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Introduction

(This introduction is not a part of IEEE Std 952-1997, IEEE Standard Specification Format Guide and Test Procedure for
Single-Axis Interferometric Fiber Optic Gyros.)

This standard was prepared by the Gyro and Accelerometer Panel of the IEEE Aerospace and Electronic
Systems Society and consists of two parts.

Part I is a specification format guide for the preparation of a single-axis interferometric fiber optic gyro
(IFOG) specification. It provides a common meeting ground of terminology and practice for manufacturers
and users. The user is cautioned not to over specify; only those parameters that are required to guarantee
proper instrument 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 standard are not precluded.

Part II is a compilation of recommended procedures for testing a single-axis IFOG. These procedures,
including test conditions to be considered, are derived from those currently in use. For a specific application,
the test procedure should reflect the requirements of the specifications; therefore, not all tests outlined in this
standard need to be included, nor are additional tests precluded. In some cases, alternative methods for mea-
suring performance characteristics have been included or indicated.

The intent is for the specification writer to extract the applicable test conditions and equipment requirements
from Clause 11 for inclusion in the appropriate subclauses listed under 6.5. Similarly, it is intended that the
writer extract the applicable test procedures from Clause 12 for inclusion in the appropriate subclauses listed
under 6.6. Part II can also be used as a guide in the preparation of a separate gyro test specification with
appropriate clause numbering. In general, the intent is for the Part II test procedure to refer to Part I require-
ments for performance, mechanical, electrical, environmental, reliability, and quality assurance. To that end,
a test should not be listed in Part IT unless a related requirement exists in Part I.

Blank spaces in the text of this standard permit the specification writer to insert specific information such as
parameter values and their tolerances, clause numbers, etc. Brackets are to be used to enclose alternative
choices of dimensional units, signs, axes, etc. Boxed statements are included for information only and are
not part of the specification or test procedures. The terminology used conforms to IEEE Std 100-1996 and
IEEE Std 528-1994. The units used conform to ANSI 268-1992. The abbreviation of units conforms to IEEE
Std 260.1-1993. The graphic symbols used conform to IEEE Std 315-1975.

This standard defines the requirements and test procedures for an IFOG in terms unique to that gyro. The
requirements contained in this standard cover application where the gyro is used as an angular motion sensor

in navigation and control systems.

The term “interferometric fiber optic gyro” is accepted to include the electronics necessary to operate the
gyro and to condition the output signal.

Annex A lists various gyro design features for which this format is applicable. The table therein is not
intended to make any suggestions regarding the selection of particular design features that might restrict the
free choice of manufacturers.

Annex B is an overview of dynamic and stochastic modeling.

Annex C is an overview of noise process variance analysis as a method for determination of the drift rate
coefficients and the quantization coefficient.
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IEEE Standard Specification Format
Guide and Test Procedure for Single-
Axis Interferometric Fiber Optic
Gyros

1. Overview

1.1 Scope

This standard defines requirements for a single-axis interferometric fiber optic gyro (IFOG), including any
necessary electronics, to be used in [an attitude control system, an angular displacement measuring system,
an angular rate measuring system, 1.

2. References

This standard shall be used in conjunction with the following publications. When the following standards are
superseded by an approved revision, the revision shall apply.

ANSI 260.1-1993 American National Standard Letter Symbols for Units of Measurement (SI Units, Cus-
tomary Inch-Pound Units, and Certain Other Units).1

IEEE/ASTM SI 10-1997, Standard for Use if the International System of Units (SI): The Modern Metric
Sys.te:m.2

IEEE Std 100-1996, IEEE Standard Dictionary of Electrical and Electronics Terms.

IEEE Std 280-1985 (Reaff 1996) IEEE Standard Letter Symbols for Quantities Used in Electrical Science
and Electrical Engineering (ANSI/DoD).

TANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor,
New York, NY 10036, USA.

2[EEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA.
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IEEE Std 315-1975 (Reaff 1993), IEEE Graphic Symbols for Electrical and Electronics Diagrams (ANSI/
DoD).

IEEE Std 315A-1986 (Reaff 1993), IEEE Supplement to Graphic Symbols for Electrical and Electronics
Diagrams (ANSI/DoD).

IEEE Std 528-1994, IEEE Standard for Inertial Sensor Terminology (ANSI).

IEEE Std 812-1984, IEEE Standard Definitions of Terms Relating to Fiber Optics.3

Part |—Specification format

3. Definitions

Except for the term defined below, IEEE Std 100-1996, IEEE Std 528-1994, and the model equation of 8.3
define terminology used in this standard.

3.1 Shupe effect: A time-variant non-reciprocity due to temperature changes along the length of the fiber.

4. Applicable documents

The following documents form a part of the specification to the extent specified in this specification. In the
event of any conflict between the requirements of this specification and the listed documents, the require-
ments of this specification shall govern.

Give identification number, title, date of issue, and revision letter of each listed document.

4.1 Specifications

4.1.1 Government

MIL-P116J Methods of Preservation 1 October 1991.

4.1.2 Industry/Technical

4.1.3 Company

3IEEE Std 812-1984 has been withdrawn; however, copies can be obtained from Global Engineering, 15 Inverness Way East, Engle-
wood, CO 80112-5704, USA, tel. (303) 792-2181.

2 Copyright © 1998 IEEE. All rights reserved.
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IEEE
FOR SINGLE-AXIS INTERFEROMETRIC FIBER OPTIC GYROS Std 952-1997

4.2 Standards

4.2.1 Government

MIL-STD-105E Sampling Procedure and Tables for Inspection by Attributes 1 February 1995.

MIL-STD-461D Electromagnetic Interference Characteristics, Emission and Susceptibility January 1993
Requirements for the Control of Electromagnetic Interference.

MIL-STD-462D+ Electromagnetic Interference Characteristics, Measurements of 1 April 1995.
MIL-STD-704E Aircraft Electric Power Characteristics January 1991.

MIL-STD-740B Airborne and Structure borne Noise Measurements and Acceptance 1 June 1965 Criteria
of Shipboard Equipment.

MIL-STD-781D Reliability Design Qualification and Production Acceptance Tests: October 1986 Expo-
nential Distribution.

MIL-STD-785B Reliability Program for Systems and Equipment Development and Notice 2 Production
2 August 1988.

MIL-STD-810E Environmental Test Methods and Engineering Guidelines 2 September 1993.

4.2.2 Industry/Technical

IEEE Std 100-1996, IEEE Standard Dictionary of Electrical and Electronics Terms.

IEEE Std 528-1994, IEEE Standard for Inertial Sensor Terminology.

4.2.3 Company

4.3 Drawings
4.3.1 Government
4.3.2 Industry/Technical

4.3.3 Company

4.4 Bulletins
4.4.1 Government
4.4.2 Industry/Technical

4.4.3 Company

4.5 Other publications

Other applicable documents should be listed under the appropriate subclause.

Copyright © 1998 IEEE. All rights reserved. 3
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5. Requirements

5.1 Description

The design features of the gyro described in this specification are an enclosure and mounting means, a

light source, a sensing coil of , a photosensitive readout device, and the following
additional optical and electronic components: . The gyro is intended for use as an angular [rate,
displacement] sensor.

To fill in the blanks, refer to Annex A for examples.

5.2 General requirements
5.2.1 Precedence

In the event of conflict among the purchase agreement, this specification, and other documents referred to in
this specification, the order of precedence shall be as follows:

a)  Purchase agreement.
b)  This specification and its applicable drawings (see 5.4.2 and 5.5.1).
c)  Other applicable documents (see Clause 4).

5.3 Performance

Performance characteristics shall be as specified in this subclause. The tolerances include a summation of
manufacturing and test errors, and environmental effects. Any exception due to environmental effects shall
be listed in 5.6.3.1.

When required by the application, the sensitivity of a gyro characteristic to variations in voltage, fre-
quency, temperature, or other variables should be included in the subclause specifying that characteristic.

5.3.1 Input rate limits
5.3.1.1 Maximum

The input rate limits about the gyro input axis (IA) shall be = [°/s, rad/s].

The positive and negative input rate limits need not be equal. Multiple rate limits may be specified.

5.3.1.2 Minimum (dead band)
The gyro dead band shall not exceed [°/s, rad/s].
5.3.2 Gyro scale factor, S

["/p, urad/p, 1+ %.

In the angular rate sensing mode, the scale factor is normally specified in (°/h)/V, (°/h)/Hz. In the angular
displacement sensing mode, the scale factor is normally specified in "/p. Different values and tolerances
may be specified for different input ranges.

The scale factor range includes the manufacturing tolerance. The test procedure will result in a nominal
scale factor that is defined in the model equation in 8.3.

4 Copyright © 1998 IEEE. All rights reserved.
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5.3.2.1 Gyro scale factor errors

a) Linearity Error. [ppm, %] of full scale and/or [ppm, %] of output, [maxi-
mum lo, ].

Scale factor linearity error may have a component periodic in rate due to optical feedback to the source.

b) Asymmetry. The difference between the scale factor measured with positive input rates and negative
input rates shall not exceed [ppm, %] of half the sum of the magnitudes of the scale fac-
tor determined for positive and negative inputs.

¢) Repeatability. [ppm, %], [maximum spread, 10, ].

Repeatability involves changes in scale factor that occur between periods of operation. Thermal cycles
and other environmental exposures, shutdowns, time between runs, remounting, and additional factors
pertinent to the particular application should be specified.

d) Stability. [ppm, %], [maximum spread, 1o, ] for [hours, days,
1

5.3.2.2 Gyro scale factor sensitivities

a) Temperature. The change in gyro scale factor resulting from a change in steady-state operating tem-
perature shall not exceed ppm from that measured at °C over the range
°Cto °C.

b)  Other sensitivities.

Additional sensitivities may be specified such as those due to variations in supply voltage, rate of temper-
ature change, temperature gradient, orientation, acceleration, vibration, magnetic field, radiation, and
other environments pertinent to the particular application.

5.3.3 Drift rate, D, E
5.3.3.1 Bias and random, D
5.3.3.1.1 Bias, D¢

+ °/h.

Repeatability. °/h [maximum spread, 10, ].

Thermal cycles and other environmental exposures, shutdowns, time between runs, remounting, and addi-
tional factors pertinent to the particular application should be specified.
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5.3.3.1.2 Random, Dg

Random drift rate is usually defined in terms of the Allan variance components. These components
should be specified. See Dg terms under 8.3 and Annex C.

a)  Angle random walk (rate white noise) coefficient, N. °/h"? maximum.
b) Bias instability coefficient, B. °/h maximum.

¢) Rate random walk coefficient, K. (°/h)/h1/ 2 maximum.

d) Ramp coefficient, R. (°/h)/h maximum.

For some applications it may be sufficient to define random drift as the standard deviation of the output.
The time interval and integration time should be specified.

5.3.3.1.3 Measurement noise, Dg

Quantization noise coefficient, Q [", urad] maximum.

Measurement noise is usually defined as the Allan variance component Q. See 8.3 and Annex C.

5.3.3.2 Environmentally sensitive, E

5.3.3.2.1 Thermal

a) Temperature. The change in gyro bias resulting from a change in steady-state operating temperature

shall not exceed °/h from that measure at °C over the range
°Cto °C.

b) Temperature ramp. The change in gyro bias resulting from a temperature ramp of °C/
min shall not exceed °/h.

The characteristics of the ramp should be representative of the intended application.

¢) Time-dependent temperature gradient. The maximum change in gyro bias resulting from a change in
temperature ramp of °C/min shall not exceed °/h.

The magnitude of the temperature ramp should be representative of the intended application. This is
intended to specify the bias error associated with the Shupe effect, which arises from the time-dependent
temperature gradient with respect to the center of the fiber length. The magnitude of the effect is depen-
dent on gyro design, including coil-winding techniques and thermal packaging, and exhibits differences
depending on the direction of thermal input. The mounting arrangements and method of thermal input
should be specified if required by the installation design.

5.3.3.2.2 Magnetic

The change in gyro bias resulting from a change in steady-state flux density shall not exceed °/h
over the range to [mT, G, ].

Gyro axis and characteristics of the field should be defined. If exposure to a varying field is required, the
nature of the variation should be described. Demagnetization may be necessary following exposure.
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5.3.3.2.3 Other sensitivities

Additional sensitivities may be specified such as those due to variations in supply voltage, rate of temper-
ature change, orientation, acceleration, vibration, radiation, and other environments pertinent to the par-
ticular application.

5.3.4 |A alignment characteristics
5.3.4.1 |1A misalignment

[', mrad], maximum with respect to the input reference axis (IRA).

The specific direction of IA misalignment may be important in some applications and should be specified
with respect to XRA and YRA gyro case reference axes. Note that these axes are defined in 5.4.3.

5.3.4.2 |A alignment repeatability

[", wrad], [maximum spread, 10, ].

Thermal cycles and other environmental exposures, shutdowns, time between runs, remounting, and addi-
tional factors pertinent to the particular application should be specified.

5.3.4.3 IA alignment sensitivities

IA alignment sensitivities may be specified, such as those due to temperature, thermal gradients, rate of
temperature change, acceleration, vibration, and additional environments pertinent to the particular appli-
cation.

5.3.5 Operating temperature

+ °C.

The operating temperature above applies only to temperature-controlled gyros. For gyros intended to
operate without temperature control, see 5.6.4.4.

5.3.6 Warm-up time

[s, ], maximum.

The limits of gyro performance during that portion of warm-up time following the turn-on time should be
specified for certain applications. These limits could be fixed bounds or functions of time. More than one
function may be specified for different temperatures at the time of turn-on, or different functions may be
specified for each performance parameter (i.e., scale factor, bias, etc.).

5.3.7 Turn-on time

The gyro output rate shall be within [°/h] of the input rate within [s, ] after
the application of power.
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5.3.8 Polarities
5.3.8.1 Input axis (IA)

The positive IA shall conform to [drawing number , Figure ].

5.3.8.2 Output signals

The output signals representing gyro rotation shall conform to [drawing number , Figure

S

5.3.9 Reference constants

These constants are for reference only. They are not specified independently, because they may vary
within the framework of the specification, or because they are difficult or impossible to measure indepen-
dently in a complete gyro. Nominal values are listed.

5.3.9.1 Light source wavelength

[nm, ].

5.3.9.2 Number of turns

5.3.9.3 Effective area per turn

[m2, ].

5.3.9.4 Physical pathlength

[m, 1.

5.4 Mechanical requirements
Mechanical characteristics shall be as specified hereinafter.

5.4.1 Exterior surface

Additional requirements controlling surface finish, workmanship, processing, etc., may be specified.

5.4.2 Outline and mounting dimensions

Outline and mounting dimensions, and accuracy requirements of mounting surface shall conform to [draw-
ing number , Figure 1.

Specify center of gravity if required.
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5.4.3 Gyro axes

The X gyro case reference axis (XRA) and Y gyro case reference axis (YRA) are mutually perpendicular

and are located by means of the gyro mounting surface and the reference index on the gyro case [notch, pin,

scribe line, ]. The IRA, XRA, and YRA are reference axes defined with respect to the mounting provi-

sions. These axes are nominally parallel to IA, XA, and YA respectively, and define a right-handed coordi-

nate system. The IRA is perpendicular to the gyro mounting surface and shall conform to [drawing number
, Figure ] (see Figure 1).

