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Abstract: The specification and test requirements for a linear, single-axis, nongyroscopic
accelerometer for use in inertial navigation, guidance, and leveling systems are defined. A
standard specification guide and a compilation of recommended test procedures for such
accelerometers are provided. Informative annexes are given on the various types of such
accelerometers (force or pendulous torque rebalance with analog or digital output, vibrating
beam, and micromechanical) and error effects, on filtering, noise, and transient analysis
techniques, and on calibration and modeling techniques (multipoint tumble analysis, vibration and
shock test analyses, and geophysical effects in inertial instrument testing).
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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE documents are made available for use subject to important notices and legal disclaimers. These
notices and disclaimers, or a reference to this page, appear in all standards and may be found under the
heading “Important Notices and Disclaimers Concerning IEEE Standards Documents.” They can also be
obtained on request from IEEE or viewed at http://standards.ieee.org/ipr/disclaimers.html.

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use, are
developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards
Association (“IEEE-SA”) Standards Board. IEEE (“the Institute”) develops its standards through a
consensus development process, approved by the American National Standards Institute (“ANSI”), which
brings together volunteers representing varied viewpoints and interests to achieve the final product. IEEE
Standards are documents developed through scientific, academic, and industry-based technical working
groups. Volunteers in IEEE working groups are not necessarily members of the Institute and participate
without compensation from IEEE. While IEEE administers the process and establishes rules to promote
fairness in the consensus development process, IEEE does not independently evaluate, test, or verify the
accuracy of any of the information or the soundness of any judgments contained in its standards.

IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure
against interference with or from other devices or networks. Implementers and users of IEEE Standards
documents are responsible for determining and complying with all appropriate safety, security,
environmental, health, and interference protection practices and all applicable laws and regulations.

IEEE does not warrant or represent the accuracy or content of the material contained in its standards, and
expressly disclaims all warranties (express, implied and statutory) not included in this or any other
document relating to the standard, including, but not limited to, the warranties of: merchantability; fitness
for a particular purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness
of material. In addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort.
IEEE standards documents are supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related
to the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved
and issued is subject to change brought about through developments in the state of the art and comments
received from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity nor is IEEE undertaking to perform any duty owed by any
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his
or her own independent judgment in the exercise of reasonable care in any given circumstances or, as
appropriate, seek the advice of a competent professional in determining the appropriateness of a given
IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR
CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO: PROCUREMENT OF SUBSTITUTE GOODS
OR SERVICES; LOSS OF USE, DATA, OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON
ANY THEORY OF LIABILITY, WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING
NEGLIGENCE OR OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND REGARDLESS OF
WHETHER SUCH DAMAGE WAS FORESEEABLE.
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Translations

The IEEE consensus development process involves the review of documents in English only. In the event
that an IEEE standard is translated, only the English version published by IEEE should be considered the
approved IEEE standard.

Official statements

A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board
Operations Manual shall not be considered or inferred to be the official position of IEEE or any of its
committees and shall not be considered to be, or be relied upon as, a formal position of IEEE. At lectures,
symposia, seminars, or educational courses, an individual presenting information on IEEE standards shall
make it clear that his or her views should be considered the personal views of that individual rather than the
formal position of IEEE.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE. However, IEEE does not provide consulting information or advice
pertaining to IEEE Standards documents. Suggestions for changes in documents should be in the form of a
proposed change of text, together with appropriate supporting comments. Since IEEE standards represent a
consensus of concerned interests, it is important that any responses to comments and questions also receive
the concurrence of a balance of interests. For this reason, IEEE and the members of its societies and
Standards Coordinating Committees are not able to provide an instant response to comments or questions
except in those cases where the matter has previously been addressed. For the same reason, IEEE does not
respond to interpretation requests. Any person who would like to participate in revisions to an IEEE
standard is welcome to join the relevant IEEE working group.

