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INTRODUCTION

Knowledge of the Earth’s gravitational field (EGF)
is necessary for a variety of problems that researchers
face in geodesy, geology, and high-precision inertial
navigation. The methods used to study the EGF differ
in accuracy and spatial resolution; among them are the
following: ground-based gravity survey at certain
points on the Earth’s surface, marine and airborne
gravity survey from vehicles, and satellite methods
(space geodesy) [1—12].

Ground-based gravity survey is the most accurate
of them; it has the best spatial resolution, but a very
low productivity [9, 12], which makes it inefficient to
carry out expeditionary fieldwork over large areas.
Besides, not all areas on Earth are accessible for such
surveys.

The methods of space geodesy make a significant
contribution to the creation and development of global
EGF models [6, 10]. However, the EGF is weaker at
high altitudes, which limits their spatial resolution;
therefore, it is possible to obtain accurate information
only about the long-wave part of the field and does not
allow local field anomalies to be determined with suf-
ficient resolution only from satellite information [8,
10, 13].

Currently, survey from moving vehicles is the most
important link between ground survey and satellite
methods in terms of accuracy and spatial resolution.

The main objective of gravimetry is to determine
the anomalous EGF characterized by the gravity dis-
turbance vector (GDV), which is defined as the differ-
ence between the gravity vector and the normal gravity
vector at the same measurement point. A special case
of this problem is determination of the gravity anom-
aly (GA), which is the GDV magnitude along the true
vertical [7, 9, 10].

Since this paper is largely devoted to the issues
related to inertial gravimetry, let us elucidate the
meaning of this term. In so doing, it makes sense to
start from the definition of gravimetry as a science, as
is done in most cases, for example, in [5, 10, 14, 15].
Thus, inertial gravimetry should be understood as a
science, which is a particular branch of gravimetry.
Note that this aspect is often overlooked and inertial
gravimetry is introduced as a method for determining
the EGF, as a technology, etc. In our opinion, such
terminological ambiguity can be found in V. Torge [5]
and in the works of the famous Canadian scientist
K.R. Schwartz [16], who, actually, laid the founda-
tions of the modern theory of inertial gravimetry [16,
17]. In Russia, the first publications on inertial gravi-
metry belong to V.L. Panteleev and his colleagues [18,
19], in which, though oddly enough, the definition of
inertial gravimetry is not explicitly introduced.
Although in one of his latest works Panteleev suggests
using the term ‘inertial gravimetry’ to refer to all prob-
lems arising in the measurement of the gravitational
field intensity in motion [20]. In the works on this sub-

189


Edgar v. Hinüber (iMAR)
Notiz
see page 17 regarding author's conclusion 
in respect to the comparison of several
strapdwn airborne gravimeters.

Please contact sales@imar-navigation.de for details.

Datasheets:
https://www.imar-navigation.de/en/products/by-product-names/category/icorus-inat-airborne-gravimetry


190

ject published by Russian scientists later, inertial grav-
imetry is defined quite broadly as the applied science
of determining the gravity force from the motion of a
proof mass [15]. In view of the above, in this paper, the
term inertial gravimetry is used in reference to a branch
of gravimetry concerned with the study (measure-
ment) of EGF on a moving platform by means of iner-
tial technologies. Accordingly, gravimeters designed to
determine the anomalous EGF on a moving platform,
built with the use of the same technologies, are called
inertial gravimeters.

Three types of measuring instruments can be used
to solve the problems faced by inertial gravimetry:
inertial scalar gravimeters, inertial vector gravimeters,
and gravity gradiometers.

Inertial scalar gravimeters, or simply scalar gravi-
meters, are designed to determine the GDV magni-
tude along the true vertical. Modern scalar gravimeters
for vehicles are mainly based on technologies that use
gyrostabilized platforms and data from global naviga-
tion satellite systems (GNSS). These technologies are
supported by advanced hardware and software and
provide high accuracy of GA measurement—0.05—
0.5 mGal, which makes it possible to meet various
challenges of gravimetry [10]. However, gravimeters
using gyrostabilized platforms have a number of draw-
backs, the main of which are the following [9, 21, 22]:

* large weight and dimension characteristics — vol-
ume up to 100 L, weight up to 100 kg;

* significant power consumption, reaching hun-
dreds of watts;

* high cost due to the presence of a gyrostabilized
platform in particular;

* the need to maintain gravimeters during opera-
tion;

* high cost of expeditionary fieldwork because of
the operating cost of vehicles—surface vessels and air-
craft;

+ difficulties of using unmanned aerial vehicles
(UAVs) as carriers, difficulties in conducting drape
surveys.

Scalar gravimeters for vehicles based on technolo-
gies that make use of strapdown inertial systems do not
have such drawbacks. They are called strapdown iner-
tial scalar gravimeters, or simply strapdown scalar gra-
vimeters [9].

Inertial vector gravimeters are designed to deter-
mine all three components of the GDV, the estimates
of which refer to the coordinate frame associated with
the reference ellipsoid. As with scalar gravimeters,
vector gravimeters can be based on the use of either
platform inertial systems or strapdown systems. In the
latter case, they are also called strapdown inertial vec-
tor gravimeters, or simply strapdown vector gravime-
ters [9, 10, 19].

Strapdown vector gravimeters, like scalar ones, are
free from the shortcomings inherent in gyrostabilized
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gravimeters. In addition, they have significant advan-
tages over scalar ones in terms of determining the EGF
parameters. This is due to the fundamental possibility
of calculating deflections of the vertical (DOV) and
geoid heights along the motion path directly from their
readings [21, 23—25]. This is much simpler to imple-
ment and much less laborious compared to finding
such parameters using gravity anomalies over a large
area, as required by the Vening Meinesz and Stokes
formulas [5]. In addition, independent measurements
of the horizontal components of the gravity make the
solution of the inverse problem of geophysics simpler.
The area survey data of the GDV components allow
gravity gradients to be calculated with a minimum
amount of data that make it possible to detect drastic
changes in the density of the Earth’s crust structure
[26, 27].

Gravity gradiometers are designed to determine the
components of the tensor of the geopotential second-
order derivatives [ 10, 28]. The advantage of using geo-
potential second-order derivatives is the possibility of
obtaining high-resolution increments of the full grav-
ity vector, GDV, and DOV. However, the develop-
ment, manufacturing and operation of gravity gradi-
ometers are among the most sophisticated technolo-
gies of modern instrument engineering. Despite the
impressive results in gravity exploration and creation
of global EGF models based on the data from satellite
missions, gravity gradiometry remains a unique and
expensive method for determining EGF parameters
[29—33].

From the foregoing it follows that creation of strap-
down inertial scalar and vector gravimeters is highly
relevant since they will allow improving the accuracy
and spatial resolution of the EGF parameter survey-
ing.

Airborne gravity survey has obvious advantages,
such as high efficiency and the ability to perform mea-
surements in hard-to-reach areas, which stimulates its
active development [9, 11, 15, 21, 34—37]. At the same
time, it has a number of specific features [5]:

* high speed and altitude of the aircraft limit the
spatial resolution of measurements;

» a wide range of disturbing accelerations caused
by aircraft motion imposes increased requirements on
the accuracy of the navigation support needed, in par-
ticular, to compensate for accelerations in gravimeter
readings, including calculation of the Eotvos correc-
tion taking into account the Earth’s compression and
flight altitude [5, 38];

* the need to reduce the obtained estimates from
the flight altitude to the ellipsoid surface.