YA YRA

A
Zx

XA
M
Cy XRA
Cx
IRA
Cy
1A
Figure 1—Gyro axes and misalignment angles
5.4.4 Weight
+ (g, 1.

Specify those components such as cables, connectors, and electronics that are to be included in the weight.

5.4.5 Seal

The gyro shall be sealed such that the equivalent helium leak rate is less than [em’/s, ]
when subjected to a pressure of * Pa and gyro temperature of

* °C for a minimum of minutes.
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5.4.6 Identification of product

The gyro shall be identified on the surface and in the manner indicated in drawing number
Identification shall include the following:

a)  Fiber optic gyro or IFOG

b)  Specification number

¢)  Unit serial number

d) Axis identification marking as shown in [drawing number , Figure ]
e) Manufacturer’s name or symbol

The purchase agreement may require additional identification such as date of manufacture and safety
warnings.

5.4.7 Acoustic noise

The acoustic noise emissions shall conform to

5.5 Electrical requirements
Electrical characteristics shall be as specified in this subclause.
5.5.1 Schematic

The electrical circuits shall be connected as shown in [drawing number , Figure ].

The schematic may include preamplifiers, temperature sensing circuits, heater circuits, trim components,
test points, etc.

5.5.2 Impedances

The gyro impedances shall be Q.

Load impedances and impedances of excitation, monitoring, temperature sensing, and test circuits should
be specified.

5.5.3 Input power

The input power shall not exceed W.

Requirements such as power factor for each circuit, frequency, voltage, ripple, starting, and operating cur-
rent should be specified. Transient conditions may need to be specified.

Gyros with environmental controls may exhibit substantial changes in input power requirements over the
operation temperature range.
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5.5.4 Test points

Test points required for monitoring and testing of the gyro should be specified. These may include excita-
tion voltages, other control signals, or temperature sensor(s). Any special buffering or scaling require-
ments should be specified.

5.5.5 Grounding

Electrical grounding design requirements (for example, requirements for isolation between input, output
power returns and the grounding requirements for shields, chassis and critical components) should be
specified.

5.5.6 Output signals

The type and characteristics of output signal(s) required, such as analog voltage or current, parallel or
serial digital, or incremental angle pulses should be specified. For example:

Type: Pulses indicating positive angular increments on one signal line and pulses indicating negative
angular increments on a second line.

Characteristics:

Source impedance

Load impedance

Wave shape (see Figure 2)
Maximum pulse rate

5.5.7 Temperature sensors

The output of the temperature sensor(s) shall be + [Q,V, ] in the operating
temperature range specified in 5.6.4.4 of this standard. The temperature rise of the sensor due to self-heating
shall not exceed °C at mA. The scale factor of the temperature sensor(s) shall be
[%] + [V/°C, 1.

Thermistors, thermocouples, or other temperature sensors may be specified. Temperature sensors may be
built into the gyro for use in characterizing its temperature sensitivity. If sensors are required, specify
quantity, locations, and characteristics. The temperature range over which the scale factor should be spec-
ified is given by 5.3.5 for temperature-controlled gyros and 5.6.4.4 for all other gyros.

5.5.8 Insulation resistance

The insulation resistance between isolated interface circuits and between the case(s) and circuits isolated
from the case(s) shall not be less than MQ measured at + V dc,
applied for * S.

Different voltages may be specified for different circuits.
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5.5.9 Dielectric strength

The leakage current shall not exceed nA when * V RMS, at
Hz, are applied between isolated interface circuits, and between the case(s) and circuits isolated
from the case(s) for + S.

Different voltages may be specified for different circuits. In some instances, lower voltages may be spec-
ified for subsequent tests.

5.5.10 Electromagnetic interference

The electromagnetic emissions and susceptibilities shall conform to

Describe the requirements. In the United States, a common standard is MIL-STD-461.

5.5.11 Electromagnetic compatibility

Describe the requirements. In the United States, a common standard is MIL-STD-461.

5.6 Environmental requirements

This subclause contains environmental requirements only. Test procedures that are to be used, including
required combinations of environments, are covered in 6.6 of this standard.

5.6.1 Storage

The gyro shall conform to all requirements of this specification after exposure to the following environments
or specified combinations thereof, while packaged as specified in Clause 7.

The procuring organization should list the applicable environments from 5.6.4 of this standard and spec-
ify the limits for each based on the storage conditions expected.

5.6.2 Transport

The gyro shall conform to all requirements of this specification after exposure to the following environments
or specified combinations thereof, while packaged as specified in Clause 7.

The procuring organization should list the applicable environments from 5.6.4 of this standard and spec-
ify the limits for each based on the transportation conditions expected.

5.6.3 Operation

In order to properly specify the environmental requirements for a gyro, three different sets of environ-
ments or environmental limits, or both, as defined in 5.6.3.1, 5.6.3.2, and 5.6.3.3 of this standard may
need to be described.
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TIME
UNITS MAXIMUM  MINIMUM REMARKS
Vi volts Steady-state low voltage
Vv, volts N/A Overshoot voltage
V3 volts N/A Undershoot voltage
Vy volts Steady-state high voltage
Vs volts N/A Maximum low voltage transient
t; seconds Rise time
te seconds Fall time
t seconds Turn-on transient time
ty seconds High voltage on time
ty/ty N/A Ratio of turn-on transient to
required on time
T seconds Waveform period
t/T Duty cycle

Figure 2—Wave shape requirements for direct coupled pulse-type signals

5.6.3.1 Operating environment

The gyro shall conform to all requirements of this specification during exposure to the following environ-
ments or specified combinations thereof (except during exposure to where the deviations of this
specification are given in the following clauses).

Where degraded performance is to be allowed, include the parenthetical phrase in 5.6.3.1 of this standard
and list in the blank space those environments for which degraded performance is allowed. The procuring
organization should list the applicable environments from 5.6.4 of this standard and specify the limits for
each based on the conditions expected when the gyro is in use. For those environments where degraded
performance is allowed, specify the performance deviation in the clause that specifies the environment.

Copyright © 1998 IEEE. All rights reserved. 13

Aherizardicensrd Hirelmiteeee sehibiYus S SDRMBREAY: RARIAIs5he R M0 At Bak HBrd A Rds Mo appf=EE Xplore. Restrictions apply.



IEEE
Std 952-1997 IEEE STANDARD SPECIFICATION FORMAT GUIDE AND TEST PROCEDURE

5.6.3.2 Survival environment, operating

The gyro shall conform to all requirements of this specification after the operating gyro has been exposed to
the following environments or specified combinations thereof.

The procuring organization should list the applicable environments from 5.6.4 of this standard and spec-
ify the limits for each based on the conditions expected when the gyro is operating, but not in use.

5.6.3.3 Survival environment, nonoperating

The gyro shall conform to all requirements of this specification after the nonoperating gyro has been
exposed to the following environments or specified combinations thereof.

The procuring organization should list the applicable environments from 5.6.4 of this standard and spec-
ify the limits for each based on the conditions expected when the gyro is not operating. Such conditions
are expected to occur when the gyro is mounted in the system and the system is stored or transported in
severe environments.

5.6.4 Environments

Environmental characteristics shall be as specified in this subclause.

This list is intended as an aid to the selection of the applicable environments under 5.6.1, 5.6.2, and 5.6.3
of this standard. 5.6.4 in this form would not be included in a final specification.

5.6.4.1 Vibration

Axes should be defined.

When available, supply the specific vibration characteristics including dwell frequencies, frequency spec-
trum, time duration, etc.

If exposure to random vibration is required, power spectral density (PSD), bandwidth, peak acceleration
level, and duration should be specified.

5.6.4.1.1 Linear

Sinusoidal: [cm, inches] DA (double amplitude) to Hz;
[m/s?, g] peak, to Hz. Sweep rate: min/octave (continuous). Expo-
sure time: [min, ] per axis.

5.6.4.1.2 Angular

Sinusoidal: [°/sz, rad/ sz] to Hz. Sweep rate shall be min/
octave (continuous). Exposure time: [min, ] per axis.

5.6.4.2 Mechanical shock

[m/sz, g, ] peak, wave shape, ms, shock(s) per

axis.

Gyro axes and direction of shock should be defined. A figure may be included to describe more complex
waveforms. A shock spectrum may be specified.
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5.6.4.3 Acceleration

Gyro axes and direction of acceleration should be defined.

5.6.4.3.1 Linear acceleration

[m/sz, g], exposure time [min, ].

5.6.4.3.2 Angular acceleration

[°/sz, rad/sz], exposure time [min, ].

5.6.4.4 Temperature
°Cto °C.
5.6.4.5 Thermal shock

°Cto °C within [s, ].

If exposure to cyclic conditions is required, temperature limits for each level, dwell times, and sequence
should be specified. A figure may be included to describe more complex profiles.

5.6.4.6 Time-dependent temperature gradient

°C between specified gyro surfaces to °C within [s, 1.

5.6.4.7 Thermal radiation

W/cm? of radiation of wavelength from to meters; exposure time:
[min, ].

5.6.4.8 Ambient air pressure

to [Pa, 1.

If exposure to cyclic conditions is required, pressure limits for each level, dwell times and sequence
should be specified. A figure may be included to describe more complex profiles.

5.6.4.9 Acoustic noise

dB referenced to 2 - 107 Pa, to Hz; exposure time: [s,

1

When available, the specific sound pressure versus frequency for the application should be specified.
Sweep rate may be specified as min/octave (continuous), if applying sinusoidal acoustic
noise.
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5.6.4.10 Humidity

% relative humidity for h obtained from steam or distilled water having a pH value
of +

5.6.4.11 Air currents

[m/s, ft/s].

Gyro axes and direction of air flow should be defined.

5.6.4.12 Fungus

Fungi organisms, length of exposure, temperature, and humidity conditions during exposure should be
specified.

5.6.4.13 Salt spray

% salt solution; exposure time: [s, ].

5.6.4.14 Nuclear radiation

[J/kg, rad(Si)] with an exposure of [(J/kg)/s, rad(Si)/s] and/or combinations of
particles at a fluence of /em?® with energy greater than MeV.

Radiation field characteristics and direction with respect to gyro axes should be defined. If exposure to
varying fields is required, the nature of the variation should be described.

5.6.4.15 Magnetic fields

[mT, G]; exposure time: [s, ].

Gyro axes and direction of field should be defined. If exposure to varying fields is required, the nature of
the variation should be described.

5.6.4.16 Electromagnetic fields

Electromagnetic fields shall conform with

In the United States, a common standard is MIL-STD-461.

5.6.4.17 Sand and dust

[Kg/m3,
[s, 1.

] at a velocity of + [m/s, ]; exposure time:

Particle size, shape, and chemical composition should be specified.
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5.6.4.18 Solar radiation

+ [W/mz, W/ftz] of wavelength to meters; exposure
time: [min, ___].

Distribution of power density versus wavelength should be specified.

5.6.4.19 Rain
+ [mm/h, ] consisting of droplets having a minimum diameter of
mm; exposure time: [s, 1.

5.6.4.20 Excitation variation

The variations of excitation voltage and frequency shall conform with

In the United States, a common standard is MIL-STD-704.

5.6.4.21 Life
5.6.4.21.1 Storage

[years, 1.

5.6.4.21.2 Operating

(h, I

5.6.4.21.3 Start cycles

minimum.

Life may need to be specified under varying environmental conditions.

5.7 Reliability
5.7.1 Reliability program

The reliability program required shall conform with

In the United States, a common standard is MIL-STD-785.

5.7.2 Mean time between failure (MTBF)

The MTBEF shall be h minimum.

Conditions, methods of analysis, and failure criteria should be specified.
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6. Quality assurance provisions

6.1 Classification of tests
Inspection and testing shall be classified as follows:

a)  Acceptance tests. Acceptance tests are those tests performed on gyros submitted for acceptance
under contract.

b) Qualification tests. Qualification tests are those tests performed on gyros submitted for qualification
as a satisfactory product.

c) Reliability tests. Reliability tests are those tests performed to demonstrate the reliability specified in
5.7 of this standard.

6.2 Acceptance tests
6.2.1 Individual tests

Each gyro shall be subjected to the following tests as described in 6.6.

The list and sequence of individual tests should be specified by the procuring organization based on indi-
vidual requirements. Those tests that are usually specified are listed below. A burn-in period under speci-
fied conditions may be required before beginning individual tests.

6.6.1 Examination of product (mechanical)

6.6.2.1 Insulation resistances

6.6.2.2 Impedances

6.6.4 Input power and circuit excitations

6.6.5 Turn-on time

6.6.6 Warm-up time

6.6.7 Polarity

6.6.9.1 Gyro scale factor

6.6.9.2 Gyro scale factor errors

6.6.10 Input rate test series

6.6.11.1 Bias repeatability

6.6.11.1 Bias sensitivities

6.6.11.3 Random drift

6.6.12.1 IA misalignment (nominal)
There are other individual tests that are not generally specified but that may be included under individual
tests based on specific application. In some cases the gyros are subjected to specific environmental tests.

6.2.2 Sampling plans and tests

6.2.2.1 Sampling plans

This subclause is intended to designate a sampling plan if required. Sampling plans are up to the discre-
tion of the procuring organization based upon usage, size of contract, individual requirements, etc.

Gyros selected shall be subject to the tests specified in 6.2.2.2, which are described in 6.6.

In the United States, selection according to MIL-STD-105 is common.
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6.2.2.2 Sampling tests

In addition to the individual tests listed in 6.2.1 of this standard, the procuring organization should spec-
ify from 6.6 those tests that should be performed on gyros selected by 6.2.2.1. Sampling plan units may
be used for delivery unless the procuring agency specifies life tests or other destructive type tests under
the sampling plan.

6.2.2.3 Rejection and retest

When one item selected from a production run fails to meet the specification, the procuring organization
shall be immediately notified of the failure, and at the discretion of the procuring organization no items still
on hand or later produced shall be accepted until the extent and cause of failure are determined. After correc-
tions have been made, all necessary tests shall be repeated. For operational and production reasons, individ-
ual tests may be continued pending the investigation of a sampling plan failure.

Other requirements suitable to an individual contract may be substituted for this subclause.

6.2.2.4 Defects in items already accepted

The investigation of a test failure could indicate that defects may exist in items already accepted. If so, the
manufacturer shall fully advise the procuring organization of defects likely to be found and of methods for
correcting them.

6.3 Qualification tests

6.3.1 Qualification test samples

A sample of gyros manufactured in accordance with the requirements of this clause shall be
subjected to qualification tests specified in this specification at an activity designated by the procuring orga-
nization.

If the gyro is later modified in any way, the modified gyro shall be subjected to and pass those qualification
tests designated by the procuring organization.

The qualification test samples shall be identified with the manufacturer’s part number and/or any other infor-
mation required by the procuring organization.

6.3.2 Qualification tests

The procuring organization should specify from 6.6, those tests, or combinations of tests, that should be
performed on gyros submitted for qualification.

6.4 Reliability tests

The reliability tests may be performed at the gyro or higher assembly level, or both.
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6.4.1 Burn-in
Each gyro shall be subjected to a h burn-in period under the following conditions.

