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Topics and Schedule

* Data, Telemetry, and the Instrumentation System Block Diagram 9:00am
e Standards
* Data Requirements

* BREAK 10 min
* Transducers / Specifications

* Video

* 1553 Bus

* LUNCH 11:45am —1:15pm
* Using Requirements to Configure an Analog Data Channel

* BREAK 10 min

e Creating a PCM Map to Obtain a Sample Rate

* Telemetry Bandwidth

* Record Time

* BREAK 10 min
* Time, GPS

* Audio

* Telemetry Attributes Transfer Standard (TMATS)

* Measurement Uncertainty — Interpreting the Results

* Finish 5:00pm

4/28/19 Break for lunch will be 90 min, but the time may be adjusted as needed.



Data, Telemetry, and the
Instrumentation Block Diagram
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Instrumentation

* |[nstrumentation is a varied field that contains many
specialties. This training provides an overview of the many
components that make up an aircraft instrumentation
system.

* The goal of this training is to provide an understanding of
the equipment used to make measurements and the
technical decisions made to condition, filter, and digitize the

signals.



Decision Quality Data

Decision Quality Data is data produced using sound technical
and analytical methods that: meets customer defined decision
criteria, is repeatable, and has documented and verifiable

uncertainty.

You may not think of it, but the product being delivered to your
customer is data. The instrumentation system is the means of
creating that data.



From an Aircraft Sensor to the Ground
Station Display

* Engineers analyze and make decisions upon data generated by the
instrumentation system. There are many decisions that must be made in the
selection and configuration of the equipment along the measurement path
from the sensor on the aircraft to the display of the engineering unit value at

the ground station.

Displacement sensor on a landing gear Ground station display of
displacement as +1.208 in
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Telemetry: The Remote Sensing of Measurements

* This is the block diagram of the instrumentation system and the
receiving ground station.
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Block Diagram of an Instrumentation System

* All data starts off as an analog signal. All of the measurements on the
avionics busses were at one time an analog signal. The data acquisition
system converts analog signals or formats digital data to a standard form
such that it can be stored to solid state media, or transmitted to a ground
station. The final step is the data processing system where digital data is
converted back into Engineering Units (EU) for display to the flight test

engineer.
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Analog Transducers

Internal to a transducer is a sensing element which responds to the physical
phenomena being measured. Electronic circuitry (the transducer) then
converts the changing properties of the sensor to an electrical signal that can
be measured within the data acquisition system. Simply stated, a transducer
converts a physical quantity to an electrical signal.

Measurement Data

4/28/19
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Types of Analog Transducers

* Transducers take on many forms. A few of them are shown below.

Accelerometer:
Measures acceleration,
vibration, shock

Strain Gage: |
Measures strain or load &—]

Thermocouple/
RTD:

(Resistive Temperature Device)

Pressure Transducer:
Measures absolute, gage,

or differential pressure Measures
temperature
Potentiometer/ Flow Meter:

Measures fuel flow,
total fuel used

Synchro:
Measures
distance or angle

4/28/19
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Transducer Characteristics

* Transducers have many characteristics that must be considered

in order to provide data that meets the requirements of the test.
* These characteristics include:

— Engineering Unit Range

— Frequency Response

— Output Level

— Uncertainty (error bound due to environmental effects)

— Power Requirements

— Size

— Environmental Specifications



Avionics Busses

* Avionics busses are production-installed communication busses
on an aircraft which connect the various avionics systems. Many
times, these busses are monitored by the Data Acquisition
System. When doing so, a document known as an Interface
Control Document (ICD) or bus catalog is needed to decode the
information on the bus. Without it, the data is useless.

Measurement Data Storage/ Processing to
Sources Collection Transmission EUs

Analog Solid-State
Transducers Recorder

Data Data

Acquisition Processing

System System
Transmitter/

Encryptor
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Avionics Busses

* Avionics busses can include the protocols:

— MIL-STD-1553
— ARINC-429

— RS-232

— RS-422

— Ethernet

— Fire Wire . 4 -
— Fibre Channel : : g: 53

* Each of these bus types require specific hardware to tap into the bus. It is not
as simple as splicing into the bus signal wires. External hardware is needed to
prevent distortions to the signal and failures in the data acquisition system
causing failures in the avionics.

 The ICD or bus catalog for each of these busses provides the information
needed to identify the requested parameters and format them to a standard
telemetry format. Not having this information early on delays the project
completion.



Data Acquisition System

* The data acquisition system is the center of the instrumentation
system. It conditions, digitizes, and formats the input data
signals for recording and transmission.

* Data acquisition systems can be complex depending on the
amount of data it can sample, and the flexibility of the
configuration. May consist of masters and remote units.

Measurement Data Storage/ Processing to
Sources Collection Transmission EUs

Analog Solid-State
Transducers Recorder

Data
Processing
System

Avionics Transmitter/
Busses Encryptor
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Detailed Block Diagram of a Data Acquisition System
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Data Acquisition System Block Diagram
Analog Conditioning

* Analog signals need a variety of signal conditioning to provide the correct EU
ranges and frequency response for the measurement. The analog signal
then is sampled, and digitized before being multiplexed with other signals.
The output is a serial Pulse Code Modulation (PCM) bit stream of ones and
Zeros.
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Data Acquisition System Block Diagram

Avionics Busses

* Avionics busses already have their data digitized. The data acquisition
system formats the avionics busses such that it can be merged into a PCM
stream. The data acquisition system can also capture 100% of the
Commercial-type busses, 1553, and ARINC messages.

COMMERCIAL
(ARINC, ETHERNET)
DATA BUSSES

MIL-STD-1553
BUSSES
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Data Acquisition System Hardware

e Data acquisition systems for use on aircraft are designed to operate and
survive the harsh environments of flight test. This can include extreme
temperature ranges, vibration, or high altitudes. The hardware conforms to
the IRIG-106 Telemetry Standards which were written such that the data
can be processed at any of the Department of Defense (DoD) ranges.

s

SR TR

\ TWARLRLE
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Solid State Recorder

The solid state recorder receives the PCM stream and stores the data to a
removable memory cartridge in a file format.

Other recorders can take multiple PCM streams, avionics busses, and video
directly. These recorders are described in Chapter 10 of the
IRIG-106 Telemetry Standard, and are known as “Chapter 10 recorders”.

Measurement Data Storage/ Processing to

4/28/19
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Various Types of Solid State Recorders

e Data was originally stored on magnetic tape, but now recorders use solid
state memory as the storage media. The required capacity of the memory
cartridge is dependent upon the speed of the data (bit rate) and the
duration of the flight test.

* Chapter 10 based recorders have interface cards to directly record data
streams, avionics busses, and video.

4/28/19 20



Transmitter

e Transmitters are used to accomplish the remote sensing of what is occurring
real-time on the aircraft. Because bandwidth is at a premium, various types
of modulation schemes are used to minimize the frequency band when
transmitting the PCM streams.

 When data is classified, the PCM stream must first be encrypted before
transmission.

Measurement Data Storage/ Processing to
Sources Collection Transmission EUs

Analog Solid-State
Transducers Recorder
Data Data

Acquisition Processing
System System

Avionics
Busses
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Telemetry System

The telemetry system is made up of the transmitter, radio frequency (RF)
cable, an RF splitter, and antennas.

* In order to provide the best signal such that there are limited drop-outs in

data at the ground station, each element of the system must be carefully
matched for the frequency band being utilized.

4/28/19 22



Data Processing System

The data processing system can either be the ground station receiving
transmitted data or a data lab playing back recorded data from a test flight.
Received data is converted from a PCM stream of ones and zeros, where
individual parameters are displayed in EU values. Recoded data is a binary
file which is played back using software that can produce EU-converted data
files.

Data processing is included as part of the instrumentation system because it
is a vital part of the validation process of the data.

Measurement Data Storage/ Processing to

4/28/19
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Data Processing System

* The data processing system must have the applicable information about all
the measurements in order to identify the parameter and provide
coefficients to convert the raw data into engineering units. The data can
also be formatted to display in strip charts, dials, and graphical
representations of the aircraft orientation.

* The data processing system can be a large ground station facility, within a
trailer or van, on a portable cart, or even on a laptop; depending upon the
complexity of the processing.

4/28/19
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Designing an Instrumentation System

* Before an instrumentation system is designed, you must have well defined
requirements. Later, we will discuss the requirements needed to design an
instrumentation system that provides decision quality data using the least
amount of TM bandwidth and solid-state memory.

RECORDER

POWER DISTRIBUTION
DATA ACQUISITION SYSTEM

TRANSMITTER
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Standards

* Interoperability between test ranges can only be
accomplished when everyone follows the same standards.

 The Range Commanders Council (RCC) have written many
Inter-Range Instrumentation Group (IRIG) standards to
accomplish this interoperability.

 This allows an aircraft instrumented at Edwards AFB the
ability to transmit data to the ground station at Patuxent
River NAS.

* The following is a list of some of the standards, but by no
means is it an exhaustive list.



Standards — IRIG Standards

Inter-Range Instrumentation Group

_i':fﬂ_-_ . (IRIG)-106 Telemetry Standards
e This document, prepared by the
Rp— Telemetry Group (TG) of the Range

Commanders Council (RCC), was written
to foster compatibility of telemetry
W] transmitting, receiving, and signal
T processing equipment at the member
"Fow (hekd beeid 1 » ' ranges under the cognizance of the RCC.
Lo When we used the term “Chapter 10
X HE recorder”, it is referring to chapter 10 of
this document. Chapters 2,4, 5, 9, 10 and
Appendix A will be mentioned in this
training.

This standard is usually updated every two years, so always check for updates.
http://www.wsmr.army.mil/RCCsite/Documents/106-17_Telemetry Standards/106-17_Telemetry_Standards.pdf

4/28/19
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Standards — IRIG Standards

All the IRIG standards can be accessed on the Range Commander’s Council website.
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116-12_Vod_7-Test_Methods_fior_Telematry_RF_Subsystems
11E8-73_vol_4-Test_Methods_for_Data_Mulbplex_Equipment
116-99_Viol_3-Tesi_Methods_for_Recorder_and_Reproducer_Systems_and_Magnetic_Tape

VNNNVERNEN =

http://www.wsmr.army.mil/RCCsite/Pages/Publications.aspx
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Standards — In-House Standards

4/28/19

AVMI INSTALTATION
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Your organization probably has
documented policies and procedures on
how to instrument aircraft.

Many of these documents were created

from lessons learned in the past and
contain valuable information.
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Standards — Military and Commercial Standards

There are numerous military and commercial standards that are

followed in order to safely modify an aircraft with instrumentation
Some are listed below:
ARP1870 — Aerospace Systems Electrical Bonding and Grounding for

Electromagnetic Compatibility and Safety

SAE AS50881 - Wiring Aerospace Vehicle

MIL-STD 464 - Electromagnetic Environmental Effects

MIL-STD-704 - Aircraft Electric Power Characteristics

MIL-STD-7080 — Selection and Installation of Aircraft Electric Equipment

DEPARTMENT OF DEFENSE
INTERFACE STANDARD

4/28/19
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Valuable Resource

A great resource to use containing a wide array of instrumentation subjects is the
Instrumentation Engineers Handbook.

m e Found on the RCC website, this document covers:

- Councl ~wa * Typical Instrumentation System Overview
* Signal sources

* Signal Conditioning

INSTRUMENTATION ENGINEERS HANDBOOK

ABERDEEN TEST CENTER

DOTHAY PRIV RGO * Flow and Level Measurement
WHITE SANDS MISSILE RANGE
S * Pulse Code Modulation Formats
T T e « Calibrations

MAVAL UNDERSEA WARFARE CENTER DIVISION, KEYPORT
MNAVAL UNIHERSEA WARFARE CENTEE IVISION, NEWPOET

AR R * Telemetry Transmission and Reception

MITH SPACE WING

SIS * Recorders and Recording
el ity i i * Practical Considerations
* Grounding, Shielding, and Noise Reduction
DISTRIBUTION A: APPROVED FOR PUBLIC RELEASE * Electrical Power Load Analysis

MSTRIBUTION IS UNLIMITED

http://www.wsmr.army.mil/RCCsite/Documents/121-13_Instrumentation%20Engineers%20Handbook/121-13_Instrumentation_Engineers_Handbook.pdf
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Data Requirements

* The diagram below shows the process of the design of an instrumentation
system. It all begins with the data requirements. When well defined and
identified early in the process, the requirements will provide data that will
allow flight test engineers to make quality decisions during the execution of
the test.

Transducer Gain Offset
Data ) )
Requirements Selection/ AC Coupling
q Calibration Filtering

Record
Time

Customer’s ! Instrumentation
Responsibility E Engineer’s Responsibility

Bit Rate

™
Bandwidth



Data Requirements

* Data Requirements are the most difficult piece of information to get
defined.

* Must have defined requirements before designing an instrumentation
system.

* Requirements should include:
* Measurement Description

e Signal Source

* Frequency of Interest

* Measurement Uncertainty
* Engineering Units

* Engineering Unit Range



Measurement Description

 The Measurement Description indicates what type of
measurement is to be made. This narrows down which family
of transducers will be used.

Acceleration,
Vibration, Shock

Temperature Loads, Strain

Pressur
Fuel Flow e
T8 1
ge;‘\ W
-
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Signal Source

* The Signal Source indicates where the measurement is coming
from.

e Various sources are available
 from an installed instrumentation transducer
 from a tap off of a production transducer
 from an avionics bus
 from a video image (yes this includes video, which is a
transducer that senses light).

* In some cases, there may be different sources for the same
measurement as a comparison when a system is being
evaluated during a flight test.



Signal Source: Instrumentation Transducer

Position Potentiometer
Measuring movement of
a linkage

Accelerometer
Measuring vibration
on arib

Current Transformers
Measuring AC current
from a generator
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Signal Source: Instrumentation Transducer

Pressure Transducers
Measuring pressure ports on a rake

Thermocouple 3
Measuring air temperature [

4/28/19
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Signal Source: Instrumentation Transducer

* An Instrumentation Transducer is used in the following

situations:

 When the measurement is not available on the production configured
aircraft.

 When the production measurement is not adequate for the test (ex:
does not encompass the measurement range or frequency range
needed).

« When an instrumentation transducer is installed, the
transducer and data channel are uniquely designed for the
data requirements.



Signal Source: Production Transducer

4/28/19

Some aircraft have production systems which output analog and discrete
signals.

To tap into a production system it is best to use a “T-harness”. This will make
it easy to remove when there are maintenance gripes on the system.

When tapping into production signals, the instrumentation system must be
electrically isolated preferably within 3 wire-feet of the production pick-up
point. In this example, a resistor is used.

SIGNAL ISOLATION

AVIONICS SYSTEM
A4

PRODUCTION
WIRING

€—— < 3 feet 10 DATA

o ACQUISITION

SYSTEM
- T-harness /

A failure here does not
affect the production signal.

41



Signal Source: Production Transducer

4/28/19

Information on the voltage range, Engineering Units (EU) range, and scaling
must be obtained from the specifications on the signal source’s equipment.
Sometimes this can be a difficult thing to obtain, but it is necessary in making

the measurement.

This information is needed to set up your signal conditioning in the data
acquisition system and convert the raw data to EUs.

SIGNAL ISOLATION

AVIONICS SYSTEM

A—<— < 3 feet

TO DATA
° ACQUISITION
SYSTEM
T-harness
Analog: Pitch Attitude Discrete: WOW
PRODUCTION %5V equivalent to +90° 28v: weight on wheels
WIRING GND: weight off wheels

42



Signal Source: Production Transducer

In this photo, you can see the elements used to measure the production transducer
signal. Note the Instrumentation wiring (orange) and the production wiring (white).

Production et
Connector

arness
I

4/28/19
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Signal Source: Production Transducer

* A Production Transducer is monitored in the following
situations:

— An instrumentation transducer cannot be mounted in the area that the
measurement is to be made.

— There is a question on the integrity of the production aircraft signal and it
needs to be monitored (Sometimes an instrumentation transducer is also
installed for comparison).

— A new avionics system is being tested and the analog transducer inputs to
that system needs to be monitored. An example would be an original

production gyro and the replacement gyro both had their outputs
monitored for comparison.



Signal Source: Avionics Bus

* Avionics Bus data is already available in a digitized form. All the
steps done in the previous section to condition, filter, and
sample the signal has been done by the avionics systems. So the
sample rate of the data is limited to the designed update rate of
a particular parameter on the bus.

e Sources of Avionics Bus Data:
— MIL-STD-1553
— ARINC-429
— RS-232
— RS-422
— Ethernet

* Currently, the most common sources of avionics bus data being
monitored are MIL-STD-1553 and ARINC-429.



Signal Source: Avionics Bus

* Because a production avionics signal is being tapped into, the
instrumentation system must be isolated from the production
system. The type of isolation depends on the type of bus.

RS-232/422
Buffer Box

MIL-STD-1553
Bus Coupler

Ethernet
_‘ Network Switch

ARINC-429
Repeater Box

We will describe 1553 bus monitoring later in the training.

4/28/19
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Signal Source: Video

 There are times where a flight test engineer needs to see what
the aircrew sees or how a store separates from an aircraft.

e Qualitative video provides information of events happening
during a test.

* Quantitative video provides an actual measurement from the
image.

Qualitative Video Quantitative Video

We will cover the two types of video later in the training
4/28/19 47



Frequency Range of Interest

* Frequency Range of Interest is the range of frequency
components of a signal which must be measured with little to
no attenuation in order to make the proper decisions during a

flight test.

e This is probably the most misunderstood data requirement, and
it is one of the most important requirements in the design of
the instrumentation system.

 What frequency of interest is not...
— it is not the sample rate.
— it is not the cutoff frequency of the pre-sample filter.

— However, the cutoff frequency and sample rate are derived from the
frequency of interest.



Time and Frequency Domain of a Signal
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Time and Frequency Domain of a Signal

* All signals are made up of sine waves of different amplitudes
and frequencies. This is a 400 Hz current measurement from a

50

generator shown in both the time and frequency domain.

Time Plot of Signal
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Frequency Range of Interest

4/28/19

Frequency of interest encompasses the frequency components the flight test
engineer needs to see in the data. If the first three largest frequency
components are important, but the higher ones are not, the three frequencies
must not be attenuated significantly. Frequencies greater than 2800 Hz will be
greatly reduced in amplitude by using low pass filtering.
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& 2800 Hz Component
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1 1 1
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frequency, Hz
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51



DC Response

* Another frequency requirement to consider is, does the Direct Current (DC)
response need to be removed from the data? DC response is the steady state
response from the sensor. Some sensors may not have a DC response.

* Consider the example below:

In measuring the flutter of the wings, the
acceleration on the wings due to the
maneuyver is not of interest; only the motion of
the wings

In this case, you do not want to
see the DC response of this
measurement

4/28/19



AC and DC Component of a Signal

* The amount of acceleration due to the maneuver is 5 Gs, and the
acceleration due to the flutter of the wing is sinusoidal with an amplitude of
4 Gs at 20 Hz. Below, they are shown graphically and mathematically.

Gs

AC Component

DC Component

ATOTAL = ADC + AAC :E_+ 4‘Sln(4‘07'[t)

DC Component / \ AC Component

(from maneuver) (from flutter)
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AC Coupling

* [fthereis nointerest in the 5 G DC component, it can be removed from the
signal. When removing the DC component, the result is the flutter (AC
component only) and the data is centered around O Gs.

) ANANANYANAN
| VAAVARVARVARVA

ATOTAL = AAC = 451n(40ﬂt)

* Toremove the DC component, a technique called AC-coupling is used.
However, the AC-coupling also attenuates very low frequencies (close to 0 Hz).

* DC-coupling (a wire) passes both the AC and DC components of the signal.
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Frequency Range of Interest

A minimum and maximum frequency range of interest must be
defined for a measurement where the flight test engineer only
wants to see the AC component. Example: 10 — 200 Hz.

* Also, note that AC-coupling is sometimes referred to has a high-
pass filter because it rejects low frequencies and passes high
frequencies.

* Laterin the training we will go into more detail of filtering a
signal in an example analog measurement.



Measurement Uncertainty

If Frequency Range of Interest is the most misunderstood
requirement, then Measurement Uncertainty is a close second.

Many times you will not be given a required uncertainty of a
measurement. In those cases, follow best practices and choose
the best sensor and data acquisition system configurations to
minimize errors.

If you do get an uncertainty requirement make sure that it is not
unrealistic for what your measurement system components can
provide.

Remember that all measurements contain errors. The end user
of the data must determine how much uncertainty is acceptable
to safely perform the test and make decisions.



Measurement Uncertainty

* Error sources come from every piece of equipment in the data path

Xmeas = XTrue T+ XERROR
Xueas The resulting engineering unit
Xrue  The true value of the physical phenomena you are trying to measure
Xerror  The combination of all the measurement errors within the
instrumentation system
* Any time you make a measurement there is an error added to
the true value.

* The reality is, X;g g is never known because Xcpror IS @ random
variable with a normal distribution.

* This is why the term uncertainty is used rather than accuracy.
You are uncertain of the value of X;z ¢, but you can define a
range or bound of the value of X,z .



Measurement Uncertainty

 The combined standard deviations (o) of all the errors in the instrumentation system
is calculated in an uncertainty analysis and is characterized as a Gaussian Distribution.