Note that the first feature is less specific to helicop-
ters and various kinds of UAVs.

This paper is devoted to the problems associated
with the creation of strapdown inertial airborne gravi-
meters and prospects for their development, with the
emphasis on the hardware of airborne gravimeters and
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the currently attainable measurement accuracies.
However, it should be noted that in strapdown inertial
airborne gravimeters, a significant role belongs to the
methods for processing measurement information
obtained during the gravity survey [10]. A detailed dis-
cussion of data processing methods is beyond the
scope of this paper since it deserves special consider-
ation.

The paper consists of four sections. Section 1 con-
siders the operation principles of strapdown inertial
scalar and vector gravimeters based on the data inte-
gration of strapdown systems and GNSS. Section 2
briefly describes the history of the creation and devel-
opment of strapdown inertial airborne gravimeters
and introduces the leading companies involved in
their creation. Section 3 is devoted to airborne gravi-
meters which are currently either in trial operation or
have undergone full-scale tests. Section 4 discusses the
trends in the development of strapdown inertial air-
borne gravimeters. Finally, the main conclusions are
made based on the results of the review.

1. BASIC RELATIONS AND PRINCIPLE
OF OPERATION OF STRAPDOWN
GRAVIMETERS

To explain the principle of operation of strapdown
gravimeters, let us discuss the main mathematical
relations used to describe its operation. This will
require the following four right orthogonal reference
frames: the Earth-Centered Inertial (ECI) frame (i-
frame), the Earth-Centered Earth-Fixed (ECEF)
frame (e-frame), the body-fixed frame (b-frame)—the
frame associated with the vehicle, and the local navi-
gation frame (n-frame) [39, 40]. Assume that the sen-
sitive masses of a triad of accelerometers are pointlike
and coincide at a single point determined in the iner-
tial frame by the radius vector r. The b-frame and the

n-frame are assumed to have a common origin at this
point. In the b-frame, one of the axes x is directed par-
allel to the diametrical plane of the vehicle (along the
vehicle), the second one, y, is pointing to the right,
and the third one, z,—downward; in the n-frame, one
of the axes NV is pointing to the north, the second one,
E, to the east, and the third one, D, is set by the inner
normal to the Earth ellipsoid or reference ellipsoid
[39].

As noted in [10], like in the case of strapdown iner-
tial navigation systems (SINS), the equations for the
ideal operation of a strapdown vector gravimeter can
be written using different reference frames. For defi-
niteness, here we will focus on the use of the local nav-
igation frame.

Let us write the readings of the accelerometers that
measure specific force f, which is the difference
between the absolute acceleration of the accelerometer
proof mass, due to the vehicle motion, and the gravity
force g [9, 35]:

f=i-g. (1)

In what follows, the superscript is used to designate
the coordinate frame in which the corresponding vec-
tor is specified. Absolute acceleration is also called
inertial or kinematic acceleration [41—43].

From Equation (1) we derive the following formula
for the gravity vector:

g =i-f 6)

Assume that the gravity vector must be determined
in n-frame. In this case, accelerometer measurements
from the b-frame must be transformed to the n-frame,
for which purpose we use the direction cosine matrix

C, defined as [39, 44, 45]:

cosBcosy —cosysiny +sinysin@cosy sinysiny + cosysinBcosy

C, =

—sin© siny cos 0

where , 0, are, respectively, the angles of rotation
about the axes of yaw (vertical axis directed down-
ward), pitch (axis pointing to the right), and roll (axis
directed along the vehicle) of the b-frame.

In order to take into account the Coriolis accelera-
tion and centrifugal forces in the accelerometer read-
ings, it is necessary to introduce the E6tvos correction

dg., into the equation dg"” = g” — Y" that defines the
GDV:

8" =#"-Cpf" +8gh, — 7 4)
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cosOsiny sinysinOsiny 4+ cosycosy —sinycosy + cosysinOsiny |, A3)

cos cos6

where " =[0 0 yD]T is the vector of normal gravity at

a height 4 above the ellipsoid, directed along its nor-
mal.

Clairaut’s equation can be used to calculate the val-

ues of 7y, taking into account the vertical gradient of
the normal gravity [1]:

Yp = Y.(1+Bsin® ¢ — B;sin’ 29) — 205k, (5)
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in which p = Y2 —Ye
Ye

a—b

is the relative excess of gravity at

the pole; o = is ellipsoid flattening; a and b are

a
the major and minor semiaxes of the ellipsoid;

2

B, = % + iocB; Y,,Y. are normal gravities at the pole
and equator, respectively; , is the Schuler frequency

(1.24 x 107 s_l); his the vehicle height above the ellip-
soid.
The Eotvos correction is given as [2, 41]:

dgo, = 2Q0F" + QL F", (6)
where
0 sing O
Q) =w,|—-sin@ 0 —cos@ (7)
0 cose O

is a skew-symmetric matrix that determines the ECI
frame rotation relative to the inertial one, specified in
the n-frame (hereinafter, the first subscript refers to
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is a skew-symmetric matrix that determines the trans-
lational speed of rotation of the n-frame relative to the
e-frame; fy, 7, 7, are projections of the carrier velocity
on the axes of the local navigation frame (N — north-
ern, £ — eastern, and D — vertical); Ry and Ry are the
ellipsoid radii of curvature in the meridian plane and
the first vertical, respectively;

Fy (Ry + o
"= F | = (R + h)cosoh |, )

where A is the geodetic longitude. In what follows, the
superscript of the vector components is omitted for
simplicity.

The first term of Eq. (6) defines the Coriolis accel-
eration; the second is centrifugal acceleration due to
the vehicle motion relative to the Earth. The above
assumes that the centrifugal acceleration due to the

Earth’s rotation is already included in y".

The direction cosine matrix C; can be determined
by integrating the Poisson equation given as [44]:

n n~b n ~n
the frame relative to which the coordinate frame deter- Cy = G2y — 2,Cy, (10)
mined by the second subscript rotates. The superscript  where
refers to the frame in which this rotation is set); ,, is 5 b
the Earth’s angular velocity; ¢ is the geodetic latitude; 0 -0, o
_ - bo_ | b b
".E tal’l (p _ ’,'.N Qib - (DZ O _(l)x (11)
R, +h Ry+h —o, @, 0
Q" = _fptang Tz (8) is a skew-symmetric matrix that determines the b-
Ry +h Ry +h frame rotation relative to the i-frame in the b-frame
Fy Fg axes according to the measurements u)i, 0)[;,(1)[17 from
| Ry+h Rp+h ) the angular rate sensors (ARS);
0 W, sin () + m _L
Ry +h Ry +h
Q! =|—q,sing - £BNQP 0 —®, cos @ — —E (12)
Ry +h Ry +h
"y W;, COS P + 43 0
Ry +h Ry +h )
is a skew-symmetric matrix that defines the rotation of dg, =iy — f
. . . D D D
the n-frame relative to the i-frame in the axes of the n- . 5 14
frame. N (2(0 coso4'E j . v (14)
. . e COS @ rg + D-
The GDV is determined from Egs. (4) and (6), so Ry +h Ry +h

that we can write the following equation:

&g =i —Crf" + QL + Q" - (13)

Equation (13) defines both the horizontal and ver-
tical components of the GDV. For the vertical compo-
nent, it is easy to derive the following equation from
(13):
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Taking into consideration the above relations, it is
possible to explain the principle of operation of the
strapdown vector gravimeter (Fig. 1), the input infor-
mation for which is the data from the inertial measure-
ment unit (IMU) and GNSS.
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Fig. 1. Block diagram of a strapdown inertial vector gravimeter.