Environment and operating conditions should be specified. Consideration should be given to not compro-
mising the useful operating life by excessive test time during burn-in.

6.4.2 Demonstration testing

The MTBF requirements of 5.7.2 shall be demonstrated by testing units for a minimum of
h each, for a combined total of h minimum.

In the United States, testing in accordance with MIL-STD-781 is common.

Other methods of demonstration testing may be selected. A demonstration test plan should be prepared to
define test conditions, stress levels, failures, types of tests, etc.

6.5 Test conditions and equipment

The procuring organization should specify from Part II, Clause 11, the nominal test conditions and test
equipment required. The conditions should apply to all tests unless otherwise specified. When a test con-
dition is specified, the complete test condition should be detailed in this specification. The test equipment
required should also be listed by name and model, part number, or performance requirement.

6.6 Test methods

Instructions for performing specified tests in this clause are detailed in Part II, Clause 12. When a test is
specified, the complete test method should be detailed in this specification, including requirements to be
met to determine satisfactory performance. A test method should not be listed in 6.6 unless a requirement
exists in Clause 5 of this specification. The corresponding test methods are shown in Annex D for each
requirement.

6.6.1 Examination of product (mechanical)
6.6.2 Examination of product (electrical)
6.6.2.1 Insulation resistances

6.6.2.2 Impedances

6.6.2.3 Dielectric strength

6.6.3 Leak test

6.6.4 Input power

6.6.5 Turn-on time

6.6.6 Warm-up time

6.6.7 Polarity

20 Copyright © 1998 IEEE. All rights reserved.

Aherizardicensrd Hirelmiteeee sehibiYus S SDRMBREAY: RARIAIs5he R M0 At Bak HBrd A Rds Mo appf=EE Xplore. Restrictions apply.



IEEE
FOR SINGLE-AXIS INTERFEROMETRIC FIBER OPTIC GYROS Std 952-1997

6.6.8 Operating temperature test series
6.6.8.1 Temperature sensor characteristics
6.6.8.2 Operating temperature

6.6.9 Gyro scale factor test series
6.6.9.1 Gyro scale factor

6.6.9.2 Gyro scale factor errors
6.6.9.3 Gyro scale factor sensitivities
6.6.10 Input rate test series

6.6.10.1 Maximum input rate

6.6.10.2 Minimum input rate

6.6.11 Drift rate test series

6.6.11.1 Bias

6.6.11.2 Measurement noise

6.6.11.3 Random drift

6.6.11.3.1 Angle random walk
6.6.11.3.2 Bias instability

6.6.11.3.3 Rate Random walk
6.6.11.3.4 Ramp

6.6.12 IA alignment test series
6.6.12.1 Misalignment (nominal)
6.6.12.2 Alignment repeatability
6.6.12.3 Alignment sensitivities
6.6.13 Generated fields

6.6.13.1 Electromagnetic interference
6.6.13.2 Acoustic noise

6.6.14 Environmental test series

6.6.14.1 Temperature
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6.6.14.2 Excitation variation
6.6.14.3 Mechanical shock
6.6.14.4 Thermal shock
6.6.14.5 Vibration

6.6.14.5.1 Linear

6.6.14.5.2 Angular

6.6.14.6 Acceleration
6.6.14.6.1 Linear acceleration
6.6.14.6.2 Angular acceleration
6.6.14.7 Life

6.6.14.7.1 Storage

6.6.14.7.2 Operating
6.6.14.7.3 Start cycles
6.6.14.8 Fungus

6.6.14.9 Humidity

6.6.14.10 Salt spray

6.6.14.11 Acoustic noise
6.6.14.12 Thermal radiation
6.6.14.13 Air currents
6.6.14.14 Nuclear radiation
6.6.14.15 Pressure

6.6.14.16 Magnetic fields
6.6.14.17 Electromagnetic fields
6.6.14.18 Sand and dust
6.6.14.19 Solar radiation

6.6.14.20 Rain
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6.6.14.21 Other

Specific applications may require combined environmental tests, such as:

a) Thermal vacuum (6.6.14.1, 6.6.14.12, and 6.6.14.14)
b) Margin tests (6.6.14.1, 6.6.14.2, and 6.6.14.14)
¢) Thermal shock/vacuum (6.6.14.1 and 6.6.14.14)

7. Preparation for delivery

Detailed procedures should be provided for:

a) Preservation and packaging
b) Packing
¢) Marking of shipping containers

A common United States specification covering preservation and packaging is MIL-P-116.

8. Notes

8.1 Intended use

Description of application if it is considered necessary or helpful.

8.2 Ordering data

Procuring documents should specify the following:

a)  Title, number, and date of this specification

b) Level of packaging and packing desired

¢) Mode of shipment required

d)  Whether sampling plan tests are to be conducted

e) Number of preproduction samples to be submitted for qualification testing
f)  Data package

8.3 Model equation

The model equation for a single-axis ifog expresses the relationship between the input rotation rate and the
gyro output in terms of parameters whose coefficients are necessary to specify the performance of the gyro.

The use of the coefficients defined in this subclause to simulate gyro performance is discussed in Annex B.

So(AN/At) = [I+E+D][1+10 %,

where

So is nominal scale factor ("/p)
(AN/AT) is output pulse rate (p/s)
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In the analog rate sensing mode

SV is[I+E+D][1+107° g]™!
So is nominal scale factor [(°/h)/V]

Vv is analog output (volts)
1 is inertial input terms (°/h)
E is environmentally sensitive terms (°/h)

D is drift terms (°/h)

€x is scale factor error terms (ppm)

1 is WRA T wXRASiHGY - (JJYRASin@X
. = . dVT
E is DTAT+DT(dT/dt)+DV7»° 7
D isD F +D R + DQ
where
DR is DRN+DRB+DRK+DRR
ex is epAT + f()
WIRA» OXRA>
WYRA are components of the inertial input rate resolved into the gyro reference coordinate frame
Oy is misalignment of the IA about the XRA
By is misalignment of the IA about the YRA
Dy is bias
DyAT is drift rate attributable to a change in temperature, AT, where Dy is the drift rate tempera-
ture sensitivity coefficient
erAT is scale factor error attributable to a change in temperature, AT, where € is the scale factor

temperature sensitivity coefficient

D.(dT/ dt) is drfit rate attributable to a temperature ramp, d7/dt, where D is the coefficient of the tempera-

ture-ramp drift-rate sensitivity

DVT. C%w is drift rate attributable to a time-varying temperature-gradient, % , where BV? is the
coefficient vector of the time-varying temperature-gradient drift-rate sensitivity

) is cale factor errors dependent on input rate

Dpy is random drift rate attributable to angle random walk, where N is the coefficient

Dgp is random drift rate attributable to bias instability, where B is the coefficient

Dy is random drift rate attributable to rate random walk, where K is the coefficient

Dgr is random drift rate attributable to ramp, where R is the coefficient

Dy is equivalent random drift rate attributable to angle quantization, where Q is the coefficient

Other sensitivities may be added to the model equation, such as those due to variations in supply voltage,
orientation, acceleration, vibration, and other environments pertinent to the particular application.
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Part ll—Test procedures

9. Test procedure overview

This test procedure describes the test requirements for [model number, part number, change let-
ter (if any), other identification], gyro specification number , manufactured by

10. Description

The gyro considered in this standard is a single-axis IFOG that senses angular rate utilizing the Sagnac

effect. The gyro output may be either angular rate or angular displacement. The characteristics of the gyro
are expressed by the model equation given in 8.3.

11. Test conditions and test equipment

11.1 Standard test conditions
Unless otherwise stated, the conditions in 11.1.1.1 through 11.1.1.4 apply.
11.1.1 Ambient environment

11.1.1.1 Atmospheric conditions

a) Pressure: + [Pa, in Hg]
b) Ambient temperature: + °C
c¢) Relative humidity: to %

11.1.1.2 Magnetic field

a)  Horizontal component: [mT, G] maximum
b)  Vertical component: [mT, G] maximum

11.1.1.3 Radiation

List type of radiation and application intensity limits.

11.1.1.4 Seismic conditions

11.1.1.4.1 Tilt

Stable within ____ [", urad] with respect to the local vertical.
11.1.1.4.2 Linear vibration

a)  Acceleration: g maximum
b) Frequency range: to Hz

The preceding limits apply to each of the three axes of a coordinate system.
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11.1.1.4.3 Angular vibration

a)  Oscillations: [°/sz, rad/sz] maximum
b) Frequency range: to Hz

The preceding limits apply to rotation about each of the three axes of a coordinate system.

11.1.2 Installation conditions

In designing the mounting fixture, consideration should be given to the installation conditions of the
application. Reference to a specific mounting block thermal and mechanical design, etc., may be neces-
sary if deemed important to meet performance requirements. If temperature control is required, the fol-
lowing should be specified:

a)  The unit operating temperature
b) The means of temperature determination
¢) The criteria for establishing thermal equilibrium

Where necessary, the test installation should provide means to measure and/or control the temperature
gradients.

11.1.2.1 Thermal conditions

All tests requiring stable temperatures shall be performed with the gyro at thermal equilibrium as evidenced
by . The gyro operating temperature shall be * °C.

The method of determining the temperature should be specified if required.

11.1.2.2 Mechanical conditions

The gyro shall be mounted in such a way that the alignment of the IRA with respect to the test fixture is
maintained within [', mrad] under all specified test conditions.

11.1.3 Electrical excitation and load conditions
Excitation and load conditions shall be as specified hereinafter.

11.1.3.1 Input power

The gyro may require more than one input voltage. For each circuit, the source impedance, voltage, fre-
quency, ripple, warm-up, and operating current should be specified.

11.1.3.2 Output signals

Typical output signals are either analog signals proportional to angular rate or digital signals proportional
to angular displacement. The output load or the type of logic devices and the number of unit loads to be
driven should be specified.
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11.1.3.3 Electrical connections and phasing

Electrical connections and phasing shall be specified on schematic diagram

Grounding, shielding, test points, load requirements, etc., should be specified as needed.

11.1.4 Turn-on procedure
The sequence of operations required to bring the gyro to operating condition shall be
11.1.5 Turn-off procedure

The sequence of operations required to turn off the gyro shall be

11.2 Standard operating and test equipment

11.2.1 General requirements

The accuracy and response characteristics of the test equipment should be compatible with the require-
ments of the gyro performance specification. Provisions should be made for adequate stabilization of the
test equipment. Adequate limitations should be placed on the test equipment to prevent the gyro from
excessive inputs and loads, such as electrical, mechanical, thermal, etc.

11.2.2 Standard operating equipment

Standard operating equipment is the equipment used to provide standard gyro operation and should be
listed here by name, manufacturer, model, part number, or by performance requirements.

11.2.3 Test equipment

Test equipment is the equipment used to provide a stimulus or measurement capability and should be
listed here by name, manufacturer, model, part number, or by performance requirements.

12. Test procedures

12.1 Examination of product—Mechanical

The gyro shall be inspected visually and dimensionally for proper identification, surface finish, and for
defects in workmanship to determine that it conforms to the requirements of subclause

12.2 Examination of product—Electrical

The gyro shall be inspected electrically according to the following subclauses to measure insulation resis-
tances, impedances and dielectric strength.

For gyros where preamplifiers or other sensitive devices are included within the gyro case, care should be
taken to avoid the application of voltages that could damage those devices.
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12.2.1 Insulation resistance
12.2.1.1 Purpose of insulation resistance test

The purpose of this test is to measure the insulation resistance between the isolated circuits and between the
gyro case and the circuits isolated from the gyro case.

12.2.1.2 Insulation resistance test—Equipment

In addition to the standard operating equipment from 11.2.2, the following test equipment from 11.2.3 is
required for this test and should be listed in this subclause:

a) Megohmmeter

12.2.1.3 Insulation resistance test—Setup and procedure

Apply * V dc for a period of * s between the indicated
circuits and between the circuits and the gyro case. Record the resistance reading.

12.2.1.4 Insulation resistance test—Results

The results shall conform to the requirements of subclause

12.2.2 Impedance

12.2.2.1 Purpose of impedance test

The purpose of this test is to measure the impedance of the specified gyro circuits.

12.2.2.2 Impedance test—Equipment

In addition to the standard operating equipment from 11.2.2, the following test equipment from 11.2.3 is
required for this test and should be listed in this subclause:

a) Impedance bridge with frequency generator adjustable to the specified frequency
b) DC resistance bridge or other suitable resistance measuring system

12.2.2.3 Impedance test—Setup and procedure

The gyro shall be allowed to reach thermal equilibrium at the temperature specified in clause in
order that the final value will not be affected by changing temperature.

Measure all gyro impedances specified in subclause . To protect the gyro, the test current
through the circuit shall be as small as practical considering the sensitivity of the measuring instruments.

The test current shall be uninterrupted for * S.

12.2.2.4 Impedance test—Results

The impedance measured shall be recorded and shall conform to the requirements of subclause
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12.2.3 Dielectric strength

12.2.3.1 Purpose of dielectric strength test

The purpose of this test is to ascertain that a circuit element or component part of the gyro can operate safely
at its rated voltage and withstand momentary overvoltage due to switching, surges, etc., between isolated cir-

cuits and between the gyro case and the circuits isolated from the gyro case.

12.2.3.2 Dielectric strength test—Equipment

In addition to the standard operating equipment from 11.2.2, the following test equipment from 11.2.3 is
required for this test and should be listed in this subclause:

a)  AC high-voltage source equipped with voltage and current-measuring devices.

12.2.3.3 Dielectric strength test—Setup and procedure

Apply + V RMS at Hz between the insulated portion and the case
ground. The test voltage shall be raised from zero to the specified value as uniformly as possible, at a rate of
approximately 500 V RMS/s. The specified value of the test voltage shall be maintained for a period of

s. The voltage shall then be gradually reduced to avoid surges. During each test, the leakage
current shall be measured.

12.2.3.4 Dielectric strength—Test results

The results shall conform to the requirements of subclause

12.3 Leak test
12.3.1 Purpose of leak test
The purpose of this test is to determine if leakage through the gyro case is occurring.

12.3.2 Leak test—Equipment

In addition to the standard operating equipment from 11.2.2, the following test equipment from 11.2.3 is
required for this test and should be listed in this subclause:

a)  Helium leak detector
b)  Vacuum enclosure

12.3.3 Leak test—Setup and procedure

The gyro shall be cleaned of all dirt and grease and placed in a vacuum enclosure at *
[Pa, ] and stabilized at * °C gyro temperature. External gas
leakage shall then be measured using a helium leak detector.

12.3.4 Leak test—Results

The measured gas leakage rate shall conform to the requirements of subclause
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12.4 Input power
12.4.1 Purpose of input power test
The purpose of this test is to measure the input power (current) required from each source.

12.4.2 Input power test—Equipment

In addition to the standard operating equipment from 11.2.2, the following test equipment from 11.2.3 is
required for this test and should be listed in this subclause:

a) Power (current) measuring equipment

12.4.3 Input power test—Setup and Procedure

Connect the power (current) measuring devices and apply power as specified in subclause
Record the input power (current) from each source.

12.4.4 Input power test—Results

The results shall conform to the requirements of subclause

12.5 Turn-on time
12.5.1 Purpose of turn-on time test

The purpose of this test is to determine the time interval between the application of power and the presence
of a usable output of the gyro.