GAUSIAN or NORMAL Probability
Density Function (PDF)

f(x) = L e~ (x—w?*/20°
27O

B

DF THE DATA FALLS WITHIN to

f(x)

=1

DF THE DATA FALLS WITHIN +2q

The probability is the area
under the curve

The total area is 1 or 100%

DF THE DATA FALLS WITHIN +3d

> X

4/28/19
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Measurement Uncertainty

* Once o (the measurement uncertainty) is known, we can bound the value of
X:rue Within a region around the measured value (X x5 )-

XTRUE = XMEAS A XERROR

Xraue FALLS BETWEEN

99.7% Confidence

Xraue FALLS BETWEEN

95.4% Confidence

X;pue FALLS BETWEEN

68.3% Confidence 20 19 g) © )

s Ky
R R + o & g

* The standard practice in reporting measurement uncertainty is to use the
+20 or the 95% confidence interval (between the blue lines).
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Measurement Uncertainty 95% (20)

* When looking at a strip chart, there is a normal distribution curve riding on the blue
line that represents the measured value. The true value falls within the gray area
(+20) around X,c5s- Note that when reading strip charts, you do not see the gray area,
only the blue line.

+2% full scale uncertainty (20 or / / \ / /
/

95% confidence interval) for / /

A
a +10G accelerometer // / Y /
A e

+0.02 x 20 Gs = +0.4 Gs

11:/, "t ©°
4.0+0.4 Gs / / y 3D view of a
/ / / strip chart display

7
XMEAS
>
95% confidence that X, ¢

is within this range
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Measurement Uncertainty 95% (20)

* Because changing environmental conditions during a
flight test can dynamically change the error, the
value of o changes. However, when uncertainty
is reported, the extreme limits of the
environments are considered and
the error throughout the test
is considered to be constant.

This is an example of how the AT

+20 error bound can vary with
temperature over the 50°C
duration of a flight test.
The max temperature
for the test is 50°C.

Uncertainty of Xz is reported to be
within this range
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Measurement Uncertainty 95% (20)

X TRUE — <} MEAS + X ERROR
1+0.4 Gs
5
=
0
5

* The flight test engineer has to determine how wide the gray line can be and still be
allowed to make quality decisions. In this example, you are 95% confident that the
peak of the signal could be as high as 4.4 Gs or as low as 3.6 Gs.
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Resolution of a Measurement

* A common misconception is that resolution is the same as
accuracy. Resolution is a contribution to the overall system error,
but it is not the error of the measurement.

e Resolution is the smallest quantity that can be measured by the
data channel or the engineering unit weighting per count. For
example, if a channel can display +10 Gs over a 4000-count
channel, then the resolution is:

20Gs 005 Gy
4000 counts count

e 0.005 Gs/count is not the accuracy. In designing an
instrumentation system, you want the resolution to be smaller
than the £20 uncertainty.

* This resolution is 80x smaller than the £0.4G uncertainty in the
example.



Engineering Units

Engineering Units is self-explanatory. However, not getting it
correct can be devastating.

If out-of-the-ordinary units are requested (such as m/sec?
instead of G’s) it can be easily converted in the processing if it is
a linear conversion. Conversion to something non-linear like dB
which involves logarithms is more difficult.

If there is data analysis software being used by your customer
that reads the EU converted data, make sure that the units for
the inputs to the software match the engineering units being
measured.



Engineering Units

* Some notes on Engineering Units:

— Make sure to note the type of pressure measurement in the
correct units:
* Absolute (PSIA)Pressure — referenced to a vacuum (0 PSI)

» Differential (PSID) Pressure — referenced to some other defined
pressure

* Gage (PSIG) Pressure — referenced to atmospheric pressure
— Example: an absolute pressure in PSI has units PSIA

— Bus measurements have defined engineering units, but can
be changed if requested.
* For example, the heading on a 1553 parameter is in semicircles, but

you need it in degrees. The conversion coefficient will need to be
adjusted by a factor of 180.



Engineering Unit Range

* Engineering Unit Range is the maximum and minimum
engineering unit value the flight test engineer wants to measure.

e This determines what model of transducer is needed and to
what range it will be calibrated.

 Changesin the EU Range late in an instrumentation design could
result in the following:
— Purchase of a new transducer
— Recalibration of the transducer

— Increase in error when changing to a smaller EU range (using a 100G
accelerometer to measure +30G). The error is based on the full scale
range of the transducer, not the measurement range



Engineering Unit Range

* During testing, if the engineering unit range is too small you may
see data that looks like this. Here the data exceeded the range
and pegged the data channel. There is no way to measure the

peak at this point.

Peak at 16 Gs  1£10.25 Gs Measurement Range
\ /
S
\‘( 106G
\
/ \
/ \
e ——— A/ \\ //\\/W————O G
\ /
\
\

| — 110G
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Transducers

* Transducers contain a sensing element that responds to a physical
phenomena.

* Electronics within the transducer turns the sensing response to an
electrical signal.

* The electrical signal may be conditioned within the transducer to a high-
level voltage that can be measured by a data acquisition system.

* The transducer must survive and provide quality data in the harsh
environment it will be subjected to.

* There are numerous types of transducers available. We will cover the
most common types to get an appreciation of the various technologies
used.



Accelerometers

* There are a wide range of accelerometers available
* The technology used in each depends upon the type of signal
being measured.

Simple Motion Time plot
——\_\_/ Maximum Value
Periodic Vibration Peak Amplitude  Discrete Line
/\/\/ Average Value Frequency
RMS Spectrum
Random Vibration Power Amplitude

/\\»/\l\"/\’\l\(\f/\' Spectral Probability
Density Distribution
ShOCk/V Peak Value

Rise Time
Duration
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Accelerometers — Variable Capacitance

 Have a DC (steady state) response

* Have high sensitivities to measure small accelerations
* Have a lower frequency response

* Have good temperature stability

* Available in single or tri-axial models

* Variable capacitance accelerometers are good for measuring low
frequency vibration, motion and steady state acceleration.

trl'aX|a| Base (substrate)
single axis

Maotion,x

C1
o i’ J_—+_ Movable Plates
[ ]

Y

il
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Accelerometers — Piezo-Resistive

« Have low sensitivity making them desirable for high-G
shock measurements.

« Have a wide bandwidth and the frequency response
goes down to zero frequency or steady state, so they
can measure long duration transients.

Piezo-resistive accelerometers are used extensively Iin
transportation crash tests. Due to the low sensitivity, they
are not used for vibration measurements.

ELECTRODES

T

» =

THIN FILM PIEZORESISTIVE

4/28/19
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Accelerometers — Piezoelectric

« Have a very wide measurement frequency range (a few Hz to 30 KHz).
« Can measure high G levels .

» Are available in a wide range of sensitivities, weights, sizes and
shapes.

« (Can be mounted in more volatile environments.

Piezo-electric accelerometers are the most widely used and should be
considered for both shock and vibration measurements.

;ﬁ‘,f QUARTZ PLATES T 7 ELECTROMICS
et r I =t <hllcd & 1IMPEDANCE CONVERTER)
SEISMIC unssw Fl \
FICKUP LEAD ——-: 3
A 10-32 THD
£l s COAXIAL CONNECTOR
—_—
10-32 THD 1
INSULATED STUD—»eeee—s LtNTEERnL INSULATION WASHER
————
ﬂ_.__—-r
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Accelerometers — Piezoelectric

APPLIED
FORCE
CHARGE VOL\TIAGE .
Piezo-Electric - pC/G CHARGE DATA ACQ
Crystal AMPLIFIER SYSTEM

 When a force is applied to the Piezo-
electric crystal within the accelerometer,
it produces a proportional charge.

* The cable between the accelerometer
and charge amplifier is a special, low-
capacitance cable.

« The charge amplifier converts the
charge in pico-Coulombs (pC) to
voltage (V).

« The voltage signal is then conditioned
in the data acquisition system.
4/28/19
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Accelerometers — Constant Current Piezoelectric

+ Voltage Supply

Constant Vs

Current
Source

* Another piezoelectric type accelerometer for measuring vibration is
powered with a constant current source.

« The voltage supply associated with the constant current source is known
as the “compliance voltage”.

« This accelerometer has internal electronics, so a charge amplifier is not
needed.

» Uses only a shielded twisted pair cable for both signal and power.

 Because of the internal electronics the environment in which it is used
must be not as volatile.

4/28/19 75



Accelerometers — MEMS

« Another source of acceleration measurements are IC
packaged accelerometers. The devices come in both
through-hole and surface mount packaging. Primarily
used in the auto industry, these devices are something to

keep in mind where the situation may warrant a small
sensor.

This unit, contains solid state devices
measuring accelerations, angular rates,
and attitudes which are output to RS-232.

4/28/19
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Strain Gages

« Strain gages come in many forms for the various strain and loads
measurements being made.

Uniaxial Bending Strain Shear/Torsion
" i hll
8 X 4
Biaxial Rosette Three Element Rosette Crack Propagation

WALL .'.'.'.I
I
ety |
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Strain Gages — What is Strain?

e Strainis defined as the amount of deformation per unit length
(in / in, mm / mm) of an object when a load is applied. The
quantity is dimensionless, but a unit of strain (Greek letter €) is
used. Because the change in length is so small, strain is usually
expressed in micro strain (pe) or one millionth (10°) «.

—J AL} L |

. AL AL 6
straln:(fj (€) :(Tj 107 (ue)

4/28/19
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Strain Gages — What is Strain?

* If a metal rod is originally 3.0000 inches long and it is stretched to
a length of 3.0012 inches, what is the amount of micro strains
the rod experiences?

o : 4

strain — g _ 3.0012-3.0000 _ 0.0012
L 3.0000 3.0000

=0.0004¢ = 0.0004x10° 1e = 400 ue
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Strain Gages

 To measure the strain, a strain gage is adhered to the surface.
When a strain gage stretches or compresses, the small wires also
stretch and compress, causing the resistance of the gage to
change proportionally to the change in length.

—
g: COMPRESSED GAGE R-AR

sensitive wires

E—

—

- STRETCHED GAGE R + AR
—

AL —|

+A|_ —_

h
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Strain Gages — Gage Factor

* The relationship between the relative change in resistance and
relative change in length is called the Gage Factor (GF). It can be
thought of as the “sensitivity” of the gage.

= ] —
GF = (ARR) / (T) _ ( . )/smm

Rearranging ... AR = GF X R X strain

4/28/19
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Strain Gages — Gage Factor

 When a batch of strain gages is manufactured, a sample is taken
to determine the Gage Factor. It is usually specified as some
nominal value with a corresponding tolerance.

This example illustrates that this particular model of strain gage has a
nominal Gage Factor of 2, but can vary as much as +5% from all the
batches of gages the vendor produces.

For an individual package from a known batch of gages, the Gage Factor
will be specified on the package (2.005) and have a tolerance of only +1%.

Gage Factor
(Actual Value Printed on Each Package)

Gage Factor Tolerance Per Package

Think of the Gage Factor as being equivalent to the sensitivity of an
accelerometer (mV/G) which is included in their calibration certificate.

4/28/19
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Strain Gages — Resistance Change

* For the example we did earlier, we measured 400 ue. The
equivalent resistance change of a 3502 gage with a vendor
specified GF of 2.005 would then be:

— AL L |

=1

AR = GF X R X strain
AR = 2.005 x 35002 X 400ue
AR = 0.281()

We now have converted the micro strain quantity to its equivalent
resistance change by knowing the gage factor for the strain gage.

4/28/19
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Strain Gages — Wheatstone Bridge

Data acquisition systems measure a voltage, not a resistance. So
using the gage as one of the arms of a Wheatstone bridge, we
can now get a voltage proportional to the resistance change
which is proportional to the micro strains.

* The configuration shown below only has one active arm, so the

4/28/19

remaining three resistors are of a fixed value, equal to the
nominal strain gage resistance of 350 Q).

Vbridge
Strain /\

Gag

>

Return
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Strain Gages — Wheatstone Bridge Output

* Looking at the left and right pair of resistors as a
voltage divider circuit, you can calculate Vout+ and

Vout-.

V..
Strain /\ bridge

@t- >v°ut+

4/28/19

Voltage Divider Law

R
Vout — 2 I/zn
R, + R,
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Strain Gages — Wheatstone Bridge Output

Vours = ( 350 jl Ovdc = %IOvdc = 5.000vdc

350+350

V.. = 350 10vdc = 350 10vdc = 4.998vdc
350.281+350 700.281

\'/

Strain o
Vo=V — V.
Gage out out+ out-
V.. = 5.000 — 4.998
@,t- > Vout+ V= 0.002 or 2mV
S0 400 LLE

Rin IS equivalent to 2 mV

is the difference of the voltages

4/28/19
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Strain Gages — Reading Force

40,590 Ibs
STRUCTURES
CALIBRTION LAB
10.0025 Q.Jef'lfge
oltage
i g 2
) L\
il ————e®r 1L | Cutput
e

Load Cell |

 When a force must be measured, the item with the strain gages
installed must be calibrated to get a Ibs to mV relationship.

40,590 Ibs —— +10.9053 mV

Otherwise without a calibration, we would only know pe.



Pressure Transducers

* Pressure is measured by the movement of a sensing
element (usually a diaphragm) when pressure is applied.

* The physical movement must be converted to electrical
energy using a transducer (in some cases a strain gage).

« Signal conditioning is required to provide a high level
voltage output.

DIAPHRAGM
STRAIN GAGE

Excitation

a— Pressure In
Voltage —————

Output

SIGNAL
CONDITIONER



Pressure Transducers — Types of Pressure Measurements

« Absolute pressure is measured relative to a perfect vacuum (0 PSI).
An example is atmospheric pressure. A common unit of measure is
pounds per square inch, absolute (PSIA).

» Differential pressure is the difference in pressure between two
points of measurement. This is commonly measured in units of
pounds per square inch, differential (PSID).

Absolute Pressure Differential Pressure
Transducer Transducer
Has a single pressure port Has two pressure ports

The reference is 0 PSI Identify which port is the reference

4/28/19
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Pressure Transducers — Types of Pressure Measurements

4/28/19

Gauge pressure is measured relative to ambient pressure. Common

measurement units are pressure per square inch, gauge (PSIG).

» Sealed gage pressure (PSISG) is measured relative to a sealed
chamber, pressurized to a standard day pressure (14.7 PSI).

» Vented Gage Pressure (PSIVG) is measured relative to the
atmospheric pressure (vented to the outside atmosphere).

Manufacturers do not always specify if a PSIG transducer is sealed or
vented, so it is best to contact them to be sure.

Gage Pressure Transducer

A vented gage pressure transducer
can sometimes be identified by a
small pin hole in the housing.
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Pressure Transducers — Types of Pressure Measurements

A~ A 26 PSIA
Gage Pressure Differential Pressure
(vented)
20 PSIA
Gage Pressure
(sealed)
| A o 14.78 PSIA — Barometric Pres
14.7 PSIA — Standard Pres
Absolute
Pressure
L 0 PSIA (VACUUM)
Absolute Pressure: 26 PSIA

Gage Pressure (sealed): 11.3 PSISG

Gauge Pressure (vented): 11.22 PSIVG
Differential Pressure: 6 PSID

4/28/19
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Pressure Transducers — Pitot-Static Pressure
Ps

P

>

\e! 0 ))

>

The tube facing the flow measures total pressure (Pr)

The tube normal to the flow measures static pressure (Ps)

This approach is used on aircraft to measure velocity

To calculate the derived parameter flow velocity, you need to
measure Pt and Ps and use those measurements in the following
formula:

2(PT _PS)
Jo,

V, =

P = Fluid Density

4/28/19
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Pressure Transducers — Pitot-Static Pressure

Static Pressure Port on the aircraft skin

Total Pressure probes on an aircraft

4/28/19
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Pressure Transducers — Air Data Computer

.
Wing Boom with a pitot-static probe that
has both a total and static pressure ports.

The air data computer
then calculates airspeed,
altitude, and mach
number from these
pressures.

Total and Static
pressure input
ports on an Air

Data Transduce
4/28/19
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Pressure Transducers - Sound Pressure Level

Sound Pressure Level (SPL) or sound level is a logarithmic measure
of the effective sound pressure of a sound relative to a reference value. It
is measured in decibels (dB) above a standard reference level. The
standard reference sound pressure in air or other gases is 20 yPa RMS.

P, A
- ®

+ 1) Silence

0F 2) Audible sound

) 3) Atmospheric pressure

® 4) Instantaneous sound pressure
¥
t
P P = 20 UPa wus or
SPL (dB) =20log—— REF MFa rws)

2.9E-9 PSI rus)

This is the threshold of hearing at 1 KHz.

4/28/19
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Pressure Transducers - Sound Pressure Level

“ PSIARrws) | PSIAreak)

170 0.9171 1.297
160 2.900E-1 4.101E-1

 Sound Pressure Levels measured
in dB can have deceiving

magnitudes. | 150  9.171E-2 1.297E-1
Jet g‘i';‘f‘i 140 2.900E-2 4.101E-2
* The threshold of pain is at 140 dB. 130 9171E-3 1.297E-2

« 170 dB is the equivalent of just 120 2.900E-3  4.101E-3

under 1 PSIA RMS. 110  9.171E-4 1.297E-3
Jackhammer 100 2.900E4 4.101E4

* Note that every 20dB is a Average 90  9.171E-5 1.297E-4
pressure factor of 10. Street Traffic 30 2 900E-5 4.101E-5

70 9.171E-6 1.297E-5
60 2.900E-6 4.101E-6

Conversational
Speech 50 9.171E-7 1.297E-6
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Pressure Transducers - Microphones

* A microphone is basically an absolute pressure
transducer with EU ranges and frequency responses for
audio or acoustic signals.

4/28/19
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Pressure Transducers — Microphones

» Jet-Blast Deflector (JBD) testing collecting the sound pressure level (SPL)
of the engine exhaust. The microphones are on the tripods on the right.

LA YT WP R
& - & - = e 5

Lt e | - . 7

4/28/19 98



Thermocouples

* One of the most common ways to measure temperature is with a
thermocouple.

 When two wires composed of dissimilar metals are joined at one end

and heated as shown below, an open circuit voltage can be measured.

This voltage is known as the Seebeck Voltage.

* The Seeback Voltage is 0 V at 32°F or 0°C

Metal A
+ O Thermocouple
EAE Junction
- O
Metal B

exs = SEEBECK VOLTAGE

4/28/19
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Thermocouples — Thermocouple Reference Table

Revised Thermocouple
Reference Tables

4.509 mV =100°C

* Thermocouple Reference Tables
give the mV Seebeck Voltages at
various temperatures for a
particular thermocouple type.

* The actual equation for this data is
a fiftth order equation.

TEMPERATURE CONVERSION EQUATION: T=a, +a;x +a,x2+ ... +axn
NESTED POLYNOMIAL FORM: T =a, +x(a, + x(a, + x (a;+ x(a, + asx)))) (5th order)
where x is in Volts, T is in °C
NBS POLYNOMIAL COEFFICIENTS
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Thermocouples — Measuring the Voltage

* You cannot just measure this voltage with a multi-meter because two other
thermocouple junctions are created (J, and J;) between the copper test
leads and the Metal A and Metal B thermocouple wire.

103.45°C

[T

Metal A

+1.76 mV -
+1.49 mV -

J Metal B
B
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Thermocouples — Measuring the Voltage

* One way to remove the voltages generated at J, and J; is to place it in an ice
bath (at 32°F or 0°C). Now only the voltage generated at J; are being
measured.

Metal A

+
4.509 mV

)
oy
Metal B w

Not very practical to have an ice bath on an aircraft
4/28/19
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Thermocouples — Reference Junction

* A reference junction contains a temperature sensor to measure the
temperature in a block of metal where the copper to Metal A/B junctions
occur. The electronics within the data acquisition system subtracts out the
voltages generated at J, and J; such that the correct voltage at J; is being

4/28/19

measured.

REF JCT

28°C

Metal A

TEMP 4

SHEL 176 mV -

4.239 mV
-1.74 mV €~

+1.49 mV -

+
4.509 mV

+1.49 mV <€

4.509 mV

Metal B

— Known copper to Metal A voltage at 28°C
— Known copper to Metal B voltage at 28°C
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Thermocouples — Color Codes

Thermocouple connectors have
pins of the same material as the
wire. The casing has the same

color as the thermocouple wire.

United States Color Codes

ANSI MC96.1

ALLOY
Type K i ' % Chromel
Thermocouple \ Alumel
Type T _ ' Copper
Thermocouple : =~ Constantan
Type J it -+ lron
Thermocouple Constantan
Type E ; : Chromel
Thermocouple Constantan

Note: Red is the negative lead.
There are other standards out there, so be aware.

4/28/19
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Thermocouples — Response Time

The response of a thermocouple (or other similar type transducers) is
determined by its time constant. The time constant is the time it takes for
the thermocouple to reach 63% of the temperature environment.

The size and shielding type of the thermocouple wire at the junction
determine the time constant.

Manufacturers such as Omega Engineering have time constant curves which
give the value for various thermocouple types and wire sizes.

TIME CONSTANT - SECONDS

0.0

124

114

1.04

a1

Bt

= M W B owm @™
1 1 L 1 1 L 1
T T T T T T

Time constant of
thermocouple made with
exposed, butt welded
0.001 in. dia. wire

= .003 sec.

o

1/64 in. 1432 in.
' '

21

|- 2.0

.0

002 004 006 008 010 012 M4 016 018 020 032 024 036 0FR 020 032 0
WIRE OR SHEATH DIAMETER - INCHES “D"

1.8

1.8

1.7

1.6

1.5

14

1.3

1.2

1.1

1.0

TIME CONSTANT - SECQONDS

BARE WIRE
Butt Waldsd
Fig. #1

GROUMDED BEADED-TYPE UNGRCOUNCED-
Junction Tharmocouple TYFE
Fig.#2 Fig. #3 Thermaocoupls
Fig. &4



Thermocouples — Response Time
 The increasing sensed temperature of a thermocouple follows the equation:
T=T,(1-¢")
T, is the environment temperature

t is the time
Tis the time constant of the thermocouple

Time % Full Temp 120.0%
0 0% 100.0%
1t 63.2% £0.0%
2T 86.5%
60.0%
3t 95.0%
40.0%
4t 98.2%
20.0%
4.6T 99%
0.0% o . . . . . . . . .
ST 99.3% 0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Time Constants
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Other Transducers

m DOCTMENT 121-13

- R -
-'B;mtmhu'-
- neil -

TELEMETRY GROUP

INSTRUMENTATION ENGINEERS HANDBOOK

ABERDEEN TEST CENTER
UGCWAY PEOVING CROUND

REACAN TEST SITE We do not have time to go through every
" SVAA PROVING GROUND
transducer type. If there are other
J-_u_.u. AR WARFARE CENTER AIRC R.U_I DIVISHON
KAV AL NDERSEA WARFAKS CEFTER DIVISION, K3\ PORT measurement types you need to make, please
s ke ainy : .
refer to IRIG-121 Instrumentation Engineers

A5TH SPACE WING
WTH TEST WING

JaTew we Handbook for additional information.