Comments on standards should be submitted to the following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane
Piscataway, NJ 08854 USA

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with
the provisions of any IEEE Standards document does not imply compliance to any applicable regulatory
requirements. Implementers of the standard are responsible for observing or referring to the applicable
regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not
in compliance with applicable laws, and these documents may not be construed as doing so.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under U.S. and international copyright laws.
They are made available by IEEE and are adopted for a wide variety of both public and private uses. These
include both use, by reference, in laws and regulations, and use in private self-regulation, standardization,
and the promotion of engineering practices and methods. By making these documents available for use and
adoption by public authorities and private users, IEEE does not waive any rights in copyright to the
documents.

4
Copyright © 2019 IEEE. All rights reserved.



Photocopies

Subject to payment of the appropriate fee, IEEE will grant users a limited, non-exclusive license to
photocopy portions of any individual standard for company or organizational internal use or individual,
non-commercial use only. To arrange for payment of licensing fees, please contact Copyright Clearance
Center, Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission
to photocopy portions of any individual standard for educational classroom use can also be obtained
through the Copyright Clearance Center.

Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time
by the issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. A current IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every ten years. When a document is more than ten
years old and has not undergone a revision process, it is reasonable to conclude that its contents, although
still of some value, do not wholly reflect the present state of the art. Users are cautioned to check to
determine that they have the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whether it has been amended
through the issuance of amendments, corrigenda, or errata, visit IEEE Xplore at http://ieeexplore.ieee.org/
or contact IEEE at the address listed previously. For more information about the IEEE-SA or IEEE’s
standards development process, visit the IEEE-SA Website at http://standards.ieee.org.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE-SA Website at the following URL:
http://standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata
periodically.

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to
the existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant
has filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the
IEEE-SA Website at http://standards.iece.org/about/sasb/patcom/patents.html. Letters of Assurance may
indicate whether the Submitter is willing or unwilling to grant licenses under patent rights without
compensation or under reasonable rates, with reasonable terms and conditions that are demonstrably free of
any unfair discrimination to applicants desiring to obtain such licenses.

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not
responsible for identifying Essential Patent Claims for which a license may be required, for conducting
inquiries into the legal validity or scope of Patents Claims, or determining whether any licensing terms or
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing
agreements are reasonable or non-discriminatory. Users of this standard are expressly advised that
determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely
their own responsibility. Further information may be obtained from the IEEE Standards Association.
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Introduction

This introduction is not part of IEEE Std 1293-2018, IEEE Standard Specification Format Guide and Test Procedure
for Linear Single-Axis, Nongyroscopic Accelerometers.

This standard is provided as a guide for the preparation of an accelerometer specification (Part I) and an
accelerometer test procedure (Part II). The accelerometer considered in this standard uses a linear, single-
axis, nongyroscopic acceleration sensor. The capture-loop, pickoff, oscillator, and readout electronics,
when used, can be considered either as a part of the accelerometer or as separately provided by the user.
The format was prepared by the Gyro and Accelerometer Panel of the Aerospace and Electronic Systems
Society of the Institute of Electrical and Electronics Engineers (IEEE). It is intended to provide a common
meeting ground of terminology and practice for manufacturers and users.

The user is cautioned not to overspecify; only those parameters that are required to guarantee proper
performance in the specific application should be controlled. In general, the specification should contain
only those requirements that can be verified by test or inspection. Parameters in addition to those given in
this format are not precluded.

Blank spaces permit the insertion of specific parameter values and their tolerances. Brackets are used to
enclose alternate choices of dimensional units, sign, axes, and so on. Boxed statements are included for
information only and are not part of the specification format nor test procedure. The figures presented are
to be used as a guide for the preparation of specific figures or drawings.

The annexes are informative and cover

— Typical block diagrams for accelerometer response

— The various types of accelerometers considered (including pendulous torque rebalance, vibrating
beam, and micromechanical)

—  Error effects

— Filtering, noise, and transient analysis techniques

— Calibration and modeling techniques (multipoint tumble analysis, vibration and shock test analyses,
and geophysical effects in inertial instrument testing)

The following documents were used in the development of this standard:
IEEE/ASTM SI 10™-1997, Standard for Use of the International System of Units (SI): The
Modem Metric System.

IEEE Std 260.1™-1993, American National Standard Letter Symbols for Units of Measurement.

IEEE Std 280™, IEEE Standard Letter Symbols for Quantities Used in Electrical Science and
Electrical Engineering.