12.5.2 Turn-on time test—Equipment

In addition to the standard operating equipment from 11.2.2, the following test equipment from 11.2.3 is
required for this test and should be listed in this subclause:

a) Rate table with angle or rate output, depending on gyro output data format
b)  Gyro output measuring and recording equipment
c¢) Timing device

12.5.3 Turn-on time test—Setup and procedure

Mount the gyro in the fixture on the rate table so that the IRA is parallel to the table rotational axis within
[', mrad]. Connect the gyro to the output measuring equipment. Turn the rate table on and set

the rate at [°/s, rad/s]. Apply power to the gyro and record elapsed time and the gyro output.

12.5.4 Turn-on time test—Results

From the recorded data, determine the time interval from the application of power until the indicated rate

from the gyro is within [°/s, rad/s] of the table rate after correcting for earth rate and bias. This
time shall conform to the requirements of subclause
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12.6 Warm-up time
12.6.1 Purpose of warm-up time test

The purpose of this test is to determine the time interval required for the gyro to reach specified performance
from the instant it is energized under specified operating conditions.

12.6.2 Warm-up time test—Equipment

In addition to the standard operating equipment from 11.2.2, the following test equipment from 11.2.3 is
required for this test and should be listed in this subclause:

a) Rate table
b)  Gyro output measuring and recording equipment
¢) Timing device

12.6.3 Warm-up time test—Setup and procedure

Operate the gyro in accordance with the standard test conditions of 11.1, except that the starting conditions
shall be and the starting sequence shall be

Energize the gyro and record the specified performance characteristics as a function of time for
[s, 1]

12.6.4 Warm-up time test—Results

The time for the gyro to meet the specified performance characteristics shall conform to the requirements of
subclause

12.7 Polarity
12.7.1 Purpose of polarity test

The purpose of the polarity test is to determine the gyro output polarity with reference to the axis defined in
clause of this specification.

12.7.2 Polarity test— Equipment

In addition to the standard operating equipment from 11.2.2, the following test equipment from 11.2.3 is
required for this test and should be listed in this subclause:

a) Rate table
b) Means of measuring the gyro output

12.7.3 Polarity test—Setup and procedure

Mount the gyro on the rate table with the gyro IRA nominally parallel to the table axis. Connect the gyro to
the output measuring equipment. Prepare the gyro for test in accordance with the standard test conditions of
11.1. Accelerate the table to [°/s, rad/s] with the input vector in the same direction as the posi-
tive IRA and record the gyro output polarity. Rotate the table in a similar manner in the opposite direction
and again record the gyro output polarity.
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12.7.4 Polarity test — Results

The results obtained shall conform to the requirements of subclause

12.8 Operating temperature test series

12.8.1 Temperature sensor characteristics

This test applies only when the gyro has externally available terminals for temperature sensor readout.

12.8.1.1 Purpose of temperature sensor characteristics test

The purpose of this test is to determine the output of the temperature sensor and its variation with tempera-
ture.

12.8.1.2 Temperature sensor characteristics test — Equipment

In addition to the standard operating equipment from 11.2.2, the following test equipment from 11.2.3 is
required for this test and should be listed in this subclause:

a) Temperature control chamber
b) Temperature sensor output measuring equipment

12.8.1.3 Temperature sensor characteristics test—Setup and procedure

Mount the gyro in a temperature-controlled chamber in accordance with the standard test conditions of 11.1.

Stabilize the gyro temperature for [h,___ Jat + °C (operating temper-
ature). Measure and record the temperature sensor output. Repeat these measurements at the following tem-
peratures: and * °C.

For temperature-controlled gyros, one of the temperatures should be above and one below the operating
temperature.

During this test, the power to the sensor shall not exceed W. Record chamber temperature and
sensor output.

12.8.1.4 Temperature sensor characteristics test—Results

The output of the sensor within the specified temperature range shall conform to the requirements of sub-
clause

From the data recorded in 12.8.1.3, compute the temperature sensor scale factor. The results shall conform to
the requirements of subclause

12.8.2 Operating temperature

This test applies only to temperature-controlled gyros.
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12.8.2.1 Purpose of operating temperature test

The purpose of this test is to ensure that the gyro operating temperature is within the operating temperature
range as indicated by the temperature sensor output.

12.8.2.2 Operating temperature test—Equipment

In addition to the standard operating equipment from 11.2.2, the following test equipment from 11.2.3 is
required for this test and should be listed in this clause:

a) Temperature measuring equipment
b) Temperature chambers (if required)
¢) Temperature sensor output measuring equipment

12.8.2.3 Operating temperature test—Setup and procedure

Operate the gyro in accordance with the standard test conditions of 11.1. The gyro shall be at thermal equi-
librium for [h, ] before the temperature measurement is made. Measure and record the tem-
perature sensor output.

12.8.2.4 Operating temperature test—Results

The gyro operating temperature shall be within the operating temperature range specified in subclause

12.9 Gyro scale factor test series
12.9.1 Purpose of gyro scale factor test series

The purpose of this test series is to measure gyro scale factor, gyro scale factor errors, and gyro scale factor
sensitivities.

12.9.2 Gyro scale factor test series—Equipment

In addition to the standard operating equipment from 11.2.2, the following test equipment from 11.2.3 is
required for this test and should be listed in this subclause:

a)  Rate table with angle or rate output, depending on gyro output data format
b)  Gyro output measuring and recording equipment

¢)  Gyro electronics and power supplies

d) Timing device

e) Environmental temperature control equipment

12.9.3 Gyro scale factor test series—Setup and procedure

12.9.3.1 Gyro scale factor and gyro scale factor errors

Align the rate table rotation axis to within [', mrad] of vertical. Mount the gyro in the fixture on
the table so that the IRA is parallel to the table rotational axis within [', mrad]. Connect the gyro
to the output measuring equipment. Set the instrumentation to record the elapsed time and gyro output. With

the table rotating, operate the gyro in accordance with the standard test conditions of 11.1. The tests shall
be performed and the output data recorded in accordance with the following tabulation.
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AR Direction: Total number of Number of
Nominal input rate o . . measurements at Output data
positive, negative revolutions .
each input rate

The output is the sum of data outputs for angle output gyros and the average data output for rate output
gyros.

A warm-up test should be performed first. The warm-up test duration should be long enough to determine
the warm-up effects on scale factor. The number of table revolutions per measurement for the warm-up
test is a compromise between a large number of revolutions (so as to reduce noise due to table angle reso-
lution, gyro output quantization and gyro output noise) and a small number of revolutions (to increase
time resolution).

Sufficient measurements should be specified to provide for determination of the scale factor and scale
factor errors. A zero table-rate measurement at one or more table positions is required to remove the
effects of earth’s rate and uncompensated drift rate from the scale factor data. In selecting the zero table-
rate test time and the number of table revolutions consideration should be given to the error contributions
of the table angle uncertainty, gyro output quantization, IA misalignment and gyro output noise. For scale
factor measurements at extremely low input rates, a procedure of orienting the gyro to measure various
components of earth’s rate, instead of table rotation may be necessary.

12.9.3.2 Gyro scale factor sensitivities
12.9.3.2.1 Temperature

Using the environmental temperature control equipment, repeat 12.9.3.1 at temperatures
°C, after a minimum of [h, ] dwell at the specified temperatures.

I+

Measurements need not be taken at all of the rates of 12.9.3.1.

12.9.3.2.2 Other sensitivities

12.9.4 Gyro scale factor test series—Results

12.9.4.1 Gyro scale factor

From the test data taken in 12.9.3.1, compute the nominal gyro scale factor by computing he slope of the

straight line that can be fitted by the method of least squares to the input-output data, after correction for the
zero table rate. The gyro scale factor shall conform to the requirements of subclause

Alternatively, the gyro scale factor can be determined as the value obtained at a specified rate, may be the
mean value over several rates, or an algorithm may be used.
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12.9.4.2 Gyro scale factor errors

12.9.4.2.1 Linearity Error

From the test data taken in 12.9.3.1, compute the deviation of the output data at each input (rate, angle) from
the least squares fit of the data calculated in 12.9.4.1. The linearity error shall conform to the requirements of
subclause

Alternate methods include weighting, calculation over a limited range, and computing linearity error after
compensation.

12.9.4.2.2 Asymmetry

Compute the asymmetry at specified rates as the ratio of the difference in magnitudes of scale factor mea-
sured for positive and negative inputs to one-half the sum of the magnitudes. Asymmetry shall conform to
the requirements of subclause

12.9.4.2.3 Repeatability

Compute changes in the scale factor [ppm, ], [maximum spread, 10, ] that occur between speci-
fied periods of operation. The results of the gyro scale factor repeatability shall conform to the requirements
of subclause

12.9.4.2.4 Stability

The variation in scale factor obtained from the test series of 12.9.3.1 shall conform to the requirements of
subclause

12.9.4.3 Gyro scale factor sensitivities

12.9.4.3.1 Temperature

From the test data taken in 12.9.3.2.1, compute the temperature sensitivity as the maximum scale factor
change over the specified temperature range, divided by the temperature range. The temperature sensitivity

of the gyro scale factor shall conform to the requirements of subclause

12.9.4.3.2 Other sensitivities
12.10 Input rate limits
12.10.1 Purpose of input rate limits test

The purpose of this test is to measure the input rate limits.

12.10.2 Input rate limits test—Equipment

In addition to the standard operating equipment from 11.2.2, the following test equipment from 11.2.3 is
required for this test and should be listed in this subclause:

a) Rate table with angle or rate output, depending on gyro output data format
b)  Gyro mounting fixture

¢)  Gyro output measuring and recording equipment

d) Timing device
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12.10.3 Input rate limits test — Setup and procedure

Install and operate the gyro in accordance with the procedure of 12.9.3. The data points selected shall
include the input rate limits of subclause .

When a dead band test is required, perform the test using either rate table or earth rate input, with rate
intervals (near zero rate) of 25% (or less) of the dead band specified in 5.3.1.2.

12.10.4 Input rate limits test—Results

12.10.4.1 Maximum rate limit

From the test data taken in 12.10.3, compute the linearity error of the gyro scale factor with the maximum
input rate of clause included in the set of data, using the same method described in 12.9.4.1 and
12.9.4.2.1. The gyro scale factor linearity error shall conform to the requirements of subclause

12.10.4.2 Minimum rate limit (dead band)

Using the data from 12.10.3, determine the dead band as the input range (near zero) over which the output is
less than 10% of the input. The dead band shall conform to the requirements of subclause

The data averaging time should be long enough to reduce the gyro noise to less than 25% of the dead
band. Prior to analyzing data, any bias should be removed.

12.11 Drift rate test series
12.11.1 Purpose of drift rate test series

The purpose of this test series is to measure the bias, random drift rate, measurement noise, environmentally
sensitive terms, their repeatabilities, and sensitivities.

12.11.2 Drift rate test series—Equipment

In addition to the standard operating equipment from 11.2.2, the following test equipment from 11.2.3 is
required for this test and should be listed in this subclause:

a)  Precision positioning means

b)  Gyro output measuring and recording equipment
¢) Timing device

d) Environmental temperature control equipment

e) Magnetic field generating equipment

If the gyro output is analog, the test equipment should have provision for digitizing the output.

12.11.3 Drift rate test series t—Setup and procedure
12.11.3.1 Bias, random, and measurement noise

Mount the gyro so that the [IRA, XRA, YRA] is [vertical, horizontal, polar, ] within
[', mrad]. Connect the gyro to the output measuring equipment and energize the gyro in accor-

dance with the standard test conditions of 11.1. Record the gyro output for a period of [h,
] with data accumulated over [s, ] sample intervals.
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In general, the data record length (test duration) should be sufficient to determine performance character-
istics at desired confidence levels. The data sample rate should be at least twice the highest frequency of
interest. If prefiltering of the raw data is required to minimize the effect of quantization the test results
will be different than if prefiltering is not used. PSDs are useful to isolate and identify specific frequency
components that may be present in the gyro output. In 12.11.4, the appropriate data reduction procedure
should be used. See Annex C for a discussion of data reduction techniques.

Care should be taken in mounting the gyro so that the effects of the earth’s rotation rate and the ambient
magnetic field may be taken into account.

12.11.3.2 Repeatability

Repeat the procedure of 12.11.3.1 times.

12.11.3.3 Environmentally sensitive drift

12.11.3.3.1 Temperature

Using the environmental temperature control equipment, stabilize the gyro at +

°C. Perform the procedure of 12.11.3.1. Repeat the procedure at additional temperature(s) of
°C.

I+

12.11.3.3.2 Temperature ramp and time-dependent temperature gradient

Mount the gyro in a temperature-controlled chamber in accordance with the standard test conditions of 11.1.

Stabilize the gyro temperature for minutes at * °C. Measure and
record the gyro output as specified in 12.11.3.1 and the gyro temperature sensor output. Continue these mea-
surements as the environmental chamber is ramped to °C at a rate of °C per
minute.

The duration of the temperature ramp should be sufficient to permit the transient bias change associated
with the Shupe effect to die out. The location of the sensor for the temperature to be measured and the
temperature to be controlled should be specified. The temperature profile may also include several peri-
ods of stabilization followed by ramping, with a period of stabilization following the last ramp.

12.11.3.3.3 Magnetic

Using the magnetic field generating equipment, repeat 12.11.3.1 at steady-state flux densities of
* [mT, G] directed along the IRA. The test shall also be performed with the magnetic field
directed along the [XRA, YRA].

12.11.3.3.4 Other sensitivities

12.11.4 Drift rate test series—Results

The data processing applied to the drift rate test series data from 12.11.3 includes least squares estimation
and Allan variance computation methods for the purpose of determining bias and random drift coefficients.

Annex B presents an overview of dynamic modeling methods including the Allan variance method.

Agreement between the supplier and the user concerning the modeling method and the data reduction and
analysis process is recommended.
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12.11.4.1 Bias, random and measurement noise
12.11.4.1.1 Bias, D¢

From the test data taken in 12.11.3.1 after warm-up, compute the bias, D, for each sample interval by divid-
ing the accumulated number of pulses in each sample interval by the corresponding sample time, multiply-
ing by the gyro scale factor and removing the component of earth rate along the IA.

Compute Dy by obtaining the average of all the D data. The results shall conform to the requirements of
subclause

12.11.4.1.2 Random, Dy and measurement noise, Dq

From the test data taken in 12.11.3.1 after warm-up compute the random drift coefficients R, K, B, N, and Q
by forming the Allan variance estimates

M-2n

: E (g2m+2n_2g2m+n+szm)2

2 —
06("To) = 3057 3m) 1
m=

forn=1,2,3, ..., ny,x =<(M — 1)/2 and fitting the results to the polynomials

2 2.2

2
R°n"T, K'nT 2
m o " 0+Bz[2}ln(2)+ N

2

30
03(nTy)= —— + = —+
4(nTy) ) 3 nT, nzT(%

in the least squares sense,
where

@, is gyro rate output calculated in the manner described in 12.11.4.1.1
1/Ty 1is data sample rate
MT, is datarecord length

The results shall conform to the requirements of subclauses and

Annex C presents a detailed explanation of the random drift coefficients and their relationship to the
Allan variance method.