A triad of accelerometers in the body-fixed frame

measures three components fxb , fyb , fzb of vector f bof
the specific force. A triad of ARS measures three com-

ponents wi,o)i,coi of the vehicle’s angular velocity
vector in inertial space. They determine matrix be.

Next, the specific force vector f ? is converted from
the body-fixed frame to the local navigation frame

using the direction cosine matrix C,. This matrix can
be calculated by solving Poisson’s equation using the

data on the vehicle angular velocity Q) obtained from
the ARS and the angular rate of rotation of the local

navigation frame Q. The GNSS receiver generates
geodetic coordinates and the vehicle velocity compo-
nents, which are used to calculate E6tvos correction,

5, Q) QF and

#". Further, Egs. (13) or (14) are used to determine
either all components of the GDV 8g” or GA 8g,,.

From the above description it follows that the
strapdown vector gravimeter includes

the normal gravity vector ", matrices Q

* a triad of accelerometers to measure three com-

ponents of the specific force fxb, fyb, fzb in the body-
fixed frame;

+ atriad of gyroscopic ARS to measure three com-
ponents of the angular rate of rotation of the local nav-
igation frame relative to the inertial space in the body-
fixed frame;
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* high-precision GNSS receiver to determine
pseudo-ranges and pseudo-velocities needed to gener-
ate the motion parameters of the vehicle, i.e. geodetic
coordinates and components of velocities in the local
navigation frame;

* a computer in particular to determine the trans-

formation matrix C from the body-fixed frame to the
local navigation frame and the E6tvos correction.

The description of the operating principle of the
strapdown inertial vector gravimeter is given on the
assumption that all input data are measured without
errors. Since this condition is not feasible, the meth-
ods for processing measurement information obtained
as a result of gravity survey are of great importance.

As noted in the introduction, the issues related to
the processing of measurement information in strap-
down airborne gravimeters are beyond the scope of
this work. Note only that strapdown onboard gravim-
etry uses a variety of data processing methods that can
be conditionally divided into two groups [41, 46]. In
the so-called direct methods, the GDV is determined
by forming the difference between absolute accelera-
tions and specific forces measured by accelerometers.

In this case, GNSS data are used to determine " [9,
35, 41, 47, 48]. In fact, the block diagram shown in
Fig. 1 fits this group. In indirect methods, when deter-
mining the GDYV, it is not accelerations that are com-
pared, but position and (or) velocity measurements
obtained from GNSS data and inertial sensors, which
explains the name of the method [41, 47—50]. Algo-
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rithms based on the use of the Kalman filter have
received the greatest application here. The specificity
of particular variants for designing such processing
algorithms depends on the structure of the state vector
and the rules for the formation of measurements used
in the Kalman filter. For example, they can be differ-
ences in coordinates and (or) velocities obtained from
GNSS data and inertial sensors, the so-called loosely
coupled integration. In some cases, preference is given
to a tightly coupled integration, in which differences
between the measured and calculated values of pseu-
doranges and (or) pseudovelocities are used as mea-
surements in the Kalman filter [10, 51—53]. Process-
ing of measurement information in strapdown inertial
gravimeters involves various kinds of additional infor-
mation, using special algorithms for filtering and
smoothing of intermediate and measurement infor-
mation in online or offline modes, special algorithms
for calibration and compensation for systematic errors
of inertial sensors, various mathematical error models
of the sensors used and models of the estimated GA.
An important role belongs to the algorithms for
obtaining high-accuracy information based on GNSS
data and the ways of how the problem of synchroniza-
tion of inertial and GNSS data is solved [10].

It follows from the foregoing that a strapdown iner-
tial gravimeter is basically a sophisticated measuring
system that includes inertial, satellite and computa-
tional parts as its hardware, while the algorithmic part
provides the necessary calculations both on board the
vehicle and in the postprocessing mode. It is easy to
see that the strapdown inertial gravimetric system has
the same composition as the SINS integrated with
GNSS. By analogy with SINS, we can introduce the
corresponding abbreviation SIGS.

A special feature of SIGS lies in the compulsory
provision of high-accuracy external information about
the vehicle’s coordinates and speed, which makes it
possible to simplify the ideal operation algorithms in
comparison with those used in SINS [10]. In particu-
lar, we can distinguish two separate tasks—determining
the horizontal components of the GDV and determin-
ing the GA—by analogy with how a vertical channel is
allocated in SINS. Note that both SIGS and SINS
require initial information about the vehicle orienta-
tion. It should be emphasized that in a SIGS, the iner-
tial system is not required to function as a navigation
system, but can only be considered as a recorder of
measurements of inertial sensors, such as accelerome-
ters, gyroscopic ARS synchronized with GNSS data
[10]. At the same time, it should be borne in mind that
in contrast to SINS integrated with GNSS, simplifica-
tion of SIGS algorithms results in its inability to deter-
mine navigation parameters when the GNSS data
become degraded or unavailable.

The principle of operation of the strapdown vector
gravimeter is described above; however, it is clear that
the vector gravimetry problem can also be solved with
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the use of platform systems. If the navigation frame is
represented by the local navigation frame, there is no
need to transform specific forces measured by acceler-
ometers from the body-fixed frame to the local naviga-
tion frame [10].

And one more remark. The above described prin-
ciple of operation of the inertial vector gravimeters was
considered without reference to the type of the vehi-
cle—aircraft or marine vessel. Nowadays, strapdown
airborne gravimeters, to which this paper is devoted,
have received widest recognition and are being actively
developed. At the same time, vector gravimeters can
also be used on marine vessels, although they have
their own specificity. It is known that when measuring
GA onboard marine vessels, acceptable accuracies can
be achieved without high-accuracy external informa-
tion needed to compensate for inertial accelerations
[54]. Note that the inertial-geodetic method used to
determine horizontal components of the GDV [10]
can essentially be considered as a variant of the vector
gravimeter intended to determine these components
of the GDV. In this connection, it might be well to
point out that questions of SIGS design for marine
vessels require special consideration.

2. BRIEF HISTORY OF THE CREATION
AND DEVELOPMENT OF STRAPDOWN
AIRBORNE GRAVIMETERS

As noted in a number of publications [11, 15, 55],
proposals for the construction of airborne inertial sca-
lar gravimeters appeared in the late 1950s and early
1960s [56, 57]. The first tests with an airborne
LaCoste & Romberg (LCR) sea gravimeter were car-
ried out on November 6 and 7, 1958, on board a US
Air Force KC-135 aircraft over Edwards Air Force
Base in California. 5-minute average gravity readings
were obtained with an accuracy of better than 10 mGal
[57]. In 1959—1960, in-flight experiments began with
heavily damped quartz string gravimeters (USSR) and
the LCR marine gravimeter (USA) mounted in gimbal
suspensions. Since the instruments of those times did
not have the required accuracy, the purpose of the tests
was to study the capabilities of airborne gravimetry.
Gravimeters worked in conjunction with photogram-
metric cameras and/or Doppler radar systems to
determine position and unique hypsometers to mea-
sure height. Helicopters were used to improve the
accuracy of the measurements, since they move at low
speeds and low altitudes. In 1965, tests were carried
out on a US Air Force CH-3E helicopter equipped
with a gimbaled LCR marine gravimeter. The helicop-
ter location was determined using radar tracking, and
the altitude was measured with a laser altimeter.