ARMOLID ENCINEERDNG NENVELOPMENT COMPLEX,

NMATIONAL AFRONAUTICS AND SPACE AIMMNISTRATION

DISTRIBUTION A: AFFROVED FOR FUBLIC RELEASE
DISTRIBUTION 1S UNLIMITED
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Transducer Specifications

When looking at transducer specifications, you have to know the requirements of the
data, and the environment the transducer will be located in. There are many
specifications listed, but these are the most common ones.

Electrical:
Power (voltage and current) Requirements
Transducer Sensitivity (output voltage)

Data:
Frequency response
Engineering Unit Range

Environment:
Temperature, humidity, altitude
Fluid being measured (if a pressure transducer or flow meter)

Physical:
Size
Electrical and Mechanical Interfaces



Transducer Specifications

* For this example, we will look at a pressure transducer specification.

Diruck

ST Let’s say we are making a pressure measurement

Amplitied Output

on an engine.

* The EU rangeis 0 to 60 PSIA
 The frequency response is 0 — 100 Hz
i1 e e "  The medium being measured is air

D === |  The temperature environment is up to 200°F
‘ EEEEEEE e | * The burst pressure of the system can be up to
B e 1 200 PSIA.

_ | * Note that errors specified within a spec sheet

v— are usually assumed to be 95% (20)
uncertainty numbers.

—— * Always contact the manufacturer if you are

- - - unsure.
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Transducer Specifications — Electrical

Power: 10VDC preferred or 28VDC

Supply Voltage A power source of 10 VDC at
PDCR 130 Series : :
<T0-32V d.c. @20mA isolated from oUtpUE—> 40mA is available.

Why is “isolated from output”
important to pay attention to?

Output Voltage: +5 volt input range to analog to digital converter
Output antage

* 0-5V is acceptable. With
5V standard fcr 5 p5| range and above .
, psTTange and some gain and offset used,
(Isolated on PDCR 130w and PDcR 130mL)  the full 4000-count range of a
Bi-directional output available, please refer to 12-b|t data Channel iS used_

manufacturer.

For alternative amplified output transducers, please

refer to manufacturer. Gain = 2, Offset = -5V
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Transducer Specifications — EU Range/Frequency Range

EU Range: 0 — 60 PSIA

Operating Pressure Ranges

PDCR 130/W and PDCR 135/W Must select the 100 PSIA

2.9 psi gauge only

5, 10, 15, 20, 30, 50, 150, 200, 300, 500, rang.e tO meet the

900, 1000 psi gauge ok@bsolutey requirements. Note that
000 psi absolute or

sealed gauge errors are based on 100

2000, 3000, 5000, 7500,
Other pressure units may be specified, e.q. not 60 PS |A
ins. H,O, kPa, efc.

Frequency Range of Interest: 0 — 100 Hz

MNatural Frequency (Mechanical)

PDCR 130/W and PDCR 135/W, Need to contact the

manufacturer for the

0.5 kHz for 5 psi range increasing to 210 kHz for
500 psi range.

For more detailed information please refer to SpeCifiCS, bUt mOSt I|ke|y
manufacturer. . . .
_ _ this will satisfy the 100
Amplifier Bandwidth
Hz frequency response
request.
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SENSITIVITY ERROR (%)

Transducer Specifications — Frequency Range

50
40
30
20
10

_
o

-20
-30

-50

The frequency response as specified was ambiguous.

If given a sensitivity frequency response graph, note the maximum

error in the frequency of interest (0 — 100 Hz)
For this example, the error of the sensitivity is within £2%.

NATURAL
FREQUENCY

4 10.5 KHz

FREQUENCY (Hz)

+2% !
— = .
= N\ /
\ AMPLIFIER /
\_ SAKNHIZWIDTH \
\\
1 10 100 1000 10K

100K



Transducer Specifications — Burst Pressure

Burst Pressure: 200 PSIA

PDCR 130/W and PDCR 135/W

10X forzopsirange For our 0-100 PSIA transducer
mﬁilj‘igm G range, that would result in a

2 for 900 psi to 10000 psi

F'ress}fjre m?‘uiainmgﬁlttfﬁﬂﬂﬂﬂ p%?lf;?rj?%?]% max pressure Of 400 PSIA

to 10000 psi ranges.

Exceeding Burst Pressure will damage the sensing
element in the pressure transducer (such as the
diaphragm).

It can also lead to a catastrophic failure (hydraulic fluid
loss, leakage in pitot-static system).
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Transducer Specifications — Temperature

Temperature Range: up to 200°F

Operating Temperature Range
-40° to +175°F (-40° to +80°C) for i
PDCR 130/W, PDCR 130/WL, PDCR 135/W and The transducer WI” Operate

PDCE AN : o :

-40 ° to +250 °F (=340 ° to +125 °C) for fln_e Up to 250 F WIthOUt
PDCRT3OWC, PDCR 130/WL/C,

PDCR 135/W/C, and PDCR 135/W/L/C. belng damaged'

This temperature range can be extended.

Temperature Effects . .
The error is going to be
PDCR 130 and PDCR 135 Series

“10 122 °F (0°t0+50° C) greater than £1.5% at 200°F.
590 ° to +80 ° C)

(1Dpto40 Shiih We may want to take them up

For special applications it is possible to give improved on their offer of a wider range.
temperature compensation over a wider range.

Or it may have to be mounted
remotely in a cooler area of
the engine bay.
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Transducer Specifications — Medium and Size

Medium: Air

Pressure Media

PDCR 13
luids compatible with 316 stainless steel.

PDCR 130/WL and PDCR 135/WL
Fositive side:-

Fluids compatible with 316 stainless steel.

Negative side:-
Fluids compatible with 316 stainless steel
and silicon.

Size Constraints:

—~d 1] '}W._

Y . x
-3 I .| 11 -
. L =
o & POECH 13GSW0E

4/28/19

Air is compatible with stainless
steel, so no issue exists.

Depending upon available
mounting locations, this
transducer may not fit in the
area desired.
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Transducer Specifications — Electrical and Pressure

| | Interfaces
Electrical Connection

PDCR 130/W and PDCR 135/W
3 feet integral shielded/vented cable supplied.

PDCR 130/WL and PDCR 135/WL
3 feet teflon shielded cable supplied.
Longer lengths available on request.

Connector Versions

PDCR 130/W/C, PDCR 135/WIC, Venfy that you have or can

PDC

6 pin Bayonet receptacle, PT1H-10-6P or equivalen Obta|n the Correct mat|ng

o MILC 26482

Mating electrical sacket type PTO6A-10-65 or e I eCtI’I Cal CO n n eCtO FS .

equivalent available on request (F/N 163-009).

Pressure Connection

PDCR 130/WL, FPDCR 135/WL,

PDCR 130/WL/C, and PDCR 135/WL/C
Positive Port: 1/4" NPT male or 7/16 UNF
male (MS33656-4)

Megative Port: 1/4” NPT male or 7/16 UNF
male (MS33656-4)

PDCR 130/W, PDCR 135/W,
FI
zauge, Absolute and Sealed Gauge: 1/4" NPT male

~ealB7 LINF male (MS33656-4).
Other pressure connections available on request.

Verify that the pressure fittings
are compatible to the tubing
being used
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Video — Qualitative Images

* For qualitative information, a high-definition (1920x1080p at 25
or 30 frames per second (fps)) camera is used.

o~ \ Camera shown without the lens
. el
ML

4/28/19
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Video — Qualitative Images

* Thisis an HD video screenshot of the camera shown in the previous slide.

* Provides a sense of what is going on during the test. The distance from the
basket to fuel probe cannot be determined from the image.

245:14:19:20.000124

4/28/19 Note the time stamp on the video used to correlate the frame to any data that was being captured.

14



Video — Quantitative Images

* Because actual measurements are being extracted from the

video images, there are additional steps that must take place.

— Surveyed targets mounted on aircraft/store surfaces
— Lenses on the cameras must be calibrated
— Cameras must have synchronized shutters

4/28/19
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Video — Surveyed Targets

* Surveyed target points on the aircraft and store are applied to
the surfaces.

 These points are used as references when analyzing the images
for the position of a store in relation to the aircraft.

4/28/19
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Video — Lens Calibrations

* Because quantitative information is being gathered from these video images,
the lens for each camera is calibrated. This photo shows a lens calibration
being performed using a light board. The Light Emitting Diodes (LEDs) are
arranged in three dimensions at known locations. Distortions in the lens can
then be determined from the test image.

* L
-

-

- *
L
'Y
o
-

"SI . e

4/28/19 17



Video — Shutter Synchronization

* Because position of the store is changing with time, all the
cameras must be taking a single image at the same instant.

* So there are signal pulses run to each camera to obtain that
synchronization.

4/28/19 18
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MIL-STD-1553

MIL-STD-1553 is a military standard published by the United
States Department of Defense that defines the mechanical,
electrical, and functional characteristics of a serial data bus. It
features a dual redundant balanced (differential) line, time
division multiplexing, half-duplex command/response protocaol,
and up to 31 remote terminals.

There are 2 versions of the standard: A and B.
e MIL-STD-1553A was written in 1975
« MIL-STD-1553B was written in 1978



MIL-STD-1553 Components

 Bus Transmission Line
o Shielded twisted pair wire of a defined characteristic
impedance, frequency response, and .
attenuation.

b PO

« Bus Terminator

o Resistor which terminates the extreme ends of the bus. ("3;’;}
i

* Bus Coupler
o Transformer device which provides the means of
connecting a Bus Controller, Bus Monitor, and Remote
Terminals to the 1553 bus.
o The coupler also contains isolation resistors.

4/28/19 21



MIL-STD-1553 Components

* Bus Controller (BC)
o The terminal assigned the task of initiating
information transfers on the data bus.
o Is the “boss” of the bus (typically is the Mission
Computer).

* Bus Monitor (BM)
o Only listens and does not transmit on the bus.
o Used within an instrumentation system.

 Remote Terminal (RT)
o All terminals not operating as the bus controller or
bus monitor.
o RTs only respond when commanded.
o Each RT is assigned an RT number or address.

4/28/19
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MIL-STD-1553 Bus

* Inits most simplistic form, the 1553 bus is a shielded pair of wires with
terminating resistors on each end. The resistor values match the
impedance of the bus. The shield is terminated to chassis ground at

each end.

~ positive conductor ~

] * e (]
% %

Terminator

For 1553A: Z,= 70 Q * 10%, R, = Z, &7 @m{"%’;ﬁ
For 1553B: Z,= 70 Q t0 85 Q, R; = Z, * 2% et

4/28/19
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1553 Architecture and Dual Redundancy

* Bus controllers and remote terminals are the components that talk on the
bus. This diagram shows the typical connections that need to be made to
both the primary and secondary busses.

* A 1553 bus is actually made up of two busses, a primary and a secondary bus.
1553 messages are not transmitted on both busses simultaneously, but on
either one or the other. So both busses must be monitored for data. Usually
each bus is run physically apart from one another to avoid damage to both

cables.

Terminator

[ T | Coupler

L]

Terminator

[ T | Coupler [ —|

-

Remote
Terminal

Terminator

Terminator

PRIMARY BUS
 —{| Coupler [ Coupler [ ]
L] LIJ L]
SECONDARY BUS
Couplar [ Coupler
::[‘ﬂ Blue lines shown are
Bus the twisted pair :
Controller | cables. L]
Y Remote Remote
Terminal Terminal




Bus Controller and Remote Terminal Connections to the
1553 Bus

* Bus controllers and remote terminals connect to the bus via a
stub connection. This is accomplished in one of two ways on the
bus: direct coupled, or transformer coupled stub.

Terminator BUS BUS BUS BUS Terminator
[ T| Coupler [ | Coupler [} [ ] [ | Coupler e B
;:If‘STUB
STUB . STUB
Terminal
Bus :
Controller (Direct Coupled)

Remote Remote Remote
Terminal Terminal Terminal

From now on through the training only the primary bus is shown. However, keep in mind
that a second set of 1553 bus components are needed for the secondary bus.
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Direct Coupled Stubs

Direct coupled inputs on a BC or RT have isolation resistors and
an isolation transformer on the input pins. The value of the
isolation resistors depend upon the version of the 1553 bus.

DIRECT COUPLED

L BUS — BUS o INPUT
STUB
R R
BC or RT 1553A:
R=0.75Z,+ 5%
(Direct Coupled) —
(Y Y 1553B
R=5501%2%
XMTR/RCVR

BC or RT



Direct Coupled Stubs

For direct coupling, the bus is T’d or daisy chained to the input of the BC or
RT. Ifitis T'd, its length is limited to a maximum of 1 foot. An easy way
identify direct coupling is there are no external bus couplers mounted in the

aircraft. “T” configuration “daisy chain” configuration

- - -
BUS BUS \ ’ BUS

Limited to
less than STUB
1 foot

BUS

—
—

R E E R R é é R
AN AN
XMTR/RCVR XMTR/RCVR

BC or RT BC or RT




Bus Couplers

e Bus couplers have two bus connections and one or more stub
connections. The isolation resistors and transformer are
located within the coupler. Two separate bus couplers are
needed, one for the primary and one for the secondary bus.

BUS
BUS COUPLER
R N1 e
P——0D
STUB
/M1 0D,
L R N:1 1553A: 15538
— LD R=0.75Z,+5% R=0.75Z,+ 2%
R STUB N=1 N = 1.41 + 3%
/10D,
BUS

4/28/19
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Transformer Coupling to a 1553 Bus

For transformer coupled bus taps, the stub can have a
length of no more than 20 feet. This is the preferred
method for an instrumentation bus monitor.

BUS

R N

Limited to less

than 210 feet

e

STUB

e

BUS

BC or RT

XMTR/RCVR




Connecting a Bus Monitor to the Bus
- Aircraft with a Spare Stub

Terminator BUS BUS BUS BUS Terminator
[ T| Coupler [ | Coupler [} [ ] [ | Coupler e B
’T‘STUB
L]
STUB . STUB STUB
Terminal
Bus :
Controller (Direct Coupled)
Remote Remote
Terminal Terminal

4/28/19



Connecting a Bus Monitor to the Bus
- Aircraft with a Spare Stub

* This is the easiest way to connect to the 1553 bus. As long as the bus
monitor’s stub length is within 20 wire-feet, nothing additional need to be

done.

Terminator

Coupler

STUB

Remote
Terminal

4/28/19

BUS

BUS BUS BUS Terminator
Coupler [ ] [ ] H Coupler
’T‘STUB
[ ]
STUB Remote
' STUB
Terminal
Bus '
Controller| (Direct Coupled)
Remote
sTuB | <20ft | Terminal

31



Connecting a Bus Monitor to the Bus
- Aircraft with No Spare Stubs

Terminator BUS BUS
[ T | Coupler [] [ 1 Coupler
’T‘STUB
Remote
STUB ) STUB
Terminal
(Direct Coupled)

Bus Remote
Controller Terminal

4/28/19

BUS Terminator



Connecting a Bus Monitor to the Bus

- Aircraft with No Spare Stubs

e Disconnect the bus from the coupler that is closest to the
iInstrumentation system.

Terminator

4/28/19

BUS BUS
Coupler [ | [ ] [ €
’T‘STUB
Remote
STUB )
Terminal
(Direct Coupled)
Bus
Controller

[

Coupler

STUB

Remote
Terminal

BUS Terminator



Connecting a Bus Monitor to the Bus
- Aircraft with No Spare Stubs

* Insert the instrumentation coupler and add an additional
bus wire run to the next coupler.

Terminator

4/28/19

BUS BUS
Coupler [ ] [ 1 [ | Coupler
’T‘STUB
Remote
STUB . STUB | <20ft
Terminal
(Direct Coupled)
Bus

Controller

BUS
:lT[ Coupler
ADD STUB
Remote
Terminal

BUS Terminator



Connecting a Bus Monitor to the Bus
- Bus Monitor >20 feet from the Bus

Terminator

4/28/19

BUS BUS
Coupler [ ] [ 1 Coupler
’T‘STUB
Remote
STUB ) STUB
Terminal
(Direct Coupled)
Bus Remote
Controller Terminal

BUS Terminator
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Connecting a Bus Monitor to the Bus
- Bus Monitor >20 feet from the Bus

 Remove the connector from the closest available coupler.

Terminator

4/28/19

BUS BUS
Coupler [ | [ ]
’T‘STUB
Remote
STUB )
Terminal
(Direct Coupled)
Bus
Controller

(1€

[

Coupler

STUB

Remote
Terminal

BUS Terminator



Connecting a Bus Monitor to the Bus
- Bus Monitor >20 feet from the Bus

 “Extend” the bus to the instrumentation coupler located within 20 feet of the bus
monitor. As a rule of thumb, you can extend the bus by no more than 10-20% of its

total length.

BUS Terminator

Terminator BUS BUS
[ T | Coupler [ 1 [ ] ———[ | Coupler

|
|
’T‘STUB
Remote
STUB . STUB
Terminal BUS BUS
(EXT) (EXT)
(Direct Coupled)
Bus ADD =—> Remote
Controller [ ] Terminal
(@)
(o)
(| s
STUB | <20ft o <€—ADD
[ ]
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Connecting a Bus Monitor to the Bus
- Aircraft with Direct Coupling Only

* There are no bus couplers installed in the production configuration of the bus.
e All connections are direct coupled and daisy chained.

Terminator

4/28/19

Terminator

BUS BUS BUS BUS
Bus Remote Remote Remote
Controller Terminal Terminal Terminal
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Connecting a Bus Monitor to the Bus
- Aircraft with Direct Coupling Only

* Remove the bus from one of the terminators. This is one of only two
locations where there is a connector that can be easily accessed.

Terminator

4/28/19

BUS BUS BUS BUS
Bus Remote Remote Remote
Controller Terminal Terminal Terminal

Terminator

[ €—[]
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Connecting a Bus Monitor to the Bus
- Aircraft with Direct Coupling Only

* Extend the bus to the instrumentation coupler and add a
terminator to the other bus input of that coupler.

Terminator

Terminator BUS BUS BUS BUS
- - - v
Bus Remote Remote Remote (EXT)
) ) ) <€——ADD
Controller Terminal Terminal Terminal

STUB <20ft
—

L]

[T ] 431dno)

Terminator

/l

ADD

4/28/19
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1553 Word Types

 The 1553 bus operates on a Command/Response protocol.
Each word is 20 bit periods long and transmitted at a rate of 1
Mbps. There are only three word types defined in MIL-STD-
1553:

e  Command Word — can only be transmitted by the bus controller

 Data Word — can be transmitted by either the bus controller or a remote
terminal

e Status Word — only transmitted by the remote terminal

We will now go over the structure of each of these word types.



Sync Pulses

* In order for the components on the bus to recognize the
beginning of words and to identify the type of word, a sync
pulse is used at the beginning of every 1553 word. The sync

pulse occupies the first three bit periods of the word (3pusec).

Example: Sync pulse for a command or status word

0 1 2 3usec

4/28/19
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Command Word

SYNC |PULSE RT ADDR T/R| SUB ADDR/MOQDE | WP CT/MODE CODE| P

The command word is always the first word of a message and transmitted
by the bus controller.

SYNC PULSE — a pulse consisting of a “1” followed by a “0” which identifies the word
as a command word.

RT ADDR - the address of the RT that is being commanded

T/R — Transmit/Receive bit. Tells the specific RT whether to transmit data or receive
data in a message.

SUB ADDR/MODE - the sub address (message number) or the use of a mode code.

WD CT/MODE CODE - the number of data words contained in the message, or the
mode code value

P — odd parity bit



Data Word

SYNC |PULSE DATA P

The data word contains the information being transmitted by the bus
controller or the remote terminal.

SYNC PULSE — a pulse consisting of a “0” followed by a “1” which identifies
the word as a data word.

DATA — 16 bits of information as defined in the bus catalog.

P — odd parity bit



Status Word

Terminal Flag
Dynamic Bus Control Acceptance
Subsystem Flag

Busy
Broadcast Command Received | l l
\ 4

SYNC |PULSE RT ADDR RESERVED P

[ ‘ T— Service Request

Instrumentation
Message Error

The status word is only transmitted by the remote terminal.

SYNC PULSE - a pulse consisting of a “1” followed by a “0” which identifies the word
as a data word. Itis distinguished from the command word because it is not the
first word of the message.

RT ADDR — the address of the RT that sent the status word

FLAG and STATUS BITS — gives status feedback to bus controller

P — odd parity bit



1553 Messages

1553 messages are made up of command, data,
and status words described earlier.

 There are three basic types of messages:
 BC to RT transfer
* RTto BC transfer
 RT to RT transfer

A 1553 messages can contain:

1 or 2 command words,

between 1 and 32 data words,

and 1 or 2 status words depending upon the type of message.