IEEE Std 315™-1975, IEEE Standard, American National Standard, Canadian Standard Graphic
Symbols for Electrical and Electronics Diagrams (Including Reference Designation Letters).

IEEE Std 315A™, Supplement to IEEE Std 315.
IEEE Std 528™-1994, IEEE Standard for Inertial Sensor Terminology.
IEEE 100™, The Authoritative Dictionary of IEEE Standards Terms.
In this standard, the symbol g (italic) is used to denote an acceleration equal in magnitude to the local value

of gravity at the test site. This symbol is thus distinguished from g (nonitalic), which is the standard symbol
for gram. The standard value of gravity g is 9.806 65 m/s”.
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The accelerometer is used to provide an analog, digital, or frequency output that is a measure of
acceleration or velocity increment, or both. An acceleration applied along the input axis of the acceleration
sensor causes its proof mass to deflect. For open-loop accelerometers, the pickoff error signal caused by
this motion is the measure of acceleration.

For force-rebalance accelerometers, the pickoff error signal is used in the electronics to produce a restoring
force or torque. When static equilibrium is reached, the reaction force or torque of the proof mass to the
average acceleration is balanced by the mean value of the restoring force or torque. The average rebalance
current or pulse rate required to maintain this equilibrium condition is proportional to the average
acceleration and provides the analog or digital output signal.

For vibrating beam accelerometers (VBAs), acceleration causes one resonator to increase in frequency (f;)
and the other resonator to decrease in frequency (f;). The difference (f; — f;) is a measure of the applied
acceleration. The VBA difference frequency scale factor is the sum of the individual resonator scale
factors. Thus, using the difference frequency observable in a dual-resonator VBA doubles the scale factor
as well as rejects many common mode error effects.

In this standard, no distinction is made between input axis (IA) and input reference axis (IRA) [similarly
between output axis (OA) and output reference axis (ORA) and pendulous axis (PA) and pendulous
reference axis (PRA)]. When dealing with the accelerometer, sensor physics 1A, OA, and PA would
typically be used. When orienting the accelerometer, package IRA, ORA, and PRA would typically be
used. In some cases, it may be desirable to attempt to orient the IA, OA, and/or PA by observing a signal
(such as the output or a reference voltage). Even in these cases, the IRA, ORA, and/or PRA can be used as
a check if the approximate orientation between IA, OA, and PA and the IRA, ORA, and PRA is known. In
all cases, users should determine which set of axes is appropriate for their application.

9
Copyright © 2019 IEEE. All rights reserved.



Contents

L@ <) 4 TSRS 14
1703 o 1< PSSRSO 14
L2 PUIPOSE ..ottt ettt ettt et ettt et e st e et e e s ebee s beeestaeesseesataesssaesssaasnsaeessseenseesnsaeanseesssaenssasesseenseennes 14
1.3 DOCUMENT STIUCTULE. ...ttt ettt et ettt e bt e bt ee e e bt et setesbeesbe e bt satesaeesateeseesbeenbeenseesnesseens 14

2. NOTIMALIVE TEIETEIICES. ....teeuteiiieitieteete ettt ettt ettt ettt e b e shtesbee s bt emt e satesbeenbeemteeabeenbeemteesaesbeenbeenaesnees 15

Part [-—Specification fOrmat.............ccoiieriiiiiiiie ettt sttt e esaeebeess e sbeesbeesbessaesaaenns 15

3 OVETVIBW .ottt ettt ettt bttt b et a et e e s h e eh e e st e st em et et e bt sh e e bt e a b et et e b e e bt eb e e bt e bt eb e ent e s bt ebeeb e st eneenee 15
I B 10T T TSRS 15
3.2 PUIPOSE .ttt ettt ettt ettt ettt eat e e bt e sat e e bt e sabeesabeesab e e bt e e bte e bae e eabeesab e e bte e bt e e bt e eabeeeanteesabeeaees 16