12.11.4.2 Repeatability

From the test data in 12.11.3.2, repeat the analysis procedure of 12.11.4.1.1 times to compute
the changes in bias that occur between specified periods of operation. The results of the bias repeatability (°/
h, ) (maximum spread, 10, ) shall conform to the requirements of subclause
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12.11.4.3 Environmentally sensitive drift
12.11.4.3.1 Temperature
From the test data taken in 12.11.3.3.1 after warm-up, calculate the gyro bias as in 12.11.4.1.1. Compute the

bias temperature sensitivity as the slope of a least squares fit of bias over the test temperature range. The bias
temperature sensitivity shall conform to the requirements of subclause

It is assumed that the data from gyros with a supplied bias thermal model are compensated with that
model prior to the above analysis.

12.11.4.3.2 Temperature ramp

From the data taken in 12.11.3.2 after warm-up, calculate the maximum change in gyro bias and divide this
by the temperature ramp rate. The temperature ramp drift rate shall conform to the requirements of subclause

The initial transient bias change associated with the Shupe effect should be excluded from the data analy-
sis.

12.11.4.3.3 Time-dependent temperature gradient
From the test data taken in 12.11.3.3.3 after warm-up, calculate the gyro bias as in 12.11.4.1.1. Compute the

time-dependent temperature gradient drift rate as the maximum bias change. The time-dependent tempera-
ture gradient drift rate shall conform to the requirements of subclause

12.11.4.3.4 Magnetic
From the test data taken in 12.11.3.3.4 compute the magnetic sensitivity as the maximum bias change over
the specified field range. The magnetic sensitivity of the gyro bias shall conform to the requirements of sub-

clause for each axis specified.

12.11.4.3.5 Other sensitivities

12.12 IA alignment
12.12.1 Purpose of IA alignment test
The purpose of this test is to measure the misalignment of the IA to the IRA.

12.12.2 |A alignment test— Equipment

In addition to the standard operating equipment from 11.2.2, the following test equipment from 11.2.3 is
required for this test and should be listed in this subclause:

a) Rate table with angular readout

b)  Gyro output measuring equipment
¢)  Gyro output recording equipment
d) Right angle test fixture
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12.12.3 IA alignment test—Setup and procedure

12.12.3.1 IA alignment

Mount the gyro in the fixture on the rate table so that the IRA is perpendicular to the rate table rotational axis

within [', mrad]. Operate the gyro in accordance with the standard test conditions of 11.1.

Apply a positive table rate of + [°/s, rad/s] and record the gyro output over
revolutions. Repeat the test with a negative input rate whose magnitude is within =+

[°/s, rad/s] of the positive rate. Rotate the gyro +90° about the IRA and repeat the test for positive and nega-

tive table rates.

If the direction of the IA misalignment is important, the XRA should be aligned parallel to the rate table
rotational axis for the initial mounting position. For the second mounting position the YRA should be
aligned to the table rotational axis.

If it is desirable to eliminate the test fixture error, rotate the gyro 180° about the IRA with respect to the
fixture and repeat the test.

12.12.3.2 Repeatability

Repeat the procedure of 12.12.3.1 times for the condition specified in subclause
12.12.4 A alignment test—Results

12.12.4.1 Alignment of the IA to the IRA

The misalignment, a, is calculated from the data obtained in 12.12.3.1 using the gyro scale factor obtained
from 12.9.3 as follows:

gyro output from _ gyro output from |, gyro scale factor

5 positive rotation negative rotation
1,25 -
’ 2* table rotation
e ) 2,172
a =sin (8] +19))
o is misalignment in initial gyro orientation in fixture
Oy is misalignment in 90° gyro orientation in fixture

The misalignment shall conform to the requirements of subclause

When the XRA and YRA are used in performing the procedure of 12.12.3.1, 8; and 9, correspond to —©,
and —0, respectively in the model equation in 8.3.

12.12.4.2 Repeatability

Repeat the test result calculations of 12.12.4.1 using the data from 12.12.3.2. The misalignment angles shall
agree with those obtained in 12.12.4.1 within the requirements of subclause
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12.13 Generated fields
12.13.1 Electromagnetic interference

The purpose of these tests is to measure the electromagnetic emissions of the gyro.

MIL-STD-462 is a reference commonly used in the United States to describe test procedures and equip-
ment required for this test.

These tests should be outlined in the following manner to conform to the format used in the rest of this
standard:

12.13.1.1  Purpose
12.13.1.2  Test equipment

12.13.1.3  Test setup and procedure
12.13.1.4  Test results

12.13.2 Acoustic noise

The purpose of this test is to measure the acoustic noise generated by the gyro.

MIL-STD-740 is a reference commonly used in the U.S. to describe test procedures and equipment
required for this test.

The test should be outlined in the following manner to conform to the format used in the rest of this stan-
dard:

12.13.2.1  Purpose

12.13.2.2  Test equipment

12.13.2.3  Test setup and procedures
12.13.2.4  Test results

12.14 Environment test series

These tests are to verify that the gyro performs as specified during or after subjection to environments out-
side of the standard operation conditions, or both, but within the specified environmental limits.

Procedures for most environmental tests are covered by existing industry, government, and military docu-
ments, an example of which is MIL-STD-810. Selection criteria should include the following:

a) Importance of the stability and sensitivity of the parameter in a given environment

b) Practicability of running the test with existing equipment. Testing should be limited to that
required by the application

The tests should be outlined in the following manner to conform to the format used in the rest of this stan-

dard:
1 Name of test
1.1 Purpose

1.2 Test equipment
1.3 Test setup and procedure
1.4 Test results

Copyright © 1998 IEEE. All rights reserved. 41

Aherizardicensrd Hirelmiteeee sehibiYus S SDRMBREAY: RARIAIs5he R M0 At Bak HBrd A Rds Mo appf=EE Xplore. Restrictions apply.



IEEE
Std 952-1997 IEEE STANDARD SPECIFICATION FORMAT GUIDE AND TEST PROCEDURE

Annex A

(informative)

Design features of IFOGs

1
I [
_ Optical Signal | Source | Angle or
Segsfrg Processing : | Electronics —™ Rate Output
ol Components . Detector .

[ [

7'y I [

L Modulator !

I [

Figure A.1—Configuration of an IFOG

a)  Sensing coil
1) Multi-mode fiber
2) Polarization maintaining fiber
3) Single mode fiber

b)  Optical signal processing components
1) Directional coupler
2) Depolarizer
3) Isolator
4) Polarization controller
5) Polarizer
6) Y-junction
7) Mode filter
8) Mode scrambler
9) Optical dump

c)  Opto-electric interface

1)  Sources
—Laser diode
—Light emitting diode/edge light emitting diode
—Super luminescent diode
—Pumped rare earth doped fiber

2) Detector

3) Modulator
—Phase modulator
—Piezo-electric
— Electro-optical
—Frequency modulator

d) Electronics
1) Signal processing
2) Power conditioning
3) Environmental control

NOTE—A number of components such as y-junction, polarizers, and electro-optical modulators, can be fabricated as
part of an integrated optic circuit (IOC). The IOC is typically based on a lithium niobate substrate.
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Annex B4

(informative)

Dynamic and stochastic modeling overview

B.1 Introduction

This annex introduces dynamic and stochastic modeling, as applied to gyro modeling and performance eval-
uation. This is intended to be a tutorial overview [B41].5

The general form of the model consists of the following:

— A mathematical statement of the physical plant equations

— An error model consisting of a perturbation model and environmental sensitivities

— A stochastic model describing random drift behavior

— A measurement model consisting of a linear combination of the output and additive measurement
noise

These are related in a generic form of a gyro model equation, consisting of the response to inertial inputs,
environmental sensitivities, drift rate and scale factor error contributors.

Methods of determining input/output characteristics (dynamic modeling, system identification) are dis-
cussed. Stochastic modeling via time series analysis is introduced, including frequency domain methods.
Emphasis is placed on application of the Allan variance and PSD. An approach to test and analysis is pre-
sented. Data acquisition, data reduction, processing, and evaluation of results are discussed.

The general non-linear problem was posed by Norbert Wiener during the early 1940s [B2]: given the yet to
be analyzed system, which he defined as a black box, identify and characterize the system in terms of bodies
of known structures, or what he called white boxes.

The solution to the linear problem uses various time and frequency domain techniques to find an operational
equivalent of the black box, which may then be constructed by combining certain canonical forms of these
white boxes. Although the model structure may be different from the true structure, the input-output proper-
ties are to be equivalent.

B.1.1 Historical review

The foundation of modeling dates back to approximately 1800, with Gauss’s method of least-squares esti-
mation [B20]. Current methods of determining the steady-state input-output characteristics of a variety of
devices are based on this approach.

By 1905, Albert Einstein and Willard Gibbs had independently conceived methods of statistical physics. By
1910, Fisher applied the use of the probability density function to maximum likelihood estimation [B20]. In
1930, Wiener [B2] made the first significant use of frequency domain analysis and in 1940 established the
beginnings of modern optimization theory [B20]. During WWII, game theory [B1] and operations research
[B7] were conceived. These involved some of the earliest applications of modern modeling techniques.

During the 1950s stochastic process theory and differential game theory were developing. By 1960, Kalman
conceived a time domain approach to optimal recursive filter design [B3], [B11], [B12], [B17], [B20]. By

“This annex is adapted from Annex B in IEEE Std 647-1995, IEEE Standard Specification Format Guide and Test Procedure for Single-
Axis Laser Gyros.

>The numbers in brackets preceded by the letter B correspond to those of the bibliography in B.6.
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1963 Signal Identification [B20] and frequency domain Time Series Analysis (TSA) [B4], [B5], [B9], [B12],
[B20] methods were developed. In 1965 Tukey and Cooley published their famous paper on the fast Fourier
transform (FFT) [B20]. In 1966 David Allan proposed a simple variance analysis method for the study of
oscillator stability [B8], [B16], [B18], [B21], [B23], [B29], [B30], [B38], [B40]. The method has since been
applied to gyro drift analysis [B24], [B26], [B34], [B35], [B39]. Parameter Identification methods were
known by 1968 [B19] and [B20].

During the decade that followed, time domain and frequency domain characterization of sensors gained
importance. By 1970, the Box-Jenkins method of time series analysis was developed [B14], [B20], [B33]
together with System Identification and Adaptive Kalman Filter techniques [B20]. During the 1980s non-lin-
ear multiple input, multiple-output stochastic optimal control/estimation gained interest. For the 1990s, arti-
ficial intelligence and expert systems ideas are finding application to modeling.

B.1.2 Unit model

The term unit refers to an operational entity that performs a well defined unique function. It can be a sensor,
system, or other device. The unit model may be broken down into several other parts, as illustrated in Figure
B.1. One part, the plant, or physical model, is described by either differential or algebraic equations that
express the physics of its operation. This is the deterministic part of the plant that we are trying to address
with dynamic modeling techniques. The second part, the error model, consists of a perturbational model,
which includes the sensitivity to the variation of parameters in the plant equations, and an environmental
model, which includes the sensitivities to environmental disturbances. The third part is the stochastic model,
which includes the random drift observed under otherwise benign operating conditions. The measurement
model consists of a linear combination of the system states and additive output noise.

The idea is that if the unit under test could be so modeled, optimal use of the model to evaluate or possibly
improve performance at some higher level could be achieved. That is through optimal filtering, system error
could be reduced to the limit of minimum residual white noise. The model also can be used for performance
prediction and evaluation relative to a specification [B10], [B11], [B17], [B20].

Stochastic
Model

Plant Measurement
. (Physical Model) Model ‘ -

Perturbation I
Model

Environmental

|
-> Model

Error Model

Figure B.1—System model

44 Copyright © 1998 IEEE. All rights reserved.

Aherizardicensrd Hirelmiteeee sehibiYus S SDRMBREAY: RARIAIs5he R M0 At Bak HBrd A Rds Mo appf=EE Xplore. Restrictions apply.



IEEE
FOR SINGLE-AXIS INTERFEROMETRIC FIBER OPTIC GYROS Std 952-1997

B.1.3 Gyro model equation

A generic model equation [B13] and [B15] that applies to many types of inertial sensors is shown in Figure
B.2. It consists of inertial (including misalignment), environmental, and random (including quantization)
contributors.

This approach to compartmentalizing gyro model equations is introduced to better organize the various
model components.

Q
> S:: = AN/At
-6
10 €
So(AN/A7) s [1+E+D](1+10 %)
Sy is nominal scale factor
AN/ At is output pulse rate
I is inertial input terms
E is environmentally sensitive terms
D is drift terms
€ is scale factor error terms (ppm)
Q is equivalent gyro rate output

Figure B.2—Generic model equation

B.2 Modeling

Some of the important applications of modeling occur in simulation studies, performance evaluation, and
Kalman filter design [B15]. The basic difference between dynamic and stochastic modeling is as follows: in
dynamic modeling, given one or more inputs, (input vector), and one or more outputs (output vector) it is
desired to determine the input/output relationships from both time series. Applications include those where
random noise is summing at the output.

In stochastic modeling, on the other hand, there may be no direct access to an input. A model is hypothesized
which, as though excited by white noise, has the same output characteristics as the unit under test. Such
models are not generally unique, so certain canonical forms are chosen. For example, David Allan of the
National Institute of Standards and Technology (NIST) used a power series for the PSD and the correspond-
ing Variance analysis in the time domain for the analysis of oscillator stability [B8]. This type of variance
analysis is discussed in Annex C. The idea is that one or more white noise sources of strength Ni2 drive the
canonical transfer function(s), resulting in the same statistical and spectral properties as the actual device
(black box model). This is also the objective of the gyro drift analysis.
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B.2.1 Dynamic modeling

Exclusive of environmental sensitivities, dynamic modeling of an optical gyro involves only scale factor,
bias, and misalignment. This model is determined using regression methods, with the gyro being forced with
deterministic inputs.

Spinning wheel gyroscopes such as the two-degree-of-freedom gyro, or single-degree-of-freedom gyros that
exhibit very high two-degree-of-freedom effects [B14], [B16], are far more interesting subjects for dynamic
modeling. The latter are gyros that have significant finite spring constants on the cross axis, or large angular
momentum relative to the spring constant. There is then a large interaction from the angular momentum on
the response of the gyro. The result is a two-degree-of-freedom model, which is similar to the model equa-
tion for the dynamically tuned gyro. The dynamics have a fourth order characteristic response. The four
eigenvalues are dependent on the angular momentum of the gyro. The resulting frequency-dependent trans-
fer function may be analyzed by methods described below.

Many methods of estimating transfer functions are presented in Sinha and Kuszta [B33]. Of the classical
approaches, for example, the frequency response method is one of the earlier methods used [B9]. Prior to
development of the FFT, the input signal was stepped through discrete frequencies while measuring the rela-
tive amplitude and phase from input to output. With current methods, white noise is inserted at a rate propor-
tional summing point. The open and closed loop transfer functions are computed using digital processing.
This method allows for estimation in the presence of uncorrelated additive noise.

Time response methods are another classical means (using step and impulse response) to estimate the trans-
fer function. One method, called deconvolution [B33], determines the impulse response from the input and
output by using the convolution integral (discrete form) in terms of the sampled data. A matrix equation
describes the output at each point of time as a function of the input. The solution to the equation is the
impulse response of the black box unit under test.

