraft is equipped with an air-data instrumentation boom mounted on the nose (Figure
2). The boom integrates a five-hole probe, multiple temperature sensors, an air inlet/outlet
for humidity measurement and it also provides hardpoints for additional sensors. This

arrangement supplies high-quality air-data and environmental measurements that are
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invaluable for validating aiding concepts (e.g., TAS) and for diagnosing wind-related effects

during GNSS outages.

Hardpoints for Temperature sensor
additional sensors

humidity measurement

Figure 2: Instrumented nose boom with five-hole probe, temperature sensors, humidity inlet/outlet,
and hardpoints for additional sensors (courtesy of IFF, TU Braunschweig) [2].

The inertial core under test is the IMAR INAT-RQT-4001 (Figure 3), a strategic-grade ring-
laser-gyro INS. Its specification — summarized together with other INAT-RQT series
variants in Table 1 — includes an anglular-random-walk of 0.0016 °/~h, < 0.001 °/h gyro
bias instability, and < 50 ug accelerometer day-to-day bias for the INAT-RQT-4001. These
values are representative of strategic-grade performance and are far beyond what MEMS
and most FOG-based systems can maintain over extended GNSS outages. An RLG uses a
solid, monolithic resonator block (often made of low-expansion glass ceramic, called
Zerodur®) in which two counter-propagating laser beams form stable optical pathes. The
frequency difference between these beams, induced by the Sagnac effect, is directly
measured and remains largely unaffected by small mechanical vibrations. In addition, the
compact and rigid resonator structure makes the RLG inherently less sensitive to
temperature gradients, since the optical path length remains stable even under varying
thermal conditions. In comparison, e.g. fiber optic gyroscopes (FOGs) are more affected by
micro-bending, strain, and polarization changes in their fiber coils, while MEMS gyroscopes
are highly susceptible to both vibration and thermal effects due to their microscopic
mechanical structures. As a result, RLGs generally provide superior robustness in harsh

vibration and temperature environments.
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Figure 3: INAT-RQT-4001 inertial navigation system and performance specifications [3]

System Gyro Gyro Gyro Gyro
iNAT- Bias day2day Bias Instability ARW SCF
[°/h] [°/h] [°Ih] [Ppm]
RQT-4001 < 0.002 < 0.001 < 0.0016 <15
RQT-4002A < 0.005 <0.001 < 0.0025 <15
RQT-4002 < 0.007 <0.001 < 0.0028 <15
RQT-4003 <0.01 <0.001 < 0.0050 <15
Accel Accel Accel Accel
Bias day2day Bias Instability VRW SCF
[1g] [ug] [ug/VHz] [ppm]
RQT-4001 <50 <12 <12 <100 ppm
RQT-4002A <75 <12 <12 <100 ppm
RQT-4002 <75 <12 <12 <100 ppm
RQT-4003 <100 <12 <12 <100 ppm

Table 1: INAT-RQT-400x sensor performance overview [3].

The flight campaign spans several hours (4h 26min, 1’391 km) and covers a transit from

Braunschweig (Germany) to patterns over the North Sea west of Sylt (Figure 4). The altitude

profile includes pronounced step changes between low-level and ~1’°000 m segments

(Figure 5), and the speed profile shows long straight sections at roughly 75-100 m/s (Figure

6). This mix of steady and dynamic segments excites the INS error dynamics and provides

the necessary diversity to test aiding strategies. In our analysis, we consider three

configurations: INS-only, INS + barometric altitude aiding, and INS + TAS aiding (without
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explicit wind estimation), which allows us to quantify the benefit of barometric support and
the risk of wind-biased TAS updates.

Figure 4: Flight trajectory (top right) and recorded altitude and velocity profiles (bottom). The

dataset provides diverse flight dynamics for INS error characterization.
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Figure 5: Altitude (WGS 84) profile of flight.
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Figure 6: Aircraft velocity over ground (INS/GNSS) and True Air Speed from Air Data Unit
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Reference trajectory and processing approach:

For quantitative performance evaluation, the integrated INS/GNSS solution of the INAT-
RQT-4001 was used as the reference. When operated with GNSS corrections (SBAS), this
solution provides a position accuracy better than 1 m, which is sufficient to serve as a truth

reference for assessing INS drift during simulated GNSS-denied intervals.