The main difficulties in airborne gravimetry at that
time were caused by inaccuracies in positioning and
determination of the aircraft flight altitude. It was
owing to the active development of satellite navigation
systems in the late 1980s that the main factor restrain-
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Table 1. Models of SAGs and their designers

Model Designer Year References
Laseref I11 University of Calgary, Canada Honeywell, USA 1995 17, 24,49, 7275
LITTON LN-200 Astronomical Observatory of the University of Porto, 1997 76,77
Portugal Litton, USA
SAGEM Sigma 30, University FAF Munich, Germany SAGEM, France 2003 78
SAGS4 Bavarian Academy of Sciences and Humanities, Munich, Germany 2005 79
SGA-WZ-01 Laboratory of Inertial Technology, National University of Defense 2008 80—84
SGA-WZ-02 Technology, China
AIRINS iXSea, France 2010 48
GT-X Gravtechology, JSK STC; Ramensky Instrument Engineering 2011 85
Plant; Laboratory of Control and Navigation,
Moscow State University, Russia
iNAV-RQH iMAR Navigation gmbH, Reihersbruch, Germany 2013 |9, 55,94, 86—89, 94
iNAT-RQH 2016
iNAV-FMS 2017
iCORUS+iDGU-100x
iCORUS: 2020
iCORUS-01*
iCORUS-01-wts**
iCORUS-02
iCORUS-02-wts
iCORUS-03

* Subject to export restrictions; ** wts—without thermal stabilization.

ing the development of airborne gravimetry was over-
come [57—60]. At the same time, numerous works
began to appear on various aspects of research, design
and testing of strapdown airborne inertial scalar gravi-
metric systems based on SINS (hereinafter referred to
as strapdown airborne gravimeters (SAG).

Already in 1986, based on the results of full-scale
tests, it was shown that a SINS IMU can provide an
error in determining the vertical components of the
gravity vector or the GDV from 2.5 to 4 mGal [61].
The measurements were performed on a ground vehi-
cle using ZUPT (Zero Velocity Update) corrections
[9, 62, 63]. This type of correction involves periodic
stops (landings) of the vehicle and uses information
about its zero speed. It is clear that in airborne gravim-
etry, corrections of this type can be actively used only
when helicopters and UAVs are used as SAG carriers
[64, 65].

In recent years, a large volume of airborne gravity
surveys has been conducted. At the same time, the
SAG hardware has been actively developed in order to
increase the accuracy of inertial sensors, improve ther-
mal stabilization systems, reduce weight and dimen-
sion characteristics, introduce methods for combining
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gravimetric sensors of various types, etc. Significant
work has also been carried out to improve the effi-
ciency of algorithmic support for both scalar and vec-
tor SAGs.

As a rule, SAGs are designed with the use of the
hardware of companies that are advanced in their
field, such as Honeywell [66], Litton (in 2001, Litton
was acquired by Northrop Grumman) [67], SAGEM
(in 2005, SAGEM merged with Snecma to form the
SAFRAN holding [68], iXSea [69], iMAR [70],
Gravtechology JSK STC [71]. Table 1 provides infor-
mation about the main currently known scalar SAGs
and their designers (the authors were unable to find
information about any commercially available vector
SAGs). Also given are some publications that describe
the results obtained with these gravimeters.

3. STRAPDOWN AIRBORNE GRAVIMETERS

This section considers the SAGs which have suc-
cessfully passed full-scale tests, so that their results
served the basis for further development and creation
of advanced gravimeters. Some of the SAGs described
below are currently in operation.
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Table 2. Specifications of laser gyroscopes GG1342 and
accelerometers QA2000

Parameter Gyroscopes Accelerometers
Bias 0.003 deg/h 10—25 mGal
Scale factor stability 1.0 ppm 25—50 ppm
Misalignment 2 arcsec 5 arcsec
Random noise (G) 0.001°/vh 5 mGal

3.1. Strapdown Gravimeter Based on the Laseref 111
(LRF II1) INS, Canada

The first prototype of the scalar SAG was devel-
oped at the University of Calgary, Canada. It was
based on the Honeywell Laseref I1I (LRF III) INS
built on GG 1342 laser gyroscopes and QA2000 accel-
erometers, the characteristics of which are presented
in Table 2 [72].

In June 1995, the first SAG in-flight tests were car-
ried out in a highly gravitationally anomalous area over
the Rocky Mountains in Canada (GA difference in the
range from —70 to 100 mGal). The test program
included 4 tacks with a length of about 250 km. The
flight speed was 430 km/h, which corresponded to a
spatial resolution of 5—7 km with the use of a low-pass
filter with a cutoff frequency from 1/90 to 1/120 Hz.
The flight altitude above the ellipsoid averaged 5.5 km.
To minimize the impact of turbulence, flights were
performed from 7 to 11 a.m. [17, 72].

The test results showed that the root-mean-square
error (RMSE) of GA determination for an individual
tack was 3 mGal at a spatial resolution of 5 km and
2 mGal at a resolution of 7 km. When compared with
the ground survey data, the RMSE of the measure-
ment results was 3 mGal for both levels of spatial res-
olution. The results of the first tests motivated the
designers to further research. The results of data pro-
cessing from the campaign of 1995 are discussed in
[24, 50] and the subsequent tests conducted in Sep-
tember 1996, in [72].

In June 1998, the University of Calgary together
with Kort & Matrikelstyrelsen (Denmark) (Danish
National Survey and Cadastre) conducted an airborne
gravity survey off the western coast of Greenland using
LRF-III and LCR gravimeters installed onboard the
Twin Otter aircraft. Such a comparison of strapdown
and gyrostabilized gravimeters was carried out for the
first time. Two survey lines were laid over the marine
gravity survey area to estimate the accuracy of the air-
borne gravimeter measurements. The test results
showed that after elimination of linear trends, the GA
estimates of the two airborne gravimeters, agreed with
the marine survey data at a level of 2—3 mGal [73].

Based on the results of those tests, it was concluded
that the integration of data from strapdown and gyro-
stabilized gravimeters was promising in terms of
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improving the accuracy and spatial resolution of the
survey [72—74]. The last tests of the LFR III strap-
down gravimeter mentioned in the literature were car-
ried out in 2000 in the vicinity of Ottawa, Canada [75,
76].

3.2. Strapdown Airborne Gravimeter Based
onthe LITTON LN-200 IMU, Portugal

In 1997, the Astronomical Observatory of the Uni-
versity of Porto (AOUP), Portugal, developed a SAG
based on the inexpensive tactical-grade Litton LN-
200 IMU. References [76, 77] present the results of an
airborne gravity survey in the area of the Azores aimed
to refine the geoid model in this region. The vertical
component of the gravity vector was estimated with an
error of 5—10 mGal at a spatial resolution of 10 km.
The results of the in-flight tests of this airborne gravi-
meter are described in Subsection 4.8, which includes,
among other things, a comparison of the results
obtained using different gravimeters.

3.3. Strapdown Airborne Gravimeter Based
on the SAGEM Sigma 30 INS, Germany

The SAG based on SAGEM Sigma 30 INS was
developed in the early 2000s at the University FAF
Munich [78]. The INS developed by SAGEM
(France) contained triads of ring laser gyroscopes
(RLG) and pendulous accelerometers. Satellite data
were obtained from the multiantenna equipment
(Fig. 2). Four antennas were installed on the aircraft
fuselage and wings with a fixed base length from 3 to
14 m. The SAG mass was 70 kg, and the power con-
sumption was 150 W.