4. APPLICADIE AOCUMENLS .....eeuiiiieieieiieie ettt ettt et et e et esteesaeesseesseenseeseeeseeseenseensaenseensesnsesseenseensesnnes 16
O BN o<t er N o7 15 o) o PSP PRRPR 17
N 2 T 1 LRSS 17
4.3 DIAWIIES ... ceeeeeeee ettt ettt et e e et eee e st e et e e tesae e e et emeees e et e enseenseeseesseesmeesmeesaeeseenseeneeeneeseenneenneennenn 17
4.4 BUILBLINS ...ttt sttt ettt et e et e st e e bt e et e bt e bt es e es e emeen st eb e eb e e aeea e eneen e en s et et et enteneeneenes 17
4.5 Other PUDIICALIONS. ......vieuiiitieiietietieitee ettt et e et e e teebeeeteesbeesseesaessaesbeesseessessseesseessasssesseensenssenseans 17

S REQUITEIMENES ...ttt ettt ete et e et e et eebe e et e e s aeessteeesseesssaeassaesseensseeanseeasseesssaenssaesseenssesanseennseens 17
5.1 DIESCIIPLION ..uveeutieiieeiiesiierieete et eteeteettesteesteesseessessaesssesssesseesseassesssenseesseesssesseessesssesssesssessesssesssennsenns 17
5.2 GENEIal TEQUITCIMENTS......ccueeitieiiereetierieesteeeteesteeteeaesteesseesseesaesseesseessesseesseessesssesseesssesssesseessessenseens 20
5.3 PETTOINANCE .....c.eetitiiieieeeeee ettt b bt et ettt st ebe st et e e et aente b entenee 21
5.4 Mechanical TEQUITEIMENLS. ........c.eecvieieriiertieteesieeieetestesteesaeeaeseeessseenaesseeseenseassesssesseeseesseasseensensenns 38
5.5 Electrical and magnetic TeQUITEIMENTS .........c.eecuerverrierreerieeeeeeteeteeseenseesseeaessaesssessesseesseensesssesseenseenes 42
5.6 Environmental r@QUITEIMENLS. .......c..ccuerierieeteeieeeieeiestesetesteeaeseesseesseesssesseensesssesssesseessessessseensennsenns 46
5.7 REIHADIIILY ..uveeiiecie ettt ettt ettt e be ettt e st eneeneeneeeseeseeseeneeseensensansesesseeneensenes 49

6. QUALTLY ASSUIAICE. ...ceuveeueieuiietieeieett et e it eteetesete et ee bt e et saee s et emeeesee st emseemseesee st enseeemeesseenseenseeneanseenseeneeenean 49
LT O BT b (o7 1 Te) 1 B o) 1] £ TS 50
0.2 ACCEPLANCE LSS ..ievveiirieireeiiieeteeeitteesteestteestteesteeesseeeseesasseessseessseeasseesseeseesssseeasseessseennseenssennseesnses 52
6.3 QUALITICALION TESTS ...vveivriitieetie et e et e e et ettt e et e et e e et e eeteeeetaeeeaaeeeaaeeeaeeeeteeeeseeeeseeeeseeenseeeaseeesseenseeenees 54
6.4 REIIADIIILY TESTS ...eeutiiieiiieiiett ettt ettt ettt ettt et e bt et eate e bt embesatesbeenbeemaesneesaeenan 54
6.5 Test conditions and EQUIPIMENT ...........ccueeieriiecieeierieeieete st eteeteseeesreebeesreesseessesssesseesseessesssesssesssenns 55
6.6 TESE MELNOAS ...t bbbttt st ebe ettt e et be e b st nee 55
6.7 Data SUDIMITEAL.....c..eouiiiiiiiiiiititet ettt sttt ettt et et ebe et ettt et b st e b b enee 58

7. Preparation fOr AELIVETY ........c.eeieriieiieieeiieetee ettt ettt ettt e e e te e sseesseessesanesnseessessaenseensennsensnens 58

B NS . .ttt st a ettt e h et et s h e bt et et et eateeaeenbeenneeanens 58
8L INEENARA USC ...ttt ettt ettt e st ettt e e st e st e et e e e e e bt eseemeesneesneeseenneeneeenneens 58
8.2 OFAEIING QALA ...ttt ettt et et e bt et e e st e et e e bt en et e sbeebeentesneesneenseenneeneesnteans 58
8.3 MOAE] @QUALION ...ttt sttt ettt e st e bt et e e st e e st e bt eneeeneeebeenteeneesnee st eneeneeeneenns 58