All evaluations were carried out in post-processing, but employing the original real-time
algorithm of the INAT-RQT. This ensures that the results are fully representative of
achievable real-time performance, while still allowing flexible scenario replay and systematic

analysis of different aiding strategies.

3. Performance Evaluation

3.1 Methodology

The performance evaluation is based on a systematic post-processed replay of the flight
data with different aiding configurations. The objective is to quantify the drift behavior of the
INAT-RQT-4001 INS during simulated GNSS outages and to assess the impact of simple

aiding signals (barometric altitude and true airspeed).
The methodology follows these key steps:

Alignment of INS: No static alignment (gyro compassing on the ground) was performed
prior to departure at ground. Instead, a dynamic alignment was executed after takeoff, using
GNSS data to initialize the INS during the early climb phase. This scenario reflects a time-
critical emergency takeoff, where there is no opportunity to perform a conventional static

alignment on the apron.

GNSS-denied scenario: After the takeoff, GNSS aiding was intentionally limited to a
defined time window of 1, 2, 5, 10, 20 or 30 minutes (as depicted in the dataset plots). Once
the selected interval expired, GNSS updates were disabled for the remainder of the flight,
and this also limits the duration available for the dynamic alignment. This design allows the
investigation of how long an initial GNSS aiding period is required to stabilize the INS and
whether longer aiding durations lead to improved drift performance during the subsequent

denial phase.
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Aiding configurations: Two cases were considered:

e INS only: Pure inertial mechanization, representing the baseline drift characteristics
of the INAT-RQT-4001.

e INS + Barometric altitude: Vertical channel stabilization via barometric measure-

ments.

Finally, in addition to these two core configurations, it was also examined whether the use
of True AirSpeed (TAS) aiding could provide any improvement compared to the purely

inertial and barometrically aided solutions.
Error metrics: The navigation performance was quantified in terms of:

e Absolute 3D position error (Euclidean distance between INS solution and reference).

e Absolute attitude error, computed as the rotation angle between the reference and
estimated attitude (derived from the difference quaternion or rotation matrix). This
provides a single scalar measure of orientation error combining yaw, pitch and roll

discrepancies.

Expected errors:

To place the results into context, the manufacturer’s specified performance of the INAT-RQT
family (with altitude aiding and without GNSS) is listed in Table 2. These values represent
the expected horizontal position error growth rates of different system variants and serve as

a benchmark for the evaluation.

System Horizontal Position Error (CEP 50)
iNAT-RQT-4001 0.5 NM/h
iNAT-RQT-4002A 0.8 NM/h
INAT-RQT-4002 1 NM/h
iINAT-RQT-4003 1.5 NM/H

Table 2: Specified horizontal position error of the INAT-RQT family with altitude aiding, w/o GNSS.
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3.2.1  INS only (no aiding)
The first evaluation considers the pure inertial strapdown mechanization of the iINAT-RQT-

4001 without any aiding. Figure 7 shows the absolute 3D position error as a function of the
GNSS outage duration for different initial GNSS availability durations (1, 2, 5, 10, 20, and

30 minutes).
2100 - T
[ | —— GNSS disabled after 1 min
1950 | | | Q GNSS disabled after 2 min
II [ %) GNSS disabled after 5 min
1800 [ (é? GNSS disabled after 10 min
| | | 0 —— GNSS disabled after 20 min
1650 | w : -
| N —— GNSS disabled after 30 min
. | é\\
1500 | f {
_ | | <
|
E 1350 || f- [
8 | Q;
@ 1200 \ f
[ |
=3 | |
= 1050 | f
<] | f /
ot | [ /
& 900 | I/
] | [ /
2 |
2 750 5 |/
£ | /
600 { /
[ /
4501 | V.
| 7 /.
| i
300 / /{/
f Y
| r)
150(| | //
o0 #L
60 75 90 105 120 135 150 165 180 195 210 225 240 255 270

Time Since GNSS Disabled [min]

Figure 7: Absolute 3D position error of the INAT-RQT-4001 without aiding for different GNSS
availability durations before denial.