In [78], the authors noted that the architecture
with several antennas on the aircraft significantly
increased the reliability of information about the
accelerations obtained, facilitated the resolution of the
phase measurement ambiguity, and provided the gen-
eration of additional, in relation to the INS, informa-
tion about aircraft angles of orientation.

To confirm the performance of the scalar SAG,
tests were carried out onboard the Do-128-6 aircraft
over a gravimetric test site in Germany in 2003—2004.
The error in determining the GDV vertical component
was in the range between 3 and 5 mGal and the hori-
zontal components, from 10 to 15 mGal with a spatial
resolution of 1 km. The average speed of the aircraft
was 70 m/s at an altitude of 300 m above the ground.
Each flight began and ended with calibration maneu-
vers to provide the best observation conditions for esti-
mation of sensor errors. During the survey, the accel-
erations did not exceed 0.2 m/s?. At the test site, GA
were known with an accuracy of 0.1 mGal and a spatial
resolution of 500 m. The maximum GA was 70 mGal
[78].
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Fig. 2. Component parts of a SAG based on the SAGEM
Sigma 30 IMU [78]: f —specific force, m—angular veloc-
ity, p—coordinates, 6—aircraft angles of orientation.

3.4. Strapdown Airborne Gravimeter SAGS4, Germany

Strapdown airborne scalar gravimeter SAGS4
(Strapdown Airborne Gravimetry System prototype)
was developed at the Bavarian Academy of Sciences
and Humanities in 2005. The block diagram of the
gravimeter is shown in Fig. 3.

The full acceleration vector was measured with a set
of four Q-Flex QA-3000-030 accelerometers with one
redundant accelerometer in the vertical channel. The
orientation problem was solved using the integrated
data generated by a triad of fiber-optic gyroscopes
(FOGs) and the multiantenna GPS receiver (MA-
GPS).

In the standard configuration of the IMU, shock
absorbers (a combination of an elastomer and an air
damper) were used for its vibration isolation. The total
weight of the SAGS4 was about 30 kg. No in-flight
operator service was provided. Adjustment of the ther-

mal control was planned for 2005, following which the
SAG was supposed to be calibrated and put into oper-
ation. However, after 2006, there has been no mention
of the development or operation of the SAGS4 [79].

3.5. Strapdown Airborne Gravimeter SGA-WZ, China

As noted in [80], the first Chinese strapdown air-
borne scalar gravimeter SGA-WZ was developed in
the Laboratory of Inertial Technologies in the
National University of Defense Technology (NUDT)
in 2008. The SGA-WZ consists of two units (Fig. 4):
an IMU and a processing and control unit [81, 82].

As can be seen in Fig. 4, the IMU includes a triad
of RLGs (1) and a triad of accelerometers (2) mounted
on an antivibration platform. The triads of accelerom-
eters and gyroscopes are spaced apart in order to avoid
the impact caused by the RLG dither. Thermal stabi-
lization is carried out by control modules (7) used to
regulate the temperature inside the protective thermal
shell (6) that covers the inertial sensors.

The processing and control unit consists of a con-
trol device (3), uninterruptible power supply (4), and a
computer for recording all data and monitoring the
status of the operating devices (5). All inertial data are
recorded at 2 kHz, while GNSS data from a dual fre-
quency receiver are recorded at 1 or 2 Hz. Tables 3 and
4 show specifications of the gyroscopes and acceler-
ometers [81].

To verify the characteristics of the SGA-WZ gravi-
meter, laboratory tests were first carried out, which, in
particular, showed that the bias of the vertical (Z)
accelerometer was 60 mGal over 104 days, the RMSE
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Fig. 3. Block diagram of SAGS4 [79].
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Fig. 4. 3D-model of the SGA-WZ gravimeter without housing (left); external view of the gravimeter (right) [82].

of the readings, taking into account the quadratic
model of the bias, varied from 0.3 to 0.6 mGal [81, 83].
Further, road and flight tests were carried out in 2007,
2009, and 2010. Of the in-flight tests, only the latter
were successful. They were carried out onboard a
Cessna 208 Grand Caravan. The aircraft was con-
trolled by autopilot and the tests were carried out in
good weather to minimize the effects of turbulence.
The flight altitude was about 400 m, and the average
speed was 60 m/s. The test results showed that the
RMSE of the GA determination on repeated tacks was
1.6 mGal with a spatial resolution of 4.8 km. The
designers noted that the errors in constructing the ver-
tical were not sufficient to determine the horizontal
components of the GDV with acceptable accuracy
[80].

In 2012, some representatives of the Technical
University of Denmark took part in the tests of the
SGA-WZ carried out in Greenland in difficult flight
conditions over mountains and fiords, with GAs
exceeding several hundred mGal, as well as in more
favorable conditions over the sea. The flights were car-
ried out at constant altitudes of 2000 m over land and
360 m over sea. The flight speed was about 70 m/s.
The results of the GA determination were compared
with the data of marine and airborne gravity surveys
conducted earlier in this area with LCR gravimeters.
The tests showed that the RMSE of the GA determi-
nation did not exceed 1 mGal at a spatial resolution of
6 km under conditions of a highly anomalous EGF.
However, the long-term stability of the SAG remained
the main problem, as it affected the systematic error in

determining the GA and depended primarily on the
temperature stability of inertial sensors [81, 82].

A three-level thermal control system was developed
for the SGA-WZ gravimeter. Each level has its own
thermal insulation layer, heating element, temperature
sensors, and control unit [84]. The new model of the
airborne gravimeter with an improved thermal stabili-
zation system was called SGA-WZ-02. The system is
designed as a compact structure (Fig. 5), which greatly
reduces its volume and power consumption.

It is noted in [84] that the thermal analysis of the
temperature field carried out by means of the ANSYS
program made it possible to select new temperature
measurement points in the control system, optimize
the layout of the heating layer, and choose a new heat-
insulating layer. The results of the laboratory and in-
flight tests of the SGA-WZ-02 gravimeter together
with the gyrostabilized gravimeter GT-2A presented in
[84] turned out to be much better than those of the
previous gravimeter model: the RMSE in the GA
determination was decreased two-fold from 1.5 mGal
for SGA-WZ to 0.75 mGal for SGA-WZ-02 at a spatial
resolution of 4.8 km.

3.6. Strapdown Airborne Gravimeter GT-X , Russia

The GT-X SAG is based on a 3DOF RLG, four A-
17 pendulous accelerometers with horizontal sensitiv-
ity axes, and an AK-8 gravity sensor, similar to the one
used in gyrostabilized gravimeters of the GT series
(Fig. 6). The GT-X gravimeter also includes a thermo-

Table 3. Specifications of the gyroscopes of the SGA-WZ gravimeter

Bias, °/h Scale factor
instability repeatability repeatability (15) nonlinearity (16)
0.0033 0.00044 8.7 x 1077 1.08 x 10~
0.0032 0.00038 8.5 x 1077 1.07 x 10~°
0.0029 0.00157 1.1 x 10~° 1.18 x 1073
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Table 4. Specifications of the accelerometers of the SGA-WZ gravimeter

Parameter X Y A
Measurement range, g *10 +10 *10
Bias, ug 8.1 9.7 2.8
Scale factor stability, ppm 23.3 19.9 5.5
Temperature coefficient, ug/°C 8.4 -3.6 11.5

stat for the accelerometer unit and a shock absorber
[85].