Part TI——TeSt PIOCEAUIE ......eevuveevrieieeetieeieeeetteesteesteeeteeeteesveesssbeesseeensaeenseesnseesssaesssesenssesnseeenseesnseesssasnnsens 63

0. TESt PIOCEAUIE OVEIVIEW ....euvvivierieireeereeieeteeeteeeteesteesseessesseeseesseesssesseessesssesssesseassesssessssessesssesseesenssenssens 63

10, DIESCIIPLION ..veeutiieiiieeiieeieeetee sttt ettt estteeteeeteeesbeessseaessseassseenseeansaeanseeanseeesseesssaensesensseenseesnseenssseenssannses 63

10
Copyright © 2019 IEEE. All rights reserved.



11. Test conditions and SQUIPIMEIIL ..........cuerierrierrieiereeetestesseesteetesseesseeseesseessesssesssesseessesssesssesssesssesseessens 63

11.1 Standard test CONAILIONS .......ceuteuieiiietiiete sttt ettt eb bttt et sbe st ebeeneeneenes 63
11.2 TESt @QUIPITIENIL ...evevieeeieniieeieeiieeteeteesteseeesteeneeestesseesseense e seenseansesssesseenseensesnsesnseenseassenseensennsenssensenns 65
12, T@St PIOCEAULE ......veeeveeiieeiieie et eee et et e et et e e e eae st eesbe et e st enseeaseeseanseenseansensaesnsesnsesseenseensesnsesseenseensaesenn 68
T2.T TESE SEIUP .eeuvteeutteeetteeiee ettt ettt ettt et et e e st esat e e bt e e bt e sa bt e e bt e sabeesabe e bt beenstesabeeenbeesateesaneennteesnneenane 68
12.2 Accelerometer NONOPETAING TESTS.....cc.ueruieriieieeieeiiertteeteet et et et e steesteeteesseeseeeneeeneeeneesseeeeeneeenneas 69
12.3 Accelerometer OPETratiNng tESTS....ccueeuerierueerieeieeie et et e et et et e e e et e s bt enteesneesseesseeneeeneesseenseeneeenneennean 74
12.4 Electromagnetically torqued pendulous accelerometer tests ............ceveererreereenireienieeee e 105
12,5 VB BT ettt ettt ettt ettt sttt st e e e b e b e n bt e et e e bt e bt e bt e et e bt et et e eh e et e e bt en b e ebeenteenees 115
12.6 Micromechanical aCCelerOmMEter LESTS .......ceuueieriirieriiitiete ettt ettt et eb e 117
12,7 LE@ LSS .ttt ettt et h e e h e bt ettt e bt b et e bt et ea e eh e et e et en b e eheeeabeenees 121
12.8 REIHADIIILY TESTS ..evvievrerieiieiietiestiestieeeesteeteesteeteesseeseesse e seesseessesseesseesseassesseesssenssesssessesssesssesssensens 123
12.9 ENVITONMENTAL TESES ....euvieuieiieiieiieieiete sttt sttt ettt sttt eb et e et sbe et eat et e e ennenaens 124
Part III—Accelerometer deSCIIPIONS ........iecvieiereietieieeteeieeteseesteesseeaesetesseeseaesseesseensesssesseenseensesnseenseenes 128
Annex A (informative) Accelerometer dynamic block diagrams............cccoevevereverieinenienencnieneeecieeenes 128
AT INIFOAUCLION ..ottt ettt ettt ettt bbb sa e b s bt sbe bt ebeebt et eenes 128
YN @ 3153 1 (10 N0 0 1S3 2 () & SRS TRR 128
PN I ) (0 7<Te B Lo o I e o 5 1o 1 DTSSR 129
A4 Open-loop operation of closed-100p aCCElETOMELET ..........cocueeiiieiiirierieieeeeee e 130
A.5 Operation with voltage-to-freqUenCy CONVEISION. .....cc.ceiuiriiriirieiieiie sttt e 130
A.6 Operation with digital CAPLUIE LOOP ......eeueemiiiiiiitiee et sttt 131
A.7 Accuracy of capture-100P T€AOUL..........ceiiiiiiiieee ettt 131