Message Transfer — BC to RT

 The BC to RT transfer tells the selected RT to receive (T/R bit =
0) the allotted number of words. When the data is received,
the RT responds with a status word.

RCV CMD| DATA DATA DATA | DATA e o | STATUS
N ) \ )
Y
from BC from RT

“ee” is the time that it takes the RT to respond with its status of
receiving the command.



Message Transfer — RT to BC

 The RT to BC transfer tells the selected RT to transmit
(T/R bit = 1) a message specified by the bus controller.
After the command is received, the RT responds with a
status word followed by the requested data.

XMTCMD| e e | STATUS | DATA DATA DATA DATA

\ - y

from BC from RT




Message Transfer — RT to RT

 The RT to RT transfer allows data to be passed from one RT to
another. The bus controller commands the receiving and
transmitting RTs. The receive command always comes first.

RCV CMD XMT CMD
\ J
Y

from BC

STATUS

DATA

DATA

DATA

DATA

\

J

Y

from transmitting RT

STATUS

——

from receiving RT



Bus Monitors and 1553 Messages

* As all the messages are being transmitted on the bus, the bus
monitor is listening in. Depending upon the type of bus

monitor, it may be only storing selected messages or all the
messages.

STUB

_ = T—
! l/

-
/ / baTA | pata | sTatus \%
_ i‘// N\ N _
Terminator BUS ', BUS BUS BUS Terminator
i e AN
| 2 ’T‘STUB — .\{
ST

pler

o (]
STUB Remote
STUB : i
B Terminal
1 us .
Controller| (Direct Coupled) .
Remote Remote Remote

Terminal Terminal Terminal

4/28/19
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Actual 1553 Waveform — RT to BC Transfer

RESPONSE TIME

A\

XMT CMD STATUS | DATA DATA DATA DATA

,|\|.||_||,'I.I|-I; 5|:|:_||,|In|u.||~ .“:I.il"h”" T h_|||||I T "I“""Iulllll:\

el fll"llui-|ill'|FI VAR R EELRTL Y ™ Wg lP‘I-l-l AT AT TRV IIRTRTLTLT R

(=3 C3 ) ChE) [ 2 Ly 26 oo LI ) ] )

Measured at the stub of the RT
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1553 Bus Catalog

The bus catalog is the decoder of all the messages and words being
transmitted on the bus. Without it, the information will not have any
meaning.

Bus catalogs are generated by the aircraft manufacturer, the designer of the
avionics or of a weapons system. Because there is no standard on how this
information is conveyed, and it is provided by different sources, interpreting a
bus catalog can be confusing.

Sometimes you have to make a guess at what the information means.
Therefore, the bus data must be verified at the aircraft to make sure your

guess is correct.

The bus catalog must match the version of the software loaded in the
aircraft. These loads are called Operational Flight Programs or OFPs.

...and with any document, there can be errors in the information.



1553 Bus Catalog

* |Information from the bus catalog is used to program the bus monitor of your data
acquisition system.
* Bus monitors usually need the first command word information in order to identify the

1553 data word of interest.
* For this example, we want to capture the roll position 1553 word and convert to EUs.

BCWORD RTNO T/R  MSGNO WD NO
CASA "5 R 18 "1
C . A 5 A

i1 1 0 0i1 0 1 0i0 1 0 1i1 0 1 Ot

SYNC |PULSE RT ADDR T/R| SUB ADDR/MOQDE | WP CT/MODE CODE| P

RT Number: 11001 = 25 SUB ADDR (message number): 10010 = 18
T/R: 0 = receive command  Word Count: 11010 = 26

This information is used to program the bus monitor to capture the message.



1553 Bus Catalog

BCWORD RTMNO T/R  MSGNO WD NO
F F F
CASA 25 R 18 11
1 2 . 11 . 26
Message | | ------------
Number 18 [RCY CMDJOMINDVjomLLATY|  JomRoL| | omiTr2| e e [STATUS
“““““““ F 1 C 7“....,....

“““““ 1 1 1 1:0 0 0 1:1 1 0 0:0 1 1 1",
SYNC [puLsE DATA P

4/28/19 54



1553 Bus Catalog

MSE NOBITS MSBVAL CONV EU  SRCE DEST  RATE
oo "6 180 7' DEG MC  ALE-47 10

Using the above information, we can convert the data value of F1C7 in hexadecimal to
the engineering unit value. This bus catalog specifies the MSB value. It is much easier if
the LSB is given because that is equal to the C1 coefficient, but it can be calculated.

[SB- MSB :180_180 180

2NOBITS-1 216—1 - 215 32768

=0.005493164 deg/count

The data value is F1C7 for this example and has a two’s complement
conversion type.

F1C7 h =-3641 in decimal counts
EU = counts x C1

EU =-3641 counts x 0.005493164 deg/count = -20.00 degrees

4/28/19
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Using Requirements to Configure
an Analog Data Channel
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Measurement Path

4/28/19

Making a measurement on the aircraft and ultimately displaying the
engineering unit result, follows path shown below. The diagram shows how
the signal will transform from a physical measurement, to an analog voltage,
digitized to a count value, then processed back into the resulting engineering
units.

Data Units Calibration of the
Processing / \ Transducer

C—

Data Acquisition System
Signal Conditioning and Encoding

57



Measurement Example - Accelerometer

e Toillustrate how the measurement requirements establish the design of a
data channel in an instrumentation system, we will use an example of an
acceleration measurement. This type of measurement covers many of the
decisions made in a typical instrumentation system design.

Wing Brace Normal Acceleration

EU Range +/- 30 Gs

Frequency Range: 0 — 300 Hz

Required Measurement Uncertainty: 3%

The data will be transmitted to a ground station
and recorded onboard for up to 4-hours.

4/28/19
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Transducer Selection

4/28/19

From the description, the transducer type for this measurement is
an accelerometer. The accelerometer type must have a range of
+30Gs, and have a flat frequency response that exceeds 300 Hz.

Transducer Gain Offset
Selection/ AC Coupling
Calibration Filtering

- .
Bit Rate
Customer’s | Instrumentation Ub%
: Bandwidth

Responsibility Engineer’s Responsibility
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Transducer Selection

* Because of the relatively low G-level and frequency, a
variable capacitance type accelerometer will be a good
choice for this measurement.

Dynamic characteristics Units 7290A-2 -10 -30 -50 -100 -150
Range [1] g +2 £10 +30 +50 +100 +130
Sensitivity mV/g 1000 £50 20010 b6 th 40 +2 20 +1 3.2£0.66
Frequency response (+ 5%) [2] Hz Oto 15 0to 500 0 to 800 0 to 1000 0 to 1000 0 to 1000
Mounted resonance frequency Hz 1300 3000 5500 6000 6000 6000
Non-linearity and hysteresis % FSO typ [max] £0.20 (+0.50) +0.20 (£0.50) +0.20 (+0.5@) +0.20 (0.50) +1 [£2) +1 (+2]
Transverse sensitivity [3] % [max) 2 2 2 2 2 2
Zero measurand output mV +50 +50 +50 +50 +50 +50
Damping ratio 40 0.7 0.7 0.6 0.6 0.6
Damping ratio change

From -65°F to +250°F [ -55°C to +121°C]) %/°C +0.08 +0.08 +0.08 +0.08 +0.08 +0.08
Thermal zero shift (max)

From 32°F to 122°F (0°C to 50°C) % FSO [4] 0 a +1.0 +1.0 a +1.0

From -13°F to +167°F [-25°C to +75°C] % FSO +2.0 +2.0 +2.0 +2.0 +2.0 +2.0
Thermal sensitivity shift [max)

From 32°F to 122°F (0°C to +50°C] % +2.0 +2.0 +2.0 +2.0 +2.0 +2.0

From -13°F to +167°F [-25°C to +75°C] % +3.0 +3.0 +3.0 +3.0 +3.0 +3.0
Thermal transient error per ISA RP 37.2 Equiv. g/°C < 0.001 <0.001 «0.001 «0.001 < 0.001 < 0.001
Overrange [determined by electrical clipping or mechanical stops, whichever is smaller.)

Electrical clipping g -3.5/+3.8 -18/+19 -53/+57 -87/+93 -175/+190 -265/+288

Mechanical stops, typical g t4 +30 +90 +90 +150 +300

Recovery time Ve <10 <10 <10 <10 <10 <10
Threshold (resolution) [5] Equiv. g's 0.0005 0.0025 0.0075 0.013 0.013 0.013
Base strain sensitivity, max Equiv. g's 0.01 0.01 0.0 0.01 0.01 0.01
Magnetic susceptibility (@ 100 gauss, 60 Hz) Equiv. g's <01 <0.1 <01 <01 «0.1 <01
Warm-up time (to within 1%) ms 1 1 | ) 1 1 1

4/28/19
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Transducer Specification

Major considerations:

EU Range met

Sensitivity will determine the

output voltage range

Frequency Response within 5%
error over the band from 0 to
800 Hz — need to verify via
calibration what it is between 0
to 300 Hz.

Dynamic characteristics Units -30
Range [1] g +30
Sensitivity mV/g bb +h
Frequency response [+ 5%) [2] Hz 010800 |gmmmm
Mounted resonance frequency Hz 5500
Non-linearity and hysteresis % FSO typ (max]  £0.20 (+0.50]
Transverse sensitivity [3] % [max] 2
Zero measurand output mV +50
Damping ratio 0.7
Damping ratio change

From -65°F to +250°F [ -55°C to +121°C]) %/°C +0.08
Thermal zero shift [max)

o oF (o o 0

Erow132 Eto122 FJD CtiSU CJ . j)FSD[d] .LO |

rom -13°F to +167°F (-25°C to +75°C) o FSO +2.0
Thermal sensitivity shift (max)

From 32°F to 122°F (0°C to +50°C) % +2.0

From -13°F to +167°F (-25°C to +75°C] % +3.0
Thermal transient error per ISA RP 37 2 Equiv. g/°C «0.001
Overrange [determined by electrical clipping or mechanical stops,

Electrical clipping g -53/+57

Mechanical stops, typical g +%0

Recovery time Us <10
Threshold (resolution) [5] Equiv. g's 0.0075
Base strain sensitivity, max Equiv.g's 0.01
Magnetic susceptibility (@ 100 gauss, 40 Hz] Equiv.g's < 0.1
Warm-up time (to within 1%]) ms 1

4/28/19

Temperature specs need to be
reviewed as this is the bulk of
the error from this
accelerometer. If mounted
externally on an aircraft, it will
experience a wide temperature
range.
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Transducer Calibration

* The transducer is then sent to a calibration lab to verify that it meets the
vendor’s specifications, to better define its frequency response in the
frequency range of interest, and to generate point pairs (G level, voltage

output) so the data channel on the instrumentation system can be calibrated.

* This cannot be done until the requirements of the measurement are well
defined.

Centrifuge Shaker

4/28/19
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Transducer Calibration

« The accelerometer is calibrated by placing it in a centrifuge. The
centrifuge spins at different speeds until the desired G-level is
achieved. The standard accelerometer provides the actual G-level
being produced. The standard is many times more accurate than the
accelerometer under calibration and is calibrated at NIST (National
Institute of Standards and Technology).

ACCEL UNDER
CALIBRATION

STANDARD ACCEL
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Transducer Certificate of Calibration

o g i o * A Certificate of Calibration should be
- e provided with each transducer. This
e N —— paperwork will be used later on in the
| RS — process when the data channel is
Cerificate of Calibrataon ¢ g . .
o e ﬁw'm' calibrated on the aircraft.
oy e i y
e . i X | {
e - e EEe | | e —HHHHHHHE I 1
= EESEEES il
T It i L S, - 1 'i
o o L 5
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Transducer Certificate of Calibration

Tomperature (dogg Fr 72
mmudity |l 4R . Dz D

NAVAL AIR WARFARE CENTER AIRCRAFT DIVISION
BLDG 1403, 22113 FORTIN CIRCLE, UNIT 7
PATUXENT RIVER, MD 20670-1118

Certificare of Calibration
Cemificaie Number: BSESR0

Description: S TIRH - LEMOUNT
Mamufectorer: EROEVCD
ol Wuraleer:  TR0A D
Bl Humsbe:  AHCME
ARerrate D Lateral Engars Mol
CuFlorner.  ERRabers Jofas - P s b

The Test Instromeni (T1) lisied above was calibaated in sccordance with LTS T
was deiormined wsing the criiona contained in the Moirology Requirements Lisi, KAV AR
Incoming Condition  In Tolerasos

Chilppnng Condition In Tedcrance

The fellowang peipeid) of this certificaie contan (he Ad-Leil calidbaation data Tor the ost ingtrumesi

Sandards weed by PRL are directly rscentle 10 standerds delined, masmassed, and dissesranated by the Nstionad
Erstitmies of Suamdseds el Technedogy

I"his Ceridficmie of Calibmion shall nod be reproduced exoepi in Al wiiboui the wriiten spprosal of PRI

Mrites:
[ o vty s rilainly rdbimeds | %% onflde e &1 Fopmiprarsl asd prosedarm wed
Pl ol wmiiaa o FEIENTD H-09% S Hy Sasieary Ol sl rmer s ARS
Bl Wbkl st et T s | B LBATe= 300 Hy Bt wad. 1l Lasar
Foof Saial s AlLTR =09 % u r 1 0 Hz Tt ™ wrwmi FRL Froq Reg 03 He - W B
NIST oucsalsliny & BT M- o |8 SO0 = o | O ) H

Calibraton Daiv 14- Jun-im

—

B e o ] bt Lo,
Dharwass Vmntef (50 j— Tharien Soadn, Producion Kansgs:

Posgusin 8 7
15T I Facapnasrty isiade

Some things to note on the
certificate of calibration:

ahe calibration iniera Yegihis

e Temperatre (deg Fy: 72

' This was a special
- / calibration because only O-

300 Hz of the bandwidth was
checked (instead of the full
500 Hz).

Sensitivity
65.86 mvig @

100 Hz, 10 g pk

Calibration Date:

Due Date:
ir £ -

14-Tun-{i&
14-Tun-017

Humidity (%) 48

4/28/19
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Transducer Certificate of Calibration

Flip Flop:

1lg
0g
1g

113.352 mVDC
48.307 mVDC
-18.242 mVDC

SENSE. FROM EQUATION:
Remarks:

B.6543e-02 V-DC

fG!

s

STANDARD
G'S

-30.000
-24,000
-18. 000
-12.000
-6 .000
-1.000

0.000C

OUTPUT
v-DC

-1.962
-1 .5955
-1.155
-0.748
-0.350
-0,018
G.048

Least Sguares HBest Fit LSBF) :

= 1.502798e+01*X

Max Dev:

+0.159%5

4/28/19
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Transducer Certificate of Calibration

DEV. FROM LSBF HYSTERESIS
G‘s $FS0

H: Ao 0.1469

_ B 0.0275

L . 0.0094

11 e -0.0994

48 X -0.08B98

SENS] TT¢ ie v =0,0738

Automatad Conk ; -0.0722

Rd |.-'.-.':J::Z—..I-: B xw o 2ig Out ;Wht=Neg Sig Out 0.0570

0.0052

0.0639

ARD 0.01e9
10 ol 4 -0.0110
3000 0.0147
T -0.01s2
30,000 0.0023
28900 0_0267 0.0116
6 000 "+ Q.0011
LA ' s -0,0087
R e -0 . 00237
a2 ] -0.0135
3. 001 - Q.0019
rast Squ ; > Q.0045
- 0.0180
EEE . L ! -0.021°

I! LAl I 1hl
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Transducer Certificate of Calibration

* Frequency sweep from 10 to 300 Hz

Froguency | M%w;;m Ay | i | S u;?,:;:m ;P%fg,, Error in the sensitivity (refer.enced to
the response @100 Hz) which
5 Geme s e 0w illustrates the frequency response —
- ”’:; o orame - w1 max error is approximately 0.63% at
i o mrier aw 63 200 Hz.
% smm  mew  wee  ow e o | Note this is well within the 5%

specified from 0 to 500 Hz.
%

EE | !
0.4 / \
0.3 / \
o | 7 1

D —
1 10 100 300 1000
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Gain, Offset, AC Coupling, and Filtering

* Next the analog signal from the transducer must be conditioned
before it is sampled and digitized in the analog to digital
converter (ADC). These settings are dependent upon the

measurement requirements.

Transducer Gain Offset
Selection/ AC Coupling

Calibration Filtering
Record
Time
™™
Bandwidth

Bit Rate

Customer’s ! Instrumentation
Responsibility ! Engineer’s Responsibility
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Gain and Offset

4/28/19

The voltage output from
the transducer is indicated
in the Certificate of
Calibration point pairs. The
maximum and minimum
voltages are noted to the
right.

G

STANDARD
[
—r

-30.000
-2d4 ,300
-18.,040

A.000
-6, 000
1.000
g.000
1.300
G000

19 A
L2 WU

18.000
24,000
30.000
30.000

24 . 0d0
13.000
12,000
6. 000
1.000
0.000
1.0040
&.000
12.000
18.000
= }.q ) .:; |:_|.:':|
30,000

OUTPUT

V-DC
1.962
-1 .BaE
-1.155
-0 .74 8
-0.350
-0.018
0.048
0.114
0.,&4 3
0.838
1.2410
1.636
2.038
2.037
l.636
1.240
0.838
0.443
0.114
0.048
-0.018
0.350
~0.T48
1.1455
-1l.556
-1 . 963

max voltage
=2.038v

s

min voltage
=-1.963v

e
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Gain

Usually you have multiple transducers of a single type, and it is good practice
to keep the gains consistent across the channels.

If we have multiple transducers of similar type calibrations, the input voltage
range may be set to -2.1v to +2.1v to cover all of the calibration voltage
ranges. This will include our calibration voltage range of -1.963v to 2.038\v.

* The input to the data system’s analog to digital converter (ADC) is £5v. The
required gain can be calculated to be:

VOutputRange _ SV — (_SV) _ 10V
v, 2.1V —(=2.1V) 4.2V

nputRange

=2.38

Gain =

 The reason for the consistency is to notice when a gain is incorrect. It is
easier to spot a gain that is not 2.38 when the gains are all the same. This is
just an engineering tradeoff for the small decrease in channel resolution.



Offset

e The offset for the calibration is:

Ve :l(V +V

2 upper lower )

] ]
Voo = 5(2.0381/ +(~1.9631)) = 5(0.0751/) ~0.0375V

* Again, to stay consistent in our offset settings across multiple
data channels, we will use a OV offset.

Most offsets of these types of accelerometers will be within
+50mV according to the specification sheets.



Gain and Offset

When the ADC digitizes the 5V range, it allows for another 0.05 V of room
(guard band) in the encoding range. This is to ensure that if the measurement
does exceed the maximum value by a small amount, the data is not lost.
Count values of 0 and 4095 do not convey any information other than you are
outside of the measurement range.

_ Amp Output/ 12-bit ADC
Amp Input Gain=2.38 ADC Input Output
Offset=0
+2.15V +5.12V 4095 counts
GUARD BAND GUARD BAND
+2.10V +5.00V 4048 counts
4000 count
measurement range
oV ov \ll 2048 counts
-2.10V -5.00V 48 counts
GUARD BAND GUARD BAND
-2.15V -5.12V 0 counts

Amplifier

Instrumentation

Pre-Sample
filter not shown
for simplicity

Analog to
Digital
Converter

Count
Value




Sampling and Digitizing Process
* This next section describes the process of how the measurement’s signal is
digitized.

* This illustrates the sampling that was just described which results in the count
values in the calibration process. The low-pass filter will be discussed later.

Low-Pass Filter ‘/\ ‘ | ‘ ‘ ‘ | |

TTT | | ‘ |
‘ Sample and ‘ H

> \ > Hold

il i
L

TTT | | ‘ | T 010
. 011 To Multiplexer
Quantizer Coder

> >




Encoding Voltages to Counts in the ADC

 Below is anillustration of how the voltage from the accelerometer is encoded
in the ADC. For simplicity, we will use a 4-bit ADC, which covers count values

from O to 15.

VOLTS COUNTS
2.150 15
1.863 ‘ — 14
1700 N 7N >
1'003 N\ N\ / \ 11
0.717 N\ /1N / \ 10
‘ \ y4 \ / 5
0143 \ / / .
0.143 \ / / \ 7
:0.430 \ \ / \ 6
‘ \ AN / \ .
o \—— / \ ;
11,290 N\ / / 3

: N

-1.577 \/’ 2
-1.863 1
-2.150 0

The voltage resolution is determined

voltage range 2.15 — (—2.15) volts volts
g g€ _ ( ) = (0.287

Resolution = = = 0.
count range 15 counts count

For a 12-bit ADC (0 to 4095 counts), the resolution is approximately 0.001 V/count
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Encoding Voltages to Counts in the ADC

 When the signal is sampled, each sample is given the count value of the
threshold that is exceeded. As you can see, there is an error that can be as
high as the resolution of the channel called the quantization error. This error
contributes to the overall error of the system.

VOLTS COUNTS
2.150 I 15
1.863 14
1,577 (=~ —— A\ 13
1.290 I uantization error \ 12

' N\ P S \
1.003 11
0.717 \\ /1 \ / \ 10
0‘430 / \ / \ 9
' \

o \ / ——— \ :

-0.430 6

-0.717 / \\ II \\ 5

-1.003 4

-1.290 \ \JI 3

-1.577 ” 2

-1.863 1

-2.150 0

12 10 5 2 3 6 9 11 8 4 2 8 12 13 9 4 2 1

This is where the term Pulse Code Modulation comes from.
The pulses shown in orange are coded to a count value
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Numbering Systems — Binary, 2’s Complement, and
Hexadecimal

* In order for the count values to be transmitted and stored onto a solid state
media, they are converted into a pattern of ones and zeros. There are several
numbering systems used to do this, but binary and 2’s complement are the
systems used most often. Many 1553 parameters are encoded in 2’s
complement.