The GT-X gravimeter was created by three compa-
nies:

» Gravtechology JSK STK, which is responsible
for the design and onboard software [71];

* Ramensky Instrument Engineering Plant [88],
which developed the software for the RLG and manu-
factured the prototype gravimeter;

» Laboratory of Control and Navigation of Mos-
cow State University, which developed the gravimeter
data postprocessing software [101].

Based on the analysis of numerous airborne gravity
survey data obtained with the use of the GT-series gra-
vimeters, the designers formed the requirements for
the IMU of the GT-X gravimeter that are presented in
Table 5 [85].

The main design features of the GT-X gravimeter
are the following. The gravimeter has two pairs of hor-
izontal accelerometers, which made it possible to min-
imize the error in determining GA caused by the cross-
coupling effect and eliminate the problem of spatial
displacements of the proof mass. The inertial sensors
are attached with a special resonant structure with a
counterweight that eliminates the effect of the RLG
dither on the gravimeter readings. The survey includes
pre-flight and post-flight calibrations of the gravime-
ter’s geometric and instrumental errors, implemented
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Fig. 5. Structure of the three-level thermal control system
of the SGA-WZ-02 gravimeter [84].
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using a special system to provide tilts about three axes.
Specifications of the GT-X gravimeter are given in
Table 6 [85].

In-flight tests of the GT-X gravimeter prototype
were carried out onboard the AN-26 aircraft on four
short tacks in steady flight conditions. The measure-
ment accuracy was estimated by comparison with the
gyrostabilized GT-2A gravimeter data. The difference
in GAs after measurement adjustments was less than 3
mGal. This value can be taken as an estimate of the
current accuracy of the GT-X gravimeter [85].

3.7. Series of iIMAR Strapdown Airborne Gravimeters,
Germany

iMAR Navigation gmbH, Germany, (hereinafter,
iMAR) has developed a series of iNAV and iNAT iner-
tial navigation systems (INS) based on quartz acceler-
ometers and gyroscopes of different types—RLG,
FOG, and MEMS gyros [86]. They are the basis of
these INS and are also used in iMAR SAGs.

iMAR’s first scalar SAG was built on the iNAV-
RQH-1003 IMU in 2013. The most important func-
tional components of this gravimeter are shown in
Fig. 7 [9].

Six Honeywell inertial sensors are combined into
an IMU, which, in addition, contains a temperature
sensor and a clock. No details about the IMU internal
design, in particular, the arrangement of the inertial

Fig. 6. Strapdown airborne gravimeter GT-X (Russia)
[85].
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Table 5. Requirements for the IMU of the GT-X gravimeter
Parameter Value
Horizon calculation (RSME), arcsec 10
LG bias instability, °/h 0.02
Gravimeter scale factor instability 10~4
Gravimeter bias instability, mGal 0.5
Scale factor instability of horizontal 5x 10~
accelerometer
Bias instability of horizontal 0.5
accelerometer, mGal

Table 6. Specifications of the GT-X gravimeter

Parameter Value
Dynamic range, g *1
Power consumption, W 35
Operating temperature, °C +10...+50
Dimensions, mm @240 x 450
Weight, kg 22

sensors and the temperature sensor are available from
[9]. The IMU is attached to the housing through
shock absorbers, which reduce mechanical shock and
high-frequency vibration.

A single-frequency GNSS receiver is used to com-
plement the IMU data with timestamps. The internal
transmission of timestamps is a combination of a PPS
signal and navigation data in a streaming format that
contains information on the date and time.

PESHEKHONOV et al.

A miniature board of the PC is used to collect all
information, including time-stamped inertial data and
real-time navigation solutions. The PC board also
allows one to form data on the IMU temperature and
data from its temperature sensor. It is noted that the
output of the IMU temperature data is of crucial
importance for thermal calibrations. Overall dimen-
sions of the iNAV-RQH-1003 IMU are 20 X 20 X
35 cm; weight is 12.5 kg; power consumption is less
than 40 W. Characteristics of the inertial sensors are
given in Table 7 [9].

In the period from October 2013 to January 2016,
five airborne gravity surveys were carried out in differ-
ent areas with an iNAV-RQH-1003 IMU-based gravi-
meter. Analysis of the data showed that it was possible
to achieve an accuracy of GA determination of the
order of 1 mGal or less [9, 87].

In August 2016, the iNAV-RQH-1003 IMU-based
SAG was tested aboard a Eurocopter AS350 helicopter
in Greenland. That was the first time the SAG was
tested onboard a helicopter in a terrain following sur-
vey. The RMSE in GA determination was 2 mGal at a
spatial resolution of 4.5 km [55].

iMAR SAGs are undergoing continuous develop-
ment to improve the accuracy and spatial resolution of
measurements [86]. According to some authors [9,
89], the main problem SAG designers face is to ensure
stability of the accelerometers bias, which, first of all,
depends on temperature changes and directly affects
the accuracy of determining the GDV components.
Various strategies to deal with this problem are consid-
ered in literature [48, 90—92], among which are air-
craft maneuvers (for example, rotations about the roll
or pitch axes); use of repeated or external measure-
ments (for example, discrepancy at tacks crosspoints,
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Fig. 7. External view and a diagram of the main parts of the iNAV-RQH-1003 IMU-based gravimeter [9].
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Table 7. Characteristics of the iMAR inertial sensors
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Parameter Accelerometers Gyroscopes
Model Honeywell Q-Flex QA-2000 Honeywell GG1320A
Type Quartz pendulous Ring laser
Measurement range +20g +400°/s
Scale factor nonlinearity <100 ppm <5 ppm
Bias <25 ug <0.003 /h
Random noise <8 ug/VHz <0.002°/+h

global EGF models); special IMU calibration tech-
niques. Each of these strategies has its advantages and
drawbacks. As an alternative to thermal calibrations
and corrections applied to accelerometers, in [9], it is
recommended to use an IMU with an internal thermal
stabilization system or a thermally insulated housing
for the IMU. iMAR also followed this path and devel-
oped the iTempStab temperature stabilization system,
which is a heat-insulating housing with built-in Peltier
modules. After several hours of warming up, this sys-
tem stabilizes the iNAT IMU temperature with an
error of lower than 0.1°C. The operation algorithm of
the iTempStab add-on is described in detail in [89].

In [93] it is noted that although thermal stabiliza-
tion improves the accuracy of determining the GDV
components (especially in the long-wave part of the
spectrum), the presence of such a unit raises doubts
about the SAG advantages over traditional gyrostabi-
lized gravimeters. An additional temperature stabiliza-
tion unit increases the SAG dimensions, weight and
power consumption. Nevertheless, SAGs of this type
are widely used. It is shown that the temperature stabi-
lization unit effectively limits bias of accelerometers
and improves estimation of the GDV long-wave com-
ponent.

The capabilities of the iTempStab thermal stabili-
zation system were studied in the frames of the air-
borne gravity survey in Turkey in 2017—2018. The
RMSE in determining GAs at the cross-points of the

iCORUS
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tacks was about 3.6 mGal. After the iTempStab unit
was installed, it decreased to 0.8 mGal. Comparison
with ground survey data showed a decrease in the
RMSE in GA determination from 2.19 to 0.94 mGal
[89].

It is important to note that gyrostabilized gravime-
ters still have better long-term stability of readings
compared to strapdown gravimeters [93].

One of iMAR’s latest developments is the
iCORUS-series SAGs, which to a greater extent meet
the modern requirements for airborne gravimetric sys-
tems (Fig. 8).