Annex B (informative) Digital accelerometers and comments concerning their test methods.................... 132
Bl INtrOQUCLION. ..ottt ettt ettt sttt b e bbb e st st e st e et e ebesbeebeeaeeneesaeas 132
B.2 Description of commonly encountered digital output formats...........ccccceevveeeerveeniieienieseeieeienenn 132
B.3 Comments concerning test methods associated with digital instruments...........cc.ccoceverenienccencnnns 134
Annex C (informative) Characteristics of pendulous acCelerometers ...........cocceceeereeienienenenenreeeeieneennen 137
C.1 DESIN PIINCIPIES ..vieieeieiieiieie ettt ettt ettt te sttt e et e bt esaessaesseeseensesseesneeenseesaeseenseessensnesenn 137
(O N o] o o7 o) USSR 137
(ORI 2y (o) 0] 1TSS 138
(O T4 o) i USSP 143
C.5 EnvIronmental @ffECES .........ooieiiiiiiiieie ettt ettt ettt ettt naen 144
o0 TESLIIIE ..ottt ettt ettt ettt et e e e e e e bt et et e et e eb e e bt et e e ebe e bt ent e eaeeeb e e bt enbeeneeenbeenaeeaees 144
C.7 Special requirements in the SPeCIfiCAtION...........ccuiviirieriieiieie et seae s 144
C.8 Advantages and diSAAVANTAZES. ........cueveerieeriiiierieriieiestieteeteseeseesseeseesseesseessesseesseesseessesseesssensens 145
Annex D (informative) Overview of the characterization and use of the VBA.........c.cccceiinininininnicncnns 146
D1 INEOQUCTION ..nintintiiiteete ettt ettt et ettt b e s bbbt bt et e e s b sbeebesbeebeebeeaeenaenaeas 146
D.2 Historical BaCK@rOUNG.........cc.eiiiiiieiieiieie ettt sttt ettt ae e e seenseenneenees 146
D.3 VBA—TRhEOry Of OPEIAtiON ....c.ueeveieieiieiieieeie et eieeitetteieetestae st seesseenseesseesaesseenseenseenaeenseensesnnas 147
D.4 VBA SIZNAI PIOCESSIINE ...cuveeutieiieeiiertierieeieeiit et et ette et et e e eseesbeeeeesaeesseeseeneeeneesseeteesseenseensesneesneas 151
.5 VBA EITOT SOUICES ....eeuvteeutieiiieeitteniteeetiteestte ettt et e st e sate e sttt e ebeesabeesabeesabeesabeebee e abeesabeesnbeesbseenseeenne 155
D.6 Related deVEIOPIMENTS ........coiuiiiiiieitieie ettt ettt ettt et et e et et e s bt enbeenseeneeeneas 159
Annex E (informative) VBA resonator frequency as a function of applied acceleration .............c.cccecunee. 160
E.1 Geometry and elastic properties of vibrating beam............ccccereiiiirinieieeese e 160
E.2 Square-root relationship derived from energy considerations.............cceceeeeeienienieneninieieieieieans 161
E.3 Direct frequency versus fOrce relation ............cvecvirieriieriieiieniieie e seesie e see e eereeseesseesseessessnessees 164
E.4 Frequency versus force numerical eValuation .............c.ecvevveeiirienieiieseesie et eeesreesreessaeseeesesnesenes 169
E.5 Comparison of fit coefficients and square-root Taylor coefficients...........ccccceevvevierieviienienieeieen. 171

11
Copyright © 2019 IEEE. All rights reserved.



Annex F (informative) Micromechanical aCCElerometers ............cecueuerieierineeieieieniee e 173