Another approach to using the impulse (or step) response method models the discrete form of the transfer
function (Z-transform) as the ratio of two power series [B33]. Two matrix equations are derived that express
the coefficients in terms of the output impulse response. The denominator coefficients may be solved in
terms of the impulse response data, and the numerator coefficients may be solved in terms of the denomina-
tor coefficients and the output data.

Several approaches model the output in terms of a difference equation corresponding to the discrete time
transfer function [B33]. The output is expressed parametrically in terms of its past values (the autoregressive
part) together with present and past values of the input (the moving average part). A matrix equation relates
the parameter vector, which comprises the transfer coefficients, to a concatenated set of the input, output
data (expressed in a matrix) and output vector comprising another set of the sequential output data. The
problem has been variously formulated for noisy data using least-squares or maximum likelihood estimation
methods. Recursive forms have been derived for on-line estimation.

Another technique is to introduce a white noise input and analyze the output relative to the input. This time-
domain method is called the correlation method [B9], [B33]. The cross correlation between the input and the
output is computed, from which the impulse response is deduced. This method is limited to stationary time
series from linear time invariant systems. The main problem with this approach is that as the model becomes
more complicated, it becomes more difficult to identify the cross correlation function. The contributors are
particularly difficult to decompose into constituent parts when they cover a large dynamic range or overlap
in frequency content. If the form of the model is unknown, identification is a difficult job. This is one of the
problems with Box-Jenkins time domain method of time series analysis, and most of the above methods of
dynamic modeling.

Frequency domain approaches (also referred to as spectral decomposition) [B12] are usually a better tool for
model investigation. The Fourier transform of the correlation function is the PSD. Means of calculating the
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PSD from the raw data using the FFT are more commonly used. Real-time processing with ensemble aver-
aging has considerably improved the ability to analyze transfer functions.

With the frequency domain approach, the transfer function may be estimated from the cross-PSD of the out-
put with the input, divided by the PSD of the input [B9]. This gives both the amplitude and phase of the
transfer function.

B.2.2 Stochastic modeling

The idea of applying white noise and constructing the transfer function in this manner is important to sto-
chastic modeling. The reason for that is, if the input is white noise, you can estimate the transfer function of
a linear, minimum phase, time invariant system simply from the power spectrum of the output. Instead of
getting the cross PSD between input and output, the transfer function can be estimated from the power spec-
trum of the output alone. The phase information is uniquely determined from the magnitude response.

Thus, for a linear time-invariant system, by having knowledge of the output only, and assuming white noise
inputs, it is possible to characterize the unknown model. Many of the methods are very similar to some of
the dynamic modeling methods except that the input is unobservable. The frequency domain approach of
using the PSD to estimate transfer functions is straight forward. Even certain pathological cases, such as bias
instability [B8], [B25], [B26], [B34], [B35], which looks like a 1/f process [B32], (flicker rate noise), and
angle quantization noise (characteristically different from continuous white angle noise) [B6], [B31], [B35]
can be discerned with careful analysis technique.

As in the case of dynamic modeling, several time domain methods have been devised for stochastic model-
ing. The correlation function approach [B5], [B6], [B9], [B33] is the dual of the PSD approach, being related
as Fourier transform pairs. Similar to the corresponding dynamic modeling method, the equivalent impulse
response may be deduced from the autocovariance sequence computed from the output data. One approach
models the covariance function as sums of exponentials and damped sinusoids, using least squares estima-
tion to obtain model parameters. This is analogous to expressing the frequency response function in terms of
partial fraction expansion.

Another correlation method relates the autocovariance sequence to coefficients of a difference equation,
expressed as an autoregressive moving average (ARMA) process. This method was expounded by Box and
Jenkins [B14], [B20], [B33]. Correlation methods are very model sensitive and not well suited to dealing
with odd power law processes, higher order processes or wide dynamic range. They work best with a priori
knowledge based on a model of few terms.

Yet another class of time domain methods, several variance techniques have been devised. They are basically
very similar, and primarily differ in that various signal processing, by way of weighting functions, window
functions, etc., are incorporated into the analysis algorithms in order to achieve a particular desired result of
improving the model characterizations. Many of these are discussed in Rutman [B25]. The two simplest are
the Allan variance, and Modified Allan variance [B29], [B40], which, in addition to the PSD, are discussed
in B.3.

The adaptive Kalman filter is another means of system identification [B20]. The noise covariance and

dynamics may be estimated if the form of the model is known. This may be combined with a model adjust-
ment or learning model approach for more flexibility.

B.2.3 Gyro random drift model
Noise contributors in typical gyro models [B11], [B20], [B24], [B26], [B27], [B34], [B35] include white

angle noise, quantization noise [B6], [B20] white rate noise, correlated (Markov) random drift, bias instabil-
ity (1/f or flicker rate), rate random walk, flicker angular acceleration (ramp instability), and random rate
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ramp. Correlated (Markov) drift rate has been recently reported in optical rotation sensors, but is more com-
mon in spinning wheel gyros. White angle noise has also been observed in dithered laser gyros at both the
gyro and system level. Bias instability (flicker rate) and ramp instability (flicker angular acceleration, flicker
acceleration) behave like evolutionary (non-stationary) processes.

Normally, the PSD of a random process is expected to exhibit even order log-log slopes of -2, 0, +2 and so
on, indicating even powers of frequency (+2 slope corresponds to +6 dB per octave). However, the 1/f flicker
process has a —1 slope PSD (=3 dB per octave). It occurs in certain types of distributed parameter type mod-
els; for example, a hypothetical resistive-capacitance (R-C) transmission line excited with white noise cur-
rent will exhibit a 1/f noise voltage at the input [B32]. Because flicker noise is not readily expressed in terms
of ordinary state equations, it is sometimes approximated by a Markov model or a multiple stage ARMA
model. Rate random walk is a long term, very low-frequency phenomenon. Even lower in frequency is
flicker angular acceleration, which can be thought of as instability in the slope of rate ramp, and is equivalent
to the integral of 1/f noise.

Other model contributors include deterministic ramp (different from flicker angular acceleration), usually
removed together with the bias prior to processing, and periodic signals that ought to be removed through fil-
tering, better selection of oscillator frequencies, electromagnetic interference (EMI) reduction, etc.

B.3 Preferred means of analysis

Of the less restrictive methods of analysis, the PSD and Allan variance methods have more general applica-
tion to investigation of stochastic models. Thus, they have been adopted as preferred means of analysis in the
inertial systems community.

B.3.1 Power spectral density (PSD)

The PSD is the most commonly used representation of the spectral decomposition of a time series. It is a
powerful tool for analyzing or characterizing data, and stochastic modeling. The PSD, or spectrum analysis,
is also better suited to analyzing periodic or aperiodic signals than other methods.

To summarize the basic relationship for stationary processes, the two-sided PSD, S(w) and covariance, K(T)
are Fourier transform pairs, related by:

S()= [~ ¢ K (v)dr

Unless specifically stated, the term PSD in Annex B refers to the two-sided PSD. Graphical representations
frequently use the one-sided PSD, whose amplitude is twice the two-sided PSD. See Figure B.6.

K(t) = zi =[S () do

K,y () = (x(2)y(t + 7))

It can be shown [B6] that for nonstationary processes, the average covariance K(t) and average power spec-
trum S(w) are related in the same way.

The transfer function form of the stochastic model may be estimated directly from the PSD of the output
data (on the assumption of an equivalent white noise driving function). Similar to curve-fitting a Bode plot,

the transfer function may be estimated using the pole-zero form, partial fraction expansion, power series,
ARMA model spectral estimation, etc.
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B.3.1.1 Useful properties

For linear systems, the output PSD is the product of the input PSD and the magnitude squared of the system
transfer function. If state space methods are used, the PSD matrices of the input and output are related to the
system transfer function matrix by:

Syy(0) = H(jo)S,(0)H  (jo)
where

H'T isthe complex conjugate transpose of H
Thus, for the special case of white noise input, the output PSD directly gives the system transfer function.

The Fourier transform representation of the PSD is directly related to the bilateral Laplace transform derived
from the transfer function of the corresponding stochastic model. The corresponding Allan variance of a sto-
chastic process may be uniquely derived from its PSD; however, there is no general inversion formula. The
same is true of the relationship between a process probability density function and its PSD.

The white noise covariances of process and measurement noise pertaining to the (continuous) Kalman Filter
theory are identical to the corresponding two-sided PSD’s white noise strengths expressed in units squared
per Hertz.

For a process to have finite power, its PSD must eventually terminate in a negative slope at high frequencies.
This property must be produced to satisfy the Nyquist sampling criterion for sampled data. This is discussed
further in B.4.2. Likewise, a PSD cannot continue to rise (without limit) toward zero frequency (over a finite
time interval). In practice, this is limited by the finite length of the time series.

Certain processes, such as periodic, narrow band, or quantization noise are better described by their energy
spectrum or an integrated PSD, since their PSD amplitudes are dependent on the resolution bandwidth, a
function of sampling rate. This property is used to distinguish, for example, quantization noise from white
angle noise. Both have a +2 slope rate PSD, but whereas the amplitude of the white angle noise PSD is inde-
pendent of the sample rate (resolution bandwidth), the amplitude of the quantization noise PSD is directly
proportional (approximately) to the sample period.

The time average PSD of a nonstationary process has the properties of a PSD of a stationary process [B6].
With present real-time PSD analysis, evolutionary spectra can be represented as either two-dimensional or
time varying PSDs. For nonstationary processes, the covariance function is a function of two time variables
(e.g., the age variable and the running time variable). In the frequency domain, a two dimensional PSD is
defined as the double Fourier transform of the covariance function and is a function of two frequency vari-
ables.

For reference, the alternate representations are:

ny(th t2) = x(ll))’(fz)
and
ny(tl’ tz) = <x(t1)y(t2)>

The two-sided, two dimensional PSD I'(w;, w,) and the general covariance function K(#;, t,) are double
Fourier transform pairs related by:
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—j(wt; - w,1;)

I'w, 0,) =f_mf_mK(t"t2)e dt, dt,

1
(2m

+j(o 1 —wyt,)

K(t,t,) = dw,dw,

AL T@r o

For further discussion on non-stationary processes, see Papoulis [B6].

For certain types of spectra, where wide dynamic range is required, such as when periodic content is present,
application of a window function as part of the FFT processing can improve resolution. Windows such as the
Hamming and Von Hann (Hanning) windows reduce the impact of Gibb’s phenomenon resulting from trun-
cation of a time series. Thus, for example, two adjacent spectral peaks of significantly different amplitudes
may be separated at the expense of somewhat broadening them. These issues are discussed further in B.3.2
and in [B9], [B22], [B25]. PSD properties of the various contributors are given in Figure B.4 and Table B.1.

B.3.2 Allan variance

The two-sided (first difference) Allan variance was developed in the mid 1960s and adopted by the time and
frequency standards community for the characterization of phase and frequency instability of precision
oscillators. Because of the close analogies to inertial sensors, the method has been adapted to random drift
characterization of a variety of devices. Annex C treats this subject in more detail than the discussion below.

The old method of specifying drift in terms of a single RMS number, even when associated with a correla-
tion time, was inadequate for predicting system performance, leading to some very conservative means of
specification. Later, frequency domain methods proved superior for evaluating performance, but difficult for
non-system analysts to understand.

The Allan variance is a reasonable compromise. Simply put, it is a method of representing RMS random
drift error as a function of averaging time. It is simple to compute, much better than having a single RMS
drift number to apply to a system error analysis, relatively simple to interpret and understand. It is not well
suited to rigorous analysis, but a reasonable second step in the modeling process (after the quick look, dis-
cussed in B.4.3). Its most useful application is in the specification and estimation of random drift coefficients
in a previously formulated model equation.

The basic Allan variance relations are summarized as follows:
1
0(r) :f Q(¢")dr'

Gy (1) = 0(t, + rr) -0(#;)

Then the Allan variance® is defined by:
2 1 2 1, = — 2
Og(T) = E(Q“ =) = §<(Qk+l— Q1))

and is related to the two-sided PSD, S (f) by:

6Frequcntly the term Allan variance is also used to refer to its square root, o(t).
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. 4
0a(®) =4[ 50(f) Sl?n(—]:{;)df

There is no inversion formula.

One of the most notable deficiencies of the standard Allan variance is the non-unique characterization of
white angle, flicker angle, and quantization noise at the high frequency end, and random rate ramp vs. flicker
angular acceleration at the low-frequency end. These, however, may be sorted out by using the Modified
Allan variance and/or prewhitening methods discussed in B.4.3. Other approaches include applying a prefil-
ter to the time series (such as a triangular filter), or alternatively incorporating it into the Allan variance com-
putation, or applying it as a window. The theory and use of windows is discussed by Hamming [B22]. This
approach is equivalent to some of the other variance methods discussed by Rutman [B25].

If the standard Allan variance is viewed as an application of a variable rectangular window to the time series,
then the Modified Allan variance may be viewed as the application of a variable triangular window to the
time series. Maximum efficiency is obtained by using an algorithm that uses maximum overlap. Some of
these issues are discussed in Stovall [B39], where a triangular prefilter with maximum overlap is suggested.
The more obvious advantage of the higher order filtering is in dealing with these high pass processes (those
with positive PSD slopes) by terminating the filtered process in a controlled low pass characteristic, insuring
a finite variance.

Allan variance properties of the various contributors is given in Table B.1.
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Table B.1—Properties of noise and drift processes

. . Asymptotic properties
Stochastic model contributor PSD S(f)
Equivalent white noise
input
Nomenclature Other name 0 Q Sa®
Generic This Std
White angle Nez @2 Aqgle measurement 0 +2 2nf )2¢2
noise
. 2
Anglg ' . 0? White angle energy 0 2 40720 o
quantization spectrum T
Flicker angle Npo — Pink angle noise -1 +1 2nf N;e
Angle random
walk, white rate NQZ N? Reg angle noise -2 0 N?
noise
Discrete white rate
Rate . .
N — — noise or white rate -2 0 —
quantization .
energy spectral density
B
Bias instability | N, FQZ B’ Pink rate noise -3 -1 Gy
2 2 . (qctc)z
Markov rate N.o q Correlated drift rate 2,4 0,-2 SR
1+ (2xnfzT,)
Rate K
random N ; K? Red rate noise -4 -2 5
walk (2xf)
Ramp instabil- 2 2 Pink angular accelera- R
. N R . . -5 -3
ity FQ tion noise (2nf)3
2
Random bias Q(0) B02 Bias or fixed draft See Note 2 | See Note 2 Byd(f)
Random ramp Q(0) R02 Rate ramp See Note2 | See Note 2 | —
. . Discrete Discrete 1.2
Periodic rate Q9 — Harmonic spectra spectra §QOES( f=ro)

NOTES

1—Mod o—Modified Allan variance
2—Remove by regression or by filtering
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in frequency and tau domain

Asymptotic properties
Allan variance o(t)

0 Q GQ(T)
-1,(=3/2) | 30°
12 See Note 1 ?f"
0 307
1 =
T
2
0 -1 —2[3(2+ In2xf,7) - In2]
2nt
2
+12 -12 N
T
+1 0 —
+1 2B%In2

T T + T
#1172, 4172 | +1/2,-172 (q°r°) {172—;(37% Teye ™

+112 +172 KTT

+2 +1 —

See Note 2 See Note 2 | —
Rér2

See Note 2 See Note 2 -

See Note 2 See Note 2 Qé{

TfotT

.2
sin nfor}

NOTES
1—Mod o—Modified Allan variance
2—Remove by regression or by filtering
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B.4 Test, data processing, and analysis considerations

This clause discusses methods of test, data acquisition, and data processing. Several suggestions are made to
improve the efficiency of these operations and the subsequent analysis.