There is a low-weight small-sized version of
iCORUS SAG, designed for use, for example, in
UAVs. It is possible to combine the IMU with an addi-
tional unit iDGU-100x, which provides compensation
for systematic errors in the GA determination caused
by the zero bias of the SAG’s inertial sensors. As stated
in [94], after removing the linear trend, the measure-
ment error of GA can be decreased from 1.5 to 0.5—
0.8 mGal.

Below is a list of the iCORUS series SAGs known
to date: iCORUS-01—RLG-based gravimeter;
iCORUS-01-wts — gravimeter without thermal stabi-
lization; iCORUS-02—RLG-based  gravimeter;
iCORUS-02-wts—gravimeter without thermal stabili-
zation; iCORUS-03—FOG-based gravimeter. The

l
iCORUS + iDGU-100x
iNAT INS/GNSS

Fig. 8. iCORUS-series SAGs [94].
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Table 8. The main characteristics of the inertial sensors.

PESHEKHONOV et al.

IMU
Sensors Parameter
iXSea iNAV-FMS Litton LN-200
Accelerometers Random noise, pug/VHz 15 50 110
Bias instability, ug 100 1500 1500
Gyroscopes Random noise, °/h/VHz 0.09 6.00 9.00
Bias instability, °/h 0.01 0.75 3.00
Table 9. The results of the SAG comparison
RSME in gravity anomaly Time constant of the filter, s
IMU determination,
mGal (G) 17 60 90 120
iXSea Repeated tacks 2.1 1.9 1.6 1.5
Tacks crossings 2.1 2.3 2.5 2.8
Compared with EIGEN-6C4 model 4.4 4.5 4.5 4.5
iNAV-FMS Repeated tacks 4.3 4.2 4.2 4.1
Tacks crossings 5.0 4.9 4.8 4.8
Compared with IXSea IMU data 5.4 5.4 5.5 5.5
Compared with EIGEN-6C4 model 34 33 3.0 3.0
Litton LN-200 | Repeated tacks 4.8 4.7 4.7 4.6
Tacks crossings 4.7 4.7 4.8 5.1
Compared with IXSea IMU data 4.5 4.5 4.5 4.3
Compared with EIGEN-6C4 model 3.5 34 3.1 3.1

first two models of SAGs are subject to export restric-
tions [94].

3.8. Joint tests of Airborne Gravimeters

This subsection describes some SAGs that are not
discussed in detail in the available literature, but are
mentioned in the publications devoted to the joint use
of different airborne gravimeters.

In 2010, three SAGs were jointly tested over the
island of Madeira, Portugal: a SAG with an iMAR
iNAV-FMS IMU, a Litton LN-200 IMU-based SAG
(subsection 3.2), and an iXSea AIRINS IMU-based
SAG, France. The main characteristics of the inertial
sensors are shown in Table 8 [48].

The tests were conducted on the ATR 42 aircraft.
The airborne gravimeters were placed on a single
mounting plate near the aircraft center of mass. The
data sampling rate was 100 Hz for the iXSea IMU,
400 Hz for the iNAV-FMS IMU, and 200 Hz for the
Litton LN-200 IMU.

The RMSE of the GA determination based on the
data of two flights was calculated in four variants:

GYROSCOPY AND NAVIGATION  Vol. 13

— for each IMU by comparing the results of mea-
surements on repeated tacks;

— for each IMU by comparing the results of mea-
surements at the crosspoints of the tacks;

— using the results of the higher quality IMU to
estimate the accuracy of the two other IMUs;

— foreach IMU when compared with the EIGEN-
6C4 EGF model reduced to the local topography and
survey altitude.

The spatial resolution of the measurements was
also analyzed. A low-pass filter with different time
constants—17, 60, 90, and 120 s—was used in the post-
processing mode.

The results of the accuracy estimation of GA deter-
mination are presented in Table 9 [48].

The smallest RSME in GA determination was
shown by the iXSea IMU, the RSME of which was 2.1
and 1.6 mGal for repeated tacks and a spatial resolu-
tion of 1.7 and 5.0 km, respectively. The iNAV-FMS
IMU data processing was difficult because of nonlin-
ear drift in gravimeter readings. However, the results of
these tests demonstrated the promise of using the
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iMAR IMU for strapdown airborne gravimetry. The
tactical-grade Litton LN-200 IMU showed an accu-
racy of about 4.5 mGal at a spatial resolution of 5 km.

4. TRENDS IN THE DEVELOPMENT
OF STRAPDOWN INERTIAL AIRBORNE
GRAVIMETERS

Current trends in SAG development include the
search for ways to develop a currently missing com-
mercially available vector SAG with the required accu-
racy characteristics. One of the main obstacles to cre-
ating such a gravimeter is the error in solving the ori-
entation problem, which, in turn, is determined by the
errors of gyroscopic sensors. The orientation error of
1 arcsec is equivalent to the horizontal component
error of 5 mGal [36, 37], while the same orientation
error for the vertical component is only 5 uGal. In
[102, 103], the authors point out that it is possible to
achieve an error of determining the horizontal compo-
nents at a level of 5 mGal by using special methods for
processing the results obtained in multiple passes of
the survey area.

The designers of airborne gravimeters are working
to reduce the weight and dimension characteristics of
SAGs in order to use them on a wider class of aircraft,
in particular, UAVs, which make it possible to increase
the accuracy and resolution of airborne gravity survey
owing to the following features:

— low speed and low flight altitude, which form the
basis for increasing the spatial resolution of measure-
ments;

— ZUPT corrections, which allow compensation
for the errors of the SAG’s inertial sensors and
improve the accuracy of measurements.

These features provide the competitiveness of air-
borne gravity survey from UAVs compared to ground-
based gravity surveys due to its greater efficiency.

Reference [95] is devoted to the use of SAGs
onboard UAVs. Spectral analysis of the IMU and
GNSS errors formed the basis to study the influence
of the flight speed and dynamics on the accuracy in
determining the GDV. Two classes of IMU were con-
sidered—navigational and tactical. The paper shows
that for the navigation-grade IMU, the low speed of
the UAV can be an advantage in the recovery of short
wavelengths (<5 km) of the GDV. This is especially
significant in determining the GA due to the smaller
influence of orientation errors. For tactical-grade
IMUs, the low speed of the UAV is a disadvantage,
since it limits the recovery of short and medium wave-
lengths (<30 km) of the anomalous EGF. In terms of
flight dynamics, the effect of the phugoid motion was
analyzed. It is noted that the low speed of the UAV
leads to a short phugoid period compared to heavy air-
craft, which is about 13 s. This makes it possible to
determine the GDV components with a resolution of
less than 1 km. Note that in [96], a technique based on
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Fig. 9. SAG on an unmanned helicopter [65].

spectral analysis was developed to compare various
algorithms for determining GDV components, which
makes it possible, among other things, to detect the
effect of flight dynamics on the accuracy of their esti-
mation.

Reference [65] provides information on the cre-
ation of a SAG based on the navigation-grade iMAR
iNAV-RQH SINS and Novatel GNSS receiver,
installed on an unmanned helicopter (Fig. 9), the
characteristics of which are presented in Table 10.

Preliminary test results for such UAV showed that
the error in determining the GDV components at the
crosspoints of the tacks was approximately 4 mGal for
the vertical component and 6—11 mGal for the hori-
zontal components with a spatial resolution of 0.5 km.
ZUPT correction mode was used to estimate repeat-
ability of the measurement results, which was 2—
3 mGal for the GDV vertical component [65].