F.1 MICTOMACKININE .....voviiiiiiieiiieieetieie sttt ettt ettt e e te e b e esaessaesaeesbeesaesseesnseessesssesseensenssesssensens 173
F.2 Micromachined silicon accelerometer—flexured-mass configurations ..............cecevvereveceenveennnnnen. 173
F.3 Micromachined Silicon VBAS .........cccciiiiiiiiiiiienericeietctct ettt st 183
Annex G (informative) Outline of error sources in acCeleromMeters. .........vevververieriereesieriereeeeeeeseeeeens 188
(€ 20 115 T L1 15 o ) PSSR 188
(.2 Sensor characterization by mechanization ..............cceeieiieierieeie et 188
G.3 Typical sensor characterization by manufacturing ProCess. ........ce.ouereerueeruereerieeiesiesieeseeeeseeneens 189
G4 BITOT CALBEOTIES ... cuveutentientieiieettestte et e stt et et ette st ee et eat e bt et e eseeebeesbe e bt emeesaee emteeseenbeenbeentesseenbeenbean 189
5.5 SENSOT PRLYSICS ..uviuteiietieteeti ettt ettt et et et et e st e e be s ae e eetebeeeeebeebeeseeseeneeneeseeebeeseeneeneeneensensasennean 190
Part IV—Filtering, noise, and transient analySEs ..........c.coccereriririeiienieese ettt eeee e et te e ee e eeens 192
Annex H (informative) Digital fIltEring ..........cceeieriieriieiiieiieie ettt sre e eaesaesreesseesaesese e 192
H.1 Types of filtering and deCIMAatiON ............cceovieriiiierieiieeiese ettt eae e ea e e sreesbeesbeessesseennnas 192
H.2 Rectangular fIItErINg ........ccoerieiierierieiieieet ettt ettt et sttt etessae s e eseessaessaenseensessnensees 193
H.3 Triangular fIlteriNg..........ccveiiieieeieeietie ettt te et ae st e st e sseenaesseesse e sseesaeseensesnsessnesenn 193
H.4 Higher order fIlteriNg ..........ccuveoiieieiieiieeiest ettt ettt s e s e seensaesseenseensesnnennees 194
Annex I (informative) N0iSe CharaCteriZation ...........c.ecccvieiiierieeiiieeieecteeete e eseeesteeeereesaeesaeeseseessneenes 195
L1 StOCHASTIC PIOCESSES .. .veuveeutieuiieiiertiestieteeette st et esteetee et et ea e e steeneesneesaeesseenseemeesneesseeneaaseenseensesneannean 195
1.2 Autocorrelation function of @ StOChASTIC PIOCESS . ......ueeviertieieeiiriieriee ettt 195
1.3 Estimation of the autocorrelation funCtion ............cc.coiieiiiiiiiiiiiii e 196
1.4 Power spectral density (PSD) of a stationary StochastiC PrOCESS........cceruereeierieriereenieeieieiereeneeneens 197
1.5 Estimation 0f the PSD ..ottt s 198
1.6 Numerical evaluation and plotting of the PSD .........ccccueriiiiieiiiieiie e 202
1.7 Characteristic PSD NOISE SIOPES .....veevveiuiiriieiiiieeiiesiiieieeteesieetesteseesreebeesreesseessesssesseessesssesssenssessnas 203
1.8 Characteristic Allan variance N0iSE SIOPES ......ccuievirieriieriieiieeieie e see st esteeeeseesteessaesseesseessessseseees 207
1.9 Estimation of Markov N0iSE PATAMELETS .........eccvieierieriierierierteesteseeseeesseesesaesseesesesseesseesesssesseessens 208
Annex J (informative) Characterization of transient behavior ..........c.cccccveveririnecnenininneeceeeee e 213
J.1 Types of transient DERAVIOT .........cccviieiieiieie ettt ettt e e e seennesenes 213
J.2 Second-order ordinary differential equation transSient..............coeouereereereesieneeeeiesee e eees 213
J.3 Exponential, square root, and logarithmic tranSients ............c.cceeouereereerieenieseeeeeree e 214
J.4 Estimation of transie€nt PArameELErsS ..........cceerueerieeierietieetierteeteeeesteeseeeteeeeeeeeneeeneesseeseeneeeneesseenees 216
Part V—Calibration and modeling teChNIQUES ...........ccueriiririiiieeiieie ettt 217

Annex K (informative) Calibrating accelerometer model coefficients from static multipoint tumble data.217