Decimal Binary Hex Decimal 2’s Comp Hex
15 1111 F 7 0111 7
14 1110 E ' 6 0110 6
13 1101 D 5 0101 5
12 1100 C 4 0100 4
11 1011 B 3 0011 3
10 1010 A 2 0010 2
9 1001 9 There are only 10 types 1 0001 1
7 0111 7 Those who understand binar}' -1 1111 F
6 0110 6 and those who don't. 22 1110 E
5 0101 5 -3 1101 D
4 0100 4 -4 1100 C
3 0011 3 -5 1011 B
2 0010 2 -6 1010 A
1 0001 1 -7 1001 9
0 0000 0 -8 1000 8
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http://www.thinkgeek.com/tshirts-apparel/unisex/frustrations/5aa9/

Converting Decimal Counts to Binary

* Each of the count values are then encoded to the appropriate
numbering scheme. For a majority of analog measurements,
binary is used.

VOLTS COUNTS
2.150 I 15

1577 [k N s
120 N = /f 2
0.717 \ /1 \ / \ 10
0.430 \ / \ / \

o \ / i \
-0.430 / \( /

-0.717 / I

1o \ BNy N
-1.577 N/ <
-1.863
-2.150

©

O RLr NWRAUIO N

12 10 5 2 3 6 9 11 8 4 2 8 12 13 9 4 2 1

LA NN

1100 1010 0101 0010 0011 0110 1001 1011...
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Obtaining the Counts to EU Relationship

* To obtain the counts to engineering unit relationship, an end-to
end calibration is performed to the data channel on the aircraft.

* There are three types of end-to-end calibrations:
e Exciting the transducer
e Simulating an engineering unit
* Voltage substitution

4/28/19
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Obtaining the Counts to EU Relationship

* To obtain the engineering unit to count relationship for the
accelerometer, a voltage substitution calibration is done to the
data channel. This end-to-end calibration is done on the aircraft.

A calibrated voltage supply is used to simulate the G-level of the
accelerometer

Accelerometer
removed

-—

Calibrated
Voltage

Supply .. %ﬁi

Data
System
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Obtaining the Counts to EU Relationship

e Each voltage from the calibrated G level from the lab calibration sheet is
simulated through the wiring and data acquisition system. Up to 1000
samples are averaged and paired to the associated acceleration. This
produces an (EU, count) point pair. This example shows (-18G, 903 counts).

STANDARD ouTPUT
G'S V-DC

-30.000 -1 .962

- & -0.350

-1.000 -0.018

g . 000 0,048 .

1.000 B 11d Calibrated

6.000 0.443 Voltage

12.000 0,838 Su |

18.400 1,240 PPlY

24,000 1.636

30.000 2.038 Data

-18G corresponds to 903 counts System

903 cts
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4/28/

Obtaining the Counts to EU Relationship

This image shows position calibration of the collective stick on a helicopter.

Counts are being related to percent full throw in the calibration.

19
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Obtaining the Counts to EU Relationship

* For the calibration of the lateral stick position on the helicopter, a calibrated
inclinometer is placed on the stick. Note the yellow calibration sticker which
is confirmed to be valid before performing the calibration.

4/28/19
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Obtaining the Counts to EU Relationship

» After collecting all the point pairs for the accelerometer, they are reviewed for any
anomalies by observing the statistical data collected. The standard deviation is an
indication on how noisy the channel is, or if the voltage drifted during the capturing of

the count samples.

— Paint Pair ¥alues

4/28/19

B sub ELI COUMTS AC Type Std Dew Weighting
K1 -1.9340000 -30.000000 130 fd A, 1.4833680 045027120
] - - M A, 1.42685970 04311500

fd A8, 1.4553760 04721170

4 - B0 -1 0000 1255 M A, 1.43406E0 04473520

b al -0.401 6000 -6.0000000 1650 fd A8, 1.4342440 04861210
b E -0.1330000 -3. 0000000 1850 M A, 1.4320730 04835430
b 7 0.0740000 0. 0000000 2034 fd A8, 1.45328110 04632970
b = 0.1 360000 2. 0000000 2242 M A, 14036050 05032750
b = 04230000 E. 0000000 2467 Il A8, 1.4533330 04632340
b 10 02020000 12000000 28479 M A, 1.4025400 0. 5040260
b 11 1.1720000 18.000000 3210 Il A8, 1.5044150 04412400
] 12 1.5970000 24. 000000 3631 M A, 1.484E5E0 04536730
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Validating the Counts to EU Relationship

To validate the measurement after calibration, one or more EU values are
simulated. For an accelerometer, the best way to validate the measurement
is to do a “flip-flop”. The accelerometer is reconnected to the data system
and the results should be within the 30 number indicated on the calibration
sheet. For example, 30 = 1.0081050.

Accel
Sensitive
Axis

Marne Yalue | Units Marmne: Yalue Llnit5| Mame Yalue | Units
MZ2ZE1 1,02 G's MZZE1  0.03 G's MZZE1 -0.95 G's




Measurement Calibration Certificate

* Once validated, a calibration certificate for the measurement data channel
must be created. It becomes part of the paperwork trail that will trace the
data back to a standards laboratory.

I | \IH\II | I
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Traceability of the Engineering Units to a Standard

* Inorder for you to be able to trace the EU values back to a standards
laboratory, all the paperwork shown below must be in place. A break in the
chain, nullifies that traceability.

NIST LOCAL

National Institute of
Standards and Technology

Metrology Lab

EU Values
on Display

4/28/19



Pre Sample Filtering

* An analog signal cannot be sampled unless it is first band-limited
— meaning that there is a definable maximum frequency that
exists.

Power vs Frequency

120 - -1

100 - > -1

:/ ﬁ

(0] 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
frequency, Hz

power dB

x 10"
If you only are interested in frequencies below 4 KHz, can it be guaranteed that no
frequencies exist above 4KHz? To be sure, you must band limit the signal.
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Pre Sample Filtering

* To band limit the signal, a low-pass filter is used. A low-pass filter passes low
frequencies and rejects high frequencies. The diagram below shows an ideal
filter’s affect on a signal containing four frequencies of 1, 2, 4, and 5 Hz.

[
s
S
o
(]
Q
£
-
A A A
£ 11 1 1
©
€
o
o 5 51 5
>
(8]
c
O I:' | ] ] | | 1 [I | | | | I I:I I ] ] T
o | 7 ] 1 5 i 1 2 4 { 5 0 1 7 3 q 5
(V1

This example shows a signal band-limited to 2 Hz. No frequencies exist above 2 Hz after filtering the
signal. The object of pre-sample filtering is to attenuate unwanted frequency components such that
they no longer contribute to the signal.
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Pre Sample Filtering

Gain

PASS BAND STOP BAND

-3dB

4/28/19

CUT OFF FREQUENCY
fC

Unfortunately, filters are not
ideal (shown as the red line).

Realized filters (black line) do
not have a flat response in the
pass band and do not have a
vertical drop at the cut off
frequency, where the gain is
always -3dB (70.7%).

Because the data is located in
the pass band, we are careful
that the data is not affected by
the changing gain.
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Filter Gain

* Filter gains are normally expressed in decibels (dB), it also can be
expressed as a percentage when relating it to error in a measurement.

~—

E“m
Vi LPF >—= Vout
N LJ/
dB = 2010 [ L2%
B °9 Vin
Vout
% = 100 .
Vin

Later in the training when we discuss losses in power of telemetry systems, you
will see a slightly different equation. We will discuss the differences then.



Pre Sample Filtering

* The Butterworth implementation of a low-pass filter has the best
characteristics for filtering data over other filter types.

— Maximally flat in the pass band
— Closely approximates an ideal filter

— Introduces lower phase distortion

10.00 T T T T - »
| | GAIMN VS FREQUENCY RESPONSE FOR A THIRD-ORDER LOWPASS FILTER
i | |
=10.00 o — T__ - — _ .| -
' | i
] ! |
~30.00 | - — =1 ' :
| .
gﬁ‘ |1 |
2 ' ' [ | | | ELLIPTIC |
| ! l e . . L | . -
~50.00 |— — T - i i i i
| | | NN\ BESSEY T
~7e00 | I iIBU'I'HI‘ERWDRTH' I
| | e
|| CHERYSHEY ! ' |
J. ! — P ) I i
8) -m'u?m ik 10k 100k
FREQUENCY ([Hz) )
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Pre Sample Filtering

'Dr|||lr|r11 L) -I_“_-- T TITIOOTTT L] T T T I1I] i |
dB | -8 |
i %qHH_ ]
i \\ ﬁ“ﬁh |
ok AN I
F BN
: ALY J
- %\1\\{ N ]
e \RWAY
" WA N TN
-30L '\\E& X A
- RN A
WS 2|ND|
VNN I
i \’\ \\l ] N
b LR T
IRA" 3Ro
RRTA \ '
S Lt R \ \K | }
! A
-0 YW U
ERYAWACLD
| ERAEL) \
| — D
; :
80, 2 4 6 B8 10 2 4 6 8 10

NORMALIZED FREQUENCY
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The more poles a filter has, the
steeper the transition is from the
pass band to stop band. It also
looks more like an ideal filter.

The cost of having more poles in
the filter is the amount of
components on the signal.
conditioning cards in the data
acquisition system. This limits the
amount of channels per card.

We will now focus on the band
from 0 to the cutoff frequency of
the filter which is where the
measurement data resides.



Pre Sample Filtering

4/28/19

At 0 Hz (DC) the Butterworth filter has a gain of 100%, but falls towards
70.7% (-3 dB) as the frequency increases towards the cutoff frequency (fc).
The cutoff frequency is selected such that the frequency range of interest
does not have a filter gain less than 99%.

This illustration is only valid for a 6-pole Butterworth filter.

% Gain

100 —
o —
e
93
= A ~

f
g5 Gain = 99% \

35 \

&  Frequency Range of INterest \

75

70.7
70

0 Hz 0.7227fc fc
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Pre Sample Filtering

The frequency range of interest for the accelerometer measurement is

300Hz. The cutoff frequency should be at least 415.11 Hz for a 6-pole

Butterworth filter. The next highest cutoff frequency available in the data
acquisition system is 423 Hz.

i % Gain
a9 —
% AR
= Z 1N X
99.2% 99% \
90 — :
85
E Frequency Range of Interest 3
. % BIEJU H
80 £ £
75 \
70.7 ‘
70 —f
0 Hz 300 305.5 fc =423 Hz

4/28/19
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Pre Sample Filtering

* Here is the result of filtering on a sine wave. The cutoff frequency of the
filter is set to 423 Hz. The change in amplitude can be seen as the frequency
of the signal changes from 300 to 423 Hz — attenuating the amplitude to 70%.

99.2%

70.7%

LRRRRARRRRR RN RRRANNRY
f=300 Hz f=fc=423Hz

10 00:02:05. 471421 TimeES.IIIEIEIEIDD’] 000 00:02:10.4714
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AC-Coupling

Because the frequency range of interest was requested as 300 Hz, it is
assumed that both the AC and DC components of the signal are desired.

If the frequency range of interest was 15 — 300 Hz, then it is known that the
DC component is not desired and AC-coupling is used to eliminate it.

In this example, no AC-coupling is needed, but this is a good opportunity to
cover it.

If the frequency range of interest was 15 — 300 Hz, this is how AC-coupling
would affect the signal.

Depending upon the data acquisition
system, AC-coupling is accomplished using
Vin R Vout  asingle-pole, high-pass, passive filter (no
active components such as an amplifier).
For this example, we will assume there is a
- fixed cutoff frequency of 1.5 Hz.

O




AC-Coupling

 Below is the frequency response of the AC-coupling. The one-pole filter has a
slow transition, so the 299% gain is at 10 Hz and above.

100

% Gain

99

98
97

95

—

\

90

a5

a0

75

70.7

70

4/28/19

/ 99% 99.5%
/ Frequency Range
of Interest —
15 - 300 H
< —>
v —
0 fc=1.5 Hz 10 15

98



Overall Frequency Response of AC-Coupling and Pre
Sample Filtering

 This would be the frequency response of the data channel. The dashed line
shows the response with AC-coupling applied if it was needed. The frequency
range of interest does not have any filter gain below 99%.

% Gain

100
: P
97 {/ \ /
95 j
99.5% 99.2%
f (AC-cpid)
a0 f
/ Frequency Range
85 / of Interest
PE— 0 - 300HZ ——>
. / € === 15 — 300 HZ ====)
/
75 f
/
T70.7 4 f
9 =15 10! 115 300'1305.5 fc =423 Hz
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Sample Rate

Gain Offset
AC Coupling
Filtering

Transducer
Selection/
Calibration

Record
Time

Customer’s Instrumentation
Responsibility ! Engineer’s Responsibility

™
Bandwidth

* Next the minimum sample rate is determined.

* Sampling properly will address two issues:

— Guaranteeing there are no aliased frequency components in the frequency range
of interest (where the data resides).

— Capturing the peaks of the signal within a defined error bound.
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Aliasing

* Aliasing occurs when a signal is not adequately sampled, and a high
frequency component of the signal takes on the identity (alias) of a lower
frequency.

* The classic example of this is the wagon wheel moving backwards in a movie.

Why are my wheels
going backwards?
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When a measurement isn’t properly sampled, the result cannot be trusted. This
video illustrates the rotating helicopter blades aliasing as 0 RPM.

4/28/19



Aliasing in the Time Domain

* Here is an example of a sampled 20 Hz sine wave that you may see on a strip
chart during a flight test. The sample rate of this data is 120 samples/sec. Can

you trust this data if has not been band limited before sampling?

1.5
~ Period =0.05 sec R
b g ) 20Hz Sine Wave
4

0.5 / \ / \\ / \
0 . T T T T T T T T T T T T \
\ 0.01 0.0 0.03 0.04 O 0.06 0.07/ 0.08 0.09 0\ 0.1 0.1 0.13 0.14 0.15
0.5 \ / \ /

Amplitude

\/

-1.5
Time (sec)
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Aliasing in the Time Domain
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Aliasing in the Frequency Domain

* This is what occurred in the frequency domain. Frequencies above half the
sample rate “fold” about the frequency fs/2. This frequency is known as the
Nyquist or folding frequency. If you folded the diagram at 60 Hz, the 100 Hz
component appears to be at 20 Hz.

Aliased
Frequency

Nyquist Frequency
(Folding Frequency)

40Hz

—r———————

0 Hz 20Hz fs/2 100Hz s
60Hz (120sps)

-
\

 The Nyquist Theory states that you must sample at least twice the highest
frequency of your signal in order to avoid aliasing.

4/28/19 105



Pre Sample Filtering to Avoid Aliasing

e Aliased data...
— appears to be actual data and therefore cannot be detected
— cannot be “fixed”, the result is irreversible
* Once there is a suspicion of aliasing in the data, the data becomes worthless.
To provide decision quality data, the signal must be first band limited such
that there is no possibility of aliasing. This is accomplished with the pre-
sample filter discussed earlier.

: I Ideal low pass filter response which
band limits the signal to f_, Hz

Must be removed from the

‘/ signal before sampling

Highest frequency f, f% 1‘fS 2 2fmax

— — — — —

« Remember that pre-sample Butterworth filters are not ideal filters, and it will
be seen that 2x is not adequate.
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Pre Sample Filtering to Avoid Aliasing

* To adequately remove the 100 Hz component, we would have to attenuate
the 100 Hz component such that it does not toggle a bit in the analog to
digital converter (ADC). For a 12-bit ADC, that threshold is 1/2? or 1/4096.
Signals lower than this threshold are not detected by the ADC.

i — f
0 Hz 20Hz fs/2 100Hz fs
60Hz (120sps)
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Pre Sample Filtering to Avoid Aliasing

* For this example, a 6-pole Butterworth filter with a cutoff
frequency of 24 Hz is used to attenuate the 100 Hz signal.

0dB i

| i Low Pass Butterworth
| ! Frequency Response
| | /
|
| |
| |
| |
| |
| |

72 dB : :

0 Hz fc fs/2 fd fs
24Hz 60Hz 100Hz 120sps
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Pre Sample Filtering to Avoid Aliasing

 The 100 Hz signal is still is aliased as a 20 Hz signal, however the
filter attenuates it such that it is below the 1/4096 or -72.25 dB
threshold. The 20 Hz aliased signal is never seen in the data.

0dB i
|
|
|
|
|
|
|
|
i
|
72 dB :
|

i 1 o~ : f

0 Hz 20Hz ¢ fs/2 fd fs

24Hz 60Hz 100Hz 120sps

4/28/19 109



Pre Sample Filtering to Avoid Aliasing

* |n fact, all frequency components above 96 Hz will be below -
72.25 dB. When folded about the Nyquist frequency of fs/2 = 60
Hz, they will not be detected by the ADC in the frequency band
of 0 to fc = 24 Hz.

0dB i |
|
| |
| |
NO ALIASING | ALIASING !
DETECTED i DETECTED i
| INADC i
| |
| |
.72 dB : . :
i | i .
0 Hz fc fs/2 96Hz fs



Pre Sample Filtering to Avoid Aliasing

* For the accelerometer measurement, filtered at 423 Hz, the sample rate
must be at least 2115 sps to guarantee that no aliasing occurs in the band
from 0 Hz to 423 Hz. Also note that to avoid aliasing, we are actually sampling
7x our highest frequency of interest (not 2x). This is because the
Buttertworth filter is not an ideal filter.

0dB

Requested
*Frequencv:
Range of

Interest ALIASING

NO ALIASING

-72dB / \ | f

0 Hz 300Hz fc fs/2 1693Hz ts
423Hz 1058Hz 2115sps

* |f this sampling philosophy is not followed, the data is suspect of containing
aliased data.
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Minimum Sample Rate Determination

 The generic equation for determining the sample rate from the
filter’s cutoff frequency is:

£ =277 +1)f.

Where, f,isthe minimum sample rate
n is the number of bits in the ADC
p is the number of poles in the Butterworth filter
f_is the cutoff frequency of the Butterworth filter

fo = (2% 1)1,
( 3+1) .
( 1)fe
9fc

Example: minimum sampling rate
for a 4-pole Butterworth and 12-bit ADC.

IV I\/

IV

S~
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Sample Rate

 To determine the proper sample rate of the accelerometer,
there are many characteristics (cutoff frequency and number of
poles in the filter and the number of bits in the ADC) that need
to be known about the data acquisition system. This is why you
should not accept sample rates as a requirement from your
customer. Always insist on a frequency range of interest.

* To avoid any confusion, remember that frequency is measured
in Hz (1/sec), and sample rate in units of samples per second

(sps).



Peak Sampling

 Now that there is confidence that no aliasing exists in the data, the next item
to consider is the capturing of peaks in the data.

7— WORST
CASE
*— ERROR

When attempting to capture the amplitude of a signal, there will always be
some maximum error directly related to the sample rate. The maximum error
occurs when two consecutive samples are equidistant from the peak of the
signal. Because errors are bounded by an uncertainty figure.

* A more realistic approach is shown on the next slide.



Peak Sampling

 The error in peak detection is described as: 95% of the time, the measured
peak will fall within a defined error band as shown in the table below. As the
sample rate is increased, the error band gets smaller. The remaining 5% of
the measured peaks will fall outside that error band. The error is only in
reference to f__ , lower frequencies will have smaller error bands.

max’

_ <«——— ACTUAL PEAK
n = f/f . 95% error band 95%

7 6.5% ERROR 7 _ MEASURED
BAND = SAMPLED

10 A PEAK

15 1.7%

20 1.0%

25 0.7%

: , SAMPLES
note f,.,, Not f-used in calculating n

* The amount of error acceptable has to be determined by the person
requesting the data.



Peak Sampling

4/28/19

lllustration of the example accelerometer measurement with a frequency
range of interest of 300 Hz, filtered at 423 Hz, and sampled at 2115 sps.

Time (sec)

1 tr AR
. “ ¥ Nw" ﬂ L ﬁ

RIETTL SRR T NS LA
2 v ﬁ

There are 82 peaks appearing in the display. Because we are sampling just
above 7X the max frequency of 300 Hz, 78 of those peaks (95%) are captured
to within 6.5% of the actual peak of the original signal (shown in green).
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Sample Rates for Non-Periodic Signals
— Level Change Detection

* Previously we addressed sinusoidal signals when discussing sampling. The
rules do change a bit when sampling other signal types.

* Level Change Detection:

— When sampling level changes to within a certain time period (T), you just have to
sample at the inverse of the time period. If you want to know when the aircraft
hits the deck to within 2 ms, you would sample WOW (weight on wheels) at 500

Sps.
1 1 ©
fo=—= =500 sps semsec —>| —
T 2msec _‘_‘_f—‘—‘—
/7
1
TS = —=72msecC |<_> Ts=2msec
S
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Sample Rates for Non-Periodic Signals
— Signals with a Time Constant Response

* Signals with a time constant response:

— Signals such as thermocouples respond to the environment at a certain time
constant (t). This gives them a limited bandwidth, so the max frequency is known.

120.0%

Time % Full Temp

0 0% ot T assta
R4
1t 63.2% 80.0% ”ﬁ,o
21 86.5% 60.0% /’/
3t 95.0% 40.0% j’
4t 98.2% 20.0% ,/
4.61 99% 000

000 100 200 300 400 500 600 7.00 800  9.00
0 .
51 99.3% Time Constants
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Sample Rates for Non-Periodic Signals
— Signals with a Time Constant Response

* Should a temperature environment cycle at worst case between two
temperatures, the thermocouple will take a known amount of time to get
within 99% of the max temperature. The shortest time period that can be
captured within 99% is 9.2 time constants.