B.4.1 Approach

General test conditions and equipment are discussed in Clause 11. Test procedures are discussed in 12.11. It
is important to control the influence of external environments on the test. External sources of error should be
removed or compensated for in an appropriate pre-filter. Differential techniques (such as back-to-back sensor
test) are also effective. Error detection/correction is also an important step of the data acquisition process.

Sample rates, anti-aliasing filtering, and record lengths are to be chosen with regard to various system con-
siderations [B9]. The longer term effects of random drift on performance with regard to the mission profile
should be separated out using signal processing techniques prior to data acquisition, and the higher fre-
quency data should be analyzed separately.

B.4.2 Data acquisition

In terms of economy, efficiency is achieved by combining data reduction methods into the data acquisition
process [B36] and [B37], thus transforming data into a more usable form. Generally, the sample rate is
selected to be at least twice the sample bandwidth (limited by filtering to the highest frequency of interest),
however, Papoulis [B6] shows that six samples per bandwidth cycle are required to characterize a signal from
its past values only. The record length should be at least several times the required performance interval, as
dictated by the mission profile. Coverage of too large a temporal dynamic range, however, is uneconomical,
impractical, and unnecessary; collecting 0.1 ms data for 1000 h yields a large, unwieldy number of data points.

The recommended approach is to limit the time/frequency domain dynamic range (of record length to sample
period) to about 3 orders of magnitude. This is done by dividing the total range into overlapping intervals of
geometrically increasing lengths. Thus, the high frequency data is acquired for a short period of time. Lower
frequency data is filtered (integrated) and acquired for a longer period (e.g., 0.1ms data collected for 0.1 s,
0.01 s data for 10 s, 1 s data for 1000 s and 100 s data for 10° s). Signal processing is used to remove the
undesired effects outside the bandwidth of interest. It is noted that frequency domain (PSD) analysis is par-
ticularly appropriate to investigating high frequency phenomena as well as long term random drift, whereas
time domain analysis should be confined to the low-frequency phenomena where it is often simpler to use.

The appropriate sampling rates/record lengths should be chosen to overlap about one decade of frequency
(time), consideration being given to the particular characterization of the process. Prior characterization of
the process is necessary for proper determination of data acquisition parameters. One approach is to choose
geometric means of the record length and sample period to correspond to the geometric mean of the corre-
sponding frequency or time domain range of the dominant characteristic of interest. For example, if bias

instability (flicker) is to be observed in the interval 10*st0 10%s (1.0-100 mHz) the geometric mean is 103 s
(10 mHz); the corresponding sample period and record length would be ~ 103@ s and ~ IOGA/F) s

respectively. However, if the mission profile provided for a fix (or calibration) at 10° s a record length of

105ﬁ) s might be satisfactory, thus requiring only two decades of time (or frequency). Another aspect of
this idea relates to prewhitening, which is usually done as part of a post-processing operation after the data is
usually collected but prior to detailed analysis.

Quantization noise, as discussed in Britting, et al., [B31] and equivalently random binary transmission, as
discussed in Papoulis [B6], can limit the ability to estimate model coefficients efficiently. It can also have a
deleterious effect on short-term performance. Since quantization is often dictated by sensor design consider-
ations, such as laser gyro scale factor, or otherwise constrained to unsatisfactory levels, its effect must be
handled externally by signal processing. This can be done as part of the data acquisition/reduction process,
or in post processing. It usually entails processing through a second or higher order digital filter, with calcu-
lations scaled to higher precision.
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B.4.3 Post-Processing

Post-processing of the acquired data includes the quick look data editing, trend removal, digital filtering of
other deterministic signal (i.e., periodic) and other pre-whitening signal processing.

The quick-look is a cursory visualization of each record of the data in the form of graphical time series. Bad
data is edited out and replaced by interpolated or simulated data. Trends are observed for removal and sepa-
rate analysis by least squares estimation techniques. Possible periodic content is observed for removal by
other filtering techniques. Such removal is a first step in the prewhitening processing.

Best estimates of the model are achieved when the estimation error (residuals, innovations) is a white noise
process. Some analysis techniques, such as an adaptive Kalman filter can be designed to do this. Another
approach requires a priori knowledge of the stochastic model [B36] and [B37].

In this approach, an inverse filter is mechanized in the signal processing to pre-whiten the data (example Fig-
ure B.3). This may simply entail applying either an integration operation (as with angle white noise) or a dif-
ferencing operation (as with rate random walk). As a practical matter, additional high frequency poles must
be added to band limit the resulting dynamic range required for subsequent analysis.

2
So(w) = N?z"'—g

®
1

H(s) = NQ _ IN

je2l Ry l0

s Ng s

L2 o
NQ + —2
w
Stochastic Prewhitening
Model Filter
Ng ” R
-— o
No
1 -
s Ny
S
Figure B.3—Example of prewhitening (simplified)
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B.4.4 Time series analysis considerations

Subsequent to data acquisition and post-processing, the resulting processed data records are prepared for
time series analysis. Whichever method is used, time or frequency domain analysis, there are some sug-
gested guidelines to follow.

Each data record so constructed contains piece-wise information to be extracted and re-assembled in a com-
posite analysis, which will then display the full dynamic range of the desired result. In re-assembling the
computed information in the appropriate chart, it may be necessary to undo some of the previous operation
to put the output data into the proper format and proper units. If, for example, pre-whitening processing was
applied, the corresponding post-darkening operation will be necessary to reconstruct the characteristic signa-
ture of the analyzed data.

Prior to this operation however, the model coefficients are first estimated. A first approximation (second
approximation if prewhitening has been performed) can be estimated by sketching in the asymptotes to the
charted data analysis, and computing approximate model coefficients. A prewhitening filter may be derived
and the error coefficients from the residuals may be reestimated. Alternatively, a more rigorous weighted
least squares procedure, which weights by the inverse error covariance, may be used. Error bounds on the
coefficient should be computed to establish the goodness-of-fit.

With the coefficients thus determined, and the composite data analysis assembled on the appropriate chart,
the resulting characteristic curve fit can be superimposed on the charted data, together with the error bounds
to give a detailed representation of the stochastic model characterization. The coefficients are also used to
construct a block diagram (Figure B.4) and generate the detailed state equations describing the stochastic
model.

B.4.5 Example

Figures B.5 and B.6 illustrate the piecewise asymptotic representation of the Allan variance and correspond-
ing PSD of a hypothetical gyro with parameters:

N = 0.001°/./h angle random walk

B = 0.001°/h bias instability

K = 0.0001°/h>"? rate random walk

Q0 = 0.577" quantization noise (result of 2"/p gyro scale factor)

B.5 Conclusion

Inertial systems design and performance prediction depends on accurate knowledge of sensor level behavior.

This annex has attempted to provide a brief introduction and roadmap to the study of a very extensive sub-
ject of dynamic and stochastic modeling as it applies to this purpose.

Through better understanding of the modeling process and standardization of test and reporting of data, the
inertial system and gyro designer can more effectively meet their goals.
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Figure B.4—Block diagram of stochastic model through data acquisition
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Figure B.5—Placewise representation of hypothetical gryo in Allan variance form
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Figure B.6 —Piecewise representation of hypothetical gyro in single-sided PSD form
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Annex C’

(informative)
An overview of the Allan variance method of IFOG noise analysis

C.1 Allan variance background

Allan variance is a time domain analysis technique originally developed to study the frequency stability of
oscillators [C1].8 It can be used to determine the character of the underlying random processes that give rise
to the data noise. As such, it helps identify the source of a given noise term in the data. The source may be
inherent in the instrument, but in the absence of a plausible mechanism within the instrument its origin should
be sought in the test set up. The Allan variance adopted in this standard may be used as a stand-alone method
of data analysis or to complement any of the frequency domain analysis techniques. It should be mentioned
that the technique can be applied to the noise study of any instrument. Its value, however, depends upon the
degree of understanding of the physics of the instrument. Following is an overview of the Allan variance and
its adaptation to the noise properties of IFOGs, similar to that described in [C6] for ring laser gyros.

In the Allan variance method of data analysis, the uncertainty in the data is assumed to be generated by noise
sources of specific character. The magnitude of each noise source covariance is then estimated from the data.
The definition of the Allan variance and a discussion of its use in frequency and time metrology is presented
in [C1] and [C7].

In this annex, Allan’s definition and results are related to five basic gyro noise terms and are expressed in a
notation appropriate for gyro data reduction. The five basic noise terms are angle random walk, rate random
walk, bias instability, quantization noise, and rate ramp.

Consider N samples of gyro data® with a sample time of t,. Form data clusters of lengths <, 27, ..., kT,
(k<N/2) and obtain averages of the sum of the data points contained in each cluster over the length of that
cluster. The Allan variance is defined as a function of cluster time.

To be specific, the Allan variance can be defined either in terms of the output rate, Q(t), or the output angle
0(1) = [ Q(r)dr

The lower integration limit is not specified as only angle differences are employed in the definitions. Angle
measurements are made at discrete times given by ¢ = kt,, k=1, 2, 3, ..., N. Accordingly, the notation is sim-
plified by writing ©; = O(kt,).

The average rate between times #; and 7, + T is given by:

_ 0 -0
Qu(v) = %
where
T=IMT

"This annex is adapted from Annex C in IEEE Std 647-1995, IEEE Standard Specification Format Guide and Test Procedure for Single-
Axis Laser Gyros.

8The numbers in brackets preceded by the letter C correspond to those of the bibliography in C.4.
9Sometimes referred to as time series or data streams.
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The Allan variance'? is defined as:

(1) = 3{(@usn-80)

1 2
= _2<(ek+2m_2ek+m +0,)7)
2T

where
() is the ensemble average

The Allan variance is estimated as follows:

N-2m

1 2
— E (Ot s2m =204 1, +6,)
2T (N -2m) 2,

o’(v) =
The Allan variance obtained by performing the prescribed operations, is related to the PSD of the noise
terms in the original data set. The relationship between Allan variance and the two-sided PSD!!, Sof) is
given by:

. 4
0’0 = 4f salP) 2y @

Equation (C.1) is the key result that will be used to calculate the Allan variance from the rate noise PSD. An
interpretation is that the Allan variance is proportional to the total noise power of the gyro rate output when
passed through a filter with the transfer function of the form sin4(x)/(x)2. This particular transfer function is
the result of the method used to create and operate on the clusters.

It is seen from Equation (C.1) and the above interpretation that the filter bandpass depends on t. This sug-
gests that different types of random processes can be examined by adjusting the filter bandpass, namely by
varying T. Thus, the Allan variance provides a means of identifying and quantifying various noise terms that
exist in the data. It is normally plotted as the square root of the Allan variance versus T, [0(t)], on a log-log
plot.

Subclauses C.1.1 through C.1.7 show the application of Equation (C.1) to a number of noise terms that are

either known to exist in the IFOG or otherwise influence its data. Detailed derivations are given in [C6]. The
physical origin of each noise source term will be discussed.

10 Frequently the term Allan variance is also used to refer to its square root, o(T).

1 Unless specifically stated, the term PSD is Annex C refers to the two-sided PSD. Note that SQ()‘) is the PSD of stationary random
processes. For nonstationary processes, such as flicker noise, the time average PSD should be used.
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C.1.1 Angle random walk

The main source for this error is spontaneous emission of photons. This component of the IFOG angle ran-
dom walk is caused by the spontaneously emitted photons that are always present in the source output. The
angle random walk due to spontaneously emitted photons is called the quantum limit [C4].

Other high frequency noise terms that have correlation time much shorter than the sample time, can also
contribute to the gyro angle random walk. However, most of these sources can be eliminated by design.

These noise terms are all characterized by a white noise spectrum on the gyro rate output.

The associated rate noise PSD is represented by:

Sq(f) = N’ (C2)
where
N is the angle random walk coefficient!?

Substitution of Equation (C.2) in Equation (C.1) and performing the integration yields:

2
o%r):%% (C.3)

As shown in Figure C.1, Equation (C.3) indicates that a log-log plot of o(t) versus T has a slope of —1/2. Fur-
thermore, the numerical value of N can be obtained directly by reading the slope line att = 1.

10N T ; .
Vo E :
NPTV SR A N
O : S i,
0.1N ———+—++++H ———+—++++H T
0.1 1 10 100
T

Figure C.1—o(t) Plot for angle random walk

12The zero slop portion of the rate PSD in (°/h)*/Hz represents angle random walk. The relationship between angle random walk coef-
ficient N and the PSD is

N(°/Jh) = 6—10 /PSD[(;I)Z/HZJ
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C.1.2 Bias instability
The origin of this noise is the electronics, or other components susceptible to random flickering [C5].

Because of its low-frequency nature it shows up as the bias fluctuations in the data. The rate PSD associated
with this noise is:

2

B\ 1
So(f) = (ﬁ)} f=/o (C.4)
0 f>fo

where

B is the bias instability coefficient
Jo is the cutoff frequency

Substitution of Equation (C.4) in Equation (C.1) and performing the integration yields:

2 .3
0*(1) = 2 1n2 - S (sinx + dxcosx) + Ci(2x) - Ci(4x) (C5)
2x
where
x is mfyt

Ci is the cosine-integral function [C2]

Figure C.2 represents a log-log plot of Equation (C.5) that shows that the Allan variance for bias instability
reaches a plateau for T much longer than the inverse cut off frequency. Thus, the flat region of the plot can be
examined to estimate the limit of the bias instability as well as the cutoff frequency of the underlying flicker

noise.
1B
Slope =0

~~

-

N—

o) (008 12 Jn sttt 6%+ Wittt it

0.01B ———+++
0.01 0.1 1 10
T
Figure C.2—o(t) Plot for bias instability (for fo=1)
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C.1.3 Rate random walk

This is a random process of uncertain origin, possibly a limiting case of an exponentially correlated noise
with a very long correlation time, as discussed in Clause 3.

The rate PSD associated with this noise is:

K\?1
Sa(f) = <ﬁ) - (C.6)
where
K is the rate random walk coefficient

Substitution of Equation (C.6) in Equation (C.1) and performing the integration yields:

o’(t) =

2
Kt
= (C.7

This indicates that rate random walk is represented by a slope of +1/2 on a log-log plot of o(t) versus T, as
shown in Figure C.3. The magnitude of this noise can be read off the slope line at T = 3.