K.1 Multipoint tumble test and analysis ProCEAUIES..........c.ccveerrieciiriierieiierierte et eeeseee e ere e eseeaesenes 217
K.2 Model equation for multipoint tumble analysis ............ccceevveeciiriieriieiieiiene e 221
K.3 Multipoint tumble analysis with a single accelerometer observable.............cccccvevievieriieneeriennenen. 227
K.4 Multipoint tumble analysis with dual orthogonal accelerometer observables ...........c.cceceeeeeencnene 233
K.5 Multipoint tumble analysis with orthogonal accelerometer magnitude-squared-of-g observable ...235
K.6 Least-squares maximum likelihood eStimation.............ccvevuiecierieneenieniee e 236
Annex L (informative) Vibration test equipment, test procedures, and analysis techniques....................... 242
L.1 Test equipment and teSt fIXEUIES. ........ccueerirriiieeiere ettt ettt eneeseeeeaees 242
| D T Ao o (o 1TSS 245
LL.3 EITOT SOUICES ...cntieuiitietieiie ettt ettt ettt ettt e st et e bt et e bt smee s bt e bt et e sseeemteeateebeenbeenbeentesbeenbeennees 246
L.4 Test instrumentation and ProCEAUIES..........ccvivvieiiiieriierieieete ettt ete e eveeeseste e beesseessesesesaees 247
L.5 General comments on analysis teChNIQUES .........ccueiiiiiiriiieie et 248
L.6 Calibration of nonlinear coefficients from vibration along different instrument axes ..................... 249
L7 SUIMNIMATY ..ttt ettt e st e e et e et e sabeesabeeesbeessbe e nbaesasaesasaesaseessseessesnsseennseesns 259

12
Copyright © 2019 IEEE. All rights reserved.



Annex M (informative) Geophysical effects in inertial instruments testing...........ccocvvevveeveeriereeseereenenn 260

IML T INEEOAUCTION ...ttt ettt et e e et e et e e teeeteeebeeeaseeeaseeenseseseeeaseesaseeesseessseensneeans 260
M.2 SEISIMIC ENVITONIMENE ... .ecuviieitieereeeteeeereesetreesteeesseeeereesseessreesssseessesassessseasseessseessseessssssssesssseessseees 260
M.3 Tilt and azimUuth VATTATIONS. .......c..eeiuiiiiiiciieeeieeeeee et eeiee et e re e be e st e eeteeebeesveesaseessseessseseseesaseeses 261
M.4 Effect of Tunar—solar €arth tides ..........c..cooieeiiiiiiieiiiieece ettt e ve e eareestaeeeaaeeeas 261
M5 Effect Of 0CEAN tIACS ......ooiiieiiieeeee e e e et e et eeeeeaee e e eaaeeeeeraeeean 263
M.6 Variations in €arth TOTAtION..............cccuiiiiiiii e e et eee e e et e e eeaeeeeeaeeean 264
Annex N (informative) BiblIOGraphy ........c.ceouiiiiiiiiieiee ettt 266

13
Copyright © 2019 IEEE. All rights reserved.



IEEE Standard Specification Format
Guide and Test Procedure for Linear
Single-Axis, Nongyroscopic
Accelerometers

1. Overview

1.1 Scope

The specification and test requirements for a linear, single-axis, nongyroscopic accelerometer for use in
inertial navigation, guidance, and leveling systems are defined. A standard specification format guide and a
compilation of recommended test procedures for such accelerometers are provided. Informative annexes
are given on the various types of such accelerometers (force or pendulous torque rebalance with analog or
digital output, vibrating beam, and micromechanical) and error effects, on filtering, noise, and transient
analysis techniques, and on calibration and modeling techniques (multipoint tumble analysis, vibration and
shock test analyses, and geophysical effects in inertial instrument testing).

1.2 Purpose

A standard specification format guide is provided, along with a compilation of recommended test
procedures for the preparation of a linear, single-axis, nongyroscopic accelerometer specification. These
test procedures are derived from those currently in use in the industry.

1.3 Document structure

This standard consists of five parts: The first two parts are in the normative portion of the standard, and the
other three are in the informative portion. Part I is a specification format guide for the preparation of a
linear single-axis, nongyroscopic accelerometer specification. Part II is a compilation of recommended
procedures for testing a linear single-axis, nongyroscopic accelerometer. Part III contains descriptions of
various types of accelerometers. Part IV discusses filtering, noise, and transient analysis. Part V contains
calibration and modeling techniques.
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