Environment 1
Temperature f = —
max E) :Z
Thermocouple . T

Sensed Temp maximum response

— 1% of the thermocouple

< 4.6t —<——4.61 —

< Period=9.2t — fS 2 2Ofmax

e To have a 95% confidence that the maximum sensed temperature is
measured to 99% of the maximum we sample at least 20x the highest sensed
frequency, f,.,. This was determined from the chart on peak sampling.
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Sample Rates for Non-Periodic Signals
— Shock Pulses

* Shock pulses are modeled by a half-sine waveform, with a certain pulse
width, Ty, The instrumentation engineer would have to be given T, and
how much error in capturing the peak is acceptable.

If the T,y is 40msec, and the peak needs to be captured to
within 5%, then the minimum sample rate needed would

be:
1 1 1
/\ fmax - = = — 12.5HZ
2T, 2(40msec) 80msec
«—> For a 95% confidence in capturing 3 — fS =8.5
TPW the peak to within 5% fmax

fo=85f__ =85(12.5)=106.25sps
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Creating a PCM Map to
Obtain a Sample Rate
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Bit Rate

e After the sample rates of all the measurements are determined, a grid called
a PCM map is constructed. The PCM map is basically a schedule of when

measurements are sampled. When many different sample rates are required,
constructing the map can be a difficult task.

* Chapter 4 of the IRIG-106 describes the structure of the PCM map such that

data can be processed at any DoD range ground station. The resultant PCM
bit stream is called a Chapter 4 PCM stream.

Transducer

Selection/
Calibration
Record
Time
™
Bandwidth

Gain Offset
AC Coupling
Filtering

Customer’s Instrumentation
Responsibility i Engineer’s Responsibility
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PCM Map Structure

Word Number Sub Frame
(n-1) (n) 1 2 3 4 5 ‘ 6 ' 7 8

Frame

Minor
{1 Fs1 || Fs2 || sFiD || TIME_H || TIME_L || TIME_M || DATAO1 DATA02 DATAO05 DATAO6
2

FS1 || FS2 || SFID TIME_H TIME_L || TIME_M || DATAO1 DATAO3 DATAOS DATAO7

3| Fs1||Fs2 || sFiD TIME_H TIME_L || TIME_M || DATAO1 DATAO2 DATAOS DATAO8

4 | rs1 || Fs2 || sFiD TIME_H TIME_L || TIME_M || DATAO1 DATAO4 DATAOS DATAOQ9

|

Major Frame

PCM Overhead Words
FS: Frame Synchronization Pattern
SFID: Sub Frame Identification

PCM Minor Frame Time (embedded time)

Data Words




PCM Map Structure

1 2 3 4 5 6 7 8 9

SFID DATAO1 DATAO6 DATAO2 DATAO3 I DATAO1 DATAO4 DATAOS5 DATAO8
SFID DATAO1 DATAO7 DATAO2 DATAO3 I DATAO1 DATAO4 DATAOS5 DATA09

SFID DATAO1 DATAO6 DATAO2 DATAO3 I DATAO1 DATAO4 DATAOS5 DATA10

SFID DATAO1 DATAO7 DATAO2 DATAO3 || DATAO1 DATAO4 DATAOS5 DATA11

W NN -

In order to obtain various sample rates, words are placed in the map at different intervals.
There are three different types of words within the PCM map to accomplish this. All words must
be evenly spaced within the map to obtain periodic sampling.

Super Commutated Word (DATAO1)
Occurs more than once in each minor frame

Minor Frame Word (DATAO02, DATAO3, DATA04, DATAOQS)
Occurs only once in each minor frame

Sub Commutated Word (DATA06, DATA07, DATA08, DATAQ9, DATA10, DATA11)
Does not occur in every minor frame — only a sub multiple of the sub frame depth

Time words not shown due to space limitations on the slide.



PCM Map Structure

e The PCM map is a schedule of when the measurements are sampled. The
structure of the map is designed to meet the minimum sampling
requirements. The measurements are sampled sequentially beginning at
word 1-1 and ending at 12-24. Then the sampling repeats back to word 1-1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
1 SFID Al A2 A3 V S1 S2 Al A2 A3 P1 P2 P3 Al A2 A3 \ T1 T2 Al A2 A3 | FS1 | FS2
2 SFID Al A2 A3 \Y S3 S4 Al A2 A3 P1 P2 P3 Al A2 A3 V T3 T4 Al A2 A3 | FS1 | FS2
3 SFID Al A2 A3 \ S5 S6 Al A2 A3 P1 P2 P3 Al A2 A3 \% T5 T6 Al A2 A3 | FS1 | FS2
4 SFID Al A2 A3 \ S7 S8 Al A2 A3 P1 P2 P3 Al A2 A3 \ T7 T8 Al A2 A3 | FS1 | FS2
5 SFID Al A2 A3 V S9 | S10 | Al A2 A3 P1 P2 P3 Al A2 A3 Y Al A2 A3 | FS1 | FS2
6 SFID Al A2 A3 V Al A2 A3 P1 P2 P3 Al A2 A3 \' Al A2 A3 | FS1 | FS2
7 SFID Al A2 A3 V S1 S2 Al A2 A3 P1 P2 P3 Al A2 A3 V T9 | T10 | Al A2 A3 | FS1 | FS2
8 SFID Al A2 A3 \Y S3 S4 Al A2 A3 P1 P2 P3 Al A2 A3 V T11 | T12 | Al A2 A3 | FS1 | FS2
9 SFID Al A2 A3 \Y S5 S6 Al A2 A3 P1 P2 P3 Al A2 A3 V T13 | T14 | Al A2 A3 | FS1 | FS2
10 SFID Al A2 A3 \ S7 S8 Al A2 A3 P1 P2 P3 Al A2 A3 \ T15 Al A2 A3 | FS1 | FS2
11 SFID Al A2 A3 \ S9 | S10 | A1 A2 A3 P1 P2 P3 Al A2 A3 Y Al A2 A3 | FS1 | FS2
12 SFID Al A2 A3 V Al A2 A3 P1 P2 P3 Al A2 A3 Vv Al A2 A3 | FS1 | FS2

A: accelerometer S: strain gage T: Temperature

V: pilot audio P: pressure

4/28/19 Time words not shown due to space limitations on the slide.



PCM Map Structure and Sample Rate

e Let’s say that parameter A3 is our accelerometer measurement. It is placed
in the map 48 times in even intervals. How many frames per second is
needed to meet the minimum sample rate of 2115 sps?

1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24
1 SFID | A1 | A2 | A3 Vv S1 S2 | A1 | A2 | A3 | P1 | P2 | P3| A1 | A2 | A3 Vv T1 | T2 | A1 | A2 | A3 | FS1 | FS2
2 SFID | A1 | A2 | A3 \ S3 S4 | A1 | A2 | A3 | P1 | P2 | P3| Al | A2 | A3 \ T3 | T4 | A1 | A2 | A3 | FS1 | FS2
3 SFID | A1 | A2 | A3 Vv S5 | S6 | A1 | A2 | A3 | P1 | P2 | P3| A1 | A2 | A3 Vv T5 | T6 | A1 | A2 | A3 | FS1 | FS2
4 SFID | A1 | A2 | A3 \ S7 | S8 | A1 | A2 | A3 | P1 | P2 | P3| A1 | A2 | A3 \ T7 | T8 | A1 | A2 | A3 | FS1 | FS2
5 SFID | A1 | A2 | A3 \" S9 |S10| A1 | A2 | A3 | P1 | P2 | P3| Al | A2 | A3 Vv Al | A2 | A3 | FS1 | FS2
6 SFID | A1 | A2 | A3 Vv Al | A2 | A3 | P1 | P2 | P3| A1 | A2 | A3 Vv Al | A2 | A3 | FS1 | FS2
7 SFID | A1 | A2 | A3 Vv S1 | S2 | A1 | A2 | A3 | P1 | P2 | P3| Al | A2 | A3 Vv T9 | T1I0| A1 | A2 | A3 | FS1 | FS2
8 SFID | A1 | A2 | A3 \ S3 S4 | A1 | A2 | A3 | P1 | P2 | P3| Al | A2 | A3 V | T11 | T12 | A1 | A2 | A3 | FS1 | FS2
9 SFID | A1 | A2 | A3 Vv S5 | S6 | A1 | A2 | A3 | P1 | P2 | P3| A1 | A2 | A3 V | T13 | T14| A1 | A2 | A3 | FS1 | FS2
10 | SFID | A1 | A2 | A3 \ S7 | S8 | A1 | A2 | A3 | P1 | P2 | P3 | A1 | A2 | A3 VvV | T15 Al | A2 | A3 | FS1 | FS2
11 | SFID | A1 | A2 | A3 Vv S9 |S10| A1 | A2 | A3 | P1 | P2 | P3| A1 | A2 | A3 Vv Al | A2 | A3 | FS1 | FS2
12 | SFID | A1 | A2 | A3 Vv Al | A2 | A3 | P1 | P2 | P3| A1 | A2 | A3 Vv Al | A2 | A3 | FS1 | FS2

1115 samples o major frame 44,0675 major frames
second 48 samples second
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PCM Map Structure and Sample Rate

1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24
1 SFID | A1 | A2 | A3 | V S1 | S2 | A1 | A2 | A3 | P1L | P2 |P3|Al|A2]|A3]| V T1 | T2 | A1 | A2 | A3 | FS1 | FS2
2 SFID | A1 | A2 | A3 | V S3 | S4 | Al | A2 | A3 | PL| P2 |P3|Al|A2]|A3]| V T3 | T4 | A1 | A2 | A3 | FS1 | FS2
3 SFID | A1 | A2 | A3 Vv S5 1S6 | A1 | A2 | A3 | P1 | P2 | P3| A1 | A2 | A3 Vv T5 | 76 | A1 | A2 | A3 | FS1 | FS2
4 SFID | A1 | A2 | A3 Vv S7 | S8 | A1 | A2 | A3 | P1 | P2 | P3| A1 | A2 | A3 Vv T7 | T8 | A1 | A2 | A3 | FS1 | FS2
5 SFID | A1 | A2 | A3 Vv S9 |S10| A1 | A2 | A3 | P1 | P2 | P3| Al | A2 | A3 Vv Al | A2 | A3 | FS1 | FS2
6 SFID | A1 | A2 | A3 | V Al | A2 | A3 | PL | P2 | P3|Al|A2]|A3 ]| V Al | A2 | A3 | FS1 | FS2
7 SFID | A1 | A2 | A3 | V S1 | S2 | A1 | A2 | A3 | P1L| P2 |P3|Al|A2]|A3]| V T9 | TI0| A1 | A2 | A3 | FS1 | FS2
8 SFID | A1 | A2 | A3 | V S3 | S4 | Al | A2 (A3 | P1L| P2 |P3|Al|A2]|A3| V |T11|T12| A1 | A2 | A3 | FS1 | FS2
9 SFID | A1 | A2 | A3 Vv S5 |1 S6 | A1 | A2 | A3 | P1 | P2 | P3| Al | A2 | A3 V | T13 | T14 | A1 | A2 | A3 | FS1 | FS2
10 | SFID | A1 | A2 | A3 Vv S7 | S8 | A1 | A2 | A3 | P1 | P2 | P3| Al | A2 | A3 VvV | T15 Al | A2 | A3 | FS1 | FS2
11 | SFID | A1 | A2 | A3 Vv S9 |S10| A1 | A2 | A3 | P1 | P2 | P3| Al |A2]| A3 | V Al | A2 | A3 | FS1 | FS2
12 | SFID | A1 | A2 | A3 | V Al | A2 | A3 | PL | P2 | P3|Al|A2]|A3 ]| V Al | A2 | A3 | FS1 | FS2

* Let’s set a major frame rate of 45 mjfr/sec (above the required minimum
44.0625 mijfr/sec). This will result in a sample rate for our accelerometer to
be:

samples major fr samples

438 x 45 = 2160

major fr sec sec

This meets the minimum sample rate defined earlier

of 2115 sps and guarantees the data is not aliased.
4/28/19



PCM Map Structure and Sample Rate

* By placing parameters in the map in different quanitities, you get different
sample rates. Remember, they must be evenly spaced within the map.

1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24
1 SFID | A1 | A2 | A3 Vv S1 | S2 | A1 | A2 | A3 | P1 | P2 | P3| Al | A2 | A3 Vv T1 | T2 | A1 | A2 | A3 | FS1 | FS2
2 SFID | A1 | A2 | A3 \ S3 S4 | A1 | A2 | A3 | P1 | P2 | P3| Al | A2 | A3 \ T3 | T4 | A1 | A2 | A3 | FS1 | FS2
3 SFID | A1 | A2 | A3 \ S5 | S6 | A1 | A2 | A3 | P1 | P2 | P3| A1 | A2 | A3 \Y TS5 | T6 | A1 | A2 | A3 | FS1 | FS2
4 SFID | A1 | A2 | A3 Vv S7 | S8 | A1 | A2 | A3 | P1 | P2 | P3| A1 | A2 | A3 Vv T7 | T8 | A1 | A2 | A3 | FS1 | FS2
SFID | A1 | A2 | A3 Vv SO |S10| A1 | A2 | AS | P1 | P2 | P3| Al | A2 | A3 Vv Al | A2 | A3 | FS1 | FS2
6 SFID | A1 | A2 | A3 Vv Al | A2 | A3 | P1 | P2 | P3| A1 | A2 | A3 Vv Al | A2 | A3 | FS1 | FS2
7 SFID | A1 | A2 | A3 Vv S1 | S2 | A1 | A2 | A3 | P1 | P2 | P3| Al | A2 | A3 \ T9 | T1I0 | A1 | A2 | A3 | FS1 | FS2
8 SFID | A1 | A2 | A3 Vv S3 | S4 | A1 | A2 | A3 | P1 | P2| P3| Al| A2 | A3 V | T11 | T12 | A1 | A2 | A3 | FS1 | FS2
9 SFID | A1 | A2 | A3 \ S5 | S6 | A1 | A2 | A3 | P1 | P2 | P3| A1 | A2 | A3 V | T13 | T14 | A1 | A2 | A3 | FS1 | FS2
10 | SFID | A1 | A2 | A3 Vv S7 | S8 | A1 | A2 | AS | P1 | P2 | P3| A1 | A2 | A3 VvV | T15 Al | A2 | A3 | FS1 | FS2
11 | SFID | A1 | A2 | A3 Vv S9 |S10| A1 | A2 | A3 | P1 | P2 | P3 | A1 | A2 | A3 \ Al | A2 | A3 | FS1 | FS2
12 | SFID | A1 | A2 | A3 Vv Al | A2 | A3 | P1 | P2 | P3| A1 | A2 | A3 Vv Al | A2 | A3 | FS1 | FS2
Pressure P1: 12 samples><45 majorfr:540samples
major fr sec sec
: _ samples major fr samples
Strain GageS1: 2————x45——— =90———
major fr sec sec
Temperature T1: | samples « 45 major fr _ 45 samples
major fr sec sec
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Bit Rate

* The minimum bit rate is determined by how many bits are output in a
second. It is calculated in the following way:

majorfrxlzmmorfrxz4 words “12 bits :155,520%

sec majorfr minorfr word sec

45

* The next highest bit rate selection is then chosen in the data system. For this
example, that bit rate would be 160 Kbps. This will increase the
accelerometer’s sample rate slightly from 2,160 to 2,222.2 sps.

160,000blts><48Sam?pl‘}S 1
= sec - major fr - - 22222 samples
1o bUts o, Wor S ><12mn?or T sec
word minor fr major fr

Because the PCM map was intentionally made small to fit on the slide, the resulting 160
Kbps bit rate was a low bit rate. You will find that your actual bit rates will be much higher.
To make it more realistic, the example will continue with a bit rate of 1.6 Mbps.



Data Within the PCM Signal

If the accelerometer is sensing -18 Gs, the encoder converts the associated
voltage to a count value. In this case it is 903 counts, which is converted to
0011 1000 0111 in binary. As the words in the PCM map are sampled, the 12-
bit, binary encoded count value is multiplexed with all the other
measurements into a serial bit stream of ones and zeros as shown below.

HEADING | AIRSPEED ACCEL3 ALTITUDE | PITCHATT

011101100010 | 110101101110 | O011 1000 0111 | GOCO 0010 1001 | O000 0010 0111

e l AN

4/28/19
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PCM Signal

* Hereis a screen shot of a PCM signal. This binary code representation is
called NRZ-L which stands for “Non-Return to Zero Level” because the voltage
of the bit stays high and does not return to OV for each bit period.

* A“1”isrepresented by 5V, and a “0” is represented by OV.

— There will be 1.6 million 1’s and 0’s output in every second from the data
system.

4/28/19 12



PCM Signal — Eye Pattern

The signal below is also a PCM signal. It has what is called an eye pattern because of
the openings in the signal. Itis just a filtered version of what was shown earlier. The
signal is over-laid on top of itself, which is why you see both 5v and Ov at the same
instant in time. The orange trace would be one of the traces of the PCM.




4/28/19
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Telemetry Bandwidth

* Telemetry Bandwidth is finite. Therefore it must be used optimally such that
the maximum amount of aircraft can fly simultaneously.

* Alot goes into optimizing the TM systems to reduce drop-outs in the data
during the test.

* Inthe IRIG-106 Telemetry Standards document, Chapter 2 describes

transmitter and receiver systems, and frequency considerations are discussed
in Appendix A.

Transducer

Selection/
Record
Time

Calibration
Customer’s | Instrumentation ™
u ! )
Responsibility ~ |  Engineer’s Responsibility Bandwidth

Gain Offset
AC Coupling
Filtering

4/28/19
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Typical Telemetry System - PCM

* Atypical telemetry system will look like this

PCM PCM
Data 9 Encryptor 9 I
é

Acquisition or Transmitter
System e Randomizer

CLK CLK

* The input to the encryptor or randomizer is the serial PCM stream of ones and zeros
generated by the data acquisition system. Accompanying the PCM stream is a bit clock
which defines the beginning and end of a bit period. The clock is required by the
encryptor or randomizer.

NRz-L UL U
Bit Clock  [I[IJUULUTIUULTIIUULTIIUUUT

Beginning of Beginning of the
the bit period > € next bit period

4/28/19 16



Typical Telemetry System — Randomized or Encrypted PCM

Dat PCM E t PCM -::]"
ata —> neryptor Ly,
Acquisition or Transmitter
System ? Randomizer ?
gl e P » |If the data is classified, the bits must be

ot . scrambled such that without the
decryption key, it cannot be decoded.

e Ifthe data is not classified, the data is
still scrambled using a PRN-15 code that
: I R is well known to everyone. This process
.. iscalled randomization and is done to
s ' eliminate long strings of 1’s and 0’s that
can cause TM spectrum issues from the
transmitter.

NRZ-L | | | [
Encrypted NRZ-L_I_LI Ll_l_ _l_l_ |_|_|_

or RNRZ-L

CLOCK

NREI-L K

4/28/19



Typical Telemetry System — Modulation Schemes

PCM

Data 9

Acquisition

CLK

Encryptor
or

System 9‘ Randomizer

PCM

>
=

CLK

Transmitter

7

The next step of the process is to transmit the data by modulating an RF (radio
frequency) signal. There are several modulation schemes to accomplish this.

Under the ARTM (Advanced Range Telemetry) program:
— Teir 0: PCM/FM — PCM frequency modulating an RF carrier signal
— Teir 1: SOQPSK-TG — Shaped Offset Quadrature Phase Shift Keying (Telemetry

Group version)

— Teir 2: CPM - Continuous Phase Modulation

These modulation schemes are described in Chapter 2 and Appendix A of the
IRIG-106 Telemetry Standards.



Properties of a Sine Wave That Can Be Varied

4/28/19

s(t)

s(t) = Asin(2nft + @)

YA

amplitude frequency phase

@

SN INE

DN

s(t) is the instantaneous amplitude of the RF signal at time t in seconds

where:

A is the amplitude
fis the frequency in Hertz

2 TUis the number of radians in a period, T, where 7T = 3.1416
T is the period in seconds and is equal to 1/ f
¢ is the phase in radians

19



Modulation Types

Amplitude Modulation (AM):
the amplitude of the signal varies
with time.

Frequency Modulation (FM):
the frequency of the signal varies
with time.

Phase Modulation (PM):
the phase of the signal varies with
time. In this illustration, the phase

jumps between 0° and 180°.

4/28/19

s(t) = A(t)sin(2uft + @)

ENVELOPE (WARYING AMPLITUDE } CARRIER WovE [CONSTANT
FREQUENCY )

s(t) = Asin(2nf (t)t + @)

A
(LR

s(t) = Asin(2nft + @(t))

20



Telemetry Bands

s(t) = Asin(2nf .t + @)

The signal s(t) is the waveform that is output from the transmitter in the telemetry
system. The frequency of the signal is the carrier frequency (or center frequency) of
the transmission. The allowable values of f_ are defined in the IRIG-106 Telemetry
Standards and are assigned by the frequency coordinator of the Test Range.

BAND Lower Freq (MHz) Upper Freq (MHz)

Lower L 1435 1525
Lower S + 2200 2290
Upper S 2360 2395
Lower C 4400 4940
Middle C * 5091 5150
Upper C * 5925 6700

+ telemetry restrictions present within the band
*in the process of being approved for TM use (IRIG-106-17)

4/28/19
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Telemetry Bands

 The frequency coordinator at the Test Range assigns center frequencies of
the TM spectrums of all the transmitting flight tests on the range such that
they do not interfere with one another.

m ~
YO A PR S et 1 VO OO A OOV I

2190 2200 2210 2220 2230 2240 2250 2260 2270 2280 2290mH:z

* In order to do this, Chapter 2 and Appendix A of the IRIG-106 Telemetry
Standards provides guidance for the most effective use of the telemetry
bands based upon the bit rate of the transmitted PCM stream.