Reference [97] presents the SAG data processing
results obtained by Aerogeofizika Research and Pro-
duction Company (Russia) [104] during the tests on a
UAV BAS-200. The results of measurements during
the fourfold passage of the tack are shown in Fig. 10.

Table 10. Characteristics of the unmanned helicopter

Parameter Value
UAV weight 9 kg
Max takeoff weight 30 kg
Battery weight 5—10 kg
Payload 15kg
Max operating range 40 km
Max crusing speed 85 km/h
Max autonomy 1h
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Fig. 10. Results of the gravity anomaly determination on
the repeated tack using a UAV BAS-200 [97].

According to the authors, the RMSE of GA determi-
nation was £0.50 mGal.

Another trend in the SAG development is their
integration with traditional gyrostabilized gravimeters
[98]. On the one hand, this approach deprives strap-
down systems of their main advantage; on the other
hand, it becomes possible to carry out surveys with
increased resolution and high accuracy in difficult tur-
bulent flight conditions, including drape surveys,
which is needed in complex airborne geophysical sur-
veys, such as magnetic survey, gamma-ray spectrome-
try, and electrical survey).

The first attempts at such integration were made by
the Danish National Survey and Cadastre Service and
the University of Calgary. In June 1998, a joint test of
three gravimetric systems—Laseref III strapdown
INS/GPS system, the LCR S-type gyrostabilized gra-
vimeter, and the QA 3000 Q-Flex orthogonal triad of
accelerometers—was carried out. Reference [74] pres-
ents the results and analysis of those tests, compares
the measurement techniques and error models of air-
borne gravimetric systems. It is shown that integration
of data from the SAG and the gyrostabilized gravime-

Table 11. Characteristics of the iMAR SAG.

Parameter Value
GA measurement error, mGal <1.5
Gyro bias, °/h <0.001
Accelerometer bias, ug <12
Gyro dynamic range, °/s +395
Accelerometer dynamic range, g +20
Power consumption, W Less than 150
Weight, kg 14
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ter provided a high dynamic range and increased spa-
tial resolution of the survey [34, 73, 98].

Currently, iMAR is conducting research in this
area. Airborne gravimeters of the iCORUS family are
designed in a lightweight version to be used on UAVs,
with a view of joint operation with an iDGU-100x unit
to increase the measurement accuracy [94].

In October—November 2020, Aerogeofizika con-
ducted an airborne gravity survey onboard a Cessna
208B aircraft using two gravimeters: a Gravtekh-
nologiya GT-3 gyrostabilized gravimeter and an
iMAR strapdown gravimeter, the characteristics of
which are given in Table 11 [99].

The airborne gravity survey included 48 tacks with
a total length of 12700 km and was carried out during
12 flights. The average flight speed was 70 m/s, and
the altitude relative to the WGS84 ellipsoid was 680 m.
As a result of the survey data processing, it was noted
that in general, the GAs obtained by two gravimeters
were similar, and the main differences concerned the
highest frequency components of the GA. The RSME
in GA determination was about 0.9 mGal for the two
types of gravimeters.

The next stage of work conducted by Aerogeofizika
was the use of SAG in terrain following surveys. In
2021, this mode was used in the work complemented
with airborne gravity survey [97]. Flight speed varied
within 150—180 km/h, duration, up to 6 hours. The
total flight altitude range on the survey lines, dictated
by the terrain height, was about 900 m, and the range
of the SAG-recorded accelerations was 2300 Gal with
a standard deviation on the survey lines of =153 Gal.
The RMSE in the GA determination, estimated by the
intrinsic convergence, was +0.52 mGal [100]. In gen-
eral, the results of the surveys have shown that the
integration of SAG into the airborne geophysical sys-
tem, which is capable of performing high-precision
measurements in terrain following surveys, signifi-
cantly increases the reliability of data interpretation
and the geological efficiency of airborne geophysical
work without a significant increase in the cost of sur-
veying [99, 100].

CONCLUSIONS

1. The development of technical means capable of
providing a solution to the problems of airborne grav-
imetry at a new technical and economic level based on
the latest achievements in the field of strapdown and
satellite navigation systems, electronics, informatics,
and computer technology is relevant and promising.

2. Strapdown inertial gravimetric systems and
SINS integrated with GNSS are practically identical
with respect to the hardware composition. The differ-
ences are only in the requirements to the accuracy of
inertial sensors, the EGF knowledge, the composition
and accuracy GNSS equipment. These systems are
certainly different in the set of output data, which is
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dictated by the different purposes of these systems. At
the same time, it seems appropriate to create a system
which will be able to perform the functions of both sys-
tems, depending on a particular application. In the
authors’ opinion, there is a trend like that.

3. The absence of stabilization systems in strap-
down gravimeters allows reducing their cost, power
consumption, weight and overall dimensions, which
opens up possibilities for their application on a wider
range of aircraft, in particular, UAVs. The use of UAVs
provides a flexible system of gravity survey, which has
increased accuracy and detail, and also makes it possi-
ble to perform measurements in terrain following sur-
vey.

4. Vector gravimeters have important advantages
over scalar ones, since they create the prerequisites to
determine DOV, geoid heights, and second derivatives
of the geopotential directly from their readings, which,
in turn, make it possible to detect drastic changes in
the structure of the gravitational field.

5. Zero bias of accelerometers is the dominant
source of errors in determining GDV components.
Various strategies are being developed to deal with this
problem: aircraft maneuvers, elimination of linear
trends of zero bias using repeated or external measure-
ments. The most important task of reducing zero bias
is to develop accurate means of thermal control and
thermal stabilization. With this aim in view, it is nec-
essary to search for a compromise in order to achieve
high stabilization accuracy with minimal increase in
the dimensions and power consumption of the gravi-
meter.

6. The error of gyroscopic sensors additionally lim-
its the accuracy of determining the GDV horizontal
components. The orientation error of 1 arcsec is
equivalent to the 5 mGal error in determining the hor-
izontal components. Estimates for determining the
GDV horizontal components vary widely, with the
most optimistic ones being 5—10 mGal. At the same
time, the achievement of such accuracy is only possi-
ble with the implementation of special methods for
processing the data obtained with multiple passes of
the survey area.

7. A separate problem is obtaining reference values
of gravity anomaly along the flight trajectory in the
course of SAG tests. In this connection, it is necessary
to carefully choose the test site (anomality and knowl-
edge gravity field) as well as the time of testing day (to
minimize turbulence and atmospheric effects on
GNSS signals).

8. Many countries, such as the USA, Canada, Ger-
many, China, Denmark, Portugal, and Russia invest
heavily in the development of airborne gravimetry and
SAGs, in particular. At present, the leading position
on the SAG market belongs to iMAR, Germany,
which manufactures not only a series of IMUs that can
be used as a basis for SAGs, but also of iCORUS SAGs
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that meet up-to-date requirements for measuring
gravity from aircraft.

9. iCORUS-series SAGs provide the error of grav-
ity anomaly determination less than 1.5 mGal with
gyroscopic sensors having the drift rate of no worse
than 0.003°/h, random noise, no worse than
0.002°/vh, and accelerometers with zero bias less than
25 ug and random noise less than 8 ug/Hz. When inte-
grated with the iDGU-100x unit, the error of the grav-
ity anomaly becomes less than 1 mGal. There is a ver-
sion of low-weight and small-sized iCORUS gravime-
ter intended to be used onboard UAVs.
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