10K 3

0.1K t ——+t+t++ }
0.1 1 3 10 100

Figure C.3—o(t) Plot for rate random walk

C.1.4 Rate ramp

For long, but finite time intervals this is more of a deterministic error rather than a random noise. Its presence
in the data may indicate a very slow monotonic change of the IFOG source intensity persisting over a long
period of time. It could also be due to a very small acceleration of the platform in the same direction and per-
sisting over a long period of time. It appears as a genuine input to the IFOG given by:

Q = Rt (C.8)
where

R is the rate ramp coefficient
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By forming and operating on the clusters of data containing an input given by Equation (C.8), we obtain:

2.2
o’(1) = RTI (C.9)

This indicates that the rate ramp noise has a slope of +1 in the log-log plot of o(t) versus T, as shown in Fig-

ure C.4. The magnitude of rate ramp R can be obtained from the slope line at T = /2.

The rate PSD associated with this noise is:

RZ

S = C.10
ol = o (C.10)

The user should be aware that there may be a flicker acceleration noise with l/f3 PSD that leads to the same
Allan variance t dependence. See Annex B for a discussion.

10R £ : :
L O A e TR
—~~ L ' |
= C ; o
N - : o
o - : |
0.1Rf-------=---------- - r:'
C i |
B v
B v
! |
0.01R ARLEAE e =
0.01 0.1 142 10

T
Figure C.4—o(t) plot for rate ramp
C.1.5 Quantization noise

This noise is strictly due to the digital nature of the IFOG output. The readout electronics registers a count
only when the gyro phase changes by a predetermined amount, e.g., 2t/2", where n =0, 1, 2, ...

The angle PSD for such a process, given in [C8] is:

2 Sinz(ﬂf 1))
T —_—
So(f) = (7fTo) ©11)
2 1
~T70 f< 2t
where
0 is the quantization noise coefficient
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The theoretical limit for Q is equal to S/ /12 where S is the gyro scale factor, for tests with fixed and uni-
form sampling times. The rate PSD is related to the angle PSD through the equation:

So(2af) = (27f)’S(27f) (C.12)
and is
4Q2 .2
_E—sm (nfty)
Sa(f)=1 ° 1 (C.13)
~ (2nf)’1,0 <5

Substitution of Equation (C.13) in Equation (C.1) and performing the integration yields:

o’ (1) = % (C.14)
T

This indicates that the quantization noise is represented by a slope of —1 in a log-log plot of o(t) versus T, as

shown in Figure C.5. The magnitude of this noise can be read off the slope line at T = ./3.

The user should be aware that there are other noise terms with different spectral characteristics, such as
flicker angle noise and white angle noise, that lead to the same Allan variance T dependence. See Annex B
for a discussion of these noise terms.

100Q
10Q
—~~
E iq
©
0.1Q
O_O1Q T T T T rrrri T T II:IIII T T II::::
0.1 1 3 10 100
T
Figure C.5—o(t) Plot for quantization noise
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C.1.6 Other noise terms

C.1.6.1 Exponentially correlated (Markov) noise
This noise is characterized by an exponential decaying function with a finite correlation time.

The rate PSD for such a process:

(4.T.)’
Sa(f) = ————s (C.15)
1+ (2nfT,)
where
q. is the noise amplitude
T, is the correlation time
Substitution of Equation (C.15) in Equation (C.1) and performing the integration yields:
(4.T.): T Iz It
2 q.1 ¢ c T, T,
=—"|1-==(3-4 y
o (1) = { 2t(3 e ‘+e ﬂ (C.16)

Figure C.6 shows a log-log plot of Equation (C.16). It is instructive to examine various limits of this equa-
tion. For T much longer than the correlation time, it is found that:

2
(g.T,)
= —_—
T

o’ (1) > T, (C.17)

which is the Allan variance for angle random walk where N = q_T.. is the angle random walk coefficient. For
T much smaller than the correlation time, Equation (C.16) reduces to:

2
(1) = ‘%‘r T, (C.18)

which is the Allan variance for rate random walk.
C.1.6.2 Sinusoidal noise
The PSD of this noise is characterized by one or more distinct frequencies. A low-frequency source could be

the slow motion of the test platform due to periodic environmental changes. A representation of the PSD of
this noise containing a single frequency is given as:

Sa(f) = 32480 = fo) +3(f + f,)] (.19)

where

Qy is the amplitude
Jo is the frequency
O0(x) is the Dirac delta function
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1 qC'JT_C

T/ Te

Figure C.6—o(t) Plot for correlated noise

Multiple frequency sinusoidal errors can be similarly represented by a sum of terms such as Equation (C.19)
at their respective frequencies and amplitudes. Substitution of Equation (C.19) in Equation (C.1) and per-
forming the integration yields:

2
o'(1) = Q| — ot (C.20)

.2 2
z(sm 1 for)
Figure C.7 shows a log-log plot of Equation (C.20). Identification and estimation of this noise in IFOG data

requires the observation of several peaks. As is seen however, the amplitudes of consecutive peaks fall off
rapidly and may be masked by higher order peaks of other frequencies making observation difficult.

1Q, F
T 0725 Q,
0.1Q, £
~ I
| od ¥
~ I
D ¥
0.01Q,x .
T : = |
4 1 (ep]
1 ! o |
1 : |
! ! i
0.00100 i ———++H e
0.01 0.1 1 10
T fo
Figure C.7—o(t) Plot for sinusoidal error
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C.1.7 Combined effects of all processes

In general, any number of the random processes discussed above (as well as others) can be present in the
data. Thus, a typical Allan variance plot looks like the one shown in Figure C.8. Experience shows that in
most cases, different noise terms appear in different regions of t. This allows easy identification of various
random processes that exist in the data. If it can be assumed that the existing random processes are all statis-
tically independent then it can be shown that the Allan variance at any given T is the sum of Allan variances
due to the individual random processes at the same t. In other words,

2 2 2 2
Gtot(r) = O-ARW(I) + oquant(T) + 0BiasInst(’c) + .. (C2])

Thus estimating the amplitude of a given random noise in any region of t requires a knowledge of the ampli-
tudes of the other random noises in the same region.

A

o(T)

Rate Random

Correlated Walk

Noise

Sinusoidal

Bias
Instability 1:
| | | | -

Figure C.8—c(t) Sample plot of Allan variance analysis results

C.2 Estimation accuracy and test design

A finite number of clusters can be generated from any finite set of data. Allan variance of any noise term is esti-
mated using the total number of clusters of a given length that can be created. Estimation accuracy of the Allan
variance for a given T, on the other hand, depends on the number of independent clusters within the data set.

It can be shown that the percentage error, 0, in estimating o(t) when using clusters containing K data points
from a data set of N points is given by:

o= —1 (C22)

()

Equation (C.22) shows that the estimation errors in the regions of short (long) T are small (large) as the num-
ber of independent clusters in these regions is large (small). In fact, this equation can be used to design a test
to observe a particular noise of certain characteristics to within a given accuracy. For example, to verify the
existence of a random process with a characteristic time of 24 h in the data to within an error of 25%. We
first set 0 = 0.25 in Equation (C.22) and obtain:
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(C.23)

Since the suspected characteristic time is 24 h, clusters of the same length are created. Thus the total test
length needed for such a test is 24 x 9 =216 h.

C.3 Tabulation of some variance analyses

A summary comparison of some variance analyses for noise processes is made in Table C.1. This table pre-
sents only a sample of analyses available, and is not meant to be a survey of all analyses. The polynomial
variance terms in the left hand column are identified using gyro terminology. The individual terms relating to
each author’s publication are given with the same symbology as contained in that author’s publication,
including the definitions of symbols. For ease in recognition of similarities, the coefficients of interest are
shown as the first symbol in each polynomial expression. For example, the variance coefficient for the rate
random walk term in the third column of Table C.1, is K2

Table C.1—Summary comparison of publishing variance analyses for noise processes

Allan [C1] This standard Sargent, Wyman [C3] Tehrani [C6]
(rate domain) (rate domain) (angle domain) (rate domain)
Terms in T = sampling 1/Ty = data y = time interval separating 0=4qT,
variance time = my, sample rate raw data points T, = correla-
expression where n=1,2,3,.. (2L+1) = number of data tion time
for noise T, = sample points combined into an T = cluster
processes time of original average data point time
measurements T = time length of data span = v, = cutoff
2L+1)yn frequency for
n=1,2,3,. 1/v rate noise
Rate ramp Not addressed , { (n TU)T Rz[T4] Rz[ T2]
R
2
Rate random 2
27) "t oo, 3 2 2727
walk e 20 2Ll i’ 7[5]
2
K =
L(L+1)(12L% + 12L+1)y° for 7T,
15(2L+ 1)
Bias h [21n2 2 Analysis considers only time- 4
instability -l ] B’ [r_: In 2} dependent rate terms B’ L—Ellﬂ}
for T » —
V()
Angle 1
hol— of 1 2 C4YL(L+1) 22
random walk -1 [ZJ N [nTj o [21 I } 0 [T}
Quantization | Not addressed 3 6 Not addressed
. 0’ @? [ }
noise (nTo)z T+l
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Annex D

(informative)

IEEE STANDARD SPECIFICATION FORMAT GUIDE AND TEST PROCEDURE

Compliance matrix

Clause 5 # Clause 5 requirement Clause 6 # Clause 6.6 test method
5 Requirements N/T
5.1 Description N/T
5.2 General requirements N/T
5.2.1 Precedence N/T
53 Performance N/T
5.3.1 Input Rate limits 6.6.10 Input rate test series
5.3.1.1 Maximum 6.6.10.1 Maximum input rate
53.1.2 Minimum (dead band) 6.6.10.2 Minimum input rate
532 Gyro scale factor, S 6.6.9.1 Gyro scale factor
5.3.2.1 Gyro scale factor errors 6.6.9.2 Gyro scale factor errors
5322 Gyro scale factor sensitivities 6.6.9.3 Gyro scale factor sensitivities
5.3.3 Drift rate, D, E 6.6.11 Drift rate test series
5.3.3.1 Bias and random, D 6.6.11 Drift rate test series
53.3.1.1 Bias, Dy 6.6.11.1 Bias
5.3.3.1.2 Random, Dy 6.6.11.3 Random drift
533.13 Measurement noise, Dy 6.6.11.2 Measurement noise
5.33.2 Environmentally sensitive, E 6.6.11.1 Bias
533.2.1 Thermal 6.6.11.1 Bias
53322 Magnetic 6.6.11.1 Bias
5.3.3.23 Other sensitivities 6.6.11.1 Bias
534 IA alignment characteristics 6.6.12 IA alignment test series
5.3.4.1 IA misalignment 6.6.12.1 Misalignment (nominal)
5.34.2 IA alignment repeatability 6.6.12.2 Misalignment repeatability
5343 IA alignment sensitivities 6.6.12.3 Alignment sensitivities
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Clause 5 # Clause 5 requirement Clause 6 # Clause 6.6 test method
5.35 Operating temperature 6.6.8.2 Operating temperature
5.3.6 Warm-up time 6.6.6 Warm-up time
53.7 Turn-on time 6.6.5 Turn-on time
5.3.8 Polarities 6.6.7 Polarity
5.3.8.1 1A 6.6.7 Polarity
5.3.8.2 Output signals 6.6.7 Polarity
5.39 Reference constants N/T
5.39.1 Light source wavelength N/T
5392 Number of turns N/T
5.39.3 Effective area per turn N/T
5394 Physical pathlength N/T
54 Mechanical requirements 6.6.1 Examination of product
(mechanical)

54.1 Exterior surface 6.6.1 Examination of product
(mechanical)

542 Outline and mounting dimen- 6.6.1 Examination of product

sions (mechanical)

543 Gyro axes 6.6.1 Examination of product
(mechanical)

544 Weight 6.6.1 Examination of product
(mechanical)

5.4.5 Seal 6.6.3 Leak test

5.4.6 Identification of product 6.6.1 Examination of product
(mechanical)

5.4.7 Acoustic noise 6.6.13.2 Acoustic noise

5.5 Electrical requirements 6.6.2 Examination of product
(electrical)

5.5.1 Schematic N/T

552 Impedances 6.6.2.2 Impedances

553 Input power 6.6.4 Input power

554 Test points N/T

5.5.5 Grounding N/T
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Clause 5 # Clause 5 requirement Clause 6 # Clause 6.6 test method
5.5.6 Output signals 6.6.2, Examination of product (electrical),
6.6.10 Input rate test series
5.5.7 Temperature sensors 6.6.8.1 Temperature sensor characteristics
5.5.8 Insulation resistance 6.6.2.1 Insulation resistance
559 Dielectric strength 6.6.2.3 Dielectric strength
5.5.10 Electromagnetic interference 6.6.13.1 Electromagnetic interference
5.5.11 Electromagnetic compatibility 6.6.14.17 Electromagnetic fields
5.6 Environmental requirements N/T
5.6.1 Storage 6.6.14 Environmental test series
5.6.2 Transport 6.6.14 Environmental test series
5.6.3 Operation 6.6.14 Environmental test series
5.6.3.1 Operating environment 6.6.14 Environmental test series
5.63.2 Survival environment, operating | 6.6.14 Environmental test series
5.6.3.3 Survival environment, nonoper- | 6.6.14 Environmental test series
ating
5.6.4 Environments N/T
5.6.4.1 Vibration 6.6.14.5 Vibration
5.6.4.1.1 Linear 6.6.14.5.1 Linear
5.64.1.2 Angular 6.6.14.5.2 Angular
5.6.4.2 Mechanical shock 6.6.14.3 Mechanical shock
5.64.3 Acceleration 6.6.14.6 Acceleration
5.6.4.3.1 Linear acceleration 6.6.14.6.1 Linear acceleration
5.64.3.2 Angular acceleration 6.6.14.6.2 Angular acceleration
5.6.44 Temperature 6.6.14.1 Temperature
5.6.4.5 Thermal shock 6.6.14.4 Thermal shock
5.6.4.6 Time-dependent temperature 6.6.11.1 Bias
gradient
5.6.4.7 Thermal radiation 6.6.14.12 Thermal radiation
5.6.4.8 Ambient air pressure 6.6.14.15 Pressure
5.64.9 Acoustic noise 6.6.14.11 Acoustic noise
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Clause 5 # Clause 5 requirement Clause 6 # Clause 6.6 test method
5.6.4.10 Humidity 6.6.14.9 Humidity
5.6.4.11 Air currents 6.6.14.13 Air currents
5.6.4.12 Fungus 6.6.14.8 Fungus
5.6.4.13 Salt spray 6.6.14.10 Salt spray
5.6.4.14 Nuclear radiation 6.6.14.14 Nuclear radiation
5.6.4.15 Magnetic fields 6.6.14.16 Magnetic fields
5.6.4.16 Electromagnetic fields 6.6.14.17 Electromagnetic fields
5.6.4.17 Sand and dust 6.6.14.18 Sand and dust
5.6.4.18 Solar radiation 6.6.14.19 Solar radiation
5.6.4.19 Rain 6.6.14.20 Rain
5.6.4.20 Excitation variation 6.6.14.2 Excitation variation
5.6.4.21 Life 6.6.14.7 Life
5.6.4.21.1 Storage 6.6.14.7.1 Storage
5.64.21.2 Operating 6.6.14.7.2 Operating
5.6.4.21.3 Start cycles 6.6.14.7.3 Start cycles
5.7 Reliability N/T
5.7.1 Reliability program N/T
572 Mean time between failure 6.4.2 Demonstration testing
(MTBF)
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