Modulation Scheme RF Spectrum Comparison

* To conserve bandwidth, SOQPSK-TG is used over the traditional PCM/FM
used in the past for telemetry. CPM is not widely utilized at this point in
time. The comparative bandwidths are shown below.

- '
AMT Waveforms
Laboratory Generated Reference Spectra
0
-10
-20
— -30
-‘E -40 —— PCM/FM
¥ so —— SOQPSK-TG
% 60 ARTM CPM
< 70
-80
-90
-100 i i -
10 5 0 5 10
Offset from Carrier (MHz)
A vy

SOQPSK-TG utilizes 2/3 of the 99% power bandwidth as PCM/FM, which is why it’s not used as often.
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SOQPSK-TG Modulation Block Diagram

 SOQPSK is described in the IRIG-106 Standard in Chapter 2 and Appendix A.
This specific variation of SOQPSK is developed by the Telemetry Group of the
Range Commander’s Council (RCC) and is designated as SOQPSK-TG.
SOQPSK is a form of phase modulation.

101101

>

PCM IN
CARRIER
110001011001 =] R SIGNAL

cos(2nf_t)

Icos(2mf,t)

s(t)

PHASE -

sin(2mf,t)

100010

> Q

Qsin(2nf,t)

s(t) = Icos(2nf ,t) — Qsin(27f ,t) = /1% + Q2 cos(2mf t + tan™* 2)

/]

4/28/19 amplitude frequency phase
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SOQPSK-TG - Controlling the Phase Shift of the RF Carrier

* In-phase (l) and quadrature (Q) signals are used to control the phase shift
¢@(t) of the modulated TM signal. This example shows a phase shift from 45°

to 315°.

UNIT CIRCLE |Q
35° 4
I < Q
o(t) |
1

Q > 31

— e — -1

Q=0.7071 Q=0 Q=-0.707
Eye patterns of the In-phase and

Magnitude = /12 + Q% =1

guadrature channels in the time domain.

@(t) = tan™! 2

4/28/19 25



SOQPSK-TG - Phase Shifting the Frequency of the RF Carrier

0.04
N
|1 & +180°
g// \| < +90°
%

o o A AN
ss,..e/ﬂ ~li ) < o

Y
JEEERRZEN a AL ]

ha
1
1
1
1

Frequency

-0.04

(=)

0 1 2 | 4 5 6 7 0 3 10 11 12 —Frequency| 16
Time in symbols —Fhase

As | and Q modulates the phase, note that the frequency of the carrier is also changing.
d
Frequency is the time derivative of phase: f(t) = 7 ?(t)

and you can see this in the shaded areas of the graph. When the phase is increasing
(green) the frequency shift has a positive value, when the phase is decreasing (orange),
the frequency shift has a negative value, and no phase change (purple) has a zero
frequency shift.

Conversely, phase is the integral of frequency: @(t) = [ f(t)dt

4/28/19
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Telemetry Spectrum — 99% Power Bandwidth

99% Power Bandwidth
|

\ A ‘
“1:25{MHz

When the phase is modulated, it creates a frequency spectrum as shown above. 99% of
the power of an SOQPSK spectrum falls within a bandwidth of 0.78 x Bit Rate. For our

example of 1.6 Mbps, the 99% power bandwidth is 1.25 MHz. With PCM/FM the
bandwidth would be 1.9 MHz (1.16 x Bit Rate).




Telemetry Spectrum — Proper and Improper SOQPSK
Spectrums

* The SOQPSK-TG spectrum shown in the frequency domain. The spectrum on
the right illustrates an improperly modulated due to a non-randomized NRZ-L.

Good spectrum shape, no dips or spikes in Bad SOQPSK spectrum — transmitter

the spectrum. modulated with a non-randomized NRZ-L
PCM stream resulting in long strings of 1s
and Os.



Saving Bandwidth at the Cost of Detection Efficiency

* The increased efficiency in bandwidth for SOQPSK over PCM/FM comes at a cost of

detection efficiency. The result is more bit errors or a shorter transmitting range.

1.00E-02

1.00E-03

1.00E-04

BEP

1.00E-05

1.00E-06

1.00E-07

\.

IRIG-106 Modualtion Schemes
Reference System Performance

S8

——Trellis PCM/FM
——S0QP5K-TG
—4&—ARTM CPM

As an example, for a signal to noise ratio (Eb/No) of 9 dB, PCM/FM will have 10 bit errors

per million bits, where SOQPSK-TG will have 550. For SOQPSK-TG to have the same bit
error rate, the signal to noise ratio would have to be raised to 12 dB. For CPM it is even

higher.
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Telemetry Bandwidth Relation to the Frequency Range
of Interest

Pre-Sample Filter
Cutoff Frequency
423 Hz

Frequency Range
of Interest Requested
300 Hz

Think back to the requirements and where the design
process started. You can see where the decisions made

when filling out the requirements for the frequency range
of interest directly affects the resulting amount of
bandwidth being utilized.

Bit Rate
1.6 Mbps

99% Power
TM Bandwidth
1.25 MHz

This is why the Frequency Range of Interest
entry is the most important data requirement.

4/28/19 30



Telemetry System

* At frequencies in the GHz range, it is important to match all the
components. The RF cable, splitter, relay, terminator, and
antennas must all be designed for the frequency band being
used.

D
&=
E-ﬂ @,
’ (O]
Terminator

Power Splitter

Transmitter

BAND Lower Freq (MHz) Upper Freq (MHz) Antenna
Lower S + 2200 2290 \ - i —
Upper S 2360 2395
Lower C 4400 4940 | )

Middle C * 5091 5150
+ telemetry restrictions present within the band
*
mbiale >9%5 6700 *in the process of being approved for TM use (IRIG-106-15)

4/28/19
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The decibel

« Spectrum analyzers use the decibel (dB) as the units of the vertical
axis.

« The decibel (dB) is a logarithmic unit of measurement that
expresses the magnitude of a physical quantity (usually power)
relative to a specified or implied reference level. A factor of 10
results in the prefix of deci in decibel.

« Asimpler explanation is that a dB is a unit of power gain.

P MEAS

» The equation for determining decibelsis: ~ dB =101log
Brer

« Spectrum analyzers also have a reference level in units of dBm.
The equation is the same as with dB, but Pggr is 1 mW.

Why was the gain of the pre-sample filter gp = 2010g (V;ut) ?
mn



The decibel

« At the very minimum, you should understand that negative dB’s are
factors less than one (attenuation) and positive dB’s are factors greater
than one (gain).

If you are at a meeting and hear dB levels thrown about, keep these
relationships in your head:

« Every 10 dB is a factor of 10 in gain, every -10 dB, 1/10.
0 dB = a factor of 1

10 dB = a factor of 10 -10 dB = a factor of 1/10
20 dB = a factor of 100 -20 dB = a factor of 1/100
30 dB = a factor of 1000 -30 dB = a factor of 1/1000

 Every 3 dB approximately doubles the output, every -3dB approximately
halves the output.
0 dB = a factor of 1

3 dB = a factor of 2 -3 dB = a factor of 1%
6 dB = a factor of 4 -6 dB = a factor of ¥4
9 dB = a factor of 8 -9 dB = a factor of s



The decibel

Here is a warning on the RF input to a spectrum analyzer. The maximum
power input is +30 dBm, how many Watts would that be?

INPUT 500
O kHz-3 GHz

2 s i
B T S, |7
R o v

Every 10 dB is a factor of 10. For 30 dB, that is three factors of 10 or 1000.

dBm s in referenceto 1l mW. 1000x1 mW=1W

So you wouldn’t want to connect the output of a 10 W transmitter directly to
this spectrum analyzer without attenuating the RF signal first.

4/28/19
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RF Cable

4/28/19

The attenuation of an RF cable at any frequency is determined by the equation:

a = kif +kyf

where...

o is the attenuation in dB/100ft
ky, k, are the attenuation constants for a particular cable
fis the center frequency in MHz

Cabletype |0 | 2

RG-303/142
RG-393
RG-214
930-0G
930-0OK

0.368
0.191
0.210
0.321

0.0012
0.0012
0.00126
0.000336

0.103102 0.000239

35



RF Cable Frequency Response

dB dB Loss per 100 ft of cable run
0.00 100%
L S Upper S Lower C Mid C Upper C
500 o ——— 32%
930-0K
Long Run
110,00 — 10%

-15.00 \\RG-393 3.2%
G RG-
-20.00 \\ G-214 Long p, 1%
-25.00 305 142 ShortP‘un\ 0.32%
-30.00 \ 0.1%
Sh
N
-35.00 0.03%

D000 0.01%
1400 1900 2400 2900 3400 3900 4400 4900 5400 5900 6400 6700 MHz

The graph shows the dB loss per 100ft for each of the RF cable types in each of the
telemetry bands. Larger diameter cable also has lower losses than the thinner cable

which is why they are used for longer runs in the aircraft.
4/28/19 36



Antennas

L-Band Antenna S-Band Antenna C-Band Antenna
1.35-1.9 GHz 2.2-2.4GHz 3.0-6.0GHz

Higher frequencies have shorter wavelengths, which result in shorter antenna
heights. Make sure the appropriate antenna is used for the frequency band used.

4/28/19 37



Antenna Patterns

This and the following slide shows the antenna patterns for the AO1415S-1 (L-band
antenna). The antenna gain is shown in both the ROLL and PITCH elevations. The units
dBi refer to an isotropic (or point) source.

4/28/19

Magnitude (dBj) vs.

AD14155-1

180

Elevation (Degs)

BLADE QUAL
3" X 3 GROUND PLANE

Fila: BO-14155-1-ROLL dal
Date: D8-Sap-10
Tima11:24

Oparator: JP

Sar. no.. SAMPLE

Channal: 521

Tx pol: Hon Rx pol: Hori
Frequency:. 1.350 GHz

Cal. status:

Fila: BO-14155-1-ROLL
Table: AELS001

Chan.. s21

Units: dBi

5 dBi

S S |

Looking towards the nose of the aircraft

38



Antenna Patterns

Test Comments;
AOT4155-1
F= i

[
5 i
LN ...__.-
_..;... ..
z UM R
5 0 T
LI = 1
9] I i}
g0 :
w %3 0 '
32§ €9 ¢ qh
L i a
P 1 e
W ..IJWD_. o 5 ..._u_._
$ 0008 EgSg il
] .__I.T...Umw o ; ..|.|_-....._|....
Q B TBEEFS B 2N
Q5 o,omal L / UK
2 Wp hnxm ah _...... A
25 TOFOBGAE  OZFO 7
3¢ 8 i
m E.rG 4 BG Rt &
% a _
#

Magnitude (dBj) vs. Elevation (Degs)

ft

Looking towards the side of the aircra
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Antenna Patterns

4/28/19

Sometimes it is difficult to visualize the antenna strength from two dimensional
plots. This plot shows an antenna pattern in three dimensions.

dB;
10.72
e 2

183
-2.61
7.0 |
11,50 |
‘15-.95 EH
20,38
-24.84
- 2.8

40



Antenna Pattern Interference

When two (or more) antennas are located in close proximity to one another, their
antenna patterns will interfere. 50/50 splitters, which evenly divide the power
between the top and bottom antennas are not recommended due to the possible
interfering affects of the signals.

d=_ 45

The TM signals from each antenna will destructively interfere,
causing a null in the antenna pattern if the difference in the
received path of the two signals is an odd multiple of half the
wavelength, A. The length of separation depends on the
orientation of the aircraft to the receiving antenna.

4/28/19
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Antenna Pattern Interference

* Two transmitting antennas each transmitting the same power
would produce an antenna pattern similar to what is shown
below. Depending upon the position of the receiving antenna,
you may get a strong signal,
or none at all.

High received power

®_ Very low received power

4/28/19
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Antenna Power — The Link Budget

When designing the telemetry system, you must know how much power is
expected at each antenna and verify that power level.

There are many components within the system that will attenuate the power:

* (Cable — attenuation determined by cable type and center frequency

* Connectors — contribute -0.1dB for each connector (a barrel connector will
count as two connectors)

* Splitter — divides the power to each output.

Draw out your telemetry system and determine the drops along each element
of the system.



Antenna Power — The Link Budget

Say we have a 10W transmitter that will have a center frequency of 2225 MHz. The
power will be split 90/10, with 90% going to the bottom antenna. 930-0OG will be run
from the transmitter to the splitter, and 930-OK will be used from the splitter to the
antennas. The run to the top antenna will have a barrel connector.

Sketch out the telemetry system as shown below.
TOP

930-0OK 6ft 930-0OK 20ft

10W 930-0G 3ft 10%
2225 MHz 90%

930-0OK 17ft

BOTTOM

Take each segment of cable and connector to calculate the power loss. Each path’s
loss is added to determine the amount of power at the antenna. The results are on
the next slide.



Antenna Power — The Link Budget

E -5 Telermetry Link Budget - inine connectorsads |Compatitality Mode] - Macrosoft Excel e -
“ Harrt e Pt Lisyauil Fairulas Dt Rémiew b Dopeelogt Adrabiat & ﬂ' gl B
= koo Arnl Yo A ™ o L eap Tt Genaral 4 ¢ | Homal Bad Good paistral T ; E sasosum ~ g
ﬁ; = . ! . H __I' ' =1 -OHEIE:I"H Fﬁl L) t [ : ;E"I EI_I'IE' F;-: at " ';fl;r f
’ o Pormat Punte: B I O-EH- ﬂ' | B I | AE O | ElMrgedConter - | 3 - % e ;c|1|:II|llu' B Tk = E—— m - m N - :'- o of Chear = F-Iln‘:: Ef-r'.l.h'
ipboar . Foank iignment Humber Thies Celly fdeng
LEes] - | E3 .
) B c D E F G H | J K LMNOQO P Q R 5 T U W W X ¥ I AAAAC AD H
; Telemetry System Link Budget Analysis
2
3 IRIG-106 TM Bands POWER TO ANT=_ 056 |W
4 Lowser L 1435 - 1525 Mhz 2752 |dBm
5 Lower 5+ 2200 - Z28B0 | Total Attenuation = -12 48 |dB
B Upiper S 2360 - 2305 POWER=| 074 |W
) Lower C 4400 - 4940 |
a8 Middle C* 5091 - 5150 Inline Connectors .}
9 Wpper C* 5025 - G700 Cable Type:| 0930-0K Cable Type: | S30-0K
10 * lelemelry resiriclions within the band Length = Li] i Length = 20 i
11 * in the process of being approved for TM use Cable Loss =| -0.324 |dB Quantity= 1 Cable Loss =| -1.07%9 |dB
12 according 1o IRIG-106-15 Loss=| -0.7 |dB
13
14 «POWER=[ 081 |w 0.56 W
15 POWER =| 8.56 |'I|'|I'
16 |
17 TRANSMITTER £ 10 10,000 dB 12'48 dB
18 Cable Type:| 930-00G
19 Power = 10 W Length = 3 it
20 Freq=| 2225 |MHz Cable Logs =| -0477 |dB  SPLITTER o0 (% -0 458 | dB
2 5.95 W
23 & POWER = W
24 -2.25dB
25 NOTES: POWER=[ WA |W
26 |Emter spacifications in the yellow boxes| |
27 Each connector contributes a loss of -0.1 dB in the power calculation Inline Connectors -}
28 | Each infine connector contributes a loss of 0.2 dB for each side of the barrel adaptor Cable Type:| 930-0K Cable Type:| 930-0K
29 Cable Type Attenuation at Transmitter Center Frequency Length = 17 it Length = i ft
a RG-142 -20.029 48/100 A Cable Loss =| -0.97 |dB Quantity=| 0 Cable Loss =| 0.000 |dB
k]| RG-214 " -12.700 dB0d h Loss=| 0 |dB
a2 RG-303 -20.029 48/100 A
a3 RiG-393 -11.679 481100 A POWER TO ANT=| 585 (W
a3 WI0-0G -15.889 48/100 f 375 |dBm
a5 930-0K -5.397 48/100 A Total Attenuation = 2235 |dB
36 =
Wb W Tehemelry Link Budget - Coe Loss Calodater B [+ L
Resdy | ] | [El= NS )
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Antenna Power — The Link Budget

The measured power levels should be close (within 72W) to the theoretical

value calculated in the link budget. If not, check the power at the other

connections and try to narrow down where the issue may lie.

"

from the
link budget

POWER TO ANT 2.95

Total Attenuation =| -2.25

BOTTOM
to the transmitter -~ ANTENNA

—

4/28/19
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Record Time

 The memory capacity of the recorder is determined by the bit rate and the
amount of record time is needed for a test.

* Some tests require recorded data from when the aircraft leaves the line, to

when it returns. Others require turning the recorder on and off before and
after events.

 Make sure you understand what you need because a change could result in a
different recorder having to be used.

Transducer
Selection/
Calibration

Gain Offset
AC Coupling
Filtering

Record
Time
Customer’s Instrumentation

Responsibility |  Engineer’s Responsibility Bandwidth

4/28/19
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Chapter 4 Recorders

* Chapter 4 recorders only record one PCM data stream.

* Here is a portion of a data file in a .bin file format (expressed in hexadecimal).
The data file structure is in 16-bit “Little Endian” form. The PCM format being
recorded follows overhead words created by the recorder for each minor
frame.

ADDEEFBE/B7ECCDFOAOCIF826BFE40281C007B7ECCDFES8O0B692F04F9...

\ DEAD ock )
BEEF Block Header
TETB i Recorder
DFCC Header Time (245:14:34:34.363082) Overhead
0COA
821F PCM Info Word (recorder status word) |
FE6B

]- PCM Frame Sync

2840

001C Sub Frame ID (29™ minor frame)

TETB

DFCC  PCM Embedded Frame Time (245:14:34:34.363048)

0BES |

2FE9 | Example: Pressure Altitude
I _ PCM Data Words 2F69,, = 12,137 counts equivalent to
! 6,608.5 feet




Record Time / Memory Capacity

Required record time is the amount of time you need to be recording data.

The size of the memory cartridge is determined from the bit rate of the Pulse
Code Modulation (PCM) stream multiplied by the amount of record time.

For the example with the accelerometer measurement, the recording of a
PCM stream with a bit rate of 1.6 Mbps for four hours

— The amount of bits to be recorded in four hours is

bit 60 min\ /60 sec
1.6x10°6 — (4 hours)
sec hour

— There are 8 bits in a Byte, so the capacity needed is 2.88x10° Bytes or 2.88 GB

: > = 2.3x101%pits
min

e If the recorder adds overhead bits to the PCM stream (which in the
previous slide it does), you would even need more memory capacity.



Record Time / Memory Capacity

This particular recorder adds the overhead to each minor frame.

PCM Minor Frame = 288 bits

A
| 1

DEAD BEEF 7E7B DFCC 0COA 821F FAF3 2000 52A7 F682 44A7 .. 3D76

\

J \ J\ )\ J

4/28/19

Y Y Y Y
Recorder Overhead = 96 bits FS SFID 21 DATA WORDS

Overhead and Minor Frame Bits B 96 + 288 B 384

— - 1.
Minor Frame Bits 288 288 3333

With 33.3% more bits to record per minor frame, the memory capacity
required is:

1.3333 x 2.88 GB = 3.84 GB, so a 4 GB cartridge would be adequate.

51



Chapter 10 Recorders

* The advantage of using a Chapter 10 recorder is that it allows one or more data
streams to be multiplexed into one file. The data streams can be a raw 1553,
Ethernet, or an ARINC-429 signal, and not necessarily a Chapter 4 PCM stream.

* For example, one can record these data streams into a .ch10 file:
— Ch4 PCM with analog parameters
— 1553 Busses
— Multiple video sources

* Chapter 10 file utilities can strip out the individual streams into separate files.

Chapter 4 Ch10 recorder

: analogs ch10 file Ch4 .bin with
' . I analogs
o 1553 = —> 4 ) = 1553 files
Ch10 — video files

video : .
v / file utilities

4/28/19



Chapter 10 Recorders

* |f the data is going to be recorded to a Chapter 10 recorder along with other
data sources, the record time will be more difficult to calculate due to the
overhead the recorder adds to the data.

e e * Chapter 10 is much more complex as
st b W ORI g <, Goriarated Outs Pucial . . .
A | L shown in the diagram. Data is stored
fom e g o b abony in packets onto the solid state media.

& e seaT vedl W @ HEs Pan 1D sl onds

e General Packet Format:

PACKET SYNC PATTERN
CHANNEL ID
PACKET LENGTH
DATA LENGTH
DATA TYPE VERSION Packet Header
SEQUENCE NUMBER
PACKET FLAGS
DATA TYPE
RELATIVE TIME COUNTER
HEADER CHECKSUM
TIME | Packet
RESERVED | Secondary Header
SECONDARY HEADER CHECKSUM | (Optional)
CHANNEL SPECTFIC DATA
INTRA-PACKET TIME STAMP 1
INTRA-PACKET DATA HEADER 1

DATA 1 IPlctH Body
n

INTRA-PACKET DATA HEADER n
DATAn
DATA CHECKSUM Packet Trailer
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Time

* Time is critical when it comes to data. It is the means of correlating data
when events occur.

1 |Parameter Time Altitude Airspeed NZ

2 Parameter Units feet Knots Gs
3 | 245:14:19:20.000080 23734 125.6  1.01
4 |245:14:19:20.000089 23744 1257  1.04
This data point 5 245:14:19:20.000098 23745 1254  1.02
C 6 245:14:19:20.000107 23742 125.4  0.98
corresponds in time to 7 | 245:14:19:20.000115 23751 125.6  0.99
this frame of video. =3 g 245:14:19:20000124 23755 1255 101
9 1245:14:19:20.000133 23759 125.2  1.03

10 245:14:19:20.000142 23760 125.0 1.00
11 1 245:14:19:20.000150 23762 124.9 0.99

245:14:19:20.000122

The time stamps
won’t be exact
because the sampling
time of the data
acquisition system
and the shutter of the
camera are not
synchronized.
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Time Source

* In many data acquisition systems, the source of time is GPS time. Itis an
inexpensive, accurate source of time and is very accessible.