Error growth is nonlinear (quadratic to cubic) over time. In the absence of any external
aiding, the strapdown mechanization shows the expected unstable behavior: velocity errors
integrate into quadratic position errors, and gyro drift propagates into cubic divergence. This
results in rapidly diverging position errors, far exceeding the linear 0.5 NM/h bound specified
for the aided case. Without altitude aiding, the system cannot observe all required error
states, and the navigation solution becomes unstable. This is consistent with the theoretical
error propagation of unaided INS. Longer GNSS availability before denial slightly reduces
the initial error offset through longer and better observability, but it does not change the
fundamental growth behavior. Even after 30 minutes of GNSS aiding, in this dataset the
solution diverges 60 minutes after GNSS was disabled. A purely inertial solution, even with
a strategic-grade RLG INS, is not viable for long-term navigation under GNSS denial.
External aiding is essential to bound the error growth and to achieve stable navigation
performance. However, for short time outages the performance is still acceptable as it
results in a total error of < 300 m after 15 mins with a maximum alignment time of 2 minutes.
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Figure 8: Absolute attitude error pure inertial for different GNSS availability durations (no aiding).

Figure 8 shows the absolute attitude error for the unaided INS solution. The results
demonstrate that, after GNSS loss, the attitude error remains bounded for roughly 60
minutes before growing rapidly. The root cause of the observed instability is related to gravity
compensation. When the aircraft is flying at a constant altitude, but the navigation system
assumes a slightly higher altitude than in reality, the gravity model predicts a smaller gravity
value than actually present. As a result, the vertical accelerometer readings are under-
compensated for gravity. Even though the aircraft is truly in level flight, the system interprets
a small residual acceleration as a continuous upward motion. When this residual is
integrated over time, it produces an artificial climb in the navigation solution. This
mechanism explains the unstable behavior observed in the vertical channel. Longer GNSS
availability prior to denial improves the short-term stability, but the drift inevitably
accelerates. This confirms that even with a strategic-grade INS, aiding is required to stabilize
both position and attitude estimates during long GNSS-denied phases. However, it is very
impressive that an only 2 min dynamical alignment (yellow line), yield to a more then 60 min

angular stability before divergence in this typical dataset.
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3.2.2 INS + Automatic altitude aiding

Figures 9 and 10 below show the results when the INS is aided by an automatic altitude

input. In this configuration, the altitude was updated once per second using a value derived

from the last valid GNSS position, with a deliberately large standard deviation applied in the

filter. This setting reflects a very loose constraint, mimicking a low-confidence external

altitude source.
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Figure 9: Absolute 3D position error with automatic altitude aiding for different GNSS availability
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Figure 10: Absolute attitude error with automatic altitude aiding for different GNSS availability
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Compared to the unaided INS, the use of automatic altitude updates significantly reduces
the rate of divergence. The position error remains roughly within the specification of 0.5 NM
CEP for the first 120 minutes. The attitude errors stay bounded for longer periods compared
to the pure inertial case. While drift still increases over time, the overall stability is improved
through the weak vertical constraint. It is important to note that the altitude profile of the flight
(see Figure 5) was not constant, but contained multiple climb and descent phases. Despite
these dynamics, the automatic altitude aiding still provided a clear stabilizing effect,
demonstrating the robustness of this approach compared to the unaided strapdown solution.

However, the performance is still inferior to barometric aiding with physically measured

altitude.

3.2.2 INS + Barometric altitude aiding

Figures 11 and 12 illustrate the effect of barometric altitude aiding on the INAT-RQT-4001
performance during GNSS outages. In contrast to the unaided case, the position error does
not diverge quadratically/cubically but remains bounded over extended periods and shows
expected Schuller oscillations (84.4 min). The barometric update constrains the vertical
channel and prevents exponential error coupling into horizontal position. The error growth
aligns closely with the expected 0.5 NM/h (CEP 50) specification (Table 2), confirming that
the INAT-RQT-4001 meets its stated performance when supported by barometric aiding.
The results also show that the system’s behavior depends on the exact moment when GNSS
is switched off. For example, with 20 minutes of GNSS aiding a clear half Schuler-period
can be observed, whereas with 30 minutes the solution diverges more directly. This reflects
the fact that the outcome depends on the current state estimates in the filter at the time of
shutdown. Consequently, it is recommended to process multiple different GNSS outage
times to obtain a representative picture of achievable accuracy. It is very impressively shown
that an only 2 min dynamic alignment is sufficient to provide a stable navigation solution in
this case. The maximum positional 3D error for 2/5/10/20 and 30 min is below 0.165 NM

after 30 mins and around 1NM after 4 hours.