* Atomic clocks can cost in the range of $50-100K. To have one in each
receiver would not make the GPS system cost effective. However, each
receiver can synchronize to the atomic clock in the satellites to essentially
provide an inexpensive atomically accurate clock source.

Atomic clocks are not atomically
powered. They get their name from the
atom (Cesium-133) used in the timing
oscillator.

4/28/19
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GPS and UTC Time

« GPS time and UTC (Universal Time Coordinated) time are not the same.

« The time utilized by most data acquisition hardware is UTC which was
known as Greenwich Mean Time (Greenwich, England).

* Note that these two time standards are different with GPS time leading
UTC time by a fixed amount of seconds, and that offset changes
periodically.

« Example:

2017-03-13 06:34:00 \ timezone UTC-4 \
UTC |2017-03-13 10:34:00 MJD 57825.44027

(GPS [2017-03-1310:34:18  |week 1940 [124458s  ||cycle 1 week 0916 day 1 |

As of 1/1/17, GPS time leads UTC time by 18 sec.

Why the offset between the two times?

4/28/19
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GPS and UTC Time Offset Explanation

Variations in the Earth’s rotational speed have caused days to be longer than
86,400 seconds. To make up for this, UTC time is offset from GPS by an ever
increasing amount. This offset is transmitted from the GPS satellites and no

upgrades to receiving hardware needs to be done.

Variation of a standard 86,400-second day in msec

86,400 seconds . B

1965 1970 1975 1980 1985 1990 1995 2000 = 2005

An additional 1ms per day adds 0.365 seconds in a year.

2010

2015

Date

Jan 6 1980
Jul 11981
Jul 11982
Jul 11983
Jul 11985
Jan 11988
Jan 11990
Jan 11991
Jul 11992
Jul 11993
Jul 11994
Jan 1 1996
Jul 11997
Jan 11999
Jan 1 2006
Jan 1 2009
Jul 12012
Jul 12015
Jan 12017

GPS - UTC
0 sec



IRIG Time Formats

* Once time is synchronized to a time source, it must be distributed throughout the

instrumentation system (and multiple aircraft depending on the flight test).

* |In order for the time to be synchronized between various vendor’s hardware, a

standard had to be created.

* |RIG-200 IRIG SERIAL TIME CODE FORMATS describes the time signal format that

can be received and decoded by various data acquisition systems in order to

synchronize in time.

Aircraft #2

GPS
SATTELITES

Aircraft #1

GPS RCVR

IRIG TIME

@\Gﬂ\&
\

MASTER
DAS

RECORDER

CH10

IRIG TIME

VIDEO

SYSTEM




IRIG-B Time Format

* |RIG-B time is the version used in the instrumentation community. So when time
is discussed it usually is referring to this format in the IRIG-200 standard.

* |RIG-B represents time in binary-coded decimal (BCD) of time of the year in days,

hours, minutes and seconds (down to the microsecond).

* There are two electrical representations of IRIG-B.

* |RIG-B (AC) for analog code
* |RIG-B (DC) for digital code

4/28/19

IRIG-B (AC)
Single ended signal
AM modulated Code

IRIG-B (DC)
Differential signal
Modified Manchester coding
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IRIG-B Time Format

TIME FRAME 1 SECOND

|
INDEX COUNT 001 SECONDS ’T
0 ] 20 30 40 50
N A B S e e s I I v A
le——ON TIME
— [#—— 2EF. MARKER
fiSEEEINJS ., MINUTES \ J HOURS \ / DAYS \
| 1 2 4 10 20 40 1 2 4 8 0 20 40 ' 1 2 4 m 2o 1 2 4 8 10 20 40 80 100 200
[0 UL L H | I_I_IH ) 6 [ H | e o |—|Hf
= \_P:[NT A p2 P3 J P4 B5
—» e BNS — EHI:J-ARY T “ g;‘EARY 1 ?.TD‘II;FISE*'-‘C'-D;D
(TYPICAL) CTYPICALY
|
aif"— -
50 60 70 B0 90 0
L BN
(TIME OF DAY)
f YEARS -\ },7&\ ROL FUNCTIONS \ f s'qm GHT BI NARY ﬂrrnm‘t: U7-bits) ————————
58 4 6 59 Hl0 5l 512 513 514 515 16

10 20 40 80

ﬁfL LHJ_H_UL_UU_LH_LUJJ N | JIJ_H_UMUI_HM_I_I_H_H_U _I_F_H_FU_ITJ_L

PS P7 \
8ms Tl_::}e T?‘. ‘.-'1|P5] coint quéalp.sq! PP
- = TENTIETER 173 Days, Hours nutes, 42.750 Seconds

FOSITION IDENTIFIER ¢ B ?
¢TYPICAL S 03 Years (20032

4¢— -

JUII N seca woouates cosce IRIG STANDARD TIME CODE
* ? ' Recommended FreqLency 1000 Hz FORMAT B’
33X X (100 pps coded

4/28/19
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Locations of Time in the Data

« Embedded Time: The time that is embedded within each minor frame of the
PCM. This is the best source of time for when the data is sampled.

FS1 | FS2 | SFID § TIME_H | TIME_L | TIME_M B DATAO1 | DATAO2 | DATAOS | DATAO6

= Header Time: The time that the PCM minor frame is written to the solid state
memory of a Chapter 4 recorder. The time is located in the recorder overhead.

DEAD
BEEF
TETB

| Recorder
DFCC Header Time (245:14:34:34.363082) Overhead

0COA

821F  pCM Info Word (recorder status word)
FE6B

2840

001C

TE7B }

prcc  PCM Embedded Frame Time (245:14:34:34.363048)

OBES
4/28/19
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Locations of Time in the Data

* Chapter 10 Time Packets: This time packet is recorded once a second. It
contains the year, month, day, and time to a resolution of 0.01 seconds.

Table 10-18. General Time Data
Packet, Format 1

Packet Header |

ot [ (= a1l

MSB LSB

15 14 12 11 8 7 4 3 0

0 | 15n sn Hmn Tmn

0 010 0100 0000 0000

10 |0 |THn | Hn B | TMn | Mn |

O 0 01 0001 0 011 1001

0 0 |0 0 |0 |0 |HDn |TDn | Dn |

O 00 0 O O 10 0110 0101
S S & N $ £
LS & G5 £
2 6 5days 1 1 hours 3 9 minutes 2 4. 0 O seconds
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Locations of Time in the Data

* Chapter 10 Data Packet Time: There can be two packet times within a
Chapter 10 data packet.

Table 10-8. 32-Bit Packet Format Lavout

MSB LSB

31 16 15 0

CHANNEL ID [ PACKET SYNC PATIERN .

PACKET LENGTH Packet Time —

DATA LENGTH hen th ket

DATA TYPE PACKET FLAGS | SEQUENCE | DATA TYPE when the packet was
NUMBER VERSION ted in th d

RELATIVE TIME COUNTER created in the recoraer

Intra-Packet Time Stamp —
when the data was written into
memory

DATA | WORD 2 DATA 1 WORD |

DATA | WORD N !
INTRA-PACKET TIME STAMP 2
INTRA-PACKET TIME STAMP 2
INTRA-PACKET DATA HEADER 2 _ )

DATA 2 WORD 2 [DATA 2 WORD | Packet
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Errors in GPS Data

« A GPS receiver from any manufacturer can achieve accuracies of
approximately 10 meters. Positional errors are induced when the telemetry
signal from the satellites travel through the various layers of the Earth’s
atmosphere delaying the signal by various amounts.

Ionospheric effects

Shifts in the satellite orbits

Clock errors of the satellites’ clocks
Multipath effect

Tropospheric effects

Calculation- und rounding errors

4/28/19

+ 5 meters
£ 2.5 meter
+ 2 meter
+ 1 meter
£ 0.5 meter
+ 1 meter

.Empl:\r space

Disturbed propa gatinn.
Ionosphere

Troposphere
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Minimizing Errors Using Differential GPS

» To achieve greater accuracies from one to two meters up to a few
centimeters—requires differential correction of the data.

« The underlying premise of differential GPS (DGPS) is that any two receivers
that are relatively close together will experience similar atmospheric errors.

lonosphere
Troposphere

4/28/19
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Differential GPS

Differential GPS (DGPS) requires that one GPS receiver be set up on a
precisely known location. This GPS receiver is the base or reference station.
The base station receiver calculates its position based on satellite signals and
compares this location to the known location. The difference is applied to the
GPS data recorded by the second GPS receiver, which is known as the roving
receiver. The corrected information can be applied to data from the roving
receiver in real time in the field using radio signals or through post-processing
after data capture using special processing software.

(Q GPS RCVR

ROVING

& - GPS SIGNAL (Test Aircraft)
Jrotia

4/28/19

GPS SIGNAL TELEMETRY

ROVING RCVR’s data adjusted by
the errors defined from the received
GPS signal at the reference station.

'F\m TELEMETRY

g

GROUND STATION

GPS Receiver i A T EE =
at a precisely A ' I
known location 38°,17.158833' N

) ’
76°, 24.706833' W 67
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Audio

4/28/19

Audio is an important element of a flight test.
It provides much information as to what is occurring during a test.

Because audio is obtained by tapping into a production system on the
aircraft, it must be isolated from the instrumentation system.

Usually an audio transformer and a potentiometer for level adjustment is
used for isolation.

SIGNAL ISOLATION

< 3 feet

PRODUCTION
COMM SYSTEM

Isolation Circuit

\T h
-harness -
it 3

PRODUCTION
WIRING TO DATA

SYSTEM
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Audio — CVSD Modulation

* Audio is much more forgiving as compared to an actual measurement. Our
hearing can decipher any anomalies in the audio signal.

* Because of this, audio is not digitized the same way as a signal from an
accelerometer.

* Audio is digitized using a method called Continuously Variable Slope Delta

Modulation (CVSD) and this is described in Chapter 5 of the IRIG-106
standard.

CVSD Encoding Block Diagram

CLOCHK S8IGMHAL

2 INPUT
ANALDOG INF AN ]
SIGMNAL e

3.BIT SHIFT

FILTER COMPARATOR REGISTER

x | y | =

4 - DIGITAL OUTPUT
SIGNAL

Feedback
POLARITY

| OVERLOAD ALGORITHM |

OUTPUT = | (XYZ+ XYZ)
COMNTROL

K
RECONSTRUCTION PULSE SYLLABIC
INTEGHATOR AMPLITUDE M~ FILTER
MODULATOR

4/28/19
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Audio — CVSD Modulation

The CVSD encoding technique is a method of digitizing a band limited audio

signal.

The modulator is in a sense a 1-bit analog to digital converter.

Each bit represents an incremental increase or decrease in signal amplitude.

The bits are then put into a serial stream at the rate of the CVSD sampling

clock.

For decent sounding audio, usually the clock rate is 20K — 30Kbps.

Audio In

DATA 101110100000011000O|1_|OO

/ Reconstructed Audio

111

cLock [JUULTINUIuiuiuuuun

4/28/19

00

111111111
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OOOOO|1_|OOO
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Inserting CVSD Bits into the PCM Bit Stream

« The analog audio is conditioned (gained and filtered) and CVSD encoded at the
desired CVSD bit rate. The output of the encoder is a serial stream of bits
where each bit is one sample. The bits are put into a 16-bit word and fed to the
multiplexer which places it into the serial PCM stream.

« A bandwidth savings occurs because the PCM word contains 16 samples, vice
only one in a traditionally sampled PCM word.

Analog Audio

Conditioning/
CVSD Encoder

CVSD

Serial DATA R

Serial PCM Data

011001101000011101

Serial to

Parallel Conv

CVSD Processor

Multiplexer

CVSD Bit
Rate Clock

16 Audio Samples

101111010001010110111 0=

DATA1

DATAPR

Audio Word

DATA4

4/28/19
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Playing Back Audio from the PCM Bit Stream

« To play back embedded CVSD audio within a PCM stream, you will
need a bit synchronizer, a decommutator, a CVSD decoder, and a
computer with an integrated speaker or speaker output.

Serial PCM Data

0110100010111010111010110110110 .
1 Bit Sync

Analog Audio

=M

Series 3000 or Laptop
DATA
CLK _ Decom
Audio Word
CVSD
CVSD Decoder/| serial DATA | Parallel to CVSD Bit
Filtering " 011001101000011101 Serial Conv ) Rate Clock

CVSD Processor
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Telemetry Attributes
Transfer Standard
(TMATS)
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TMATS

The Telemetry Attributes Transfer (TMATS) file contains all the information
needed to decode and convert all the ones and zeros in a PCM data stream
into EUs at the ground station. The same computer that programs the data
acquisition system usually generates the TMATS file.

Data
Acquisition

——

Ground Station Processing System

4/28/19
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TMATS

Not all ground stations use the same processing hardware and software, so a
standard was written to describe the attributes of the telemetry.

* Telemetry attributes are those parameters required by the

receiving/processing system to acquire, process, and display the telemetry

data received from the test article. TMATS is described in Chapter 9 of the
IRIG-106 Telemetry Standards.

4/28/19
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TMATS

e TMATS files have file extensions of .tma or .tmt.

* The attributes are subdivided into the following categories:

* G Group:

* T Group:

* R Group:

* M Group:

* P Group:

* P D,B,S Groups:
* CGroup:

* H Group:

* V Group:

General Information
Transmission Attributes
Recorder-Reproducer Attributes
Multiplex/Modulation Attributes
PCM Format Attributes

Digital Data Attributes

Data Conversion Attributes
Airborne Hardware Attributes
Vendor-Specific Attributes



TMATS - Examples of Labels

Group C and D attributes shown below

D-1\LT-1-24:WDFR;
D-1\MML\N-1-24:1;

« A TMATS file is basically a text file D-1\MNF\N-1-24-1:1;

D-1\WP-1-24-1-1:8;

describing the PCM format and the DWW 241222,
measurements in identified fields. D-1\F1-1-24-1-1:1;

4/28/19

D-1\WFM-1-24-1-1:1111111111110000;
D-1\WFT-1-24-1-1:M;
D-1\WFP-1-24-1-1:1;
D-1\MN-1-25:VDC_ESSBUS;
. . D-1\MN1-1-25:NO;

Word location(s) in the PCM map DL\MIN2-1-25:D;
D-1\MN3-1-25:M;
C-25\DCN:VDC_ESSBUS;

Bits within the word used in the 29\ TRD L Attanuator

C-25\TRD2:Attenuator;

measurement C-25\TRD3:10L AC ATTEN;
/> C-25\TRD5:04-27-2009;

. ' H C-25\POC1:Trowell/Miller;
Date of the on-aircraft calibration CIPOCIAID S 200

C-25\POC3:HGR 101;

Ca | I b rat | on e q u | p ment C-25\POC4:301-757-4271;

—> COMMENT:6267B HP DC Power Supply s/n 1643A02982;

yc-zs\Mlevoc_ESSBus;
Name of the measurement C-25\MN3:Volts;

/C—ZS\MN“':PCM;

. . . C-25\BFM:UNS;

Engl nee” ng u n It/cZS\SR:O;
C-25\CRT:04-27-2009-15-22-22;

Conversion type Svatin

C-25\CO\N:1;
C-25\CO1:N;

. . . -25\CO:-51. ;
Coefficients for the EU conversion —» { oo 10 oreamaat,
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TMATS - Decoding a TMATS Label

Here is an example of the accelerometer measurement and some labels in the TMATS
file used for data conversion.

C-21\CO\N:1;

T Description for the 21t parameter

C Group: Data Conversion Attributes

Reading the Group C table in Chapter 9 of the IRIG-106:

. o Coefficients
ORDER OF C-dWCO'N | Allowed when: When C\DCT is “COE"
CURVE FIT | Required when: Allowed |

| Range: 1-100 |

l Specify the order of the polynominal curve fit, n.

This TMATS label is describing the order of the curve fit to convert the count

value of the data into the engineering units. In this example it is a first ordered
equation, which we would expect to have two coefficients.

EU = C1 ( counts) + CO
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TMATS - Decoding a TMATS Label

C-21\MN3:Gs;

Reading the Group C table in Chapter 9 of the IRIG-106:

ENGINEERING [ C-dMN3 :.:"-ulli.\:.‘.'l.fd.‘-.‘-'llfli:.;'u\r-llfllul'..'—l.l DCN is -p-§uﬁed Define the fuguleei 111h1 units ;1[:;.1.I-||:.'1-lil-:”[u the output
| UNITS | Range: 16 characters data

This TMATS label defines the engineering units of this measurement. For the
accelerometer example, it is in Gs.

Gs = C1 ( counts) + CO

4/28/19
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TMATS - Decoding a TMATS Label

C-21\CO:-31.648246;
C-21\C0O-1:0.01538419;

Reading the Group C table in Chapter 9 of the IRIG-106:

COEFFICIENT (0) | C-d\CO | Allowed when: When C\DCT 1s “COE” Value of the zero-order term (offset)
| Required when: Allowed
Range: Floating Pount
N-TH C-d\CO-n | Allowed when: When C'DCT is “COE” | Value of the coefficient of the n-th power of x (first order
COEFFICIENT Required when: Allowed coefficient 1s the equivalent of bit weight)

Range: Floating Point

NOTE: Repeat until all n+1 coefficients are defined.

These TMATS labels are defining the two coefficients of first ordered equation,
CO0=-31.648246 and C1 =0.01538419

Gs = 0.01538419 ( counts) -31.648246

4/28/19
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TMATS - Converting the Counts to EUs

* The ground station will receive the transmitted PCM stream, and using
the TMATS file, find the 12-bit binary word in the PCM map that
corresponds to the accelerometer measurement.

HEADING | AIRSPEED ACCEL3 ALTITUDE | PITCHATT
0111 01100010 | 11010110 1110

101100100101 | G00000101001 | OOCOGO10 0111

* The binary value of ACCEL3 is 101100100101

The TMATS file defines the 12-bit word as binary encoded, so converting
into decimal, we get 2853 counts.

Using the EU conversion equation,
Gs = 0.01538419 (2853) -31.648246 = 12.24 Gs
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From the Accelerometer on the Aircraft to a Strip Chart

Display on the Ground

* The ground station will then display the 12.24 Gs in a display or on a strip chart.

30

Strip C

ha

rt

]
I {

-30

XtRuUE = {

Display

Next we will define error bound, so we can estimate where the true value of this
measurement lies. It was requested to fall within £3% of full scale of the measured value

(1.8 Gs).

4/28/19
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Measurement Uncertainty
Interpreting the Results
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Measurement Uncertainty

* Now we will look at he uncertainty of the acceleration measurement. The
uncertainty describes the bound where the true value of the measurement
can be found. In cases where this bound is critical, an uncertainty analysis is

performed.

EXCITATION

DATA
ACQUISITION

COUNTS

>

VOLTS T

INPUT VOLT SUB

(TRUE VALUE)

DATA
PROCESSOR

© o

OUTPUT
(MEAS VALUE)

* The methodology for doing an uncertainty analysis can be found in IRIG-122
Uncertainty Analysis Principles and Methods. These methods are automated
in ISG’s software Uncertainty Analyzer.

4/28/19
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Measurement Uncertainty

After the error sources are identified and quantified, the numbers are run
through the software which takes care of all the math to properly combine
the uncertainties. A simple root-sum-squared method is not used.

10 Volts

10V +0.03V

2846.5 CNTS
DATA +48.6 CNTS DATA 12 Gs
ACQUISITION ) PROCESSOR % +1.54 Gs
(2.57% FS)
0.838V
+0.0001V
12 Gs VOLT SUB
(True Value)

The document describing how the numbers were arrived and the

assumptions made for this particular analysis was 14 pages long. The result is
a 95% confidence that the true value is within £1.54 Gs of the measured

value (£2.57% FS). The original requirement for the example accelerometer
measurement was +3%.
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Measurement Uncertainty

* This graphic depicts the measurement and the unknown true
value.

A A \ /
yd

95% confidence that X,
is within the range of X\, * 1.54Gs
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Measurement Uncertainty

If the 3% uncertainty requirement was exceeded, then the sources of the
error would have to be identified and see if it could be reduced. For this
example, over 50% of the error in the accelerometer was due to
temperature. From there, the large error sources can be identified and
improved upon. If 2% was requested, probably another accelerometer would
have to be procured with better temperature specs.

Pareto Diagram: (for accelerometer only)

4/28/19

Rank Ermor Component Type Weight (%)

1 Vostherm B 50.697 S
2 Non-linearity and Hysteresis B 10.139 2
3 Thermal Sensitivity B 10.009 3
4 Magnetic Susceptiblility B 8.341 ¢
5 Transverse Sensitivity B 8.341 :
6 Voltage Excitation Sensitivity B 7.507 7
7 Voltage offset from excitation B 1.927 8
8 Thermal transient error B 1.251 9
9  Base Strain B 0.834 =
10 Nominal Sensitivity B 0.400 2
1 Resolution B 0.373 O e R o 5%
12 Residual Noise B 0.182
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Summary

Engineeri .
This completes the measurement cycle that was

introduced earlier in this training. Think of the
/' \ many technical decisions having to be made to

display the 12.24 Gs sample on the strip chart.

""—-———""

We covered a lot of information in one day. Remember to refer to the IRIG-106

Telemetry Standards and Document 121 Instrumentation Engineers Handbook if you
need more detail into the topics we covered.

-
-
—_
nr
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