DOC251011011 [13] © 2025, IMAR Navigation GmbH



1MAR

NAVIGATION & CONTROL

2100
—— GNSS disabled after 1 min
1950 —— GNSS disabled after 2 min
—— GNSS disabled after 5 min
1800 —— GNSS disabled after 10 min
—— GNSS disabled after 20 min
1650

—— GNSS disabled after 30 min
1500 /

b
w
w
o

1200

1050

900

750

Absolute Position Error [m]

600

450

300

150

90 105 120 135 150 165

Time Since GNSS Disabled [min]

180 195 210 225 240 255 270

Figure 11: Absolute 3D position error with barometric altitude aiding for different GNSS availability

durations.
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Figure 12: Absolute attitude error with barometric altitude aiding for different GNSS availability

durations.

The improvement in position accuracy directly contributes to more stable attitude estimation.
With barometric aiding constraining altitude and velocity drift, the INS maintains a trajectory
that is consistent with the Earth’s curvature and gravity field. This enables the system to
reliably observe the Earth rotation rate, which stabilizes yaw, and to sense the gravity vector,
which stabilizes roll and pitch during phases of low dynamics. As a result, all three attitude

angles remain bounded rather than diverging as in the unaided case.
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Even under long GNSS outages of several hours, the INAT-RQT-4001 with barometric
aiding provides a stable and specification-compliant navigation solution. This makes

barometric altitude a highly effective and low-cost aiding strategy.

3.2.3 True Airspeed (TAS) aiding — sensitivity to wind error (brief)

Even a small constant wind estimation error renders TAS-aiding of limited benefit in GNSS-
denied flight. As can be seen in Figure 6, TAS differs significantly compared to the velocity
of the vehicle over ground (around 5 m/s wind). Assume a residual wind bias of: 1 m/s along-
track. The resulting position error grows approximately linearly, produces roughly 2 NM per
hour of position error, which is already larger than the 0.5 NM/h specification achieved by
barometric-aided INAT-RQT-4001. Consequently, TAS-aiding without reliable wind
estimation (assumng non-realistic constant wind and wind direction over all the time when
GNSS is not available) offers on the first sight little to no advantage and can be net
detrimental. A more detailed investigation follows in the subsequent analysis, as lower
accurate MEMS, CVG, HRG or FOG based systems could benefit enormously from the TAS

information.

4. Conclusion

The evaluation has demonstrated that the INAT-RQT-4001 RLG-INS delivers strategic-
grade performance under GNSS-denied airborne conditions. Even without aiding, the
system maintained acceptable accuracy for short outages, with errors remaining below 300
m after 15 minutes. When automatic altitude aiding was applied — using weakly weighted
GNSS altitude constraints and despite the non-constant altitude profile of the test flight —
the system proved robust, keeping the navigation solution within specification for roughly
120 minutes. Barometric altitude aiding further enhanced performance, allowing the iINAT-
RQT-4001 not only to meet but to clearly exceed its specification of 0.5 NM/h by achieving
drift rates of about 0.25 NM/h and limiting the total error to approximately 1 NM after 4 hours
of denial. In contrast, true airspeed aiding without reliable wind estimation provided no

measurable benefit and can even degrade navigation performance.

In summary, the INAT-RQT-4001 has not only proven but exceeded its performance
specification, establishing itself as a highly reliable navigation solution for GNSS-denied
missions. Its accuracy, robustness, and stability position it far beyond the capabilities of
MEMS-based systems and make it an excellent choice for both civil and defense

applications requiring assured navigation.
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